74™ Meeting of the European Working Group "Multiple Criteria Decision Aiding"

Integrating Multicriteria Analysis and Geographic Information Systems for studying
ecological corridors in the Piedmont Region

Valentina Ferretti !, Silvia Pomarico %

Politecnico di Torino, Land, Environment and Geo- Engineering Department (DITAG).
valentina.ferretti@polito.it
2 politecnico di Torino, Department of Housing and City (DICAS). silvia.pomarico@poalito.it

Abstract

Territorial transformation projects and, more generally, spatial plans are subject to evaluation and
their consequences must be considered and managed. In this context, different and conflicting
objectives have to be taken into account, referring to social, cultural and symbolic interferences,
that can be addressed through quality assessment, vague use values and imprecise temporal
horizons (Roscelli, 2005). This leads to consider urban and territorial transformation processes as
“weak” or unstructured problems since they are characterized by multiple actors, many and often
conflicting values and views, a wealth of possible outcomes and high uncertainty (Prigogine, 1997;
Simon, 1960).

Speaking about spatial planning, a very important issue refers to nature conservation and
biodiversity. The importance of the topic is stressed above all in the European Directive on the
Strategic Environmental Assessment of plans and programmes (Directive 2001/42/EC) where
ecological conservation is defined as one of the key topics to address.

Knowledge of the land suitability to behave as an ecological corridor thus provides a very useful
input to land-use planning. Given the spatial nature of the problem, an efficient support is provided
by a family of methods that are rapidly gaining traction for planning and policy-making, named
Multicriteria-Spatial Decision Support Systems (MC-SDSS; Malczewski, 1999), which underpins on
Geographic Information Systems (GIS) and Multicriteria Analysis (MCA) coupling.

The present paper proposes the integration of the GIS with a specific Multicriteria Analysis
technique, named Analytic Network Process (ANP) (Saaty, 2005) to assess the land ecological
value of the Piedmont region (northern Italy) and to generate cartographic results to be used as
decision variables in planning. The approach relies on ecological indicators and on the application
of Multicriteria Analysis in a Geographic Information System context, paying attention to issues
such as transparency and applicability.

The purpose of the research is thus to study the ecological connectivity of the region under
analysis in order to highlight potential ecological corridors by generating a suitability map.

The application allows dependence relationships among the aspects and criteria to be assessed
and the relative importance of all the elements that play an influence on the final choice to be
elicitated. Mention should be made to the fact that the analysis takes into account the opinion of
several experts in determining the importance of the different elements of the model.

The results are obtained in the form of maps and have been analyzed through both the IDRISI
Andes software and the ILWIS 3.3 one in order to compare their respective spatial solutions.

The study concludes with some lessons learned during the development of the MC-SDSS and
highlights that the applied methodology is an effective tool in providing decision support for spatial
planning.

Keywords: Multicriteria- Spatial Decision Support Systems, Geographic Information Systems,
Ecological corridors planning, Analytic Network Process, Environmental analysis, Suitability map.
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1. Introduction

Ecological corridors are areas or structures that enable spreading, migration and exchange of
species between core areas and nature development areas inside an ecological network (Jongman
and Pungetti, 2004).

The two primary components of ecological networks are as a matter of fact hubs, or areas of
known ecological value, and links, which are the corridors that connect the hubs to each other.
Knowledge of ecological networks can thus be used to support conservation-related land-use
decisions.

As a consequence, maintaining and restoring landscape connectivity is currently a central concern
in ecology and biodiversity conservation, and more generally speaking in territorial planning for
achieving sustainable development.

As a matter of fact, since the 1990s, scientific concerns for habitat and ecosystem fragmentation
and landscape and ecological connectivity has entered the political arena, as can be seen in the
Global Strategy for Biodiversity (1992), the Habitat Directive (1992), the Pan-European Strategy of
Biological and Landscape Diversity (1995) or the Biodiversity Strategy of the European Community
(1998). Finally, the European Directive on Strategic Environmental Assessment (2011/42/EC) has
fostered the incorporation of sound environmental principles and criteria, such as ecological
connectivity, at strategic levels, for many types of plans and programs, including regional, urban,
land use and infrastructural plans.

Nevertheless, there is a lack of quantitative methods able to assess ecological connectivity or
ecological fragmentation at regional scale and to efficiently support planning processes and the
Strategic Environmental Assessment (Marulli e Marallach, 2005).

In such a context a useful support is provided by a specific family of Decision Support Systems
(DSS; Burstein and Holsapple, 2008), named Multicriteria- Spatial Decision Support Systems (MC-
SDSS; Malczewski, 1999) which is based on Geographic Information Systems (GIS) and
Multicriteria Analysis (MCA) coupling. MC-SDSS thus integrate the sustainability dimensions while
offering a systematic approach able to prove the importance of “where” in addition to “what” and
‘how much”.

Speaking about sustainability assessments of territorial transformation projects, a very important
advantage offered by MC-SDSS refers to the possibility of evaluating the potential impacts for
landscape and ecological connectivity of the proposed project or plan.

The main rationale for integrating GIS and MCA is that they have unique capabilities that
complement one another. On the one hand, GIS has great abilities for storing, managing,
analyzing and visualizing geospatial data required for the decision-making process. On the other
hand, MCA offers a collection of procedures, techniques and algorithms for structuring decision
problems, and designing, evaluating and prioritizing decision alternatives (Malczewski, 1999) by
combining factual information (e.g., soil type, slope, infrastructures) with value-based information
(e.g., expert’s opinion, quality standards, participatory surveys) (Geneletti, 2010).

The most significant difference between spatial multicriteria decision analysis and conventional
multicriteria techniques is thus the explicit presence of a spatial component. The former as a
matter of fact requires data on the geographical locations of alternatives and/or geographical data
on criterion values (Sharifi and Retsios, 2004) while the latter usually assumes spatial homogeneity
within the study area.

Moreover, spatial multicriteria analysis provide significant support for the generation and
comparison of the alternatives through an active participation of the stakeholders involved in the
decision-making process, thus becoming one of the most interesting evolution in the context of
environmental assessment procedures (such as the Environmental Impact Assessment and the
Strategic Environmental Assessment) where the comparison of different alternatives represents
the heart of the whole process and where the complexity of the problems and the need for
technical support in the decision-making process is particularly real.

From the methodological point of view, the present application proposes the integration between
GIS and a specific MCA technique named Analytic Network Process (ANP, Saaty, 2005), recent
evolution of the Analytic Hierarchy Process (AHP, Saaty, 1980) in order to identify potential
ecological corridors and stepping stones in the Piedmont Region (Northern Italy). The study thus
develops a decision support model that is based on land-use data and information on significant



ecological areas, including important habitats for target species, wetlands, infrastructural impacts
and human pressures in order to identify larger areas of ecological priority and potential ecological
linkages.

The present paper has thus a double purpose; first, to present the MC-SDSS methodology with
reference to the case study of the Piedmont Region for assessing ecological connectivity and
supporting regional planning or Strategic Environmental Assessments. Secondly, to compare the
results obtained using both the ILWIS 3.3 software' and the IDRISI 3.2 one® in order to verify
whether different standardization procedures lead to different results.

Since the incorporation of the AHP calculation block in the IDRISI 3.2 software package, it has
become much easier to apply this technique to solve spatial problems. Applications of the ANP,
which is particularly suitable for dealing with complex decision problems that are characterized by
interrelationships among the elements at stake, are instead scarce (Nekhay et al., 2009; Neaupane
and Piantanakulchai, 2006; Levy et al., 2007; Ferretti, 2011a; Ferretti and Pomarico, 2011). The
present study thus represents one of the first experimentations at both the national and
international level.

After the introduction section, the paper is organized as follows: section 2 presents MC-SDSS
methodological background and offers a brief literature review regarding spatial analysis and the
study of ecological corridors. The application of the spatial ANP model to the study case is shown
in section 3, according to the four-stage decision-making process proposed by Simon (1960).
Finally, section 4 presents the main findings of the application and section 5 summarizes the
conclusions that have been drawn from the study, putting in evidence the opportunities for
expanding the work.

2. Methodological background
2.1 Multicriteria Spatial Decision Support Systems

In the context of Decision Support Systems (DSS) researchers have often ignored the importance
of graphical analysis of spatial information. One of the first experiences concerning the use of
maps in decision-making processes refers to the work of McHarg (1969), where the basic concepts
that would be later developed in Geographic Information Systems (Charlton and Ellis, 1991) are
set forth. GIS provide an important way of enabling Decision Markers (DMs) to make better
decisions by conducting spatial analysis and displaying spatial information.

Whereas DSS and GIS can work independently to solve some simple problems, many complex
situations demand the two systems to be integrated in order to provide better solutions (Li et al.,
2004). In this context, it can be stated that the development of Spatial Decision Support Systems
(SDSS) has been associated with the need to expand the GIS system capabilities for tackling
complex, not well-defined, spatial decision problems (Densham and Goodchild, 1989). The
concept of SDSS evolved in the mid 1980s (Armstrong et al.1986), and by the end of the decade
many works concerning SDSS were available (Densham, 1991; Goodchild, 1993; Densham and
Armstrong, 1987; Armstrong, 1993). Over the course of the 1990s there has been considerable
growth in the research, development and applications of SDSS and in recent years these common
decision support functions have been expanded to include optimization (Aerts et al., 2003, Church
et al., 2004), simulation (Wu, 1998), expert systems (Leung, 1997), multicriteria evaluation
methods (Feick and Hall, 2004; Malczewski, 1999; Thill, 1999; Janssen and Rietveld, 1990;
Carver, 1991; Eastman et al., 1993; Pereira and Duckstein, 1993; Jankowski and Richard, 1994;
Jankowski, 1995; Laaribi et al., 1996; Malczewski, 1996; Janssen and Herwijnen, 1998) on-line
analysis of geographical data (Bedord et al., 2001) and visual-analytical data exploration
(Andrienko et al., 2003) with the aim of generating, evaluating, and quantifying trade-offs among
decision alternatives. The field has now grown to the point that it is made up of many threads with
different, but related names, such as collaborative SDSS, group SDSS, environmental DSS and
SDSS based on spatial knowledge and on expert systems (Malczewski, 2006).

! http://www.itc.nl/ilwis/downloads/
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With specific reference to GIS-based multicriteria decision analysis, the full range of techniques
and applications has been recently discussed in a very interesting study developed by Malczewski
(2006). From 2000 the number of studies has been increasing and several applications can be
found in different fields. Multicriteria-Spatial Decision Support Systems are commonly applied to
land suitability analysis (Malczewski, 2006; Ferretti, 2011b) and are usually based on a loose
coupling approach and on a value focused thinking framework (Ferretti, 2011b). Mention can be
made of some recent researches in the sphere of urban and environmental planning (Geneletti and
Abdullah, 2009), environment/ecology (Dragan et al., 2003; Geneletti, 2007; Hala and Hegazy,
2009; Zucca et al., 2007), transportation (Keshkamat et al., 2008), undesirable facilities location
problems (Tegou et al., 2010; Changa et al., 2008; Agouti et al., 2008), hydrology (Al-Adamat et
al., 2010; Gl et al., 2010; Anane et al., 2008) and natural risk management (Vadrevu et al., 2010;
Akgun and Tirk, 2010).

From the methodological point of view, a spatial decision support tool can be defined as an
interactive computer system designed to assist the user, or group of users, to achieve high levels
of effectiveness in the decision-making process, while solving the challenge represented by semi-
structured spatial decision problems (Malczewski, 1999).

An MC-SDSS is thus a procedure to identify and compare solutions to a spatial decision problem,
based on the combination of multiple factors that can be, at least partially, represented by maps
(Malczewski, 2006). As previously indicated, the MC-SDSS framework is based on the integration
of GIS capabilities and Multicriteria Analysis (MCA) techniques and takes advantage of both. GIS
techigues have an important role in analyzing decision problems, while MCA provides a full range
of methods for structuring decision problems and for designing, evaluating and prioritizing
alternative decisions (Malczewski, 2006).

Spatial multi-criteria analysis therefore represents a significant step forward compared to
conventional MCA techniques because of the explicit spatial component, which requires both data
knowledge and representation of the criteria (criterion maps) and the geographical localization of
the alternatives, in addition to the Decision Makers’ preferences. In fact, conventional non-spatial
MCA techniques typically use the average or the total impact of an alternative on the
environmental system, considering them appropriate for the whole area under consideration. In
other words, conventional approaches assume spatial homogeneity within the study area but this
assumption is clearly unrealistic since the evaluation criteria, or rather the attributes that are used
to measure them, vary spatially.

According to the model proposed by Simon (1960), the decision-making process can be divided
into four main stages, named intelligence, design, choice and review (Fig. 1).
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Figure 1 — Spatial multicriteria analysis framework (Source: adapted from Malczewski, 1999 and Simon,
1960)



The framework shown in Figure 1 highlighs how each phase of the decision-making process
involves the methodological contribution of both GIS systems and multicriteria evaluation methods.
The intelligence phase refers to the structuring of the problem, during which the system under
consideration is defined and the objectives to pursue are explored. One or more criteria, or
attributes, are then selected to describe the degree of achievement of each objective (Keeney,
1992).

The design phase involves data collection and processing, as well as the development of multi-
criteria analysis through the definition of the relationship between objectives, attributes and
preferences of the Decision Maker (Malczewski, 1999).

During the choice phase alternatives are evaluated and, finally, during the review phase, detailed
analyses, such as the sensitivity analysis, are deemed appropriate in order to obtain some
recommendations.

This framework underpins the development of the model for the study aiming at highlighting
potential ecological corridors presented in the following sub-sections.

2.2 Ecological corridors and spatial analysis

The reduction and fragmentation of natural and semi-natural habitats, as an outcome of agricultural
intensification, infrastructure networks and urbanization, have been suggested as the main reasons
for the current biodiversity crisis (Fahrig, 2003; Foley et al., 2005; Gurrutxaga et al., 2010).
Ecological planning is playing an increasingly important role in natural conservation policies and
strategies, recognizing that it is necessary to integrate protected areas of an entire territory both
ecologically and socio-economically (Bennett, 2004; IUCN, 1994; Mugica et al., 2002; Smith and
Maltby, 2003).

In this contest it is important to develop coherent and functional conservation networks, known as
ecological networks. Ecological networks are identified by the location of ecological corridors
linking protected natural areas and by the location of buffer zones between the above mentioned
elements and the landscape matrix (Bennett and Mulongoy, 2006; Gurrutxaga et al., 2010).
Opdam et al. (2006) define ecological networks as a set of ecosystems of one type, linked into a
spatially coherent system through flows of organisms, and interacting with the landscape matrix in
which it is embedded. Hence, the ecological network is a multi-species concept, linking
ecosystems, whereas the term habitat network as defined by Hobbs (2002) refers to the habitat of
a single species.

According to Gurrutxaga et al. (2010), ecological networks are characterized by their emphasis on
biodiversity conservation at the ecosystem, landscape or regional level. The focus is on
maintaining or strengthening ecological coherence and in ensuring the protection of critical areas
against effects of possibly harmful external activities, while at the same time taking into
consideration the restoration of degraded ecosystems (Bennett and Wit, 2001). One of the main
contributions derived from this delimitation of coherent ecological networks is the definition of
critical interaction areas between the protected natural territory network and its surrounding matrix
of artificial urban land and communication infrastructures. Adequate management of these critical
areas is decisive for conservation policies to be effective (Bruinderink et al., 2003). Finally,
ecological networks typically promote opportunities for sustainable use of natural resources,
encouraging complementary facets between land use objectives and those of biodiversity
conservation (Opdam et al.,2006).

The complexity of the phenomena is directed by the multitude of pressures and constraints acting
on the ecosystem as well as the need to maintain and develop the links between the ecosystems.
At the landscape scale, patches are spatially structured, and they interact with each other and with
their environment. As a consequence, a spatial approach is necessary (Vogt et al., 2007).
Geographic information systems (GIS) based models are widely used tools for the design of
ecological corridors, and least-cost modeling stands out as an efficient technique because of the
explicit results it yields and because it allows for parameterization and testing through empirical
studies (Broquet et al., 2006; Noss and Daly, 2006; Theobald, 2006).

The design of ecological networks in an explicitly spatial manner allows for their implementation in
landscape planning (Huber et al., 2007; Jongman and Pungetti 2004; Opdam et al., 2006) and in



turn has an effect on land use policy and the evaluation processes for environmental impact of
plans and projects.

GIS techniques are commonly applied to ecological study in order to identify ecological networks
and mention can be made of some researches in the sphere of ecological planning (Gurrutxaga et
al., 2010; Vogt et al.,, 2007; Opdam et al., 2006; Vuilleumier et al., 2002; Baschak and Brown,
1995). MC-SDSS applications in this field are still an experimental approach but it is important to
mention an interesting study for establishing ecological corridors to connect forest fragments in a
tropical region (Duriavig, 2008).

3. Case study
3.1 Presentation of the study area and research objectives

In order to test the potentialities of the MC-SDSS approach in the ecological planning field, the
present study proposes the development of a decision and planning support tool at the regional
scale. The area under analysis refers to the Piedmont region (Fig. 2) and is situated in the North-
West of Italy; it covers a surface area of 25.402 km? and has a population of about 4.4 million
inhabitants.

The Piedmont region is surrounded on three sides by the Alps, including the Monviso and the
Monte Rosa massifs.

Figure 2 - Territorial context of the area under examination

The geography of Piedmont is 43.3% mountainous, along with extensive areas of hills (30.3%) and
plains (26.4%). The territory is occupied to the East by the Padana Plain, crossed by the longest
river in Italy, the Po, and its many tributaries.

The region under analysis is characterized by a relevant presence of natural protected areas.
There are 63 protected areas established by a regional law covering a total surface of 210.625 ha
which represents 7,6% of the territory. In addition to the Regional protected areas, the Piedmont
Region has two National Parks: the “Gran Paradiso” (Fig. 3) and the “Val Grande” covering a total
area of 48.500 ha. Among protected areas, a particular important role is played by the Po river
system that covers an area of 35.515 ha.

Finally, mention should be made to the fact that seven regional protected areas, named “Holy
Mountains” were inserted in the World Heritage List of UNESCO in 2003.
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Figure 3 - Gran Paradiso National Park (source: www.pngp.it)

The study described in the following subsections has the objective to put in evidence the most
important areas for biodiversity conservation due to their high natural and environmental quality
value, in order to preserve the natural heritage of the region. The final goal is to support the
decision-making process concerning ecological planning and management, highlighting the areas
to be conserved and valorized and identifying potential areas for ecological network linking natural
protected areas. The proposed methodology generates cartographic results to be used as decision
variables during planning procedures in order to provide answers to landscape and local planning
conflicts between societal development and biodiversity in a human disturbed landscape. The
result should contribute to a better understanding of wildlife dispersal in fragmented landscapes,
providing in the end effective tools for conservation planning (Vuilleumier et al.,, 2006). Spatial
planners can then use these results as decision variables in the planning process thereby gaining
undoubted benefit from the integration of this information (Bottero et al., 2011).

3.2 Model development

The present application aims at highlighting ecological corridors in the Piedmont region and has
been carried out using both the IDRISI and the ILWIS software, in order to verify whether different
standardization procedures lead to differences in the results. In accordance with the decision-
making process phases (Simon, 1960), the MC-SDSS model has been developed through the
following steps:

(i) intelligence phase;

(i) design phase;

(iii) choice phase;

(iv) review phase.

The different steps of the MC-SDSS model development are illustrated in the subsequent sub-
sections.

3.2.1 Intelligence phase

Starting from the overall objective of the analysis, which is to study ecological connectivity in the
Piedmont region, a comprehensive set of evaluation criteria that reflect all the concerns relevant to
the decision problem has been identified (Fig. 4).

Due to the presence of different interrelated factors and to the intrinsic spatial nature of the
problem, the ANP method has been coupled with Geographic Information Systems (GIS). The
reasons for using an ANP-based decision approach in the present analysis are: (i) the assessment
of the land suitability to behave as potential ecological corridor is a multicriteria decision problem;
(i) there are dependencies among groups of criteria and between these to be analyzed, (iii) the
detailed analysis of the inter-relationships between criteria forces the Decision Makers (DMs) to
carefully reflect on their project priority approach and on the decision-making problem itself. This
helps DM to gain a better understanding of the problem and to make a more reliable final decision.
According to the ANP the problem structuring phase involves identifying groups or “clusters”
constituted by various elements (“nodes”) that influence the decision. All the elements in the
network can be related in different ways since the network can incorporate feedbacks and complex



inter-relationships within and between clusters, thus providing a more accurate modelling of
complex settings. The network construction thus represents an important and very creative phase
in the problem-solving process.

In the present application the model has been developed according to the simple network
structure. Mention should be made to the possibility of structuring the decision problem according
to the complex network structure (Saaty, 2005) which is usually based on four sub-networks:
Benefits, Costs, Opportunities and Risks. These sub-networks allow all the dimensions of the
decision problem to be considered.

The network structure of the problem and the interdependences between the clusters have been
simulated using Super Decisions 1.6.0 Software®, which automatically creates a list of the pairwise
comparisons needed to run the evaluation.

It is necessary to put in evidence that the criteria considered in the present application have been
selected based on the legislation on protected areas and on sustainability assessments (Habitats
Directive, Birds Directive, European Directive on Strategic Environmental Assessment) which
provide a list of aspects to be considered for the protection and valorisation of ecological networks.
12 attributes have thus been identified for the evaluation process clustered in three main groups
including factors relevant to the physical environment, biotic factors and human pressures (Fig. 4).

BIOTIC FACTORS
PHYSICAL ENVIRONMENT

Distance to protected areas
Distance to parks
Distance to wetlands

Faunadistribution

Height
Distance to water bodies
Naturalness index
Fragmentation index
Water quality index

GOAL
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potential ecological

corridors in the
Piedmontregion

HUMAN PRESSURES

Distance to roads
Distance to urban areas
Population density

Figure 4 — The ANP network structure for the case under examination

According to the ANP methodology, once the network has been identified, it is necessary to
represent the influences among the elements. It has been chosen to approach this task according
to the following strategy. To start with, all the elements in the clusters are supposed to have an
influence on the general goal. Further relationships have then been identified concerning the
potential influences among the elements of each cluster.

The direction of the arrows in Figure 4 thus indicates the interdependence relationships between
the factors. A single direction arrow shows the dominance of one factor by another. A double
direction arrow shows mutual influence between the factors. Loops indicate inner dependences.
These influences reflect the natural dynamics of the environmental and territorial systems, where
link and interaction pathways exist between individual elements, which can, positively or
negatively, affect each other (Bottero and Ferretti, 2011). For example, the “index of naturalness” is
influenced by the distance to natural and urban areas (Fig. 4).

In the next phase, evaluation criteria, named in this context factors, have been represented as
thematic map layers in a GIS database.

It is worth specifying that factors are compensatory criteria that contribute to a certain degree to the
output (suitability). There are two types of factors: (+) benefit criteria and (-) cost criteria (Fig. 5). A

* www.superdecisions.com



benefit criterion contributes positively to the output (the higher are the values, the better it is), while
a cost criterion contributes negatively to the output (the lower are the values, the better it is).
Mention should be made to the fact that the present application does not consider any constraint in
the model since the least suitable areas to host ecological corridors, such as urban areas, are
excluded from the analysis through the standardization procedure which will be illustrated in the
following paragraph.

Maps were then computed through basic raster GIS operations (map overlay, buffering, distance
mapping, spatial queries, etc.).

Figure 5 shows the criteria tree with the associated thematic maps for the case study under
analysis modeled through the ILWIS interface.
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Figure 5 - The criteria tree used in the analysis. On the left are factors and associated weights with
descriptors. On the right the corresponding file names of the digital maps spatially representing factors. The
interaction structure is from the ILWISs SMCE module (ILWIS 3.3, 2005).

3.2.2 Design phase
3.2.2.1 Standardization of the factors

The design phase involves the standardization and weighting of all the factors being considered in
the analysis.

As previously explained, each criterion is represented by a map. For decision analysis the values
and classes of all the maps should be converted into a common scale, which is called utility. Utility
is a measure of appreciation of the Decision Maker with respect to a particular criterion, and relates
to its value/worth (measured in a scale from 0 to 1). Such a transformation is commonly referred to
as standardization (Sharifi and Retsios, 2004).

In the present study standardization was performed by using both linear function (in the ILWIS
model) and sigmoidal monotonically decreasing function (available in the IDRISI model). Through
standardization the original factor scores (each expressed in its own unit of measurement) are
converted into dimensionless scores in the 0 (worst situation) 1 (best situation) range.



Linear standardization functions assumes that a linear relationship exists between the impact
scores and the perceived significance of the impacts. This method offers the advantage of keeping
the ratio between the original impact scores and the standardized ones. The sigmoidal function is
instead based on the cosine function and evaluates the fuzzy set membership values (possibilities)
of data cells (Eastman, 2006).

Table 1 explains how each criterion has been standardized in the present study.

It is worth specifying that the control points used for the standardization of each criterion have been
discussed and shared during a focus group with experts in the ecological and in the sustainability
assessments fields.

Table 1 — Factors description and standardization

| Criteria Description Standardization
Distance  to The criterion maps the Using ILWIS, distances < 500 m are standardized
protected distance to protected to 1, distances between 500 m and 3000 m are
areas areas (Sites of Community standardized according to the linear function (the

Importance and Special
Protection Areas).

lower the distance, the higher the score) and
distances = 3000 m are standardized to 0 (Figure
6¢). Using instead IDRISI, distances between 500
m and 3000 m are standardized according to the
sigmoidal monotonically decreasing function
(Figure 6d).

Distance to
parks

The criterion maps the
distance to regional and
provincial established
parks.

Using ILWIS, distances < 500 m are standardized
to 1, distances between 500 m and 3000 m are
standardized according to the linear function (the
lower the distance, the higher the score) and
distances = 3000 m are standardized to 0. Using
instead IDRISI, distances between 500 m and 3000
m are standardized according to the sigmoidal
monotonically decreasing function.

Distance to
wetlands

The criterion maps the
distance to wetlands.

Using ILWIS, distances < 500 m are standardized
to 1, distances between 500 m and 3000 m are
standardized according to the linear function (the
lower the distance, the higher the score) and
distances = 3000 m are standardized to 0. Using
instead IDRISI, distances between 500 m and 3000
m are standardized according to the sigmoidal
monotonically decreasing function.

Fauna
distribution

The criterion maps the
distance to areas that are
considered habitats for the
typical alpine fauna or for
protected species
(Osservatorio  Faunistico,
2011)

Using ILWIS, distances < 500 m are standardized
to 1, distances between 500 m and 3000 m are
standardized according to the linear function (the
lower the distance, the higher the score) and
distances = 3000 m are standardized to 0. Using
instead IDRISI, distances between 500 m and 3000
m are standardized according to the sigmoidal
monotonically decreasing function.

Height

The criterion maps the
elevation of the land.

In both ILWIS and IDRISI heights < 1000 m are
standardized to 1, heights between 1000 m and
1800 m are standardized according to the linear
function (the lower the height, the higher the score)
and heights = 1800 m are standardized to 0.

Distance to
water bodies

The criterion represents
the distance to surface
water bodies since the
proximity to the
considered factor creates

Using ILWIS, distances < 500 m are standardized
to 1, distances between 500 m and 3000 m are
standardized according to the linear function (the
lower the distance, the higher the score) and
distances = 3000 m are standardized to 0. Using




| Criteria

Description

Standardization

positive conditions from
the ecological point of
view.

instead IDRISI, distances between 500 m and 3000
m are standardized according to the sigmoidal
monotonically decreasing function.

Naturalness
index

The index of naturalness
is calculated by assigning
a value between 0 and 1
to each patch in the area
under analysis (the higher
the natural value of the
area, the higher the score)
and by multiplying this
value for the area of the
considered patch (OCS,
2002).

In both ILWIS and IDRISI the criterion is
standardized according to the linear function (the
higher the index, the higher the score).

Fragmentation
index

The index of infrastructural
fragmentation  describes
the level of fragmentation
of each municipality”.

In both ILWIS and IDRISI the criterion is
standardized according to the linear function (the
higher the index, the lower the score).

Water
index

quality

The criterion maps the
distance to the Dbest
performing classes of
water quality index.

Using ILWIS, distances < 500 m are standardized
to 1, distances between 500 m and 3000 m are
standardized according to the linear function (the
lower the distance, the higher the score) and
distances = 3000 m are standardized to 0. Using
instead IDRISI, distances between 500 m and 3000
m are standardized according to the sigmoidal
function.

Distance to
roads

The criterion represents
the road network system
inside the area under
examination.

In both ILWIS and IDRISI the criterion is
standardized according to the linear function (the
higher the distance, the higher the score).
Distances = 3000 m are standardized to 1.

Distance to
urban areas

The criterion maps the
distance to human
settlements.

In both ILWIS and IDRISI the criterion is
standardized according to the linear function (the
higher the distance, the higher the score).
Distances = 3000 m are standardized to 1.

Population
density

The criterion assigns to
each  municipality the
population density value

In both ILWIS and IDRISI the criterion is
standardized according to the linear function (the
higher the population density, the lower the score).

(Comuni Italiani, 2011).

With the aim of giving an example, Figure 6 shows the source map (Figure 6a), the standardized
one (Figure 6b) and both the standardization functions (Figures 6¢ and 6d) used for the factor
“distance to protected areas”. In particular, on the left (Figure 6c) the linear standardization function
with control points 500 m and 3000 m provided by the ILWIS software is shown while on the right
(Figure 6d) the sigmoidal monotonically decreasing function with the same control points available
in the IDRISI software is displayed. According to this last function, areas less than 500 m are
assigned a set membership of 1 (on a scale from 0-1), those between 500 m and 3000 m are
assigned a value which progressively decreases from 1 to O in the manner of an s-shaped curve,

The index of infrastructural
IF1 =[>" (Li*oi) [« [N/ A]* p
where Li is the length of the infrastructure, oi is the weight in a 0-1 range assigned to each type of
infrastructure (highways and railways have the highest weight while local roads have the lowest weight), N is

number of parts in which each municipality is fragmented due to the presence of infrastructures, A is the
area of each municipality and P is the perimeter of each municipality (Lega, 2004).

fragmentation is calculated according to the following formula:



and those beyond 3000 m to a protected area are considered to be too far away (they have thus
been assigned a value of zero).
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Figure 6 — Source map (a), standardize map (b) and standardization functions (c and d) for the factor
“distance to protected areas”

3.2.2.2. Criteria weighting

After criteria map standardization, the next step of the analysis consists in assigning a weight to
each factor. According to the ANP methodology the comparison and evaluation phase underpins
on the pairwise comparison of the elements under consideration which can be divided into two
levels: the comparison between clusters which is more general and strategic, and the comparison
between nodes which is more specific and detailed. During this phase the following three
supermatrices are obtained:

(i) the "initial supermatrix", made by all the eigenvectors that are derived from the pairwise
comparison matrices of the model,

(i) the "weighted supermatrix" obtained by multiplying the initial supermatrix values by the cluster
weight matrix;

(iii) the "limit supermatrix" obtained by raising the weighted supermatrix to a limiting power, in order
to converge and to obtain a long-term stable set of weights that represent the final priority vector.


http://www.google.it/dictionary?source=translation&hl=it&q=&langpair=
http://www.google.it/dictionary?source=translation&hl=it&q=&langpair=

Mention should be made to the fact that technical experts in the field of sustainability assessment
of territorial transformation evaluated the relative importance of the considered factors during a
focus group.

Table 2 shows the final priorities of the factors resulting from the limit supermatrix.

Table 2 — Priorities of the model elements

Elements Weights

0 Distance to protected areas 0,07

2 5 © Distance to parks 0,02

2 Q € Distance to wetlands 0,04

- Fauna distribution 0,05

@ E  Height 0,20
bS53 - Distance to water bodies 0,03
% o é 2 Naturalness index 0,10
o z3 ~ Fragmentation index 0,07
w Water quality index 0,06

z a w E;Distance to roads 0,08
2} & 2 Distance to urban areas 0,22

T &  Population density 0,06

The result of the participative procedure adopted for weighting the elements considered in the
model highlights that the most important factors in determining the suitability of the land to behave
as ecological corridor are the “distance to urban areas” (0,22) in the “human pressures” cluster and
the “height” in the “physical environment” cluster.

3.2.3 Choice phase

Once the maps have been obtained for each criteria and the factor weights have been established,
it is necessary to combine all the information in order to achieve the overall suitability map. In this
case, a weighted linear combination has been used that combines all the factors maps according
to equation 1:

Sj=> WixXi 1)

where S is the suitability for pixel j to behave as a corridor; Wi is the weight of factor | and Xi is the
standardized criterion score of factor i.

In the present application a suitability map was generated for each software where each cell is
assigned a score in the 0-1 range expressing its degree of suitability to behave as ecological
corridors. Higher values of suitability indicate for each pixel high appropriateness to host ecological
corridor while low suitability values correspond to areas unsuitable for the corridor development.
Figure 7a represents the suitability map generated with the ILWIS software and Figure 7b is the
map obtained by the IDRISI software. It is possible to notice that regardless of the GIS software
used for the development of the model, we achieved a similar result. In fact, from a statistical study
of the frequency histogram of the cells values of both the images, we obtained equal outcomes; in
particular, the lower suitability value is 0,20 for the map generated by the llwis software and 0,21
for the map produced by the Idrisi software, on the other hand the higher suitability value reached
is 0,96 for both the images.
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Figure 7 — Final suitability maps for identifying ecological corridors: on the left is the map obtained with the
ILWIS software (a) and on the right is the map generated by the IDRISI software (b).

The map obtained is the final result of the analysis and represents a decision support tool in order
to spatially identify suitable areas for the development of ecological networks.

The main result permits the analysis and the understanding of the impact of human activities on
wildlife dispersal, in fact at the regional scale, urbanization is particularly important and should be
considered as a critical threat to the designated linkages. In fact in the final map it is clear the
influence of the negative pressure of the widespread urbanization which leads to a fragmentation
and degradation of ecosystem reducing the capability to sustain its original biodiversity.
Furthermore this map helps Decision-Makers in the planning procedure to identify the most
suitable use of an area at the local and landscape scale that insure links between ecosystems
(Vuilleumier et al., 2002).

3.2.4 Review phase

In order to test the stability of the model, it is useful to perform a sensitivity analysis. The sensitivity
analysis is concerned with a “what i’ kind of question to see if the final answer is stable when the
inputs, whether judgments or priorities, are changed. Particularly, in multicriteria spatial decision
models the aim of the analysis is to see how these changes modify the final generation of
alternatives; in fact, if changes do not significantly affect outputs, the model is considered robust,
on the contrary it is required to modify some phases of the process in an appropriate way, by
identifying objectives and attributes of the decision problem and also assign again criteria
preferences (Ferretti and Pomarico, 2011).

In the present study we generated three scenarios by changing each time the weight of the three
clusters in order to made one cluster predominant each time.

The first scenario shows the situation where physical environment related aspects have the
greatest weight in determining the most suitable areas for identifying ecological corridors; in the
second scenario biotic factors have the greater importance, and finally in the third scenario human
pressure cluster represent the most important aspect. Figure 8 shows the results of the sensitivity
analysis. It is clear that suitable areas for ecological corridor identification decrease when the
importance of biotic factors increases (Fig. 8b). It is possible to see that suitable areas in this case
are limited in the outlying areas of the region where the pressure of the urbanization and the
human activities less influences the natural habitat.

In Figure 8a, where physical environment related aspects have more influence, the final suitability
map is almost unchanged. Figure 8c shows the third scenario, in this case there is a slight



decrease of suitable area round urban areas due to high population density and widespread
urbanization. Change in results is evident in the map shown in Figure 8b where biotic factors more
affect land suitability. In this scenario suitability values decrease in most of the area under
examination except round the natural protected areas and the areas along the border with the
mountains.
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Figure 8 — Sensitivity analysis scenarios.

4. Results

As a first attempt, from the final suitability map, a sub-area of the region has been extracted in
order to draw a possible ecological network connecting the natural protected areas. Figure 9
shows the sub area under analysis surrounding the Gran Paradiso National Park, where the
existing protected areas have been highlighted.
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Figure 9 — Sub area under examination

With the aim to find the optimal corridors linking the natural protected areas we used the
PATHWAY module of the IDRISI software. This algorithm determines the least cost route between
one or more targets and one or more lower terminal cells on an a cost surface, which represents a
surface where distance from a starting point is measured as the cost (in terms of effort, expense,



etc.) (Eastman, 2006). In order to determine the cost distance from each natural protected area we
used the suitability map for establishing ecological corridors. In this way an high value of suitability
implies a low cost distance. Clearly it is the contrary for low suitability values.

The first attempt for generating ecological corridors in the area under analysis through the
PATHWAY module is shown in Figure 10.
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Figure 10 — Hypothetical ecological corridors connecting the Gran Paradiso National Park with the other
natural protected areas.

Finally, we compared our results with a recent study carried out by the Environmental Protection
Regional Agency (ARPA, Maffiotti and Vietti, 2006). This study allows a preliminary identification of
areas of ecological connection by the biological permeability and the ecological connectivity
assessment, starting from the identification of the potential areas with high biodiversity on the
territory. From a preliminary comparison, the suitability map (Fig. 7) obtained by the development
of the MC-SDSS model is coherent with the ecological connectivity map of the Environmental
Protection Regional Agency study. Furthermore, current developments of the present application
refers to the identification of areas worth of protection and on the opposite hand, of areas for which
specific monitoring programs should be established.

5. Discussion and conclusions

Sustainable development is a widely accepted strategic framework in decision-making concerning
the future use of land (IUCN, 1994). However, ecological sustainability is not yet well developed in
landscape planning. The explicit inclusion of ecological principles in landscape planning is as a
matter of fact quite a recent advancement (Ahern, 2002).

New planning tools are thus needed to maintain and increase biodiversity in fragmented
landscape. (Bruel and Baudry, 1999).

The undertaken research has proposed the development of a Multicriteria-Spatial Decision Support
System to assess the land suitability to behave as an ecological corridor. The proposed
methodology has been illustrated with reference to the case study of the Piedmont region (northern
Italy) in order to highlight potential ecological corridors and stepping stones and thus provide a
useful support for planning ecological networks.

The method proposed in the present paper for assessing ecological connectivity at the regional
level allows quick assessments and applications, which can be very effective for regional and
metropolitan land use planning and strategic impact assessments.



Although the obtained results are based on some assumptions, the method offers a flexible tool to
analyze ecological connectivity and provides the possibility to simulate different scenarios.

The study also underlines the relevant role land suitability analyses play in spatial planning. In fact,
these analyses allow us to determine and harmonize the guidelines for the various land use types
and intensities, as well as to assess potential conflicts between population needs and resource
availability.

Furthermore, the paper highlights the advantages of GIS and MCA coupling with specific reference
to their ability to support a decision-making process through a systematic, transparent and
replicable approach, facilitated by the use of thematic maps.

The main advantage of this integration is the fact that Decision Makers can insert their own
opinions (preferences with respect to evaluation criteria) in the decision-making process based on
Geographical Information Systems and receive feedback on their impact in policy evaluations
through the visualization of specific maps.

In addition, these tools help to improve communication and comprehension within a group of
Decision Makers, thus facilitating the achievement of consensus. Another advantage associated
with MC-SDSS is the ability to provide a flexible problem-solving environment where it is possible
to explore, understand and redefine a decision-making problem (Bottero et al., 2011).

Future developments of the work refer to the possibility to implement the present model according
to the fuzzy sets theory (Zadeh, 1965), which represents attribute values according to membership
classes. As a matter of fact, uncertainty can be associated with fuzziness concerning the criterion
weight assessment as well as the spatial attribute values (Malczewski, 1999).

Based on the suitability values provided by the present study, it would also be interesting to
perform more detailed analyses focusing on the municipal scale in order to derive useful
considerations for supporting specific planning procedures at the local scale.

In conclusion, any integration of MCA and GIS constitutes a very promising line of research in the
field of sustainability assessments and more specifically ecological planning since the integrated
approach allows to express, understand and analyze ecological links between ecosystems, taking
into account information about conflicting areas (human activities and ecological networks) and
highlighting the need for monitoring those areas that are classified as potential ecological corridors
in the evaluation model but that in reality are compromised areas.

Consequently, these tools help Decision-Makers to plan activities at the local and landscape scale
that ensure proper consideration of the links between ecosystems.
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