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2")XM$O)#V*%T*BNSW)N$)*%"*KA>26 June 2019, titled “Planning, nature and ecosystem services.”*
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the discussant’s and to the public’s statements.*

The first plenary session is on “Valuing ecosystem services in money: A necessary evil for 

protecting biodiversity?”; the speaker is Erik Gomez>9NSSM#P'"*aLN('W#V*%T*,N"&O(NYM*N"&*
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cascade ES modeling approach applied to the Flemish Natura 2000 Network”; the speaker is 
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ABSTRACT
According to the European Commission’s “Roadmap to a Resource Efficient Europe,” the annual 
land take in the countries of the European Union should amount at most to zero by 2050. This 
entails that planning practices should focus on ecological objectives, which should be prioritized 
over other current issues, such as land values’ and uses’ regulations, spatial market processes 
and real estate. Land take and related urban development not only implies decline in the 
availability of land able to sequestrate carbon, but also an increase in emissions. That being 
so, innovative ecological policies are necessary in order to mitigate or eliminate land-taking 
processes. This study analyzes the interdependence between land take and carbon capture and 
storage, identified as an ecosystem service, and proposes an interpretive approach, which is 
implemented into the Sardinian regional context, that is, a spatial context concerning one of the 
two insular regions of Italy. CORINE Land Cover nomenclature is used to identify the land cover 
characteristics. The European Environment Agency makes data available as regards the time 
series of land cover types. Carbon capture and storage is defined through the NDVI (normalized 
difference vegetation index) concerning semi-natural and natural zones. By means of the NDVI, 
an approximation of carbon sequestration distribution and a spatial relation between carbon 
capture and storage capacity and land-taking processes are detected. The outcomes imply 
relevant consequences with reference to the implementation of planning measures concerning 
mitigation of land take and preservation and improvement of carbon capture and storage.

KEYWORDS
Land Take; Ecosystem Services; Carbon Sequestration; Normalized Difference Vegetation Index 
(NDVI)
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1 INTRODUCTION 
This study analyzes the interdependence between land take and carbon capture and 

storage. The research goal is to assess the evidence of a relationship between carbon 

sequestration by the soil and land-taking processes, and to estimate the quantitative profile 

of this relationship. The assessment is implemented as regards a spatial context concerning 

Sardinia, one of the two insular regions of Italy. The results are relevant in terms of further 

research developments. Carbon capture and storage is a phenomenon, based on 

photosynthesis, which characterizes peat swamps, forests and grasslands, and other similar 

ecological systems and consists in carbon dioxide removal from the air by its sequestration 

by soil and plants (Lal, 2008). The interaction involving air composition and soil has a strong 

influence on climate regulation (Jobbagy & Jackson, 2000) and is strictly correlated to 

changes in land cover. Moreover, land condition and green areas play an important role in 

regulating the carbon cycle since they provide carbon capture and storage as an ecosystem 

service (European Commission, 2012; Millennium Ecosystem Assessment, 2005). The EEA 

(European Environment Agency, 2013a) provides the following definition of land take: 

“Change of the amount of agriculture, forest and other semi-natural and natural land taken 

by urban and other artificial land development.” This is a relevant reference for the ongoing 

discussion on spatial planning since, according to the European Commission’s “Roadmap to 

a Resource Efficient Europe” (Communication COM(2011) 571 of 20 September 2011), the 

annual land take in the countries of the European Union should amount at most to zero by 

2050. Furthermore, a medium-term goal is established by 2020 with reference to the 2014-

2020 cohesion policy, which states that direct and indirect impacts of this policy on land 

cover have to be carefully monitored and assessed. The structure of this study consists of 

three sections. The next section discusses the methodology concerning the definition of the 

taxonomies of normalized difference vegetation index (NDVI) and carbon sequestration 

related to the Sardinian regional context. The results of a multiple linear regression used to 

assess the relation between carbon storage and capture and land-taking processes are 

described in the third section. In the conclusions, a discussion related to the outcomes is 

proposed as regards implications and suggestions concerning planning measures and further 

research developments. 

2 METHODOLOGY 
The relation between carbon capture and storage and land-taking processes is studied on 

the basis of spatial units represented by the 377 municipal administrations of Sardinia, 
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which are the lowest layer of the regional public administration framework. A linear 

regression is estimated according to specification shown in Tab. 1. Carbon sequestration is 

the dependent variable, whereas the explanatory variables are the level of land take and the 

land take change occurred between 1990 and 2018, the most recent data concerning the 

number of residents and the area of the land administered by a municipality. The last two 

variables are used as control variables to check for: i. the presence of a concentration 

factor, namely, the lower the number of residents the highest the capacity of capturing and 

storing carbon dioxide (Sklenicka et al., 2013; Zoppi & Lai, 2015); and, ii. the effect on 

carbon capture and storage capacity caused by the size of the municipal area, which, ceteris 

paribus, can possibly positively influence carbon sequestration. 
 

VARIABLE DEFINITION; SOURCE UNIT MEAN ST. DEVIATION 

C_SEQ Carbon capture and storage 
capacity; estimated through 
the NDVI, see Subsection 2.1 

Stored carbon dioxide 
per ha of municipal 
land, Mg/ha 

89.40 22.00 

L_TAKE Size of uptaken land; 
Copernicus Database 

Percentage ratio of land 
uptaken per km2 of 
municipal land, 
km2/km2, % 

3.41 5.29 

L_TAKE Change in uptaken land; 
Copernicus Database 

Percentage ratio of the 
2018-1990 change in 
land uptaken per km2 of 
municipal land, % 

0.99 1.29 

RESIDS Resident people in 2016; the 
Comuni Italiani (Italian 
municipal administrations) 

Number of resident 
people 

4,385.01 12,199.99 

ML_AREA Area of the land administered 
by a municipality; the Region 
Sardinia’s Geoportal 

km2 63.92 61.76 

Tab. 1 Statistics of the variables included in regression model C_SEQ = Ȗ0 + Ȗ1 L_TAKE + Ȗ2 ¨L_TAKE + Ȗ3 
RESIDS + Ȗ4 ML_AREA 

The next subsection presents the methodological approach implemented to define the 

spatial taxonomy of carbon sequestration, whereas a discussion proposed in a previous 

study (Zoppi & Lai, 2014, Section “What is land take?”) is assumed as reference for 

characterizing the spatial distribution of land take. As per Zoppi and Lai (2014), the spatial 

taxonomy of land take implemented in this study is based on the land cover classification of 

the COoRdination de l’INformation sur l’Environnement (CORINE) Land Cover vector map 
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(CLC) of the European Environment Agency (EEA) of the EU (European Environment 

Agency, 2013a). In the CLC classification, non-artificial surfaces are classified into four 

classes (at Level 1): i. agricultural areas; ii. forests and semi-natural areas; iii. wetlands; 

and, iv. Waterbodies. The land-taking process is identified in this study as the change of 

status of areas from non-artificial classes to the artificial land-cover class. Sardinia has 

experienced an increase in artificial land from 2.26% in 1990 (54,443 hectares) to 3.14% in 

2018 (75,718 hectares). 

2.1  CARBON CAPTURE AND STORAGE 

A number of studies propose combinations of carbon dioxide- and remote sensing-related 

data to represent spatial taxonomies of carbon pools (Lee et al., 2016; Sun et al., 2019; Rao 

et al., 2013; Raciti et al., 2014). NDVI indexes biomes’ levels of greenness, on the basis of 

their reflectance spectrum. Late in the 1970s, it was discovered that the quantity of 

radiation active in photosynthetic terms absorbed by the plants is positively correlated to net 

photosynthesis. The remote sensors of satellites provide quantitative information concerning 

the absorbed radiation active in photosynthetic terms. The NDVI is computed through the 

following formula: 

NDVI ,  (1) 

where NR is the near-infrared reflectance and RD is the red reflectance. The spatial 

distribution of the NDVI taxonomy reveals values included in the interval -0.60 - 0.96, as 

shown in Tab. 2. 

Based on the NDVI distribution, a spatial taxonomy is mapped which associates groups of 

types of land cover, featured by similar characteristics, to NDVI intervals. This is 

implemented on the basis of the authors’ expertise and of on site survey. 

Carbon capture and storage capacity associated to land cover types as regards the pools of 

carbon is determined on the basis of the spatial data provided by a project funded by the 

Autonomous Region of Sardinia1.  

                                                                 
1 The spatial database is based on the surveys implemented in the Project “Charter of the land units 

and land use capability of Sardinia – First part (2011-2013).” The Project was funded by the 
Department of Local public administrations, Finance and Spatial planning of the Autonomous Region 
of Sardinia (ARS). The surveys were implemented by the following public bodies: (i) AGRIS (the 
Agency of the ARS for theoretical and experimental research concerning agriculture, agri-industrial 
production and forestry) for the Muravera-Castiadas area (South-eastern Sardinia); (ii) LAORE (the 
Agency of the ARS for the implementation of the regional projects concerning agriculture and rural 
development), and the University of Sassari, for the Arzana and Nurra areas (Central and North-
western Sardinia); and, (iii) the University of Cagliari for the Pula-Capoterra area (Southern Sardinia). 
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The InVEST2 model uses the carbon pools provided by the Project quoted above to estimate 

the carbon capture and storage capacity for each land cover type (Nelson et al., 2008). 

Three NDVI-related intervals are determined in this study with reference to the Sardinian 

region, which are characterized by soil features and by the estimated mean carbon capture 

and storage capacity defined through InVEST (Tab. 2). 

NDVI INTERVAL CLASSIFICATION 
CARBON SEQUESTRATION CAPACITY 
(Mg/ha) 

-0.5981 – 0.2659 Soils with no vegetation, bare rocks, 

built areas, water bodies 
0 

0.2659 – 0.4890 Soils with sparse vegetation, grass or 

medium-density vegetation 
104.50 

0.4890 – 0.9597 Soils with dense vegetation; forests 117.39 

Tab. 2 Stored carbon and land uses 

3 FINDINGS 
The findings concerning the implementation of the proposed methodology are proposed in 

the following paragraphs. The first two subsections describe the spatial distributions of 

carbon capture and storage and land-taking processes, whereas the last shows the results 

of the multiple regression model defined by the variables reported in Tab. 2. 

3.1  SPATIAL DISTRIBUTION OF CARBON CAPTURE AND STORAGE 

The spatial taxonomy of carbon sequestration belongs to the interval 4.30-115 Mg/ha. The 

carbon sequestration capacity of about 37% of the municipalities is below 90 Mg/ha. The 

towns of South Sardinia reveal values comparatively lower than the others. Municipalities 

located around the SE-NW line which connects Cagliari to Oristano (from South to Central 

Sardinia) are particularly characterized by a low sequestration capacity. About 4% of the 

towns, mostly located in the central and northern areas of the Island, show values 

belonging to the interval 109-116 Mg/ha.  

The Metropolitan City of Cagliari, whose administration extends over seventeen 

municipalities, shows a relevant decrease in carbon capture and storage capacity caused by 

                                                                 
2 InVEST (Integrated Valuation of Ecosystem Services and Tradeoffs) is a free of cost software product, 

licensed under the BSD open source licence. InVEST is developed by the Natural Capital Project 
(NCP), whose partners are: the Woods Institute for the Environment and Department of Biology of 
Stanford University; the Institute on the Environment of Minnesota University; the Nature 
Conservancy; and, the World Wildlife Fund (WWF). http://data.naturalcapitalproject.org/nightly-
build/investusers- guide/html/index.html. 
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intensive land artificialization generated by heavy urban expansion, which is as high as 

10,700 Mg. This outcome implies that the density of carbon sequestration capacity 

decreases as urban transformation increases (Sun et al., 2019).  

Even higher is the loss in carbon sequestration which is shown by the coastal towns, whose 

a share of about 35.5% reveals an increase in land take in the interval 0.96-10.80 km2 as a 

consequence of pressures generated by tourist enterprises, which put at risk coastal and 

marine environments and their provision of ecosystem services (Lai, Zoppi, 2010). A share 

of around 38% of the coastal municipalities shows a carbon sequestration capacity ranging 

between 4.3 and 70.6 Mg/ha.  

Fig. 1 reports the spatial distribution of carbon capture and storage in the Sardinian Island. 

 
Fig. 1. Taxonomy of carbon sequestration 

3.2  SPATIAL DISTRIBUTION OF LAND TAKE 

The regional land which changed its status from non-artificial to artificial amounts to about 

215 km2 in the period 1990-2018. Its spatial distribution is not homogeneous, and it shows 

the highest values in the most populous cities, such as the Metropolitan City of Cagliari (5.6 
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km2) and the urban areas of Olbia (9.4 km2), Sassari (10.8 km2) and their surroundings, 

and in the costal tourist settlements.  

Nevertheless, more than 33% of the municipal administrations reveal an increase in land 

take less than 0.09 km2, whereas less than 18% reveal an increase in land take more than 

0.98 km2. The towns which are included in the Cagliari metropolitan administration, Olbia, 

Sassari and a small number of costal settlements belong to this set. 

The highly populated and urbanized consolidated tissues of Sassari and Cagliari reveal 

values of land take which amount to 5% and 2.5%. The two contexts are examples of two 

different types of urban expansion, namely land sharing and land sparing (Soga et al., 

2014).  

Cagliari shows a density of 1,801 residents/km2, and, that being so, a compact tissue3 and 

a relevant concentration of green spaces within it, which makes the Sardinia’s capital city a 

land sparing urban context, while Sassari, which shows a density of 234 residents/km2, 

characterized by less concentrated green spaces within the compact tissue, can be identified 

as a land sharing urban context (Lin & Fuller, 2013). The density of green areas within the 

compact urban fabrics is positively correlated to protection of biodiversity and supply of 

ecosystem services and, as a consequence, planning and decision-making processes should 

focus on land sparing-based policies (Soga et al., 2014), whose Cagliari is an important 

point of reference. Tab. 3 reports the comparison of the cities of Cagliari and Sassari in 

terms of their land-sparing and land-sharing attitudes. 

	
CITY GREEN SPACES 

(km2) 
COMPACT TISSUE 
(km2) 

GREEN AREAS IN THE COMPACT URBAN 
TISSUE (km2/km2; percentage of green spaces 
within the compact urban tissue to the area of 
the compact tissue) 

Sassari 0.5 15.7 2.8% 

Cagliari 2.8 54.7 4.9% 

Tab. 3 Analysis of green spaces within the compact urban tissue 

3.3   RESULTS OF THE REGRESSION MODEL 

The outcomes of the regression model are consistent with expectations on signs and 

significant in terms of p-values (always lower than 2%) as regards the estimates of the 

explanatory variables’ coefficients (Tab. 4). 

                                                                 
3 Compact urban fabric is identified within a municipal area by the “artificial surfaces” of the CORINE 

Land cover (European Environment Agency, 2013b). 
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Explanatory variable Coefficient Standard deviation t-statistic p-value 

L_TAKE -0.716 0.300 -2.395 0.0180 

L_TAKE -4.370 1.126 -3.879 0.0002 

RESIDS -0.0003 0.0001 -2.559 0.0110 

ML_AREA 0.092 0.019 4.910 0.0001 

Dependent variable: C_SEQ - Adjusted R-squared: 0.289 

Tab. 4 Results of the regression model 

The estimate of the land-take coefficient entails that, everything else being equal, an 

increase of 1% in land take implies a decrease of about 700 kg/ha in carbon capture and 

storage. This also implies that the total land-taking process related to Cagliari4 in 2018 

reveals that about 40% of the municipal land is artificialized, which determines a loss of 

about three million Mg in carbon capture and storage. 

Furthermore, the estimates of the regression model reveals that between 1990 and 2018 

the change in land take (variable L_TAKE) causes a negative impact on carbon capture and 

storage, in addition to variable L_TAKE, which represents the level of land take. As a 

consequence, the results show that carbon capacity decreases not only in correlation with 

an increase in the land take level, but also in connection with an increase in the change rate 

of land take. Taking into consideration Cagliari, an increase of 6.5% in the level of land 

take5 is correlated to an additional decline of around 235,000 Mg in carbon capture and 

storage. 

The estimated coefficients of the control variables RESIDS and ML_AREA are significant and 

present negative and positive signs respectively, as was expected. 

The concentration effect of RESIDS is a decrease of 5.6 kg/ha in carbon capture and 

storage related to an increase of 20 residents. This entails that, ceteris paribus, Sassari 

(127,533 residents) reveals an additional capacity of 399,000 Mg compared to Cagliari 

(154,083), as a consequence of less residents. 

Lastly, carbon capacity is positively correlated to the size of the municipality (ML_AREA), 

because the estimate of the correspondent coefficient is positive, and, as a consequence, 

                                                                 
4 Cagliari is the capital city of Sardinia and the most populous municipal area. Data drawn from 

Copernicus, see Tab. 1. 

5 Data drawn from Copernicus, see Tab. 1. 
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the impact on carbon capture and storage of an additional 1-km2 of municipal area is 

connected to an increase of around 90 kg/ha in carbon sequestration. 

4 CONCLUDING REMARKS6 
The outcomes of the regression model show an important and significant correlation, at the 

municipal level, between carbon sequestration and land take, and indicate that NDVI is a 

very effective proxy for carbon sequestration capacity, since it identifies the size of carbon 

captured and stored, and provides a way of measuring this capacity as a phenomenon 

independent from land take, and, in so doing, it makes it possible to estimate the regression 

model in stochastic terms. Moreover, since the coefficients of the variables representing the 

factors that were tentatively assumed as determinants of carbon sequestration are 

significant and the goodness of fit of the model is relatively high (adjusted R-squared is 

about 30%, see Tab. 4), it can be concluded that our research perspective is effective in 

explaining, in quantitative terms, the relationship between carbon sequestration and land 

take. 

Our study puts in evidence a number of important implications concerning the relationship 

between carbon sequestration capacity and land-taking processes. First, our estimates 

highlight a robust negative influence of land take (level) and land-taking dynamics, that is, 

increase in land take through time, on carbon sequestration capacity, which is a finding 

consistent with Stakura et al.’s (2015) outcomes related to expansion of urban areas 

(sprawl). This implies that, everything else being equal, the presence, size and dynamics of 

land take are correlated to a decrease in carbon sequestration capacity. 

Second, the reduction in capacity as a consequence of land-taking process is significant in 

quantitative terms. From this standpoint, our results imply that the presence and size of 

protected areas, which limit urban expansion and, in so doing, land-taking processes (Hazeu 

et al., 2009; Martínez-Fernández et al., 2015), are important factors to conserve and 

possibly enhance carbon sequestration capacity. 

This entails that land saving and, as a consequence, conservation of carbon sequestration 

capacity spreads over the whole municipal land area in correlation with the presence and 

size of protected areas. An important type of protected areas are the Sites of the Natura 

2000 Network (SN2Ns), established under the provisions of the Habitats (no. 92/43/EEC) 

and Birds (no. 2009/147/EC) Directives. According to the Habitats Directive, an Appropriate 

                                                                 
6 This Section partially reproduces a discussion proposed in a previous study (Lai, Zoppi, 2017, Section 

“5. Discussion and Conclusions”). 
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assessment procedure7 must be applied not only in case of plans and projects concerning 

land parcels located within SN2Ns, but also in case of plans and projects related to areas 

outside the SN2Ns’ boundaries, if such plans and projects may possibly damage habitats 

and species within the SN2Ns. 

A third important policy implication, related to the positive impact of Natura 2000-related 

policies on the conservation of the non-artificial status of land, is that, because the impact 

of Natura 2000-based environmental protection on land take is not related to other 

conservative planning rules, there is no need for severely restrictive planning codes, if 

SN2Ns are properly established. Indeed, the establishment of SN2Ns does not imply that 

there are land uses or developments which are forbidden in general terms. However, the 

mere presence of a SN2N entails that developers, public administrations, planners, and 

practitioners, have to show that their projects or planning proposals will not damage or 

generate loss of habitats and/or species, which, according to the outcomes of our analysis, 

significantly reduces land-taking processes. 

Finally, an important implication of this study is the following. Municipal masterplans should 

state, as regards new development proposals, that such proposals should describe their 

impacts on existing land uses and demonstrate that artificialization processes are minimal, if 

any, as for the Appropriate assessment procedure, in case of plans and projects that may 

possibly generate negative impacts on habitats and species of the SN2Ns. The four points 

highlighted above entail important implications for planning policies, both at the local 

(municipal) and regional levels. A first consequence is that policies aiming at reducing land 

take and at preserving carbon sequestration capacity, should imply the establishment of 

new protected areas, or the enlargement of existing ones. Both policies need effective and 

continuous cooperation involving the local and regional administrations, since the complex 

and long-lasting time period concerning the establishment of new or enlarged protected 

areas needs a substantial integration of planning visions on behalf of the local and regional 

authorities. Cooperation is necessary since the identification of conservation objectives and 

the subsequent establishment of conservation measures entail that the local authorities 

propose these measures, possibly in the context of a management plan, and the regional 

administration approves them and, in some cases, brings them to the attention of national 

                                                                 
7 Paragraph 3, art. 6, of the Habitats Directive establishes that “Any plan or project not directly 

connected with or necessary to the management of the site but likely to have a significant effect 
thereon, either individually or in combination with other plans or projects, shall be subject to 
appropriate assessment of its implications for the site in view of the site's conservation objectives,” 
and that “the competent national authorities shall agree to the plan or project only after having 
ascertained that it will not adversely affect the integrity of the site concerned and, if appropriate, 
after having obtained the opinion of the general public.” 
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administrations. Cooperation and integration of the local and regional planning processes 

would imply an important enhancement in the quality of Sardinian public planning, which 

has been characterized by a lack of coordination in recent years (Zoppi & Lai, 2010). A 

second significant implication is that in public planning processes, especially at the municipal 

level, experts in nature conservation should systematically participate and cooperate with 

spatial planners and developers in the process of definition and approval of local plans, in 

order to support the identification of sites to be proposed for the establishment of protected 

areas and, in so doing, to define policies aimed at limiting land take and at preserving 

carbon sequestration capacity. At present, this expertise is not considered as a necessary 

component of local planning teams (Leone & Zoppi, 2016). Thirdly, attention should be paid 

to the possibility of proposing new protected areas in the strategic environmental 

assessment processes of local plans. These processes entail the inclusion of objectives 

related to the protection of environmental resources and to the sustainability paradigm into 

the definition of spatial plans, which implies the possibility of the integration of such goals 

into the plans, even though they were not considered in the first place (Zoppi & Lai, 2014). 

Moreover, since the presence and size of protected areas are effective against land take and 

in support of preservation of carbon sequestration capacity, conservation measures 

consistent with those adopted for the protected areas could be extended over areas located 

outside the boundaries of protected areas. From this perspective, complete and detailed 

maps concerning the spatial distribution of natural resources are needed. A fifth point is 

related to the necessity of a comprehensive coordination of conservation measures between 

plans of cities and towns whose municipal areas are adjacent to each other. From this point 

of view, a fundamental role should be played by the planning office of the regional 

administration, which coordinates local plans under the provisions of the Sardinian rules 

concerning the approval of regional and local plans. Finally, as widely recognized in the 

literature, conservation measures may prevent the implementation of traditional land uses 

related to urbanization, agriculture and pastures, and, by doing so, they may possibly 

generate conflicts between local communities and municipal authorities (Kovács et al., 2015; 

Leone & Zoppi, 2016). The issues of information, participation and consensus-building 

should not be undervalued in the definition and implementation of local plans that entail 

conservation measures and policies against land take and in support of carbon sequestration 

capacity, and inclusive participatory processes should be carefully designed in detail long 

before plans are discussed and approved. Our methodology and results are based on a 

regression model that assesses the relation between carbon capture and storage capacity, 

defined on the basis of the NDVI spatial taxonomy, and land-taking processes. The model 

considers the municipalities of Sardinia as spatial units. From this perspective, it has to be 
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intensive land artificialization generated by heavy urban expansion, which is as high as 

10,700 Mg. This outcome implies that the density of carbon sequestration capacity 

decreases as urban transformation increases (Sun et al., 2019).  

Even higher is the loss in carbon sequestration which is shown by the coastal towns, whose 

a share of about 35.5% reveals an increase in land take in the interval 0.96-10.80 km2 as a 

consequence of pressures generated by tourist enterprises, which put at risk coastal and 

marine environments and their provision of ecosystem services (Lai, Zoppi, 2010). A share 

of around 38% of the coastal municipalities shows a carbon sequestration capacity ranging 

between 4.3 and 70.6 Mg/ha.  

Fig. 1 reports the spatial distribution of carbon capture and storage in the Sardinian Island. 

 
Fig. 1. Taxonomy of carbon sequestration 

3.2  SPATIAL DISTRIBUTION OF LAND TAKE 

The regional land which changed its status from non-artificial to artificial amounts to about 

215 km2 in the period 1990-2018. Its spatial distribution is not homogeneous, and it shows 

the highest values in the most populous cities, such as the Metropolitan City of Cagliari (5.6 
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km2) and the urban areas of Olbia (9.4 km2), Sassari (10.8 km2) and their surroundings, 

and in the costal tourist settlements.  

Nevertheless, more than 33% of the municipal administrations reveal an increase in land 

take less than 0.09 km2, whereas less than 18% reveal an increase in land take more than 

0.98 km2. The towns which are included in the Cagliari metropolitan administration, Olbia, 

Sassari and a small number of costal settlements belong to this set. 

The highly populated and urbanized consolidated tissues of Sassari and Cagliari reveal 

values of land take which amount to 5% and 2.5%. The two contexts are examples of two 

different types of urban expansion, namely land sharing and land sparing (Soga et al., 

2014).  

Cagliari shows a density of 1,801 residents/km2, and, that being so, a compact tissue3 and 

a relevant concentration of green spaces within it, which makes the Sardinia’s capital city a 

land sparing urban context, while Sassari, which shows a density of 234 residents/km2, 

characterized by less concentrated green spaces within the compact tissue, can be identified 

as a land sharing urban context (Lin & Fuller, 2013). The density of green areas within the 

compact urban fabrics is positively correlated to protection of biodiversity and supply of 

ecosystem services and, as a consequence, planning and decision-making processes should 

focus on land sparing-based policies (Soga et al., 2014), whose Cagliari is an important 

point of reference. Tab. 3 reports the comparison of the cities of Cagliari and Sassari in 

terms of their land-sparing and land-sharing attitudes. 

	
CITY GREEN SPACES 

(km2) 
COMPACT TISSUE 
(km2) 

GREEN AREAS IN THE COMPACT URBAN 
TISSUE (km2/km2; percentage of green spaces 
within the compact urban tissue to the area of 
the compact tissue) 

Sassari 0.5 15.7 2.8% 

Cagliari 2.8 54.7 4.9% 

Tab. 3 Analysis of green spaces within the compact urban tissue 

3.3   RESULTS OF THE REGRESSION MODEL 

The outcomes of the regression model are consistent with expectations on signs and 

significant in terms of p-values (always lower than 2%) as regards the estimates of the 

explanatory variables’ coefficients (Tab. 4). 

                                                                 
3 Compact urban fabric is identified within a municipal area by the “artificial surfaces” of the CORINE 

Land cover (European Environment Agency, 2013b). 
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Explanatory variable Coefficient Standard deviation t-statistic p-value 

L_TAKE -0.716 0.300 -2.395 0.0180 

L_TAKE -4.370 1.126 -3.879 0.0002 

RESIDS -0.0003 0.0001 -2.559 0.0110 

ML_AREA 0.092 0.019 4.910 0.0001 

Dependent variable: C_SEQ - Adjusted R-squared: 0.289 

Tab. 4 Results of the regression model 

The estimate of the land-take coefficient entails that, everything else being equal, an 

increase of 1% in land take implies a decrease of about 700 kg/ha in carbon capture and 

storage. This also implies that the total land-taking process related to Cagliari4 in 2018 

reveals that about 40% of the municipal land is artificialized, which determines a loss of 

about three million Mg in carbon capture and storage. 

Furthermore, the estimates of the regression model reveals that between 1990 and 2018 

the change in land take (variable L_TAKE) causes a negative impact on carbon capture and 

storage, in addition to variable L_TAKE, which represents the level of land take. As a 

consequence, the results show that carbon capacity decreases not only in correlation with 

an increase in the land take level, but also in connection with an increase in the change rate 

of land take. Taking into consideration Cagliari, an increase of 6.5% in the level of land 

take5 is correlated to an additional decline of around 235,000 Mg in carbon capture and 

storage. 

The estimated coefficients of the control variables RESIDS and ML_AREA are significant and 

present negative and positive signs respectively, as was expected. 

The concentration effect of RESIDS is a decrease of 5.6 kg/ha in carbon capture and 

storage related to an increase of 20 residents. This entails that, ceteris paribus, Sassari 

(127,533 residents) reveals an additional capacity of 399,000 Mg compared to Cagliari 

(154,083), as a consequence of less residents. 

Lastly, carbon capacity is positively correlated to the size of the municipality (ML_AREA), 

because the estimate of the correspondent coefficient is positive, and, as a consequence, 

                                                                 
4 Cagliari is the capital city of Sardinia and the most populous municipal area. Data drawn from 

Copernicus, see Tab. 1. 

5 Data drawn from Copernicus, see Tab. 1. 
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the impact on carbon capture and storage of an additional 1-km2 of municipal area is 

connected to an increase of around 90 kg/ha in carbon sequestration. 

4 CONCLUDING REMARKS6 
The outcomes of the regression model show an important and significant correlation, at the 

municipal level, between carbon sequestration and land take, and indicate that NDVI is a 

very effective proxy for carbon sequestration capacity, since it identifies the size of carbon 

captured and stored, and provides a way of measuring this capacity as a phenomenon 

independent from land take, and, in so doing, it makes it possible to estimate the regression 

model in stochastic terms. Moreover, since the coefficients of the variables representing the 

factors that were tentatively assumed as determinants of carbon sequestration are 

significant and the goodness of fit of the model is relatively high (adjusted R-squared is 

about 30%, see Tab. 4), it can be concluded that our research perspective is effective in 

explaining, in quantitative terms, the relationship between carbon sequestration and land 

take. 

Our study puts in evidence a number of important implications concerning the relationship 

between carbon sequestration capacity and land-taking processes. First, our estimates 

highlight a robust negative influence of land take (level) and land-taking dynamics, that is, 

increase in land take through time, on carbon sequestration capacity, which is a finding 

consistent with Stakura et al.’s (2015) outcomes related to expansion of urban areas 

(sprawl). This implies that, everything else being equal, the presence, size and dynamics of 

land take are correlated to a decrease in carbon sequestration capacity. 

Second, the reduction in capacity as a consequence of land-taking process is significant in 

quantitative terms. From this standpoint, our results imply that the presence and size of 

protected areas, which limit urban expansion and, in so doing, land-taking processes (Hazeu 

et al., 2009; Martínez-Fernández et al., 2015), are important factors to conserve and 

possibly enhance carbon sequestration capacity. 

This entails that land saving and, as a consequence, conservation of carbon sequestration 

capacity spreads over the whole municipal land area in correlation with the presence and 

size of protected areas. An important type of protected areas are the Sites of the Natura 

2000 Network (SN2Ns), established under the provisions of the Habitats (no. 92/43/EEC) 

and Birds (no. 2009/147/EC) Directives. According to the Habitats Directive, an Appropriate 

                                                                 
6 This Section partially reproduces a discussion proposed in a previous study (Lai, Zoppi, 2017, Section 

“5. Discussion and Conclusions”). 
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assessment procedure7 must be applied not only in case of plans and projects concerning 

land parcels located within SN2Ns, but also in case of plans and projects related to areas 

outside the SN2Ns’ boundaries, if such plans and projects may possibly damage habitats 

and species within the SN2Ns. 

A third important policy implication, related to the positive impact of Natura 2000-related 

policies on the conservation of the non-artificial status of land, is that, because the impact 

of Natura 2000-based environmental protection on land take is not related to other 

conservative planning rules, there is no need for severely restrictive planning codes, if 

SN2Ns are properly established. Indeed, the establishment of SN2Ns does not imply that 

there are land uses or developments which are forbidden in general terms. However, the 

mere presence of a SN2N entails that developers, public administrations, planners, and 

practitioners, have to show that their projects or planning proposals will not damage or 

generate loss of habitats and/or species, which, according to the outcomes of our analysis, 

significantly reduces land-taking processes. 

Finally, an important implication of this study is the following. Municipal masterplans should 

state, as regards new development proposals, that such proposals should describe their 

impacts on existing land uses and demonstrate that artificialization processes are minimal, if 

any, as for the Appropriate assessment procedure, in case of plans and projects that may 

possibly generate negative impacts on habitats and species of the SN2Ns. The four points 

highlighted above entail important implications for planning policies, both at the local 

(municipal) and regional levels. A first consequence is that policies aiming at reducing land 

take and at preserving carbon sequestration capacity, should imply the establishment of 

new protected areas, or the enlargement of existing ones. Both policies need effective and 

continuous cooperation involving the local and regional administrations, since the complex 

and long-lasting time period concerning the establishment of new or enlarged protected 

areas needs a substantial integration of planning visions on behalf of the local and regional 

authorities. Cooperation is necessary since the identification of conservation objectives and 

the subsequent establishment of conservation measures entail that the local authorities 

propose these measures, possibly in the context of a management plan, and the regional 

administration approves them and, in some cases, brings them to the attention of national 

                                                                 
7 Paragraph 3, art. 6, of the Habitats Directive establishes that “Any plan or project not directly 

connected with or necessary to the management of the site but likely to have a significant effect 
thereon, either individually or in combination with other plans or projects, shall be subject to 
appropriate assessment of its implications for the site in view of the site's conservation objectives,” 
and that “the competent national authorities shall agree to the plan or project only after having 
ascertained that it will not adversely affect the integrity of the site concerned and, if appropriate, 
after having obtained the opinion of the general public.” 
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administrations. Cooperation and integration of the local and regional planning processes 

would imply an important enhancement in the quality of Sardinian public planning, which 

has been characterized by a lack of coordination in recent years (Zoppi & Lai, 2010). A 

second significant implication is that in public planning processes, especially at the municipal 

level, experts in nature conservation should systematically participate and cooperate with 

spatial planners and developers in the process of definition and approval of local plans, in 

order to support the identification of sites to be proposed for the establishment of protected 

areas and, in so doing, to define policies aimed at limiting land take and at preserving 

carbon sequestration capacity. At present, this expertise is not considered as a necessary 

component of local planning teams (Leone & Zoppi, 2016). Thirdly, attention should be paid 

to the possibility of proposing new protected areas in the strategic environmental 

assessment processes of local plans. These processes entail the inclusion of objectives 

related to the protection of environmental resources and to the sustainability paradigm into 

the definition of spatial plans, which implies the possibility of the integration of such goals 

into the plans, even though they were not considered in the first place (Zoppi & Lai, 2014). 

Moreover, since the presence and size of protected areas are effective against land take and 

in support of preservation of carbon sequestration capacity, conservation measures 

consistent with those adopted for the protected areas could be extended over areas located 

outside the boundaries of protected areas. From this perspective, complete and detailed 

maps concerning the spatial distribution of natural resources are needed. A fifth point is 

related to the necessity of a comprehensive coordination of conservation measures between 

plans of cities and towns whose municipal areas are adjacent to each other. From this point 

of view, a fundamental role should be played by the planning office of the regional 

administration, which coordinates local plans under the provisions of the Sardinian rules 

concerning the approval of regional and local plans. Finally, as widely recognized in the 

literature, conservation measures may prevent the implementation of traditional land uses 

related to urbanization, agriculture and pastures, and, by doing so, they may possibly 

generate conflicts between local communities and municipal authorities (Kovács et al., 2015; 

Leone & Zoppi, 2016). The issues of information, participation and consensus-building 

should not be undervalued in the definition and implementation of local plans that entail 

conservation measures and policies against land take and in support of carbon sequestration 

capacity, and inclusive participatory processes should be carefully designed in detail long 

before plans are discussed and approved. Our methodology and results are based on a 

regression model that assesses the relation between carbon capture and storage capacity, 

defined on the basis of the NDVI spatial taxonomy, and land-taking processes. The model 

considers the municipalities of Sardinia as spatial units. From this perspective, it has to be 
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put in evidence that it would be interesting to detect what would happen if spatial units, 

different from the Sardinian municipalities and related to more detailed spatial taxonomies, 

were considered, especially with reference to the most relevant conurbations, such as 

Cagliari and Sassari. The comparative assessment of the relationship between carbon 

sequestration and land take related to different areas identified within the fabric of the main 

Sardinian conurbations would help to improve the goodness of fit of the estimated model, 

its explanatory power, and the quality of its implications in terms of the definition and 

implementation of policies to preserve and enhance carbon sequestration capacity and to 

limit or prevent land-taking processes. 
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