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Abstract: In light of the challenges confronting urban areas due to increasing populations
and spatial constraints, urban green infrastructure is vital for fostering environmental
balance, enhancing community well being, and promoting sustainable urban development.
This situation underscores the necessity for strategies that reconcile the escalating demand
for constructed environments with the enhancement of urban green infrastructure in urban
areas. This study seeks to empirically investigate an integrated spatial analysis approach
that synthesises the quality of urban green infrastructure and land characteristics by in-
corporating diverse perspectives, utilising the Altstetten-Albisrieden district of Zurich
as a case study. It systematically evaluates factors including development density, green
surface coverage, leaf area, green ratio and connectivity, and the accessibility of public
green spaces within the studied district. A 10-m rectangular grid was employed to visualise
and integrate the evaluation results from different perspectives. Furthermore, clustering
algorithms were utilised to generate spatial patterns indicative of unique land character-
istics. By comparing the results from various clustering algorithms, this study adopted
the �fteen clusters derived from the K-Means method, employing radar charts to describe
the characteristics of each cluster, and partitioned the district into �ve zones to provide
recommendations regarding the provision and optimisation of urban green infrastructure
within the district. Ultimately, it highlighted the necessity of increasing community gardens
and green spaces in densely built areas and leveraging existing structures to augment
vegetation and plant life for the enhancement of ecological bene�ts.

Keywords: urban green infrastructure; green space provision; accessibility; clustering;
Altstetten-Albisrieden; Zurich

1. Introduction
Over the past century, a notable acceleration in the development of cities and urban

areas has been observed globally. This progression, characterised by a signi�cant increase
in urban populations, the expansion of urban boundaries, and the intensi�cation of urban
functions primarily driven by economic growth and pro�tability, has led to a plethora of
social and environmental challenges. In light of the critical signi�cance of social well being
and environmental sustainability, the essential roles of urban green infrastructure in miti-
gating the adverse effects of rapid urban development have been increasingly recognised.

Urban green infrastructure, de�ned as a strategically planned network of natural and
semi-natural areas alongside various environmental features, is designed to provide a com-
prehensive array of ecosystem services while enhancing biodiversity [1]. This infrastructure
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incorporates natural elements, including vegetation, wildlife, water, and microorganisms,
organised into diverse landscape formats such as public gardens, parks, woodlands, street
trees, open green spaces, green roofs, facades, and cultivated �elds [2,3]. Owing to its
resemblance to natural ecosystems in terms of components and the integration of arti�cial
settings, urban green infrastructure serves multiple functions on both local and global
scales [2]. A signi�cant body of research has documented the advantages of urban green
infrastructure within the urban fabric, which encompasses the reduction in urban heat
islands [4�6] and the promotion of equilibrium between urban and natural environments,
as well as contributing to ecosystem services [7,8], the enhancement of community well
being [9,10], and the mitigation of the detrimental effects of climate change [11].

More speci�cally, the average temperature of a park can be 0.94 �C lower than that of
the surrounding urban areas during daytime [4]. It has been determined that a 10% increase
in green spaces within urbanised areas could result in a decrease in surface temperature by
up to 4 �C by the 2080s under both low- and high-emission scenarios in Greater Manchester,
UK [12]. Concurrently, a 1% increase in investment towards green infrastructure in urban
settings, manifested through the enhancement of urban greenery and greater public aware-
ness regarding environmental issues and pollution control, corresponds to an approximate
1.1% reduction in carbon emissions across several major cities in China; however, this effect
is not cumulative [13]. A meta-analysis of urban green infrastructure and its impact within
the Guangdong�Hong Kong�Macao Greater Bay Area in China indicated a decrease of
0.01 �C in air temperature for every 1% increase in urban green infrastructure [14]. This
signi�cant cooling effect has led to substantial reductions in carbon emissions throughout
the region, both directly and indirectly; the reductions varied from 2.2% to an impressive
88.0%, in�uenced by the morphological differences of the cities, particularly concerning
the extent of urban green infrastructure in relation to built-up areas [14]. Furthermore, a
positive correlation has been observed between average vegetation coverage and diversity
on rooftop greenery and the diversity and evenness of avian communities, as evidenced by
two-year natural recolonisation experiments conducted in Hong Kong [15]. Additionally,
bird census data from public parks in Hong Kong reveal a positive association between
park size and the richness of avian species during both wintering and breeding seasons [16].
Moreover, the dimensions of public green spaces and their proximity to residential areas can
favourably impact the frequency and duration of outdoor activities engaged by residents,
as noted in the four public park clusters extending through Altstetten and Albisrieden,
Zurich [17]. Notwithstanding, as indicated by the World Health Organisation, exposure to
the natural environment for a minimum of 120 min per week is correlated with signi�cant
bene�ts for both physical health and mental well being [18]. Conversely, urban areas with
a high mortality burden are associated with circumstances such as a de�ciency of green
spaces, an unequal distribution of green spaces within the urban landscape, and a scarcity
of tree coverage beyond designated green spaces [19]. In light of the aforementioned bene-
�ts, it is unequivocal that urban green infrastructure constitutes one of the nature-based
solutions for sustainable urban development [20,21].

Upon reviewing the existing bibliography concerning the advantages of urban green
infrastructure, it is noteworthy to mention that the majority of studies have primarily
examined performance from a singular perspective without concurrently evaluating the
trade-off in�uences arising from alternative dimensions. For example, Zhou and Chu
articulated in their research that visitor rates negatively impacted the observed richness
and diversity of bird species, indicating a competing relationship in the utilisation of
public parks between humans and avian species [16]. Conversely, contrasting phenomena
may be observed in certain open green spaces characterised by limited management and
maintenance, which prioritise ecosystems and biodiversity but may inadvertently result
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in negative consequences, such as the proliferation of harmful insects, and issues related
to hygiene, safety, or security. Such dichotomous situations can also arise between the
recreational function and the aesthetic and amenity purposes of green spaces, as well as
between the costs associated with installation and maintenance and the regulation of macro-
and micro-climates [22]. These factors raise signi�cant concerns regarding the planning
and provision of urban green infrastructure to maximise its bene�ts while minimising such
paradoxes in both designated functions and practical performances, highlighting one of
the prevalent challenges in establishing a well-structured urban green infrastructure within
urban areas [2].

Considering that modifying the use of land after it has been developed or designated
for a speci�c function is typically an irreversible or highly challenging and costly endeav-
our, the planning and provision of urban green infrastructure demand a comprehensive
evaluation from multiple perspectives, thoroughly integrated into the overarching regional
or city plan within speci�c urban contexts, if not more advanced. This necessity emerges
not only from the intricate interconnections among various functions but also from its
capacity to facilitate decision-making processes that reconcile diverse priorities in urban
planning and design [23�26], prevent con�icting trade-offs between ecological, social, and
economic values, and mitigate disputes among stakeholder perspectives [27].

In Zurich, the rapid growth of the population, coupled with its direct consequence�
an increase in buildings and building density�has generated substantial public concern
regarding the availability of green spaces and urban greenery within developed areas. The
projected growth of an additional 25% of the population, in contrast to the prevailing public
consensus favouring the densi�cation of existing urban areas rather than the extension
of urban boundaries, suggests that a more compact living environment will emerge in
the coming decades. This development necessitates serious consideration in creating a
built environment capable of meeting urban development requirements while balancing
the relationship between construction and nature and striving to maintain, if not enhance,
the quality of life in Zurich. The challenge is apparent; on one hand, population growth
demands an increase in both living and working spaces within the city; on the other hand,
the federal and cantonal governments are committed to preserving areas designated for
forests and agricultural lands, as well as providing public gardens, open spaces, recreational
venues, and additional forms of urban greenery to foster robust urban life and resilience.
This includes the regeneration of urban ecosystems, improvement of the living environment,
and enhancement of social integration and equality. Conversely, this situation presents
opportunities to adopt a comprehensive approach aiming at amplifying the multifaceted
roles of urban green infrastructure within urban areas.

As part of the interdisciplinary research module titled �Dense and Green Cities� at
the Future Cities Laboratory Global, which aims to explore strategies and approaches for
urban densi�cation and transformation in Zurich, this study seeks to address the inquiry
regarding the types of urban green infrastructure required and the optimal locations for
its implementation to maximise bene�ts in speci�c urban settings and enhance the quality
of life for both human populations and ecosystems. The objectives of this study are
twofold. Methodologically, the research intends to employ an integrated spatial analysis
approach that synthesises the quality of urban green infrastructure and land features by
incorporating both social and ecosystem perspectives. Additionally, it aims to contribute
to strategic recommendations for optimising and enhancing local green spaces through a
comprehensive understanding of spatial patterns at the district scale.

Following the introductory section, the paper delineates the methodological strategies
and approaches employed to investigate and categorise urban green infrastructure factors
from diverse perspectives. By utilising an integrated land feature clustering map and
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elucidating the characteristics of each cluster, the paper furnishes insights and recommen-
dations for urban green infrastructure within the studied district. In conclusion, this study
addresses its limitations and provides suggestions for further development.

2. Methods
2.1. Methodologies and Framework

The objective of this study is to delineate and optimise the provision of urban green
infrastructure, predicated upon a comprehensive understanding of its social, ecological,
and environmental functions. This inquiry is structured around four key questions that
will direct the analytical process as follows:

� What factors pertinent to the functions of urban green infrastructure, from various
perspectives, should be considered in this study?

� How does the examined district perform in relation to these selected factors?
� What interrelationships exist among these identi�ed factors?
� Furthermore, can the measurement outcomes of these factors be synthesised to provide

a holistic characterisation of the land use situation from multiple viewpoints?
� In what ways can common patterns of land use situations be identi�ed to inform

strategic recommendations for enhancing the provision of urban green infrastructure
within the studied district?

Consequently, this study was organised into �ve distinct phases (Figure 1). The initial
phase identi�ed the factors of urban green infrastructure from three perspectives. A brief
literature review of the existing scholarship on the factors of urban green infrastructure and
their signi�cance within the urban built environment yielded the candidate factors from a
scienti�c viewpoint. The subsequent selection of the involved factors was re�ned through
adherence to the EU sustainable urban development guidelines and the Sustainable Devel-
opment Strategies of Switzerland and Zurich 2030 in order to focus on the most relevant
elements for the city redevelopment within the studied district. These selected factors were
measured within a geographic information system (GIS) during the second phase. The
�ndings were classi�ed utilising the Jenks Natural Break method and visualised using a
rectangular grid system, transforming polygon-based land use data into standardised grid
cell information for enhanced comparison and integration.
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The subsequent phase integrated the measurement results of each factor into a multi-
variable data matrix based on the grid cells and examined the interrelations among these
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variables. Later, this study employed statistical algorithms to categorise grid cells into
groups with similar characteristics, culminating in a clustering map of the studied area.
The cluster centroids, representing the average values of each variable, illustrated the
characteristics of the clusters through multi-dimensional radar charts. This methodology
enabled this study to identify patterns in land features across the district, serving as a
decision-support tool and offering valuable insights for optimising green infrastructure
within the district for planners, designers, and policymakers.

2.2. Study Area

The district of Altstetten-Albisrieden is situated to the west of Zurich City, encom-
passing an area of 12.1 square kilometres, ranging from the Limmat River in the northeast
to the Uetliberg mountains in the southwest (refer to Figure 2). The progression of the
Altstetten-Albisrieden district over the past century exempli�es the patterns of urbanisation
witnessed in Switzerland and across Europe. As a region bordering the central city, the
overall development of this area is primarily attributable to the rapid industrialisation and
the enhancement of infrastructure connecting the central city to its surrounding locales.
Furthermore, during the 1980s, the �ourishing economy and the escalating demand for
improved living conditions rendered the district’s verdant landscape appealing, thereby
stimulating residential developments aimed at delivering superior living conditions charac-
terised by relatively low population and building densities. Such conditions highlight the
signi�cant potential for urbanisation driven by progressive redevelopment concentrating
on densi�cation, thereby necessitating critical considerations concerning the provision of ur-
ban green spaces within the modern built environment. A similar scenario is observable in
the districts of Seebach and Oerlikon, situated in the northern region of Zurich. In contrast
to other districts, the Altstetten-Albisrieden area exhibits a diverse topography marked
by various geographical features, with railways at its core and mountains delineating its
boundaries. As one of the earliest incorporated communities, Altstetten-Albisrieden dis-
plays a blend of architectural styles and urban forms, ranging from single-family homes to
contemporary high-rise buildings, re�ecting the evolution of urban development over time.
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Figure 2. Location of the studied district, Altstetten-Albisrieden, Zurich.

Currently, Altstetten is home to 34,098 residents, encompassing 18,059 housing units
and 46,839 job opportunities, with 47% of the area developed and 28% designated as green
space. In contrast, Albisrieden accommodates 22,412 inhabitants, 12,000 housing units, and
12,310 jobs, with 41% of the area developed and 43% covered by forest. In efforts to enhance



Land 2025, 14, 724 6 of 28

green infrastructure in construction areas, this study excluded closed forests adjacent to the
river and the mountain foothills from its analysis.

2.3. Urban Green Infrastructure Factors

Encompassing both global and Swiss regional contexts, a thorough examination of
sustainable urban development strategies and guidelines underscores essential principles
for Switzerland’s Green Urban Agenda. These principles underscore the signi�cance of
conserving urban nature and green spaces, ensuring the provision of high-quality open and
public spaces, improving ecological livelihoods, promoting accessibility to public green
areas and vital amenities within short distances from residential neighbourhoods, and
fostering social inclusion while safeguarding natural resources [28].

The existing body of literature, focusing on addressing these principles, examines the
functions of urban green infrastructure from varying perspectives. The advantages of regu-
lating outdoor temperatures and mitigating the urban heat island effect in urban areas are
evident through the extent of green surfaces and the quantity of greenery, which are widely
acknowledged globally [4]. While the integration of substantial green spaces into urban
environments generally enhances air quality, the highly context-dependent contributions of
urban green infrastructure have been analysed through empirical simulation modelling and
actual measurement. The structural con�gurations and density of buildings and vegetation
signi�cantly in�uence interactions with wind �ows, thereby affecting the dispersion of air
pollutants [29�31] and, consequently, impacting individual health [32�34]. Furthermore,
they encourage the establishment of green paths and corridors that enhance ecological
sustainability [8,35]. The spatial distribution of greenery, particularly the allocation of
public green spaces within urban areas, which contributes to outdoor activities and social
equity, is typically assessed through metrics of accessibility based on space size [17,36,37]
alongside the types and density of vegetation [38,39].

Consequently, this study has identi�ed six primary factors for the examination of
urban green infrastructure. Quantity-based metrics, such as green surfaces and leaf area,
assess the extent of greenery that covers the ground and vegetation canopies, thereby
emphasising the quantity of greenery present within land use. Distance-based measures,
including accessible public green spaces and total areas, evaluate the spatial distribution
of public green areas in relation to district residents, re�ecting human activities as well as
considerations pertaining to social justice. Furthermore, the metric associated with land
development intensity, characterised by the green ratio and connections, illustrates the
support rendered to natural habitats and ecosystems.

2.4. Data

This study utilised relevant geo-information and data obtained from the City of
Zurich’s open-access resources in 2021, which comprised building information, household
locations, land use, and tree data. Updated building information detailing the number of
households and job positions within each structure was acquired from the City of Zurich
in 2023. Furthermore, this study employed street networks sourced from OpenStreetMap
to analyse spatial connections and assess service coverage areas of public green spaces
throughout the district.

2.5. 10-m Rectangle Grid for Data Analysis and Visualisation

This study employed grid-based analysis to visualise, integrate, and cluster spatial
data derived from various factors. This approach is particularly effective in managing
continuous datasets and enhances the understanding of spatial phenomena across a given
landscape [40]. It is acknowledged that grid size can signi�cantly impact the analysis
results [41�43]; thus, this study initially utilised a grid size of 30 m based on its achievement
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of the highest accuracy of 82.9% in the comparative analysis conducted by Lv et al. [44],
slightly surpassing the performance of the 10-m and 15-m gride sizes. However, the 3-m
grid was inadequate in delineating the general pro�les of buildings and other spatial enti-
ties, and it also presented some misleading information in areas where building data were
absent. This observation promoted the adoption of a grid size of 10 m, as recommended by
N. Dong et al. [41], whose study evaluated the ef�cacy of various grid sizes in population
distribution, ranging from 5 to 200 m. Figure 3 illustrates the distinctions between the
10-m and the 30-m grids concerning the representation of building �oor areas within the
study district.
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Figure 3. Different grid sizes, 10-m grid (A) and 30-m grid (B), and their performance in re�ecting
the actual situation of building �oor areas in the studied district.

Furthermore, the preference for grid-based analysis over direct use of land plots
provided in the geo-information arises from several considerations as follows:

� A preliminary study examining buildings and developments within the district has
revealed that numerous projects were strategically constructed across neighbouring
land plots to maximise building volume and green spaces. Furthermore, certain land
plots have been subdivided into multiple smaller segments to facilitate developments
at various stages. These instances raised concerns that reliance solely on plot data
derived from geo-information might fail to accurately capture the true distribution of
green, grey, and built surfaces.

� In the assessment of the accessibility of public green spaces within the studied district,
distinct segments of some speci�c large plot developments displayed discrepancies in
both the quantity and size of accessible public green spaces, thereby complicating the
data validation and clustering processes. In this context, the designated grid network
served to standardise the measurement of the green factor across land units.

� Most buildings have direct connections to roads and streets, and land plots do not
adequately group buildings or establish a coherent spatial hierarchy beyond indi-
vidual structures. This is especially relevant when analysing accessibility to green
spaces; thus, land plots are more suited to administrative purposes than to fostering
spatial development.

Consequently, the 10-m rectangular grid partitioned the entirety of the studied area
into 122,008 square units, of which 87,622 units were incorporated in the green factor
measurement and clustering process of this study, excluding the forested regions located in
the southern section of the district.
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2.6. Methods and Application
2.6.1. Land Development

The land development analysis examined the constructed surface area and construc-
tion volume within the targeted regions. This included roadways, streets, railways, build-
ing footprints, and other impervious surfaces that were classi�ed as constructed surfaces,
along with building �oor areas contributing to the overall construction volumes. The
geo-information related to roadways, streets, railways, and other impervious surfaces was
obtained directly from the City of Zurich, while the building �oor areas were derived from
the polygons representing building footprints, combined with the updated building �oor
counts as of 2023 provided by the City of Zurich.

2.6.2. Green Surface in Land Use

The essential geographical information regarding green spaces was derived from
open-source data provided by the City of Zurich. These data include attributes such as
polygon geometries and classi�cations of green spaces. Given that multiple plots within the
district have experienced redevelopment over the past �ve years, on-site observations and
Google Earth imagery were also used to update and verify the geographical information
concerning these green areas.

2.6.3. Leaf Area

This study used the leaf area index (LAI) to assess the density of leaves within the
district. The LAI is a critical metric in the �eld of climate change research [45]. It measures
half the total intercepting area per unit of ground surface area [46] and quanti�es the
amount of leaf area in an ecosystem [45]. The leaf area calculation of this study consists of
two parts: the ground green surfaces and the canopies of trees in the urban area. The green
ground surfaces functioning as open spaces in gardens and parks and green landscape
areas surrounding buildings, urban farming areas, and intensively cultivated �elds were
calculated as grasslands, gardening �elds, and crop �elds, respectively. The leaf area of
tree canopies was determined using the particular LAI values along with tree information,
such as canopy dimension and species information, provided by the City of Zurich.

A substantial body of research has examined and quanti�ed the LAI values of various
vegetation species, employing diverse methodologies and perspectives. Since LAI values
can �uctuate signi�cantly due to numerous factors affecting plants, such as cultivation
conditions, age, season, life stages, and the methods of measurement [45], this study
adopted LAI values, listed in Table 1, grounded in speci�c principles.

� The case study area encompasses over two hundred tree species. This study stream-
lined the information and categorised these species based on their respective vegeta-
tion genus and Latin nomenclature.

� Considering the impact of climate on vegetative growth, this study primarily selected
LAI values from research conducted within temperate climate zones that closely resem-
ble the studied area. In instances where speci�c LAI values were not available from
the aforementioned research, this study utilised data from tropical zones, particularly
referencing the vegetation database provided by EarthData, NASA, and the Flora &
Fauna Web by Singapore National Parks.

� For tree species lacking available LAI values, this study adopted general LAI values
pertinent to broadleaf and coniferous trees.

� In addressing the variations in canopy structure and leaf density across different life
stages, particularly the seasonal �uctuations in deciduous trees, this study favoured
LAI values corresponding to mature trees measured during the period of maximum
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foliage, typically from early summer to early autumn, with variations depending on
plant species and cultivation techniques.

� Numerous studies have examined the divergence in LAI values among tree species
attributable to the application of diverse measurement and calculation methods, in-
cluding litter traps, Allometric methods, Digital Hemispherical Photography (DHP),
and Tracing Radiation and Architecture of Canopies (TRAC) [45]. In such instances,
this study preferred to utilise either the proposed LAI value from the existing research
or the average values obtained from various measurement approaches.

� Urban farming zones are areas where vegetables and �owers are typically cultivated.
This study applied the average LAI value for several common vegetables and �owers.
The intensively cultivated �elds within the case study recorded an LAI value of 2.9,
referencing the statistics derived from the LAI dataset by region [47]. Furthermore,
the LAI value associated with grassland is signi�cantly correlated with the height of
grasses and the species present within a given year. For the case study, the mean LAI
value of 2.9 was utilised, as recorded in Italy during the summer months [48].

Table 1. Main tree species of the studied area (the information on tree species referred to the data
from the Swiss National Forest Inventory [49] and tree information provided by the City of Zurich)
and the leaf area index (LAI) values used in this study.

Category Species Leaf Area Index (LAI)

Tree

Spruce (Picea)
7.5 (It is the mean value of the results from three studies: a Litterfall study in 1998 with a result of

7.5, an LAI-2000 measurement result of 7.8 carried out in the summer of 2001 [50], and a study
conducted in the Alpine biogeographic region suggesting a value of 7.28 [51].)

Fir (Abies) 5.1 (The value referred to the three research measuring the LAI through the Litterfall traps method
in the Southern Carpathian Mountains, Romania [52] and the mixed forest in Italy [53,54].)

Larch (Larix) 3.6 (The study conducted in the Alpine biogeographic region suggested the mean value to be
3.61 [51].)

Pine (Pinus) 5.7 (It is the mean value referring to the result of a study conducted in the forests of Spain [55].)

Beech (Fagus) 5.5 (It is the mean value of the given LAI values ranging from 2.3 to 7.8 in the study conducted in
Switzerland [50].)

Maple (Acer) 4.0 (It is a suggested value by Cerny [56].)

Ash (Fraxinus) 2.8 (It is a suggested value by Ladefoged [57] and used in the study conducted in the Czech
Republic [58].)

Oak (Quercus) 4.7 (It is a value used in the study in the Czech Republic [58].)

Chestnut (Castanea) 2.5 (It is a measured value from June to October near the Botanical Garden of the University of
Trieste, Italy [59].)

Tilia (Tilia) 5.3 (It is a value used in the study in the Czech Republic [58].)

Apple tree (Malus)

3.0 (Due to the variation of leaves at different growth stages throughout a year, the LAI value here
refers to the mean values of the leaf differentiation growth stages through the ground-truth LAI

measurements [60] and the mean value of the LAI measured from the middle of June to August in
the study conducted in China [61].)

Cherry tree (Prunus)
4.8 (Due to the different LAI values between different pear tree species, the value here referred to
the average of the mean values of the original LAI of the Sweetheart cultivar and the Bing cultivar,

measured in the study in Chile [62].)

Pear tree (Pyrus) 1.7 (This value referred to the mean value of the measured LAI values in the study conducted in
China [63].)

Mulberry (Morus) 3.1 (This value referred to the mean value of the actual LAI of the six mulberry trees in the study by
Peper and McPherson [64].)

Walnut (Juglans) 6.3 (This is the mean value of the LAI among three monocultures of black walnuts in six different
years during 1979�2003 in Sikenica, Slovakia [65].)

Willow (Salix) 3.3 (This is the mean value measured in the study by Tharakan et al. [66].)
Broadleaf 4.0 (This is the mean value mentioned in the review by Parker [67].)
Conifer 5.2 (Ibid.)

Urban farming/gardening �elds

3.2 (The LAI value refers to the four types of common vegetables, Tomato (4.2), pepper (3.3), and
cucumbers (3.6), measured directly by the study in Turkey [68]; the optimal LAI value of eggplants
in August is 3.3 [69] and the common cutting �owers, such as rose (a measured LAI of 3.0 around
August) [70], chrysanthemum (a mentioned value range of 2.7�3.5) [71], tulip (a measured value

range of 1.7�2.4) [72], and lily (a measured LAI value of 2.6) [73].)

INTENSIVE CULTIVATED FIELDS 2.9

Meadow 2.9
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2.6.4. Green Ratio and Connection Measurement

The ongoing growth of the human population and the expansion of urban areas,
characterised by buildings and infrastructure, have led to the overexploitation of natural
resources and posed signi�cant threats to natural habitats [74]. Habitat fragmentation
occurs when larger, interconnected habitat areas are divided into smaller, isolated patches
due to human development, infrastructure, and natural processes. This fragmentation
poses serious challenges to landscape connectivity, which is crucial for biodiversity and
climate stability [74�76].

This study introduces the green ratio as one perspective on how the development
in the studied district facilitates or impedes animals’ movement among green patches.
Opposed to the concept of landscape resistance [77,78], the green ratio indicates the impacts
of environmental factors on natural habitat movement and ecosystems. A high green ratio
implies easy movement across patches, while a low ratio represents limited movement or a
barrier to movement.

Referring to the de-fragmentation concept given by the Singapore National Parks
Abroad (NParks) and its categorisation of spatial resistance in urban areas, the calculation
of the green ratio in this study used the ratio between the leaf and built areas to indicate
the facilitation level from intensive developed areas to high-quality green areas, including
environmental variables such as land use (e.g., green landscape and grey landscape), roads
and streets, human development (e.g., buildings and other structures), and leaf areas
as follows:

Green Ratio =
Total Leaf Area of Green surface and Vegetation

Total Area of Building Floors, Grey Surface, Infrastructure and Road Area

In accordance with the concept of de-fragmentation, which entails the establishment
of green pathways or corridors to connect fragmented green spaces or landscapes, this
study utilised the analytical tool Distance Matrix within QGIS 3.40 Bratislava to discern
the connections of each patch possessing a speci�c green ratio (green ratio > 0.1 in order
to guarantee the amount of greenery in the grid patch) to its neighbouring green surfaces
and vegetation, indicated in Figure 4. This analysis highlights potential green connections
within the district.
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Figure 4. The concept of green connection calculation, counting the number of connections from
one green patch to its neighbouring patches. The numbers in grid cells represent the number
of connections.

2.6.5. Assessment of Public Green Spaces Accessibility

This study examined the social implications of green spaces in relation to their accessi-
bility. It predominantly focused on publicly accessible green spaces, including city parks,
gardens, open green spaces, and sports �elds, under the ownership of the municipality. The
analysis was organised around two critical factors: the number and total area of accessible
public green spaces situated within an 800-m walking distance.
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The methodology utilised in this study employs a centroid point or entrance when
the dimensions of the space exceed 400 m to represent the geographical location of each
public green space. By integrating the street network, the 800-m service catchment areas
are delineated through vector processing tools, speci�cally employing Service Area and
Hull functions within QGIS. The count of overlapping service areas re�ects the number of
accessible public green spaces. Given the diverse range of spatial dimensions of public green
spaces across the studied district, this study further correlates the number of accessible
public green spaces with their respective sizes to evaluate the total area of accessible public
green spaces across various segments of the district. This analysis indicates the usage
density of public green spaces and assesses the equity of their allocation.

2.6.6. Data Clustering Based on the Multiple Parameters of Green Space

The objective of this study was to systematically analyse the land features and their
patterns, thereby structuring the classi�cation of land areas based on their similarities
related to green factors. Accordingly, clustering methods were selected to examine the
dataset derived from the seven measured factors. The data clustering process commenced
with an evaluation of the data distribution across each factor and the relationships among
those factors pertinent to urban green infrastructure. Initially, the information regarding
the measured factors was standardised and consolidated into their respective grid cells,
aggregating all cells into a comprehensive data matrix. The Pearson Correlation Coef�cient
analysis was utilised to evaluate the linear relationships among the factors.

The data matrix was characterised by high dimensionality and identi�ed the K-Means
clustering method as the principal approach. However, the distribution of the dataset,
represented within a three-dimensional coordinate system exhibiting varying density,
highlighted the applicability of the Density-Based Clustering method (DBSCAN), the
Hierarchical DBSCAN method (HDBSCAN), and the Gaussian Mixture Model (GMM) in
conjunction with Principal Component Analysis (PCA). In order to execute the K-Means
algorithm, this study utilised the Elbow Method to ascertain the optimal number of clusters
(K value) for the algorithm, and the Bayesian Information Criterion (BIC) was applied to
determine the suitable number of clusters. The optimal K value was subsequently employed
within the K-Means clustering methodology to distinguish the datasets into discrete clusters.
Simultaneously, the two critical parameters, epsilon (eps) and the minimum number of
data points necessary for the algorithms of the DBSCAN and HDBSCAN algorithms,
were established through the K-distance graph. The GMM algorithm does not necessitate
any predetermined parameters; however, PCA analysis can signi�cantly enhance the
ef�cacy of clustering outcomes by reducing dimensionality. The results derived from all
methodologies were projected for comparison within the studied area utilising QGIS. The
Dunn index was employed to assess the quality of the clustering results.

2.6.7. Classi�cation for Feature Description

To elucidate the overarching characteristics of the factors associated with each cluster,
this study employed the Jenks Natural Break classi�cation method in order to categorise
the dataset pertaining to each measured factor into ten distinct classes. This methodology
effectively organises the data into classes that minimise the within-class variance while
maximising the between-class variance during the calculations [79]. The centroid of each
cluster with the mean values of the factor classes was utilised to produce radar charts that
visually represent the distinctive characteristics of each cluster.
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3. Results
3.1. Land Development and Greenery Availability

The subsequent �gures (Figure 5A�C) present a comprehensive land development,
green space, and leaf area analysis. As the colour gradient darkens within each �gure,
it indicates an increased concentration of measured factors within the respective grid
cells. These �gures illustrate the extent of land development, while areas characterised
by intensive development and high-density buildings, particularly along railway lines
and in the eastern sector of the district, are represented by grey surfaces. In contrast,
residential areas feature only essential pathways for vehicular and pedestrian movement,
thereby preserving substantial ground surfaces dedicated to green spaces. Beyond the green
spaces, immediate surrounding buildings, public gardens, sports �elds, urban gardening
plots, and cultivated �elds situated at the periphery make a signi�cant contribution to the
overall availability of green spaces. Given that the majority of green areas within the urban
environment are adorned with turf and shrubs, the leaf area across the district remains
relatively consistent. However, the presence of trees in public gardens, sports �elds, and
other open spaces provides a contribution of notably high leaf area values. On average,
the mean value of development within each grid cell encompasses approximately 130 m2,
while the corresponding green surface measures about 46 m2, and the average leaf area for
the grid cells attains 160 m2.
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Figure 5. Development intensity (A), green surface (B), and leaf area (C) measured in a 10 m by 10 m
rectangle grid across the studied area.

3.2. Green Ratio and Green Connection

The green ratio (Figure 6A) and the green connection (Figure 6B) generated through
the distance matrix analysis reveal the impact of urban development on the fragmentation
of natural habitats. The colours in the green ratio, ranging from dark green to dark grey
in the spatial resistance, indicate that the grid units are becoming increasingly ineffective
in restoring natural habitats or impeding the movement of organisms. Additionally, the
grid cells in the green connections, differentiated by colours from yellow to dark purple,
show a rise in connections with the surrounding cells. Both �gures demonstrate that
public gardens, urban gardening plots, sports �elds, and cultivated areas play vital roles
in fostering green connections. The heavily developed infrastructure and high-density
buildings create signi�cant gaps in the urban greenery stretching from the Limmat River
to the Uetliberg foothills. Moreover, these intense developments, buildings, and street
networks fragment the greenery in the built-up area into scattered and isolated small
patches, diminishing its capacity for natural recolonisation.
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Figure 6. Green ratio (A) and green connection (B) measured in a 10-m by 10-m rectangle grid across
the studied area.

3.3. Accessibility of Public Green Spaces

The accessibility of public green spaces is evaluated through the lens of two primary
factors: the number of public green spaces located within an 800-m walking distance (as
illustrated in Figure 7B) and the aggregate area of those spaces (as depicted in Figure 7C).
The gradient of colours, transitioning from dark to light green in both �gures, signi�es a
decline in the availability of accessible public green spaces as well as a reduction in the
cumulative area of these spaces. In general, the geographical distribution of the existing
public green spaces guarantees that each household within the studied district can reach at
least one public green space within an 800-m radius. However, households situated in the
central area and adjacent to the Limmat River have access to over ten public green spaces
within the same distance, irrespective of the size of these areas. Moreover, taking into
account the dimensions of each public green space, households located in the northeastern
and southwestern regions are able to utilise signi�cantly larger green spaces compared
to those in other areas. Conversely, households in the central�western portion of the
district are disadvantaged in both aspects, underscoring the necessity for the introduction
of additional public green spaces in this area.
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Figure 7. The allocation of public green space throughout the studied district (A), the number of
accessible public green spaces (B), and their total areas (C) within an 800-m walking distance in
the district.
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3.4. Interrelationships Among Measured Factors

In the process of compiling the measured factors as variables for the examination of
their interrelationships, the results depicted in Figure 8 reveal signi�cant positive linear
relationships among the factors pertaining to green surface, leaf area, and green connection
at the � = 0.001 level. This observation indicates a direct correlation whereby an increase in
green surface positively in�uences both the enhancement of leaf area and the improvement
of green connection within grid cells. Furthermore, the linear relationships between the
green ratio and the factors of green surface, leaf area, and green connection are observed to
be moderately positive, akin to the relationships between the two factors that pertain to
the accessibility of public green spaces. Notably, the development factor re�ects a negative
correlation with most other factors; nonetheless, the correlation coef�cient values remain
from very weak to moderately high. Additionally, the two factors associated with public
green space accessibility exhibit independence from others, as evidenced by the very low
correlation coef�cient values between them.
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Figure 8. Correlation coef�cient analysis between seven measured factors (***: � = 0.001).

3.5. Green Feature Clustering

The distinctive feature of the comprehensive dataset comprising green attributes is
characterised by high dimensionality, 87,622 observations encompassing seven factors. The
Elbow Method recommends that the optimal K value is around 10 to 15 (Figure 9A). The
intricacy introduced by the seven dimensions resulted in a continuous increase in values
across all Bayesian Information Criterion (BIC) models, in conjunction with the escalation
of the K value. Due to certain variables exhibiting strong linear correlations, this study
implemented the PCA method to reduce the dataset’s dimensionality, ultimately retaining
four principal components that achieved cumulative variances of 90%. Nevertheless, this
dimensionality reduction did not enhance the results from either the Elbow Method or the
BIC, suggesting a similar K value range for clustering (Figure 9B).
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Figure 9. Elbow Method and BIC analysing the optimal K value for the K-Means clustering algorithm:
with all seven factors (A) and with four components retained after the PCA analysis (B). The red
dash lines indicated a similar variation ratio from twenty clusters back and the elbow points as the
optimal K values existed between ten and �fteen clusters.

In trials with varying combinations of the two parameters, the eps value and the
minimum points of the cluster, the DBSCAN and the HDBSCAN algorithms generated
clusters of no more than six, with extremely uneven data points distributed in each cluster,
implying the method is unsuitable for this dataset. The GMM algorithm based on the
PCA reduced-dimensional dataset resulted in nine clusters applying the �VVE� model for
the minimum request of BIC. Since the BIC algorithm veri�ed that �fteen clusters with
the �VEV� model performed better than in the other situations earlier (Figure 9B), the
GMM was also forced to cluster the dataset into �fteen groups through the �VEV� model
speci�cally. Figure 10 displays the clustering results of the six methods, projected in a
three-dimensional system.

The four results of clustering�ten and �fteen clusters derived from the K-Means, nine
clusters utilising the �VVE� model, and �fteen clusters employing the �VEV� model as per
the GMM technique�are illustrated in Figure 11 for the district under study. In order to
facilitate a comparative analysis of the differences among these clustering results, all clusters
have been systematically organised in descending order based on average measurements
of the development factor. The two outcomes from the K-Means adeptly differentiated
between grid cells associated with buildings, grey surfaces, and green surfaces. A notable
distinction between the 15-cluster K-Means outcome and the 10-cluster K-Means outcome
is that the former delineated grid cells characterised by low development into three distinct
groups, informed by their green surface, green ratio, and accessibility to public green
spaces. In contrast, the GMM algorithm exhibited inferior performance relative to the
K-Means method; both outcomes from the GMM faced challenges in effectively segregating
buildings from green or grey surfaces and resulted in a dispersed distribution of points
around green areas. This comparison was, moreover, veri�ed by the Dunn index, as shown
in Table 2, where the 15-cluster K-Means outcome obtained a higher score than the rest,
indicating a better compactness or goodness of clustering. The 10-cluster K-Means result
received a slightly lower score.
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Figure 10. The PCA-reduced dimensional dataset projected in the three-dimensional system and
clustered by different algorithms: 15 clusters by K-Means (A), 10 clusters by K-Means (B), 5 clusters
by DBSCAN (C), 6 clusters by HDBSCAN (D), 15 clusters by GMM applying �VEV� model (E), and
9 clusters by the GMM applying the �VVE� model (F).
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Figure 11. Four clustering results projected into the studied district map: ten clusters by K-Means
(A), �fteen clusters by K-Means (B), nine clusters through the �VVE� model in the GMM (C), and
�fteen clusters through the �VEV� model in the GMM (D).
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Table 2. Dunn index of the four clustering results. The higher the index value, the better the
clustering result.

Dunn Index

10 Clusters by K-Means 0.054
15 Clusters by K-Means 0.060

9 Clusters by GMM 0.037
15 Clusters by GMM 0.036

Upon the division of each measured factor into ten distinct classes utilising the Jenks
Natural Break methodology, this study employed the average values of these classes to
accurately represent the characteristics of the �fteen clusters as identi�ed by the K-Means
clustering method. Figure 12 illustrates that Clusters 1 and 2 are predominantly composed
of densely constructed areas within the district, characterised by a minimal presence of
green surfaces and leaf areas. Households located within these two clusters have access to
over �ve public green spaces; however, these areas are relatively small in size. Clusters 3
and 4 encompass moderately constructed areas, distinguished by their respective access
to green spaces. The former bene�ts from commendable access to extensive public parks,
despite having limited private green surfaces. In contrast, the latter contains signi�cant
private green surfaces within each grid cell, though it offers lesser access to public green
spaces. While not extensively developed, the grid cells within Clusters 5 to 7 exhibit
restricted green surfaces and leaf areas, indicating a predominance of grey surfaces. The
regions encompassed within Clusters 8 to 11 feature a majority of surfaces adorned with
vegetation, thus facilitating green connections within the constructed environment. Clusters
12 to 15 comprise green surfaces that ful�l various ecological functions, with distinctions
arising from the types of vegetation present and their relational dynamics with other public
green spaces.
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Figure 12. Fifteen clusters by the K-Means clustering methods in the studied district and the seven-
dimensional radar charts demonstrating the average characteristics of each cluster.

Based on the identi�ed clusters and their speci�c combinations, the studied area was
systematically divided into �ve principal segments (see Figure 13). The central areas,
classi�ed as the �rst zone, extend vertically from north to south and are characterised by
Clusters 1, 7, 8, and 13. The second zone, positioned in the middle of the district, elongates
horizontally along the railway lines from east to west, comprising Clusters 1, 2, 4, 5, and
9. In between the studied district and its eastern neighbouring region lies the third zone
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featured by Clusters 2, 4, 5, 9, and 12. Two aggregations of Clusters 3, 10, 11, and 14, which
constitute the third zone, are located in proximity to the Limmat River and the foothills
of the mountains. The fourth zone, encompassing Clusters 6, 12, and 15, is situated in the
peripheral region of the district.
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Figure 13. Seven-dimensional characteristics of the �ve zones in the studied area. The colors of the
radar charts were aligned with the distinct zone colors depicted in the accompanying map on the left
side. The outlines were shaped by the overlapping radar charts of the encompassing clusters.

The characteristics of each zone suggest potential strategies for land development.
Zones 1, 2, and 3, being signi�cantly densely constructed regions, face disadvantages
due to their limited leaf areas and inadequate portions of accessible public green spaces.
Consequently, proposed improvements prioritise the planting of additional trees and the
expansion of public green spaces. As the majority of plots have been utilised for develop-
ment, establishing community gardens and green spaces within these developments may
alleviate the congestion experienced in public parks and gardens. Additionally, integrating
structures for cultivating greenery would enhance aspects such as the green ratio and
connectivity. The residential environment in Zone 4 is exemplary in terms of the availability
of green spaces; hence, further investment in greenery may not yield substantial bene-
�ts for this area. Nonetheless, this zone may serve as a resource for future development
due to its relatively lower building density, assisting in alleviating the pressures of rising
population density. Finally, Zone 5 functions as a buffer between urbanised areas and the
natural environment.

4. Application in the Lindenplatz Subsite
This study employed the 400-m service catchment area of Lindenplatz, encompassing

an area of 0.5 km2, located at the centre of the district, as a representative subsite for the
optimisation of green infrastructure. This subsite comprises a diverse array of structures,
including residential buildings, shopping centres, of�ce buildings, educational institu-
tions, and places of worship. It serves as a crucial cultural and commercial hub for the
entire district.

As illustrated in Figure 14A, this subsite case traverses Zones 1 and 2 and is deemed
appropriate for the general improvement suggestions proposed in the preceding session.
A detailed examination of the subsite is provided in Figure 14B. In conjunction with the
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densely developed areas (Cluster 1 and Cluster 2) within the subsite, the upper half of the
site is predominantly characterised by streets and other grey surfaces (Clusters 4 through
6), interspersed with smaller green patches (Clusters 8 and 9). In contrast, the lower half of
the site reveals an increase in the prevalence of green spaces displaying superior features
(Clusters 10 and 11), which connect to four substantial patches (Clusters 12, 13, and 14). In
light of the aforementioned circumstances, the comparatively intensive developments and
buildings present signi�cant obstacles to the provision of additional green surfaces and
the connectivity of green spaces at ground level. The strategies for optimising the green
infrastructure of the site emphasise the enhancement of green spaces and leaf areas by
utilising existing building structures for vegetation, such as roof gardens and green facades.
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Figure 14. Lindenplatz subsite in the studied district (A), its green clusters by K-Means clustering
methods in a 10-m rectangle grid (B) and a 30-m rectangle grid (D), as well as the ten green clusters
throughout the studied district within the 30-m rectangle grid (C).

Given that grid size can signi�cantly affect the analysis of geospatial information
and the interpretation of the results, determining the appropriate grid size for both data
analysis and visualisation has emerged as a primary challenge of this study. As an initial
investigation aimed at evaluating the feasibility of the analytical process, a rectangular
grid measuring 30 m by 30 m was utilised to generate a comparatively smaller dataset.
The entire analytical procedure, which includes the measurement of green factors and
subsequent clustering, concluded with the identi�cation of ten clusters, as illustrated in
Figure 14C. The �ndings indicate a more abstract pattern closely associated with the ten
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clusters identi�ed using the K-Means algorithm, although the pro�les of buildings, streets,
and other spaces appear somewhat obscured. At the district scale, this outcome illustrates
a comprehensive pattern of land features, highlighting the continuous patches of densely
developed areas that bene�t from their proximity to a wealth of public green spaces in
the city centre, alongside the relatively homogeneous low-density areas interspersed with
green surfaces. When examining the neighbourhood scale, with Lindenplatz and its 400-m
service catchment area as an illustrative example (Figure 14D), the clustering based on a
30-m grid underscores the interpretation of two primary components: the upper section
characterised by dense development and the lower section showcasing green surfaces.
Variations in clustering outcomes between the 10-m and 30-m grids suggest that different
grid sizes are suited to various scales of analysis and their corresponding objectives. A
larger grid size, manifesting in continuous patches, facilitates decision-making strategies
at the city scale, while a smaller grid size allows for a more thorough investigation at the
neighbourhood scale.

5. Discussion
The objective of this study was to synthesise the analysis of urban green infrastructure

with the intention of generating land feature patterns that would inform strategic recom-
mendations aimed at enhancing the provision of local urban green spaces, grounded in a
comprehensive understanding at the district scale. In alignment with this objective, this
study examined green factors from both social and ecosystem perspectives within a 10-m
grid, clustering the grid cells into �fteen groups characterised by distinctive land features.
The �ndings revealed �ve zones within the studied district and provided insights into
speci�c urban green strategies customised for each zone. Throughout the entire examina-
tion and integration process, some issues related to data collection and analytical methods
emerged as signi�cant considerations for future development.

5.1. Clustering Process and Results

As delineated in Figure 10, the distribution of the PCA-reduced dimensional dataset
and the outcomes from the six clustering algorithms indicated certain characteristics of the
land use and urban green infrastructure within the examined region. Generally, the dataset
exhibited a distinct U�shape within the three-dimensional coordinate system. The three
prominent surfaces across various two-dimensional systems signi�ed two primary types
of grid cells, each exhibiting a predominant factor. By integrating the seven-dimensional
radar charts of each cluster, this prevailing characteristic appears to be the green ratio,
which re�ects the balance between development and greenery in each grid cell. Notably,
both the DBSCAN and HDBSCAN algorithms classi�ed the majority of the dataset as a
single cluster rather than dividing it into three, suggesting that the density of the data
distribution was relatively homogeneous and continuous, showing minimal differentia-
tion. The results from the DBSCAN and HDBSCAN demonstrated a smooth variation in
spatial con�guration, devoid of abrupt changes. Furthermore, these �ndings provided an
indication for evaluating the spatial consistency and coherence of the urban area; however,
a more sophisticated methodology and approach necessitate careful development. The
K-Means algorithm effectively captured additional nuances of the dataset distribution,
including the curvature of surfaces and certain ambiguous gaps present within each surface.
Consequently, it produced superior clustering outcomes compared to the Gaussian Mixture
Model (GMM) methods.

Stemmed from the fact that both the K-Means and GMM algorithms cluster a dataset
from the random initialisation of centroids, one of the key challenges encountered during
the clustering process was the variability in cluster assignments across different runs,
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which led to some different cluster con�gurations at the beginning. This study employed
the alternative technique K-Means++ to stabilise the clustering by improving centroid
initialisation. However, variability still remains a concern, especially when the dataset
contains considerable overlapping points within a high-dimensional structure. Similarly,
the GMM method, investigating the probabilities of each data point belonging to a particular
cluster, is sensitive to the initial parameters and results in different cluster assignments
between runs. The Expectation�Maximisation (EM) algorithm used in the GMM method
can converge to varied local optima depending on initialisation and cause the reduction in
stability. This challenge required multiple runs of the algorithm and strategies of carefully
selecting the initialisation to obtain better consistency.

In addition to the nature of the algorithms, some other factors can also in�uence the
stability of the cluster assignments, for instance, the number of clusters (K value) and the
size and shape of the dataset. Theoretically, clustering a larger dataset through the K-Means
algorithm with any K values can achieve a more stable result than clustering a smaller
dataset; on the other side, datasets with more dimensions and an unsymmetric structure
lead to an increase in the instability of clustering [80]. The intricacy of these in�uential
factors in the algorithm leads to the consideration of a better clustering procedure to
enhance the robustness of the outcomes for future deep learning and further application
extending to different urban contexts.

5.2. Contribution of Green Factors to the Clustering Process

In the process of clustering, each standardised measured factor contributed uniquely
to the formation of clusters (see Figure 15). The primary observation indicates that with
the exception of the development factor, the measured factors predominantly in�uenced
Clusters 8 to 15, contributing signi�cantly to their de�ning characteristics compared to the
other clusters. Cluster 15 is particularly notable due to the exceptionally high contributions
of the green ratio and leaf area. This variation in contributions also re�ects the hierarchy
among the measured factors as well as among the �fteen clusters throughout the clustering
process, which may assist in facilitating spatial ranking as objective weights.
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Figure 15. Contributions of each green factor to the clusters, with the colour varying from red to
green indicating the contribution from high (level 5) to low (level 0).

5.3. Grid-Based Analysis vs. Actual Land Plots

One of the primary concerns of this study was the utilisation of grid-based analysis
rather than employing the designated land plot units during the assessment of the green
factor and the clustering analysis. While the bene�ts of using the grid for standardising
land information and datasets in the clustering process are apparent and advantageous,
the drawbacks are also considerable from two perspectives. As noted in the preceding
section, modi�cations to the grid size directly in�uence the interpretation of land feature
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patterns; thus, a meticulous selection of the grid size must correspond with the scales
of this study, necessitating further exploration of the discrepancies in data accuracy and
representation associated with the actual conditions arising from the implementation of
different grid sizes. Moreover, the grid partitioned the actual land plots into smaller units,
thereby somewhat constraining this study to an empirical level and leading to a loss of
a comprehensive overview of each land plot that could have more effectively informed
urban redevelopment initiatives. The subsequent step involves investigating methods to
enhance the direct applicability of this study for practical urban planning strategies.

5.4. Green Ratio and Connection

Research on landscape resistance and connectivity has garnered increasing recognition
as signi�cant parameters in�uencing long-term biodiversity conservation. Nevertheless, a
universally accepted methodology for systematically quantifying and modelling connec-
tivity and resistance remains elusive [75,81]. This challenge arises from various factors,
including the dif�culties associated with observing animal movement, behavioural varia-
tions linked to speci�c species, and the �uctuations of environmental variables. This study,
which does not identify the speci�c organism species present in the district, concentrated
on the propensity of grid cells from two perspectives: leaf areas representing both the green
surfaces on the ground and the tree canopies that facilitate animal movement and gene �ow
alongside the development characterised by impervious surfaces, infrastructure, roads,
and buildings that perform as obstruction to movement continuity. To a certain degree,
the comparison between these two perspectives, denoted by the green ratio, overlooks the
differentiation between �isolation-by-distance� and �isolation-by-barrier�, as articulated by
Zeller et al. [78]. For example, grid cells exhibiting an identical low green ratio may display
either extensive grey surfaces coupled with minimal green surfaces on the ground (such
as concrete surfaces) or consist of towering structures and trees (like high-rise buildings).
However, the former scenario hinders movement, whereas the latter situation presents
obstacles to mobility. Furthermore, although railway and road surfaces were encompassed
in the green ratio, they were classi�ed as other grey surfaces in the connectivity analysis.
Their signi�cant impact on natural habitats has been oversimpli�ed and may not accurately
re�ect the actual circumstances. The precision of this evaluation regarding green connectiv-
ity could be improved through the inclusion of the Digital Elevation Model (DEM), along
with the integration of green surfaces, tree canopies, and urban traf�c, applying speci�c
weights to the parameters, such as modes of transportation (e.g., rail, highway, street levels,
etc.) and traf�c intensity (e.g., speed limits, one-way vs. two-way streets).

5.5. Geo-Boundary and Edge Effect

The research employed the administrative boundary of the Altstetten-Albisrieden
district to generate grid cells and organise geo-information, resulting in edge effects in
certain measurements of green factors (Figure 16). These effects arise from the geographic
distribution or spatial occurrences within the district that may extend beyond its bound-
aries [82�84], particularly concerning green connections and the accessibility of public green
spaces. In the analysis of the green connections, the predominant bias was identi�ed in
the cells adjacent to the western and southern boundaries, extending from the agricultural
�elds to the closed forest along the Uetliberg foothills, where the links to forests and �elds
were not incorporated. Certain public green spaces on the opposite riverbank of the Limmat
are also accessible to residents in the northern part of the district; however, owing to the
already elevated level of access to public green spaces in terms of both quantity and total
area, this addition has minimal effects on the clustering results. City parks and gardens
situated within 800 m to the east of the district may enhance the green attributes of the grid
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cells in the eastern part of the district regarding the availability of accessible public green
spaces; nonetheless, in light of the contribution of each variable to the clusters, such impact
may not be substantial.
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Figure 16. Edge effects in the studied areas highlight three possible impacts, as differentiated by the
colours, when using administrative boundaries to limit the original data collection.

The pressing concern regarding edge effects in the current study necessitates additional
contemplation regarding boundary values and performance in the context of urban spatial
phenomena. The continuous rise in the in�ux of individuals, transportation, and various
materials has undermined traditional notions of boundaries, consequently complicating
the comprehension of both local and global attributes. De�ning a �nite bounded area for
spatial analysis may serve as a valuable supplementary aspect to this study.

6. Conclusions
From multiple perspectives, the importance of urban green infrastructure and its

ef�cacy amid rapid urban development has received considerable attention. However, the
existence of various con�gurations of urban green infrastructure, each offering distinct
bene�ts, raises the question of how to enhance the provision of such infrastructure within
existing urban environments, which is crucial for effective urban planning and design.
This study aims to empirically investigate an integrated spatial analysis approach that
synthesises the quality of urban green infrastructure and land characteristics by incor-
porating diverse perspectives, utilising the Altstetten-Albisrieden district of Zurich as a
case study. The research conducted a systematic evaluation of the urban green infras-
tructure and employed grid-based analysis and clustering algorithms to generate spatial
patterns indicative of unique land characteristics. This spatial analytical approach resulted
in strategic recommendations for the Altstetten-Albisrieden district, informed by local land
characteristics and incorporating a comprehensive understanding of the overall context at
the district level.

The present condition of land use within the Altstetten-Albisrieden district exhibits a
coherent spatial organisation characterised by an abundance of green spaces. This study
categorises the district into �ve zones based on clustering results and the inherent character-
istics of these clusters. It addresses the insuf�ciency of accessible public gardens and parks
in the highly developed central regions while emphasising the critical need for community
green spaces to offset the scarcity of expansive land designated for public open and green
areas. The proposal of this study also includes utilising existing structures to enhance
vegetation and plant life, particularly in zones adjacent to the industrial regions located
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centrally in the district. This approach aims to increase leaf area and improve connectivity
between green patches and natural habitats in densely populated environments.

As an empirical study for integrating such spatial analysis, the metrics utilised can be
further re�ned by enhancing data collection methods to mitigate edge effects, acquiring
more precise information regarding ecosystems, and incorporating qualitative studies to
substantiate accessibility and perceptions of public green spaces. The challenges posed by
the high-dimensional dataset indicate a need for more sophisticated clustering method-
ologies to minimise randomness, thereby allowing the expansion of this approach to a
broader scale. Regardless, this study establishes a robust foundation for understanding
urban green infrastructure through the integration of multiple green factors based on their
interrelations, thus encouraging future interdisciplinary urban and spatial research.
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