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Abstract

Ecosystem services (ESs) support human well-being, but their integrated assessment in
urban green spaces remains challenging, particularly at the project scale, where finer spa-
tial resolution (tens of meters) is required. Historical parks are complex socio-ecological
systems with non-linear ES interactions. This study develops a design-oriented frame-
work to assess how restoration interventions influence regulation, maintenance, and cul-
tural ES potential provision. Indicators derived from field surveys and established models
were selected according to CICES V5.2 and adapted to ecological and cultural features of
historical parks. Survey units were defined for each ES section to enable a spatially explicit
comparison between current and design scenarios. A normalized scoring system was ap-
plied to evaluate category-level changes and overall interaction patterns. The framework
was tested on the restoration project of Monza Park (northern Italy). Results show a
marked increase in cultural and regulation services (+28% and +17%, respectively), while
maintenance services exhibited a slight decrease (-3%). These trends are reflected in the
Cumulative Indicator Score (CIS), indicating an overall positive balance of ES provision
in the design scenario. The Design Effectiveness Score (DES) showed consistently non-
negative values (DES 2 0), reaching maximum effectiveness in transitions to woody vege-
tation (DES = 1). The Synergy—Trade-off Score (STS) confirmed a general increase in ES
supply across all categories, with a clear prevalence of synergies over trade-offs. The pro-
posed framework supports the data-driven, spatially explicit evaluation of design alter-
natives and can guide decision-making in historical park restoration.

Keywords: historical parks; park restoration; ecosystem services; sustainable landscape
design; indicators; socio-ecological systems

1. Introduction

Urban parks are key components of urban green infrastructure, providing vegetated
areas that support multiple ecosystem services. Their structural complexity, including
tree, shrub and herbaceous layers, enables environmental functions such as air and soil

Land 2026, 15, 627

https://doi.org/10.3390/land 15040627


https://doi.org/10.3390/land15040627
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/

Land 2026, 15, 627

2 of 36

purification [1-3], microclimate amelioration [4], and biodiversity conservation [5]. In ad-
dition, urban parks provide important social and psychological benefits for urban popu-
lations [6,7].

Ecosystem services (ESs) are defined as the benefits that humans obtain from ecosys-
tems contributing, through a series of complex interconnections, to their well-being and
health [8,9]. The European Environment Agency (EEA) developed and proposed a uni-
versally recognized classification system, known as CICES (Common International Clas-
sification of Ecosystem Services). CICES is built on a hierarchical structure of five levels
with progressively more detail that provides a standardized and continuously updated
system of classification, nomenclature, and description of ESs. ESs are divided into three
sections: provisioning, regulation and maintenance, and cultural [10]. At the local scale
(tens of meters), most studies have focused on a single ES, few on a limited set of services
within the same section, while integrated assessments covering multiple ESs across sec-
tions are generally restricted to broader spatial scales [11]. However, ESs often depend on
each other in non-linear ways, and relatively few studies have explored these interactions
(i.e., trade-offs and synergies) and their effects on human well-being at the scale of a single
green area [12-14]. For example, at Xingqing Palace Park (Xi’an, China), areas considered
aesthetically attractive by visitors did not necessarily overlap with those most suitable for
birds [15]. Similarly, in an urban park in Almada (Portugal), greater tree density enhanced
carbon sequestration but could reduce seed dispersal and did not necessarily increase
habitat quality [13].

Consistent with the growing interest in ESs, an increasing number of methods and
tools have been developed for their quantification and assessment [16]. However, directly
measuring ESs remains challenging from both methodological and technical perspectives
and often requires significant time and financial resources [17-19]. Additionally, many
ESs lack standardized techniques and instruments for objective evaluation and compari-
son [8]. To address these challenges, some works propose the use of indicators as proxies.
Indicators are tangible ecosystem components that can be quantified with minimal effort
using established tools and are generally easy to communicate to stakeholders [20]. This
approach is particularly suitable in design analyses, where the direct measurement of ESs
is often not feasible because design scenarios refer to conditions that are not yet realized.
In such cases, indicators allow the potential provision of ESs to be assessed based on meas-
urable characteristics of the proposed vegetation structure and spatial configuration, as
commonly adopted in ES assessments relying on model-based or indicator-based ap-
proaches [21,22]. Although models and indicators offer practical tools for estimating ESs
and their proxies, they often fit large-scale green infrastructure mostly relying on land
use/land cover (LULC) data [23,24]. However, the applicability of LULC-based ap-
proaches is limited at small-scale green spaces. They typically group urban green spaces
into large categories (e.g., “green urban areas” in the CORINE Land Cover classification),
assigning ESs at the class level. This generalization prevents a more detailed assessment
of the contribution of each individual green element and its spatial arrangement within
the green area, even though ESs may also vary according to the type of vegetation present
in these spaces [25,26]. However, the development, adaptation, and combined use of spe-
cific indicators with models could optimize the analysis process, enabling the assessment
of multiple ESs even at smaller, localized scales.

Despite the growing number of ES assessment tools, integrated evaluations at the
scale of individual urban green spaces remain limited, reflecting the fragmented nature of
existing approaches and the lack of standardized and transferable methodologies
[20,26,27]. This challenge is particularly relevant for specific green spaces, such as histor-
ical urban parks, where restoration interventions are subject to heritage conservation con-
straints and regulatory requirements that limit the range of possible actions. Moreover,
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existing vegetation configurations and historical layouts were not originally designed to
maximize ESs. As a result, design choices must balance heritage conservation with eco-
logical performance. In this context, historical urban parks represent a particularly rele-
vant case study. Their landscape elements, including vegetation configurations and archi-
tectural features, result from a stratification of past eras and reflect the artistic, cultural,
and horticultural practices of their time [28].

The aim of this study was to develop a framework for the preliminary assessment of
the impacts of design choices on the potential multi-category provision of ESs in the res-
toration of historical parks. Specifically, the study addresses the following research ques-
tions:

(1) How can multiple ESs be assessed at the scale of individual historical urban parks
using indicators as proxies?

(2) How do different design choices in the restoration of historical parks (e.g., vegetation
configurations and spatial arrangements) influence the provision of ESs across dif-
ferent sections?

(3) How can this approach inform design decision-making in the restoration of historical
parks?

The proposed approach supports a socio-ecological design process by enabling the
simultaneous consideration of multiple ESs in constrained contexts such as historical ur-
ban parks. This approach is tested through a pilot case study in a historical urban park in
northern Italy with a comparative analysis between the current state and the design pro-
posal.

2. Materials and Methods

2.1. Conceptual Framework

The conceptual framework shown in Figure 1 provides an overview of the proposed

design approach.
PHASE 1—Identification of key ESs, indicators, and assessment methods. To ensure a
comprehensive evaluation, the identification of key ESs was based on the latest version of
the Common International Classification of Ecosystem Services (CICES version 5.2) [29].
The selection accounts for the distinctive characteristics of historical urban parks com-
pared to other urban green spaces. Parks are intrinsically multifunctional systems; how-
ever, distinct categories of parks tend to prioritize specific functions. Historical and cul-
tural parks are predominantly oriented toward educational, cultural, and recreational
purposes. Nevertheless, functional classifications are not mutually exclusive: a single park
may concurrently encompass historical, cultural, recreational ,and ecological dimensions,
reflecting the overlapping and interdependent nature of park functions [30].

The framework focuses on key regulation, maintenance, and cultural ESs, which do
not represent the full spectrum of services that such systems may provide; rather, they
correspond to the most distinctive and influential ones, whose combined occurrence is
seldom found in other types of urban green infrastructure [31]. Provisioning services (e.g.,
food, fiber, or freshwater supply) are excluded, as historical urban parks only play a mar-
ginal role in delivering them [30]. The selection of key ESs is linked to: (i) the typically
large extent of urban parks, which host diverse vegetation types and species, fostering
varied user interactions; (ii) the distinctive natural and built environment of historical
parks, valued for their historical and cultural significance; and (iii) the availability of suit-
able indicators and assessment methods.

For each selected ES, indicators were identified from the scientific literature based on
their applicability at the local scale and their suitability for ex-ante assessment. Indicators
must rely on variables that can be inferred or estimated using established methods such
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PHASE 1

Identification of key ESs and

indicators

@

Goal: to define the relevant ecosysten: services
and sekect appropriate indicaiors and

assessment methods

1.1. Identification of key ESs
provided by historic parks for each
ecosystemic function

Based on:

1.2. Selection of indicators and
assessment methods for each

identified ES

as field surveys [32], models [33,34], or allometric equations [35]. The assessment of the
existing conditions provides the baseline for both analysis and design activities and is a
prerequisite for applying the proposed methodology. This is essential, as indicators must
be applicable not only to the current state, but also to the design phase, when the project
is not yet implemented, and direct measurements are therefore not feasible.

PHASE 2 PHASE 3
Assessment of the impact of design Comparative analysis of ESs
choices on ES provision
Sy A1)
—> = —> (oo )
Goal: to assess the effects of design Guoal: fo evaluate and conipare the performance
regeneration on the provision of muliiple of current state and alternative desion
ecosysten) Services across ecosystemic function solutions
2.1. Analysis of the specific site 3.1. Standardization of results {or
restrictions each indicator and sub-area to enable
. comparison
PROJECT LAYOUT DEVELOPMENT
2.2 Definition of survey units in the f
design settings L .
3.2 Application of the scoring system:
! Cumulative Indicator Score (CIS),
y seivi Effectiveness Scote (DES
2.3. Subdivision of the project area D:Mgn rf'f.:_f_n\,anF; ; RORE {)L )
into sub-areas corresponding to the Synergy—Trade-off Score (3T5)
minimal survey units I

I
3.3 Spatialization of ES

2.4. Assessment of ES indicators and performances, transferring the final ES

their spatial distribution for each sub- scores into maps to visualize the spatial

area to evaluate expected outcomes distribution of ES provision

Figure 1. Schematic conceptual framework of the design methodology developed.

The selected key regulation ESs include air quality amelioration, global climate reg-
ulation, and physical air quality regulation. Restoration interventions in historical parks
are generally conservative and rarely involve substantial changes in spatial layout or in-
frastructure (e.g., soil permeability). Therefore, the framework focuses on services primar-
ily influenced by vegetation composition and structure, as these are the main variables
affected by conservation-oriented interventions. Historical urban parks are typically lo-
cated in densely built environments, where air pollution levels and the urban heat island
effect are more pronounced than in peri-urban areas [36-38]. Air quality amelioration is
assessed through the removal of particulate matter (PMio, PM25) and gaseous pollutants
(NOz, Os3), which are among the most representative urban pollutants [39]. Global climate
regulation is assessed through CO: storage and sequestration, as CO:z is a major green-
house gas contributing to climate change [40]. Physical air quality regulation is repre-
sented by the leaf area index (LAI), used as a proxy for canopy density and vegetation
potential for microclimatic regulation potential. LAI reflects the canopy structure and in-
fluences both radiation interception (shading) and transpiration, key processes controlling
vegetation—atmosphere energy exchange [41] and near-surface air temperature [42]. Reg-
ulating indicators are assessed using i-Tree Eco application (Table 1), which enables the
quantification of urban forest structure and ecosystem functions [43]. It is widely used to
assess ESs due to its adaptability to different contexts and free accessibility, without re-
quiring any programming skills compared with more complex models (e.g., ENVI-met or
Computational Fluid Dynamics software) [44-46]. The “full inventory” option is
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particularly suitable for intensively managed green areas, such as historical urban parks,
where tree populations are regularly monitored. This approach eliminates sampling er-
rors by considering the entire tree population, ensuring reliable estimates [47] for project-
scale assessments. During the design phase, biometric data from nursery stock of selected
species provide a reliable baseline for forecasting and ES estimation.

Table 1. Key regulating ecosystem services provided by historical urban parks, with corresponding

CICES section and class, and relative descriptor and proxy indicator used for the assessment.

Section Class (Code)

Descriptor Indicator

Filtration/sequestration/storage/accumulation by mi-

Regulation

Regulation of temperature and humidity, including Physical air quality reg-
ventilation and transpiration (2.3.6.2)

. . . . PMio, PM25 NO2, Os removal
Air quality amelioration

cro-organisms, algae, plants, and animals (2.1.1.2) [43]
Regulation of chemical composition of atmosphere  Global climate regula- CO:z storage and sequestra-
and oceans (2.3.6.1) tion tion [43]

) LAI (leaf area index) [43]
ulation

Diversity measures are widely employed as indicators of ecosystem health [33]. Over
time, ecologists have developed numerous indices and models to quantify diversity,
which remains a complex concept encompassing both species richness and relative abun-
dance [48]. Diversity can be assessed by counting the number of species, examining their
distribution, or applying indices that integrate both components. In the proposed meth-
odology, plant species diversity —quantified using standard biodiversity indices —is used
as a proxy for ESs associated with the maintenance and conservation of nursery popula-
tions, breeding sites, refugees, and feeding habitats (Table 2). This approach assumes that
higher plant species diversity corresponds to a broader range of ecological functions and
habitat types, indirectly capturing aspects of functional diversity, particularly where na-
tive species dominate, as often occurs in historical urban parks. For each vegetation type
(woody and herbaceous species), species diversity is quantified using the Shannon-Wie-
ner [49] and Simpson [50] indices, thanks to the survey of the existing conditions and the
assessment of the plant species included in the design proposal.

Table 2. Key maintenance ecosystem services provided by historical urban parks, with correspond-

ing CICES section and class, and relative descriptor and proxy indicator used for the assessment.

Section Class (Code) Descriptor Indicator
Maintaining or regulating nursery populations and
habitats or breeding grounds (2.3.2.3) Providing habitats for

Maintenance

Maintaining or regulating refugees (2.3.2.4)

Woody and herbaceous plant

wild plants and animals diversity [49,50]

that can be useful to us

Maintaining or regulating feeding grounds (2.3.2.5)

As previously stated, ES indicators within the proposed framework refer to potential
provision (i.e., supply). Accordingly, for cultural ESs, indicators related to use and de-
mand (e.g., number of visitors or activities) are not considered as they require post-imple-
mentation assessment through post-occupancy evaluation (POE) [51]. In this study, four
psychological constructs were used to operationalize key cultural ES classes related to
health promotion, restoration, and enjoyment (Table 3): restorative potential, environ-
mental preference, emotions (covering the emotional and cognitive aspects of the experi-
ence), and the behavioral component. Restorative potential [52,53] refers to the capacity
of an environment to support recovery from mental fatigue through being-away, fascina-
tion, coherence, and compatibility. Environmental preference reflects the perceived
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attractiveness of a setting based on its informational qualities. Emotions are described
through the circumplex model of affect, referring to pleasure and arousal [54]. Finally, the
behavioral component represents the potential activities associated with the area [55]. The
degree of recovery to the historical design of the park can be assessed as a complementary
indicator (Table 3). This involves a comparative analysis of archival maps, drawings, and
aerial photographs against recent imagery and the project plan, allowing for the attribu-
tion of an objective score (categorized as complete, partial, or absent) reflecting the extent
of alignment with the original design.

Table 3. Key cultural ecosystem services provided by historical urban parks, with corresponding

CICES section and class, and relative descriptor and proxy indicator used for the assessment.

Section

Class (code) Descriptor Indicator

Cultural

Elements of living systems that enable activities pro-
moting health, recuperation or enjoyment through ac-
tive or immersive interactions (3.1.1.1)

[...] passive or observational interactions (3.1.1.2)

Using nature to help ~ Restorative potential [52,53],
stay fit environmental preference
and emotions [54],

Using nature to behavioral component [55]

destress

Elements of living systems that enable scientific inves-
tigation or the creation of traditional ecological Researching nature

knowledge (3.2.1.1)

Elements of living systems that enable education and

training (3.2.1.2)

Elements of living systems that are resonant in terms
of culture or heritage (3.2.1.3)

Studying nature Historical design recovery

Natural elements that
embody local history
and culture

PHASE 2— Assessment of the impact of design choices on ESs. Historical parks, while
primarily valued for their cultural and heritage significance, also provide important eco-
logical functions [28]. In this context, restoration interventions should aim to remain as
adherent as possible to the original design; therefore, they are generally conservative and
guided by site-specific constraints (including regulatory, historical, and environmental
factors). These constraints influence design decisions, particularly regarding the vegeta-
tion composition and spatial configuration. Within this context, the proposed framework
focuses on assessing how design choices affect the potential provision of ESs.

Following the analysis of site-specific constraints, the project area was structured into
survey units defined according to each ES section. For regulation ESs, survey units corre-
sponded to different vegetation configurations, which differed in their planting density,
structural complexity, growth patterns, and spatial arrangement. For maintenance-related
ESs, survey units were defined by vegetation types (e.g., herbaceous and woody layers),
reflecting their distinct ecological roles. For cultural ESs, the survey unit encompassed the
entire site, corresponding to a place scale [56]. This scale is often investigated through
psychological constructs, as they primarily reflect the holistic perception and socio-cul-
tural valuation of the landscape as a whole, rather than its individual components. To
enable a comparison of ES provision (e.g., before and after design interventions or be-
tween alternative design solutions), the project area was subdivided into distinct homo-
geneous sub-areas. This fractioning was based on the minimum survey units identified.
PHASE 3 —Comparative analysis of ESs provision. For each sub-area previously identi-
fied, ES indicators are assessed to evaluate the expected outcomes of design scenarios
compared to the current conditions. The absolute values of each indicator estimated across
all survey units and ES sections constitute the baseline for this comparative analysis.
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Three indices were used: (i) Cumulative Indicator Score (CIS), which summarizes the
overall effect of the project on the potential provision of ESs; (ii) Design Effectiveness Score
(DES), which expresses the relative magnitude of changes introduced by design choices
across survey units, enabling their spatial representation; (iii) Synergy-Trade-off Score
(STS), which captures synergistic and antagonistic interactions among regulation, mainte-
nance, and cultural ESs within a single comparable metric. To ensure equal weighting and
comparability, all indicators were normalized according to their nature and scale. The re-
sulting standardized scores were used to: (i) objectively assess the ecosystem performance
of the study area; (ii) spatially represent the ES supply across the project area, identifying
zones with greater or lower improvement potential; and (iii) evaluate possible interactions
(trade-offs or synergies) among different ESs.

2.2. Application of the Method: Case Study
2.2.1. Experimental Area

The experimental area chosen as the case study for the application of the proposed
method is a part of the Monza Park (45°35'45.2" N 9°17'30.7" E), a large historical urban
park located in Monza (Northern Italy, IT). Monza is a city that extends for about 33 km?
with a population of over 123,000 people, located at 162 m above sea level. In Monza, the
climate is warm-temperate (Cfa, according to Koppen—Geiger classification), with signifi-
cant rain distribution throughout the year. Over the last 30 years, the average minimum
and maximum temperatures were 8.0 °C and 17.0 °C, respectively, and the average rainfall
was 1162 mm per year. The city of Monza falls within USDA Winter Hardiness Zone 9a
(-6.7 °C to -3.9 °C). From a bioclimatic point of view, according to the Rivas-Martinez
classification [57-59], the area belongs to the temperate continental bioclimate, with an
upper-mesotemperate thermotype and lower humid ombrotype. A detailed description
of the potential natural vegetation and its successional stages is provided in Appendix
Al

In the southeastern part of Monza Park lies the UniMi area. This 50-hectare portion
of the park (whose total area exceeds 720 hectares), historically and functionally connected
to the Villa and the Royal Park, was granted by the State to the University of Milan in 1921
and its access is public. The UniMi area was selected as a case study due to its experi-
mental role, allowing the application of the proposed framework in a controlled, real-
world design context. Moreover, it is currently subject to an ongoing restoration process,
providing a unique opportunity to apply the framework in an ex-ante design phase. The
selected portion (approximately 17 ha; Figure 2), comparable in size to many historical
urban parks in Europe (e.g., Giardini Pubblici Indro Montanelli in Milan; Hofgarten in
Munich), is representative of the entire Monza Park and of typical historical urban park
scales. Other parts of the park have been irreversibly modified over time and no longer
reflect the original historical layout.

2.2.2. Historical Outline of the Experimental Area and Project Restrictions

Over the Napoleonic domain in 1805, Monza Park was established as a model of ag-
ricultural and recreational estate [60]. Its current layout largely reflects the design by ar-
chitect Luigi Canonica (1815), who integrated the formal gardens with agricultural and
wooded areas, creating a network of avenues and rondo that provided structure to the
landscape and enhanced visibility for hunting activities [61,62]. Although the original
structure provided a strong spatial and functional identity, today, only traces of the orig-
inal historical design remain due to subsequent transformations and restoration efforts.
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Figure 2. Aerial images of the experimental area (source: Google Earth Pro, modified). Panel (a)
shows the location of the study area (red) within the UniMi area (yellow), in Monza Park (green);
panel (b) shows the boundary of the study area (red).

The UniMi area, as well as the entire Monza Park, is subject to multiple regulatory
constraints. The entire area is protected under Legislative Decree No. 42/2004 as a histor-
ical and monumental site. Additionally, it is included within the Parco Regionale della
Valle del Lambro, which regulates land use and management. Any intervention requires
authorization from the relevant authorities. Additional constraints concern vegetation se-
lection. The historical document Catalogus Plantarum Existentium In Hortis Regiae Villae [63]
lists the species present within the park, and whenever possible, this reference has been
followed. However, some native species (e.g., Carpinus betulus L.) are experiencing decline
in this area due to climate change and pathogen attacks, requiring adaptive strategies.

Based on these restrictions, a preliminary design aimed at restoring, where possible,
the original historical layout was developed and assessed using the proposed framework.

2.2.3. Data Collection and Modeling

The following section describes the data collection and modeling procedures used to
assess ES indicators, ensuring consistency between the current and design scenarios. The
subsequent section presents the normalization and aggregation procedures used for com-
parative analysis.

Field data used to assess regulating and maintenance ES indicators were collected
through a vegetation census of the experimental area. Woody vegetation (trees and shrubs)
was surveyed during the leaf-on season of 2022 and updated in 2023 to ensure accurate iden-
tification and measurement [45]. Data collection followed the i-Tree Eco protocol [64] and was
recorded and georeferenced in real-time using the GREENSPACES management software
(GreenSpaces R3GIS, Bolzano, Italy, web-based platform, continuously updated). Recorded
attributes for each tree and shrub included species, total height, diameter at breast height
(DBH), crown size (height to live top and crown base, north-south and east-west crown
width, percent crown missing), crown dieback, and crown light exposure (CLE). The dataset
was exported and uploaded to i-Tree Eco app, where a pre-stratification into sub-areas was
defined [65] based on homogeneous and contiguous vegetation configurations considering
vegetation type and planting arrangement (e.g., isolated trees, rows, groups). These strata
were used as input categories to support spatially explicit analysis. Hourly air pollution (NO,

https://doi.org/10.3390/land 15040627


https://doi.org/10.3390/land15040627

Land 2026, 15, 627

9 of 36

Os, PM1o, PM25) data were obtained from the ARPA Lombardia modeling system, which pro-
vides spatially resolved estimates of air pollutant concentrations [66]. Meteorological data
were derived from the ARPA monitoring station located in Via Monte Generoso, Monza (ap-
proximately 5 km from the study area). Data were processed using the i-Tree Database tool
[67] and used as model inputs. Although not collected directly within the study area, these
data were considered representative of local conditions due to station proximity and the spa-
tial coverage of the modeling system. This level of approximation is consistent with the pre-
dictive nature of the framework proposed, which focuses on relative differences in ES provi-
sion rather than absolute values.

The required inputs for regulating indicator assessment included species and DBH (man-
datory) as well as land use, total tree height, crown size, crown health, crown light exposure
(highly recommended), and finally, strata and street/non street trees specification (optional).
These variables were selected following the i-Tree Eco framework, as they directly influence
ES calculations. When not provided, they are estimated by the model, increasing uncertainty
[68]. Therefore, all available field data were included to improve result reliability (Supplemen-
tary Dataset S1). For the design scenario, tree and shrub parameters were defined based on
nursery stock characteristics and typical planting conditions. Height to live top was set equal
to total height, while height to crown base was assigned according to typical training forms
(0.1 m for hedges; 0.5-1.0 m for shrubs and grouped trees; 2.5-3.0 m for standard trees; 0.5 m
for low-branched trees). Percent crown missing and crown dieback were set at 10% and 15%,
respectively, representing the average conditions of nursery-grown vegetation with minor
structural imperfections. Crown light exposure was assigned according to planting configu-
rations (grouped: CLE = 1; rows/hedges: CLE = 3; open-grown: CLE = 5), reflecting expected
light availability under the proposed design layout. As the extent of herbaceous vegetation
remained unchanged between scenarios, its contribution was assumed constant and excluded
from the comparative analysis. This is consistent with typical restoration practices in historical
parks and with the generally lower influence of herbaceous vegetation on regulating ESs com-
pared to woody components [69-71].

For both woody and herbaceous vegetation survey units, biodiversity was quantified
using evenness-based indices J-Shannon [49] and E-Simpson [50], which normalize diver-
sity values (0-1) and allow for comparisons independent of species richness. For woody
vegetation, biodiversity indices were calculated based on the census of existing trees and
shrubs and on the list of species included in the design project (Supplementary Dataset
S2). For herbaceous vegetation, floristic data were collected using the phytosociological
method as commonly adopted in vegetation ecology studies [57,72-75], which enables the
identification of vegetation communities based on species composition, vegetation struc-
ture, and ecological and environmental conditions of the site [76,77]. In 2023, ten phyto-
sociological relevés of mown grasslands were carried out and classified into homogene-
ous vegetation units. Additional methodological details and the full dataset are provided
in Appendix A.2. For the design scenario, biodiversity was estimated by integrating the
floristic composition of existing lawns with that of the planned stable flowery meadows
established through the seed-rich hay transfer technique (fiorume) [78]. To operationally
account for this integration, the two relevés collected in the areas designated for meadows
restoration were combined with the species composition of the donor meadow. Given the
lack of species-specific information on seeding rates, cover, and germination, diversity
was estimated assuming moderate grass dominance (80% grasses, 20% forbs), reflecting
early successional dynamics after sowing. Final J-Shannon and E-Simpson values were
calculated as the median of the ten relevés under current and modified conditions.

Cultural psychological indices were assessed using a single survey unit encompassing
the entire experimental area, based on the four psychological constructs defined in the frame-
work. Data were collected through a guided experiential walk [79], during which the
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participants evaluated key locations along a predefined route using the City Sense version
1.3.2 (Artefacto SAS, France) mobile application. Two locations were selected as representative
of the study area: a roundabout (“Rondo”) and a mown lawn (“Lawn”). Participants were
recruited within a broader participatory process conducted during the regeneration project
(see [80] for a full description of the process) through direct email invitations. The sample in-
cluded two categories of prospective users: representatives of local stakeholders (associations
connected to the park) and students from the University of Milan, who were divided into two
small groups. The order of location visits was randomized to control for order effects. At each
location, the participants provided on-site psychological evaluations for both the existing con-
dition and the design scenario, visualized through high-resolution 360° spherical images in
the app. The workflow adopted to generate the simulations and to ensure visual fidelity and
perceptual comparability between conditions is described in Appendix B.2. The experimental
design followed a 2 x 2 within-subjects structure, with Scenario (existing vs. project) and Lo-
cation (Rondo vs. Lawn) as factors (N = 32). Additional information on the participants is re-
ported in Appendix B.1. The assessment was based on the Experiential Environmental Impact
Assessment (exp-EIA) method included in the mobile app, which integrates spatial behavior
data with subjective evaluations of environmental perception [81]. For each evaluation, emo-
tional, cognitive, and behavioral aspects were collected through the app. Emotions were meas-
ured through the constructs of arousal and pleasure, based on a digital adaptation of the Self-
Assessment Manikin (SAM) [82,83]. Restoration and environmental preference were assessed
using a 5-point Likert scale with four items each, adapted for urban green spaces from vali-
dated instruments [84,85]. Activities associated with the environment (behavioral component)
were recorded using a checklist derived from the Eurostat Activity Coding List for Harmo-
nized European Time Use Surveys [55]. Reported activities were classified into two functional
groups according to their contribution to physical and experiential interactions with nature.
Restorative activities (e.g., sport, socializing, hobbies) included both active/immersive and
passive/observational interactions with the park and were considered to provide a positive
contribution to this ES. In contrast, non-restorative activities (e.g., work, study) do not primar-
ily rely on nature-based interactions and were considered to have a negative or null contribu-
tion. Although some non-restorative activities may benefit indirectly from a green setting, clas-
sification was based on their primary purpose. Statistical analysis was conducted using re-
peated-measures ANOVA, with Scenario and Location as within-subject factors. The com-
plete dataset is reported in Supplementary Dataset S3.

Historical design recovery was assessed by comparing the current condition and the de-
sign proposal with a historical map showing the arrangement of the area in 1845 (Giovanni
Brenna-Topografia della Reale Villa di Monza coll’attiguo Parco e coll’annessa Citta di Monza
e rispettivi dintorni, scale 1:10,000-Milan, Civica Raccolta Stampe Bertarelli, 1845). Spatial cor-
respondence between the current conditions and design proposal was evaluated in ArcGIS
Pro 3.6 (Esri, Redlands, CA, USA), and classified into three categories: none (areas lacking
elements corresponding to those documented in historical map, assigned a value of 0), partial
(areas showing partial correspondence between existing or designed landscape elements and
those reported in the Brenna map, assigned a value of 0.5), and complete (areas exhibiting full
correspondence, assigned a value of 1).

2.2.4. Integrated ESs Scores and Normalization Procedures

Once absolute values of the selected ES indicators were assessed at the sub-area scale, a
Cumulative Indicator Score (CIS) was calculated. For the regulating section, indicators were
first calculated at the individual-tree/shrub level and then aggregated. Additive indicators
(i.e., CO2 storage, CO:z sequestration, pollutant removal) were aggregated by summation. In
contrast, an LAl-based indicator of microclimatic regulation, as non-additive, was aggregated
using an area-based approach, weighting individual values by crown projection area (CPA)
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and normalizing by total sub-area surface. For each ES, the project value was divided by the
corresponding current-state value (CISi = Xiproject/Xi,current), Obtaining a dimensionless response
ratio. These ratios were then summed across all ESs (CIS = Zi CISi). The CIS of the current state
equals the number of ESs considered (1). Values greater than 1 indicate an overall increase in
the provision of a given ES, while values lower than 1 indicate a reduction relative to the base-
line. All indicators were equally weighted. Therefore, CIS values are not directly comparable
across studies with different ES sets (since it depends on the number of key ESs estimated).
For air quality amelioration, pollutant-specific ratios were averaged. For cultural ESs, only
positively oriented indicators (restorative potential, environmental preference and the pleas-
ure dimension of emotions) were included in the CIS. In contrast, the arousal dimension was
excluded from aggregation due to its non-directional meaning within the circumplex model
of affect. Both high-arousal (e.g., excitement, happiness) and low-arousal (e.g., relaxation,
calmness) states may contribute positively to environmental experience, making it unsuitable
for unidirectional interpretation. Nevertheless, within the circumplex view of affect, the com-
bined use of pleasure- and arousal-related constructs is considered a robust approach for as-
sessing emotional reactions to environments [86]. For this reason, arousal was retained in the
overall analysis as complementary information to support the interpretation of the quantita-
tive assessment of environmental experience.

A comparative ES index, the Design Effectiveness Score (DES), was calculated to assess
spatial variations in ES changes. Absolute differences between project and current values were
computed (AX = Xproject = Xeurrent) and normalized to a symmetrical range (from -1 to +1), with
procedures varying across ES sections. For regulating services (characterized by continuous
values), positive and negative changes in deltas were rescaled separately based on the maxi-
mum observed increase and decrease across sub-areas: AX* = AX/AX*max, if AX > 0; AX* =0, if
AX=0; AX* = AX/I AXmin|, if AX <0. This transformation allows for a comparison across indi-
cators with different units. For air pollution removal, normalized deltas of individual pollu-
tants were aggregated and then rescaled into a single composite indicator. Regarding mainte-
nance ESs, assessed through evenness-based indices (0-1), normalized values were directly
computed as AX* = AX = Xproject — Xcurrent, where X represents J-Shannon and E-Simpson values.
Positive values indicate an equi-distribution of species within the community, while negative
values indicate increased dominance, with 0 representing no change. For cultural ES indica-
tors, ordinal scores were first normalized to their theoretical ranges (e.g., rating scales ranging
from 1 to 5, from -5 to +5, from 0 to 100): X' = (X = Xscalemin)/(Xscalemax = Xscalemin). Changes were
then calculated as AX* = X'project — X'current, resulting in delta values between —1 and +1, with 0
indicating no change.

For each ES section, normalized delta values were aggregated into a Delta Synergy—
Trade-off Score (ASTS). Positive values indicate prevailing synergies, while negative values
indicate trade-offs among indicators. To support interpretation, current and project STS were
also computed using normalized absolute values of each indicator and rescaled to a 0-1 range.
Their comparison allows distinguishing between low baseline conditions and effective design
improvements. Maintenance Ess were assumed to be spatially homogeneous, since indicators
were calculated at the scale of the entire study area. For cultural ESs, spatial differences among
sub-areas were exclusively attributable to the historical design recovery indicator, which was
the only cultural ES indicator spatially explicit. The complete scoring dataset is provided in
Supplementary Dataset S4.

3. Results

3.1. Vegetation Configurations and Landscape Complexity
The experimental area was divided into 19 sub-areas corresponding to the minimum sur-
vey unit, defined based on the vegetation clusters proposed in the project layout (Figure 3).
This subdivision was applied consistently to both the current and the project conditions,
https://doi.org/10.3390/land 15040627
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ensuring that ex-ante and ex-post comparisons refer to identical surface units. Table 4 sum-
marizes the main characteristics of each sub-area, including their spatial extent and vegetation
configuration in both the existing and design scenarios. Vegetation configurations were de-
fined according to specific structural and dimensional criteria, as follows: (1) mown lawn,
characterized by the absence of woody vegetation and a surface of at least 1000 m? (2) stable
flowery meadow, defined by a reduced mowing regime limited to post-flowering; (3) lawn
with isolated trees, with the area perimeter delineated by a 20-m offset from border woody
vegetation and a tree/shrub density between 1 and 5 individuals per 1000 m?; (4) shrub hedge,
with the area perimeter defined by a 1.5-m offset from the hedge line; (5) tree row and (6) tree
row with shrub hedge, with the area perimeter defined by a 5-m offset from the tree line and
a density between 6 and 12 trees per 1000 m? and (7) tree meadow, with the area perimeter
defined by a 10-m offset from border trees or shrubs and a density between 12 and 50 trees
per 1000 m2.

[0 (1) mown lown
.

(2) stable flowery meadow

] (3 tawn with isolated troes ] (5) reerow B () tree meadow
| (4) shrub hedge I (6) tree row with sheub hedge

Figure 3. Subdivision of the experimental area into 19 different sub-areas and indication of transi-
tions in vegetation configuration per each sub-area (source: Google Earth Pro, 7.3 Google LLC,
Mountain View, CA, USA, modified). The letters on the map are listed in Table 4.

Table 4. Main characteristics of each experimental sub-area.

Sub-AreaID  Extension (m?) Current Vegetation Configuration Designed Vegetation Configuration

R—e—=ITOQTMmINOI >

5831 (1) mown lawn (2) stable flowery meadow

2478 (1) mown lawn (5) tree row
17,812 (1) mown lawn (2) stable flowery meadow
21,656 (5) tree row (5) tree row

2679 (1) mown lawn (1) mown lawn
38,009 (3) lawn with isolated trees (3) lawn with isolated trees
39,532 (1) mown lawn (1) mown lawn

3590 (1) mown lawn (5) tree row

635 (1) mown lawn (6) tree row with shrub hedge

9462 (1) mown lawn (5) tree row

12,905 (3) lawn with isolated trees (7) tree meadow
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1067 (1) mown lawn (4) shrub hedge
4554 (1) mown lawn (1) mown lawn
2327 (1) mown lawn (5) tree row

358 (1) mown lawn (6) tree row with shrub hedge
4754 (3) lawn with isolated trees (7) tree meadow
1482 (1) mown lawn (5) tree row

518 (1) mown lawn (6) tree row with shrub hedge
5882 (1) mown lawn (1) mown lawn

In the current state, the area comprises 98,205 m? of mown lawns, 55,667 m? of lawn
with isolated trees, and 21,656 m? of tree rows. In the project scenario, the extent of mown
lawns is nearly halved (52,647 m?), while 23,642 m? of stable flowery meadow are intro-
duced in sub-areas A and C. The surface covered by lawns with isolated trees is also re-
duced, remaining only in sub-area F (38,009 m?). The 17,658 m? of lawn with isolated trees
currently found in sub-areas K and P are converted into tree meadows in the project con-
figuration. In addition, new shrub hedges (1067 m? sub-area L) and tree rows with shrub
hedges (1511 m?, sub-areas I, O, and R) are introduced. The surface covered by simple tree
rows increased by 19,338 m? from the current state to the project configuration. Finally,
the proposed layout exhibits greater landscape and structural complexity, encompassing
seven distinct vegetation configurations compared to only three in the current condition.

3.2. Cumulative Indicator Score

To quantify variations in ES provision between current conditions and the project
configuration, a Cumulative Indicator Score (CIS) was first computed (Figure 4). Based on
CIS (Figure 4), the results show that the project configuration (CISproject = 15) provides 15%
more ESs than the current state (CIScurrent = 13).

Current

State

_ Project
Configuration

) 2 3 4 5 7 8 9 10 1 12 13 14 15 6 17 15

I CO, sequestration [R] B Woody Shannon evenness (J-Shannon) [M] Environmental preference [C]

Woody dominance-weighted
evenness (E-Simpson) [M]

I CO, storage [R] B Restoration [C]

Air pollutant removal [R] Herbaceous Shannon evenness (J-Shannon) [M] | Pleasure (Emotions) [C]
Herbaceous dominance-weighted ; i : -
LAI (Leaf Area Index) (R] NN e Restorative activities (Behavior) [C]
evenness (E-Simpson) [M]
Hystorical design recovery [C]

Figure 4. Cumulative Indicator Score (CIS) for key ecosystem services assessed in the current state
conditions and project layout. Explanatory note: [R] = Regulation ES section; [M] = Maintenance ES

section; [C] = Cultural ES section.

Greater improvement was observed in the cultural section (+28%, CISc.curent =5, CISc project
= 6.4), followed by regulation (+17%, CISrcurent = 4, CISr project = 4.7). Maintenance was the only
section that showed a decrease in ES provision (-3%, CISMurrent = 4, CISMproject = 3.9), as herba-
ceous dominance and both herbaceous and woody vegetation diversity slightly increased
(ClISproject of 1.05, 1.07, 1.13, respectively), whereas woody dominance markedly decreased
(CISproject = 0.62). The largest increase was observed in CO2 sequestration (CISproject = 1.43) for
regulation services, woody vegetation diversity (CISprojet = 1.13) for maintenance services, and
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pleasure (CISprjet = 1.59) for cultural services. Among all of the indicators analyzed, besides
woody species dominance, restorative activities also exhibited a reduction from the current to
the project state, as reflected by a CISprject value of 0.96.

3.3. Design Effectiveness Score

All regulation ESs showed non-negative Design Effectiveness Score values (DES > 0), in-
dicating that design interventions either maintained or improved ES provision compared to
the current state (Figure 5a—d). Across all regulating services, DES values consistently reflected
the magnitude of structural change in vegetation configurations. The highest DES values were
systematically observed in sub-areas undergoing greater structural transformations, espe-
cially where mown lawn or lawn with isolated trees are converted into systems dominated by
woody vegetation (see Figure 3 for transitions in vegetation configuration). Transitions to tree
rows, tree meadows, and hedges produced the strongest and most consistent improvements
across most of the sub-areas in CO:z sequestration, CO: storagg, air pollutant removal, and LAIL
Within this group, sub-area ] (mown lawn to tree row), sub-area K (lawn with isolated trees
to tree meadow), and sub-area L (mown lawn to hedge) represented the most effective inter-
ventions, reaching maximum or near-maximum DES values (up to DES = 1) across multiple
regulating services. Intermediate DES values characterized transitions toward linear woody
configurations, such as the conversion of mown lawn to tree row with hedge and to tree row
in some sub-areas. These configurations consistently enhanced regulation services, particu-
larly COz sequestration and air pollutant removal, although to a lesser extent than in sub-areas
dominated by trees. Configurations involving shrub hedges showed the highest effects on mi-
croclimate regulation, with higher values of LAI, even if the effect was limited to this indicator.
An exception is sub-area L, which also showed a strong positive response for CO: sequestra-
tion and air pollutant removal, despite more moderate gains in CO: storage.

More moderate positive DES values were associated with transitions involving limited
increases in woody vegetation cover, such as the conversion of lawns with isolated trees to
tree meadows, which resulted in balanced improvements across all regulation services with-
out reaching the highest DES levels observed in linear or more dense woody configurations.
Finally, sub-areas without changes in vegetation configuration showed only marginal im-
provements. Sub-area F, which remained structurally unchanged, consistently exhibited null
or low positive DES values across all regulating services.

Regarding maintenance ESs, DES values showed overall limited changes in biodiversity.
Equi-distribution, expressed through the J-Shannon index, showed only marginal improve-
ments in both survey units, with slightly higher values in woody vegetation (DES = 0.07; Fig-
ure 5e) than in herbaceous vegetation (DES = 0.04; Figure 5g). In contrast, DES values based
on the E-Simpson index revealed divergent responses between survey units. Woody vegeta-
tion exhibited a slight decrease in dominance-weighted evenness (DES = -0.05; Figure 5f),
while herbaceous vegetation showed an almost negligible increase (DES = 0.01; Figure 5h).

Concerning cultural ESs, DES values highlighted an overall enhancement of cultural ben-
efits under the project scenario. For psychological indicators, which were assessed at the scale
of the entire study area, DES consistently indicated values more positive from current to pro-
ject conditions, ranging between 0.12 and 0.21 (Figure 5i-1). The only exception was restorative
activities within the behavioral component, which showed a slight reduction following design
implementation (DEI =-0.04; Figure 5m). Detailed statistical outcomes for psychological indi-
cators are reported in Appendix B.3. The degree of correspondence with historical design, es-
timated for each sub-area, exhibited a marked spatial differentiation among sub-areas (Figure
5n). Eight out of nineteen sub-areas achieved full recovery (DES = 1), all of which were char-
acterized in the current state by a mown lawn configuration. Partial correspondence (DES =
0.5) was observed in three sub-areas, associated with transitions from mown lawn to hedge
and from lawn with isolated trees to tree meadow, where historical sources documented the
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ancient presence of woodland configurations. The remaining eight sub-areas, in which the
project involved limited or no modifications in configuration, showed no change in historical
design recovery (DES = 0).

(a) COysequestration [R] (b)CQOstorage [R] (c) Air pollutant removal
removal [R] X«
)

(d) LAl-based indicator (e) Woody Shannon (f) Woody dominance-
of microclimatic evenness weighted evenness
regulation [R] _ (J-Shannon) [M] (E-Simpson) [M]
'... . (:;
—
(g) Herbaceous Shannon (h)Herbaceous dominance- (i) Restorative
evenness weighted evenness potential [C]
(J-Shannon) [M] (E-Simpson) [M]
(j)Environmental (k)Emotions (I)Emotions (arousal) [C]
preference [C] (pleasure) [C]
(m) Behavioral component (n) Restoration to
(restorative activities) [C] historical design [C] Legend
) \ B from 1.000 to 0.750

B from -0.751 to -0.500

& I from -0.501 to -0.250
/ | from -0.251 to —0.001

from 0.001 to 0.250
| from 0.251 to 0.500

i from 0.501 to 0.750
I from 0.751 to 1.000
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=== Regulation ESs

K

Figure 5. Impact maps for each key ecosystem service assessed across the experimental area. Ex-
planatory note: [R] = Regulation ES section; [M] = Maintenance ES section; [C] = Cultural ES section.

3.4. Synergy—Trade-Off Score

By comparing the current and project Synergy—Trade-off Score (STS) across all sub-
areas of the study area (Figure 6a,b), an overall increase in ES provision was observed
involving all three ES sections (regulation, maintenance and cultural). ASTS identified
sub-area | as the area exhibiting the highest overall increase across all three ES sections
simultaneously, corresponding to the conversion from a mown lawn to a tree row config-
uration (Figure 6c). Sub-areas B, H, I, N, O, Q, and R showed the highest relative gains in
cultural and maintenance services, coupled with an intermediate increase in regulation
services. Sub-areas K, L, and P, together with sub-area B, exhibited among the highest
relative increases in regulation services, while cultural services showed intermediate in-
creases and maintenance services remained constant, as observed in all other sub-areas.
Sub-area F showed only a slight increase in both cultural and regulation services. Sub-
areas A, C, D, E, G, M, and S exhibited slight relative increases in cultural services, with
no changes in regulation services. When considering normalized absolute values, several
sub-areas (A, D, E and F) already display high cultural ES scores under the current condi-
tions. For regulation services, sub-area D exhibited substantially higher absolute values
than all other sub-areas, followed by sub-area F.

-

]

=0 Maintenance ESs == Cultural ESs =@ Regulation ESs =0 Maintenance ESs === Cultural ESs
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Figure 6. Synergistic and antagonistic effects among regulation, maintenance, and cultural ESs pro-
vided by different sub-areas of the experimental site. Panel (a) shows the current Synergy-Trade-
off Score; panel (b) shows the project Synergy—Trade-off Score; panel (c) reports the A Synergy—

Trade-off Score. Explanatory note: letters represent the name of each sub-area listed in Table 4.

4. Discussion
4.1. Main Findings and Interpretation of Results

Overall, the Cumulative Indicator Score (CIS) indicates that the proposed project con-
figuration enhances the provision of ecosystem services (ESs) while reshaping their rela-
tive composition. Gains in cultural and regulating services outweigh the more limited or
contrasting responses observed within the maintenance section, suggesting that the pro-
ject promotes a multifunctional rather than a uniform enhancement of ES provision across
all categories.

4.1.1. Regulation Ecosystem Services

The regulation section of the project is globally enhanced, with improvements
strongly associated with changes in vegetation structure. Increases in woody cover,
greater spatial continuity and transitions from simplified herbaceous configurations to
structurally more complex vegetation layouts emerge as key drivers. The scoring system
of the proposed framework consistently supports this interpretation: beyond the cumula-
tive increase highlighted by the CIS in the project scenario, the Design Effectiveness Score
(DES) emphasizes the local efficacy of specific transitions between vegetation types, while
the Synergy-Trade-off Score (STS) reveals a clear prevalence of synergies over trade-offs
across all considered regulating services. DES patterns indicate that they primarily re-
spond to tree-based and multilayered configurations, which consistently outperform her-
baceous-dominated or weakly structured systems. When narrowing the analysis to sub-
areas characterized by the same vegetation configuration, species-specific differences be-
come more evident as well as planting schemes. Overall, this evidence is coherent with a
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large body of literature demonstrating that woody vegetation represents the main struc-
tural and functional driver of urban regulation services at the green area scale.

For microclimate regulation, vegetation effects are driven by the combined role of
radiation interception (shading) and evapotranspiration (i.e., the combined process of
plant transpiration and evaporation from soil and water bodies), both contributing to the
mitigation of the urban heat island effect [87,88]. In this study, leaf area index (LAI) was
adopted as a structural proxy of canopy density and vegetation potential for microclimatic
regulation, as it reflects both the capacity to intercept solar radiation and the potential for
transpiration. Higher LAI values are generally associated with reduced solar radiation
penetration and lower near-surface temperatures under tree canopies, even under water-
limited conditions [89,90]. While the LAI does not directly capture short-term variability
in evapotranspiration rates, it provides a robust proxy of the overall cooling potential of
vegetation, integrating both shading and transpiration-related processes [91,92]. Con-
sistent with this interpretation, the higher performance observed in tree-based and multi-
layered configurations is primarily associated with increased canopy density and spatial
continuity, which amplify local cooling effects. However, species-specific traits (e.g., can-
opy architecture and leaf properties) and environmental conditions (e.g., soil moisture,
vapor pressure deficit, wind speed) still influence the effectiveness of microclimatic regu-
lation [93-95]. Consequently, planting design and spatial configuration remain crucial:
multilayered assemblages combining trees, shrubs, and ground vegetation, as well as spa-
tially contiguous green patches, enhance cumulative cooling effects [87,88]. A more local-
ized effect was observed in configurations dominated by shrub hedges, which, despite
reaching high LAI values, primarily enhance microclimatic regulation at the sub-area
scale, with limited effects beyond the immediate surroundings. This is consistent with
studies showing that shrubs and lower vegetation layers can significantly reduce surface
and near-ground temperatures, although their cooling effect is typically limited in spatial
extent compared to tree canopies [96,97]. This suggests that dense but spatially confined
vegetation structures provide effective cooling in the immediate surroundings but con-
tribute less to cooling at a broader scale (sub-area) than more extensive tree-based sys-
tems.

A comparable structural pattern emerges for air pollutant removal. Vegetation com-
plexity and canopy density, beyond species-specific functional traits, consistently act as
primary determinants of the mitigation efficiency of particulate and gaseous pollutants.
Multilayered tree—shrub-herb systems outperform single-layered configurations due to
higher deposition capacity and greater structural resilience [98,99]. Trees and shrubs gen-
erally exhibit higher removal performance than herbaceous vegetation due to a larger leaf
area, leaf longevity, canopy density, greater transpiration rates, and longer in-leaf periods
[100-102]. Field-based modeling studies further confirm the importance of woody cover
and spatial configuration. Forested areas followed by parks remove higher pollutant loads
than other land-use types, primarily as a function of tree abundance [103].

Carbon storage and sequestration are guided by similar structural principles. Woody
biomass represents the primary driver of carbon storage in urban ecosystems [104], with
mature trees accounting for the largest share of long-term stocks, far exceeding the con-
tribution of herbaceous layers [69,105]. Evidence from forest ecology shows that mixed-
species stands can further enhance productivity and carbon sequestration through func-
tional complementarity and resource partitioning [106], reinforcing the role of structural
and compositional diversity. This explains why, in the present case study, structurally
complex and multilayered woody configurations yielded higher sequestration and stor-
age values, and why sub-areas already characterized by mature trees continued to exhibit
disproportionately high contributions compared to newly established plantings of the
project assessment.
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Taken together, these findings support the higher performance of tree-based and
multilayered configurations observed in this study. They suggest that minor design ad-
justments that do not substantially modify vegetation structure tend to produce only lim-
ited gains in regulating services, underscoring the importance of structural transfor-
mation rather than vegetation presence per se. In this context, the proposed design meth-
odology proves capable of distinguishing between qualitatively different types of inter-
ventions, moving beyond the simplistic assumption that “more green” automatically
translates into greater ecosystem service provision.

4.1.2. Cultural Ecosystem Services

Cultural services exhibited improvements driven by both spatial design coherence
and experiential quality. Cultural services showed a clear and consistent improvement
under the project scenario, comparable in magnitude to that observed for regulation.
Within the case-study application of the proposed methodology, this enhancement
emerges from the combined reading of aggregated psychological indicators and the spa-
tially explicit historical design recovery indicator. Psychological constructs generally in-
creased, despite the slight reduction in restorative activities.

The historical design recovery indicator displayed a strong positive response, em-
phasizing the importance of coherence between design interventions and the historical
identity. Spatial differentiation reflects the degree of alignment with documented layouts.
Full correspondence was primarily achieved through the reintroduction of structurally
complex linear woody elements, such as tree rows and tree row—hedge systems. In con-
trast, interventions involving limited structural modifications or alternative vegetation
types (e.g., flowery or tree meadows) proved insufficient to recover historical configura-
tions, despite their ecological or aesthetic value. These findings underscore the central role
of spatial structure, rather than vegetation type alone, in mediating cultural ESs linked to
heritage and landscape identity.

The pattern emerging from the four psychological constructs and the behavioral com-
ponent indicators suggests that the project enhances the experiential quality without sub-
stantially altering functional use. In line with the study hypotheses, perceived restoration
increased at both locations, with slightly larger gains at the Rondo site. These effects are
consistent with attention restoration theory (ART) [107], suggesting that improved spatial
organization and more rich natural features enhance perceived psychological recovery
potential. Environmental preference showed a parallel pattern, with project scenarios con-
sistently preferred. This echoes the literature on the preference matrix, where coherence,
complexity, legibility, and mystery reliably predict higher scenic beauty and preference
[52,85]. Pleasure and arousal followed the same trend, indicating environments perceived
as both calming but also lively and energizing [86]. This aligns with recent evidence that
urban forests, and to a lesser extent, parks, are linked to highly positive, high-arousal
emotional states, such as joy, rather than exclusively low-activation calmness [108]. To-
gether, these results support the view of urban green spaces as places that combine atten-
tional recovery with “positive activation” connected to movement and social life. In con-
trast, the behavioral component revealed a stable distribution of uses across scenarios.
This suggests that, at least in this sample and within a prospective, scenario-based evalu-
ation, participants interpreted the redesign as enhancing the emotional, aesthetic, and re-
storative qualities of the places without radically changing how they would use them in
everyday life. This pattern is also consistent with the design constraints typical of histori-
cal parks, where interventions must remain aligned with pre-existing layouts and species
composition, often limiting the range of possible transformations. Within this context,
even relatively simple interventions (e.g., tree rows, hedges, tree meadows) represent the
extent of feasible design action. Despite these constraints, measurable improvements in
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perceived quality were observed. This can be considered a strength of the design, alt-
hough the results should be interpreted cautiously given the limited sample size and the
hypothetical nature of activity reports. In addition, even though the list of activities was
adapted from international standards, it remains not specifically designed for parks or
natural settings; a set of items better reflecting context-specific uses of the park might im-
prove the quality of the analysis.

Overall, these results highlight the complementarity between aggregated psycholog-
ical indicators and the spatially explicit historical design recovery metric. While psycho-
logical constructs assessed through surveys at the scale of the entire project area provide
an integrated and subjective evaluation of the overall park experience as perceived by
users, historical design recovery represents an objective, document-based indicator sensi-
tive to local design differences and is capable of identifying where and to what extent
cultural and identity values are restored. The interaction between these two dimensions
allows cultural quality to be assessed without redundancy, capturing both lived experi-
ence and spatially differentiated heritage values.

4.1.3. Maintenance Ecosystem Services

In contrast to the clear positive trends observed for regulation and cultural services,
maintenance-related indicators showed more moderate, and in some cases, contrasting
responses. At the aggregated level, the CIS confirmed this moderate response: while her-
baceous dominance-weighted evenness, as well as herbaceous and woody Shannon even-
ness, slightly increased, the decline in woody dominance-weighted evenness only mar-
ginally affected the overall CIS of the maintenance section. The generally low DES values
suggest that the proposed design interventions produced only modest effects on biodi-
versity structure at the scale considered. While slight improvements in species equi-dis-
tribution were detected through evenness-based formulations of the Shannon index for
both herbaceous and woody vegetation, dominance-weighted evenness (E-Simpson) ex-
hibited divergent responses, with a decline in woody vegetation and only marginal
changes in herbaceous communities, reflecting the higher sensitivity of Simpson-based
metrics to dominant species [109,110]. These patterns can be interpreted considering both
ecological dynamics and design constraints. In herbaceous systems, biodiversity re-
sponses are known to vary over time as species sorting processes progressively occur
[111], particularly in highly frequented urban grasslands subject to trampling by visitors
and domestic animals [112]. The limited magnitude of the observed changes is therefore
consistent with the short temporal horizon captured by the present assessment and is fur-
ther linked to the conservative grass-dominance scenario (80% grasses, 20% forbs)
adopted for estimating herbaceous cover—abundance under project conditions. In this
context, the results suggest that allocating a larger surface to the renewal or diversification
of existing mown lawns could enhance maintenance ESs more effectively for the herba-
ceous layer. The analysis of current grassland conditions further supports this interpreta-
tion. The studied meadows are archetypal managed grasslands, regularly mown for hay
production and simultaneously used for recreational purposes. Their species composition
is characterized by a predominance of therophytes and hemicryptophytes, partially dis-
continuous vegetation cover, and the presence of non-invasive exotic species, all of which
point to a certain degree of anthropization and structural instability, consistent with pat-
terns observed in intensively managed grasslands [113]. At the same time, the limited oc-
currence of invasive exotic species within mown grasslands, compared to forest edges and
degraded forest formations, suggests that appropriate grassland management may play a
key role in mitigating biological invasions [114]. From this perspective, the scheduled
long-term management interventions, including the cultivation of indigenous grassland
species, are expected to progressively improve both the qualitative and quantitative
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characteristics of these communities beyond the short temporal window captured by the
present assessment. Conversely, the reduction in dominance-weighted evenness observed
in woody vegetation indicates that, despite a clear increase in species richness, the project
scenario is characterized by a non-proportional increase in individuals belonging to a lim-
ited subset of species. This contrasting response between Shannon-based evenness and
dominance-weighted evenness highlights that increasing planting density, even when as-
sociated with a higher number of species, does not necessarily translate into an improved
community structure unless accompanied by a more even distribution of abundances
among species.

4.1.4. Synergies and Trade-Offs

The overall increase in STS values across the study area reflects the transition from
simplified vegetation configurations, primarily mown lawns, to structurally more com-
plex layouts such as stable flowery meadows, tree rows, shrub hedges, or their combina-
tions. Sub-areas exhibiting the highest gains across multiple ES sections were consistently
associated with the introduction of linear or spatially continuous woody elements, which
simultaneously enhanced cultural perception, ecological support functions, and regulat-
ing processes. Conversions from mown lawns to tree rows or tree-hedge systems proved
especially effective in generating synergies among cultural, maintenance, and regulating
services. Conversely, sub-areas characterized by limited or no structural modifications be-
tween the current and project states showed only marginal improvements in STS values,
particularly for regulation services. Moreover, areas already displaying high absolute ES
values under current conditions exhibited a reduced margin for further enhancement,
suggesting a saturation effect in zones with pre-existing structurally complex vegetation.
From an integrative perspective, the STS analysis highlights that ecosystem service gains
are not uniformly distributed across categories but depend on the structural intensity and
spatial coherence of design interventions. The prevalence of synergies over trade-offs con-
firms that increasing vegetation complexity can simultaneously support multiple ESs;
however, the moderate and internally differentiated response of maintenance indicators
reveals ecological inertia and temporal constraints in biodiversity dynamics.

Considering these findings, the research questions can be addressed. First, the use of
indicators as proxies proved effective for assessing multiple ESs at the scale of a single
historical urban park. The identification of key ESs and the selection of appropriate indi-
cators enable a structured and comparative evaluation prior to project implementation.
Second, in the constrained context of historical urban parks, design choices related to veg-
etation structure, compositional complexity, and spatial continuity strongly influence the
magnitude and balance of ES provision across categories. Third, the framework demon-
strates its applicability as a decision-support tool, enabling designers, decision-makers,
and stakeholders to anticipate the ES implications of alternative scenarios and to guide
restoration toward more multifunctional and synergistic outcomes within site-specific
constraints.

4.2. Methodological Contributions and Innovation

The scoring system developed within the framework, comprising the Cumulative In-
dicator Score (CIS), the Design Effectiveness Score (DES), and the Synergy-Trade-off Score
(STS), provides complementary levels of interpretation. The CIS does not represent abso-
lute service magnitude but rather synthesizes the contribution of multiple ESs, offering a
first comparative assessment of whether a proposed scenario results in a more balanced
distribution of services across the study area. DES shifts the focus from service provision
per se to the relative efficacy of the project, addressing the questions: “Where did the pro-
ject perform best?” and “Where did design interventions generate the most significant
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changes?”. In this sense, DES measures the impact of design choices rather than the in-
trinsic performance of the area. Finally, the STS identifies zones of multi-service synergy
and highlights potential antagonistic effects, a crucial aspect in urban regeneration pro-
jects where ecological, social and cultural objectives coexist and may conflict.

4.3. Transferability and Practical Implications

Building on these methodological contributions, the framework operates not only as
an assessment tool but also as a planning instrument. It identifies the most effective inter-
ventions, signals those with limited benefits, and supports iterative design refinement. It
can therefore be applied during the conceptual phase, within participatory processes, and
as a monitoring tool over time, providing operational support for adaptive decision-mak-
ing. In the specific case study presented, the methodological application directly informed
the drafting of the final executive project. The insights derived from the framework were
used to refine design choices and optimize ecosystem service provision within existing
constraints, demonstrating its practical relevance beyond academic evaluation.

4.4. Limitations and Future Research

Despite these strengths and practical applications, some limitations should be
acknowledged. With specific reference to the psychological indicators within the cultural
ESs assessment, despite the repeated-measures design, which reduces inter-individual
variability, the relatively small sample size requires caution in interpreting the findings,
particularly null results and more nuanced interaction effects [115]. In this respect, the
study appears sufficiently sensitive to detect relatively robust experiential differences be-
tween scenarios. In contrast, the absence of significant changes in the activity data should
be interpreted more cautiously, as the modest sample size, the binary coding of single
activities, and the low frequency of some categories may have reduced the sensitivity of
behavioral analyses. Similarly, the sample size may have limited the possibility of detect-
ing smaller location-specific interaction effects. At the same time, the repetition of assess-
ments across two distinct locations supported the identification of recurring patterns
while reducing dependence on a single site-specific observation. Future studies with
larger and more diverse samples are needed to test the stability and generalizability of
these patterns. A final consideration concerns the participatory nature of the procedure.
The inclusion of participants who were already ecologically situated within, and actively
engaged with, the park through a participatory process enhanced the contextual relevance
of the data and is consistent with the strengths commonly attributed to community-based
research approaches [116]. These features should not be taken as offsetting the limitations
of a small sample size, but rather as methodological elements to consider in future repli-
cations.

Beyond these case-specific aspects, additional methodological limitations should also
be considered. From a methodological perspective, the estimation of regulating ESs relies
on the i-Tree Eco model, which is not calibrated for the local context. As a result, the out-
puts may be affected by uncertainties related to input parameters, default assumptions,
and the transferability of species- or site-specific functions, especially for processes that
depend on environmental conditions. However, in this study, i-Tree Eco was mainly used
to compare current and project scenarios, rather than to provide absolute estimates. In this
sense, possible modeling errors are expected to have a limited effect on the interpretation
of results, as any systematic bias is likely to influence both scenarios in a similar way.

Another limitation concerns the fact that the contribution of herbaceous vegetation
to regulating ESs was not explicitly quantified. While herbaceous layers can contribute to
regulation processes, their effects are generally lower than those of woody vegetation and
strongly dependent on management practices (e.g., mowing frequency) [117]. In the
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context of historical park restoration, where herbaceous surfaces are typically maintained,
their contribution can be reasonably assumed to remain constant across scenarios. There-
fore, the proposed framework focuses on vegetation components that are most responsive
to design choices (i.e., tree and shrub layers), which represent the main drivers of variation
in the considered ES potential provision at the project scale.

Finally, this study was based on a single case study, which may limit the generaliza-
bility of the results. However, the proposed framework is intended as a pilot application
to demonstrate its feasibility at the scale of individual urban green spaces. In this perspec-
tive, the ongoing restoration process offers the opportunity for future ex-post validation
through direct measurements once the proposed design interventions are implemented.
Future research will extend the approach to additional case studies to test its robustness
across different contexts.

5. Conclusions

Taken together, the results and methodological considerations discussed above high-
light that beyond the specific case study presented, the design approach contributes to the
scientific literature by proposing a structured and replicable framework tailored to histor-
ical urban parks. It begins with the identification of key ESs relevant to the specific com-
ponent of green infrastructure considered, followed by the selection of appropriate indi-
cators and assessment methods for both current and project scenarios. Through an inte-
grated reading of baseline conditions, the framework ensures that all selected ESs are con-
sidered with equal weight, reducing the risk of bias toward pre-existing high-performing
areas. The proposed methodology was conceived to foster an interdisciplinary approach
to the regeneration of historical urban parks by integrating multiple ecosystem service
(ES) categories within a single, evidence-based and data-driven design process. By evalu-
ating how variations in vegetation configuration, structure, and spatial arrangement affect
ES provision through quantifiable proxy indicators, the framework enables objective com-
parison between existing and proposed scenarios. Heterogeneous indicators are trans-
lated into comparable metrics, allowing transparent ex-ante and ex-post assessments that
move beyond single-service analyses. Assigning performance scores to vegetation types
further enables the spatial mapping of services, clarifying their distribution and highlight-
ing areas of potential improvement. Overall, the results of the case study underline the
capacity of the framework to make internal trade-offs and structural limitations visible
rather than forcing uniformly positive outcomes. By distinguishing between significant
structural transformations and mere vegetation addition, the methodology offers realistic
guidance for improving project performance. At the same time, the case study highlights
that even relatively limited and conservation-driven interventions can produce measura-
ble improvements in ES provision, particularly in terms of perceived environmental qual-
ity. This is especially relevant in historical park contexts, where design flexibility is inher-
ently constrained by heritage regulations. However, the framework has so far been ap-
plied to a single case study and remains sensitive to the selection and balance of indicators
within each ES category. Future research should include validation through direct field
measurements, integration with long-term monitoring data, and testing under alternative
design scenarios. Further developments could extend the framework to additional sup-
porting services, socio-economic indicators, and design-related factors such as equipment,
furnishings, and paving surfaces. Application to different urban contexts and other cate-
gories of green infrastructure would also help assess its broader transferability and ro-
bustness.
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6. Patents

The exp-EIA© (experiential-Environmental Impact Assessment) was developed by
B.E.A.P., M.B,,N.R,, and G.S. at Politecnico di Milano and Universita degli Studi di Milano
and is a patented method nationally and internationally [PATENT 1: Italian Publication
Number 102021000017168-30/06/2021; International Publication Number WO 2023/275679
A1-5.1.2023; PATENT 2: Italian Patent Publication Number 102024000011161-
16.5.2024\COPYRIGHT 1: N. D000020125-16.06.2023; COPYRIGHT 2 N. 130516-
25.02.2021; COPYRIGHT 3 N. 123453-06.05.2020].
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Appendix A. Vegetation Framework and Phytosociological
Data Processing
Appendix A.1. Potential Natural Vegetation and Successional Stages of the Study Area

This appendix provides a synthetic phytosociological description of the potential nat-
ural vegetation of the study area. In line with the local bioclimatic and pedological condi-
tions, the vegetational context belongs to the neutral-acidic upper western Po Valley se-
ries of English Oak and Hornbeam (Carpinion betuli Isler 1931 alliance). The main succes-
sional stages associated with this alliance are described below. The mature stage of the
real potential series is represented by a forest of Quercus robur L., Carpinus betulus L., Frax-
inus excelsior L., Acer campestre L., Acer pseudoplatanus L., and Prunus avium (L.). The pre-
forest stage is represented by associations with Corylus avellana L. and Prunus avium (L.)
L. as characteristic species and companion Fraxinus excelsior L. and Carpinus betulus L. The
shrub stage is represented by mesophilic associations belonging to Prunetalia-spinosae
Tuxen 1952 order, Rhamno catharticae—Prunetea spinosae Rivas Goday & Borja Ex Tuxen
1962 class, with Crataequs monogyna Jacq., Euonymus europaeus L., Prunus spinosa L., Cornus
mas L., Rosa canina L., and Ligustrum vulgare L. Initial stages with natural grasslands is
currently absent in the Po Plain context due to the secular anthropic disturbance condi-
tions: the theoretical herbaceous stage belongs to the Festuco valesiacae—Brometea erecti Br.-
Bl. & Tuxen Ex Br.-Bl. 1949 class [118,119].

Appendix A.2. Phytosociological Data Processing

Relevés were tabulated, ordered, and interpreted according to the phytosociological
approach, allowing for the identification of vegetation communities with homogeneous
floristic composition and ecology, which were then assigned to coherent syntaxonomic
categories (associations and higher-level syntaxa). Cover-abundance phytosociological
values recorded using the Braun-Blanquet alpha—numerical scale were transformed into
quantitative values according to the approach proposed by [120], based on the conversion
to central values. This transformation allowed for calculation of the specific coverage in-
dex (SCI) [72,73], which was subsequently used for quantitative biodiversity analyses.
Vegetation units identified through the phytosociological analysis were classified within
coherent syntaxonomic categories (associations and higher-level syntaxa) according to the
Prodromo della Vegetazione d’Italia [121-125]. For each phytosociological relevé, recorded
taxa were associated with their respective Raunkizer life forms and chorotypes [126-130];
as well as with ecological indicator values, which were assigned following the updated
Ellenberg-Pignatti system commonly adopted for Italian flora [131-133]; and observation
site. Life forms were classified using the following abbreviations: P = phanerophyte; Ch =
chamaephyte; H = hemicryptophyte; G = geophyte; He/I = hydrophyte/helophyte; T = the-
rophyte. Chorotypes of native species were grouped into seven biogeographical autoch-
thonous regions (Boreal, Cosmopolitan, Euro-Asiatic, South European orophyte, Mediter-
ranean, Atlantic, and Endemic), while non-native taxa were classified as alien species. Sci-
entific nomenclature follows the Italian floristic system. A synthetic overview of the phy-
tosociological relevés dataset, including species composition and associated floristic at-
tributes, is provided in Figure A1.
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Figure A1. Synthetic overview of the phytosociological relevés dataset, showing species composi-
tion and associated floristic attributes (life forms, chorotypes and ecological indicator values) used

for biodiversity analyses.

Appendix B. Participants, Visual Simulation Workflow, and Statistical
Results for Subjective Variables
Appendix B.1. Participant Sample

Two participant groups were involved in the study. The first group consisted of 19
members of local associations engaged in the protection and cultural promotion of Monza
Park (mean age = 62.13 years, SD = 15.27; 33.3% women). The second group included 19
university students in Agricultural Sciences (mean age = 23.65 years, SD = 2.00; 58.8%
women), who are expected to use the study area as a future educational facility. The in-
clusion of these two groups allowed the collection of evaluative responses from both long-
term park users with strong place attachment and younger users representing potential
future users of the area.

Appendix B.2. Visual Simulation Workflow and Photo-Based Virtual Reality

The original spherical photographs were used as baseline stimuli to elicit partici-
pants’ reactions to the current state of the locations, preserving real-world visual cues re-
lated to spatial configuration, vegetation, light conditions, and materiality. The design
scenarios were generated by accurately overlaying project elements onto the same 360°
images, maintaining identical camera position, height, orientation, and field of view. This
ensured full visual and spatial correspondence between the current and simulated condi-
tions, and by using the original 360° photographs as a common visual substrate for both
stimuli, minimized perceptual bias while guaranteeing a high degree of comparability be-
tween conditions [134-136]. To ensure geometric coherence and to avoid any perceptual
bias introduced by image warping or post-processing distortions, the simulation work-
flow was grounded in the construction of a site-specific 3D digital model corresponding
to the portions of the park visible from the selected viewpoints. The model included a
digital terrain model (DTM) as well as the trees and built elements present within the
visible field of view, providing a reliable spatial and metric reference for the simulation
process. Based on this 3D reconstruction, a virtual camera was configured to replicate the
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characteristics of the on-site photographic acquisition, matching viewpoint location, eye
height, and spherical projection parameters. This camera-matching procedure enabled the
accurate placement, without scaling, of the proposed design elements directly within the
scene, consistently with the same visual geometry as the original 360° images. By relying
on a coherent 3D spatial framework and an equivalent virtual viewpoint, the superimpo-
sition of project components could be achieved without distorting the original imagery,
thus preserving the perceptual structure of the existing environment. This approach pro-
vided a high level of visual fidelity of the resulting simulations, which is particularly rel-
evant given that the primary aim of the simulation was to elicit naturalistic perceptual,
emotional, and evaluative responses to the future scenario, rather than analytical recogni-
tion of individual design interventions. Although the visual stimuli consisted of static 360°
images, their use was dynamic. Once loaded into the mobile application, the spherical
panoramas were displayed in an orientation-consistent manner with respect to the real
environment, allowing participants to explore the scene by physically rotating their body
and the smartphone. The images responded in real-time, through the device’s gyroscope,
enabling an embodied and spatially coherent exploration of the visual environment based
on sensorimotor contingencies related to a fixed point of view and a variable viewing di-
rection, as experienced by a stationary observer looking around. For this reason, the ex-
perience can be considered a simple form of photo-based virtual reality, grounded in pan-
oramic imagery rather than fully synthetic environments. This type of interaction, based
on head and body rotation without locomotion, has been shown to be sufficient to elicit a
sense of spatial presence [17,137,138]. The resulting simulations retained the photographic
realism of the existing environment while clearly integrating the proposed transfor-
mations, supporting reliable perception-based evaluations grounded in high ecological
validity. Importantly, in this perspective, the simulated scenarios were not conceived to
explicitly highlight or visually isolate the design intervention as a distinct or contrasted
element, nor to facilitate an analytical identification of “before” and “after” conditions.
Instead, the simulations were intentionally developed to convey a plausible future sce-
nario with an appropriate degree of perceptual realism, in which the proposed transfor-
mation is embedded as an integral part of the environment. This aspect enabled partici-
pants to react to the transformed environment as a coherent and credible whole. By avoid-
ing overt visual cues that clearly distinguish the project from the existing condition, the
simulations supported more naturalistic perceptual and psychological responses, aligning
with the goal of anticipating how people are likely to experience and evaluate the trans-
formed place once implemented. Figures A2 and A3 present the visual stimuli used in the
experiential evaluation, showing the comparison between the existing condition and the
corresponding design scenario for the selected locations.
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(b)
Figure A2. Comparison between the current condition (a) and the design scenario (b) for the Lawn
location, based on views extracted from the high-resolution 360° visual stimuli. The design simula-

tion was derived directly from the original spherical photograph and shares the same viewpoint

and visual geometry, enabling a controlled comparison between existing and future conditions.

(b)

Figure A3. Comparison between the current condition (a) and the design scenario (b) for the Rondo

location, based on views extracted from the high-resolution 360° visual stimuli. The design simula-
tion was derived directly from the original spherical photograph and shares the same viewpoint

and visual geometry, enabling a controlled comparison between existing and future conditions.
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Appendix B.3. Statistical Results

Considering emotions, for pleasure, there was a robust main effect of Scenario,
F(1,31)=38.93, p <0.001, np? = 0.56, with higher pleasure in the project condition (M = 3.32)
than in the existing one (M =2.09). The main effect of Location was not significant, F(1,31)
=2.84, p=0.102, np? = 0.08. Crucially, the interaction between Scenario and Location was
significant, F(1,31) =12.37, p =0.001, np?=0.29. Pleasure increased from existing to project
at both sites, but the gain was larger at Rondo (from M = 1.40 to M = 3.48) than at Lawn
(from M =2.78 to M = 3.17). For arousal, the analysis again revealed a strong main effect
of Scenario, F(1,31) = 33.54, p < 0.001, np? = 0.52, indicating higher arousal in the project
scenario (M = 2.47) than in the existing one (M = 0.86). Neither the main effect of Location,
F(1,31) = 0.59, p = 0.447, np? = 0.02, nor the interaction between Scenario and Location,
F(1,31) =0.62, p = 0.437, np? = 0.02, reached significance, suggesting a comparable arousal
increase at both sites.

For environmental preference, there was a large main effect of Scenario, F(1,31) =
63.40, p < 0.001, np? = 0.67, with higher preference for the project scenario (M = 3.79) com-
pared to the existing one (M =2.96). No significant main effect of Location emerged, F(1,31)
=0.21, p=0.647, np2=0.01. The interaction between Scenario and Location showed a trend,
although not significant, F(1,31) = 3.41, p = 0.074, np? = 0.10, indicating a slightly stronger
increase in preference at Rondo (from M = 2.88 to M = 3.84) than at Lawn (from M =3.05
to M =3.75).

A similar pattern emerged for restoration. The main effect of Scenario was significant
and large, F(1,31) = 38.74, p < 0.001, np? = 0.56, with higher perceived restoration in the
project condition (M = 3.91) than in the existing one (M = 3.42). The main effect of Location
was not significant, F(1,31) = 0.22, p = 0.639, np? = 0.01. The interaction between Scenario
and Location again showed a non-significant trend, F(1,31) = 3.70, p = 0.064, np? = 0.11:
restoration increased at both sites, with a somewhat larger gain at Rondo (from M =3.38
to M =3.99) than at Lawn (from M = 3.46 to M = 3.82).

Across both locations, the activity profiles analyzed within the behavioral component
indicator were broadly similar and dominated by leisure-oriented uses (Table Al). At
Rondo in the existing scenario, sport (36.7% of responses), hobby (21.5%), and social ac-
tivities (17.7%) were most frequently associated with the place, followed by entertainment
(8.9%) and eat (7.6%). Work- and civically oriented uses (work, civic) were rarely men-
tioned (0-5.1%). In the project scenario, the pattern at Rondo remained very similar: sport
(29.1%), hobby (23.3%), and social (20.9%) still accounted for the majority of responses,
with small decreases or increases in single categories (e.g., a slight increase in study from
5.1% to 10.5% and a decrease in eat from 7.6% to 3.5%). A comparable profile emerged at
Lawn. In the existing scenario, sport (28.4%), social (19.8%), and hobby (17.3%) were the
most frequent activities, followed by entertainment (12.3%) and eat (9.9%), while work,
civic, shopping, and mobility were very rarely or never selected. The project scenario at
Roggia produced only minor shifts in these percentages (e.g., study from 8.6% to 12.0%,
eat from 9.9% to 10.8%), with the overall distribution of activities remaining largely stable.
Because participants could select multiple activities per location and were exposed to all
scenarios, activity data were analyzed using a paired McNemar test in order to respect the
within-subjects structure of the design. Mcnemar tests comparing existing versus project
scenarios for each activity within each location confirmed that none of these differences
reached statistical significance (all exact p-values > 0.05).
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Table A1. Distribution (%) of activities associated with each location (Rondo, Lawn) in the existing
and project scenarios. Values represent the percentage of responses (activities selected) within each

location—scenario condition. Explanatory note: CS = Current state; PC = Project conditions.

Activity Type Rondo (CS) Rondo (PC) Lawn (CS) Lawn (PC)
Work Non-restorative 0.0 2.3 1.2 1.2
Study Non-restorative 51 10.5 8.6 12.0

Shopping Non-restorative 0.0 0.0 0.0 0.0

Mobility Non-restorative 0.0 0.0 0.0 0.0

Nothing Non-restorative 2.5 0.0 1.2 0.0

Eat Restorative 7.6 3.5 9.9 10.8
Social Restorative 17.7 20.9 19.8 20.5
Civic Restorative 0.0 1.2 1.2 1.2
Sport Restorative 36.7 29.1 28.4 28.9
Hobby Restorative 21.5 23.3 17.3 15.7

Entertainment Restorative 8.9 9.3 12.3 9.6

Overall, across all psychological measures, the simulated scenarios were consistently
associated with higher pleasure, arousal, environmental preference, and perceived resto-
ration, with no systematic overall differences between Rondo and Lawn. There is some
indication that the intervention benefits Rondo more for hedonic evaluations, with a non-
significant trend for cognitive measures as environmental preference and restoration. In
the re-design scenarios, no statistically significant changes were detected in activity pat-
terns in either location.
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