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Abstract: Global climate change, combined with socio-economic issues such as conflicts,
inflation, energy crises, and inequality, is reshaping urban governance. Cities, which host
most of the global population, are highly exposed to climate-related risks, especially those
associated with the degradation of ecosystem services. These risks are manifested, among
other factors, as the alteration and degradation of the habitat quality, heightened hydraulic
vulnerability, and intensified urban heat islands phenomena. Addressing these challenges
requires innovative planning tools to integrate ecosystem-based strategies to enhance urban
resilience and support sustainable transformation processes. This paper attempts to do this
by introducing ecosystem zoning, an experimental tool designed to integrate ecosystem
services into urban planning and its regulatory framework. Applied to the city of Torino,
this approach offers a biophysical classification of municipal territory through a mapping
of habitat quality, cooling capacity, carbon sequestration, and stormwater retention. The
resulting classification provides an overview of the different ecosystem characterizations of
the urban fabric and informs site-specific interventions to maintain or enhance ecosystem
services and guide urban regeneration processes. By embedding ecosystem services into
planning regulations, the project supports sustainable urban development while mitigating
climate impacts. The proposed tool contributes to the broader discourse on creating re-
silient, ecologically sustainable cities and demonstrates the potential of integrating scientific
research into urban decision-making processes.

Keywords: urban planning; climate change; ecosystem services; soil; urban climate-
adaptation; vulnerability and risk

1. Introduction
The rapid growth of urban areas and human activities has significantly transformed

the Earth’s surface, leading to numerous environmental challenges [1,2]. One notable out-
come of urbanization is the loss of ecosystem services (ESs), where urban areas experience
the paucity or absence of natural features if compared to their rural surroundings [3–5].
This phenomenon is primarily caused by factors such as the widespread use of materials
like concrete and asphalt, the reduction in vegetation cover, and increased energy con-
sumption [6,7]. The absence of ES provision impacts the environment, public health, and
overall urban livability, intensifying heat stress, raising energy demands for cooling, and
worsening air quality [8,9].
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As urban populations expand, it becomes essential to adopt strategies for transforming
and adapting cities while fostering sustainable urban environments [10,11]. Addressing
this challenge requires a comprehensive approach that considers the integration of nature-
based solutions (NBSs), including built-up, non-built-up, and green areas. Recent European
initiatives [12], such as the EU’s Soil and Biodiversity Strategies for 2030 and Horizon 2020
projects [13], emphasize the importance of the issue and the urgent need to regulate and
systematize the use of nature-based solutions within urban planning frameworks across
different territorial levels.

Given the complexity and dynamism of cities, urban mapping and data integration
play a pivotal role in understanding and managing the adaptation of cities through norma-
tive zoning

1
[14,15]. Moreover, the complexity of the spatial planning system under analysis

requires a brief explanation of the structure of spatial governance in Italy, to identify the
administrative dimension in which to work for the implementation of ecosystem-based
zoning [16,17].

A hierarchical–vertical structure in spatial planning characterizes Italy as artic-
ulated around three fundamental levels of territorial government: regional, provin-
cial/metropolitan, and municipal [18,19]. Spatial planning legislation falls under the
concurrent legislative powers of the State and the regions, as laid down in Article 117 of
the Constitution. At the regional level, each region has a regional law that defines the
planning instruments. Among these, the Regional Territorial Plan (PTR), which establishes
the guidelines for regional development, and the Regional Landscape Plan (PPR), which
operates as a constraint, are fundamental tools for territorial planning. At the provincial or
metropolitan level, the Provincial Coordination Territorial Plan (PTCP) or the Metropolitan
General Territorial Plan (PTGM) outline the objectives of spatial planning and protection.
These instruments focus on supra-municipal or provincial interests and the implementation
of regional directives. Finally, at the municipal level, the General Municipal Regulatory
Plan (PRGC) is the main instrument for regulating and binding land use, implementing
directives and constraints from higher levels (Laws n. 1150/1942; n. 765/1967) [20]. It is
through the PRGC that regional and provincial regulations are translated into implementing
and coercive measures. It is, therefore, at this local level that land use is regulated [21].

The provisions mentioned above highlight the governmental fragmentation of the
Italian territory. Piedmont and the Metropolitan City of Turin present a high degree
of administrative fragmentation and considerable municipal heterogeneity in terms of
demographic size and the ratio between mountain and plain areas, with a marked socio-
economic imbalance in favor of the former. In the context of predominantly vertical
planning, the integration of the ecosystem and environmental perspective into planning is
defined through strategies and objectives outlined at the regional level.

The socio-political imbalances generated by this top-down model, together with
the limited technical capacities and economic resources of administrations [22,23], the
conflicting economic interests related to development, the inability to define a long-term
political vision due to frequent political changes and administrative discontinuity, and
the rigidity of the regulatory system, further complicate the applicability of an effective
long-term environmental strategy homogeneously across the territory.

In view of these critical issues [24], Turin was selected as a case study, representing
a pilot context for analyzing the challenges and potential for applying the strategy at the
local level.

In urban areas, the capacity of the soil to provide ecosystem services and support
biodiversity is closely linked to lithological and morphological characteristics, as well as to
land use and land cover [25,26]. Therefore, it is essential to analyze at the municipal level
how different urban land uses affect ecosystem quality. Subsequently, urban management,
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through the PRGC, must be oriented towards increasing the ecosystem services provided
and promoting sustainable and resilient urban planning.

Spatial information on land use, building morphology, and green spaces, combined
with data from remote sensing, meteorological observations, and socio-economic analyses,
offers valuable insights into the causes of and solutions to ES deployment [27–29]. Interdis-
ciplinary methodologies are crucial for guiding the environmental, architectural, and green
energy design of urban landscapes. By leveraging urban mapping techniques and on-site
measurements, policymakers, urban planners, and researchers can develop evidence-based
strategies to reduce the urbanization effect and advance sustainable urban development.
Detailed urban maps help identify ecosystemic gaps, enabling targeted interventions such
as the implementation of green infrastructure, improved urban designs, and efficient energy
management systems [14,30,31].

This work will investigate that stream while contributing to understanding how ES
mapping can effectively support the definition of concrete actions of adaptation. In fact, it
is well known that natural capital is in high demand in densely inhabited urban systems,
where the scarcity of green can expose citizens to several disorders [32,33]. Therefore,
new modalities of investigation are needed to overcome the gap between the theory of
ES benefits and their implementation in urban transformations. Moreover, ahead of the
theoretical limitations on how to produce valuable information from ES models to support
planning, additional limits arise. To illustrate this point, it should be noted that only a
small fraction of ES models is used to set norms, rules, and prescriptions that affect the
ordinary implementation of urban plans [34]. Mostly, adaptation relies on the extraordinary
opportunities of urban transformation/regeneration right after big shocks or extreme
events that damaged cities (when victims are not created) [35–37].

On the other hand, just a few plans adopt a systematic, preventive, and comprehensive
set of rules that allow the ordinary transformation of urban areas through an organic and
coherent definition of regulations. While some advanced experiences show the potential
for integrating urban zoning by defining performance-based parameters that promote the
incorporation of NBSs in urban areas [38,39], these experiences do not provide structural
changes to the urban planning technique.

Typically, performance-based design is employed for specific areas and regenera-
tion projects, but it functions more as a technique than a comprehensive planning tool.
Performance-based design serves as a complementary approach to ecosystem zoning, help-
ing to define targeted and tailor-made actions that address the specific vulnerabilities and
ecosystem capacities of different urban fabrics.

The proposed tool is intended to encourage local administration to promote this
stepwise approach, based on its efficacy in integrating adaptation to climate change into
regular planning decisions.

Given the finding that ES provisioning capacity is significantly affected by urban
morphology, this study proposes a methodological approach aimed at dividing the urban
catchment into further sub-areas using a parcel-based assessment. A cluster analysis has
been employed for this implementation [40–42]. This analysis enabled the delineation
of morphological units, which can be regarded as categorizations of city zones that have
been grouped according to the most significant morphological variables on ecosystem
services. Consequently, it can be deduced that these clusters correspond to urban plots
encompassing the entire urban area of the catchment, exhibiting analogous morphological
characteristics and comparable biophysical capacity

2
. Despite the numerical nature of the

model output, which assigns a number to each statistical cluster, a concise descriptive
interpretation of each urban zone has been provided in this study. The ecosystem zoning

3

approach has been instrumental in establishing several guidelines aimed at facilitating
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urban adaptation through the ongoing transformation process [12,43]. The results of the
ecosystem zoning process are used to formulate policy recommendations that advocate
for the integration of ecosystem mapping and its implementation by urban zoning as a
foundation for a more sustainable planning process.

1.1. Limits and Potential

The authors recognize the inherent limitations of using model-based approaches to
represent complex phenomena such as ecosystem service provision [44,45]. In recognition
of these limitations, this section highlights key considerations regarding the limitations
and potential of the methodology used. Specifically, the mapping of four ecosystem
services—habitat quality, urban stormwater retention, carbon storage and sequestration,
and urban cooling capacity—offers a model-based perspective on environmental scenarios.
This critical approach underlines the importance of the quality and accuracy of input data,
as the reliability of ecosystem service calculations depends heavily on how well the data
reflect real-world land use and land cover conditions [46–48].

A significant contribution comes from the development of models based on the new
Land Cover Piemonte (LCP), updated in 2023 and structured across five levels of detail [49].
This update highlights both new opportunities and certain limitations. On the one hand,
the increased detail enables precise differentiation between various types of urban and
rural vegetation. It allows a more accurate representation of ecosystem services, facili-
tating effective environmental assessment and planning. On the other hand, challenges
persist, particularly regarding the dependency on input data quality and the simplifications
inherent in the models.

A primary issue is the lack of integration of management data, which prevents the
inclusion of information on the supervision and maintenance of urban green areas, agricul-
tural zones, forested regions, and drainage systems [50,51]. Additionally, the values and
parameters assigned to different land cover classes are heavily influenced by the quality
of the input data, which can compromise the reliability of the evaluations. The model’s
simplifications, which assume fixed storage capacities for land use and land cover classes,
disregard temporal changes due to the natural evolution of soils and vegetation. Further-
more, the hydrological component is excluded from the calculation of carbon sequestration
and storage capacity, thereby limiting the comprehensiveness of the overall assessment.

Another crucial aspect to address in this section is the balance between the simplifi-
cation inherent in modeling techniques [52] and the complexity of urban environments
that these are addressing. From a research perspective, this trade-off is marked by funda-
mental factors related to data interpretation and representation. A deep understanding
of the territorial context is essential, as it allows for the identification of specific local
characteristics and the refinement of model inputs and outputs to better reflect real-world
conditions. Equally important is technical awareness—the ability to critically evaluate
model results [53]—recognizing the limitations of model results while leveraging them
as a valuable tool for planning. Rather than being used in isolation, models should be
integrated into a broader analytical framework, contributing to a more comprehensive,
multi-layered understanding of urban dynamics.

2. Materials and Methods
2.1. Case Study

Turin, located in the northwest of Italy, is one of the country’s most populous munici-
palities and the fourth-largest city. It is home to approximately 882,000 residents within an
administrative area of about 130 square kilometers [54]. Situated at an altitude of 240 m,
Turin lies at the base of the western Alps, while its eastern and southern boundaries are
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marked by the hilly terrains of Turin and Monferrato [55]. The city’s geography has been
shaped by the fluvial systems of the Po River and its tributaries, including the Sangone,
Dora, and Stura Rivers [56]. The urban fabric of Turin is densely built, with compact de-
velopment and a significant proportion of impermeable surfaces. More than 7400 hectares
of the city are sealed, resulting in an average sealing rate of 57.55%, calculated as the
proportion of sealed surfaces relative to the total administrative area [57]. Ecologically,
Turin benefits from high-quality peri-urban green spaces. Fluvial corridors along major
watercourses create a structural connection between the green backbone of the Po River
and the eastern hills [58]. These are complemented by radial green axes that extend toward
the western part of the city, forming a cohesive network of natural areas [59].

From an urban planning point of view, the city is governed by the General Regulatory
Plan of 1995 and subsequent amendments [60]. As early as 30 years ago, the need arose
to restore the city’s environmental condition, with the aim of recovering and improving
the quality of the urban space. In fact, during the urban and industrial development phase
of the second half of the 20th century, this component had been neglected, also due to the
lack of legal and planning instruments that favored such an approach. In this sense, Law
n. 765/1967 and Decree n. 1444/1968 were a real turning point in the development of
public urban and green spaces, introducing the compulsory nature of regulatory plans for
all Italian municipalities and the regulation of urban standards (public city).

After the post-war economic boom, driven by FIAT (Stellantis) and its allied indus-
tries, the city reached its demographic peak in the 1970s, with more than 1.1 million
inhabitants [61]. However, with the crisis in the industrial sector and globalization, the
city suffered a marked demographic decline, accompanied by the closure of numerous
manufacturing plants. This process has left large “urban voids”, often associated with
the phenomena of social marginalization and environmental degradation. The 1995 PRG
sought to respond to these challenges by promoting the regeneration of these areas through
the progressive tertiarization of the city’s socio-economic fabric.

The current strategic lines of the plan follow two main strands from the point of view
of improving the quality of urban spaces. The first aims at restoring the main degraded
resources to improve the conditions of the plain through the strategic use of river areas and
non-urbanized areas. The second rehabilitates, as far as possible and with the best quality,
the remaining urban spaces within the urban organism.

Turin represents a compelling case study due to its unique morphological, functional,
and environmental characteristics, being the fourth most populous city in Italy. In recent
decades, the city of Turin has undergone major changes, both at the local and regional level,
which have profoundly altered the physical, economic, cultural, and social structure of
the city and its surrounding areas. In fact, the city is currently undergoing a revision of
its regulatory plan, coinciding with significant urban interventions and projects that have
recently positioned it at the center of transformative initiatives. These developments are
supported by funding from the National Recovery and Resilience Plan (PNRR) and reflect
a renewed focus on environmental awareness and climate change adaptation. Notable
examples include the Idropolitana project and the environmental and landscape redevelop-
ment of Parco del Valentino, which further underscore the city’s commitment to sustainable
urban planning.

The recent vicissitudes that have affected and continue to affect the urban environment
have highlighted the need for a dynamic and flexible response to new challenges. To enable
the city to adapt to evolving needs and risks, it is essential to have agile and elastic tools
that can keep pace with change, foster innovation, and attract new opportunities.
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2.2. Methodology

The present article constitutes an advancement of a similar work employed in the city
of Varese (Italy)

4
[62]. In that work, one of the declared limits was the absence of potential

replications that ground the procedure more consistently. Thus, the ecosystem zoning
project for the city of Turin aims to build more consistent knowledge in this field while
replicating the method and discussing the results in the light of a different catchment.

The research project under consideration comprises three primary methodological
steps: the ecosystem modeling (ES mapping) [63], the processing and elaboration of the
data obtained (ES composite analyses) [42,64], and finally the clustering that has been used
to divide the city into different performance-based zones (ES Clustering) [19,65].

The initial step involves the analysis and mapping of four chosen ecosystem services,
which form the structural backbone of the research project. These analyses are performed
using InVEST Software 3.13.0 (Integrated Valuation of Ecosystem Services and Trade-
offs) [66]. It is to be noted that the authors were directly responsible for the development of
the methodological and design phase, from the ecosystem mapping that forms the basis of
the research to the ecosystem zoning interpretation and integration phase.

2.2.1. ES Mapping

The ecosystem services modeling phase occupied the initial stage of the research,
which comprised an exploratory data collection phase, the subsequent geoprocessing of
these to align with the designated requirements, and the employment of the model. The
data utilized were extracted from public datasets and were then customized and adapted
to the specific requirements of the software. Notably, the core data were obtained from the
following freely accessible datasets:

• ARPA Piemonte (Regional Agency for Environmental Protection and Research, open
source) [67];

• Geoportale Piemonte (dataset collecting basic and sectoral information for the region,
open source);

• Geoportale del Comune di Torino (dataset collecting basic and sectoral information
for Torino municipality, open source).

Further information can be found in Appendix A.
The present paper focuses on the analysis and interpretation of four specific models,

which are explained below: habitat quality, urban cooling capacity, urban stormwater
retention, and carbon storage and sequestration. The spatial resolution of the raster grid of
the four ES models and the Multisystemic Composite Value is 10 m.

Habitat Quality
The habitat quality model employs habitat quality and rarity as indicators to rep-

resent the biodiversity of a landscape [68]. It assesses the extent of different habitat
and vegetation types present across the landscape, as well as their level of degradation.
The model has been largely described in several scientific works that testify how this
ecosystem service can be considered a proxy of all the other regulative functions of the
natural capital. The model can be used to identify areas of significant natural value that
should be protected or restored.

Urban Stormwater retention
The model calculates the volume of annual stormwater retention as the portion of

rainfall that is not transpired or evapotranspired from the soil or aboveground vegetation.
The methodology used closely aligns with the approach outlined in the paper of Salata
(2023) [69]. Recent works demonstrate how this model can support the definition of specific
nature-based solutions designed to maximize the retention capacity of soil, thus reducing
the run-off and the potential flooding risk [29,70].
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Urban Cooling Capacity
The urban cooling model is a scientific tool that is used to calculate a heat mitigation

index [71]. This index is calculated by evaluating various factors, including but not limited
to shade, evapotranspiration, albedo, and proximity to cooling islands. The methodology
employed in the execution of the model is in accordance with the procedures delineated in
the paper by Ronchi et al. (2020) [72]. This model has been employed to check how far the
presence of natural elements in densely inhabited systems can contribute to diminishing
the average temperature.

Carbon Storage and Sequestration
The carbon storage and sequestration model is used to estimate the current amount

of carbon stored in a landscape and to calculate the amount of sequestered carbon over
time [9,73]. It employs a data-driven approach, aggregating the biophysical amount of
carbon stored in carbon pools based on land use data. The methodology employed to run
this model followed the procedures outlined in the paper by Salata and Ronchi (2015) [74].
This model can actively support the potential empirical calculation of the carbon that can
be stored by soil pools, thus contributing to increasing the quality of air.

2.2.2. ES Composite Analyses

The mappings previously delineated were consequently processed in a Geographic In-
formation System (GIS) environment, with the objective of producing a summary dataset ca-
pable of representing the multisystemic value for the entire municipal territory of Turin [75].
Initially, the four indicators were normalized using the Rescale function of QGis, thereby en-
suring that they all had the same scale of values (0–1). In a subsequent step, the normalized
models were summed up using the “raster calculator” function of QGis, obtaining a new
raster output with a range of values from 0 to 4. The parts of the municipal territory with
the lowest scores indicate the areas where the quality and quantity of ecosystem services
are lowest, while the areas with higher values indicate a more satisfactory delivery capacity.

2.2.3. ES Clustering

In this study, clustering was utilized to facilitate the interpretation and understanding
of composite values, aiming to identify land parcels exhibiting similar behaviors in terms
of composite ecosystem service (ES) delivery capacity [75]. This analysis served as the
foundation for designing an ecosystemic zoning framework for the city.

The obtained data provide a comprehensive overview of the territory, providing
a solid cognoscitive structure for our research. These data are pivotal in achieving the
project’s objective of interpreting and systematizing ecosystem and climate adaptation
knowledge in regulatory and normative terms. The clustering tool proves instrumental for
the aggregation of zoning parcels according to the similar ecosystem performance of the
four analyzed indicators, thus informing the development of ecosystem-based zoning.

Clustering is a data analysis technique employed to group similar objects or data
points into clusters or segments. Its primary objective is to partition a dataset into subsets,
ensuring that objects within each subset exhibit a higher degree of similarity to one another
than to objects in other subsets [41,76]. This classification is attribute-based rather than
spatially driven and typically operates through the k-means algorithm.

The k-means algorithm iteratively refines the classification of observations into clusters
while updating cluster centroids until the centroids stabilize over successive iterations [77].
This approach has been widely applied across multiple domains, including machine learn-
ing, data mining, pattern recognition, image analysis, and customer segmentation [78]. It
is to be noted that the sensitivity analyses for the clustering analyses have been tested by
applying the hierarchical clustering method.
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To align with the requirements of the clustering method and ensure flexibility in the
ecosystem zoning process, the input data was modified. Since clustering operates on vector
data, the composite raster layer was converted into polygons. Individual ecosystem service
maps were spatially integrated with the existing urban fabric and zoning of open spaces
using the “Zonal Statistics” tool. This procedure assigned average values for all four ESs
to each regulated polygon within the urban plan. While this step inevitably introduced
simplifications, particularly in larger polygons, it enabled a cross-comparative analysis
between biophysical soil performance and the regulatory framework, which was critical
for subsequent decision-making steps.

The process settings were as follows:

• Attribute Clustering: Average values of the four ecosystem services classified accord-
ing to PGT zoning;

• Clustering Method: K-means;
• Number of Classes: 7;
• Number of Iterations for K-means: 20;

• Threshold
5
: 0.00001.

To define the most appropriate number of classes for the clustering, the elbow method
was utilized to support the decision. Initially, the maximum number of clusters was set as
15 in the elbow method section in the clustering tool. The resulting analyses showed that
the “elbow” was identified around value 5 (see Appendix B). Given the extensive nature of
the area in question, which is characterized by a heterogeneous variety of morphological
and ecosystemic features, it was considered proper to explore classifications comprising
a minimum of 5 clusters. To this end, a series of trials was conducted (setting as number
of classes 5, 6, 7), meticulously refining the approach until a reliable and representative
classification of the ecosystemic characteristics defining the municipal territory diversity
was attained. The following figure (Figure 1) provides a concise overview of the employed
clustering methodology.
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3. Results
3.1. Multisystemic Composite Analyses

The primary outcome of the study is to investigate the multisystemic composite map,
which represents the overall ecosystem capacity of the municipality of Turin. The four
models (Figure 2) provide a clear delineation of the structural elements of the territory,
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both in terms of landscape features and ecosystem capacity. The assessment of the four
models reveals key aspects to be considered in defining a knowledge framework related
to the current capacity of the soil, subsoil, and vegetation to mitigate and respond to the
effects of climate change in urban areas.
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Figure 2. The four ecosystem services models: habitat quality, urban stormwater retention, carbon
sequestration and storage, and urban cooling capacity.

The multisystemic composite analysis (Figure 3) identifies three primary entities: the
consolidated and dispersed urban fabric, the natural hillside area, and the hydrographic
system in conjunction with marginal green areas. The consolidated urban fabric, which is
concentrated in the central and western parts of the municipal area, shows the lowest values
in terms of multisystemic capacity. Dense and compact urbanized areas are characterized
by a low presence of vegetation and permeable soil, a high concentration of impermeable
materials, and low albedo values, resulting in limited ecosystem service delivery capacity.
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Conversely, the presence of expansive, open urban spaces in specific parts of the catchment
has a favorable impact on the surrounding areas; in particular, the cooling capacity and
the quality of available habitats are highly affected by the quantity and quality of open,
permeable, and well-vegetated areas.
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The discontinuous urban fabric, primarily located at the periphery of the dense urban
areas and in the hillside region, demonstrates higher overall ecosystem values. The presence
of significant nearby green spaces, such as the green corridor along the Stura River and
the urban parks of Pellerina (to the west) and Boschetto (to the south), as well as the
non-urbanized hillside area and the parks of Meisino and Colletta (to the north-east), is
clearly evident and has a discernible impact on these areas.

The natural elements of the hillside and the hydrographic system can be considered as
cooling islands and carbon pools, positively affecting the adjacent urbanized areas. The
non-urbanized hillside area is of particular significance from an ecological perspective due
to its dense vegetation, the presence of permeable soil, and its higher altitude. These factors
collectively enhance habitat quality, mitigate high summer temperatures, and reduce the
presence of air pollutants.

The municipality is hardly affected by urban runoff, which is expected to increase
in conjunction with the intensification of climate change dynamics [79]. This problem is
mainly related to the high degree of urbanization and the poor capacity of urban soil to
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drain stormwater during high rainfall events. Additionally, the landform of the city is
variegated, and the water that does not infiltrate into the ground constitutes a risk for the
population since it moves on the soil surface, creating flow accumulations and temporary
streams. Moreover, the presence of four rivers within the municipal boundaries contributes
to generating flood risk scenarios during extreme rainfall events.

The analysis of Zonal Statistics for the composite multisystemic value across different
land use classes (Figure 4 and Appendix C) reveals significant insights into the correlation
between human land use and associated ecosystem service capacities. As expected, the
most impacting and polluting activities—typically located in commercial and industrial
districts—exhibit the lowest levels of ecosystem service provision, which also affects the
dense and compact urban areas. Conversely, as the urban fabrics and spaces become more
open and permeable, leaving space for vegetation with less surface sealing, the ecosystem
service deliveries improve significantly, peaking in the forested and agroforestry areas
situated in the hilly regions of Turin.
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3.2. Clustering and Ecosystem Zoning

The integration of this research into urban planning mechanisms is crucial to facilitate
a well-informed and equitable urban transition towards climate change adaptability. The
ecosystem-based zoning methodology employed in this study aims to group land parcels
within the urban plan’s zoning framework according to their ecosystem performance. The
classification obtained through the previously mentioned clustering process enables targeted
mitigation or enhancement actions by applying a performance-based design tool. This ap-
proach facilitates the definition of tailor-made interventions that directly address the ecosystem
services or disservices identified within each class. The resultant zoning map comprises seven
distinct classes, offering an innovative perspective on the municipal territory based on the
capacity of both anthropogenic and natural elements to cope with climate change effects.

As mentioned, each class is grouped according to similar biophysical values among the
regulated polygons, thereby sharing common trends across the four ecosystem services [62].
The zoning is structured within two overarching frameworks (Figure 5) grouping the seven
classes (Figure 6). The first four classes—dense, porous, sponge and perifluvial—are closely
related to the urban realm, encompassing both continuous and discontinuous urban fabrics.
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The final two classes, designated extra-urban seminatural and natural, are associated
with the structural elements of the hillside and the hydrographic system. An additional
class, labeled urban green, serves as a bridging category between the two frameworks. This
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class includes urban parks, which exhibit characteristics that are common to both the urban
environment and more natural areas, thus playing a pivotal role in connecting the two systems.
The presentation and description of the classes will follow a crescent order of multisystemic
capacity, starting from the fabric with the lowest ecosystem performance to the one with the
highest. The initial urban framework (Figure 7) includes municipal areas belonging to the
consolidated urban fabric. Its multisystemic performance is generally low due to the adverse
impact of the densely inhabited built environment made by tall and large buildings, extensive
impervious surfaces, and a deficiency of open and vegetated areas.

Land 2025, 14, x FOR PEER REVIEW 14 of 30 
 

 

Figure 7. The ecosystem zoning—urban framework. 

The fabric is characterized by reduced building density and proximity to significant 
natural areas, including hill and riverine ecosystems, which function as cooling islands 
and thereby enhance the cooling capacity of the fabric. However, despite the increased 
availability of open spaces, the habitat quality and carbon sequestration values remain 
moderate, reflecting the predominantly urban characteristics of this class. 

The urban green class (Figure 8) represents a transitional fabric between urban 
ecosystems and the broader extra-urban domain. This class includes medium-sized and 
small urban green spaces that permeate the dense and compact urban fabric. These areas 
exhibit significantly increased ecosystem capacities compared to the previously described 

Figure 7. The ecosystem zoning—urban framework.



Land 2025, 14, 532 14 of 28

The dense class represents the urban fabric with the lowest multisystemic capacity,
predominantly composed of the compact and dense historic core of Turin, characterized
by the historic urban structure that has been developed respecting the grid of the ancient
Roman Castrum [80]. The narrow, tightly packed blocks significantly limit permeability and
the presence of substantial vegetated areas. This class also includes some peripheral areas
beyond the historic center that exhibit similar ecosystem performance despite differences
in their urban configuration. The porous class exhibits higher ecosystem performance
compared to the dense class yet retains analogous dominant features, as illustrated by the
performance trends in Figure 7.

Notable benefits are observed in habitat quality and urban cooling, primarily due
to the close proximity of open spaces and the increased permeability of plots within the
urban fabric.

The sponge class marks a clear departure from the tightly consolidated fabric. De-
spite the limited number of plots included, this class delineates specific, recognizable
neighborhoods characterized by extensive open spaces, often vegetated, that serve res-
idential and public functions. Consequently, ecosystem performance is significantly
enhanced for carbon sequestration and stormwater retention, which were limited in the
previous two classes.

The perifluvial class upholds this trend, exhibiting distinctive ecosystem characteristics
that diverge from the consolidated urban matrix, as suggested by its definition, which
alludes to its proximity to riverbanks. These areas are adjacent to the major waterways of
Turin, particularly the Po and Stura Rivers.

The fabric is characterized by reduced building density and proximity to significant
natural areas, including hill and riverine ecosystems, which function as cooling islands
and thereby enhance the cooling capacity of the fabric. However, despite the increased
availability of open spaces, the habitat quality and carbon sequestration values remain
moderate, reflecting the predominantly urban characteristics of this class.

The urban green class (Figure 8) represents a transitional fabric between urban ecosys-
tems and the broader extra-urban domain. This class includes medium-sized and small
urban green spaces that permeate the dense and compact urban fabric. These areas exhibit
significantly increased ecosystem capacities compared to the previously described classes,
particularly in terms of carbon sequestration and stormwater retention, due to the high tree
cover density and permeable soil. However, the values for both habitat quality and cooling
capacity remain similar to those of the sponge class, as they are negatively affected by
intensive anthropogenic activities. These include frequent human use and high accessibility
of these areas, as well as pollutant emissions and the presence of low-reflectance materials
that reduce their cooling potential.

Finally, the last framework is defined by the natural and seminatural extra-urban
areas that primarily occupy the hill to the east and some other areas bordering the Dora
and Stura watercourses to the northwest and the Sangone River to the south. The extra-
urban seminatural class includes those areas of the municipal territory characterized by
the coexistence of highly natural green areas and urbanized lots with a predominantly
residential function. The built-up density is notably low, predominantly consisting of
detached or semi-detached houses, consistent with the character of hillside areas where
topography and limited accessibility have precluded substantial urban expansion. Other
areas encompassed by this category are distinguished by significant urban green spaces,
which, despite not being designated for residential use, exhibit analogous ecosystem
performance to the urbanized hill and pre-hill areas. As previously mentioned, the landfill
site (situated to the north) is a peculiar example in this class. Despite its divergent function
from the other plots within the class, it exhibits analogous ecosystem characteristics. The
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ecosystem performance of these areas is very high in terms of carbon sequestration and
urban cooling. However, for the same reason as in the previous class, i.e., the negative
influence of urban materials and functions, the values of habitat quality and stormwater
retention remain discrete.
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In conclusion, the extra-urban natural ecosystem fabric is primarily composed of hilly
areas, where urbanization is minimal or negligible. Despite the road system that branches
off to connect the surrounding urban settlements, the class’ landscape remains predomi-
nantly wooded. The ecosystem capacity of this fabric is notably high, especially considering
its proximity to the densely urbanized core of the city. Compared to the previous fabric,
all ecosystem indicators show significant improvement, with particularly high values in
carbon sequestration and stormwater retention, driven by the dense tree cover and the
extensive presence of permeable soils characteristic of this area.

4. Discussion
This chapter will examine and contextualize Torino’s PRGC and investigate the spatial–

functional relationships between ecosystem classes and regulatory zoning categories. This
preliminary assessment underscores the extent to which environmental and ecosystem
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features remain insufficiently integrated into current planning frameworks, as they are
largely absent from the urban plan and its associated regulatory framework [62].

Subsequently, the section provides an initial demonstration of how the ecosystem
zoning tool can be incorporated into planning regulations. The objective of this study is to
illustrate the potential of ecosystem zoning to facilitate the implementation of sustainable
urban interventions, with the overarching goal of preserving and enhancing the composite
ecosystem performance of the urban fabric.

The urban plan of Turin is currently organized into eleven normative zones
(Figure 9) that provide specific regulations and constraints based on land use, density,
and spatial characteristics.
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The plan recognizes and differently treats the two morphologies structuring the
territory, the flat part and the hilly part.

In the flat part, the core urban area comprises historical districts, consolidated mixed-
use zones with a predominance of residential, commercial, and tertiary functions, and
areas of historical and environmental significance surrounding the central fabric. The
large industrial and production zones are primarily located in the northeast and southwest
outskirts of the municipality. Additionally, designated transformation areas intended
for the development of urban services or other urban functions are scattered throughout
the consolidated city. Urban parks and riparian areas are situated along the Dora, Stura,
Sangone, and Po Rivers, as well as at the edges of the built environment.

The hillside area of the city features its specific zoning categories, including historically
significant residential areas along the riverbanks and three distinct zones representing the
urban-to-natural transition: consolidated hillside areas, private green spaces with existing
buildings, and woodland zones.
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When compared in Figure 9, the biophysical capacity perspective shows significant
parallels and divergences with the functional–normative perspective. Initially focusing on
what is referred to as the urban macro-framework, it is crucial to acknowledge the pivotal
role of the historical and cultural dimension in the urban plan, particularly with respect to
the regulatory zoning of the historic center and areas of historical environmental value [81].
The areas designated as historic fabric by regulatory zoning possess a comparable value to
many areas of the consolidated urban fabric in terms of ecosystem performance, which dis-
seminates extensively around the central nucleus (dense class). In contrast, areas classified
as significant historical–environmental zones demonstrate ecosystem attributes similar to
the encompassing consolidated fabric, with the notable exception of the Crocetta districts
situated west of the Porta Nuova station. These areas, as defined by ecosystem zoning,
exhibit distinct characteristics belonging to the sponge class. The Crocetta area, despite being
a residential area near the city center, presents an urban morphology that is completely
detached from the rest of the adjacent compact fabric [82]. In this area, the integration of
built and open spaces creates a unique low-density settlement morphology that favors the
provision of the ecosystem services analyzed. Similarly, the Borgo Po district, located on
the opposite side of the Po River from the urban center in the pre-hill area, is classified as
perifluvial due to its distinctive characteristics linked to the proximity of the watercourse.

The consolidated fabric of mixed residential zones, which occupies a substantial
portion of the municipal territory, offers limited consideration of the multifaceted charac-
teristics of this zone. These are clearly evident in the ecosystem zoning, which exhibits
greater heterogeneity and variation in terms of values and multisystemic capacities. Here,
the classes that alternate most frequently are porous, sponge, and urban green.

The hillside area is perhaps the one that most combines the two classifications, in fact,
it can be observed how the two classes, ‘Consolidated hillside areas’ and ‘Private green
areas with existing buildings’, have a perimeter very similar to the areas of the ecosystem
class extra-urban seminatural (as far as the strictly hillside area is concerned), constituting
a fabric with ecosystem and functional-normative coherence. In contrast, the other areas
belonging to this last ecosystem class, located outside the hill within the expansive green
spaces adjacent to water bodies, are reflected at the regulatory level by the “urban and
river park areas” class. Lastly, the ecosystem class extra-urban natural is predominantly
constituted by two normative areas, hillside park areas and wooded areas, which represent
the most valuable natural and ecosystem areas within the municipal boundaries. Therefore,
the hillside is a key element for biodiversity conservation and ecological connectivity
in the urban context due to its coherent ecosystem assessment and regulatory regime.
This element, which structures the morphology of the territory, can act as an ecological
corridor, helping to mitigate ecosystem disturbances caused by densely urbanized areas
and contribute to building a more resilient framework to climate change.

As previously stated, the objective of the present article and the research is to address
the complex challenge of integrating adaptive regulatory implications into urban planning
mechanisms. Ecosystem-based zoning currently exhibits a lack of adherence to normative
zoning, both in terms of geometries and in purely strategic and conceptual terms. The
normative areas in question are defined by a historical characterization of the urban fabric,
which is endowed with strong cultural and context-specific roots. These aspects lend
themselves very well to understanding and interpretation of the city and its intangible
values linked to the functions and evolution of urban settlement. However, they are
insufficient to provide a meaningful ecosystem characterization.

Given the significant challenges associated with climate change affecting urban en-
vironments, it is beneficial to prepare for, prevent and, where possible, act to increase the
capacity of urban elements to respond positively to external impulses and shocks [83]. It
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is possible to achieve this objective through an adequate study of the biophysical charac-
teristics of the territory. This will allow for the subsequent profiling of interventions and
actions that are suitable for maintaining, if not already satisfactory, or strengthening, when
latent, ecosystem performance. In particular, the objectives of these interventions will be
aimed primarily at avoiding or mitigating the frequent phenomena of urban runoff, the
creation of the heat island phenomenon, the loss of habitats and biodiversity, the excessive
concentration of carbon in the air, soil erosion and degradation, etc. [84,85].

To provide a more tangible and concrete perspective on this concept, let us now
consider an example related to the analysis just presented. This will serve purely as an
illustrative example of how ecosystem zoning could be implemented, as this research is still
at an experimental stage. No data on stakeholders, cost–benefit analyses, or pilot projects
are currently available.

Let us take, as an instance, an ecosystem class and a regulatory class that turns out to
have many common features (see Figure 10, where the most significant intersections are
highlighted in grey).
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The intersection of the sponge class and the mixed residential consolidated areas
offers a particularly interesting perspective. The normative plan for these areas indicates a
wide variety of possible urban interventions, defining some limits and requirements for
the implementation. However, these plans do not take into consideration the significant
environmental value of some of the areas that make up the class. As discussed above,
the sponge class plays a crucial role in strictly urban areas in terms of water retention
capacity and all the benefits associated with the presence of vegetation and open spaces. It
is, therefore, critical to ensure that urban interventions permitted in regulatory areas falling
within the sponge class consider the significant ecosystem value of the areas. At present,
the only environmental requirement in the plan relating to completion, new planting, and
urban redevelopment is the requirement to green at least fifty percent of the courtyard area.
To maintain and strengthen the multisystemic capacity and the overall performance of
these plots, it is recommended that demand for compensatory interventions be increased.
Such interventions may take the form of NBS application, the integration of shrub/tree
density indices, and the sizing of sealed and free soil. Given the important role of the class
defined by the infiltration capacity, it is important to try not to limit this characteristic but
rather to increase it by taking advantage of the new intervention. In the cases of minor
interventions related to ordinary maintenance, no further requirements will be necessary.
For more significant interventions that could modify the configuration of the plot and
consequently its biophysical characteristics, further requirements will be integrated within
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the specific regulatory article. It is proposed that urban restructuring and new development
interventions be integrated with compensatory solutions capable of increasing the area’s
retention capacity. The selection of these solutions will be informed by a detailed analysis
of the specific context and the scale of the intervention. The range of options for enhancing
urban drainage includes swales, rain gardens, filter strips, permeable pavements, and
green roofs [86]. The agreed NBS should be integrated within the urban design of the plot
wherever possible. In cases of compact and consolidated urban fabric, due to lack of space,
the private party will act by means of monetary compensation. The municipality would
proceed with the implementation of the public works where possible, trying to intervene as
close as possible to the transformed lot to increase and/or restore the ecosystemic capacity
within the same neighborhood.

5. Conclusions
In the international urban landscape, where the impacts of climate change and the loss

of ecosystem values are increasingly alarming, this study proposes an innovative method to
integrate environmental concerns within regulatory frameworks [30]. The research project
focused on developing practical knowledge to support traditional planning by embedding
climate adaptation strategies into normative processes. The tool introduced—ecosystem
zoning—reclassifies municipal territories through a biophysical lens, assessing each zone’s
ecosystem performance, vulnerabilities, and strengths.

The experiment, previously tested for the municipality of Varese, underlines a promis-
ing approach to translating critical environmental data into regulatory language. This
approach enables urban planning interventions to consider the specific ecosystem charac-
teristics and capacities of each plot, thus guiding adaptive transformations [87,88]. The
interventions proposed within the urban plan must comply with the newly established reg-
ulatory limits and compensatory measures aimed at preserving, reinforcing, or enhancing
the ecosystem services of the most vulnerable areas [89].

As previously highlighted in Section 1.1, it is appropriate to revisit the limitations
of the proposed research in the conclusion. Beyond the challenges related to the lack
of information on land management, monitoring, and the standardization of input data
concerning land use classes, it is essential to emphasize additional constraints associated
with the implementation and replicability of this method across different scales.

Given the spatial resolution and the characteristics of the data used to compute the
ecosystem service estimation model, it can be asserted that this approach serves as a reliable
proxy at the urban or territorial scale, as it enables the clustering of the territory based on
similar ecosystemic features. However, its replicability at a more detailed scale—such as in
smaller municipalities or in project-level analyses—may be significantly constrained by the
need for more granular data that better capture the specific characteristics of the territory.
Consequently, the enhancement of the method’s accuracy and applicability in these contexts
would be facilitated by the availability of higher-resolution and more detailed datasets. An
important addition to this study could be the projection of ecosystem zoning evolution
through transformation scenarios based on urban planning decisions. This would also
provide valuable insights into the periodic revision of this tool, aligning it with the iterative
re-evaluation of the urban plan.

A conclusive significant limitation of the ecosystem zoning tool is its integration
within planning instruments, particularly referring to the Italian planning framework.
Without structural modifications to municipal plans, implementation remains challenging,
requiring a complex matrix that cross-references regulatory and ecosystem zoning to
determine appropriate compensatory measures. A more effective approach would involve
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restructuring zoning regulations to prioritize ecosystem-based classification, streamlining
implementation and enhancing applicability.

From this standpoint, the restructuring of the planning system should be initiated by
prioritizing urban resilience and adaptive planning within the Italian planning framework,
in conjunction with raising awareness of the increasingly evident impacts of climate change
on urban areas. This signifies the primary cultural shift, which should be accompanied by
the restructuring of both local and supra-local planning tools. These tools must incorporate
binding and effective mechanisms to support the adaptive transition of urban areas, such
as ecosystem zoning. Further research and experimentation are needed to explore viable
alternatives and optimize integration within planning frameworks.

The implementation of the ecosystem zoning approach, enriched by further research,
has the potential to provide urban planners with a practical tool to guide design choices
towards greater awareness and respect for the natural and ecosystem wealth, while simulta-
neously promoting planning that takes into account climate change and the importance of
natural capital in making cities resilient. This approach demonstrates that municipal urban
plans can play a pivotal role in defining strategic priorities for urban climate adaptation [90].
By directing, incentivizing, and regulating compensatory measures, they ensure that cities
adopt solutions to increase their resilience to climate impacts. The integration of ecosystem
zoning within regulatory frameworks provides planners with a practical, adaptable tool to
bridge the gap between environmental knowledge and normative actions, thereby fostering
a more sustainable and adaptive urban future.
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Appendix A
The main datasets that contributed to the development of the models in the InVEST

software are listed here. Some of these datasets are used across multiple models, while
others are tailored to meet the specific requirements of certain models. The time-invariant
mapping justification, now mentioned in the article, is ensured by the fact that the data
used for phenomena characterized by seasonal behavior (such as evapotranspiration,
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temperature, and precipitation) have been calculated based on the annual average for the
period 2013–2023. The availability of detailed and local data allowed a high-resolution
output. In fact, the ecosystem models are composed of raster cells characterized by a length
of 10 m.

Additionally, some indices and values that are not included in this table are provided
as standard recommendations within the software guide (InVEST guide). The authors
have adhered to the guideline recommendations for all these indices that were not highly
context-dependent, which are listed in the table.

The validation of the input and output data was not conducted within the project
framework. While it is acknowledged that validation is a crucial requirement for research
credibility, the focus of this project was on testing a methodology rather than validating
ecosystem models. The emphasis here is on experimenting with an approach that utilizes
ecosystem models—while recognizing their inherent limitations—to develop a practical
tool applicable to planning processes.

Table A1. InVEST models dataset and sources.

Input Source

Current Land Cover (raster) Land use map—Geoportale Comune di Torino

Evapotranspiration (raster, units: mm) Annual evapotranspiration average (2013–2023)—Arpa Piemonte

Reference Air Temperature (number, units: ◦C) Annual temperature average (2013–2023)—Arpa Piemonte

Soil Hydrologic Groups Soil map—Geoportale Piemonte

Precipitation Annual precipitation average (2013–2023)—Arpa Piemonte

Appendix B
Appendix B.1

Clustering method—Statistical data.
The elbow method proved useful during the clustering phase by helping to define a

suitable number of classes. As detailed in the clustering method paragraph, the elbow is
found around five classes. After multiple trials from 5 on, the proper number of classes for
the case study area was set at 7.
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To analyze the differences between the clusters, an analysis of variance (ANOVA) was
performed, which gave a value of F = 12,455 and a p-value < 2 × 10−16.
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• F = 12,455: This value measures the ratio between the variability explained by the
model and the residual variability. Such a high value indicates that the between-
group variability is much greater than the within-group variability, suggesting marked
differences between the classes analyzed.

• p < 2 × 10−16: This value represents the probability of obtaining a similar result if
the null hypothesis were true (i.e., if there were no differences between the groups).
Such a small value indicates that it is highly unlikely that the observed differences are
due to chance, confirming the existence of statistically significant differences between
the clusters.

A Tukey HSD post hoc test was then used to identify cluster pairs with significant
differences. The results show that almost all cluster pairs show highly significant differences
(p < 0.0001), with the sole exception of the perifluvial–urban green pair, for which the
difference was not statistically significant (p = 0.78). Although the multisystem value
of the perifluvial–urban green clusters does not show statistically significant differences,
it was nevertheless chosen to distinguish these two classes as they represent different
spatial scenarios (Figure A2). From an urban planning point of view, it is essential to
maintain this distinction, as the spatial morphologies characterizing the two clusters are
significantly different:

• areas classified as urban green correspond mainly to urban public green spaces, such
as parks and urban gardens;

• the perifluvial class, while having similar ecosystem services, is characterized by
semi-compact urban fabrics, characterized by their proximity to urban watercourses.

This distinction, although not supported by a significant statistical difference in ecosys-
tem values, is essential for spatial planning and environmental management of different
urban areas.
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The box plot analyses shown help to better define the statistical differences among
the classes composing the ecosystem zoning. For each class, the four indicators taken
into consideration by the clustering tool are explicated by each graph to support a deeper
understanding of the different ecosystem specificities.
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Appendix C
Incremental spatial autocorrelation (ISA)–hot spot analysis.
To highlight the spatial autocorrelation patterns of areas with low and high ecosystem

service (ES) values, a hot spot analysis supported by incremental spatial autocorrelation
(ISA) was performed. Four reference distances were tested: 14 m, 30 m, 50 m, and 110 m.
The results show an increasingly polarized clustering with increasing distance, as indicated
by the increase in Moran’s I (from 0.93 to 0.85) and Z-score (from 1500 to more than 13,000).

Table A2. Incremental spatial autocorrelation (ISA).

Distance (m) Moran’s Index Z-Score p-Value

14 0.93 1500.25 0

30 0.90 3614.30 0

50 0.88 6026.96 0

110 0.85 13,114.79 0

This trend suggests that as distance increases, the pattern shifts from a more frag-
mented distribution to a more defined and polarized one, with a clear reduction in the
areas classified as non-significant. It also shows how Turin’s hills represent an ecological
stronghold for the city, together with the large peripheral green areas that develop near the
Dora and Stura Rivers, which emerge as significant hot spots.

Within the urban fabric, on the other hand, as the threshold distance increases, there is
a loss of detail in the inner green areas, which tend to dissolve into the wider urban context.
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Notes
1 A traditional urban planning approach based on a normative–functional perspective that assigns specific functions and land

uses to each regulated parcel within a municipality’s territory. This zoning framework establishes permitted and restricted uses,
guiding urban development through predefined regulations. Italian urban plans have historically been characterized by a strong
regulatory identity rooted in a functional–morphological standpoint. However, this paper seeks to expand the conventional
perspective by integrating ecosystemic values into the planning framework, fostering a more holistic and environmentally
conscious approach to urban development.

2 The ability of an ecosystem to sustain ecological functions, support biodiversity, and provide essential services based on its
natural resources, energy flows, and resilience to environmental changes. In this research, we refer to biophysical capacity
by considering the composite analyses of the multiple ecosystem services involved in the project: habitat quality, stormwater
retention, urban cooling, and carbon storage and sequestration.

3 A strategic urban planning approach that classifies land parcels within the zoning framework based on similar ecosystem
performance. This methodology leverages clustering techniques to categorize areas according to their ecological functions,
environmental impact, and resilience. The resulting classification enables the implementation of targeted mitigation measures or
enhancement strategies by utilizing performance-based design tools. By integrating ecological considerations into zoning regula-
tions, this approach promotes sustainable urban development, optimizes land use efficiency, and enhances environmental quality.
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4 This paper presents an initial analysis and findings on recognizing and assessing natural capital and ecosystem services (ESs) to
enhance Varese’s climate adaptive capacity through resilient urban planning. By spatializing ES data, it integrates climate-proof
strategies with regulatory planning tools. The proposed ES-oriented zoning, based on clustering areas with similar biophysical
performance, provides a scientific foundation for targeted interventions to preserve, enhance, and optimize ES delivery.

5 The threshold ensures computational efficiency by preventing unnecessary iterations once the clustering has stabilized, leading
to an optimal balance between precision and performance. Adjusting the threshold allows users to control the sensitivity of
the algorithm—lower values result in finer adjustments at the cost of increased computation, while higher values speed up
convergence but may lead to less refined clusters.
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