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Abstract: A wide body of research in recent years has studied either green infrastructures as providers
of multiple ecosystem services, especially at the urban level, or ecological corridors and the issue of
connectivity between landscape patches in the face of growing fragmentation. However, not many
studies have analyzed how the two concepts can be combined to ground evidence-based policy and
planning recommendations. In this study, a methodological approach for such a combination is
proposed: after mapping a regional green infrastructure building upon the assessment of multiple
ecosystem services and a network of ecological corridors through the resistance to movement of
species, the two spatial layouts are combined so as to analyze correlations between the potential
provision of ecosystem services and the resistance to movement. The methodology is applied in the
case of the island of Sardinia, whose self-containment makes it possible to discard potential effects
from surrounding areas, hence facilitating the implementation of the model. The outcomes of the
regression model point out three ecosystem services as the most important factors that should be
targeted by appropriate spatial policies if connectivity is to be increased: regulation of micro and
local climate, forestry productivity, and cultural identity and heritage values.

Keywords: ecological corridors; green infrastructure; ecosystem services; spatial planning; environmental
planning; Sardinia

1. Introduction

Two common and recurring themes that encompass different definitions of Green
Infrastructures (Gls) are multifunctionality and connectedness [1,2]. The European Com-
mission [3] has, for almost a decade, promoted Gls as networks of green spaces that are
simultaneously multifunctional because they deliver multiple functions that result in the
provision of goods and services to people and are interconnected, meaning that smaller and
larger patches are interlinked within a single, planned, and managed system that comprises
natural, semi-natural, or even artificial green areas.

Within the planning domain and literature [4-6], Gls are considered a means for
simultaneously delivering, in an integrated way, several policy objectives. This entails
that a wide range of different goals are pursued, particularly as far as urban settlements
are concerned [7], where environmental goals can clash with social and economic ones.
Such different and sometimes contrasting objectives are delivered through the functions
performed by Gls; these, in turn, translate into the supply of multiple ecosystem services
(ESs) [8], although the semantic ambiguity of the term “function”, which takes differ-
ent meanings in the ES lexicon and in the GI lexicon, can lead to imprecision or even
confusion [9].

A typical characteristic of GIs is, therefore, multifunctionality, here considered as the
landscape’s capacity to provide, through properly functioning ecosystems, a number of
benefits that are sought after and valued by human beings; that is, a number of ESs [10,11],
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notwithstanding the fact that at the very local level, and especially in urban areas, the
conception, design, and implementation of Gls is usually monofunctional [12,13], for
instance, driven by the need to regulate floods or to mitigate the heat island effect. For
them to be an effective planning tool to improve sustainability, resilience, and wellbeing
within a landscape or even within urban spaces, GIs must, therefore, be properly designed,
planned, and managed with a view to multifunctionality. This entails operationalizing the
ES approach in spatial planning and moving away from traditional planning and mindsets
that pursue monofunctionality, for instance, through zoning schemes and segregated
land-use allocations [1,8].

The second outstanding feature, connectivity, points to the concept of ecological
corridors (ECs). As a matter of fact, GIs can be conceived of as a system of core areas
or nodes, i.e., the most significant areas in terms of the potential supply of ESs, which
are interlinked through branches, i.e., through ECs, hence allowing for the movement
of species and for fostering spontaneous biological exchanges across core areas. The
effectiveness of ECs in improving the operational capacity of Gls is based on decreasing the
effects on biological and species flows generated by forestry and agricultural production,
urbanization and related infrastructure, and pollutant emissions to air and water, whose
degradation or even depletion of natural ecosystems result in negative impacts on ECs and,
in turn, on GIs [14].

However, some landscape elements can prevent ECs from effectively contributing to
supporting biological flows and exchanges within a GI. The most prominent are physical
obstacles, be they natural (such as water courses, which can act as barriers to movement
for some species) or human-made (such as boundary walls or roads, railroads, and linear
infrastructure in general); also worthy of note is the presence or absence of areas that
provide key contributions to support species’ life cycles, such as suitable habitats and
nourishment [14-16]. Therefore, the absence of such physical obstacles is a prerequisite for
putting GI’s potential to good use, as ensuring connectivity through ECs is key to allowing
for species’” movement along suitable linear branches that connect core areas within a
GI[17].

According to the European Commission, a Gl is identified as a spatial network that
provides a set of ESs since a Gl is “[A] strategically planned network of natural and semi—
natural areas with other environmental features designed and managed to deliver a wide
range of ESs. It incorporates green spaces (or blue if aquatic ecosystems are concerned) and
other physical features in terrestrial (including coastal) and marine areas. On land, Gl is
present in rural and urban settings” [3] p. 3, and “The work done over the last 25 years to
establish and consolidate the network means that the backbone of the EU’s Gl is already in
place. It is a reservoir of biodiversity that can be drawn upon to repopulate and revitalize
degraded environments and catalyze the development of GI. This will also help reduce the
fragmentation of the ecosystems, improving the connectivity between sites in the Natura
2000 network and thus achieving the objectives of Article 10 of the Habitats Directive” [3]
p- 7. This entails that planning policies aimed at increasing and enhancing the provision of
services supplied by nature and natural resources should target GIs as networks providing
a large set of ESs while protecting their environmental features [2].

The operational definition by the European Commission entails that Gls are relevant
systems with reference to conservation and the improvement of biodiversity, increase in
ecosystem continuity, and the enhancement of ESs provision [18].

It also implies that the increase in the supply of ESs, and the conservation and enhance-
ment of biodiversity, must be prioritized as management objectives for the implementation
of GIs [2,19].

In this study, we regard GlIs as both providers of ESs and networks of core areas
interconnected through ECs, and we contribute to the current academic debates on the
relationship between ES supply and connectivity [20,21], not only by quantitatively investi-
gating such relationship but also by identifying evidence-based policy recommendations
aimed at strengthening its significance. The second section provides the reader with some
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background information on the study area, as well as on methodological approaches that
can be used to map an RGI based on patches’ suitability both to simultaneously provide
several ESs and to belong to linear ECs that connect core areas. In the third section, the re-
sults from the implementation of the models in the study area are presented: by overlaying
the spatial configuration of ECs upon the map of potential provision of ESs, a regression
model is implemented to analyze correlations between the two key characteristics of the
GI. Next, the fourth section discusses, in light of the current literature, some highlights
from the regression model, which concern those ESs that contribute the most to increasing
an area’s suitability to belong to an EC. Finally, the fifth and concluding section provides
suggestions for policymakers and planning practitioners, with a view to improving the
environmental characteristics of an RGI in order to enhance its capacity to supply ESs;
moreover, the exportability of the adopted methodological approaches to other Italian and
European Union (EU) regional contexts is also discussed.

2. Materials and Methods
2.1. Study Area

Sardinia is a Mediterranean island with a land mass of about twenty-four thousand
square kilometers and a coastline of approximately 1850 km; from an administrative point of
view, it is an autonomous region with a population of nearly 1.6 million residents. Because it
is an island, its GI can be regarded as self-contained and not affected by factors concerning
proximal or contiguous areas; therefore, it constitutes an ideal context to investigate a
regional GI (RGI) and its characteristics in terms of both provision of ESs and layout of
terrestrial ECs.

A Gl is here regarded as a network whose branches are linear ECs that enable connec-
tivity among core areas. In Sardinia, core areas are taken as those that are protected under
national or regional laws (Protected Areas, henceforth PAs) for their natural characteristics,
and that can be listed as follows (Figure 1), following Lai et al. [22].

e  The four natural regional parks established under the provisions of Regional Law
no. 31/1989.

e  Public woods managed by the Regional Agency for Forests and the “permanent
oases of faunal protection”, identified by Regional Law no. 23/1998, whose maps are
available from the Geoportal of the Autonomous Region of Sardinia [23].

e  The Ramsar sites designated by the Ramsar Convention, signed in 1971; nine Sardinian
Ramsar sites have been established since 1977.

e The Natura 2000 sites, broadly classed into two groups: Sites of Community Inter-
est (SCIs) and Special Areas of Conservation (SACs), designated under the Habitats
Directive [24], and Special Protection Areas (SPAs), designated under the Birds Di-
rective [25]; in Sardinia 128 sites have been established under the provisions of such
Directives: 31 SPAs, 97 SCIs, and 10 that have been designated both as SPAs and as
SCIs; 84 former SCIs have recently been designated as SACs [26].
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Figure 1. Map of the Sardinian natural protected areas (PAs).

2.2. Data

Seven ESs were selected to spatially assess multifunctionality, i.e., the potential and
simultaneous delivery of a number of ESs. The choice of which ESs was to be included was
made in such a way to comprise at least one ES for each of the three sections identified
within the hierarchical taxonomy offered by the Common International Classification of
Ecosystem Services (CICES) [27], as follows.

1.  Regulating and maintenance section, “Regulation of physical, chemical, biological
conditions” division.

e  Preserving levels of habitat quality that are suitable to support the life cycles
of wild plants and animals that can be useful to people (HAB_QUAL), within
the class “Maintaining nursery populations and habitats (Including gene pool
protection)”, group “Lifecycle maintenance, habitat and gene pool protection”.

e  Micro and regional climate regulation through the mitigation of land surface
temperature (REG_LST), within the class “Regulation of temperature and hu-
midity, including ventilation and transpiration”, group “Atmospheric composi-
tion and conditions”. Carbon sequestration and storage in soils and vegetation
(CARB_SEQ), within the class “Regulation of chemical composition of atmo-
sphere and oceans”, group “Atmospheric composition and conditions”.

2. Provisioning section, “Biomass” division.
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e Value of agricultural and forest land, taken as a proxy for agricultural crop
production and harvested wood (CROP_WOOD), encompassing three classes
(“Cultivated terrestrial plants (including fungi, algae) grown for nutritional
purposes”, “Fibers and other materials from cultivated plants, fungi, algae and
bacteria for direct use or processing (excluding genetic materials)”, “Cultivated
plants (including fungi, algae) grown as a source of energy”) within the group
“Cultivated terrestrial plants for nutrition, materials or energy”.

3.  Cultural section.

e Endangered species or habitats and areas that are relevant for conservation
purposes (CONSERV), within the class “Characteristics or features of living
systems that have an existence, option or bequest value” class, “Other biotic
characteristics that have a non-use value” group, “Indirect, remote, often indoor
interactions with living systems that do not require presence in the environmental
setting” division.

e  Ecosystems’ capacity to support nature-based recreation (RECREAT), within the
class “Characteristics of living systems that enable activities promoting health,
recuperation or enjoyment through active or immersive interactions”, “Phys-
ical and experiential interactions with natural environment”, “Direct, in-situ
and outdoor interactions with living systems that depend on presence in the
environmental setting” division.

e Landscape features that support local identity, cultural heritage, and tourism
(CULT_HER), within the class “Characteristics of living systems that are resonant
in terms of culture or heritage”, group “Intellectual and representative interac-
tions with natural environment”, “Direct, in-situ and outdoor interactions with
living systems that depend on presence in the environmental setting” division.

2.3. Methodological Approach

This section presents, in three subsections, the steps of the methodological approach.
The first subsection is devoted to the analysis and mapping of the seven chosen ESs, on
whose basis the multifunctionality of the RGI is assessed. The second subsection presents
an approach that relies upon resistance maps to spatially identify the layout of ECs. For
both of the first two subsections, the reader can refer to Isola et al. [28], chapters 2 and 3,
respectively, for more details on the methodological approaches implemented to model the
ESs and the ECs. Finally, the third subsection explains how the regression model was used
here to unveil correlations between the RGI and the ECs was implemented.

A graphic representation of the methodological approach adopted in this study is
provided in Figure 2.

2.3.1. Assessing GI's Multifunctionality

For each selected ES, Table 1 lists the variable abbreviation and provides an overview
of input data requirements, data sources, and available tools or conceptual models. An
off-the-shelf set of tools developed by the Natural Capital Project is InVEST [29], which
makes it possible to map both HAB_QUAL and CARB_SEQ by means of two tools, termed
“Habitat quality” and “Carbon Storage and Sequestration”. Another ready-to-use tool
used to assess REG_LST is a QGIS plugin [30] that makes it possible to map land surface
temperature by using free and worldwide available satellite imagery as the only input
data. A conceptual model to be tailored to the scope, aim, and scale of the assessment
is ESTIMAP [31,32], one of whose outputs provides the spatial layout of areas showing
different levels of potential suitability for nature-based recreation and is used here to
map RECREAT. Concerning the other three ESs, the approach developed by Lai and
Leone [33] was implemented to map both CONSERV and CULT_HER: as for CONSERY, its
spatial assessment is grounded on qualitative and quantitative data concerning the Natura
2000 Sardinian network contained within the Standard Data Forms, i.e., on descriptive
forms that are compulsory and standardized across the European Union [34] and within a
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monitoring report commissioned by the Sardinian Regional Government; as for CULT_HER,
its assessment relies on the spatial dataset of landscape features protected under the
Regional Landscape Plan (RLP) and on a qualitative score that reflects the protection level
to which each feature is subject, under the assumption that the stricter planning provisions
and restrictions correlate with higher supply of this ES. Finally, in the absence of detailed
regional data (either biomass or market values) on agricultural crops and harvested wood
production, CROP_WOOD was assessed based on the land value of agricultural and
forestry areas, under the assumption that land values correlate with productivity [35].

Gl's Gl's
spatial connectivity multifunctionality

Ecosystems’ capacity to provide

nursery for species (HAB_QUAL) B
InVEST
tools Y o
E pacity to reg
global climate (CARB_SEQ) |
ESTIMAP Ecosystems’ attractiveness for
Castroetbarh (LCR) model > recreational uses (RECREAT) )
model
Ndossi & Avdan‘s Ec ! capacity to regul
QGIS plugin — local climate (REG_LST) B
Cost-Weighted Ecological e T Non-use value of biodiversity
Distance (CWD) corridors (ECs) Pahaip ; e (existence and bequest) —»
Natura 2000 habitats
(CONSERV)
Spatial prioritization of £ . :
Grotected landscape Cultural identity, heritage value —»)
> (CULT_HER)
types
Spatial assessment of Ecosystems’ capacity to provide
land values in agricultural —— food, fibers, timber —P
and forestry areas (CROP_WOOD)
. Autocorrelation
: (AUTOCORR) A
Serecssasssesasinninsiosetsnsensassasnnsent Multiple linear -
regression model " d
Altitude H Legen
i (ELEVATION) Steps of the
"""""""""""""""""""""""""""" methodological
approach
4 Tools/Models.

Regression coefficients

Control variables

Figure 2. Graphical overview of the three-step methodological approach.
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Table 1. Spatial datasets developed to assess multifunctionality: ESs, input data, sources, tools.

ES Variable Input Data Input Data Source(s) Tool/Model
Habltats' O,f Cortnmunlty Regional administration
Non-use value of . Hrerest, dataset
biodiversity (existence CONSERV Regional monitoring report
and bequest) Natura 2000 standard data  Environmental ministry’s
forms website
Regional land cover map
Ecosystems’ capacity to Protected areas map Sardinian regional InVEST
provide nursery for HAB_QUAL Threats. to biodiversity geoportal (Habitat quality model)
species (spatial data only)
Expert judgments Questionnaires
2018 Corine land cover Copernicus Land
map monitoring service
Potential distribution of
. . . vegetation series and
Potential vegetation series geoseries by Bacchetta
etal. [36]
Nitrogen inputs National Census
Ecosystems’ - - ESTIMAP
attractiveness for Livestock density Na’thI’l;l Zgotechmcal (Ecosystem-based
recreational uses RECREAT egister recreation potential
Natural protected areas Sardinian regional model)
and landscapes geoportal
Distance from the coastline Sardinian regional
geoportal
Coastal geomorpholo EEA website,
& P 8y EUROSION project
. . European Environment
Bathing water quality Agency website
Cultural identity, Regional landscape plan Sardinian regional
heritage value CULT_HER (RLP) dataset geoportal
2018 Corine land cover Copernicus Land
map monitoring service
Ecosys.tems’ cape}city to Land value CREA websit
provide food, fibers, CROP_WOOD (Agricultural areas) website
timber Nabonal R
ational Revenue
Land value (Forestry areas) Agency’s website
Ecosystems’ capacity to Landsat 8 TIRS and OLI USGS's Earth Resources  REG_LST QGIS plugin
regulate local climate REG_LST satellite imagery Observation and Y
& Science’s website Ndossi & Avdan [30]
Regional land cover map Regional geoportal
2005 National Inventory InVEST
Ecosystems’ capacity to CARB_SEQ of Italian Forests (Carbon Storage and

regulate global climate

Carbon pool data

Regional pilot project on
land units and soil
capacity in Sardinia

Sequestration model)

For each selected ES, a raster map was produced with a spatial resolution of 300 m.
Since each ES had its own unit of measurement and scale, unity-based normalization was
performed to bring the values into the [0, 1] range to ensure homogeneity and compa-
rability, where zero corresponds to the absence of ES provision, while 1 means that the
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ES is provided at the maximum level in Sardinia. For this reason, inversion of the scale
was required in the case of REG_LST so that zero would correspond to the maximum
temperature and one to the minimum.

2.3.2. The Spatial Layout of the ECs

Widely used models to spatially assess connectivity between patches of land are those
that map resistance, which “represents the willingness of an organism to cross a particular
environment, the physiological cost of moving through a particular environment, the
reduction in survival for the organism moving through a particular environment, or an
integration of all these factors” [37] p. 778. Among these models, those based on the circuit
theory [38] and on individual behavior [39] are the most complex because of the amount of
required data and accuracy in their selection [40]. Therefore, least-cost-path (LCP) models
are most often used to analyze spatial connectivity and to map ECs [41,42] as linear strips
of patches having low resistance to the movement of animal species. The general axiom
of the LCP approaches is that animals own an intrinsic comprehensive perception of the
environment they live in, which allows them to choose the best way when moving [40].

The methodology implemented in this study to retrieve a connectivity map builds
upon Cannas et al.’s approach [43-46] and develops through the following stages.

Identification of the regional spatial taxonomy of the habitat suitability.
Identification of the regional spatial taxonomy of the ecological integrity.
Identification of the regional spatial taxonomy of the resistance.
Identification of the ECs connecting the regional PAs.

In the first stage, a habitat suitability vector map is produced for the study area based
on the probability that organisms use selected habitats located in the land parcels where
they live and move. This map takes, as input data, the regional land cover map [47] together
with a lookup table where each land cover is assigned, for each considered species, a score
ranging in the 0-3 interval that represents its suitability to provide a suitable habitat for
the species. Such scores are provided in a report [48] that is part of a regional biodiversity
monitoring project assessing the conservation status of habitats and species located in
Natura 2000 sites. The scores of the habitat suitability concerning the land cover classes
belonging to the Natura 2000 network, reported in the study, are extended to the same
classes located outside the network, and, in doing so, a vector spatial taxonomy of the
habitat suitability is identified for the whole regional land.

In the second stage, Burkhard et al.’s method [49,50], where the landscape capacity
to deliver various ESs is assessed through qualitative judgments from experts in the [0, 5]
range, is applied to develop a vector map of ecological integrity. The basic connection
between ecological integrity and spatial connectivity is that ecological integrity is positively
correlated with an organism’s attitude to movement.

In the third stage, a resistance map is obtained following LaRue and Nielsen’s ap-
proach [51], which comprises four steps. First, the two vector maps representing habitat
suitability and ecological integrity indices are converted into raster ones. Next, the two
indices are inverted, and two inverted raster maps are produced. Afterward, the two
inverted raster maps are rescaled in the [1-100] interval, following an approach proposed
by the European Environment Agency [19], where the higher the value, the higher the
resistance. Finally, the newly produced (i.e., inverted and rescaled) raster maps are summed
through raster algebra to develop a total resistance map.

The total resistance map, together with the vector map of the regional PAs, feeds
into the model to map ECs through the “Linkage Pathways” tool, part of the ArcMAP
“Linkage Mapper” toolbox [52], which implements an LCP-related model whereby the
Cost-Weighted Distance (CWD) is mapped [53]. The CWD between two elements of the
PAs vector map is calculated as follows: (i) the average values of the resistance of couples of
adjacent areal units along the connecting path are calculated; (ii) these values are multiplied
times the Euclidean distance between their centers [54]; and (iii) such results are summed
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up across the patches of the path. The Linkage Pathways tool returns, as final outputs, a
raster map representing the CWD and the spatial and linear configuration of the ECs.

2.3.3. A multiple Linear Regression to Identify How the ECs Relate to the ESs Provided by
the RGI

The ECs detected through the Linkage Pathways tool overlay the RGI spatial layout,
which builds on the seven ES typologies earlier defined. ECs include spatial units whose
CWDs are lower than the second decile. The CWD of a spatial unit j, included in an EC,
which connects two PAs labeled M and N, is identified as follows:

CWD] = CWD]'M + CWDjN , (1)

where CWDjy and CWDjy are the CWDs from spatial unit j to PAs M and N.

A regression model is implemented that estimates the marginal effects of variables
representing the supply of ESs on the CWD of the spatial units overlaying ECs, i.e., whose
CWDs feature values are lower than the second decile. These spatial units are considered
the core patches of the RGI. The model takes the following form:

CWD = vy, + v; CONSERV + v, HAB_QUAL + y3 RECREAT + v, CULT_HER + y5 CROP_WOOD +

v6 REG_LST + y7 CARB_SEQ + yg ELEVATION + y9 AUTOCORR, @)

where dependent and independent variables come from the intersections of spatial units
supplying ESs and the ECs, as follows.

CWD represents the cost-weighted distance of a spatial unit overlaying an EC.
CONSERV, HAB_QUAL, RECREAT, CULT_HER, CROP_WOOD, REG_LST, and
CARB_SEQ are variables that lay in the [0, 1] interval, and that represent the po-
tential provision of the ESs described in Section 2.

e ELEVATION is a covariate that controls for the altitude of the spatial units overlaying
the ECs, whose values are detected from a digital elevation model retrieved from the
geoportal of the Sardinian region.

e AUTOCORR is a control variable related to the spatial autocorrelation phenomenon.

The model provides the estimates of the marginal impacts of the explanatory variables
on the CWD of the spatial units overlaying the ECs. The use of the regression model is
motivated by the fact that no priors are identified with reference to the marginal effects on
CWD of the covariates that represent the ESs, which feature the RGI [55-58]; that being
s0, the n-dimensional hypersurface that stands for the phenomenon at stake can be locally
represented by its linear approximation, expressed by model (2) [59,60].

The covariate representing the elevation of patches identifies systematic differences in
marginal effects related to altitude. The p-value related to the elevation coefficient allows to
detect if its estimate is significant; if this is so, altitude is an important determinant of the
size of the contribution of ESs provided by the spatial units of the RGI to the ECs detection.

The AUTOCORR variable controls for autocorrelation as a spatially lagged covariate;
its identification is based on Anselin’s studies [61,62], as implemented by Zoppi and Lai [63],
and computed through GeoDa [64].

Finally, the estimated coefficients of the explanatory variables allow to detect, through
their p-values, if their estimates are significant, for instance, at 5%.

3. Results

This section provides the reader with the results of this study, structured into three
subsections. First, the spatial taxonomies of the supply of the seven ESs are described as a
basis for the Sardinian RGI, and their outstanding features are highlighted. Next, the ECs
are identified as connections between the Sardinian PAs. Finally, the results of the estimates
of model (2) are reported; these identify a hierarchy in the relevance of different ESs as
regards their contribution to the inclusion of patches in the ECs’ spatial system.
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CROP_WOOD

3.1. The Spatial Assessment of the Potential Delivery of Ecosystem Services

Figure 3 shows the spatial distribution of the seven values listed in Section 2.2 (i.e.,
CONSERV, HAB_QUAL, RECREAT, CULT_HER, CROP_WOOD, REG_LST, CARB_SEQ)
and modeled as per Section 2.3.1. A further map, obtained by summing up the seven
values, is also provided.

Normalized ES value

I 0.91-1.00
I 0.81-0.90
B o71-080
B os61-0.70
I 051-060
B 0.41-0.50
I 0.31-0.40
[ 021-030
. 011-020

0.00-0.10

Total ES value
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Il i |
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Figure 3. Mapping multifunctionality: the spatial layout of the seven selected ecosystem services,
normalized in the [0, 1] range, and of their sum.

CONSERV takes null values in almost two-thirds of the regional land, while the
highest values are mostly clustered within areas belonging to the regional Natura 2000
network and in their proximity. This is consistent with expectations since CONSERV
accounts for endangered habitats and areas that are relevant for conservation purposes,
including habitats of community interest and Natura 2000 sites. Only a small percentage of
the island (0.90%) has values higher than 0.75; 4.95% have values between 0.50 and 0.75,
and 27.80% have values below 0.50.

HAB_QUAL equals zero in only 3.44% of the island land mass; 35.51% hosts low-quality
habitats (HAB_QUAL < 0.33), 62.45% middle-quality habitats (0.33 < HAB_QUAL < 0.66),
while 13.8% hosts high-quality habitats (0.66 < HAB_QUAL < 1). The highest values can be
found either within national or regional PAs or in areas occupied by forests and woodlands.

As for RECREAT, around 49.5% of the island takes low values (RECREAT < 0.33), and
around 44.75% takes mid values (0.33 < RECREAT < 0.66), while only the remaining 5.75%
takes very high values (0.66 < RECREAT < 1). Null values concern only a tiny fraction
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of the regional land mass. As for its spatial layout, RECREAT shares some common traits
with HAB_QUAL, but, contrary to the latter, it is characterized by its distinctively large
values across coastal areas.

CULT_HER is null in over 60% of the island’s land mass. The highest values are usually
associated with the following three landscape goods, protected against land transformation
and development under the provisions of the landscaper plan in force: “Coastal strip”
(clearly visible along the coastline in Figure 3), “Lakes, reservoirs, wetlands and their
300-m buffers”, and “(listed) Rivers, creeks and their 150-m buffers” (also clearly visible
in Figure 3).

CROP_WOOD equals zero in approximately a third of the region; low values (lower
than 0.33) dominate in nearly a half of the island, with less than 5% taking high values, i.e.,
over 0.66. As Figure 3 shows, the latter is remarkably clustered along the two main plains:
Nurra to the north, and Campidano, which stretches from the mid-west to the south.

REG_LST takes low values (lower than 0.33) in nearly 40% of the island; because
REG_LST is a value that represents the ecosystems’ capacity to regulate micro and regional
climate through the mitigation of land surface temperature, low values of REG_LST are
associated with hot land surface temperatures. Less than 2% of the regional land mass
takes high values of REG_LST, while mid-normalized values concern nearly 60% of the
island. No real clusters emerge, here: the small, dark blue spots on the map generally
correspond to lakes and wetlands, while lighter shades of blue in general correspond to
mountain chains and peaks.

As for CARB_SEQ), a mere 4.8% have low values (0 < CARB_SEQ < 0.33), while the
large majority, i.e., about 74.4%, have mid values (0.33 < CARB_SEQ < 0.66), and around
18.6% have high values (0.66 < CARB_SEQ < 1), which leaves the remaining 2.2% with null
values. Low values are usually found either in artificial land covers or in water courses.

A basic assessment of multifunctionality can be carried out by calculating the multiple
ecosystem services landscape index (MESLI) [65,66], whose spatial distribution is provided
in the eightieth map in Figure 3. This index is simply calculated as the sum of the seven
selected values; since each value varies between zero and one, the MESLI can, in principle,
range in the [0, 7] interval. The underlying assumption here is that the higher the index, the
higher the ES multifunctionality; this is actually a simplification since large values of the
index could be due to either the high supply of a few ESs or to the low supply of a larger
number of ESs. However, the map can provide an expeditive tool to highlight the areas
that, in principle, are more multifunctional and should, therefore, deserve to be included in
a GL

3.2. The Spatial Layout of the Network of Ecological Corridors

The taxonomy of CWD and the spatial plot of the ECs that connect the Sardinian re-
gional PAs are the outcomes generated by the methodology implemented in the previous sec-
tion.

Such outcomes show 240 ECs, detected through spatial units identified by CWDs lower
than the second decile, whose length is included in the 0.07-27.34-km interval (Figure 4).

3.3. The Regression Outcomes

The results of the implemented regression model display the marginal impacts of the
provision of the seven types of ESs on the CWD of the spatial units overlaying the ECs
(Table 2), and, in so doing, an ESs hierarchy is identified on the basis of the size of their
contribution to boost the connection capacity within the ECs regional network.



Sustainability 2022, 14, 9788

12 of 22

Al ’

N

Legend

e Ecological corridors
Protected areas
Regional boundaries

CWD

Value
High : 9741

Low: 0

kilometers

Figure 4. Spatial representation of PAs, ECs, and spatial units whose CWDs are lower than the
second decile.

Table 2. Regression outcomes.

Explanatory Standard Mean of the
. Coefficient . t-Statistic p-Value Explanatory
Variable Deviation .
Variable
CONSERV 378.9043 46.0212 8.233 0.000 0.1357
HAB_QUAL 844.6393 35.8077 23.588 0.000 0.4134
RECREAT 345.0859 67.1934 5.136 0.031 0.4210
CULT_HER —180.8370 22.4312 —8.062 0.000 0.3078
CROP_WOOD  —157.3472 45.2657 —3.476 0.000 0.2128
REG_LST —773.2409 74.6302 —10.361 0.000 0.4485
CARB_SEQ 516.6964 57.6843 8.957 0.000 0.5606
ELEVATION 0.9055 0.0361 25.059 0.000 356.8034
AUTOCORR 0.5340 0.0022 241.749 0.000 5597.6660

Dependent variable: CWD: Mean: 4925.448 km; Standard deviation: 2866.052 km; Adjusted R-squared: 0.523.
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The estimate of the coefficient of the elevation-related variable is significant in terms
of the p-value, and it shows a positive marginal effect. Therefore, it can be stated that the
higher the elevation, the higher the CWD of patches belonging to ECs. On average, an
increase of 100 m in altitude implies an increase of about 1% in CWD.

The spatially lagged variable AUTOCORR, which accounts for the spatial autocorre-
lation phenomenon, shows a positive and significant value as well, which indicates that
CWD is positively influenced by autocorrelation or that autocorrelation has a negative
impact on the performance of patches in terms of their eligibility to be included in ECs.

All in all, the estimates of the two control variables’ coefficients are significant, and
they highlight negative effects on the patches’ performance.

That being so, the analysis of the estimated coefficients concerning the other covariates
can be straightforwardly enacted, and, therefore, the size of the impact of each of the seven
types of ESs on the CWD of spatial units included in the ECs’ regional network was easily
identified. Moreover, the p-values of the estimated coefficients are always significant at 5%,
which gives strength to the assessment of the model estimates.

Three ES types show negative effects, i.e., their increase is associated with a decrease
in CWD and, thus, with an increase in the connection potential of ECs. The corresponding
variables are REG_LST, CROP_WOOD, and CULT_HER. REG_LST reveals the largest effect,
with an average decline in CWD of 7.7 %o related to a 10% increase in REG_LST, while the
corresponding increases in CROP_WOOD and CULT_HER are associated with a 1.6%0 and
a 1.8%o decline in CWD, respectively.

Furthermore, CONSERV, HAB_QUAL, RECREAT, and CARB_SEQ reveal positive
impacts since a 10% growth in the covariates is correlated to 3.8 %o, 8.4 %o, 3.5%o, and 5.2 %o
increases, respectively.

As a consequence, the estimated model shows that the ESs, whose provision is as-
sociated with their capacity to host plants and wildlife (CONSERV and HAB_QUAL), of
supplying recreational and leisure time-related infrastructure and services (RECREAT) and
of capturing and storing carbon dioxide (CARB_SEQ), are the most challenging when deal-
ing with the identification of ECs within the Sardinian regional context, whereas mitigation
of land surface temperature (REG_LST), crop and forest production (CROP_WOOD), and
landscape heritage (CULT_HER) are the most functional ESs to drive connections within
the spatial network of the Sardinian PAs.

4. Discussion

The results from the regression models point to three values, i.e., REG_LST, CROP_WOOD,
and CULT_HER, as the prominent factors that affect the suitability of a parcel of land to be
included within an EC.

As for the first, i.e., REG_LST, lower values correlate with diminishing CWD, which
can be explained by looking at farmland areas. Agricultural land uses can hamper species’
movement across ECs, hence hindering connectivity [67], mainly because of the widespread
use of boundary walls and artificial fences [68], but also due to farming techniques that
are neither soil-friendly nor species-friendly, such as tillage, which alters the physical
characteristics of soils [69], or the use of fire to clean the fields once the crop is yielded [70], or
improper application of chemicals, including biocides and fertilizers [67,71]. Furthermore,
as argued by Lai et al. [72], REG_LST can be negatively affected by farming activities as
these can hamper the cooling effect generated by air circulation and evapotranspiration in
the case of dense and thick low vegetation [73].

As with REG_LST, CROP_WOOD is also affected by agricultural uses and farming
practices, which, again, can hinder species’ movement. It is pretty intuitive that connectivity
decreases when agricultural potential productivity (which depends both on locational
characteristics, first and foremost, elevation and soil type, and on crop type) increases, for
the very same reasons highlighted with reference to the relationship between CWD and
REG_LST. On the contrary, connectivity is positively influenced by forests and woodlands,
as shown by lower CWD in wooded land covers. Following Santos et al. [74], land cover
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changes in forest areas are prominent drivers of habitat loss for a number of species due to
reduction in patch sizes and increase in landscape fragmentation, which result in lower
variety and population numbers of species that can survive [75]. Moreover, small forest-
covered patches may seem irrelevant in terms of connectivity; however, they do play a key
role in connecting remote and isolated patches [76], and additionally, small forest-covered
patches can work as stepping stones to foster species movement [77] and as fundamental
habitats for some species [76], as shown in the case of the Stolowe Mountains National Park,
where a staggering 40% of epiphytic bryophytes are hosted by broadleaved forest-covered
patches, although these account for less than 5% of the area [78].

Concerning CULT_HER, the outcomes of the regression model revealed that the
higher the CULT_HER, the lower the CWD. It is worth underlining that CULT_HER is
assessed based upon landscape assets protected under the provisions of the Sardinian
RLP, and the values of the corresponding covariate are identified with reference to the
restrictions in force, in such a way that the stricter the rules, the higher the CULT_HER
values are. The Italian Code on cultural heritage and landscape (Law enacted by decree
no. 2004 /42) defines landscape assets as buildings and areas that are expressions of the
historical, cultural, natural, morphological, and aesthetic values of a spatial context. In
relation to environmental assets, which are a type of landscape assets, the highest values
are associated with water courses and their 150-m buffers, as well as with natural lakes,
artificial water basins, and wetlands together with their 300-m buffers. According to article
no. 20 of the RLP implementation code, any transformation is generally precluded in
non-urbanized areas within the coastal strips. According to article no. 25 of the RLP
implementation code, within the spatial system that includes rivers and their surroundings,
the following operations are prohibited: (i) anthropic interventions on riverbeds and
banks, including riparian vegetation removal; (ii) reforestation with non-native species; and
(iii) river sand sampling and substitution in the absence of specific projects that demonstrate
the compatibility of regeneration. Furthermore, the connectivity function performed by
water courses, one of the most common types of landscape assets across the island, is well
established in the literature: though riparian vegetation, an umbrella term for several plant
species that grow along the riverbanks and stretch into the floodplain, water courses offer
shelter and suitable reproduction habitats for many species [79], as well as nourishment
and water [80]. Riparian vegetation, therefore, represents, per se, a suitable EC for many
species, among which are not only fish but also birds, amphibians, and reptiles [79]. On the
other hand, the role of riparian formations in terms of species movement can be hindered
by human-induced activities and geomorphological conditions [81].

By shedding light on how the potential supply of ESs impacts the suitability of land
patches to belong to EC, taken as the branches of a GI, this study contributes to the recent
academic debates on the relationship between connectivity and multifunctionality of a
GI with a novel perspective. Thus far, studies have investigated such interaction using
two broad approaches. The first takes connectivity as a driver of direct or indirect impacts
on the supply of ES, and it focuses on investigating how fragmentation and decreased
connectivity degrade natural capital, in turn, affecting ES provision [20,21,82]. This group
of studies posits that ES provision depends on the spatial interaction between patches [83]
and that such dependency is complex when looking at multiple ESs, not only because of
the synergies and trade-offs among the services but also because, rather counterintuitively,
fragmentation and patch interspersion can positively affect the flow of some ESs by making
nature more accessible to ES beneficiaries; that is, human beings; this holds especially as far
as recreational, and provisioning services are concerned [82]. The second approach attempts
to integrate the concept of multifunctionality within either circuit models or LCP models in
two different ways: either by considering patches that simultaneously provide multiple
ESs as nodes of the graphs [84,85] or by regarding areas rich in wildlife as nodes and
identifying branches, hence corridors, as linear aggregations of patches that simultaneously
provide multiple ESs [86-88]. The approach taken in this study is, in our view, novel
because, although it assumes that a causal relationship exists between connectivity and
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multifunctionality, as the first approach does, it changes the direction of the relationship
by regarding connectivity as a function of variables that represent multifunctionality to
explain the causal relationship. Moreover, and differently to the second approach, the
identification of the ecological corridors and the spatial assessment of selected ESs are
carried out independently of each other, which is a prerequisite if causal relationships are
to be analyzed through the regression model.

5. Conclusions

In this section, some suggestions for planners and policymakers are offered, drawing
upon the outcomes of the model and their discussion through the lens of the extant literature.
Such suggestions aim to improve the suitability of land parcels to be included within a GI by
focusing on the three aspects discussed in the previous section (i.e., mitigating land surface
temperature, increasing forest and woodland in size, improving the protection regime of
landscape assets), which have been found to be key to strengthening the EC network.

Following Lai et al. [89], whose study concerns the Sardinian region, land surface
temperature can be lowered, and, therefore, the REG_LST variable used in this study can
be increased in value through regional afforestation policies.

Moreover, since heat waves and islands characterize urbanized areas, especially the
consolidated fabrics of urban centers, policies aimed at decreasing air temperature should
be based on targeting urban contexts at the micro-scale level. Urban greening measures,
aimed at increasing existing green areas and setting up new ones, planting rows of trees
and urban woodland, are the most successful in order to mitigate climate change impacts
related to LST on urban areas [90-92].

An outstanding paragon of the implementation of such policies is offered by the
London Green Grid, which counters a 3 °C increase in average temperature in the London
area [93], which drives sensible decreases in the urban life quality and health conditions
and water supply, and increases in focuses of insect- and vermin-related infections, and
drought-affected open-spaces and urban parks. Green grids, facades, and walls are the
most effective planning measures that characterize the implementation of the London
Green Grid conceptual approach into the East London Green Grid, which entails a dense
tissue of blue and green paths that feature city landscapes where densely-built areas, sealed
land, and hub centers used by commuters are intertwined with the Green Belt and Thames
green and blue infrastructures [94].

The increased supply of ecosystem services that mitigate heat island and wave phe-
nomena improves the quality of urban life [95]. These measures implement a number of
planning policies that may boost virtuous approaches on behalf of urban communities,
organized citizen groups, building enterprises, and public administrations [96]. An im-
portant issue is connected to the narrow relation between the price of the urban land and
the buildable volume size, be it for new houses or service buildings. That being so, since
targeting urban areas for greening-oriented interventions, be they enlarged existing ones
or newly vegetated, implies a significant decline in their property values, the implementa-
tion of such planning policies should entail the establishment of compensatory measures
concerning the landowners’ loss of value generated by the local administration pursuing
sustainability-oriented goals concerning urban heat waves and islands. Steady building
rules should state that newly-built settlements or existing ones should be endowed with
an appropriate amount of green spaces, which may possibly be complemented with green
facades and roofs or with blue and green lanes, as has happened as regards the Green Grid
of East London [97,98]. Moreover, due to the outstanding relevance of the availability of
financial resources, a scheme of allowances should be designed aimed at increasing the
number of green elevations and rooftops and blue and green lanes in new and existing
developments, which would make such settlements more interesting to building enter-
prises [99,100]. Such incentives could consist of discounts on impact fees, and taxes on
property and value-added, and allowances granted to building entrepreneurs to enhance
the quality of the local environment [101,102]. Lastly, the implementation of infrastructures
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such as blue and green lanes, green roofs and facades, etc., would drive attention and
consensus, on behalf of the local communities, to the local administrations” positive attitude
towards environmental quality and landscape protection [103,104].

Afforestation policies should target not only urban areas but also non-artificial ones;
in Sardinia, where agriculture is generally associated with the highest temperature val-
ues in non-urbanized areas; this entails targeting rural, farmland areas. Moreover, the
implementation of afforestation policies in rural areas would also be beneficial as far as
CROP_WOQOD is concerned, as shown by the coefficient of the regression model related
to this variable. Therefore, implementing afforestation actions would feed two birds with
one scone, as it can significantly improve an RGI by contributing to both the regulation
of micro and regional climate and providing wood, fibers, and other materials retrievable
from sustainably managed forests.

In rural areas, this would entail supporting land cover transition processes from
agriculture to forestry, which have been studied by Ryan and O’Donoghue [105], who
analyze the social and economic factors that feature such processes. From this perspective,
a relevant opposite role is played by the social and cultural ties between farmers and
their agricultural land [106]. Such a relationship is grounded on their familiarity with
the flexible and low-pressure practices that characterize crop production [107] and with
their historically consolidated farming know-how, which often acts as a substitute for the
increase in income that can come from transitioning towards forestry production [105].
Moreover, land-cover change from agriculture to forestry is feasible in the case it concerns
extensive, low-rent cropland, while afforestation is almost unfeasible with reference to
intensively cultivated, highly profitable arable land [108]. In the case of processes related
to extensive agriculture, afforestation should be encouraged by financial resources made
available in order to cover transition and retraining costs [109].

When dealing with transition policies concerning afforestation related to cropland, the
issue of the weakening of rural areas should be carefully assessed since afforestation implies
a net decrease in the presence of farmers and, as a consequence, a potential social and
cultural deterioration of rural environments [110]. Another relevant question is represented
by the need for a careful assessment of the affordability of the public investment entailed
by the implementation of afforestation policies in order to identify the optimal land-cover
change size [111].

Although not as important as low land surface temperature and high forestry activities,
a third factor that has been found to be relevant in this study to improve an RGI by
strengthening ECs that connect core areas is the endowment of landscape-protected goods
and assets. In the Sardinian case, such goods and assets can be natural features (such
as the coastal strip or the riverine network) or artifacts (such as archaeological sites); for
both, the RLP mandates that transformations be restricted, if not totally forbidden. Thus,
decision-makers have two main tools at their disposal to increase the value of CULT_HER:
one possibility would rely on making landscape protection policies even stricter than
they currently are by increasing the levels of restrictions for those landscape features and
goods that are already protected within the RLP; a second possibility would, instead, entail
increasing the protection scope of the RLP by including further categories of landscape
features to be protected, in the future, through the RLP provisions. This second direction
can, in principle, be very powerful if linear landscape elements can effectively act as
corridors, and are treated as landscape assets and goods to be protected. For instance,
vegetated edges along agricultural plots or tree lines along linear infrastructures can foster
connectivity [112], as well as enable landscape heterogeneity and, as a consequence, can
support larger varieties of species [113-115], and facilitate their movement, especially as
far as small animals are concerned [116]. Policymakers are, therefore, recommended to
include such landscape elements, widely treated as cultural and identity features [117,118],
among the goods and assets to be protected against land transformation and to encourage
their inclusion in new developments.
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In this study, we have implemented an integrated and flexible methodology that can
be readily applied and tailored to other local contexts. Elements that can be adjusted to
account for data availability and scholars” expertise, or even for local needs and legal
frameworks, include but are not limited to, the scores that were here used the build the
resistance map or the taxonomy of core areas to be connected through the ECs, or the choice
of ESs to be considered to assess multifunctionality, or the selection of models that were
implemented here to map the selected ESs.

Finally, the limitations of this study that should be taken into account in directions
for future research concern the validation of the data in relation to both REG_LST and
REC-REAT. The spatial layout of LST could not be compared with real data. Therefore,
direct and in situ observations would be needed to validate the baseline dataset concerning
LST. On the one hand, in relation to the in situ observations, continuous and effective
monitoring of LST values is unattainable due to the inhomogeneity in the spatial distri-
bution of the measurement sites and the inaccuracy of the model simulations [119]. On
the other hand, remote sensing approaches are characterized by significant uncertainty
due to atmospheric effects in terms of attenuation and emissions and the inhomogeneity
of land surface emissivity [120]. The absence of a validated dataset risks jeopardizing the
possibility of implementing planning policies aimed at influencing LST values. In relation
to the RECREAT variable, the model estimates the potential supply of natural recreational
services; therefore, as with REG_LST, a comparison with direct and in situ observations
would be worthwhile to validate the dataset by looking at the effective use of recreational
services. Moreover, the methodological approach used to identify ECs does not take into
consideration physical (either artificial or natural) barriers to movement, such as roads,
railways, and rivers. Further research is hence needed to evaluate and adjust the ECs; in
this regard, a possible approach is that by Wu et al. [41], who use remote sensing to adjust
the EC layout by overlaying the potential ecological corridors with fragmenting elements,
such as roads and human settlements.
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