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Abstract: An important set of Ecosystem services (ESs) provided by Green infrastructures (GIs) con-

sists of habitats and species protection and improvement, which coincides with biodiversity conser-

vation and enhancement. From this perspective, one of the most outstanding features of GIs is its 

attitude towards addressing the negative impacts of habitat fragmentation on the supply of ESs 

related to biodiversity by strengthening the effectiveness of connections between protected areas. 

Building on a methodological approach defined in previous studies by Cannas, published in a set 

of articles between 2017 and 2018 [1–4], this study identifies ecological corridors (ECs) with refer-

ence to the spatial layout of a set of protected areas. Moreover, such methodological approach is 

implemented into the context of the Sardinian region to map ECs, which form, together with pro-

tected areas, a network representing the spatial framework of a regional GI. Finally, the relation 

between the ECs and the spatial taxonomy of the landscape components featured by environmental 

relevance (LCFERs), identified by the Regional Landscape Plan is analyzed, in order to assess if, and 

to what extent, the present regional spatial zoning code can be used as a basis to implement regula-

tions aimed at protecting ECs. 
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1. Introduction 

The ecological corridors (ECs) are important spatial structures aimed at improving 

the effectiveness of ecological networks by supporting their connection capacity as for 

migration of wild species, their spatial layout and their potential in terms of genetic ex-

change. EC connection capacity can manifest through minimizing impacts on wild species 

and genetic flows coming from pressures generated by human activities, such as agricul-

ture and forestry, air and water pollution, gray infrastructure and urban expansion. These 

threats could cause negative environmental effects as a consequence of the break–up of 

ecosystem matrices [5]. 

The conceptual category of connectivity expresses more precisely than that of con-

nection the capacity of connecting Ecosystem services (ESs), since it includes environmen-

tal and landscape aspects, such as the spatial position, the physical continuity, and the 

presence, type and dimension of natural and anthropic structures, and functional and eco-

logical features, such as the functional perception of species, their ecological and behav-

ioral needs, and their specialization characteristics as well [5–7]. This is in line with Baudry 

and Merriam [8] who claim that flows of species across ecological networks are often cor-

related to the connectivity of spatial, mostly linear, elements, which can be defined as ECs. 

As per the operational definition of Green infrastructures (GIs) given by the Euro-

pean Commission, spatial connectivity concerning the provision of ESs is strictly related 

to the conceptual category of ecological network, since a GI can be considered as «[A] 

strategically planned network of natural and semi–natural areas with other environmen-

tal 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 
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terrestrial (including coastal) and marine areas. On land, GI is present in rural and urban 

settings» [9] (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 GI 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» [9] (p. 7). This implies 

that GIs and ESs are strictly related to each other, and that public policies should prioritize 

ecological networks in terms of environ-mental protection and enhancement [10]. As a 

consequence, regional and urban planning processes should adequately manage, improve 

and monitor the effectiveness of GIs as ecological network which provides ESs and the 

spatial connectivity of such systems. 

This also entails that GIs are particularly important as regards restoration of biodi-

versity, decrease of ecosystem fragmentation and increase of their capacity of providing 

ESs [11]. That being so, an operational management goal concerning GIs can be identified 

as its role in promoting and improving ES provision and habitat restoration [10,12]. 

Building on a methodological approach defined in previous studies by Cannas, pub-

lished in a set of articles between 2017 and 2018 [1–4], this study identifies ECs with ref-

erence to the spatial layout of a set of protected areas. Moreover, such methodological 

approach is implemented into the context of the Sardinian region to map ECs, which form, 

together with protected areas, a network representing the spatial framework of a regional 

GI. Finally, the relation between the ECs and the spatial taxonomy of the landscape com-

ponents featured by environmental relevance (LCFERs), identified by the Regional Land-

scape Plan is analyzed, in order to assess if, and to what extent, the present regional spatial 

zoning code can be used as a basis to implement regulations aimed at protecting ECs. 

The study is structured into four sections. In the second section, the study area is 

described with reference to the protected areas which are assumed as the nodes of the 

spatial layout of the Sardinian ecological network, and the methodology adopted to iden-

tify ECs is presented. Moreover, the methodological approach used to analyze the spatial 

relationship between ECs and LCFERs, identified by the RLP, is described as well. 

Section 3 shows the results concerning the identification of Sardinian ECs and the 

assessment of the relation between ECs and the LCFERs.  

Policy Implications are discussed in section 4 as well as future research directions. 

2. Materials and Methods 

This section is organized as follows. The first subsection describes the study area and 

the set of protected areas which are identified as the nodes of the Sardinian regional eco-

logical network. This subsection was written by Lai and reproduced from a previous arti-

cle by Lai et al. [13]. The following subsection presents the methodological approach im-

plemented to identify the ECs, which is based on studies by Cannas published in a set of 

articles between 2017 and 2018 [1–4]. Finally, the third subsection discusses the regression 

model used to assess the relation between ECs and the LCFERs, identified by the RLP. 

2.1. Study area [Error! Reference source not found.] 

Our case study is related to the Sardinian regional context. Sardinia is the second 

largest Italian island, located in Western Mediterranean, with an area of around 24,000 

km2. Sardinia is part of the European Mediterranean biogeographical region [15, 16].  

Two regimes of environmental protection are identified by the Italian legislation, that 

is, natural protected areas (NPAs) and Natura 2000 Sites (N2Ss). Sardinian NPAs and 

N2Ss are shown in Figure 1. 

N2Ss are managed by the national government, whereas the regional governments 

rule over the regional NPAs.  
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Four regional natural parks are established under the provisions of Regional Laws 

nos. 1999/4, 1999/5, 2014/20 and 2014/21 respectively, that is, Porto Conte, Molentargius-

Saline, Gutturu Mannu and Tepilora. 

Moreover, our study includes, among the regional NPAs, public woods, permanent 

oases of faunal protection and Ramsar sites. Public woods, managed by the Regional 

Agency of Forests, are characterized by significant environmental and landscape values, 

whose conservation and enhancement is important in order to address and mitigate neg-

ative impacts caused by natural disasters, such as fires, floods and landslides. Regional 

Law no. 1998/23 identifies the permanent oases of faunal protection. Nine Sardinian sites 

are protected under the provisions of the Ramsar Convention, signed in 1971.  

As regards the N2Ss, the Natura 2000 Network includes areas designated under the 

provisions of Directive no. 92/43/EEC (the Habitats Directive) and of Directive no. 

2009/147/EC (the Birds Directive), and encompasses more than 27,000 sites, representing 

the backbone of the European Union’s policies on protection of nature and biodiversity 

[17]. N2Ss include the following: sites of community interest (SCIs) and special areas of 

conservation (SACs), established under the Habitats Directive, and special protection ar-

eas (SPAs), established under the Birds Directive. SPAs are designated by the European 

Union member states in relation to a number of scientific criteria, in order to provide bird 

protection. As regards SCIs and SACs, the designation process develops from Member 

States’ proposals addressed to the European Commission who is responsible for their es-

tablishment. SCIs can become SACs   within six years since their establishment, provided 

that conservation measures are identified. Sardinian N2Ss are classified as follows: 31 

SPAs, 87 SACs and 10 SCIs [18]. 

 

Figure 1. The system of the Sardinian protected areas. 
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2.2. Spatial identification of the ecological corridors 

The concept of landscape connectivity was introduced by Taylor et al. [19] as a rele-

vant measure of the landscape structure in line with the theory developed by Dunning et 

al. [20]. According to Taylor et al. [19], landscape connectivity is defined as the «degree to 

which the landscape facilitates or impedes movement among resource patches» (p. 571). 

According to With et al. [21], landscape connectivity concerns «the functional relationship 

among habitat patches, owing to the spatial contagion of habitat and the movement re-

sponses of organisms to landscape structure» (p. 151). 

In particular, the second definition reflects the dual nature of connectivity, which en-

tails a structural and a functional dimension (structural connectivity, functional connec-

tivity). Structural connectivity is environmentally oriented, while functional connectivity 

is species-oriented [22]. In this study, the second dimension of connectivity is considered 

and used. In a nutshell, functional connectivity concerns the movement capacity of species 

as a function of their intrinsic mobility and of spatial patches suitability to facilitate species 

movement [19,23]. 

The concept of landscape connectivity as a means to counter landscape fragmenta-

tion has been increasingly embedded into environmental policies, e.g., through technical 

categories such as greenways, GIs and ECs, in order to address the problem of biodiversity 

loss [24, 25]. The concept of EC is treated in the literature with reference to different sci-

entific and technical profiles (among many, [26, 27, 28]). According to Hess and Fisher 

[28], the use of the term “corridor” is associated to two important theories of conservation 

biology, i.e., island biogeography [29] and metapopulations [30], which focus on func-

tional connectivity. 

Functional connectivity is often analyzed through resistance-based models, where 

resistance «represents the willingness of an organism to cross a particular environment, 

the physiological cost of moving through a particular environment, the reduction in sur-

vival for the organism moving through a particular environment, or an integration of all 

these factors» [31] (p. 778). Resistance-based models are widely described and discussed 

in the literature. The most complex models, such as the circuit theory-based [32] and the 

individual-based models [33], are difficult to implement due to the overwhelming quan-

tity of input data, and to the needed accuracy in data collection and computational power 

[24]. On the other hand, least-cost path (LCP) models are increasingly used to identify ECs 

[34, 35]. 

LCP models detect spatially identified pathways, which connect habitat patches, 

characterized by the minimum resistance to species movement, or by the highest proba-

bility of movement to take place. LCP models postulate that organisms have an in-depth 

knowledge of the landscape that leads them to follow the optimal route [24]. 

According to Sawyer et al. [36], the attractiveness of this typology of models reflects 

three important points. First, LCP models make it possible to quantitatively compare po-

tential movement paths within large areas. Secondly, complex effects of habitats on spe-

cies movement can be integrated into these models. Finally, LCP models go beyond the 

limits of analyses based exclusively on structural connectivity by incorporating the spe-

cies’ perception of the surrounding environment. LCP models are particularly effective as 

regards computational efficiency, model implementation ease, and flexibility related to 

the inclusion of different environmental profiles and aspects in the model structure [34, 

37, 38]. LCP models often integrate experts’ judgments into spatial datasets in order to 

identify resistance values of areal units [36, 39, 40, 41]. 

Building on a methodology developed by Cannas [1–4], the spatial taxonomy of con-

nectivity is identified on the basis of an LCP model, through four phases, as follows: 

 definition of a habitat-suitability map; 

 definition of an ecological-integrity map; 

 definition of a resistance map; 

 spatial identification of ECs. 
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The first phase aims at defining a habitat-suitability map, where habitat suitability is 

defined as the probability of habitat use by species. The elaboration of this map is based 

on the Sardinian land cover vector map and on a study concerning species-specific values 

of habitat suitability. Land covers are classed according to the Sardinian land cover vector 

map produced by the Regional Administration of Sardinia in 2008, at the third level of the 

CORINE Land Cover (CLC) nomenclature. Moreover, species-specific values of habitat 

suitability are identified on the basis of a study by AGRISTUDIO et al. [42], commissioned 

by the Regional Administration of Sardinia, concerning the conservation status of species 

and habitats of community interest within the Sardinian N2Ss. The study provides habi-

tat-suitability species-specific values, on an ordinal scale between 0 and 3 (0: non–suitable; 

3: extremely suitable), for each CLC class of the Sardinian land cover map in relation to 

each Sardinian N2S. The evaluation is based on experts’ judgments. A habitat-suitability 

map is elaborated on the basis of two assumptions. First, the habitat suitability species-

specific values, associated to land cover classes located in the N2Ss by the AGRISTUDIO 

et al.’s [42] study, are associated to the same land cover classes of areas outside the N2Ss 

as well. Secondly, the total value of the species-specific habitat suitability associated to 

each land cover class is equal to the average value of the single species-specific values 

associated to the land cover class. Finally, a habitat-suitability vector map is defined, 

which identifies a taxonomy concerning the entire regional area. 

The second phase aims at defining an ecological-integrity map, which builds on stud-

ies developed by Burkhard et al. [43, 44], where an assessment of land cover classes’ ca-

pacities to provide ESs is implemented through experts’ judgments, on the basis of the 

founding concept that the higher the ecological integrity, the higher the suitability to spe-

cies’ transition and movement. Ecological integrity concerns supporting ESs defined as 

ESs which help to maintain and enhance the supply of the other types of ES, namely pro-

visioning, regulating and cultural ES. The ecological-integrity index is equal to the sum of 

the scores associated to seven ES supply indicators (abiotic heterogeneity, biodiversity, 

biotic waterflows, metabolic efficiency, exergy capture, reduction of nutrient loss and stor-

age capacity) that represent supporting ESs in relation to each of the 44 third-level land 

cover classes of the CLC taxonomy. As a result, by mapping the values of the ecological-

integrity index, an ecological-integrity vector map is obtained for the entire regional area. 

The third phase aims at defining the resistance map by means of the habitat-suitabil-

ity and ecological-integrity maps, building on a study by LaRue and Nielsen [45]. First, 

the two vector maps are converted into raster maps; secondly, two maps are defined by 

mapping the inverse of the sum of the habitat suitability and of the ecological-integrity 

index; thirdly the new raster maps are scaled, on an ordinal scale between 1 and 100 (1: 

the lowest resistance; 100: the highest resistance), according to a study by the European 

Environment Agency [46]. Finally, the values of the two rescaled raster maps are summed-

up and mapped on a patch-by-patch basis. The resulting spatial taxonomy is the resistance 

map. 

The fourth phase aims at spatially identifying ECs that connect the Sardinian NPAs 

through the use of the Linkage Pathways Tool (LPT) of the GIS Linkage Mapper (LM) 

Toolbox. LPT implements the LCP approach by identifying the Cost-Weighted Distance 

(CWD) [47]. The LCP laying between two core areas is identified by the path which shows 

the minimum CWD. Input data required by the LPT are a vector map of core areas and a 

raster resistance map. In this study, each core area is identified either by a single NPA, in 

case the overlapping of multiple NPAs does not occur, or by the spatial envelope of over-

lapping NPAs, whereas phases 1 thru 3 identify the resistance map. 

The CWD of a path between two core areas is obtained by: i. averaging the resistance 

values of pairs of adjacent patches; ii. multiplying such average values times the geometric 

distance of the patches’ centers [48]; and, iii. summing-up the results of item ii. along the 

path. 

The relevant outputs offered by LPT are the linear developments of the ECs and the 

raster map of the CWD values. Figure 2 shows the implementation of the LPT processing 

process. 
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LPT proceeds as follows, in order to identify the LCP between two core areas A and 

B. 

First, the normalized distance related to each patch i connecting A and B, NDiAB, is 

calculated, as follows: 

NDiAB = CWDiA + CWDiB – LCWDAB, (1)

where: NDiAB is the normalized distance between A and B measured along a path which 

includes patch i; CWDiA and CWDiB are the cost-weighted distances from patch i to core 

areas A and B; and, LCWDAB is the least CWD, i.e. the CWD measured along the LCP 

connecting A and B [47]. 

Secondly, the LCP, i.e., the EC, connecting A and B, is identified by the spatial se-

quence of patches j’s which show NDiAB = 0. 

 

Figure 2. Processing process of LPT. Source: McRae and Kavanagh [47] (p. 11). 

2.3. Relation between ECs and landscape components 

The LCFERs represent a spatial taxonomy of the regional land aimed at defining dif-

ferentiated levels of protection depending on the value of nature and natural resources. 

This taxonomy was defined in the RLP approved by the Deliberation of the Sardinian 

Regional Government no. 36/7 of September 5, 2006, and implemented a protection regime 

which did not take account of ecological corridors, whereas their importance was recog-

nized by art. 10 of the Habitats and Birds Directives, according to which ECs make the 

Natura 2000 Network internally connected from the functional and ecological points of 
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view. As a consequence, ECs can be considered areal structures connecting habitats to 

enhance and support biodiversity, and, in so doing, increasing the ES provision [3,4]. 

Thus, the implementation of EC protection into the Sardinian spatial planning frame-

work, established under the provisions of the RLP code, has to be developed by identify-

ing ECs as areas with the highest protection level among the LCFERs. 

The spatial layout of ECs connecting core areas is defined by the raster map of CWD 

values clustered into ten deciles, whose second’s upper limit is assumed as the threshold 

for the inclusion of a patch in an EC [1]. The CWD of a patch j, included in an EC connect-

ing the core areas A and B, is calculated as follows: 

CWDj = CWDjA + CWDjB, (2)

where CWDjA and CWDjB are the cost-weighted distances from patch j to core areas A and 

B. 

The assessment of the relations between ECs and LCFERs is implemented through a 

linear regression model which relates the eligibility of a patch to be included in an EC and 

the areas of the LCFERs overlaid by the corridors. 

The LCFERs classed by the RLP implementation code (IC) are the following: 

 natural and subnatural areas, which include: scrub vegetation in dry areas and wet-

lands (areas covered with sparse vegetation, between 5% and 40%; riparian areas 

covered with non–arboreal vegetation; Mediterranean scrub; river beds larger than 

25 meters; inland marshes; salt marshes; rock faces); and, woodlands (mixed conifer-

ous and broadleaf woods; broadleaf woods); 

 seminatural areas, which include: grasslands (steady meadows; natural pastures; 

thickets and shrublands; garrigues; natural recolonization areas); and, cork and 

chestnut woods; 

 areas dedicated to agriculture and forestry, which include: specialized and tree crops 

(vineyards; orchards; temporary olive– and vineyard–related crops; temporary crops 

related to other permanent crops); artificial woods (coniferous woods; poplar, willow 

and eucalypt woods; other trees for timber; arboriculture with coniferous forest trees; 

artificial recolonization areas); and, specialized herbaceous crops, agricultural and 

forest areas, and uncultivated areas (non–irrigated arable land; artificial meadows; 

simple arable land and full–field horticultural crops; paddies; breeding grounds; 

greenhouse crops; complex parcel cropping systems; areas characterized by prevail-

ing agricultural crops and residual important natural land; uncultivated areas). 

According to the RLP IC, the protection regime concerning natural and subnatural 

areas forbids whichever spatial transformation, including new buildings or land use mod-

ifications, which is likely to undermine the ecosystem structure, steadiness and function-

ality, or the landscape enjoyment potential. As for dunal and retrodunal habitats featured 

by non–arboreal vegetation or Mediterranean scrub, vehicle and pedestrian access and 

temporary installations are not allowed if they may put at risk natural resources conser-

vation. Moreover, the RLP IC forbids the implementation of spatial transformations which 

may cause water pollution or landfill as regards wetlands. Finally, afforestation is not al-

lowed if potentially harmful to priority habitats designed by the Habitats and Birds Di-

rectives, with the exception of conservation operations. 

As for seminatural areas, the RLP IC states that whichever spatial transformation, 

including new buildings or land use modifications, which is likely to undermine the eco-

system structure, steadiness and functionality, or the landscape enjoyment potential, is 

not allowed, with the exception of operations aimed at improving the ecosystems struc-

ture and functioning, the conservation status of biotic and abiotic natural resources, and 

at mitigating environmental hazard and degradation of natural resources. In woodlands, 

land use modifications are forbidden except land use changes related to the development 

of new faunistic or floristic populations and to the enhancement of the habitats of pro-

tected wildlife. Moreover, new facilities are not permitted, whereas restoration of existing 

buildings is allowed provided that they will be used to improve the conditions of nature 
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and natural resources, and that the operations do not entail an increase in building vol-

ume, floor area and covered surface. 

New infrastructure, such as roads, power lines, hydraulic pipelines, etc., which may 

alter the forest land cover or increase fire or pollution hazards are not allowed in seminat-

ural areas, with the exception of operations aimed at forest management and soil protec-

tion. Furthermore, the RLP IC forbids new roads, power lines and wind turbines close to 

wetlands and to areas characterized by the presence of species of community interest, es-

pecially with reference to birdlife, or which may generate negative impacts on the land-

scape perception. River systems and riparian areas have to be protected from soil–sealing 

operations, afforestation implemented by using alien species and removal of sand and 

sediments from the river beds. 

As for dunal systems and sandy seashores, vehicle traffic is strictly forbidden, and 

sand and sediment removal is not allowed as well. Finally, a general rule concerning sem-

inatural areas concerns a ban on the use of alien species for afforestation, reforestation, 

and renaturation. 

With reference to areas dedicated to agriculture and forestry, and uncultivated areas, 

the RLP IC forbids transitions from agriculture and forestry to other land uses, with the 

exception of changes motivated by reasons related to the implementation of relevant pub-

lic utilities for which it is demonstrated that no other location is presently available. Lim-

ited land use transitions are allowed to make more effective infrastructure, facilities and 

machinery exclusively devoted to agriculture or forestry. Moreover, the biodiversity im-

provement as regards native species of agrarian interest, the conservation of local tradi-

tional agricultural systems and the protection of typical rural scenery are indicated as im-

portant addresses, stated as planning rules as per art. 29 of the RLP IC, in particular with 

reference to periurban zones and historic terrace farming areas. 

All in all, the RLP IC identifies rules concerning natural, subnatural and seminatural 

areas which are almost entirely consistent with a nature protection regime aimed at 

strengthening the effectiveness of ECs. The main regulatory feature of the RLP IC with 

respect to these areas is the general objective of protecting the structure and functionality 

of ecosystems, biodiversity, nature and natural resources, with particular attention to hab-

itats and species identified by the Habitats and the Birds Directives, dunal and coastal 

environments, and wetlands as main sources of biodiversity, especially as regards birdlife. 

In woodlands, modifications of land use are not allowed, except for improvement of wild-

life habitats and increase in faunistic and floristic populations. Rules concerning agricul-

ture and forestry are less restrictive, since land use transitions are allowed if they aim at 

improving farm and forest productivity, even though protection of traditional practices, 

scenery and biodiversity protection with reference to rural landscapes and environments 

are targeted as important planning policy goals. 

The relation between ECs and the LCFERs described so far is analyzed through a 

multiple linear regression model which assesses the correlations between CWD and the 

areas of the LCFERs which overlay ECs. The model takes the following form: 

 

ECWD = β0 + β1SCRB + β2WOOD + β3GRAS + β4CCHW + β5SPTC + β6ARWO + β7HAFU + β8ALTD, (3)

 

where dependent and explanatory variables identify the areal dimensions of ECs and of 

the overlays of ECs and the LCFERs: 

 ECWD is the CWD of a patch included in an EC; 

 SCRB is for scrub vegetation in dry areas and wetlands; 

 WOOD is for woodlands; 

 GRAS is for grasslands; 

 CCHW is for cork and chestnut woods; 

 SPTC is for specialized and tree crops; 

 ARWO is for artificial woods; 
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 HAFU is for specialized herbaceous crops, agricultural and forest areas, and unculti-

vated areas; 

 ALTD is a control variable which represents the average altitude in an EC. 

The outcomes of the regression model identify the quantitative correlations between 

the linear dimension of ECs, ECWD, and the presence of LCFERs. 

As per many studies related to correlations between spatial variables, a regression 

model is used since no prior hypothesis seems to be plausible as regards the effect of co-

variates on the dependent variable (among many: [49–52]). 

Thus, a surface, characterized by an unknown equation, representing a spatial phe-

nomenon featured by n factors, is approximated, in an infinitesimal neighborhood of one 

of its points, by its tangential hyperplane. The infinitesimal area shared by the hyperplane 

and the surface, is identified by the known equation of the tangential hyperplane, that is, 

by the linear relation between the covariates. Such linear relation locally approximates the 

unknown surface. That being so, multiple regression model (3) estimates the trace of an 

eight–dimensional hyperplane on an eight–dimensional surface whose equation is un-

known [53, 54], which shows the linear correlations between ECWD and the eight depend-

ent variables defined above. 

The variable ALTD is utilized as a control variable to check the effect of the altitude 

of an EC on its areal dimension; so, if the estimate of the coefficient β8 were significant, 

this would imply that the altitude is likely to cause a relevant impact on ECWD. The sign 

of the estimated coefficient indicates if the impact is positive or negative, i.e., if the greater 

the altitude, the lower ECWD, or the other way around. 

Finally, a 5% p–value significance test is used with reference to the estimated coeffi-

cients of model (3) to see if their estimates are significantly different than zero. 

3. Results 

This section is organized as follows. The first subsection presents the spatial layout 

of the ECs identified through the implementation of the methodology described in sub-

section 3.2.2. The following subsection operationalizes the regression model defined in 

subsection 3.2.3. 

3.1. The spatial layout of ecological corridors 

The implementation of the methodological approach developed by Cannas [1–4], and 

described in section 3.2.2., generates two outputs: i. the raster map of the CWD values; ii. 

the spatial identification of the ECs that connect the NPAs of the Sardinian protected area 

network. Figure 2 shows the ECs identified in the study area and Figure 3 reports the 

CWD values, included in a range between 0 to 225,201 km. As described in section 3.2.3., 

the CWD values are clustered into ten deciles, whose second’s upper limit is assumed as 

the threshold for the inclusion of a patch in an EC. The CWD values included in the first 

two deciles range from 0 to 9,741 km. In Figures 2 and 3, the ECs are shown as linear 

elements. 
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Figure 3. Ecological corridors connecting the NPAs. 

Through LPT, 240 ECs are identified, with CWD ranging between 0.07 km and 27.34 

km. Moreover, two important qualitative attributes of the ECs connecting two core areas 

have to be emphasized: the ratio of the CWD to the Euclidean distance (CWD/ED) and the 

ratio of CWD to the length of the EC (CWD/LCP) [55, 56]. The former measures the re-

sistance to species movement between two core areas in relation to their proximity, i.e., 

the connectivity quality of the connecting EC, as long as the latter identifies the average 

resistance to species movement along the EC which connects two core areas. 
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Figure 4. Identification of ecological corridors and of CWD values included in the second’s upper 

limit decile (map on the right), and the overlapping map of CWD values and the LCFERs (upper-

left map). 

With reference to the CWD/ED index, ECs nos. 22, 112, and 122 show the lowest val-

ues and, as a consequence, the highest connectivity quality (see Table 1 and Figure 5), 

whereas ECs nos. 12, 228, and 9 show the highest values and, that being so, the lowest 

connectivity quality (see Table 1 and Figure 6). 

As regards the CWD/LCP index, ECs nos. 192, 119, and 112 show the lowest values 

and, as a result (see Table 1 and Figure 7), the lowest average resistance to species move-

ment along the path, while ECs nos. 12, 228, and 14 show the highest values and, for that 

reason, the highest average resistance to species movement (see Table 1 and Figure 8). 
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Table 1. Name and typology of NPAs included within core areas connected by EC which shows the 

highest and lowest values of CWD/ED index and CWD/LCP index. 

EC 

code 

Core area 

code 
Name of connected NPAs Typology of NPA 

22 
7 

Monte dei Sette Fratelli SPA 

Monte dei Sette Fratelli e 

Sarrabus 

SAC 

Monte Genis Permanent oases of faunal 

protection 

Castiadas-Sette Fratelli  Permanent oases of faunal 

protection 

Campidano Permanent oases of faunal 

protection 

Campidano Public woods 

Campidano Santo Barzolu Public woods 

Castiadas Public woods 

San Vito Public woods 

Sa Scova Public woods 

Sette Fratelli Public woods 

Villasalto Public woods 

24 Baccu Arrodas – Rio Molas Public woods 

122 
47 Olzai Public woods 

148 Monte Gonare SAC 

112 49 Ussai Permanent oases of faunal 

protection 

Barigadu Public woods 

40 Foresta di Uatzo Public woods 

12 

4 

Parco Naturale Regionale di 

Molentargius saline 

Natural regional park 

Monte Sant’Elia, Cala Mosca e 

Cala Fighera 

SAC 

Stagno di Cagliari, Saline di 

Macchiareddu, Laguna di Santa 

Gilla 

SAC 

Stagno di Molentargius e 

territori limitrofi 

SAC 

Torre del Poetto SAC 

Stagno di Cagliari SPA 

Saline di Molenatrgius SPA 

Santa Gilla Permanent oases of faunal 

protection 

Stagni di Quartu Molentargius Permanent oases of faunal 

protection 

Stagno di Molentargius Ramsar Site 

Stagno di Cagliari Ramsar Site 

10 Bruncu de Su Monte Moru – 

Geremean (Mari Pintau) 

SAC 

Costa di Cagliari SAC 

Capo Carbonara e stagno di 

Notteri – Punta Molentis 

SPA 
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EC 

code 

Core area 

code 
Name of connected NPAs Typology of NPA 

Fascia litoranea sud orientale Permanent oases of faunal 

protection 

228 

140 Stagno di Santa Caterina SAC 

152 

Stagno di Porto Botte SAC 

Isola Rossa e Capo Teulada SCI 

Promontorio, dune e zona 

umida di Porto Pino 

SCI 

9 

3 

Sassu - Cirras SAC 

Stagno di S’Ena Arrubia e 

territori limitrofi 

SAC 

Stagno di S’Ena Arrubia SPA 

S’Ena Arrubia Permanent oases of faunal 

protection 

S’Ena Arrubia Ramsar Site 

5 

Stagno di Pauli Maiori di 

Oristano  

SAC 

Stagno di Santa Giusta SAC 

Stagno di Pauli Maiori SPA 

Pauli Maiori Permanent oases of faunal 

protection 

Stagno di Pauli Maiori Ramsar Site 

192 

80 

Altopiano di Campeda SAC 

Catena del Marghine e del 

Goceano 

SAC 

Piana di Semestene, Bonorva, 

Macomer e Bortigali 

SPA 

Monte Pisanu Permanent oases of faunal 

protection 

Foresta Anela Permanent oases of faunal 

protection 

Anela Public woods 

Bono Public woods 

Monte Artu Public woods 

Monte Bassu Public woods 

Monte Burghesu Public woods 

Monte Pisanu Public woods 

81 

Foresta Fiorentini Permanent oases of faunal 

protection 

Fiorentini Public woods 

Monte Pirastru Public woods 

119 43 Pabarile Public woods 

142 Riu Sos Mulinos – Sos Lavros – 

M. Urtigu 

SAC 

14 4 

Parco Naturale Regionale di 

Molentargius saline 

Natural regional park 

Monte Sant’Elia, Cala Mosca e 

Cala Fighera 

SAC 
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EC 

code 

Core area 

code 
Name of connected NPAs Typology of NPA 

Stagno di Cagliari, Saline di 

Macchiareddu, Laguna di Santa 

Gilla 

SAC 

Stagno di Molentargius e 

territori limitrofi 

SAC 

Torre del Poetto SAC 

Stagno di Cagliari SPA 

Saline di Molenatrgius SPA 

Santa Gilla Permanent oases of faunal 

protection 

Stagni di Quartu Molentargius Permanent oases of faunal 

protection 

Stagno di Molentargius Ramsar Site 

Stagno di Cagliari Ramsar Site 

15 Ovile Sardo Permanent oases of faunal 

protection 
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Figure 5. Spatial identification of the ECs which show the lowest values of the CWD/ED index. 
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Figure 6. Spatial identification of the ECs which show the highest values of the CWD/ED index. 
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Figure 7. Spatial identification of the ECs which show the lowest values of the CWD/LCP index. 
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Figure 8. Spatial identification of the ECs which show the highest values of the CWD/LCP index. 

3.2. Discussion on the overlay of ecological corridors and landscape components 

The estimated coefficients of the explanatory variables of model (3) show the corre-

lations between the ECWD of a parcel included in an EC and the covariates of the multiple 

linear regression, identified by the LCFERs and by the control variable ALTD. 

The descriptive statistics related to dependent and explanatory variables of model (3) 

are shown in Table 2, whereas Table 3 reports the estimates of the multiple linear regres-

sion. 
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The estimated coefficient of the altitude–related variable shows significant p–values 

and a positive sign. This implies that a decrease in ECWD is associated with lower alti-

tudes, everything else being equal, which is entirely consistent with expectations, since 

higher connectivity, or lower ECWD, is expected to take place in flat areas, generally char-

acterized by comparative lower altitudes. Our findings entail that a decrease of 100 meters 

in altitude will be correlated to a decrease of about 145 m in ECWD. 

Since the estimate of the coefficient of the control variable is statistically significant 

and consistent with expectations, the estimated effects on ECWD generated by the covari-

ates related to the LCFERs can be considered reliable as regards the implementation of 

model (3). 

Table 2. Definition of variables and descriptive statistics related to model (3). 

Variable Definition Mean St.dev. 

ECWD Cost–weighted distance of a patch included in 

an EC (km) 

4,947.08 2,865.14 

SCRB Scrub vegetation in dry areas and wetlands in a 

patch included in an EC (ha) 

16,962.44 26,775.40 

WOOD Woodlands in a patch included in an EC (ha) 18,038.76 29,513.47 

GRAS Grasslands in a patch included in an EC (ha) 18,879.67 27,314.39 

CCHW Cork and chestnut woods in a patch included in 

an EC (ha) 

3,190.58 12,865.24 

SPTC Specialized and tree crops in a patch included in 

an EC (ha) 

3,107.70 11,326.36 

ARWO Artificial woods in a patch included in an EC 

(ha) 

4,721.13 16,500.74 

HAFU Specialized herbaceous crops, agricultural and 

forest areas, and uncultivated areas, in a patch 

included in an EC (ha) 

23,207.82 31,984.68 

ALTD Control variable which represents the average 

altitude in a patch included in an EC (m) 

365.36 275.76 

Table 3. Estimate of multiple linear regression model (3). 

Variable Coefficient t–statistic p–value 

SCRB –2.77172 –1.60534 0.108428 

WOOD –7.20867 –4.16805 0.000031 

GRAS –5.80510 –3.35834 0.000785 

CCHW –6.91227 –3.49271 0.000479 

SPTC 7.70003 3.69729 0.000218 

ARWO –5.33205 –2.85482 0.004309 

HAFU –3.16692 –1.84476 0.065081 

ALTD 1.45191 22.37541 0.000000 

 

The results of the coefficient estimates of model (3), reported in Table 3, are related 

to the explanatory variables expressed by the percentage share of the area of a landscape 

component in the total area of a patch. Such estimates show the marginal effects of the 

explanatory variables on ECWD. The estimates exhibit p–values lower than 6.6%, with the 

exception of scrub vegetation in dry areas and wetlands (SCRB), which, at any rate, shows 

a weakly significant p–value (10.8%). 

Moreover, the regression results put in evidence that all the LCFERs are correlated 

to increases in the eligibility of a patch to be included in an EC, i.e., an increase in the 

percentage area of an LCFER is correlated to a decrease in ECWD everything else being 

equal, except for specialized and tree crops (SPTC), whose coefficient is positive and 
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indicates that an average increase of 1% in SPTC is associated to an average increase of 7.7 

meters in the CWD of ECs. 

As for the other LCFERs, the outcomes show that woodlands (WOOD) and cork and 

chestnut woods (CCHW) are the most suitable to enhance the effectiveness of ECs, since 

their marginal effects on ECWD imply that a 1% increase is correlated to 7.2– and 6.9–

meter decrease in average CWD, respectively. Less relevant positive effects on the eligi-

bility of a patch to be included in an EC are exhibited by grasslands (GRASS) and artificial 

woods (ARWO), whose marginal effects on ECWD are 5.81 and 5.33 meters. The impacts 

of the covariates associated to scrub vegetation in dry areas and wetlands (SCRB), and to 

specialized herbaceous crops, agricultural and forest areas and uncultivated areas 

(HAFU), are definitely less important, since their coefficients entail that an average in-

crease of 1% is correlated to a 2.77– and 3.16– meter decrease in ECWD, respectively. 

These outcomes make it easy to identify relevant planning policy implications related 

to the enhancement of the regional network of protected areas through the protection and 

the improvement of its ECs.  

4. Discussion and conclusions 

The results of model (3), shown in the third section, make it possible to assess if, and 

to what extent, the current zoning code of the RLP can represent a solid basis for effec-

tively protecting ECs, and highlight important implications for spatial planning practice. 

The transition from agricultural to forest land uses, which should be supported by 

financial grants aimed at compensating differential yields, is associated to a decrease in 

CWD, and, as a consequence, to a strengthening in the EC’s spatial structure. 

Planning measures focused on agroforestry transition are more straightforward and 

easier to implement as regards the areas classed as HAFU (as for specialized herbaceous 

crops, agricultural and forest areas, and uncultivated areas), and, even more, with refer-

ence to zones classed as SPTC (as for temporary crops related to other permanent crops). 

On the other hand, land cover transitions from intensive agricultural production areas, 

characterized by high crop yields, to less profitable woodlands (WOOD) or cork and 

chestnut woods (CCHW), can hardly be compensated by means of public grants, due to 

the size of the needed financial effort [57]. As regards intensive agricultural production 

zones, agroforestry transition should be implemented through a cooperative and integra-

tion-oriented policy by the involved public administrations at different spatial scales, in 

terms of technical expertise and financial feasibility assessment [58–60]. For instance, in 

case of goat and sheep farming, land cover change from grazing land to wooded areas can 

be effectively financed through public grants, so as to mitigate or even fully compensate 

the yield decrease implied by such transition. Different is the case of cattle grazing areas, 

characterized by very high yields, whose transition would possibly generate relevant, and 

even dramatic and destabilizing, impacts on the regional livestock economy, since 

wooded pasture, such as the Spanish dehesa, is not economically suitable to cattle farm-

ing. 

Furthermore, afforestation intensity should be carefully assessed. As per Li et al. [61], 

an increasing trend in wooded areas may possibly be associated to a progressive rise in 

the ratio of costs to benefits of afforestation processes. Feng et al. [62] show that unbal-

anced development of woodlands is likely to put at risk food safety. This implies that 

trade-offs between the provision of different ecosystem services and their economic and 

social benefits should be analyzed in detail. 

A specific assessment of the question of afforestation, based on land cover transition 

from farming to forestry, is proposed in a study related to social and economic factors 

driving from croplands to afforestation, which are particularly focused on the identifica-

tion of the determinants concerning policy-making decisions [63]. From this standpoint, 

the perception of benefits coming from farming are important obstacles as regards affor-

estation [64]. This is basically due to the farmers’ strong perception of the positive effects 

related to the non-market value generated by flexible farming-related practices, and to 
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their unwillingness to lose their durable expertise, which in their view is likely to be more 

important than the expected increase in income coming from afforestation [63]. Transition 

from intensive farming to forest land cover differs significantly from afforestation which 

originates from extensive croplands [65]. In the former case, a transition is quite unlikely, 

whereas it is much more probable in the latter, since the expected income from forestry is 

likely to exceed the income coming from extensive farming, while intensive farming, 

which develops from permanent agriculture through high-yielding crops, is expected to 

have the highest rent [66]. Extensive and intensive farming should be targeted in terms of 

planning measures to decrease LST, based on incentive schemes. Agricultural farmers 

may possibly engage in afforestation, and, by doing so, disengage from low-income farm-

ing. The incentive effectiveness is likely to be identified in afforestation coming from tran-

sitions from mosaic farmlands and grazing lands, whereas it is quite unlikely that this is 

case as regards intensive agriculture [57]. Moreover, the expansion of forest areas 

throughout rural zones featured by high-income farming should be carefully assessed by 

planning agencies in terms of financial feasibility as much as they should carefully con-

sider the negative impact of afforestation on the traditional rural framework in terms of 

economic, social and landscape degradation [67]. 

All in all, planning policies and measures to strengthen operational capacity and ef-

fectiveness of the regional network of protected areas through the protection and the im-

provement of the spatial framework of its ECs have to be studied, structured and imple-

mented by focusing on the ruling concept that habitat quality, ecological integrity and 

ecosystem conditions have to be enhanced and boosted-up [68]. 

From this standpoint, it has to be highlighted that the methodological approach de-

fined and implemented in this study can be easily exported to the EU local, regional and 

national scales, since spatial databases consistent with each other are available for Sardinia 

and Italy as for the other regions and countries. 
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