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Abstract: Multifunctionality, i.e. nature’s capacity to deliver multiple ecosystem services (ESs), is a
key component of a green infrastructure. Investigating multifunctionality through a structured
model, grounded on spatial statistics and applied to spatial data on ES provision, can therefore lead
to identifying areas of territorial specialization. By applying the model to Sardinian municipalities,
this study shows that ESs are provided in bundles, and that some ESs compete with other, hence
plan-making processes should carefully assess such trade-offs, as actions aiming at their enhance-
ment can be detrimental to other ESs.
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1. Introduction

As per the definition by the European Commission, a green infrastructure is ‘a stra-
tegically planned network of natural and semi-natural areas [...] designed and managed
to deliver a wide range of ecosystem services’. From a natural scientist’s standpoint, this
definition is problematic because human-centered, as residual naturalness in Europe is
here thought of as something to be managed and planned to maintain ecosystem services
(ESs), hence the goods and services provided by nature to humans. Moreover, ‘a wide
range’ implies that several ESs can be delivered simultaneously; while some ESs are often
jointly provided and intertwined [1], several studies show that some interrelationships
are negative and result in trade-offs [2], especially as regards provisioning ESs. Therefore,
by building on spatially explicit assessments of seven ESs carried out in previous research
[3-6], this study aims at investigating multifunctionality, i.e., an area’s capacity to provide
simultaneously multiple ESs, so as to identify areas of territorial specialization on which
planning policies can be grounded.

2. Materials and methods

2.1. Study area

With a size of 24,000 km? and a population of around 1.6 million people, Sardinia is
the second-largest Mediterranean island, here taken as a case study because its low resi-
dential density, low endowment of infrastructure, and persistence of traditional agricul-
tural and farming practices have preserved a good level of naturalness, which is a prereq-
uisite for the delivery of ESs. From an administrative perspective, Sardinia is an Italian
autonomous region comprising four provinces and a metropolitan city (these represent
the intermediate tier of government), in turns comprising a total of 377 municipalities.
Municipalities are of outmost importance in the planning domain, in Italy, because they
represent the lowest administrative tier of government in charge of land-use planning,
whose provisions can greatly affect the supply of ESs.
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2.2. Methodology

The seven ESs here considered are as follows: habitat quality as potential nursery for
species (QUHAB); global climate regulation (carbon sequestration and storage: CO2SEQ);
local climate regulation (mitigation of land surface temperature REGTEMP); agricultural
and forestry productivity (PRODAF); ecosystem-based potential recreation (POTRIC); in-
trinsic value of biodiversity for present and future generations (INTBIO); landscape qual-
ity, reflecting cultural identity and sense of place (QUPAES). The seven ESs were assessed
and mapped (the reader can refer to [3-6] for an in-depth account), and their values nor-
malized in the 0+1 range. Next, the mean normalized value was calculated for each Sar-
dinian municipality (n=377). Following Raudsepp-Hearne et al. [7], Turner et al. [8], Quei-
roz et al. [9], the analysis comprised three steps:

e for each ES, spatial patterns were analyzed by assessing spatial autocorrelation
through Moran’s [ index; hotspots and coldspots of municipalities having statistically
significant higher or lower values than their surrounding municipalities were iden-
tified through the Getis-Ord Gi* statistics;

e  statistically significant (linear) correlations between each pair of ESs were assessed
through Pearson’s correlation coefficient;

e clusters comprising municipalities having a level of in-group similarity higher than
their dissimilarities with respect to municipality not belonging to the group were
spatially identified by applying first a principal component analysis (PCA), aimed at
reducing redundancies due to the present of correlations, and next a cluster analysis
through the k-means algorithm.

Except for the autocorrelation analysis, which was performed in GeoDa, version
1.6.7, the remaining operations were performed using ArcGIS®ESRI, version 10.7.

3. Results

Figure 1 provides an overview of the assessment of each ES at the municipal level;
the autocorrelation analysis, carried out using the queen contiguity conceptualization,
shows evidence of spatial agglomeration (I>0) statistically significant and decreasing up
to the fifth level of contiguity for all the ESs but for QUHAB, for which only the first two
levels show evidence of autocorrelation. The results of the hotspot and coldspot analysis
are shown in Figure 2, left-hand side, which puts in evidence that some parts of the island
can be either hotspots or coldspots, depending on the ES at stake.

The Pearson coefficients (Table 1) show that 16 out of the 21 pairs of ESs are signifi-
cantly and linearly correlated; negative correlations always concern PRODAF and
CO2SEQ, which therefore compete with other ESs.

Table 1. Correlation analysis: Pearson coefficients (above-the-diagonal cells) and significance lev-
els (below-the-diagonal cells: ***: p <0.001; **: p <0.01; *: p <0.05). Blue and red shades highlight
positive and negative correlations, respectively, while darker shades flag stronger correlations.

INTBIO 0.158 0.359 0.138 -0.541 0.147 0.407
** QUHAB 0.320 0.173 0.080 -0.036 0.033
xEE FE POTRIC 0.725 -0.407 -0.011 0.542
** FEE rEE QUPAES -0.095 -0.314 0.486
wHE ok PRODAF -0.308 -0.372
x xEE xE CO2SEQ 0.155

Eak ok ook % Eak ok ook 3% Ok REGTEMP

Due to the presence of mutual correlation, the territory can be conceived of as a pro-
vider of bundles of ESs, rather than of single, independent, ESs, hence the PCA is helpful
to reduce redundancies. The PCA shows that approximately 93% of the variance can be
explained through four new axes, or around 97% through five axes, which represent as
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many combinations of the seven ESs. Therefore, the k-means algorithm was run seeking
out for five clusters, whose spatial layout is shown in Figure 2, right-hand side, together
with the spider diagrams that provide the mean value of each ES in each group.
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Figure 1. Mean ES normalized values at the municipal level.
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Figure 2. Hotspots and coldspots of mean ES values, municipal level (left), and results from the
cluster analysis (right).

As Figure 2 shows, five municipal clusters can be identified; municipalities in each
cluster share common features in terms of bundles of ESs provided, and they also share
some distinctive environmental and socio-economic characteristics. Group 3, where
QUPAES and POTRIC dominate, comprises almost exclusively coastal municipalities,
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whose economies rely on tourism, and whose urbanization levels are generally higher
than those within the rest of the island. Group 2, having high values of both PRODAF and
CO2SEQ, corresponds to the island’s main plains, hosting intensive agriculture and farm-
ing that yield comparatively high incomes with respect to Sardinian standards. Groups 1
and 4, both showing high values of CO2SEQ, differ as regards PRODAF (low in 1 and
high in 4) and REGTEMP (high in 4 and low in 1); while they both comprise inner and
sparsely populated municipalities, they differ as for the morphology, which is gentler in
group 4, and the vegetation, which in group 4 is richer in steppe and other herbaceous
vegetation and pastures. Finally, group 5 comprises municipalities having high values of
all ESs except PRODATF; it includes the island’s main mountain areas, whose landscapes
are marked by maquis and forests, the greatest providers of ESs in Sardinia.

4. Conclusions

The analysis of bundles of ES provision at the municipal levels unveils spatial pat-
terns reflecting both ecological and socio-economic patterns. A case can therefore be made
for the existence of a territorial specialization [9] that should be accounted for within land-
use plans, whose actions can either enhance or degrade the supply of some ESs. Aware-
ness should be raised on the fact that planning provisions aimed at fostering some ESs
(first and foremost, agricultural productivity) are often detrimental to the maintenance of
other ESs, as, for instance, regulation and cultural ESs [10]; thus, such trade-offs call for
careful ex-ante assessments in plan-making processes. Future research directions concern
the consideration of a larger number of ESs, through which sensitivity and stability of the
clusters could be better assessed, and the inclusion of socio-economic control variables.
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