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1. Introduction

The rapid advancement of urbanization, evident in the relentless expansion of concrete
jungles, poses a significant threat to the delicate balance of ecosystem services. Throughout
history, cities have endeavored to cultivate thriving human environments [1], a pursuit
aligning with Elkington’s [2] vision of full-cost accounting for nature and the imperative
of sustainable urban development in the long term. Consequently, it becomes crucial to
cultivate connections with nature for all urban dwellers while simultaneously mitigating
the adverse effects of urbanization on these essential ecosystem services [3]. However,
research reveals that only a paltry 13% of city residents live close enough to nature to enjoy
its well-documented mental health benefits [1]. This stark reality underscores the challenge
of reconciling the needs of a burgeoning urban populace with the imperative to maintain a
healthy and sustainable built environment. Achieving sustainability in urban development
requires a holistic approach that considers social, economic, and environmental factors.
By integrating principles of sustainability into urban planning and design, cities can
create resilient communities that thrive in the face of challenges. Measuring progress
toward sustainability involves not only environmental metrics [4] but also indicators of
social equity and economic prosperity [5], ensuring a balanced and inclusive approach to
urban development.

Recent research highlights the potential of integrating nature into the urban land-
scape [6,7]. These intentionally designed or preserved nature-based solutions (NBSs),
spanning from urban forests, tree-lined streetscapes, parks, and gardens to vegetation
strategically embedded within the urban fabric, such as green roofs and walls, play a
pivotal role in mitigating the adverse impacts of urbanization [8,9]. As a result, within
fragmented urban landscapes, residual green patches can serve as vital habitat refuges [10].
These refuges offer crucial habitats for a diverse array of plant and animal species, thereby
fostering and sustaining urban biodiversity [10,11]. This, in turn, promotes human health
and wellbeing by providing opportunities for recreation, stress reduction, and commu-
nion with nature [12]. Moreover, they contribute to enhanced air and water quality by
filtering pollutants and reducing rainwater runoff [13,14]. Additionally, green patches can
assist in regulating urban temperatures and mitigating the adverse effects of urban heat
islands [15,16], thereby creating a more pleasant and habitable environment for citizens.

Advancements in urban greening and the proliferation of tree cover across global
cities represent encouraging progress [17,18]. Nevertheless, to effectively confront the
biodiversity extinction crisis and make substantial contributions to human welfare, a more
focused and inclusive strategy is needed. Local governments must explicitly incorporate
initiatives within their urban planning frameworks that champion the preservation and
enrichment of biodiversity alongside the correlated ecosystem services that bolster human
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wellbeing [17]. This involves not only conserving existing natural areas but also strategically
implementing NBSs to enhance urban ecosystems altogether. Achieving these goals requires
a nuanced understanding of the optimal design, placement, and management of NBSs
within urban landscapes [19]. While progress has been made, there remains a critical
knowledge gap in fully grasping how to maximize the benefits of these solutions across
interconnected dimensions. This includes considerations of biodiversity conservation,
ecosystem resilience, and human health and wellbeing.

Sustainability lies at the heart of this endeavor. Urban development must strive
for sustainability by balancing economic growth, social equity, and environmental stew-
ardship [9,20–22]. This entails fostering communities that are resilient to environmental
challenges while promoting inclusivity and equitable access to green spaces and natural
resources. Moreover, unlocking the measurability of sustainability requires developing
robust metrics [23] that capture not only environmental indicators but also social and
economic dimensions of urban wellbeing. By prioritizing sustainability principles in urban
planning and policymaking, cities can pave the way toward a more resilient, equitable, and
livable future for all inhabitants.

This Special Issue (SI) represents a significant attempt to bridge gaps in the existing
urban ecology and sustainable city planning literature. Comprising eight articles and two
reviews, it thoroughly explores various dimensions of ecosystem services within urban
environments. Notably, this SI stands as the fourth edition in a comprehensive series
dedicated to urban ecosystem services, building upon solid groundwork laid by preceding
research [24–26]. It underscores a continued dedication to advancing our comprehension
of urban ecology and sustainable urban development.

By synthesizing fresh perspectives and innovative insights, this edition strives to
optimize the delivery of ecosystem services while addressing potential disservices inherent
in urban areas. Covering a broad range of topics, the contributions within this SI offer a
multifaceted exploration of ecosystem services, enriching our understanding and informing
future urban planning strategies. Each contribution, whether exploring green infrastructure
or mapping cultural ecosystem services (CESs) for urban conservation, offers valuable
insights into the creation of more sustainable and resilient cities. Figure 1 visually presents
the geographical distribution of the research and the authorship locations within this SI.
This graphical representation offers a comprehensive overview of the diverse origins of
the research showcased in this SI, emphasizing the global scope and collaborative ethos
driving progress in this field.

 

Figure 1. Dispersion of research contributions and authorship locations for this SI.
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2. Synopsis of Contributions

In their recent study, Schueller et al. explored the potential of urban green spaces
in addressing the concerning decline in pollinator populations. With pollinators playing
a key role in plant reproduction and overall ecosystem health, their dwindling numbers
due to habitat loss necessitate innovative interventions. The research explores the design
of urban green spaces to effectively support diverse pollinator communities, aiming to
provide habitats conducive to their survival and proliferation. Central to the study is the
identification of key research questions aimed at optimizing the design of urban green
spaces to meet the needs of pollinators. These questions encompass several crucial aspects,
including the identification of target pollinator groups for conservation efforts, the deter-
mination of preferred plant species and optimal planting arrangements to support these
pollinators, and an exploration of habitat requirements that extend beyond mere floral
resources. Additionally, the study seeks to evaluate how surrounding landscapes influence
the prioritization of creating new habitats within urban areas, considering factors such as
connectivity, habitat fragmentation, and land use patterns.

By addressing these fundamental questions, Schueller et al. aim to provide valuable
insights into the design and management of urban green spaces to support pollinator
populations effectively. Ultimately, this research holds significant implications for urban
planners, landscape architects, and policymakers involved in the development and main-
tenance of urban green infrastructure, offering guidance on how to enhance biodiversity
and promote ecological resilience within cities. Through the implementation of evidence-
based practices informed by this study, urban environments can become more hospitable
to pollinators, contributing to the conservation of biodiversity and the sustainability of
urban ecosystems.

Kim et al. investigated an innovative approach to counteracting urban heat islands
during nocturnal hours: harnessing cold air emanating from nearby mountains and green
spaces. Their study focused on optimizing city layouts to effectively channel this cool air
flow (CAF) to achieve optimal temperature reduction. Through a careful investigation, they
uncovered that taller buildings with ample wall surface area facilitate airflow, while densely
packed, sprawling urban developments impede it. The research suggests a range of design
considerations aimed at maximizing the benefits of CAF, providing invaluable insights
for urban planners and designers striving to cultivate cooler and more sustainable urban
environments. By shedding light on the intricate dynamics of airflow within urban settings
and proposing actionable design strategies, this study contributes to the ongoing discourse
on mitigating the adverse effects of urban heat islands and promoting urban sustainability.

Le and Huang conducted a groundbreaking study on utilizing cellular automata mod-
els to enhance urban tree planting strategies with the aim of creating interconnected green
infrastructure networks that maximize their positive impact. By integrating CycleGAN
models and cellular automata to replicate mycorrhizal networks, they predicted optimal ur-
ban tree layouts. This innovative approach leverages spatial data to simulate post-planting
network connectivity, identifying priority planting locations that enhance ecological sta-
bility and climate resilience. The research addresses existing limitations in urban tree
planting methods and offers valuable insights for sustainable urban planning and green
infrastructure development. By optimizing tree placement to foster network connectivity,
the study contributes to the creation of resilient urban ecosystems capable of mitigating
environmental challenges such as heat island effects, air pollution, and biodiversity loss.
The findings have significant implications for urban planners, policymakers, and landscape
architects seeking evidence-based strategies to enhance urban greenery and promote envi-
ronmental sustainability. Through the adoption of these innovative approaches, cities can
foster healthier and more resilient environments, benefiting both human populations and
the natural world.

The study conducted by Espinosa Fuentes et al. sheds light on the intricate dynamics
of urban soils, which are crucial for ensuring the vitality and sustainability of urban forests.
Focusing on the Bosque de Tlalpan Natural Protected Area (BT), the research examined

3



Land 2024, 13, 786

the impact of conservation practices on soil quality. Through a comprehensive analysis
of various soil properties such as exchangeable cations, heavy metal concentrations, soil
carbon stock (SCS), and CO2 effluxes, the authors examined four zones within the BT, each
representing different levels of protection and public use across three climatic seasons.
The investigation revealed that while concentrations of heavy metals generally adhered to
Mexican regulations, mercury levels surpassed permissible limits. Significant variations in
SCS and soil organic matter were observed among zones, with areas under stricter protec-
tion exhibiting higher values. Furthermore, CO2 effluxes exhibited seasonal fluctuations,
peaking during the rainy season. These findings underscore a positive correlation between
conservation efforts and soil quality within the BT, with areas under stringent protection
demonstrating enhanced carbon storage capacity and improved physicochemical proper-
ties. The study not only provides valuable insights into the current state of this urban forest
ecosystem but also underscores the important role of conservation in preserving healthy
soil conditions amidst urbanization pressures in densely populated areas.

In their review, Yadav et al. undertook a comprehensive evaluation of tree selection and
plantation decision support systems (DSSs), analyzing their alignment with key objectives
distilled from the existing literature. The review meticulously scrutinized the incorporation
of multiple data sources and the usability of web interfaces within these DSSs. Five primary
objectives for tree selection emerged from the analysis and were systematically compared
across various existing systems: (a) climate resilience, (b) infrastructure/space optimization,
(c) agroforestry, (d) ecosystem services, and (e) urban sustainability. Notably, the review
highlighted a relative under-representation of climate resilience and urban sustainability
considerations in current DSSs, indicating a potential gap in decision-making frameworks.
The authors advocate for future DSS tools to adopt a more holistic approach by integrating
these critical aspects into their frameworks.

Moreover, Yadav et al. proposed the utilization of deep neural networks (DNNs) to
navigate the complexities inherent in achieving trade-offs between multiple objectives. By
leveraging DNNs, decision-makers can address the intricate interplay between various
goals, such as maximizing ecosystem services, ensuring the selection of climate-resilient
tree species, and promoting agroforestry practices. In all, this review not only provides
a comprehensive assessment of existing DSSs but also offers valuable insights into the
potential enhancements needed to bolster their effectiveness in supporting informed tree-
selection and plantation decisions. By advocating for a more inclusive approach as well
as leveraging advanced technologies like DNNs, the study contributes to the ongoing
discourse on sustainable urban forestry and resilient urban development.

Dabašinskas and Sujetovienė embarked on a comprehensive investigation into the
dynamic interplay between the supply and demand for ecosystem services amidst urban
expansion, stressing the critical need for ongoing monitoring and adaptability. Their re-
search specifically investigated the spatiotemporal changes in ecosystem service provision,
focusing on essential services such as food, carbon sequestration, and recreation, amidst the
process of urbanization. The study rigorously quantified imbalances between the supply
and demand for ecosystem services within the study area, with a particular emphasis on
land use changes.

In particular, the most significant observed land use change entailed the conversion
of agricultural land into forests and urban areas. Urban centers emerged as focal points,
demonstrating the lowest supply and highest demand for all three ecosystem services
investigated, thus underlining a stark negative correlation between the proportion of urban
land and the provision of these vital services, especially in terms of food production. These
findings underscore a pressing need for strategic interventions and policy measures aimed
at mitigating the adverse impacts of urban expansion on ecosystem service provision.
By highlighting these dynamics, the study provides valuable insights into the complex
relationship between urbanization and ecosystem services, informing decision-making
processes aimed at fostering sustainable urban development and bolstering the resilience
of urban ecosystems.
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In their innovative study, Krsnik et al. tackle the formidable challenge of comparing the
value of various ecosystem services in urban settings. Their research aims to equip urban
planners with the tools necessary to make informed decisions regarding urban development
by prioritizing the services with the greatest potential benefits. The authors argue that
existing methods for comparing the provision of ecosystem services in urban areas often
produce misleading results. To address this issue, they propose a novel methodology that
employs standardized thresholds to compare ecosystem service provision across different
cities. This innovative approach promises to foster a fairer distribution of environmental
benefits and wellbeing among urban populations, thereby contributing to more sustainable
and resilient urban development strategies.

Although there is no consensus on the ideal level of ecosystem service provision,
Krsnik et al. advocate for the adoption of standardized thresholds as a crucial step forward.
By establishing a common framework for evaluating ecosystem service provision, their
proposed methodology not only facilitates more accurate comparisons between cities but
also lays the groundwork for future research and policy development in urban ecosystem
management. In summary, this study represents a significant advancement in the field of
urban ecosystem services assessment. It offers a systematic approach to evaluating and
prioritizing ecosystem services in urban areas, potentially revolutionizing urban planning
practices by promoting more informed decision-making and fostering greater equity in the
distribution of environmental benefits across cities.

Gârjoabă et al., in their comprehensive study, explored the intricate planning strategies
aimed at establishing resilient natural areas within urban environments. Their research
focused on a comparative analysis between Nordic and Eastern European countries, rec-
ognizing the significance of their distinct political histories in shaping their approaches to
this challenge. The researchers conducted a detailed examination of environmental laws
and planning frameworks across these countries, seeking to uncover key elements that
could offer valuable insights applicable to broader contexts within Europe. By identifying
these crucial aspects, the study aimed to provide urban planners and policymakers with a
robust foundation for effectively balancing urban development with the preservation of
natural areas. This approach underscores the importance of considering local landscapes
and urban layouts to ensure the sustainability and resilience of cities in the face of ongoing
urbanization pressures. In all, by shedding light on the diverse approaches employed by
Nordic and Eastern European countries, the study offers valuable insights that have the
potential to inform and enhance urban planning practices across Europe, fostering the
creation of more sustainable and resilient cities that harmonize with their surrounding
natural environments.

In their research, Li et al. examine the critical importance of mapping CESs in river
basins. This mapping is essential for identifying areas that require conservation efforts
due to their significant contributions to CESs. However, existing studies often lack precise
quantifications of the appropriate sizes for mapping units, which are fundamental for
accurately assessing CESs. To bridge this gap, the study introduces the concept of the opti-
mal area threshold of mapping units (OATMU). This approach involves the development
of a multi-dimensional indicator framework and a validation methodology to determine
mapping unit boundaries and suitable areas for CESs.

The multi-dimensional indicator framework integrates various indicators, including
geo-hydrological, economic, and social management indicators. Each indicator’s OATMU
is calculated by identifying the inflection point in the second-order derivative of the power
function. Through this process, the research defines the optimal size for mapping units,
ensuring accurate CES assessment. The findings highlight the effectiveness of employing
OATMU identification which, coupled with accessible basic data and simplified calculation
methods, provides clear and universal technical support for optimizing CES mapping
efforts. This approach enhances the precision and reliability of CES mapping, facilitating
better-informed conservation and management decisions in river basin ecosystems.
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Finally, Łukaszkiewicz et al. explored the potential of poplar trees (Populus L.) to
enhance urban green spaces amidst the growing challenges of urbanization, population
expansion, and climate change. The authors highlighted the rapid growth and adaptability
of poplars across various environments, positioning them as a promising solution to address
these complex urban issues. The study underscored the significant contributions of poplar
trees to enhancing air quality and regulating microclimates within urban areas. However,
the variable lifespans exhibited by different poplar cultivars present a notable challenge
in their widespread adoption for urban greening initiatives. To address this issue, it has
been recommended to employ strategic selection approaches that consider factors like
growth rate and root system traits. It is proposed to integrate a diverse array of poplar
species, each with different lifespans, to ensure the sustained and enduring presence of
urban greenery efforts.

By exploring the potential of poplar trees in enhancing urban green spaces, Łukaszkiewicz
et al. offer valuable insights that can inform urban planning and landscaping strategies.
Their findings highlight the importance of selecting appropriate tree species tailored to
the specific needs and challenges of urban environments, ultimately contributing to the
creation of more sustainable and resilient cities in the face of ongoing urbanization and
climate change pressures.

3. Conclusions

In an era of rapid urbanization, the importance of urban ecosystem services cannot
be overstated. From mitigating climate change to enhancing public health and wellbeing,
these services play vital roles in creating sustainable and resilient cities. At the forefront
of this challenge is the need for strategic planning and decision-making. Urban planners
and policymakers must recognize the value of urban green spaces and prioritize their
conservation and enhancement. This involves not only preserving existing green spaces
but also strategically integrating nature into the urban landscape. By doing so, cities can
maximize the provision of ecosystem services while minimizing the negative impacts
of urbanization. As noted by Łukaszkiewicz et al., poplar trees have shown promise
in enhancing urban green spaces due to their rapid growth and adaptability. However,
challenges such as variable lifespans will require strategic selection methods based on
factors like growth rate and root system characteristics. By incorporating a diverse range
of vegetation with varying lifespans, cities can ensure the continuity and longevity of
urban greenery initiatives [27,28]. As such, this SI has uncovered compelling insights into
the urgent task of scaling up nature’s benefits within the context of rapid urbanization,
transitioning from the scale of individual trees to the creation of vibrant and resilient
urban forests.

In conclusion, prioritizing sustainability in the delivery of ecosystem services offers
multifaceted benefits, including but not limited to enhancing the wellbeing of urban resi-
dents, safeguarding biodiversity, and mitigating environmental degradation. By embracing
sustainable practices in urban planning and development, cities can significantly improve
quality of life for their inhabitants. Sustainable urban landscapes not only provide essential
ecosystem services such as clean air, water purification, and climate regulation but also offer
opportunities for recreation, relaxation, and community engagement, enhancing the overall
experience of the cityscape’s look and feel [29]. Moreover, promoting sustainability fosters
environmental conservation efforts, preserving natural habitats and protecting vulnerable
species within urban ecosystems.

As a result, the integration of green infrastructure into a city enhances its resilience
to extreme weather events, reduces urban heat island effects, and mitigates air and water
pollution. The use of green spaces also serves as vital habitats for wildlife, contributes
to urban biodiversity conservation, and promotes overall ecological health. Furthermore,
sustainable urban development fosters social cohesion and equity by providing accessible
green spaces for all residents, regardless of socioeconomic status.
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In essence, the journey toward a greener and healthier future begins with a holistic
understanding of the value of nature in urban settings. From the planting of single trees
to the cultivation of thriving urban forests, each step toward sustainability in ecosystem
services contributes to the creation of vibrant and resilient urban environments that benefit
both present and future generations—an idea that has been underscored in the literature
since the Brundtland Report [30]. Therefore, embracing sustainability as a guiding principle
in urban development is not only essential but crucial for the wellbeing and prosperity of
urban communities worldwide.
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Abstract: In this study, we evaluated alternative methods for comparing the provision of ecosystem
services among urban areas, stressing how the choice of comparison method affects the ability to
compare the ecosystem service outcomes, in order to improve the management actions in urban green
areas, reduce environmental inequality, and ensure satisfactory levels of human well-being. For the
analysis, ten spatial indicators were quantified to assess the provision of urban ecosystem services
in Barcelona, Spain, and Santiago, Chile. Two comparison methods were applied in both cities to
evaluate the differences in their provision scores. The analysis was performed using the Ecosystem
Management Decision Support (EMDS) system, a spatially enabled decision support framework for
environmental management. The results depicted changes in the values of the provision of ecosystem
services depending on the methodological approach applied. When the data were analysed separately
for each city, both cities registered a wide range of provision values across the city districts, varying
from very low to very high values. However, when the analysis was based on the data for both cities,
the provision scores in Santiago decreased, while they increased in Barcelona, showing relativeness
and a discrepancy in their provisions, hindering an appropriate planning definition. Our results
emphasise the importance of the choice of comparison approach in the analyses of urban ecosystem
services and the need for further studies on these comparison methods.

Keywords: urban ecosystem services; spatial modelling; urban green infrastructure; human well-
being; urban planning

1. Introduction

Human well-being can be considerably increased by numerous services provided by
ecosystems [1]. In urban areas, the demand for ecosystem services is significantly higher
than that in rural environments, due to the limited natural recourses and high population
concentrations in relatively small areas [2]. It is expected that the world’s urban population
will continue growing; therefore, an increased demand for urban ecosystem services (UES)
in rapidly expanding urbanized areas can be expected, causing high pressures on urban
green infrastructure [3,4]. In such an environment, urban green areas (UGA), including
parks, urban forests, and street trees, are multifunctional sources of benefits, such as
recreation, air purification, water drainage, or psychological relief [5,6]. The importance
of their management is crucial, because they are heavily influenced by humans and can
be modified relatively quickly according to their potential demand [7,8]. Therefore, the
incorporation of ecosystem-service-based strategies into urban planning and management
affords an opportunity to promote a more sustainable society and simultaneously enhance
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human well-being [4]. Consequently, to promote the development of more sustainable
cities, it is important to understand how UES are related to the structure of an urban
landscape and how they spatially vary within a city [4,9].

The spatial management of UES supply helps to define the appropriate urban strate-
gies for achieving ecologically sustainable cities [9]. In such a scenario, different plan-
ning methods can be applied based on the stage of urbanization that the city is passing
through [10]. An analysis of current UES features can help to anticipate the future urban
processes in some parts of the world [10] and enhance the practices relevant to maintaining
or improving ecological [11,12], social [13], and climate mitigation outcomes [14]. Often,
spatial comparison methods are used to achieve these goals, such as a comparison between
different cities [3,15,16] or city districts within the same city [17]. These methods provide
good feedback concerning UES assessments and address the needed management actions
regarding UGAs.

The spatial patterns of UES supply are the result of both the physical and socioeco-
nomic features of an urban environment, in which all the components are complexly inter-
correlated [18]. Therefore, mapping and quantifying UES are powerful tools in the detection
of the spatial heterogeneity in the provision of ecosystem services, and it is recommended
as a first step towards a comprehensive management plan of green infrastructure, including
comparison-based studies [6,19,20]. However, the lack of standardization in these compari-
son methods and comparable availability of spatial data significantly hinders ecosystem
service modelling and quantification, due to the numerous dataset requirements [10,21].
Moreover, open-source, remotely sensed images considerably limit comprehensive analyses
in urban areas, primarily due to their spatial resolution requirements [6]. These limita-
tions substantially impede cartography-based comparisons and the detection of hotspots
that could be used as examples of good or bad UES management. Namely, benefits are
usually not equally provided within or between cities, due to unequal access to green infras-
tructure, causing environmental injustice in the distribution of environmental goods and
well-being [22,23]. Differences in the distribution of environmental goods are mostly visible
within cities in emerging countries, with an obvious socio-economical polarisation between
city districts, or when comparing cities between more or less economically developed
countries [24]. Due to continuing trends in urbanisation and, therefore, increased pressure
on UGAs, reaching a desirable level of access to safe, inclusive, and accessible green spaces
at the end of this decade is considered a global policy objective [25]. Nevertheless, due
to different data scales, absolute values of provision are usually not directly comparable
between cities, and the lack of a consensus on a possible reference scale that could define
how high provision should be considered optimal deters improvements in the management
of UES [26]. This raises the question of relativeness in the provision of UES, because the
perception of satisfying provision can be significantly changed, depending on whether
the values are analysed independently or compared to other urban areas. Therefore, an
improvement in the methods for assessing and comparing UES is needed, allowing a com-
parison between different indicators and data sources though standardization processes,
resulting in better and more comparable planning. Additionally, having information at the
neighbourhood level and knowing the characteristics of all the relevant components im-
plied can promote improved human well-being, caused by increase in the provision of UES
and inspired by strategies applied in areas with similar geographical characteristics [27,28].
In such processes, spatial decision support tools are of great interest to assist in decision
making and supporting relevant conclusions [29].

In this study, we apply the Ecosystem Management Decision Support (EMDS) system,
a spatially enabled decision support framework for analysis and planning [30], to compare
the provisions of UES in Barcelona, Spain, and Santiago, Chile. For this purpose, we follow
the Millennium Ecosystem Assessment (MEA) framework for quantifying the regulating
and cultural ecosystem services provided by green urban areas [31]. Our objective is to
test the utility of EMDS in a comparison of urban environments, and make the first steps
towards a more standardised assessment of comparing UES at the local level. We apply
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different comparison methods to detect differences in the results regarding the supply of
benefits, pointing out the relativeness of UES provision.

2. Materials and Methods

2.1. Study Area

The study was conducted in the cities of Santiago, Chile, and Barcelona, Spain
(Figure 1). Santiago and Barcelona are characterised by different socioeconomic and
geospatial features. While Santiago is representative of rapid urbanisation processes,
urban sprawl, and demographic transition, and reliably represents the socio–ecological–
spatial patterns of Latin American cities, Barcelona is a dense, but planned, Mediterranean
city with dominant post-transitional processes and limited space for expansion [32,33].
Ecosystem-service-based urban greening policies and sustainable strategies represent the
main pillars of Barcelona’s plan for its future development [34]. In contrast, the awareness
of green infrastructure and its incorporation in urban planning have distinct applications
in Santiago, depending on the commune (the administrative subdivisions of the city),
although the needed sustainable policies for urban development have generally not been
applied [35]. Both cities lack adequate green infrastructure within their city boundaries,
but have continuous suburban forests in the cities’ outskirts. In this study, we analyse the
UES within the municipal limits of the city of Barcelona and the northern communes of
the continuously urbanised part of the Santiago province. Only the northern communes
in Santiago (the continuously urbanised parts of 20 communes) were chosen due to the
large spatial extent of the city, which encompasses a large variety of urban morphological
patterns. We used division on the statistical sections to conduct our UES analysis, because
these divisions in both cities were detailed enough and comparable between our study
areas. As a result, Santiago was divided into 179 districts and Barcelona was divided into
233 statistical areas. Regarding their populations, Barcelona has 1.6 million inhabitants
and covers an area of 101.9 km2 (its population density is about 16,000 people/km2) [36].
The northern communes of Santiago have 3.1 million inhabitants and cover a total area of
256.2 km2 (their population density is approximately 12,100 people/km2) [37]. The climate
of both cities is “Mediterranean hot summer climatic type” (CSa), but with a stronger
maritime influence in Barcelona due to its coastal location [38].

 

Figure 1. Study areas and relevant data layers.

12



Land 2023, 12, 1088

2.2. Conceptual Design

The main objective of this study was to quantify and spatially assign the provision of
urban ecosystem services at the district level in the cities of Barcelona and Santiago, and,
via the use of different standardization methods, examine the applicability of the EMDS
system in a comparison and quantification of these urban ecosystem service provisions at
the local level. To meet this goal, the project was organized into four steps:

1. Define the indicators for urban ecosystem services in terms of sets of metrics. An analysis of
data availability was performed in this first step to identify the metrics that could be
used in the assessments of both cities for accurate comparisons. Metrics are variables
that collectively quantify each ecosystem service indicator. In total, the provision of
10 urban ecosystem services was defined in each city, with each UES being represented
by one metric.

2. Analyse the provision of urban ecosystem services at the district level. In this step, we
designed the model to quantify the provision of each of the 10 UES defined in the
first step. The same model, created in a logic-based geospatial modelling system, was
applied in each city.

3. Apply different normalization methods to compare the provision between Barcelona and
Santiago. In this step, we tested how different normalization methods affected the
interpretation of the UES provision and comparison, and tested the utility of EMDS
in this analysis. For this purpose, we used two different normalization methods. As
a result, UES provision maps were obtained.

4. Spatial aggregation and variation analysis. In this final step, we analysed the differences in
the spatial aggregation and variation in the provisioning between the results obtained
by the two normalization methods.

2.2.1. Definition of Urban Ecosystem Services

The first step in the ecosystem services analysis was the definition of the UES indicators.
An analysis of data availability was performed to identify the spatial data that could be used
to define and quantify these UES indicators. Because the goal of the study was to compare
the UES provisions in the two cities, it was necessary to use at least approximately similar
metrics in both cities, and this requirement substantially reduced the data choices. Finally,
one dataset of metrics was used to define each UES indicator in both cities. Therefore,
20 metrics in total were used in this study to define and quantity the 10 UES (Table 1). The
geoprocessing operations in ArcMap 10.8 were applied to produce the desired metrics for
each landscape unit of each city. Once calculated, all the metrics were attributed to the
relevant spatial units. We used the MEA methodological framework [31] to model the data
(Table 1) and, consequently, the categories of the regulating and cultural ecosystem services
were used as the basis for the analysis.

Table 1. Metrics selected to evaluate each of the 10 UES data inputs.

UES Groups and UES Indicators UES Metrics Units Format
Metrics

References

REGULATING

Micro-climate regulation Intensity of urban heat island based on land
surface temperature

◦C Raster [39]

Air quality regulation CO2 storage by urban trees kg/m2 Raster [40]

Drainage Extension of impermeable surfaces or areas
covered by vegetation % Raster [41,42]

Noise reduction Presence of green infrastructure along
traffic axis % Polygon [43,44]

Habitat provision Continuity of green urban areas m2 Raster [45]
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Table 1. Cont.

UES Groups and UES Indicators UES Metrics Units Format
Metrics

References

CULTURAL

Recreation Distance to the closest green urban area
suitable for recreational activities m Point [46,47]

Social value Quantity of sites within urban green areas
serving as a meeting point with other citizens num./km2 Point [48]

Psychological or health-related value Abundance of urban green areas
within neighbourhoods m2/inh. Polygon [49,50]

Cultural or historical value Quantity of urban green sites relevant to local
culture or history num./km2 Point [51]

Aesthetics Presence of green urban areas on the streets % Polygon [52]

Regulating services are the benefits people obtain from the regulation of ecosystem
processes [31]. We used five metrics to quantify the provision of five ecosystem services in
each city (Table 1). To assess the micro-climate regulation, the urban heat island intensity
was calculated. The calculation was performed using Landsat 8 imagery, band 10 from the
TIRS sensor, and bands 4 and 5 from the OLI sensor. The list of images is shown in Table 2.
All the selected images corresponded to the summer months, had minimum cloudiness
in the scene, and were adjusted via an atmospheric correction process [53]. The Jiménez-
Muñoz and Sobrino method [54] was used to calculate the land surface temperature and
approximate urban heat island intensity. Emissivity values, which were needed for the
land surface temperature calculations, were obtained using the Normalised Difference
Vegetation Index (NDVI) thresholds approach for emissivity analyses [55], with the NDVI
values modified according to the local imagery characteristics and established as shown
in Table 3. Given the land surface temperature calculations, a mean temperature for each
district was calculated.

Table 2. Landsat 8 images used in urban heat island calculation.

Barcelona Santiago

Date Resolution Date Resolution

12 July 2013 30 m multispectral, 100 m thermal pixel 9 January 2014 30 m multispectral, 100 m thermal pixel
14 August 2016 30 m multispectral, 100 m thermal pixel 15 January 2016 30 m multispectral, 100 m thermal pixel
22 July 2019 30 m multispectral, 100 m thermal pixel 23 January 2019 30 m multispectral, 100 m thermal pixel

Table 3. NDVI thresholds applied in emissivity calculations.

Land Use Type NDVI Thresholds Emissivity Values

Vegetation >0.4 0.99
Water <0 0.98
Built-up areas 0 ≤ NDVI < 0.1 0.95
Bare ground 0.1 ≤ NDVI < 0.2 0.94
Mixed pixels 0.2 ≤ NDVI < 0.4 Equation by Valor and Caselles [55]

We used the CO2 storage in urban trees to quantify the regulation of the air quality.
A remote-sensing-based method using NDVI values was implemented, with the formula
adjusted to our image resolution [40]. Rapid-Eye images from the Catholic University
of Chile, from 11 October 2013, were used to calculate the NDVI values in Santiago. On
the other hand, open-source NDVI data from 2017, provided by the City Council, were
applied in the analysis in Barcelona [56]. Mean values were calculated for each city district.
The same data sources were used in the assessment of drainage. We identified the pixels
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corresponding to impermeable surfaces and areas with vegetation cover and calculated the
percentages these areas occupied within the city district area. Urban green continuity was
used as a proxy for habitat provision [57,58]. Continuous areas of pixels with vegetation
cover were detected and a mean value for each city district was calculated. Finally, the
noise reduction was assessed as the share of green areas along the streets, using a buffer of
20 m on either side of the street.

Cultural services are the “nonmaterial benefits people obtain from ecosystems through
spiritual enrichment, cognitive development, recreation, reflection, and aesthetic experi-
ences” [31]. Due to their intangible characteristics, they are usually difficult to quantify,
often being the subject of controversy because their definitions are typically vague and
their indicators are not well established [48,59]. In this study, we used five metrics to
quantify the provision of five cultural ecosystem services (Table 1). Recreation was as-
sessed by the proximity of the UGA to an analysis unit suitable for recreational activities
(UGA > 2 ha) [56,60]. A dot map, with a separation of 30 m between the dots, was created
over the urbanised areas of both cities. The distance from each point to the nearest UGA
was measured and a mean value was calculated for each district. Social value was mea-
sured by a quantification of the urban amenities for social activities located within a UGA,
such as parks for children, open-air gyms, barbecue areas, and parks with registered social
activities, etc. Their density per square kilometre was calculated in each city district. The
same unit was used to quantify cultural or historical value. Here, only protected urban
green areas, such as historical parks, monumental trees, and areas or trees of local interest,
etc., were taken into account. Psychological and health-related value was assessed as the
quantity of green areas within the city district (parks, urban forests, or green squares) per
the number of inhabitants [56,60]. Finally, we analysed the presence of UGAs within the
20 m street buffers to assess aesthetics. The values of the share of a green area outside of
a buffer zone were represented as a mean value at the city district level.

2.2.2. Analysis of the Provision of Urban Ecosystem Services

After quantifying the UES indicators with the metrics in the previous step, we pro-
ceeded to quantify their provision to the districts. A geospatially based logic model was
built in the NetWeaver Developer [61], a component of the EMDS spatial decision support
framework [30]. The provision of each metric in a district was quantified by the use of
a specific measure of the strength of the evidence obtained from the model. The UES
provision was quantified via the application of the unique rules applied to each metric
that approximated the relations between the metrics and the UES. These rules defined
type of relationship and interdependency between the metrics, as well as the degree of
consideration of each metric in an indicator’s quantification process.

The logic models in NetWeaver are built as networks of networks organised in a logical
dependency structure. The strength of the evidence of dependent networks is logically
derived from the evidence provided by antecedent networks [61]. Elementary networks,
whose only antecedents are data (e.g., metrics), are located at the lowest level of the model
structure and are the origin of the strength of the evidence measures. Each elementary
network uses a fuzzy membership function to express the degree of support for a logical
proposition provided by an observed data value. The evidence measures at the bottom
of the network structure are propagated upward through the antecedent and dependent
networks, connected by logic operators that specify how the evidence measures should be
combined. In this study, we built two structurally equivalent logic models, one for each
study area.

We used NetWeaver’s graphical method of model design to build the model. The
full model is documented in HTML (Archive 1) and we show a graphic representation of
the regulating services in Barcelona in Figure 2. The evaluation of the regulating services
considered five metrics (Table 1) and each were evaluated by a fuzzy membership func-
tion. In Figure 2, we show how the observed data relative to the climate regulation were
converted into the strength of the evidence values. These ranged from −1 (meaning no
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evidence or no provision of UES) to 1 (full evidence or full provision of UES). Each of the
other four metrics were similarly evaluated by a definition of the specific thresholds on
the observed data used to define the strength of the evidence (Table 4). The U operator
(Union in NetWeaver) specified that the measures of the strength of the evidence for all the
metrics in our model were logically combined as an average, meaning that the lines of the
evidence were additive and compensatory, so that low evidence values on one metric could
be compensated by high values on others. Although NetWeaver allows for weighting the
evidence of antecedent networks, our models used NetWeaver’s default value of 1, so all
the networks contributed equally to the conclusions of provisioning.

 

Figure 2. Graphic representation of NetWeaver model regarding the provision of regulating services
in Barcelona.

Table 4. Observed values thresholds to define strength of evidence values.

UES Metrics Metrics Units

Separated Thresholds Approach Joint Thresholds
ApproachBARCELONA SANTIAGO

No
Evidence

Full
Evidence

No
Evidence

Full
Evidence

No
Evidence

Full
Evidence

Micro-climate regulation ◦C 33 31.5 35 32 34 31.75
Air quality regulation kg/m2 1.25 1.7 1 1.45 1.35 1.57
Drainage % 12 40 12 50 12 45
Habitat provision m2 900 80,000 2000 4,000,000 1450 2,000,000
Noise reduction % 20 40 10 35 15 37.5
Recreation m 700 150 1000 300 850 225
Social value num./km2 0 15 0 2 0 1.5
Psychological or
health-related value m2/inh. 1 23 0.1 1.2 0.55 12.1

Cultural or historical value num./km2 0 10 0 1.3 0 5.65
Aesthetics % 10 35 5 35 7.5 35

2.2.3. Comparison of Urban Ecosystem Services between the Two Cities

Given the model construction described in the previous section, we compared the
provisions of the UES within the districts of the cities and between the cities. Because the
metrics we implemented had different absolute ranges between the two cities, resulting
in distinct scales for the provision of a metric, they were not directly comparable. There-
fore, we tested two different methods to analyse the UES provision and, subsequently,
compared the provisioning outcomes between Santiago and Barcelona. The difference
between the two methods was based on the assignment of the thresholds used to define
the fuzzy membership functions, as described in the previous section. In the first method,
which we refer to as the separated thresholds approach, the observed data values were
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analysed independently for each city and unique thresholds were calculated separately for
Santiago and Barcelona. The maximum and minimum threshold values for defining the
fuzzy membership functions in each city were assigned based on the literature review for
recreation and noise reduction, or based on the 15th and the 85th percentiles for the other
UES indicators (Table 4). On the other hand, in the second method, the joint thresholds
approach, the analysis was run with the unique threshold values for defining the fuzzy
membership functions determined based on both study areas (Figure 3). In particular, the
threshold values of the fuzzy membership functions in the joint threshold approach were
calculated as the mean threshold values from the separated thresholds approach (Table 4).

 

Figure 3. Schematic representation of threshold assignments for the strength of evidence function
using recreation UES as an example. Red lines represent Barcelona (using separated thresholds
approach), blue lines represent Santiago (using separated thresholds approach), and orange lines
represent joint thresholds approach.

The spatial analysis was performed using the ArcGIS 10.8 software, as well as the
EMDS 8.7 ArcMap Add-Inn. After running the NetWeaver model in EMDS, maps showing
the provision of each UES indicator, the UES groups, and the total UES provision were gen-
erated. Lastly, we noted that the strength of the evidence measures computed in NetWeaver
was a continuous variable, but the map values were classified into five categories using
equal intervals, from very low to very high, for display purposes.

2.2.4. Spatial Aggregation and Variation Analysis

In this final step, the total provision scores resulting from the two different methods
were compared and analysed. For this purpose, the strength of the evidence values (ranging
from −1 to 1) were normalized to a (0–1) scale to simplify the interpretation. The normalized
provision scores obtained with the separated thresholds approach were deducted from
the value obtained using the joint thresholds approach. The results depict the degree (0–1
or 0–100%) and direction (positive or negative) of the changes in the provision resulting
from the application of the two different methods. Additionally, the changes in the spatial
aggregation of the provisions per district were analysed by applying global Moran’s I
statistics, a spatial autocorrelation tool that assesses both spatial locations and changes
in the values of features [62]. Applying Moran’s I, we aimed to assess the equality in
the provision of the UES and, therefore, urban well-being. A lack of spatial correlation
(negative I values) means a lower aggregation and greater equality in this provision, and
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vice versa [63]. We aimed to compare the results obtained by the two different methods to
identify the gap between the provisions of the cities and study the relativeness regarding
the optimal provision of UES.

3. Results

The spatial distribution of the provision of UES in Santiago, calculated using the
separated thresholds approach, is shown in Figure 4. The provision of the cultural and
regulating UES did not follow a common spatial pattern. The provision of cultural services
was generally low within the entire study area, with the exception of a few specific districts
where a higher provision could be noticed. On the other hand, the provision of regulating
services showed a clear east–west spatial polarization. While a very low strength of
evidence dominated the central and western districts of the city, with several low and
medium values, the eastern districts displayed continuous areas of very high provision.
With respect to the total provision of UES in Santiago, a more irregular spatial pattern was
evident, maintaining the high strength of the evidence values in the east, but with less
distinctive differences towards the west.

 

Figure 4. Maps of provision of UES in Santiago using separated thresholds approach.

Figure 5 shows the spatial distribution of the UES in Barcelona, calculated using the
separated thresholds approach. In comparison to Santiago, the spatial distributions of both
the cultural and regulating services were more irregular. Generally, higher values were
observed in the marginal districts of the city, leaving the central districts characterised by
a lower strength of evidence. The regulating services showed a greater polarisation in
their values within the study area, while the score differences for the cultural services were
smoother. The total provision of UES in Barcelona had an uneven spatial distribution. In
general terms, very high provision values were observed in the districts where parks or
urban forests were situated, located in the mountainous parts of the city; coastal districts
had medium values, while an irregular representativeness of very low, low, and medium
scores could be noticed in the central portion of the study area.

Figure 6 shows the total provision of the UES in Santiago and Barcelona when applying
the joint threshold approach. The spatial distributions of the provisioning values followed
a similar spatial pattern in both cities, as in the previous method. However, changes in these
provision values could be noticed in both study areas. In Santiago, about 50% of the city
districts showed an increase, while in the other 50% of the districts, lower provision values
were observed. Nevertheless, negative variations were more frequent (the mean decrease
value was −0.04, while the mean increase value was 0.02), indicated by the predominance
of lighter shades in Figure 6. Most of the districts registered changes in their values passing
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from high to medium in the east, or low to very low in the western parts of the city. Only
a few city districts had a significant increase in their provision after applying the joint
thresholds approach compared to the separated thresholds approach (Figure 4). On the
contrary, most districts of Barcelona showed an increase in their UES provision scores,
about 80% of the total number. At the same time, the mean variation values were equal
in both the positive and negative records. Most coastal districts passed from a medium
to high strength of evidence. The provision increased from very low to low and low to
medium in several central city areas, while increments from medium to high and high to
very high were observed in the mountain districts. A significant decrease in provision was
only registered in a few suburban areas, mostly passing from very high to high.

 

Figure 5. Maps of provision of UES in Barcelona using separated thresholds approach.

 

Figure 6. Maps of provision of UES in Santiago and Barcelona using joint thresholds approach.
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The variations in the provisioning values between the two methods were much higher
in Barcelona than Santiago, both in terms of positive and negative changes. After using
the joint thresholds approach, the provision values in Barcelona predominantly increased,
with scores of up to 20% higher. On the other hand, when the provision scores in Santiago
were directly compared to the absolute provision values in Barcelona, smoother variations
were noticed, but with a greater decreasing tendency, reaching up to −10%.

Regarding the spatial aggregation of the UES provision values, positive Moran’s I
values were obtained from both the separated and joint thresholds approaches in both cities,
indicating some degree of aggregation. However, significant differences were observed
between Santiago and Barcelona. First, the spatial aggregation of the total UES provision
was higher in Santiago than Barcelona. The Moran’s I in Santiago was 0.53, both for
the separated thresholds and joint thresholds approaches, while the respective values in
Barcelona were 0.19 and 0.15. Thus, the aggregation of the total provision varied more in
Barcelona than Santiago when comparing the two threshold approaches. Differences in the
spatial aggregation were also observed in the provision of regulating UES using the joint
thresholds approach, in which Santiago had a high index value (0.63), whereas Barcelona
had a low value (0.12).

4. Discussion

In this study, we conducted two different comparison methods for evaluating the
provision of UES in the cities of Santiago and Barcelona. In both cases, an innovative
spatial decision support framework, EMDS, was applied to allow the analysis of single and
combined UES provisions. We used the same data in both approaches, only changing the
threshold values to define low and high evidence of UES provision, which were primarily
derived from evaluations of histograms of data distributions. After the application of
the different threshold approaches, clearly distinct results were obtained for both cities,
resulting in changed provision evidence values. Because the identification of the needed
interventions to the green infrastructure and the specification of the actions required to
improve urban green and human well-being are directly conditioned by the characteristics
of UES supply, knowing their current state and managing them appropriately is crucial [64].
Our approach also attempted to develop standardised comparison methods for reducing
ambiguities in the results, as well as provide a spatial solution for analysing UES to support
urban planning policies that, in turn, provide a basis for a less ambiguous definition of
a good urban strategy [65].

The provision of ecosystem services, including UES, primarily depends on the ca-
pacity of the ecosystem to deliver them [31]. While in rural environments it might be
a challenging task to change the ecosystem capacity in the short term, urban environments
are characterised by more dynamic geospatial features that are amenable to implementing
changes. Namely, via land-use changes or interventions to urban facilities, environmental
settings can be substantially changed in a relatively short time, enabling new scenarios
for UES provision [66]. Ideally, these changes should be induced by prior analyses of
the current UES characteristics, aimed at improving them [2]. The comparison analyses
presented in this study can substantially help in defining the actions needed to initiate these
changes and, therefore, act as a useful tool in UES management. These types of analyses
can also improve the awareness of the need to continue improving urban ecosystems and
increasing UES provision. Our results illustrate how the perceptions of provision values
in a certain city can change by considering alternative comparison methods. Such percep-
tions can result in obtaining a wrong image of UES-related processes and their provisions
and can lead to making inappropriate decisions regarding urban planning. For example,
generally high provision values were observed in the eastern part of Santiago when the
data were analysed independently, but after observing the results in the broader context
of the joint comparison method, which included data from Barcelona, the provision in
Santiago decreased, whereas the opposite outcome was observed in Barcelona. In other
words, when using the separated thresholds approach, the high values in Santiago and
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Barcelona were not equally high, which emphasized the relativeness in the provision of
UES in this approach. This can easily cause difficulties with defining an appropriate urban
planning strategy that attempts to improve the distribution of environmental goods and
well-being. This also raises questions about the methodology for such comparison studies
and which scores the provision should register to be considered as high enough. Until now,
a UES comparison between different cities has only been conducted in a limited number
of studies, with a clear lack of coherent comparison methods [3,16], and these have been
based on what we refer to as the separated thresholds method, in which each dataset,
before being compared, is analysed and normalised independently. As demonstrated in
this study, such methods can provide misleading results, because their provision scales are
based on different absolute values. While there is an objective at the global level focused
on the urgent mitigation of the inequality of environmental goods, the development of
research methodology does not follow the same path [25]. It is evident that each urban
area has a unique geospatial reality defined by specific sets of features, including urban
green infrastructure, and that the capacity of UES provision strongly depends on these
characteristics, but effective improvements cannot be achieved at a broader global scale if
each urban landscape is analysed independently. Thus, in this study, we emphasized the
need to improve UES comparison methods, in order to obtain more comparable results,
which would help to achieve a more equal distribution of urban well-being across cities
by establishing more standardised comparison methods, such as the definition of UES
thresholds that could be applicable over broad spatial extents.

Regarding provision values, the literature usually strives for an increase in UES supply,
but there is no consensus on how high this provision should be to satisfactorily supply
all the benefits. In rural environments, the goal is to achieve the maximum provision
that the environment can provide according to its capacity, without putting it at environ-
mental risk [67]. In urban environments, this capacity can easily be increased, but the
environmental pressure on UGAs can also fluctuate drastically, depending on geographical
circumstances [68]. The joint thresholds method that was demonstrated in this study can
help to evaluate UES provision over broader spatial extents and provide a better perception
of the comparability of UES characteristics (or lack thereof), but it cannot produce a com-
plete solution for the actions needed to manage UGAs. At the same time, we recognize
that, in some cases, the absolute values for the provision of UES can be so different that it
may not make sense to adjust their interpretation to a common data scale. However, using
the separated thresholds approach in the latter case would give even more problematic
results, as discussed above. For this reason, the study also emphasizes the methodological
constraints regarding UES comparisons, although it represents a first step towards more
complete comparison methods, while also emphasising the need for more developed and
elaborated methodological approaches.

The EMDS system that was used in this study enables the application of geospatial
modelling to assess the complexity of the urban environment. Although EMDS had not
previously been applied in UES-related studies, the system shows several strengths in re-
solving complex spatial problems. Apart from well-established terminology that facilitates
the interpretation of results, a user-friendly interface enables the consideration of spatial
complexities in a relatively simple way [69]. The latter features help to strengthen the col-
laboration between scientists and end-users, facilitating EMDS application in participatory
planning. The possibility of the implementation of such methodology, with a combination
of expert knowledge and scientific methods, is of great interest in UES-related decision
making processes [70].

A spatial analysis of UES provision, as illustrated in this study, is a useful foundation
for decision makers in setting policies and developing strategies for improving the provi-
sioning of UES in urban landscapes, insofar as it spatially quantifies the current state of
the urban environment with respect to its current status. However, to effectively support
decision making in this context, additional decision tools are needed to: (1) identify which
urban districts are the best targets for improvements in UES provision (e.g., strategic plan-
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ning), and (2) identify what specific actions in those districts would produce the biggest
gain in provisioning (e.g., tactical planning). While the spatial analysis of UES provisioning
was relatively objective, the subsequent decision analyses were relatively subjective, but
could be assisted by tools for a multi-criteria decision analysis (MCDA, [71]) that helps
decision makers to organize the decision criteria into models, decide on the relative impor-
tance of these criteria, and document the decision models, in order to facilitate stakeholder
participation. While the current study only addressed a foundational spatial analysis of
UES provisioning, the EMDS system includes a variety of MCDA methods that can be
applied to extend the current EMDS applications to the strategic and tactical phases of
decision support for UES provisioning.

5. Conclusions

In this study, we assessed the provision of UES in Barcelona, Spain, and Santiago,
Chile, implementing two different comparison methods. The EMDS spatial decision sup-
port framework was applied for the data modelling and results interpretation. The results
demonstrated different levels of UES provisioning, depending on the methodological ap-
proach used, and reflected the relativeness in UES provision, which presents difficulties
in developing effective strategic and tactical solutions for urban planning. Therefore, we
suggested that UES comparison methods are useful tools for detecting environmental injus-
tice in urban areas and supporting better UGA management. Still, it has to be considered
that the standardization processes required for comparisons between urban entities may
neglect the use of highly specific but relevant information.
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Abstract: Urbanization occurs now more rapidly than before, due to the development of compact
cities or urban sprawl, threatening quasi-natural areas, especially those protected within/near built-
up ones. Europe lacks laws dedicated to natural protected areas within built-up areas, which are
subject to the same provisions as natural protected ones, or a legislative vacuum. This research
aimed to find the best planning approach for resiliently conserving and developing these areas and
establishing grounds for a new tool used for planning the proximity of natural areas within cities.
The methodology involved selecting two groups of countries, Nordic and eastern European, and
treating these areas differently. The choice was based on specific political history. The study analyzed
the legislative and planning framework and compared the approaches of 11 analyzed countries
to pinpoint the basic aspects accounted for and applied to other European territories, in order to
preserve the characteristics of urban morpho-typology and the particularities of local landscapes. The
comparison results suggest solutions such as adopting specific regulations for urban protected areas
and their adjacent zones through legal documents, completing/detailing environmental legislation
in Nordic countries, adopting laws dedicated to protected natural areas within and/or close to built
areas, and changing the approach to protecting natural areas with urban planning or land use tools.

Keywords: urban protected areas; environmental legislation; urban planning; biodiversity conservation;
Nordic countries; eastern European countries

1. Introduction

The conflict between the morpho-typology of urban tissue and quasi- or semi-natural
areas is becoming more and more acute. This conflict is stronger in old human settlements
that have developed organically, and in the current context, in ever faster urban sprawl
and the development of systems, relationships, and specific connections at the territorial
level. The most frequent conflicts of this type are found in rural–urban areas, located at
the confluence between the urban tissue and its neighboring agricultural lands, but also
in areas placed between the urban tissue and green spaces inside the cities. The second
category is more problematic, considering the generally insular morphological layout
of green spaces in relation to urban fabric. Protected urban areas are sometimes called
“protected islands” due to their isolation from their surrounding environments [1]. All the
borders and separation areas between these two types of tissues are most often areas of
conflict that require careful management from the point of view of urban planning.

Unplanned urban development failing to preserve local character, without a coher-
ent eco-sustainable and resilient strategy, represents a real threat to the conservation of
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biodiversity worldwide [2]. This statement is valid in particular in areas valuable from
this point of view, such as natural protected ones [3]. Biodiversity conservation can have a
considerable impact in terms of increasing ecosystem services [4]. Currently, urbanization
follows two main trends: increases in building density (to create compact cities) and the
expansion of peripheral areas through urban sprawl [5]. In this context, the ability to
support the persistence of species in natural areas within cities becomes a conclusive and, at
the same time, a difficult objective for maintaining long-term conservation [6]. Additionally,
the competition for occupying space that occurs between activities such as agriculture and
nature protection is one of the most obvious human imprints [7]. A major problem from
this standpoint, evident especially in Europe, is the fragmentation of ecosystems [8], a
major threat to nature conservation [9].

The urban planning process should also take into account natural protected areas,
and land use regulations should complement and strengthen these natural protected areas
and even be a pillar of biodiversity conservation, especially for land without a protection
regime, but representing a special landscape feature with a high conservation value [10].
A common misconception sometimes also addressed by urban planning is that the term
“protected area” designates a wild area devoid of human influence [11], but in reality,
ecological systems (especially urban ones) are in an intense interaction with urban and
social ones, thus facilitating an interdisciplinary research and planning framework, with
the aim of ensuring the maintenance of biodiversity in urban areas [12]. These are so-called
socio-ecological systems (SES), complex systems that take into account social and ecological
variables [13].

Urban planners and political decision makers have experienced solutions that take
into account both social and economic concerns, as well as environmental concerns, inter-
connected in a complex trans-disciplinary sense [14] to reduce environmental impacts [15].
Ecosystem services are crucial, especially those of urban green infrastructure [16]. In
order to safeguard the values and natural resources of their territory, municipalities are
mandated by European urban planning laws to draft “municipal green infrastructure
plans” [17]. Urban planners are challenged to understand, temporally and spatially, ecosys-
tem services [18]. Unfortunately, they are often underestimated and difficult to quantify,
considering the lack of a complex integration of systems for monitoring the biodiversity and
values of ecosystem services in natural protected areas [19]. Therefore, urban planning in
accordance with the augmentation of ecosystem services becomes very difficult, especially
given the limited guidance on how ecosystem services should be used in the context of
land use and environmental planning [20]. Additionally, very few of the many publications
have provided a structured analysis of the contribution and use of this concept in urban
planning [21].

Therefore, the literature review highlights limited knowledge of urban planning
in terms of developing multi-disciplinary or even trans-disciplinary approaches with
ecology. It is important to consider that the creativity in the urban landscape stems from
the ability to sensitively perceive space and surrounding landscapes, influenced by the
unique perspectives and perceptions of each specialist [22]. Moreover, the analysis of
previous studies identified no urban planning tools with the role of valorizing ecosystem
services from the viewpoint of spatial relations. No tools were identified even for just
analyzing/quantifying the compatibility between built urban tissue and the quasi-natural
one. Additionally, no clear and specific recommendations were identified regarding what
exactly this tool should analyze.

This research originated from the problem of lacking specific theoretical information
about areas adjacent to natural protected ones in cities, from the viewpoint of urban
development. Against the background of this theoretical void, the absence of planning
guidelines is also noticeable. These guidelines could direct the planning process to support
the interdependence between quasi-natural fabric, specific to natural protected areas, and
its adjacent built fabric.
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The purpose of this study is to provide a set of recommendations for urban planning
in accordance with the needs of urban areas close to natural protected ones. These rec-
ommendations refer to quasi-natural areas in urban environments, with the most urgent
need for correlation with their proximities. Such recommendations can substantiate an
urban planning instrument aimed at reducing urban pressures on natural protected areas
by adopting appropriate planning methods for the areas adjacent to sensitive natural ones
lacking a conservation value.

In this sense, a comparative analysis of some urban planning models, selected for
being as different as possible, can pinpoint the different approaches to the urban planning
of areas close to protected urban natural areas. Therefore, we compared two types of
approaches to urban planning and legislation dedicated to natural protected areas in cities
and their adjacent areas. The evaluated models are the approaches of Nordic and eastern
European countries, which represent particular situations from a historical–evolutionary
point of view, but also from a morpho-urban typology standpoint. The aim is to discover
the optimal planning attitude for ensuring resilient conservation and the development of
these areas, and create a new instrument used in the vicinity of natural areas within cities.
The purpose of this study is not to create the tool itself, which can take different forms
(guidelines, urban indicators, and framework structure of urban plans for these areas, etc.),
but to phrase a set of recommendations substantiating the development of this tool.

2. Materials and Methods

Selection of case studies: For the analysis of urban planning related to natural pro-
tected areas, relevant planning instruments and legislative acts were analyzed for the
following countries: Nordic countries—Denmark, Finland, Iceland, Norway, and Sweden,
and eastern European countries—Bulgaria, Czech Republic, Hungary, Poland, Slovakia,
and Romania (Figure 1).

Figure 1. The countries selected for the analysis of legislative acts and planning instruments with
incidence on natural protected areas.
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These two groups of countries were selected for comparison due to their different
evolutions from the viewpoint of urbanization and, implicitly, of urban planning. The main
historical aspects differentiating the two groups over time are listed below.

• The emergence of cities: in Nordic countries, urbanization began to develop during the
Middle Ages, with the emergence of trading cities and universities, while in eastern
European countries, urbanization began later, in the 19th century, along with the
industrialization process.

• Post-industrial urban evolution: in Nordic countries, post-industrial urban transfor-
mation has been characterized by the regeneration of abandoned industrial areas into
modern and sustainable housing and business areas. In contrast, in eastern Euro-
pean countries, post-industrial urban transformation has often been slowed down or
blocked by a lack of resources and economic problems [23].

• Urban size and density: Nordic countries generally have smaller and denser cities
than eastern European countries. On the other hand, in eastern Europe, the tendency
to decrease the area and density of cities, also known as “shrinking cities”, is becoming
more and more common, due to a decrease in population.

• The evolution of public policy: while Nordic countries had a stable democratic de-
velopment in the 20th century, eastern European countries were under communist
regimes for several decades, which had a significant impact on their economic and
cultural development.

Establishing the analysis criteria: Taking into account the differences listed above,
the study started from the premise that the two groups of countries also differ from the
viewpoints of urban planning and its related legislation. Starting from this point, after
identifying the differences at these two levels of the analysis, a set of recommendations
were drawn up for each group of countries.

The two levels of analysis (legislation and urban planning instruments) were chosen in
order to obtain an overview of how the areas adjacent to natural protected areas are treated
from the point of view of urban planning. Another important aspect taken into account was
the degree of attention given to them from a legislative point of view, especially considering
the fact that not all planning instruments have legal value.

The legislation was selected to include legislative acts substantiating the urban–
territorial planning systems specific to each country, those addressing quasi-natural areas
in cities (for example, green spaces), natural protected areas and their adjacent areas, and
the regulation of the relationship between natural protected areas and urban morpho-
typological tissue, in the specific context of each area. Considering the multitude of existing
legislative acts in the 11 analyzed countries, the acts substantiating the basis of urban
planning and environmental protection were chosen for analysis first.

An important starting point, in this sense, consists of the brochures produced for each
state by the Organization for Economic Co-operation and Development (OECD), a forum
where the governments of 37 democracies collaborate to develop policy standards for
promoting sustainable economic growth. These sheets can be found on the OECD website
in the “countries” section and provide an overview of the urban planning tools used in
each country, as well as the main laws that regulate these urban planning aspects.

Having these sheets as a starting point, the following steps were taken for selecting
the laws analyzed. First of all, general laws related to urban planning and the environment,
which generally address the subject of these two fields, were selected. In order to identify
the general environmental and urban planning laws of each country, the following sources
of information were used: the official website of the respective country’s government was
accessed, and then its environment/urban planning/legislation sections were viewed,
depending on the structure of the respective website. Online legislative databases (either at
a national or European level), websites of environmental institutions, and those responsible
for urban planning were also used.

Secondly, the legislative acts related to them, with a potential influence on the system
of natural protected areas, were analyzed. Territorial planning instruments and their roles
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were also identified, especially with regard to the planning for areas adjacent to natural
protected ones.

Comparison of case studies: After identifying the particular aspects of each country,
a comparison was made between all the selected countries, depending on each analyzed
level, but also on the territorial scale to which the respective instrument was applicable
(legislative or planning). Other instruments considered relevant for the two fields were
also taken into account—strategic instruments mentioned in the analyzed legislative acts.

Identification of principles used: Based on the comparison between the analyzed
countries, we identified the main directions that each country follows with respect to
environmental protection and urban planning. A parallel analysis of these issues facilitated
the identification of the different aspects emphasized by each country/group.

Drawing up a set of recommendations for the two models: Comparing the two ana-
lyzed models—Nordic and eastern European—we noticed that the two adopted different
instruments, in terms of territorial scale, required improvements, both from the urban
planning and legislative viewpoints. For this purpose, a series of recommendations were
made regarding the two levels of analysis, addressing the strategic approaches separately
from the urban planning instruments, due to their lower legal value. The recommendations
concerned the two groups, a single one, or a single country. Special attention was paid to
Romania, first taking into account its specific natural heritage and environmental legislative
proposals, differentiating it from the other analyzed countries.

Figure 2 presents a diagram of the methodology, indicating its main steps.

Figure 2. Phases of methodology used in the current study.

3. Results

3.1. Critical Analysis of Legislative Acts and Planning Instruments of Urban Protected Areas in
the Analyzed EU Countries
3.1.1. Nordic Countries—Denmark, Finland, Iceland, Norway, and Sweden
Denmark

At the national level, the Danish Planning Act is the main guide for territorial planning.
One of its objectives consists of “creating and conserving valuable buildings, settlements,
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urban environments and landscapes” [24]. The designation of protected areas is carried
out through municipal plans, which can then be detailed through local development plans
(also called detailed plans/Lokalplan). The Planning Act provides for the direct obligation
of municipal plans to propose solutions for nature conservation—“The municipal plan
must contain guidelines for safeguarding nature conservation interests, which are made
up of natural areas with special nature protection interests, including existing Natura
2000 land and other protected nature areas, co-ecological links, potential natural areas,
and potential ecological links”—§11a, Planning Act [24]. These municipal plans also
mark/reserve component areas of The Green Denmark Map (Grønt Danmarkskort), a
natural network that supports the planning of natural areas, with the aim of counteracting
the loss of biodiversity.

Two other important legislative acts for territorial planning are the Nature Protection
Law [25] and Land Registration Act [26]. The Nature Protection Law aims to protect
nature, so that “social development can take place on a sustainable basis, both with respect
for human living conditions and for the preservation of animal and plant life”. The law
contains provisions regarding protected areas from the viewpoint of protected species,
public access, management, damages, and sanctions, but does not refer to the spatial
relationship between them and the urban fabric.

The Land Registration Act contains provisions regarding property registration in the
national real estate registration system. This act does not refer to protected natural areas.

No legislative act dedicated to protected areas located in urban areas was identified,
thus concluding that they are subject to the same provisions as areas not directly spatially
related to cities.

Finland

The Finnish planning system is mainly based on the Land Use and Building Act,
but the Environmental Protection Act and Nature Conservation Act are also of particular
importance, especially with regard to natural areas. The Land Use and Building Act has
a chapter dedicated to national urban parks—chapter nine [27]. It mentions the way to
establish one and the specific regulations for this. The establishment of such a protected
natural area can be initiated upon the request of the local authorities, being completed by
the institution made by the competent ministry. There are currently nine national urban
parks established in Finland: Hämeenlinna, Heinola, Hanko, Kuopio, Pori, Forssa, Kotka,
Turku, and Porvoo [28]. For each national urban park, a “maintenance and use scheme”
is drawn up and approved by the responsible ministry; their regulations “must be taken
into account in planning the areas of the park and in other planning and decision-making
affecting the area” [27]. Therefore, urban planning and land use documentation must take
this scheme into account. Plans are divided into the following categories, depending on the
territorial scale at which they are designed: regional plans, local master plans, joint master
plans (of several municipalities), and detailed local plans. The aspects that these plans must
address include the “protection of the built environment, landscape and natural values”. It
is recommended for these plans to provide regulations regarding protected areas (natural
or built). Regarding the content of detailed local plans, it is mentioned that “the built and
the natural environment must be preserved and their special values must not be destroyed.
There must be sufficient parks or other areas suitable for local recreation in the area covered
by the plan or in its vicinity” (see Section 54 of the Land Use and Building Act).

The importance of urban planning in the conservation of biodiversity is also empha-
sized by the Finnish Biodiversity Action Plan 2013–2020. The Plan aims to “slow down the
loss of biodiversity in urban and built-up areas by increasing knowledge of the subject and
developing the related land-use planning, so as to take into account the conservation of
biodiversity” [28]. Its actions consist of: encouraging the evaluation of unbuilt areas (im-
portant from the point of view of urban biodiversity), the promotion of important areas for
conserving biodiversity in the urban environment, and the development of planning meth-
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ods in the urban environment, in accordance with the conservation of biological diversity
(see Section 2.12—urban and built areas of the Finnish Biodiversity Action Plan 2013–2020).

Iceland

A special aspect related to Iceland’s legislation is the fact that its laws do not refer to
green areas [29]. Planning is carried out at four territorial scales, through the following types
of plans/documents: national planning strategies, regional plans, municipal plans, and
detailed development plans. Considering its strategic nature, national documentation has
the role of establishing the general directions that must be followed in the planning process.
Regional plans are the main planning tool, to which the lower plans are subordinated
from the point of view of the territorial scale. Municipal plans should respect and detail
the provisions imposed by regional ones, and local plans should respect and detail the
provisions imposed by municipal ones.

The main legislative act by which the documentation is guided is the Planning and
Building Act [30]. Chapter III, “Preparation and implementation of development plans”,
Article 9, specifies that local conservation provisions are included in development plans,
if there are valuable natural features in the area regulated by the plan considered to be
desirable for preservation [30].

The main national law for environmental protection is the Nature Conservation
Act [31]. According to Article 67, the Ministry of the Environment has the obligation
to issue a comprehensive register of sites of natural interest once every 5 years at most,
published in the Official Journal of Iceland. It can be completed at any time, if new areas are
added to this register. The Nature Conservation Agency, in collaboration with the Icelandic
Institute of Natural History, nature research centers, and nature conservation committees
in question, is in charge of the preparation and collection of the data on register additions.

No legislative act adopted at the national level dedicated to natural protected areas
located in urban areas was identified.

Norway

The law that governs the Norwegian planning system is the Planning and Building
Act [32]. As mentioned in this act, Norway has the following planning instruments, differ-
ent in terms of their legal power and territorial scale: national master plans (with a role in
coordinating the planning process), regional planning strategies (determine where regional
plans are needed), regional plans, municipal planning strategies (determine the areas where
zonal plans are needed), municipal master plans (establish land use regulations), and zonal
plans (detail the urban regulations for a given area; can be initiated both by local authorities
and private actors). Additionally, at the national level, there are also sectoral plans, such
as those for transport/mobility and the management of protected areas. An important
mention included in the Planning and Building Act, regarding municipal master plans,
is made in its Section 11-8—“Zones requiring special consideration”. The Act specifies
that, when protection regulations are adopted for a new protected area or when those in a
management plan are revised, they can also be applied to the areas adjacent to national
parks or protected landscapes. The aim is to prevent reducing the conservation value of
these protected areas.

Regarding the content of zonal/detailed plans (see Section 12-5 “Land-use objec-
tives in a zoning plan” of Norwegian Planning and Building Act), point three mentions
“green structures” (“grønnstruktur”), consisting of nature areas, green corridors, outdoor
recreation areas, and parks. These “green structures” are also provided for the content of
municipal master plans, in the category of areas that require special attention. Therefore,
this green system is established from the macro level through municipal master plans and
then detailed at the mezzo level by zonal plans.

Another important legislative act for the conservation of natural protected areas is
the Nature Diversity Act—Act of 19 June 2009 no. 100, relating to the management of
biological, geological, and landscape diversity [33]. Its purpose consists of protecting
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biological, geological, and landscape diversity and ecological processes. Chapter V is
dedicated to natural protected areas, but it does not include provisions dedicated to areas
located inside or in the vicinity of urban areas.

The Act on natural areas in Oslo and its nearby municipalities [34] aims to “promote
and facilitate outdoor life, nature experiences and sport”. The law must also ensure the
borders of the Marka—the area of forests and other quasi-natural lands around the city of
Oslo, but the law does not deal with the protected areas that fall under the Nature Diversity
Act and only refers to the creation of protected areas with special qualities for outdoor
life—protected areas for recreation, which are established by the King.

In addition to these legislative acts that refer to natural protected areas, another two
documents are available with roles in guiding/directing the planning process—Planning
green structures in cities and towns [35]. As specified in this act, green structure planning
should be based on the knowledge of animals, plants, their movement patterns, and their
vulnerabilities, and should start from an overview of biotopes. An interesting aspect is the
fact that the principles taken into account in the establishment of a green area, mentioned
and explained in the guide, are similar to the principles for the establishment of a protected
area, reported by John Wilson and Richard Primack [36] in their book, Conservation Biology
in Sub-Saharan Africa. However, in this document, no special mentions are made regarding
protected areas spatially related to urban fabric.

Sweden

The Swedish planning system is based on two legislative acts: the Planning and
Building Act [37] and the Environmental Code [38]. As it appears from the Planning and
Building Act, in Sweden, there is no planning at the national level, i.e., there is no national
plan. However, the objectives of national interest are taken into account by documents
at lower territorial scales. Additionally, at the regional level, planning is restricted, being
currently regulated only for two regions—Skåne and Stockholm (through an addition to the
act in 2019). At the level of each municipality, a municipal plan (comprehensive plan) must
be adopted, containing guidelines for land use, but these plans are not legally binding. The
next documentation at the territorial scale is a detailed regulation and development plan.
This documentation has legal value and “can be” employed in certain areas for the urban
regulation of land, through which the urban indicators for the studied area are established.
For areas not covered by detailed regulatory plans, the municipality can adopt “zonal
regulations”, whose restrictive character is narrow, and which deal with aspects such as:
land use, maximum buildable area, and buildable land sizes. The Planning and Building
Act does not regulate natural protected areas.

The first mention of natural protected areas contained in the Environmental Code
is made in its chapter three—“Basic provisions concerning the management of land and
water areas”, Section 2, which establishes that land/water surfaces that are not affected or
are affected to a small extent by development projects must be protected from measures
that can significantly affect their character. An interesting aspect appears in Section 15 of
chapter 7—“Protection of areas” in the same Swedish Environmental Code, mentioning
that “in special circumstances”, the protection regime of a shore area (established at a
distance between 100 and 300 m from the edge of the shore) may be suspended during the
validity period of a detailed regulatory plan being adopted for the respective area.

Section 7 of the same chapter contains the first and only reference to an urban natural
protected area, more precisely to the national urban park that covers the Ulriksdal-Haga-
Brunnsviken-Djurgården area in Stockholm. It is mentioned here that interventions are
allowed in national urban parks only if they can be implemented without affecting the
park’s landscapes or any natural or cultural assets.
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3.1.2. Eastern European Countries—Bulgaria, Czech Republic, Hungary, Poland, Slovakia,
and Romania
Bulgaria

The Bulgarian planning system includes four types of documentation, taking into
account the territorial scale at which they are made: the National concept for spatial
development, the Regional scheme for the spatial development of a region of level two, the
Regional scheme for the spatial development of a district, and the Municipality concept for
spatial development and detailed plans.

The National concept for spatial development 2013–2025 [39] includes six strategic
objectives, one of which is dedicated to the protection of natural and cultural heritage—
strategic objective four: “Well-preserved natural and cultural heritage”. Subchapter 3.5.1.
Natural values of the same Bulgarian act begins with the specification that “Protected
nature areas account for a significant portion of the non-urbanized territories in the national
space”, and the document does not refer to protected areas in urban environments. The
National concept for spatial development is not legally binding.

The following two types of documentation, made for NUTS-2- and NUTS-3-(/district)-
type areas, generally include provisions regarding the functional and hierarchical structures
of settlement networks, agglomeration areas, and their impact and development axes for
infrastructure. The Regional scheme for the spatial development of a district should
also include guidelines for plans made at the municipal level. Regional plans are not
legally binding. The last two types of documentation—the Municipality concept for spatial
development, the Municipality Spatial Development Concept, and the detailed plans have
legal value and include specific functional regulations for targeted territories.

There are a series of legislative acts related to spatial planning and/or natural protected
areas: the Spatial development act no. 1/2001 [40], The Regional Development Act no.
50/2008 [41], Environmental protection Act no. 91/2002 [42], Protected Areas Act no.
133/1998 [43], and Biodiversity Act no. 77/2002 [44].

According to the Spatial development act no. 1/2001, Art. 7 (1), the category of
land designated as protected territories includes reserves, national parks, natural sites,
maintained reserves, nature parks, protected areas, beaches, dunes, and water sources
with sanitary protection zones, water areas, humid zones, and protected coastal strips.
According to (2), the territories included in urbanized territories can be designated as
protected territories. Article 62 (3) mentions that: “Existing green areas which are public
ownership shall be developed and preserved as protected areas”.

The Regional Development Act no. 50/2008 mentions natural and protected zones
only as categories used in the functional zoning of space. There are no references to natural
protected areas within cities.

The mentions regarding natural protected areas included in the Environmental Protec-
tion Act no. 91/2002 refer to the legislative act dedicated to them, which is analyzed below.

The Protected Areas Act no. 133/1998 regulates the categories of protected areas, the
regimes for their protection and use, their designation, management, security, financing,
and the penalties/fines in the case of non-compliance with the provisions of this act. In
the legislative act, no references are made to natural protected areas spatially related to
urban fabric.

The Biodiversity Act no. 77/2002 includes a chapter dedicated to the national eco-
logical network. This chapter consists of: sites belonging to the Natura 2000 Network,
protected areas of national importance, Corine sites, Ramsar wetlands, important areas for
flora, and important areas for birds. Until 2005, the law included a section dedicated to the
buffer zones of protected areas, whose articles were, however, repealed. The act does not
refer to natural protected areas within or near urban environments.

Czech Republic

In the Czech Republic, there are three levels of government—levels at which spatial
planning documents are drawn up: national, regional, and municipal. The national plan-

34



Land 2023, 12, 1279

ning framework is represented by the National Development Policy [45]. This has the role
of directing the national planning system, without having legal value. The protection of
natural values is one of the priorities identified at the national level, together with the
location of development projects that have the risk of significantly affecting the character
of landscape. The importance of territorial systems with ecological stability, the protec-
tion of natural elements in the countryside, and the creation of conditions to ensure the
permeability of landscapes for wild animals are also mentioned.

At the regional level, the Development Principles play a role similar to that of the
National Development Policy at the national level. They highlight planning priorities at
the regional level, but at the same time, coordinate planning at a municipal level, without
having a legal character.

There are three types of plans drawn up at the municipal level—Local Territorial
Plans, Regulatory Plans, and Planning Studies—out of which, only the first two have legal
value. Local Territorial Plans cover the administrative area of an entire municipality and
regulate land use. However, in many cases, these Plans leave a margin of appreciation for
the Building Office, which is responsible for issuing building permits. Regulatory Plans
are drawn up only for certain areas, where a need to detail the regulations from Local
Territorial Plans is found. Planning Studies are documents that have the role of supporting
the planning process by identifying possible solutions to certain problems. Territorial
planning is regulated by The Building Act of 14 March 2006 [46].

Natural protected areas fall under the incidence of two legislative acts: the Act on the
Environment [47] and the Act on Nature and Landscape Protection [48]. The first act has a
general character and does not directly specify the term “natural protected area”, speaking,
in general, about environmental protection. The Act on Nature and Landscape Protection
details how to protect each type of natural protected area. For example, for national parks
and protected landscapes, it is mandatory to create both conservation and zoning plans
(valid for 10 years in the case of national parks and between 10 and 15 years for protected
landscapes). National parks are divided into three natural conservation zones, depending
on their natural values, which differ in terms of the strictness of regulations. Regulations
and zoning are mentioned in the legal act by which these protected areas are established.
Similarly, protected landscapes are divided into three or four natural conservation zones.

Hungary

The Hungarian planning system includes three or four levels, depending on the region:
National Spatial Plans, Spatial Plans for Special Regions, Spatial Plans for Counties, and
Settlement Structural Plans. National Spatial Plans include a series of guidelines, strategic
plans, and plans for a narrower scale of land use. These are documents with legal value
and are renewed every seven years.

The following instruments, from a territorial scale viewpoint, are Spatial Plans for
Special Regions. At the national level, there are two such plans—Budapest together with
its adjacent urban agglomeration and the tourist area around Lake Balaton, which include
both general provisions and strategic or land use plans and which have legal value. The
main objectives of these two plans are to stimulate economic potential, support sustainable
development, and protect natural and cultural heritage.

According to the Long-Term Development Concept of the City of Budapest 2030 [49],
the main dangers for valuable natural areas are the “dynamic” mode of the spatial ex-
pansion of the city (sometimes insensitive to the limits of forests or borders between the
natural and built environment), the occupation of land without a legal basis, and the lack
of financial resources dedicated to the protection and management of these areas. For the
preservation of natural values, the following “possible means of implementation” are pro-
posed: the establishment of new green areas (to reduce the pressure on nature conservation
areas—for example, by creating recreation areas), ensuring a balanced financing fund for
nature conservation areas, the legal protection of areas significant from the point of view
of nature but not yet protected, and environmental education. Within the plan, special
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attention is paid to the Danube, with its adjacent area being addressed in a dedicated
chapter. The importance of the existing protected natural areas along the Danube, both
from the Natura2000 network and in terms of national importance, is mentioned.

Within the Balaton Territorial Development Concept 2014–2030 [50], the significant set
of natural protected areas that are components of the regulated area is mentioned, but no
special mention is made about the natural protected areas near urban settlements.

Spatial Plans for Counties ensure the link between National Spatial Plans and local
plans, detailing the regulations provided in national plans. Through them, regulations are
established for the control of the development and protection of natural and built heritage.

The planning tool used at the local level, Settlement Structural Plans, includes both
strategic planning and specific land use regulations. This document works together with
local building regulations, which detail the approved types of use.

The framework legislation for the Hungarian spatial planning system is made up of
three laws: Act XXI 1996 on Regional Development and Spatial Planning [51], Act LXXVIII
1997 on the Development and Protection of the Built Environment [52], and Act XXVI
2003 on the National Spatial Plan [53]. The first legislative act does not make specific
references to natural protected areas. Act LXXVIII 1997 on the Development and Protection
of the Built Environment refers only to green spaces important from the point of view of a
settlement’s structure, for which the provision of buffer zones is recommended. These areas
are also specified in Act XXVI 2003 on the National Spatial Plan, where natural protected
areas and the protection areas of natural protected areas are mentioned as “regional and
county priority areas”. Additionally, according to Chapter V, areas regarding national
areas, Section 13, Article 4 of the same act, the natural ecological network is made up of
natural protected areas, natural areas, and ecological corridor areas and must be included
in regional- and county-level spatial plans. No specific references are made to natural
protected areas in urban environments.

Poland

The legislative act substantiating spatial planning in Poland is the Spatial Planning
and Development Act [54]. Planning is carried out on three levels, through the following
types of documentation: national development plans, spatial development plans at the
voivodship level, and local development/revitalization plans. The National Development
Plan is valid for 20 years, and the one currently in force is The National Spatial Development
Concept 2030—NSDC 2030 [55]. Its content highlights the importance of establishing
ecological networks and conservation planning in protected areas. The plan does not refer
to urban natural protected areas. NSDC is not legislative in nature.

The case of voivodeship plans is similar, as they are only indicative, have no legal
value, and delimit, among others, protected areas. Additionally, at the regional level, it is
mandatory to carry out landscape audits—territorial planning acts at the voivodeship level,
through which the characteristics and value of local landscapes are determined.

Local development plans are legally binding documents (for more details, see Nowak
et al., 2023 [56] and Blaszke et al., 2022 [57]). They regulate land use, urban indicators,
and the protection of cultural assets. Local plans also estimate the costs of infrastructure
projects and detail how the expropriation of the affected properties will be carried out
following the implementation of these projects. No special specifications were identified
for urban natural protected areas.

An important component of spatial planning in Poland is the system of environmental
impact assessments—EIA [58], an auxiliary instrument for territorial development, the
preparation of which is mandatory for all planning documents. The structure of the
report that must be drawn up includes: a description of the project, a description of
the natural elements that may be affected, a description of the historical monuments in
the area (if applicable), a forecast in case the project is not carried out, a description of
some development scenarios with the motivation of the most advantageous options, a
description of the project monitoring, and a summary of the report. The legislative act
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contains a chapter (no. six) dedicated to the protection zoning of protected areas. It provides
for the establishment of protection zones adjacent to protected natural areas, established by
the same authority that established the respective natural protected area. If a protection
zone is not provided, the area between the limit of the protected zone and a distance of
50 m from it is considered to be the protection zone. No special mentions were identified
regarding natural protected areas located inside or in the vicinity of urban areas.

Slovakia

The Slovak Republic is characterized by three levels of government—national, regional,
and municipal, and by four levels regarding the territorial planning system—the Slovak
Spatial Development Perspective (at the national level), Regional Land Use Plans, and two
types of local plans—Local Land Use Plans and Local Zoning Plans.

The Slovak Spatial Development Perspective [59] includes a chapter dedicated to
landscape—Chapter 12, “Landscape structure of the Slovak Republic”, which contains
mentions about natural protected areas, but this refers to the Territorial System of Ecological
Stability (TSES), a concept adopted by The Slovak Republic through the Decision of the
Government no. 394 of 23 July 1991. The implementation of projects is carried out from the
macro-territorial scale to the mezzo-/micro-territorial scale: the supraterritorial system of
ecological stability (STSES) at the national scale, the regional territorial system of ecological
stability (RTSES), and the local territorial system of ecological stability (LTSES). The local
territorial system of ecological stability (LTSES) offers a landscape ecological basis for the
elaboration of municipal plans [60]. The role of these planning tools is to conserve the
biodiversity of landscapes, restore the connectivity of natural landscapes, and maintain or
even improve ecosystem services [61] (for a more detailed discussion, see Popescu et al.,
2022 [62]). It is important for the component elements of the TSES systems—bio-centres,
bio-corridors, and interactive elements—to be included in the system of natural protected
areas, as they are not fully legally protected.

Regional Land Use Plans establish strategic principles, include land use plans, establish
the locations of major infrastructure and technical equipment, and establish indications
for the protection of natural and cultural heritage. From a legal point of view, they are
mandatory for local land use plans.

The first type of plan drawn up at the local level, Local Land Use Plans, must be
adopted for settlements with over 2000 inhabitants. However, many settlements with less
than 2000 inhabitants have adopted or are in the process of adopting a Local Land Use Plan,
because they either have planned extensive developments or public buildings, or they have
been obliged to by regional plans. Additionally, the preparation of a Local Land Use Plan is
mandatory for settlements within which there are major infrastructure or public buildings.

The second type of local plan, Local Zoning Plans, describe the permitted use of land and
are the most detailed ones, being usually drawn at a scale of 1:1000 or 1:500. Their preparation
is necessary if required by Local Land Use Plans, or for planning public buildings.

Probably the most important three legislative acts for territorial planning are the Act
on Land-use Planning and Building Order (Act 50/1976 Coll.), the Environmental Impact
Assessment Act (Act 24/2005 Coll.), and the Act on Nature and Landscape Protection (Act
543/1994 Coll.).

According to the Act on Land-use Planning and Building Order [63], protected and
protection areas are defined in land use planning documents. No special references are
made to urban natural protected areas.

The Environmental Impact Assessment Act [64] regulates the professional and pub-
lic assessment procedure for anticipated environmental impacts, the competence of the
authorities responsible for this impact assessment, and the rights and obligations of the
participants in the assessment process. If it is found that a strategic document has a negative
impact on the system of protected areas, the only accepted reasons for it to be approved are
related to human health, public order, national security, or other urgent reasons for which
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it has received the approval of the European Commission. No special references are made
to urban natural protected areas.

The Act on Nature and Landscape Protection [65] regulates the territorial conservation
of nature and landscapes at five levels of protection, the extent of its limitation increasing
with the increase in the level of protection. In the legislative act, no references are made to
urban areas and the spatial relationship between them and natural protected areas.

Romania

The basis of the planning system in Romania is Law 350/2001 on Territorial Devel-
opment and Urban Planning [66]. According to Annex 1 of this law, the planning system
includes three types of spatial planning documentation and three types of urban planning
documentation. Territorial planning documents have a strategic character and are: national
territorial planning plans (PATN), county territorial planning plans (PATJ), and zonal terri-
torial planning plans (PATZ). PATNs include six sections, for six distinct levels—Section 3
is dedicated to protected areas, both natural and built, and constitutes the framework for
identifying heritage areas, vulnerabilities, conservation priorities, and necessary finan-
cial support. PATJs and PATZs correlate with PATNs, and must indicate in their written
part and graphic form the natural factors affected by human actions and unprotected or
insufficiently protected natural heritage.

Urban plans have a regulatory character (normative character) and are divided into
the following three categories: General Urban Plans (PUG), Zonal Urban Plans (PUZ), and
Detailed Urban Plans (PUD). PUGs are drawn up at the level of an administrative territorial
unit (municipality, city, or commune) and some of their objectives are to delimit areas with a
special protection regime legally enforced and set urban growth boundaries. PUGs are most
common land use policy instruments for managing urban land change, with a direct-impact
on the land use conversion in cities [67]. PUZs are drawn up at the level of an area in an
administrative territorial unit, for different purposes, among which is the protection of
historical monuments. The development of a PUZ is mandatory for protected built-up
areas. On the other hand, Law 350/2001 does not include special mentions regarding the
preparation of PUZ-type documentation for green areas that have other characteristics than
urban ones or for urban natural protected areas and/or their adjacent areas. PUDs are
drawn up only for a single piece of land and their regulatory character is much more limited
compared to PUZs, through PUDs not being able to change, for example, the regulated
height regime for the respective land. For a more detailed presentation of these institutional
actors and legal provisions, see Popescu and Petrisor, 2021 [68].

The written part of town planning plans, Local Town Planning Regulation (RLU),
is based on the provisions of the General Town Planning Regulation (RGU), adopted
by Government Decision no. 525/1996 [69]. RGU contains an article dedicated to areas
with landscape value and natural protected areas (Article 8), from Section 1—“Rules
regarding the preservation of the integrity of environment and protection of natural and
built heritage”, which mentions the prohibition of authorizing constructions/developments
that depreciate the value of a landscape and the approval procedure for the execution of
construction in natural areas protected by national interest. RGU does not contain mentions
dedicated to natural protected areas spatially related to urban fabric, so has no correlation
with the unique and particular urban morpho-typology of a territory.

Currently, there is a “Legislative proposal regarding the regime of urban protected
natural areas and preservation of urban biodiversity” in preparation. This was adopted by
the Romanian Senate and sent for debate in the Chamber of Deputies. According to the
legislative proposal, natural urban protected areas and green corridors must be highlighted
in urban planning and land development plans. This step could adapt the planning process
toward the conservation needs of these areas (see also Popescu et al., 2022 [62]).

Regarding natural areas, especially those in cities, the most important legislative acts
are Law no. 137 of 29 December 1995—the Environmental Protection Law [70], Emergency
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ordinance no. 195/2005 on environmental protection [71], and Law no. 24 of 15 January
2007, regarding the regulation and administration of green spaces in urban areas [72].

Law no. 137 of 29 December 1995—the Environmental Protection Law—regulates
the regimes of natural protected areas and the activities subject to environmental impact
assessment procedures within them.

Emergency ordinance no. 195/2005 on environmental protection prohibits changes in
land use within and near natural protected areas, but “the vicinity of the natural protected
area” is defined in vague terms: “the area outside the limit of a natural protected area, from
which an impact on the natural protected area can be generated by a project or an activity,
depending on their nature, size and/or location”.

Law no. 24 of 15 January 2007, regarding the regulation and administration of green
spaces in urban areas, does not refer to natural protected areas.

3.2. Comparison of the Existing Models and the Approach to the Problem of Conservation of
Natural Protected Areas in Urban Areas in the Nordic Countries and in the Eastern
European Countries

Figure 3 presents an outline of the Nordic countries, which is discussed in detail below.
Nordic countries do not attach particular importance to territorial planning carried out

at the national level—Denmark, Finland, and Sweden do not have planning instruments at
the national level. Additionally, the national plans for Iceland and Norway are of a strategic
nature and presented in written form. For all Nordic countries, the actual planning starts
at the regional or municipal level, through plans that regulate land use. Denmark is the
only one of the countries for which no regional plans are provided, with planning starting
at the municipal level. For the other countries, plans made at the mezzo-territorial level
are drawn up at the regional and municipal levels. At the micro-territorial level, detailed
plans are provided—for Finland and Iceland, zonal plans—for Norway or both types of
plans—for Denmark and Sweden.

From a legislative point of view, each country has a law responsible for its planning
system—The Planning and Building Act (in the case of Iceland, Norway, and Sweden), The
Land Use and Building Act (Finland), and The Planning Act (Denmark). Regarding the
mentions of natural protected areas contained in these acts, the Finnish law stands out in a
chapter dedicated to national urban parks and the provision of a “maintenance and use
scheme” for each of them. A basic law for environmental protection is also provided in
each country. The Nature Conservation Act of Iceland mentions the obligation to create
a register with areas that are of interest from the point of view of natural heritage. The
Environmental Code of Sweden specifies the possibility of suspending the regime for the
protection of coastal areas through a detailed regulatory plan during its validity period.
Another interesting approach was identified in the Act on Nature Areas in Oslo and Nearby
Municipalities. Here, attention is paid to the establishment of protected areas with special
qualities for outdoor activities, especially with the aim of reducing the pressure on natural
protected areas with special conservation value.

Among the strategic documents, even if they have no legal value, the following two
mentions stood out: The Finnish Biodiversity Action Plan 2013–2020, which highlights the
importance of developing planning methods in urban environments, in accordance with
the conservation of biological diversity, and the Planning Green Structures in Cities and
Towns document adopted for Norway, which draws attention to the planning of the system
of green spaces based on an overview of the biotopes.

The planning systems adopted by eastern European countries are much more branched
compared to those identified in the Nordic countries, at least from the point of view of the
hierarchy of planning instruments. All the analyzed countries have adopted plans at the na-
tional level. Their analysis brought out the following mentions: The National Development
Policy of the Czech Republic highlights the importance of locating development projects
that endanger the natural heritage, The National Development Plan of Poland gives special
importance to the creation of ecological networks, and The National Territory Development
Plan of Romania contains a section dedicated to protected areas, both natural and built-up.
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Figure 3. Territorial planning instruments, legislative and strategic acts characteristic to the
Nordic countries.
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The next analyzed level is represented by urban planning plans at the mezzo-territorial
level, which are considered in this case to be plans drawn up at regional, county, or
municipal levels. Hungary has adopted two plans at the regional level—one for Budapest
and its adjacent urban agglomeration and one for the tourist area near Lake Balaton, but
these do not make special references to natural protected areas and their spatial relationship
with the urban fabric. In parallel, a strategic concept was also adopted for these two
areas. The one adopted for the Budapest area recommends the creation of new green
spaces to reduce the pressure on valuable natural areas from a conservative point of view.
Additionally, in the case of Hungary, the content of these plans made at a county level
highlights the importance of establishing regulations for controlling development and
protecting natural and built heritage.

At the next planning level, the micro-territorial level, the types of plans adopted at a
zonal/detail level were analyzed. All the countries provide for the drafting of such plans,
but no special mentions have been identified regarding natural protected areas and the
planning of areas in their vicinity.

Regarding their legislative acts, each country has a basic law for its territorial planning
system, with different names: The Spatial Development Act (Bulgaria), The Building Act
(Czech Republic), the Act on Regional Development and Spatial Planning (Hungary), The
Spatial Planning and Development Act (Poland), The Act on Land Use Planning and Building
Order (Slovakia), and the Law on Land Use and Urban Planning (Romania). In Bulgaria, this
act mentions the importance of public green spaces through a recommendation that they
should be treated similarly to protected areas. It is very important to balance conservation
requirements and the public use of an area [73]. Poland provides that the ecological network
must be included in territorial and county plans. In Slovakia, the law mentions that protected
areas and their areas of protection are defined in territorial planning documents.

Compared to the environmental legislation specific to the Nordic countries, eastern Eu-
ropean countries seem to be more specific regarding the natural elements with conservative
value. Figure 4 presents an outline of the eastern European countries, which is discussed in
detail below.

Bulgaria adopted a law for the protection of biodiversity, which includes a chapter
dedicated to the national ecological network. The Czech Republic has a law for the protec-
tion of nature and landscapes, which details the regulations and zoning for each type of
natural protected area. In Hungary, it is recommended to provide a buffer zone for green
spaces through its law on the development and protection of the built environment. In
Poland, there is a law stating that all planning documents should contain an environmental
impact assessment. Slovakia has paid special attention to planning a Territorial System of
Ecological Stability (TSES), divided into three levels depending on the scale: supraterri-
torial, regional, and local, through a Government decision from 1991. At the same time,
the nature protection laws and landscapes provide for five levels of protection, with the
strictness of the regulations increasing with the level of protection.

In Romania, the General Urban Planning Regulation forbids the authorization of
constructions that depreciate the value of a landscape. Despite this, the legislation in
force is uncertain and too little focused on all the components of a landscape, allowing
for changing the admissible function and indications of land use under certain conditions.
It should be noted that these components of a landscape are important in constituting a
planning and regulatory tool in the study, research, analysis, diagnosis, and prognosis of the
resilience of human settlements, and with a significant role in increasing quality of life [74].
The law on environmental protection regulates the regimes of natural protected areas and
the activities subject to environmental impact assessment procedures within them, but it
does not clearly intervene with regard to green spaces with environmental potential but
without historical and/or environmental heritage value (see also Stan, 2022 [75]). The
Emergency Ordinance on Environmental Protection prohibits a change in land use near
natural protected areas. In Romania, the adoption of a law dedicated to natural protected
areas in urban environments is currently under debate.
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Figure 4. Territorial planning instruments, legislative and strategic acts characteristic to Eastern
European countries.
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Overall, although the anticipated results showed major differences in terms of the
attention given to natural heritage, it can be seen that both Nordic and eastern European
countries have adopted important and, at the same time, very varied provisions, both
within territorial planning instruments and through legislative acts, at different levels of
approach (Figure 5).

Figure 5. The parallel between the territorial planning instruments and the legislative and strategic
acts characteristic of the Nordic and eastern European countries.
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Very few dedicated provisions regarding natural protected areas within urban environ-
ments have been identified at the spatial level and with respect to urban morpho-typological
structures, i.e., the regulation of national urban parks in Finland and the legislative act
under debate for urban natural protected areas in Romania. It should be noted that these
two areas are totally different from the viewpoints of the local natural and built environ-
ments or cultural particularity and specificity, and are in different situations of historical
evolution, subject to the acute pressures of urban development, and, especially, are under
different territorial statuses from a strategic viewpoint. In the case of territories with such a
rich heritage, the need to create large natural protected areas is felt even more. Considering
major natural elements, such as rivers, their protection requires the careful management of
a larger area (at the scale of a hydrographic basin), which, in many cases, exceeds the limits
of the natural protected area [76].

4. Discussion

4.1. The Significance of Results

The previous parallel made between the main conclusions extracted from the analysis
of legislative documents and planning instruments, summarized in Figure 5, reveals that
improvements can be made for the model of Nordic countries in terms of their approach to
natural heritage and especially that directly related to their urban fabric, as well as in the
case of eastern European countries.

This can only be achieved with the prospective, efficient, and, above all, ethical
adaptation of possible models, only with a preservation of the specificity and particularity
of local morpho-typologies and natural anthropic and cultural landscapes, as a priority in
the strategy and planning processes for different typologies and concerted and correlated
multiscale interventions, respectively, at different scales: urban, spatial, peripheral, rural–
urban, territorial, national, cross-border, regional, or European.

The main differences in terms of the main aspects considered by the two groups of
countries concern urban morpho-typologies and different historical, social, and cultural
evolutions (Figure 5). These differences are highlighted in the case of their urban and terri-
torial planning and strategy instruments. The Nordic countries do not attach importance
to planning instruments drawn at the national level, with their actual planning starting
from the mezzo-territorial level. Eastern European countries make important clarifications
through national plans—the planning of protected areas, national ecological networks, or
the locations of projects that depreciate the landscape character. Thus, the adoption of plans
at the national/macro-territorial level has the potential to support these practices nationally.

The plans adopted at the mezzo-territorial level in Nordic countries do not make
specific references to natural heritage. They were identified, however, in the cases of
Denmark and Norway, and references are made to the system of green spaces. In eastern
European countries, the only specific provision was identified in Hungary, which controls
the development and protection of natural and built heritage. Planning at the mezzo-
territorial level can be considerably improved at the levels of the two groups of countries
by adopting specific regulations regarding the system of natural protected areas, including
their protection/adjacent areas.

At the zonal/detailed territorial level, the plans drawn up for eastern European
countries, perhaps due to the historical and political context of the communist regime
that changed quite late in the 90s, do not make specific statements about natural heritage.
Regarding the Nordic countries, Iceland provides conservation provisions included in its
development plans, and in Norway, there is a detailing of the green system. Similar to the
situation identified in the case of planning at the mezzo-territorial level, at this scale, the
need to implement specific regulations, which are especially important for the planning of
areas adjacent to natural protected areas, is noted.

From a legislative point of view, after the 90s, eastern European countries adopted
more specific provisions for natural elements of conservative interest, an aspect highlighted
in the diagram in Figure 5. However, similarities were also identified in the ways of treating
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certain problems: Norway provides protection regulations applied to areas near natural
protected ones, while Hungary mentions the provision of some buffer zones, but for green
spaces; Iceland has a national register of sites of conservation importance, while Bulgaria,
Hungary, and Slovakia pay attention to the national ecological network. Eastern European
countries bring important additional specifications regarding detailing the regulations and
zoning for each type of natural protected area, the system of environmental impact assess-
ments (EIA), protected and protection areas defined within land use planning documents,
the levels of protection, and the prohibition of changing land use inside and near natural
protected areas. From these points of view, important additions could be made to the
environmental legislation of Nordic countries.

Norway signals the importance of creating protected areas from the viewpoint of the
quality of outdoor activities through a legislative act. At the same time, Poland emphasizes
the creation of new green spaces to reduce the pressure on natural protected areas, but
through a strategic document without legal value. We note, therefore, the importance of
the legal value of the acts through which regulations regarding natural protected areas
are proposed, considering their value from a conservative point of view. However, a
common element in all the countries was identified in terms of accessibility for people with
disabilities and the provision of necessary visiting infrastructure. This element consists
of emphasizing the importance of improving on and investing in accessible and inclusive
tourism [77].

Additionally, taking into account the complex spatial conflict between natural pro-
tected areas and the urban fabric, a law dedicated to the regulation of natural protected
areas in the urban environment would support the elimination of/reduction in pressure on
these natural areas. Such a law was identified only in Romania, being currently, however,
only at the level of a legislative proposal.

The approaches to protecting heritage and the natural landscape are very different from
country to country, although similar aspects have been identified between the legislation of
Nordic countries and that of eastern European countries. The main purpose of our study
was the analysis of the legislation and planning instruments aimed at natural protected
areas in inner cities. In the end, it was observed that these focused more on the generic,
multiscale treatment of natural heritage, at different scales of approach. The reason for
directing the analysis in this sense was the lack of specifications with reference to natural
protected areas in urban environments. Very few mentions have been identified that
address this subject, with the heritage and natural landscape in urban environments being
subject to different urban-anthropic investment pressures [78], which are totally different
in Nordic countries compared to Eastern countries, and with differences due to historical,
social, cultural, or geo-strategic contexts.

From a legislative viewpoint, Finland is the only country that has provisions regarding
the type of natural protected area in an urban environment—chapter nine of The Land Use
and Building Act is dedicated to regulating national urban parks, providing a “maintenance
and use scheme” for each national urban park in its content.

So far, no country has adopted a law dedicated to natural protected areas in urban
environments, but in Romania, there is a legislative proposal for urban natural protected
areas and urban biodiversity conservation, which was adopted by the Romanian Senate
and sent for debate in The Chamber of Deputies. Through this legislative initiative, Roma-
nia’s interest in natural protected areas in urban environments is noted, an interest that
could be due to the large number/large areas belonging to these types of valuable areas.
Approximately 59% of the cities in Romania overlap with at least one natural protected
area and approximately 5% of the built areas of the urban settlements in Romania overlap
with at least one natural protected area [79].

On the other hand, the territorial planning instruments provided by Romanian legisla-
tion may undergo advantageous changes in terms of a suitable approach possible for the
natural heritage in urban areas. Urban territorial plans address natural protected areas to
an insignificant extent, or even completely ignore them.
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Additionally, considering the special natural heritage of Romania—the only country
in Europe that has five biogeographical regions (continental, alpine, pannonic, pontic, and
steppe)—considerable steps have been taken regarding areas of considerable conservation
value, such as the adoption of the Framework Convention for the Protection and Sustainable
Development of the Carpathians and the EU Strategy for the Danube Region, a major
natural element that plays the role of a structuring axis at the European level.

The principles followed on the three analyzed levels—planning, legislation, and
strategic approaches—were grouped according to the territorial scale of application in
Figure 6.

Figure 6. The principles identified for planning, legislation, and strategic documents analyzed,
grouped according to the territorial scale to which they are applicable.
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The figure shows that, although planning instruments contain fewer and fewer reg-
ulations regarding natural protected areas and their adjacent areas as the territorial scale
decreases from macro to micro, the situation is totally opposite from the viewpoint of laws
and strategic documents. The provisions mentioned in the legislative and strategic acts are,
in general, applicable on a micro scale, due to their specificity.

Planning instruments do not have generally valid models, nor do they generally
provide for regulations at different scales of specific and particular approaches for areas
adjacent to natural protected areas.

Thus, heritage and protected landscapes must be analyzed sensitively, treated as living
organisms with their own changing internal metabolism and metamorphosis determining
the urban metabolism [80], protected and conserved in an integrated correlation.

4.2. The Inner Validation of Results

The reason for choosing the two groups of countries was, as specified in the methodol-
ogy, their different evolution from urban, political, and demographic viewpoints, starting
from the premise that these different evolutions generated the creation of different models
in terms of urban planning and its related specific legislation.

Although this analysis initially aimed to identify the way in which natural protected
areas and their adjacent areas are approached in the documents mentioned above (legisla-
tive and related to urban planning), it was found that there are very few provisions strictly
related to these areas, so all types of natural protected areas were included in the analysis,
taking into account their possible treatment as any other natural protected area that does
not necessarily have a direct spatial connection with an urban environment.

In the end, the hypothesis from the beginning was confirmed, with the analysis reveal-
ing two models with very different approaches, which created the possibility of making a
comparison yielding later recommendations for all the countries, setting the grounds for
an exhaustive urban planning approach for areas adjacent to natural protected areas.

4.3. The External Validation of Results

The natural heritage present in cities is not a new topic of research. There is a wide
range of publications on this topic. However, as mentioned at the beginning of the pa-
per, very few of them provide the guidelines needed in urban planning and territorial
development to amplify the benefits generated by the presence of nature in a city, i.e.,
ecosystem services.

Despite the evolving role of cities as both consumers and producers of ecosystem
services, challenges remain. These include the need for better methods and indicators for
capturing urban ecosystem heterogeneity, a limited understanding of the link between
urban ecosystem services and biodiversity, uncertainty regarding data transferability, and
the lack of an analysis integrating people’s preferences and values, particularly in assessing
cultural ecosystem services [81]. Although there is still no tool for quantifying and locating
ecosystem services, their presence is undeniable, even more so for natural protected areas,
taking into account the increased diversity of species, including native ones, the value of
landscapes, or any other resources that were the basis for establishing a protection regime
for that area.

Marques et al. [23] concluded in their work, published in 2022, that urban planning
needs to apply research/analysis methods related to urbanism, respectively, biophysical,
socio-cultural, and economic methods, which can be combined and integrated to be able
to analyze the urban–natural relationship and the benefits of ecosystem services from
quantitative and qualitative points of view. More studies are needed to map the benefits of
nature in order to be able to formulate appropriate solutions.

Although 13 of the Sustainable Development Goals adopted by the Aichi 2030 Agenda
are relevant for the management of natural protected areas [82], none of them make specific
references to those in urban environments.
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No articles have been identified that dealt strictly with the subject of urban planning or
legislative provisions regarding natural protected areas located within urban environments,
even less with regard to a specific country. Although multiple sources of information are
available for performing a comparative analysis between Nordic and eastern European
countries in terms of environmental and urban planning legislation and its related instru-
ments, until now, this analysis had not been carried out. Thus, our study is a premiere.
Its objective was to fill in this gap by highlighting the specific challenges encountered by
each country, but also the good practices and possible directions for improvement in each
individual country. Therefore, this research can contribute to a deeper understanding of
the specific context of each country and important lessons can be drawn for developing
and improving the legislation and urban planning tools throughout the entire region and
beyond, with an emphasis on the appropriate approach to natural protected areas.

There are many publications addressing the advantages of the presence of these areas
in cities, but the information related to their capitalization from the viewpoint of planning
for their adjacent areas is currently very limited.

4.4. The Importance of Results

The accentuated differences between the two groups of countries made it possible to
phrase more recommendations due to the different approaches in this field. Considering
that, currently, there are no in-depth studies on urban planning near natural protected
areas, our results can constitute a starting point for developing an urban planning tool
applicable for these areas. This tool could support the planning process in a bidirectional
way, i.e., by approaching the natural protected area as a component of the urban fabric or by
approaching urban natural protected areas as part of the network of natural protected areas.

4.5. Summary of the Study Limitations and Directions for Overcoming Them in the
Future Research

This research was constrained by a series of practical limitations. The most obvious
of these is the current very limited knowledge of the analyzed subject—that of the urban
planning for areas adjacent to natural protected areas in urban environments. Another
limitation was the very limited approach to this issue within the legislative and urban
planning acts.

An elimination of these two limitations or their reduction would require the develop-
ment of studies and the discovery of methods by which the ecosystem services generated
by natural protected areas in urban environments could be quantified and located spatially.
Subsequently, the creation of an urban planning tool could be adaptable according to the
particularities of a respective area and could even be part of urban planning documentation.

5. Conclusions

The freedom to choose the tools for managing urban biodiversity conservation and
planning the quasi-natural system in a city offers the possibility of developing plans
adapted to the concerned territory/area [83]. However, upon comparing the two analyzed
models—the Nordic and eastern European ones—it was found that the two have adopted
different instruments in terms of the territorial scale of their application, but also that they
both require improvements, from the viewpoints of both territorial planning and legislation.

As it emerged from the results of the analysis carried out individually for each of the
11 countries, and later in parallel (individually, but also based on the two groups), there
was a major difference in the attention given to natural heritage. Although all the countries
have adopted important and, at the same time, remarkably diverse provisions, only a few
provisions dedicated to natural protected areas in urban environments have been identified
(the existing provisions in the legislative acts of Finland and provisions contained in a draft
law of Romania).

For this purpose, a series of recommendations were made regarding the two levels
of analysis and the strategic approaches being approached separately from the urban
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planning instruments, due to a lower legal value. Certain recommendations target both
groups of countries, such as the need to adopt specific regulations regarding the system
of protected natural areas and their protection/adjacent areas in planning at the mezzo-
territorial level and at the zonal and detailed levels. Others target only one of the two
groups of countries or only one country in particular, such as the recommendation for
the Nordic countries to bring specific additions to the regulation of each type of natural
protected area or the need for Romania to draft provisions for approaching natural heritage
in its urban planning documents.

Urban planning, together with its related legislation, must become a well-clarified
process, in the sense of supplementing legislative acts with regulations as specific as
possible for local heritage and, at the same time, appropriate to the particularities and
context that define it.

The need for completion was identified at the two levels of analysis—urban planning
legislation, in all the sensitive aspects and typologies of heritage and natural, anthropic,
and cultural landscapes, in close development and connection with the historical evolu-
tion of unique and particular morpho-typological germs—this being the main particular
characteristic at the EU level of all the countries, especially Romania.
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Nat. 2021, 37, 217–224.
69. The Government of Romania. Decision No. 525 of June 27, 1996 for the Approval of the General Urban Planning Regulation; The

Government of Romania: Bucharest, Romania, 27 June 1996.
70. The Parliament of Romania. Law No. 137 of December 29, 1995—Environmental Protection Law; The Parliament of Romania:

Bucharest, Romania, 1995.
71. The Government of Romania. Emergency Ordinance No. 195/2005 on Environmental Protection; The Government of Romania:

Bucharest, Romania, 2005.
72. The Parliament of Romania. Law No. 24 of January 15, 2007 Regarding the Regulation and Administration of Green Spaces in the Urban

Areas; The Parliament of Romania: Bucharest, Romania, 2007.
73. Iojă, C.; Breuste, J.; Vânău, G.; Hossu, C.; Nit,ă, M.; Onose, D.; Slave, A. Bridging the People-Nature Divide using the Participatory

Planning of Urban Protected Areas. In Making Green Cities; Breuste, J., Artmann, M., Iojă, C., Qureshi, S., Eds.; Springer
International Publishing: Cham, Switzerland, 2020.

74. Kadar, M.; Benedek, I. The Branding and Promotion of Cultural Heritage. Case Study About the Development and Promotion of
a Touristic Heritage Route in the Carpathian Basin. J. Media Res. 2017, 10, 80–102. [CrossRef]

51



Land 2023, 12, 1279

75. Stan, M.-I. Are public administrations the only ones responsible for organizing the administration of green spaces within the
localities? An assessment of the perception of the citizens of Constanţa municipality in the context of sustainable development.
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Abstract: Pollinators are responsible for the reproduction of many plant and crop species and provide
important diversity for food webs and cultural value. Despite the critical ecosystem services provided
by pollinators, rapid pollinator declines are occurring in response to anthropogenic activities that
cause the loss of suitable habitat. There is an opportunity for urban green space to support pollination
ecosystem services locally and across the landscape. However, there is a lack of practical but evidence-
based guidance on how urban green space can be designed effectively to provide floral resources and
other habitat needs to a diverse assemblage of pollinators. We examine the existing pollinator research
in this paper to address the following questions specific to insect pollinators in temperate urban
settings: (1) Which pollinators can be the focus of efforts to increase pollinator ecosystem services in
cities? (2) Which plants and what arrangements of plants are most attractive and supportive to urban
pollinators? (3) What do urban pollinators need beyond floral resources? (4) How can the surrounding
landscape inform where to prioritize new habitat creation within cities? Using these questions as
a framework, we provide specific and informed management and planning recommendations that
optimize pollinator ecosystem value in urban settings.

Keywords: pollinator; bees; pollination ecosystem services; urban green space; urban design; landscape
typology; gardens; plant–pollinator interactions; urban biodiversity; research-practice gap

1. Introduction

Pollinators are declining worldwide, and as pollinators are lost, so too are the ecosys-
tem services they provide. Significant pollinator loss is occurring in response to several
threats, including pesticides, pathogens, and habitat loss and fragmentation [1–4]. Loss
of pollinator species and networks has been noted at the global scale [1,5], and through
direct long-term studies in specific regions [6–9], which has significant implications for
humans and the ecosystems on which they depend. An ecosystem service is a benefit, often
economic, that nature provides to humans [10], and the service of animal-assisted repro-
duction of flowering plants, or pollination, is a recognized critical “regulating” ecosystem
service [11]. Many pollinator species increase or ensure the reproduction of plants in both
native plant communities and agricultural systems. Almost 90% of all wild flowering plant
species depend, at least partially, on animal pollination services for their reproduction [12],
and nearly 35% of global food crops rely on pollinators to reproduce [5,13], giving polli-
nators an estimated food provisioning service value in the USD billions [14]. The impact
of pollinator declines is already measurable in agricultural systems [15]. In addition, the
ecosystem service of value of pollinators extends beyond their role in food production
and the persistence of natural plant communities to include supporting and even cultural
ecosystem service value. Insect pollinators, in particular, are at the base of many food webs,
providing rich, abundant resources for other species, which in turn support other ecosystem
services [5]. The diversity of animals that serve as pollinators—from hummingbirds to
metallic green bees—also provide aesthetic and cultural ecosystem service value, especially
in cities where species richness enhances the psychological benefits of green space [16].
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While urbanization has contributed to pollinator species loss, well-designed urban
landscapes provide an opportunity not only to curb the pollination crisis but also to support
the beneficial ecosystem services of pollinators, both within the city and beyond. Many
of the drivers of pollinator loss are associated with urbanization, including the loss and
fragmentation of pollinator habitat through increased land use intensity and impervious
surfaces and threats such as non-native species, environmental contaminants, and urban
warming [17–19]. While some studies have found pollinator declines along increasing
urbanization gradients [20,21], the effect of urbanization on insects generally can vary
greatly from negative to no impact to even positive effects [22]. In fact, cities can contain
surprisingly abundant pollinators compared to rural or agricultural landscapes [19,23–25].
Hall et al. [24] suggest that cities with a variety of forage and nesting sites can serve
as important refugia for pollinators compared to increasingly less hospitable rural and
suburban landscapes that surround urban areas. The relatively small spatial and temporal
scales of insect pollinators in terms of functional ecology (for example, habitat range, life
cycle, and nesting behavior compared with larger mammals) offer opportunities for small
actions to yield large benefits for pollinators [24]. This can support the ecosystem services
of pollinators within the city itself, including the productivity of urban food gardens [26],
and support the spillover of pollination ecosystem service benefits to agricultural and
natural areas outside of the city [27,28].

Interest in urbanization as both a potential threat and opportunity for pollinators
has accelerated research in pollinator urban ecology, but the actual practice of supporting
pollinator ecosystem services in cities has not been fully realized. Our ability to inform
urban design has been improved by systematic reviews of urban pollinators and pollination
ecology [18,19,25,29], and general recommendations on ways to support pollinators in
urban settings [19,30–32] and even assessments of pollinator ecosystem service value of
green space in specific cities (from Grenada, Spain to Chicago, USA; [33,34]). However, there
is inadequate specific and practical planning and management guidance directly linked
to the research that supports it [19]. Gaps between research and practice are a common
problem in conservation [35,36], highlighting the need for approaches that stimulate the
connection between research and feasible implementation [37].

The purpose of this paper is to compile and organize relevant literature on pollina-
tors in cities within a framework of practice-based questions relevant for urban design-
ers, planners, and dwellers. The evidence-based and socially contextualized answers to
these questions can guide ecologically informed design that maximizes pollinator ecosys-
tem services in cities in the face of increasing urbanization. Specifically, we address the
following questions:

• Which pollinators can be the focus of efforts to increase pollinator ecosystem services
in cities?

• Which plants and what arrangements of plants are most attractive and supportive to
pollinators in cities?

• What do urban pollinators need beyond floral resources?
• How can the surrounding landscape inform where to prioritize new habitat creation

within cities?

We first discuss the relevant literature for each of these questions and also address the
question of urban management practices that would support pollinator ecosystem services.
Then, we provide a synthesis of recommendations for the local garden scale, including
informed planting typologies for urban gardens and then, from an urban planning per-
spective, to guide landscape-scale management and design. Given the burgeoning field
of urban pollination, we do not attempt to review all available evidence, but rather to
contribute to the “research-implementation space” [37] in the form of some key actionable
recommendations directly based on current knowledge and needs.
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Although many urban design recommendations might apply to different pollinators
and regions, we aimed to narrow our focus especially to insect pollinators for temperate
zones, especially those native to North America. Our aim is to provide more species-
and research-specific recommendations rather than make generic conclusions or falsely
extrapolate to other systems. That is, recommended plant arrangements and typologies are
likely to be quite different for temperate bees vs. tropical hummingbirds. We agree that the
bias in the urban pollination literature to the global north is problematic [29,38], but specific
recommendations for tropical cities (including bird and bat pollinators) are emerging as
these systems are increasingly studied [38–40], and so parallel recommendations specific to
other systems can become available over time.

2. Pollinators: Which Pollinators Can Be the Focus of Efforts to Increase Pollinator
Ecosystem Services in Cities?

“Pollinator” is a large category of organisms defined by their function. Although
bees and butterflies may be the most well known, pollinators span a range of taxonomic
categories including not only wasps and other members of the Apoidea superfamily but also
moths, which make up nearly 90% of species in the Lepidoptera order, as well as “hoverflies”
in the Syrphidae family of the Diptera order (true flies). Even the term “bee” is a common
name that can apply to a diversity of species within the Anthophila clade and includes not
only honeybees and native (to North America) bumblebees but also mason, carpenter, and
sweat bees. Birds and bats are also critical pollinators in many areas of the world, though
insects remain the most frequently recorded pollinators in urban areas worldwide [29].
Specifically, across studies of urban areas globally, Hymenoptera, especially honeybees and
bumblebees, were by far the most frequently recorded insects, followed by Lepidoptera
and Diptera [29].

Public perceptions of pollinators or of “Save the Bees” campaigns often focus on the
European honeybee (Apis mellifera), known for their honey production and pollination of
certain crops [41]. In fact, wild bees are equally if not more critical for staple crop pollination
(e.g., apples and blueberries [42]), and A. mellifera is non-native in most areas of the world
and known to compete with native bees for limited floral resources [43]. While A. mellifera
are the most frequently recorded and often the most abundant species in urban areas
worldwide [29], an increase in urban beekeeping (hives specifically for A. mellifera) can
negatively impact more diverse native bee assemblages in cities [44]. Thus, urban efforts to
increase ecosystem services of pollination need to recognize the value of pollinator diversity
to maintain services, as well as to consider the critical difference between managing habitat
for pollinator services and preserving overall pollinator biodiversity [45]. Intense focus
on honeybees spreads misinformation regarding pollinator biodiversity and its value,
so it should be established that the term “pollinator” encompasses many species with
different needs.

While pollinator responses to urbanization are quite varied and are trait- and scale-
dependent, urbanization tends to lead to an increase in the abundance and dominance of
generalist and social species and a higher rarity of specialist species [18,25,29]. For example,
urban areas tend to support generalist, short-tongued bee species and not specialist bee
species [46]. It may be possible to attract more specialist species with different plant
selections (see below), but even if only generalist pollinator taxa are common in cities, these
still span a diverse assemblage (Table 1) and so can support ecosystem services.
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Table 1. A list of generalist insect pollinator families and genera (italicized) based on ref. [47].

Category Species

Bees
Many (but not all): bumblebees (Bombus spp.), sweat bees

(Halictus sp. and Lasioglossum sp.), leaf-cutter bees (Megachile sp.),
carpenter bees (Xylocopa sp.)

Wasps Paper wasps (Polistes sp.), yellowjacket (Vespula), bald-faced
hornet (Dolichovespula)

Butterflies and moths Hummingbird moths (Hemaris sp.), sulphurs (Colias sp.),
swallowtails (Papilio sp.), fritillaries (Speyeria sp.)

Flies Families: bee flies (Bombyliidae), Syrphid (hover) flies (Syrphidae),
Tachinid flies (Tachinidae), thick-headed flies (Conopidae)

Beetles
Families: soldier beetles (Cantharidae), long-horned beetles
(Cerambycidae), leaf beetles (Chrysomelidae), snout beetles

(Curculionidae)

Understanding the finer-scale differential effects of urbanization on pollinators can
allow urban designers to focus on providing habitat to the pollinator species most likely
to be present or to take informed approaches to improve habitat suitability for missing
taxa. For example, ground-nesting bee species richness decreases with an increase in the
impervious surface of an area [48] as ground-nesting species require patches of bare dirt in
which to nest. Conversely, cavity-nesting and aboveground-nesting bee species are more
abundant in more densely built urban areas, given that they are able to build their nests
in pre-existing cavities of urban structures [18,48]. Research also shows that even just the
presence of permanent grassland can increase the number of rare bee species supported [48].
Thus, design efforts that increase bare soil and permanent grassland habitat in areas of
highly impervious surfaces can diversify the pollinator assemblage. As we further discuss
below, habitat patch size can also affect pollinator composition. Suburban and urban sites
containing smaller habitat patches show an increases in small bee, social bee, and solitary
cavity-nesting bee species [49]. These urban habitat patches also favor species in the family
Halictidae (sweat bees) over Apidae (honey, bumble, carpenter, and cuckoo bees). Study
results such as these can better direct plant selection and habitat construction in urban areas
based on the floral preferences of the more favored species; for example, sweat bees prefer
flowers from the plant families Asteraceae (asters and daisies) and Lamiaceae (mints) [47].

Managing habitats for diverse pollinator assemblages in cities is feasible, because al-
though they may have different habitat and floral resource needs, there are many overlaps
in needs within temperate insect pollinator communities. This overlap provides opportuni-
ties to create beneficial habitat for many pollinator groups at once [47]. For example, 30%
of the 4000 bees native to the United States are cavity-nesting species, using dead wood
and plant stems as shelter for developing larvae [50]. These cavity-nesting bees include
mason, leafcutter, and carpenter bees, which all belong to different genera. Similarly, well-
chosen plants, as we discuss below, can attract pollinators from completely different insect
orders, e.g., butterflies and moths (Lepidoptera), bees (Hymenoptera), beetles (Coleoptera), and
flies (Diptera).

3. Plants: Which Plants and What Arrangements of Plants Are Most Attractive and
Supportive to Pollinators in Cities?

While more green space in urban areas is associated with increased pollinator species
richness [25], the characteristics of that green space strongly influences the pollinators
present [51] add [18,29] and therefore the ecosystem services they can provide. Urban green
space spans a huge variety of types, from individual flowerbeds to private or community
gardens planted with flowering and/or edible plants and to lawns, green roofs, recreational
parks, remnant natural areas, vacant lots, and even urban cemeteries, golf courses, and
university campuses [29,52]. These spaces differ in landscape management intensity,
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vegetation composition, vertical structure, microclimate, and patch size, all of which can
have effects on pollinator populations [18,53]. Broadly speaking, the presence of floral
foraging resources is consistently found to influence the presence of pollinators in urban
areas [19,24]. More specifically, urban areas with higher floral diversity [54,55] and floral
abundance [56–58] tend to have a higher pollinator abundance and/or diversity. This
pattern holds even for a vertically isolated habitat in a highly urbanized context—green
roofs in Chicago planted with native plants and with the highest plant diversity have the
highest bee species richness and abundance [59]. These studies support the idea that it is
not necessarily the degree of “urban-ness,” but instead the specific characteristics of each
urban green space that ultimately influence pollinator abundance and diversity. In this
section on plant choice, we provide specific information to guide decisions at this local scale
of a green space [18], including factors such as the origin, floral features, and arrangement
of vegetation within a green space, noting how these factors influence the ability of an
urban green space to support insect pollinators.

3.1. Native vs. Non-Native Plants

In recent years, gardeners and researchers alike have been debating the role of na-
tive and non-native ornamental plants in supporting local biodiversity and ecosystem
function. Given the long history of coevolution between native plants and their insects,
the widespread use of non-native plants across urban and non-urban landscapes has
likely contributed to global insect declines through the loss of suitable food and habi-
tat [60]. Although pollinators are often attracted to various non-native ornamental plants
in urban landscapes [56,61], research increasingly demonstrates that overall pollinator
abundance and diversity are greatest in landscapes with native plants [55,59,62]. Pardee
and Philpott [56], for example, found that for city backyard gardens, both bee richness
and abundance are higher in gardens that contain more native plants and thus have more
floral abundance, taller vegetation, more cover, and more potential nesting sites. Similarly,
Rollings and Goulson [63] found a significantly higher diversity of pollinators attracted to
native plants as opposed to ornamental plants in backyard gardens. Additionally, there may
be a native plant “threshold” of eight or more species of native plants within a landscape
to increase the abundance and diversity of native bees [64,65]. These findings suggest that
incorporating native plants into the urban landscape is critically important for supporting
abundant, diverse pollinator populations. The use of native plants is especially important
for supporting specialist species, for which non-host plant pollen is not only non-preferred
but toxic [66], so cities without sufficient quantities of host plant pollen would have an over-
all lower bee species richness. While rare specialist pollinator species may not contribute
as significantly to crop pollination ecosystem services [67], in an urban context, specialist
pollinators and their associated plants can provide cultural and aesthetic ecosystem service
value while contributing to overall diversity.

Beyond the value of native plants for pollinator diversity and ecosystem services,
they should be favored in urban green spaces due to the risks posed by non-native plants.
The flowers of non-native plants, especially when abundant, can draw pollinators away
from native plants and thereby decrease their reproductive success, especially when the
non-native flowers are similar to the native ones [68]. Thus, the use of non-native plants in
city plantings can undermine the ecosystem service value of pollination for native plant
communities. Non-native plantings also increase the risk of invasive species spread, which
can further degrade natural ecosystems. Urban and suburban gardens are not only a key
entry point for many invasive plant species but also a source for secondary escape and
spread into natural area remnants within cities or along the urban–wildland interface
surrounding cities [69,70].

Some non-native ornamental plants do offer important social value, and so if their
risks of spread or competition with natives are low, they can play a valuable role as part of
a mixed planting of both native and non-native species to support pollinator ecosystem
services. Landscape aesthetics are a powerful cultural driver of a green space’s success and
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long-term sustainability [71]. Non-native, ornamental plants have been human-selected
for their beauty, scent, reliability, or cultural relevance among other socially determined
reasons. It follows that these plants are familiar, broadly socially accepted, and legible to
the general public. These spaces inherently feel orderly and cared for, which exemplifies
Joan Nassauer’s “Cues to Care” [72]—the social importance of cues to care cannot be
underestimated, but it can be signaled in other intentional ways in plantings that are less
ubiquitous or orderly. Regardless, the social legibility of culturally beloved, ornamental
plants such as peonies, roses, or boxwoods can be leveraged to make less-familiar, more
“wild” native plantings more socially acceptable and therefore more likely to be cared for
and persist over the long-term, which is what pollinators depend on. Additionally, not all
gardeners want to plant an all-native garden but want to help pollinators. By not vilifying
ornamentals and instead encouraging a mix of ornamental and native plants, we may offer
a steppingstone and olive branch for anyone who wants to garden for pollinators.

Beyond their potential social value, some non-native ornamental plants do directly
provide resources for pollinators. For example, many popular, easy-to-grow annuals and
perennials, as well as non-native flowering trees, can be very attractive to pollinators and
provide abundant floral resource availability [61,73,74]. However, there is growing evidence
that non-native plants attract a subset of pollinators, and frequently these pollinators are
more generalist in their foraging preferences [57,61]. This support for generalists is valuable,
especially in urban environments, which may be resource-poor, but it is important to
acknowledge this limitation and provide a variety of foraging resources for both specialist
and generalist species. The value of non-native plants is important to consider in the face
of climate change. Many non-native plants are selected for longer blooming periods and
blooming periods for the “shoulder” seasons of early spring and late fall, all of which
can extend foraging resource availability temporally for pollinators [75], which may be
especially important with climate change. Thus, in making decisions about which plant
species to include in urban green spaces, it is important to not only consider their origin [76]
but also their risks, social value, which pollinators they support, and their value for urban
climate adaptation.

The growing number of “nativars,” or cultivated varieties of native plants, in horticul-
ture has raised questions about how the horticultural modification of plant traits affects the
ecological function of native plants. To date, this research has produced variable answers.
Cultivated plants are often selected for desirable growth traits (disease resistance, longer
bloom time, tidy form, etc.) or aesthetic traits (double blooms, larger blooms, bloom color
variety, variegated leaf/stem color, etc.). Either for growth form or aesthetics, alterations
that change the physical traits of a plant may alter its attractiveness or resource availability
to insects and thus change their ecological function. Robust garden trials from Mt. Cuba
Center in Delaware are actively testing pollinator use (ecological function) alongside hor-
ticultural performance (social function). Though only a few genera have been tested so
far (Baptisia spp., Coreopsis spp., Echinacea spp., Monarda spp.) results vary widely, with
some cultivated varieties actually attracting more pollinators than the “straight” native
plant. For example, within Monarda varieties, moths and butterflies were more attracted to
selections that offered the largest abundance of 2–3” wide flowers, with M. fistulosa ‘Claire
Grace’ attracting substantially more pollinator visits than the straight native M. fistulosa [77].
Importantly, the Mt. Cuba researchers note that this artificially resource-rich “buffet” of
dense Monarda plantings may reveal pollinator preferences given unlimited options, but
any of these Monarda varieties on their own in a landscape setting may perform equally
well. Although the current research is limited regarding which specific alterations may
affect ecological function, Tallamy et al. [60] found that native varieties that had leaves
that altered from green to red, blue, or purple were eaten significantly less by herbivorous
insects. The same study found no effect of altered plant habit, fruit size, disease resistance,
or fall color, but leaf variegation seemed to increase insect herbivory. These limited stud-
ies suggest that some “nativars” still provide resources for pollinators and herbivorous
insects [78], although more research is still needed to test cultivated varieties of more plant
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species and to investigate alterations to pollen and nectar quantity and quality and their
potential invasiveness risk.

3.2. Floral Features

Beyond plant origin (native or non-native), it is known that floral features such as
fragrance, color, shape, and nutritional quantity and quality influence pollinator attractive-
ness [47,61,79]. The broadest diversity of pollinator groups can be supported by represent-
ing a diversity of their associated flower traits (Table 2) within the garden or green space.

Table 2. Flower color and trait preferences of different insect pollinators.

Pollinator Flower Trait Association

Bees Primary color: pink, purple, or blue
Secondary: white or yellow.

Wasps Shallow corollas for nectar; white.

Butterflies and
day-foraging moths

Flat-topped flowers or a structure to grasp while nectaring. Prefer
composite flowers.

Night-foraging moths White or cream with a strong fragrance.

Flies Flat or bowl shapes, umbels. White or cream color. Musty
fragrance.

Pollinator response to floral color varies across plant genera [61], but there are certain
color–species associations based upon pollinators’ species-specific ability to perceive a
certain range of colors and some species’ preferences. Red, for example, is perceived as
black to bees [47], and so the color red is not attractive to bees; however, red is particularly
attractive to hummingbirds, which are also essential pollinators. Bees and many other
insect pollinators perceive ultraviolet light cues that often serve as nectar guides but are
imperceptible to humans. White, cream, or green-colored flowers are attractive to the less
popular but no less important pollinators: wasps, beetles, flies, and night-foraging moths.
While these general color associations are helpful for attracting some pollinators, many
other floral traits may be more important.

Flower shape, structure, and size also influence the type of pollinator that can access
the floral resources, i.e., nectar and pollen. First, pollinators vary in their pollen- and nectar-
gathering strategies and have different physical structures to gather, consume, and store
these resources. Some physical structures that alter a pollinator’s foraging strategy include
tongue length, the presence of external storage structures (e.g., hairs), body size, and body
weight. Long-tongued bees, butterflies, and moths can easily access tubular flowers, but
short-tongued bees, beetles, and wasps can only access shallow, open nectaries (unless they
“steal” resources by cutting into the flower base). For large, closed flowers such as Baptisia
spp. or Lobelia siphilitica, resource access is limited to strong, large-bodied bumblebees
that can push apart the heavy petals or very tiny bees that can slip in through the gaps.
Flat-topped, umbel-shaped flowers including Pycnanthemum spp., Eutrochium spp., and
Zizia spp. offer shallow nectaries that attract a greater diversity of pollinators with both
short and long tongues. Floret-dense, open, composite flowers of the Asteraceae family
including Symphyotrichum spp. (asters), Echinacea spp. (coneflowers), and Solidago spp.
(goldenrods) also feature shallow nectaries accessible to a variety of pollinators at a high
density, offering a large quantity of resources and a suitable landing pad for large-bodied
butterflies. Given that flower shape, size, and structure influence resource availability to a
certain subset of pollinators, it follows that by providing a diversity of floral morphologies,
a diverse garden will attract a more diverse assemblage of pollinators.

Putting all of these features of certain flowers known to attract pollinators together,
there are many existing lists of recommended pollinator-friendly plant species for urban
green space designers to consider. While this can be exciting for those looking to improve
their pollinator habitat, such recommendation lists have limitations. Garbuzov and Rat-
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nieks [71] reviewed fifteen plant recommendation lists from various sources including
pamphlets, websites, books, and botanical garden information stands/leaflets. They found
that while these lists are useful communication tools for a general audience—and a good
starting point for future research—they often contain poor recommendations, omit what
would be good recommendations, lack overlap even when considering the same geograph-
ical regions, and are based on author experience rather than empirical evidence. They note
“a list is only as good as the data that went into it,” and the lists they reviewed “almost
never refer to the empirical sources on which they are based.” (p. 1019). Thus, traits and
field observations may be more reliable to inform plant choice.

3.3. Floral Arrangement in Time

Providing not just a diversity of floral traits but also flowers that bloom throughout the
growing season is key to supporting a diverse and abundant population of pollinators [47].
Phenology, or the timing of seasonal biological events, frequently orchestrates a tightly
evolved relationship between plants and their pollinators. Different plant species bloom
at different times for many reasons, including taking advantage of water availability, to
have a competitive advantage over other plants and to attract specific pollinators. Many
pollinators, especially native bees, live short lives and emerge, feed, and reproduce over a
period of weeks or months. Mason bees (Osmia spp.), for example, are active only from
spring to early summer, and overwintering queen bumblebees are some of the first polli-
nators to emerge during spring thaw. These early spring pollinators require pollen and
nectar from early-blooming, often spring ephemeral flowers such as Geranium maculatum
(wild geranium). In fall, many pollinators are preparing to overwinter or migrate (such
as the monarch butterfly) and rely on late-blooming plants including Solidago spp. (gold-
enrods) and Symphyotrichum spp. (American asters). By providing a diversity of blooms
from spring to fall, green spaces can support a greater diversity of pollinators throughout
their life cycles. Flowering trees can also play a critical role in providing abundant floral
resources over a whole season and can fill gaps in floral resource availability [52,73].

Additionally, the mowing management of lawns—a potentially critical green space in
an urban area—can have significant effects on the timing of available floral resources for
pollinators. Lawns are iconic to Western cities; they occupy a large proportion of urban
areas and are culturally and aesthetically valued [80,81]. Many municipalities enforce
‘weed laws’ to ensure the conformity of the lawn ideal by restricting grass height (e.g., a
Chicago ordinance prohibits lawn vegetation from exceeding 24.4 cm; Municipal Code of
Chicago: §7-28-120). Households mow to conform to societal expectations, city ordinances,
and the personal satisfaction of a neat and tidy yard [80]. Intensive lawn management
requires time and financial commitments and is often driven by aesthetics and social norms
to adhere to ideals of orderly, weed-free, lush carpets of green grass [72,82–84]. However,
frequent mowing restricts plant diversity in urban lawns to only a few species that are able
to tolerate repeated defoliation and soil disturbance, i.e., Bellis perennis, Glechoma hederacea,
Lolium perenne, Plantago major, Prunella vulgaris, and Trifolium repens [85]. The homogeneity
of plant species, together with herbicide application, deplete lawns of floral resources for
pollinators [86]. Adjusting mowing frequency can lead to increases in pollinator value.
Lerman et al. [87] found that the lawn with lowest mowing frequency has the highest
floral abundance but not the highest bee abundance. They suggested that taller grass
in less-mown yards might have prohibited access to the flowers and rendered the floral-
abundant lawns less attractive to pollinators. Alternatively, the lawn flowers might lack the
performance traits necessary for competing with the tall grass, leading to pollen limitation
and hence less attractive habitats for bees [88]. Thus, an appropriate mowing frequency and
the addition of floral diversity are both needed for urban lawns to support more pollinators
throughout their active season.
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3.4. Floral Arrangement within a Green Space

In addition to the origin, floral features, and flowering timing of the plants within a
green space, another important local-scale consideration to support urban pollinators is the
arrangement of floral resources within the green space or garden, which may be more im-
portant even than its size. For example, some research suggests that while garden size does
not influence invertebrate communities [89], floral density (the number of blooms per unit
area) frequently has a positive effect on pollinator abundance and diversity [90]. Keasar [91]
found that clustering flowers, even if these clusters included resource-sterile plants, in-
creased native bee visitation rates. Small community gardens that are densely packed with
a variety of floral resources are highly attractive to pollinators [52,92], and increasing such
plantings within larger recreational parks could increase the parks’ pollinator value.

The spatial arrangement of flowers can strongly affect not only how many but which
pollinator species visit a garden. Plascencia and Philpott [93] found that the honeybee
was more abundant in sites with patchy floral resources (larger nearest-neighbor ratio of
quadrats with ≥15 flowers), likely because it is a generalist species, and its medium size
permits it to forage large distances. By contrast, native bee species were most abundant in
gardens with clustered floral resources (smaller nearest-neighbor ratio). Thus, the local and
small-scale arrangement of flowering plants can favor certain pollinators over others, and
so heterogeneous arrangements are likely to support the greatest diversity of pollinators. In
Section 5, we also discuss landscape-scale spatial considerations for supporting pollinators,
such as the variety of green space sizes and their placement in an urban setting.

4. Nesting Habitat: What Do Urban Pollinators Need beyond Floral Resources?

Quality pollinator habitat includes more than just floral and foraging resources. Within
the same local scale as floral resources, native pollinators, especially wild bees, must have
habitat for nesting and overwintering. Variability in insect pollinator composition among
urban green spaces can depend less on floral density or cover and more on available nesting
habitat [53]. Many native bees nest in plant material such as hollow plant stems and leaf
litter, while others require bare ground to nest. For example, across Californian urban
gardens, Quistberg et al. [94] found that the number of cavity-nesting bees depended on
the percent of leaf litter cover and the number of ground bees increased with an increased
percentage of bare ground and decreased with wood chip mulching. Landscaping practices
such as the widespread use of wood mulch can thus be detrimental to ground-nesting
bees. Tree and shrub pruning/leaf removal, especially as “fall/spring clean ups,” can also
greatly diminish the nesting habitat for pollinators [32]. Leaving such materials can pose
an aesthetic challenge, especially in urban gardens and campuses where the city or school
may have yard care guidelines. Campaigns such as “Leave the Leaves!” are spreading
thanks to the Xerces Society and the National Wildlife Federation. Both organizations
have published materials explaining the ecological value to pollinators of leaf litter, plant
stems, and other dead and decaying plant debris. Butterfly larva such as that of the great
spangled fritillary (Speyeria cybele) overwinter in piles of leaves, and other species such as
the red-banded hairstreak (Calycopis cecrops) lay their eggs on fallen oak leaves, which the
hatched caterpillars will eat in the spring. Bumblebees (Bombus spp.) are a well-known
pollinator group that depend on leaf litter for protection over the winter. These are just a
few of many examples, demonstrating that planting pollinator-friendly plants is only one
part of creating a quality pollinator habitat.

Bees can be organized into three guilds based on their nesting habits: ground-nesting,
above-ground-nesting, and cleptoparasitic [95]. The ground-nesting guild is dominated
by the families Andrenidae, Melittidae, Halictidae, and Colletidae, while the above-ground-
nesting guild includes mostly Megachilidae and Apidae species [96]. Nesting sites for
cavity-nesting bees in the form of “bee hotels” are increasingly being promoted as a way
to aid pollinator conservation. Bee hotels vary in size and are typically constructed from
wood and contain different-sized cavities and a variety of materials to be used for nesting,
such as bamboo tubes and bricks with holes. Unfortunately, installing bee hotels can be
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counterproductive because most of North America’s native bee species (and 70% of the
~20,000 bee species worldwide) nest under—not above—the ground [97]. A large majority
of bees either nest underground or parasitize other bees’ nests, which limits the value of
above-ground-created habitats such as bee hotels.

Bee hotels are widely touted as a positive addition to any pollinator garden, but
numerous studies have documented increased parasitization of native bees nesting inside
such hotels [97]. Additionally, non-native and non-pollinating bee and wasp species have
been demonstrated to use bee hotels more often than native, pollinating bee species, thus
outcompeting native bees for nearby resources [97]. Geslin et al. [98] found that 40% of all
individuals recorded using the 96 bee hotels they installed were Megachile sculpturalis, a
leafcutting bee native to Japan and China. They also found a negative correlation between
the presence of M. sculpturalis and native bees in the hotels. MacIvor and Packer [97] coined
the term “bee-washing” (a form of green-washing) to warn promoters and users of bee
hotels against spreading potentially misleading information. They note that, much like
pamphlets of pollinator-friendly plants, bee hotels are useful tools for engaging the public
in citizen science and pollinator conservation outreach but that their potential pitfalls must
be thoroughly researched before they are recommended as “pollinator friendly”.

Although bee hotels may not necessarily be the best choice for bee nesting sites, bees
still do need habitat in which to nest and overwinter—nesting requirements are as important
to consider as floral resources [99]. Bumblebees (Bombus spp.) often overwinter beneath
the base of clumped grasses, while many ground-nesting bees will utilize bare patches of
soil for nesting. Bare patches in particular pose an aesthetic challenge in an urban setting;
those who do not know the purpose of the bare soil may find it less aesthetically pleasing
than a patch of foliage or flowers. Such challenges could be overcome by signage that
explains the purpose of the bare patches and their value to native pollinators. Alternatively,
soil squares—smaller patches of bare soil that form a 0.5 m deep hole in the ground—
could be constructed to provide nesting sites for cavity-nesting bees [100]. An interesting
study by Cane [101] shows that native species of Halictus prefer to nest beneath decorative
landscaping pebbles instead of bare soil patches. Much like providing an array of floral
resources will tend to attract the most diverse pollinator assemblage, providing a variety of
nesting materials and sites that can be maintained (rid of harmful parasites if necessary) is
most beneficial to urban pollinators.

5. Landscape-Level Planning and Connectivity—How Can the Surrounding Landscape
Inform Where to Prioritize New Habitat Creation within Cities?

Thus far, we have discussed local-scale factors that influence the ability of a green
space to support pollinators effectively, but designing for pollinator ecosystem services in
cities requires considering habitat at different scales, from the quality and size of the green
space itself to the arrangement of potential habitat within the landscape and the quality
of the urban context (Figure 1). Urbanization essentially fragments pollinator habitat, a
process that can reduce pollinator and plant pollen movement among fragments and reduce
pollinator abundance and diversity, especially for species sensitive to fragmentation [17].
Green space fragments that contain more floral resources and a higher diversity of flowering
plants (e.g., community gardens, residential gardens) have significantly more abundant
and diverse pollinator communities [102]. The patchwork of other urban habitat types (e.g.,
open parks, lawns, paved areas, buildings) surrounding these floral “hotspots” represent a
resource-poor “matrix” that may be unusable and even impermeable to pollinators.

Pollinator habitat planning at a city-wide or landscape scale thus must also consider
the spatial distribution of existing pollinator habitat and the land cover in between. While
local, garden-scale characteristics are often stronger predictors of pollinator abundance
and richness [56,103], the surrounding landscape matrix may influence the accessibility
or quality of any individual garden. For isolated garden patches, finding opportunities to
create “corridors” of even marginal pollinator habitat to connect patches of higher-quality
habitat can facilitate movement across a landscape, encouraging opportunities for short- or
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long-distance migration, shifting life cycle habitat requirements, and genetic exchange. In
contrast, some urban cover types or features such as buildings or busy roads may present
barriers to pollinator movement across an urban landscape. Additionally, proximity to
more natural habitat types such as forests, wetlands, or grasslands can provide additional
resources for pollinators and thus increase pollinator use of nearby garden patches in an
urban context. Below, we provide more specific evidence to guide landscape-scale planning
for pollinators.

Figure 1. The inter-related levels to consider in planning pollinator habitat, from bottom to top: the
size and quality of individual gardens or green spaces, the arrangement and connection among green
spaces, and the matrix or context surrounding the green spaces.

5.1. Matrix Quality

Overall, landscape-level variables are frequently not as strong as garden-level charac-
teristics at predicting pollinator population metrics; however, the effect of the surrounding
landscape matrix type may differ by pollinator guild. In the urban habitats of Chicago,
Tonietto et al. [59] found that bee species richness positively correlates with the proportion
of natural area within a 500 m radius. Pardee and Philpott [56] found that cavity-nesting
bee abundance was higher in urban gardens with more natural areas within 1 km, and
they hypothesized that a mix of natural and man-made resources may assist with nest
building. Ground-nesting bees were more abundant where wetlands were within 1 km,
which suggests an association with wet habitats. Increased forest cover within 500 m and
2 km was associated with increased abundance of both cavity- and ground-nesting bees,
respectively [56]. The authors speculate that the smaller-bodied cavity-nesting species
they captured had smaller foraging distances and thus were more associated with nearby
forest resources, whereas larger-bodied ground-nesting bees could travel farther and utilize
more distant resources. These studies suggest that the effect of the landscape matrix is
species-specific and influences life cycle needs and foraging distance.

In addition to the quantity of different land cover types within the matrix, the quality
and permeability of the matrix may influence pollinator populations. As opposed to the
rigid definitions of usable patches and linear corridors within an unusable matrix, matrix
permeability describes a more fluid gradient of use that “spills over” into and within the
matrix. A meta-analysis of wildlife habitat creation in agricultural areas suggests that
increasing the permeability of a matrix by improving the quality of the matrix may be a
more effective method to increase fragment connectivity and reduce the negative effects
of patch isolation [104]. With this in mind, perhaps urban pollinator habitat improvement
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efforts should consider not just creating more patches or corridors of habitat but also
improve the quality of the surrounding matrix.

5.2. Size, Arrangement, and Connectivity of Green Space within the Urban Matrix

The quality, size, and isolation of an urban green space can interact to determine
its value for supporting insect pollinators. While the species–area relationship suggests
that larger fragments have higher species richness, when it comes to urban pollinators,
the relationship between size and quality is more complex. As noted above, high-quality
small gardens can have an equivalent or higher pollinator habitat value than larger green
space [52,92], even if isolated [59]. Reviews on the optimal size of green space to support
insect pollinators suggests that it depends on the mobility of the pollinator [17,18,105].
Pollinator foraging distances are species-specific and influenced by body size, foraging
specificity, and eusocial lifestyle [47]. While smaller-bodied species may persist within
small patches of habitat more characteristic of urban areas, larger-bodied species are able
to travel further and cover larger distances in search of resources, especially within a
fragmented urban landscape [20,106]. For example, larger, colony-nesting bees such as
bumblebees are considered more generalist pollinators and have larger foraging ranges
than smaller, solitary bees. Bumblebees (10–23 mm body length) can forage up to one mile
from the nest, while smaller mason bees (6–11 mm body length) forage within 300 feet from
the nest [47]. Hinners et al. [49], studying suburban green space fragments in Colorado,
found that species richness increased with area up to a point, but they also found that there
was a shift in bee species composition from small to larger areas, some of which reflects
mobility differences. Smaller areas harbored more bees that were eusocial, small-bodied,
and cavity-nesters, whereas larger areas shifted to dominance by solitary, large-bodied, and
ground-nesting species. Even if these same patterns do not apply elsewhere, the important
lesson for planners is that a diversity of green space sizes across the landscape can increase
the diversity of pollinators supported overall, due to differences in the response to green
space characteristics.

Patch isolation is one measure that could negatively impact pollinator use of any one
patch and the metapopulation of pollinators as a whole. Several studies have found that as
a habitat patch becomes more isolated from a natural habitat, pollinator populations begin
to decrease [107,108]. However, in the urban grassland areas of Berlin, Fischer et al. [109]
found that only one pollinator species (Bombus terrestris) was affected by degree of habitat
isolation (negatively), but the authors note that the goodness-of-fit for this model was
low and the results should be used cautiously. One possible solution is the use of small
“stepping stones” of pollinator habitat to connect isolated patches across a landscape [110].
While flight distances vary by body size and local site conditions, using estimates of flight
distance may provide a starting point to determining how far away a functional stepping-
stone habitat should be (Figure 2). Creating stepping stones between habitat patches could
essentially increase the quality of the matrix and facilitate pollinator movement across the
landscape. Especially for smaller pollinators with a limited foraging range, the proximity
of abundant floral resources is critically important for survival and successful reproduction.
Even across a small area, such as an urban or campus promenade, having frequent patches
of dense foraging resources will ensure that pollinators with small foraging ranges will
have accessible resources.

Although much of the research on pollinator corridor habitat has focused on agricul-
ture, corridors of linear habitat may serve to connect habitat patches and facilitate pollinator
movement across the urban landscape as well. In croplands, linear habitat in ditches can
increase pollen dispersal between isolated habitat patches [111]. A similar study of linear
hedgerows in cropland in southern England suggests that both hedgerow quality (absence
of gaps, high species diversity, and an abundant, flowering understory layer) and landscape
context (hedgerows were more valuable in intensively managed landscapes) influenced
the value of hedgerows to pollinators and other insects [112]. Comparisons can be made
between an inhospitable matrix of monoculture crops and a matrix of resource-poor urban
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environments such as traditional lawns or parking lots. Linear corridors of unbroken, floral-
rich habitat may facilitate movement through intensively managed landscapes devoid of
pollinator resources, however, the strategy of increasing matrix permeability, as discussed
above, should also be considered.

Figure 2. Estimated flight distances of bees [47] can provide insights into stepping stone spacing of
pollinator habitat.

In conclusion, much research suggests that landscape-scale variables are less important
than garden-scale variables in determining pollinator populations; however, pollinator
foraging distances and proximity to natural habitats may be helpful factors to consider
when prioritizing locations for new pollinator habitat. Where feasible, improving matrix
quality and creating linear habitat corridors are two potential strategies that may improve
overall urban landscape connectivity for pollinators, and these are areas needing more
research. Interestingly, there is some evidence that the heterogeneous, dynamic, and
cosmopolitan nature of urban landscapes has actually increased the number of species that
can thrive there and perhaps is evolutionarily selecting for species that are more tolerant of
these conditions [113].

6. Management—What Urban Management Practices Would Support Pollinator
Ecosystem Services?

Individual decisions in urban yard and garden management are critical to consider
in supporting pollinator habitat [114,115]. Currently, many common urban green space
management practices threaten biodiversity in cities [32]. These include the continued
maintenance of turf grass lawns, which leads to a lack of foraging resources, the application
of pesticides and herbicides, and tree and shrub pruning/leaf removal (especially as
“fall/spring clean ups,” which can greatly diminish nesting habitat for pollinators).

Mowing management, as discussed above, has been studied in a way that allows for
specific applications to improve practices for pollinator ecosystem services. Less intensively
managed urban lawns host more plant species [116]. If coordinated, then even a small
percentage of adoptees of a lower mowing frequency, delayed mowing, or no mowing
can scale up and might have positive conservation implications for bee habitat [24,114]. A
reduction in mowing frequency from every few weeks to only once or twice per season
causes a species turnover and increases the plant species richness of urban lawns by
30% [85]. Moreover, the change in management also increases the spatial heterogeneity
within and between lawns. Lerman et al. [87] suggest a ‘lazymower’ approach as a practical,
economical, and time-saving alternative that also helps to promote bee conservation. They
argue this approach might garner broad public support (compared with lawn reduction
or replacement), because it more closely aligns with current single-family homeowner
motivations for adopting lawn-dominated yardscapes. However, less is not always better.
A very low mowing frequency might exceed the aesthetic tolerance of many homeowners
and their neighbors.
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7. Conclusions and Planning Recommendations

We have framed the current literature within actionable design questions that aim to
guide urban design for pollinator ecosystem services. It is clear from this review that urban
green spaces present ample opportunity for meaningful—and quantifiable—improvements
in pollinator habitat in the face of increasing urbanization. Here, we summarize the
recommendations based on the evidence reviewed above and provide evidence-based and
feasible planting typologies.

7.1. Summary of Planting Recommendations at the Local Scale

Urbanized areas, especially less densely built areas more characteristic of “suburban”
or “urban sprawl” that still have a high proportion of vegetated areas, represent a matrix
for some bee species, especially large-bodied, generalist, and cavity-nesting species, while
many specialist species may have habitat requirements that are incompatible with most
levels of urbanization. Urban environments may be able to support a diverse assemblage
of bee communities by improving habitat quality at a relatively small scale. Actions to
diversify urban bee community assemblages and improve the genetic diversity of existing
populations should emphasize provisioning habitat and resource requirements for smaller-
bodied and ground-nesting species, which make up 75% of bee species [25].

For urban habitats, it is not necessarily the degree of “urban-ness” but instead the
specific characteristics of each urban green space that ultimately influence pollinator abun-
dance and diversity. Urban areas with a higher floral diversity and floral abundance tend
to have a higher pollinator abundance and/or diversity. Native gardens typically feature
greater floral abundance, taller vegetation, more cover, and more potential nesting sites that
likely attract pollinators. Incorporating native plants into the urban landscape is critically
important for supporting abundant, diverse pollinator populations. However, even though
plant nativity has been found to positively affect bee abundance and richness, it need not be
the only consideration in floral resource management. Many non-native, ornamental plants
serve the dual purpose of providing pollinator resources (e.g., nectar, pollen, structure)
and signaling important social cues, including legibility and familiarity, that influence the
acceptance, care, and longevity of gardens. Public park managers, landscapers, and even
homeowners should prioritize native flowering species, but they should not be afraid to
fill in gaps in flowering periods with non-native species when needed [57], if the risks
discussed above are considered.

Floral morphology is another important factor to consider while improving the quality
of pollinator habitat. A garden with diverse flower shapes, colors, and other features will
attract a more diverse assemblage of pollinators. Moreover, providing a diversity of flowers
across the entire growing season will support a greater diversity of pollinators throughout
their life cycles. The seasonality of flowering times and food availability throughout the
growing season is essential to ensure that a diverse community of bees can persist even
within a relatively small area [65]. An array of plant species that allow for consistent
flowering, from spring ephemerals to late-season bloomers, has been shown to be of greater
significance to bee populations than high plant nativity. Though plant selection is often
focused on herbaceous species, trees represent significant sources of floral resources when
in bloom due to the size and abundance of inflorescences. Including native flowering tree
species into the landscape can provide a substantial pollinator resource within a very small
footprint [73] as well as woody vegetation for cavity-nesters [56]. Leaf litter, plant stems,
dead and decaying plant debris, bare soil, as well as other habitats that are beyond floral
resources, provide valuable nesting and overwintering spots for pollinators.

Given the research findings reviewed, to support pollinators in urban green spaces
through planting design, in summary, we recommend the following:

• Incorporate high densities of flowering plants, including flowering trees.
• Incorporate a high diversity of flowering species by varying the species and floral

features in each bed across the landscape.
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• Utilize species with flowering times that span the entire growing season, including
beneficial spring bulbs and late-blooming fall flowers.

• In areas with high aesthetic and maintenance requirements, utilize non-native, orna-
mental, or “nativar” plants that provide pollinator resources but do not pose a risk of
invasive spread.

• In areas with lower aesthetic and maintenance requirements, utilize as many native
plants as possible.

• Seek out native plants that are well-adapted to the harsh conditions of urban environ-
ments. Some desirable characteristics include salt, heat, and drought tolerance and
higher pH tolerance.

• Avoid the widespread use of wood mulch; instead, create a mix of bare ground and
leaf litter cover to support bees with different nesting requirements.

• Where appropriate, use plants as “living mulch” to maximize plant resources and
reduce weeding and watering requirements.

• Look for opportunities to “improve the matrix” between garden beds. Consider bee-
friendly lawns, flowering trees, and functional planters that can provide additional
support between garden beds.

Taking these recommendations and the research into consideration, we designed four
replicable garden typologies that provide multifunctional benefits to people and pollinators
in an urban or suburban setting. A typology describes a design solution for a particular
set of conditions. We propose typologies that address four main design goals for urban
pollinator gardens: pollinator needs, safety, ease of maintenance, and cultural aesthetics
(Figure 3). The four proposed typologies (Figures 4–7) represent planting templates for
four common urban site conditions with plants specific to the midwestern United States.
In terms of pollinator needs, the typologies consider key features such as high floral
diversity and abundance, high diversity and density of native plants, sufficient floral
resources throughout the growing season, and diverse floral shapes. In terms of safety
concerns, it may be an urban requirement that vegetation height be less than 3 feet or
canopy height greater than 6 feet to provide clear visibility. The typologies also consider
ease of maintenance by using seven species or less planted at a high density that will form a
tightly growing mass to shade out weeds. Several cultivated native plants (i.e., “nativars”)
are used that were selected for their superior landscape performance characteristics, such
as drought tolerance, tidy habit, or more attractive blooms. Finally, the designs feature
plants that are visually attractive, including beautiful flowers and foliage, with an emphasis
on plants that provide multiple seasons of interest. These ecological and social goals inform
the proposed typologies, creating design solutions that provide numerous benefits when
implemented in an urban setting (Figure 8).

Figure 3. Guiding principles for creating informed pollinator garden typologies in an urbanized
setting.
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Figure 4. Typology 1: Full sun, medium moisture, high visibility (e.g., showy sidewalk garden).

Figure 5. Typology 2: Shade, dry, high visibility (e.g., under tree canopy).

Figure 6. Typology 3: Partial sun, frequently wet (e.g., rain garden).
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Figure 7. Typology 4: Shade, medium moisture, low visibility (e.g., foundation hedge).

 

Figure 8. Visual to illustrate application of Typology 3 and Typology 4 in an urban setting, where it
provides multifunctional benefits of pollinator habitat, improved water infiltration (shown as arrows),
and aesthetic enjoyment.

7.2. Summary of Landscape-Scale Recommendations for Urban Planning

While local garden-scale characteristics are critical for attracting and supporting polli-
nators, the consideration of a broader landscape-scale perspective can better inform urban
planning to promote the ecosystem service value of pollinators. Pollinator foraging dis-
tances and proximity to natural habitats can be helpful factors to prioritize locations for
new pollinator habitat and improve matrix quality. Linking quality, source habitats to the
surrounding habitat is essential to support metapopulations of diverse bee species. Because
the mean range for bee species is much smaller than for other animals, unpaved, unbuilt
areas larger than 100 square meters can support abundant floral resources and may even
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represent viable habitat for small-bodied species [117], and even smaller spaces can be cor-
ridors. Small, unpaved surfaces in urban areas, such as along sidewalk edges or in-between
buildings, should be planted with flowering herbs and trees to function as stepping-stones
between habitat patches within an urban matrix [110]. By prioritizing existing urban green
spaces for land-sparing and emphasizing land-sharing across the broader matrix through
improvements in habitat quality, communities of more bee species may be able to establish
large, connected, and persistent populations in urbanized environments. Beyond gardens
designed for aesthetics, vegetable gardens can also provide the floral resources that pollina-
tors require [56]. Property owners, especially those adjacent and near green spaces, should
be encouraged to increase the overall structural and vegetative heterogeneity of their yards,
but even for the most resistant of individuals, simply minimizing the presence and area of
turf can be beneficial [118].

7.3. Conclusions

The field of urban pollinator landscape ecology is still developing, but there is no
question that there is high potential for urban landscapes to support functional pollinator
habitat. As the value of urban green spaces is increasingly being recognized, and we have
accumulated a body of research on the specific features of effective pollinator habitat at the
local and landscape scale, this knowledge can be directly applied to the design of individual
gardens and planning across urban landscapes.
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Abstract: Urbanization and climate change pose significant challenges to urban ecosystems, under-
scoring the necessity for innovative strategies to enhance urban green infrastructure. Tree planting, a
crucial aspect of green infrastructure, has been analyzed for optimized positioning using data metrics,
priority scoring, and GIS. However, due to the dynamic nature of environmental information, the
accuracy of current approaches is compromised. This study aims to present a novel approach inte-
grating deep learning and cellular automata to prioritize urban tree planting locations to anticipate
the optimal urban tree network. Initially, GIS data were collated and visualized to identify a suitable
study site within London. CycleGAN models were trained using cellular automata outputs and
forest mycorrhizal network samples. The comparison validated cellular automata’s applicability,
enabled observing spatial feature information in the outputs and guiding the parameter design of
our 3D cellular automata system for predicting tree planting locations. The locations were optimized
by simulating the network connectivity of urban trees after planting, following the spatial-behavioral
pattern of the forest mycorrhizal network. The results highlight the role of robust tree networks in
fostering ecological stability and cushioning climate change impacts in urban contexts. The proposed
approach addresses existing methodological and practical limitations, providing innovative strate-
gies for optimal tree planting and prioritization of urban green infrastructure, thereby informing
sustainable urban planning and design. Our findings illustrate the symbiotic relationship between
urban trees and future cities and offer insights into street tree density planning, optimizing the spatial
distribution of trees within urban landscapes for sustainable urban development.

Keywords: carbon emissions; urban planting; ecological system; urban forestry; green infrastructure

1. Introduction

Carbon dioxide plays an important role in ecosystems [1,2]. Since pre-industrial times,
seasonal mean temperatures have been anomalous over most land areas and atmospheric
CO2 has been steadily increasing, leading to global warming and more frequent natural
disasters [3–5]. The Intergovernmental Panel on Climate Change (IPCC) concluded in its
Climate Change 2001 report that “humans have a clear impact on the global climate” [6].
The increasing concentrations of carbon dioxide (CO2), ozone (O3), methane (CH4) and
nitrous oxide (NO) in the atmosphere make it difficult for the heat radiated by the sun
to radiate into the air, resulting in higher temperatures near the surface and causing the
greenhouse effect [7,8]. The rise in carbon emissions is driven by the burning of fossil fuels,
the manufacture of commodities, deforestation, the use of transport, food production, the
use of electricity in buildings, etc. [9,10]. The world’s main sources of carbon emissions
are concentrated in three main regions—the USA, China and Europe—and the highest
emissions are spread around cities [11,12]. Excessive urban carbon emission makes the
temperature in the city center significantly higher than that in the surrounding areas, which
increases the temperature difference between day and night and leads to the urban heat
island effect, and also aggravates the frequency of natural disasters [13–15]. The growing
demand for transportation in urban life causes the imbalance of the urban ecosystem and

Land 2023, 12, 1479. https://doi.org/10.3390/land12081479 https://www.mdpi.com/journal/land75



Land 2023, 12, 1479

damages the urban environment [7,16]. Climate change has become one of the greatest
challenges facing humanity in the 21st century [17,18].

Forests are the largest plant communities on land and play an important role in
the absorption of CO2 [19,20]. Trees in forests, from growth to death, absorb carbon
dioxide through photosynthesis and respiration and fix it in the vegetation and soil, and
the capacity of different parts of the forest tree to absorb carbon varies [21]. There are
different types of forests on the planet, such as tropical rainforests, temperate rainforests,
temperate deciduous broadleaf forests, and temperate coniferous forests. The biodiversity
and carbon storage capacity of forests at different latitudes also differ [22,23]. The Amazon
basin is particularly rich and is the largest ecosystem carbon sink on Earth that could help
mitigate carbon emissions [24,25]. The richness of the forest hierarchy helps to build solid
forest ecosystems [26,27]. However, with human deforestation and forest degradation,
the Amazon’s carbon sink capacity has gradually diminished and the growth rate of
above-ground biomass in the forest has fallen by a third, releasing large amounts of carbon
emissions into the air that cannot be trapped, a shift that has turned the once carbon-dioxide-
absorbing forest into a source of global warming [25,28]. Governments around the world
are currently seeking solutions to reduce carbon emissions, with net-zero carbon emissions
becoming the focus of global climate change research [29,30]. In the Paris Agreement,
net-zero carbon emissions is described as a system that “balances anthropogenic emissions
by sources and removals by sinks”. Many European countries have started to develop
policies to achieve this goal [31].

Some scholars have proposed the concept of urban forestry to further strengthen
the urban ecological cycle system by optimizing urban green infrastructure in pursuit
of sustainable development [32–34]. Although European countries have a long history
in the design and management of urban green space, there is still controversy on the
specific content of the concept of urban forestry [35]. In the broad sense, natural resource
management activities such as forestry plantations are supposed to take place in suburban
clearings but, in reality, such activities can take place in any tree-growing area of the city [36].
A more comprehensive definition of urban forests is networks or systems of all trees in a city,
including green infrastructure or individual trees [37–40]. In China, research has addressed
several issues related to the benefits of urban forests in relation to air quality, forest cover,
and spatial pattern [41–43]. Meanwhile, in Europe and the USA, studies have explored
the diversity of tree composition in urban forests and the relationship between forests and
people [44,45]. Part of the urban forest focuses on the potential of urban economic benefits,
biodiversity conservation, and urban climate regulation [36,46–48], which provides ample
evidence of the role of urban forests in the human living environment.

Previous researchers have demonstrated the importance of optimizing the location of
urban trees by analyzing data indicators related to urban trees, setting priority standard
classification scores or using prioritized geographic information systems [49,50]. Although
adequate use was made of existing urban tree data, the data variables changed in real
time and the lack of correlation between the data meant that the final data-oriented results
could be biased. Other studies have analyzed and counted urban natural resources to
improve tree survival by constructing comprehensive indicators and providing a tree
planting priority index [51,52]. Alternatively, a design model approach has been used to try
to change the relationship between the location of urban trees and the roadway to increase
the comfort of the habitat [53,54]. However, the fact that improper planting of urban trees
will reduce the ecological value of trees and cause environmental problems and potential
risks has been ignored [55].

It is worth noting that previous approaches to urban planning have used computer
models to predict future urban change and to help justify urban planning from a holistic
perspective [56,57]. Computational results from model simulations confirm that cellular
automata perform better in computational urban simulation models [58,59]. Cellular
automata have the ability to simulate dynamic processes, and are suitable for considering
neighborhood relationships and the urban spatial dimension, and are widely used in
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predicting the urban expansion process and land use planning [60–62]. This approach was
previously used in early urban studies, where tree roads were generated using cellular
automata, and plots of land to be developed were placed on both sides of the road [63,64].
Cellular automata are capable of simple rule making based on the local urban environment,
reflecting the spatial organization of the city in a dynamic process [63]. However, most of
these studies have used formulae and urban tree data to calculate comparisons that can only
be obtained over a wide range of tree planting areas, or data over a real period of time to
explore index relationships. There are also limitations in the dynamic iterations of cellular
automata, which lead to uncertainty and uncontrollability of the iterations [65]. Cellular
automata have been used to test a large range of cities, and the predictions were altered
at the urban texture level, but failed to optimize urban green infrastructure to improve
urban climatic issues from an urban ecological sustainability perspective. Few studies have
attempted to model the precise location of tree planting in a block, particularly in terms
of the connectivity between urban green infrastructure at the regional scale, ignoring the
location of existing and new trees in the city.

This study addresses the following questions: (1) How can potential urban tree plant-
ing sites be identified to face the current situation of fragmented tree planting in urban
forestry? (2) How can the connectivity between green infrastructures be strengthened?
(3) How can deep learning and cellular automata, representing connectionist and behavior-
ist AI, respectively, be combined to innovate urban forms? This paper aims to address these
questions with the goals of elucidating the significance of urban trees in urban ecosystems,
bolstering the design and management of green infrastructure to mitigate the impact of
urban climate change, and laying a foundation for future sustainable urban development.

2. Materials and Methods

2.1. Introduction and Definition of the Main Methodological Components

With the rapid development of deep learning technology in recent years, implicit
learning [66–68] has been widely used to handle the dynamism of information input,
wherein dynamic cognitive models replace predefined ones. Consequently, we harness the
implicit learning and generative capabilities of deep learning as an enhancement, guiding
the computational simulation of discrete models to reason complex, dynamic behavior in
response to environmental dynamics. The combination of CycleGAN and cellular automata
techniques is adopted to establish the methodological framework of this study.

Cellular automata are a type of computational discrete model introduced by S. Ulan
and J. von Neumann in the late 1940s [69]. The advantage of the cellular automata model is
that it is able to model complex discrete dynamical systems [70], for instance, integrating
the spatial and temporal dimensions of a city. Early scholars first proposed the application
of cellular spatial models to geographical modeling [71]. In the 1980s and 1990s, cellular
automata began to be used to simulate urban sprawl as the computational power and
concepts of cellular automata models were updated [72,73]. The spatial patterns formed by
the iterative process of cellular automata and the development of theories have facilitated
the design of simulation models for urban evolution, allowing the cellular automata method
to be used to test the assumptions of urban theories and to simulate the urban form [62,72].
In previous studies, researchers have adapted different transition rules to fit the study
plots based on the model, for example, cellular automata model testing based on a strict
rule-based transformation where the cellular grid space was set to 250 m and urban spatial
changes were simulated by changing the rule setting [74]. Other researchers transformed
rules based on urban morphology to use the model for visualizing future urban growth [75].
However, in response to the development of urban cellular automata models, some scholars
have suggested that this may lead to problems in practice when a high number of influences
are included within the model and questioned whether extensive rule adjustments can
actually constitute cellular automata models [69]. Such experiments with large urban scales
usually have a large range of individual cell space settings in the cellular automata model,
which can easily lead to a lack of precision. In addition, cellular automata models lack a
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standard method for defining transformation rules, which can be aided by incorporating a
CycleGAN model.

This paper’s exploration of neurally guided cellular automata involves the develop-
ment of a validation method based upon the hierarchical identification of urban data in
learning zones. It also investigates the potential of combining cellular automata with deep
learning, extending the research methods of cellular automata models beyond traditional
urban theory, with an aim to bridge the gaps in past methods. The CycleGAN model
can execute powerful image generation by completing image-to-image translation using
cycle-consistent adversarial networks [76]. Specifically, this technical approach can generate
a potential representation of an image X by identifying a corresponding representation and
presenting this potential as a style Y. Other researchers have similarly employed adversarial
loss for training to complete image-to-image translations [77]. The generated output can
provide an initial design guide for model experiments, aiding in generating the desired
target urban morphology. This can assist in defining the transition rules in the cellular
automata model to find an approach better suited to improving the accuracy of tree planting
in the study area.

2.2. Study Framework

As the first country in Europe to plan for urban forestry, England has a long-term
plan for urban trees and a vision of zero greenhouse gas emissions by 2050 [36]. London,
as the capital of the UK, is a good candidate for this study as it is vital to improve its
urban forestry. In order to improve the ecological value of urban trees in urban forestry,
a program was designed to predict the best planting position of trees in future urban
forestry by learning the connection relation of the underground tree network in primary
forest and the basic rules of cellular automata, including the following stages (Figure 1).
The first stage focused on collecting carbon emission data and spatial coverage of green
space in different London boroughs, visualizing the data using GIS spatial data analysis,
comparing the data, selecting areas with high carbon emission and low green space based
on the visualization results, selecting learning areas, and analyzing the data related to
street trees. In the second stage, CycleGAN was used to propose a hypothesis of future
urban morphological changes and to try to realize an ecological construction orientation of
the urban forest, surrounded by trees and buildings. The third stage used the rules and
principles of cellular automata to translate the programming language into the parametric
software Grasshopper to simulate and more accurately predict the generated results by
adding field site constraints. The fourth stage compared the predicted iterations of the
cellular automata to analyze the results of the iterations under different variable settings,
to see the network connections between urban trees after planting new trees, and to test the
feasibility of previous assumptions.

Figure 1. The workflow of data processing in our proposed framework.
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2.3. Study Area

The study area excludes parcels with large urban ecological parks, focusing on parcels
with a predominantly built-up distribution and a small and scattered distribution of green
spaces and trees, which were then further selected according to the road hierarchy character-
istics of the urban neighborhood. The study area is located in the northern part of the Cam-
den district at a scale of 1:80 m (51◦56′ N–51◦55′ N, 0◦12′ W–0◦11′ W) and contains roads
with predominantly service functions, and the urban distribution analysis includes water,
green infrastructure, buildings, and roads (Figure 2). The distribution map shows that more
traffic arteries are located in communities with little green infrastructure and scattered
urban street trees, making it difficult to cope with the carbon emissions from daily traffic.

Figure 2. (a) Camden in Greater London; (b) 1 KM × 1 KM map of Camden; (c) study area.

2.4. Data Source and Processing

The GIS spatial data analysis method can help analyze the collected spatial data
through the geographic information system. In this study, spatial data analysis can be
used to more intuitively visualize the data and compare the differences between different
regions. Spatial data analysis can be flexibly applied according to Excel tables to identify
different categories, and the size of data in the classification can be matched according
to geographical coordinates without being restricted by the regional area. The Office for
National Statistics has collected and provided a table of annual average carbon dioxide
emissions for London in 2019 and the woodland cover area for local authority areas
in London in the same year (Figure 3). The information from the Excel spreadsheet was
combined to match the UK regions’ geographic coordinate system and then visualized using
ArcGIS. The boroughs near downtown London tend to have the highest carbon emissions
per square meter, according to the annual statistics on carbon emissions. Additionally,
the distribution of green spaces in London, as well as the amount of tree cover in each
London borough, were entered in the same coordinate system for comparison. The data
visualization’s findings indicate that, with a high concentration of real estate development,
over half of all London boroughs currently have a proportion of tree cover of only 0–8%.
The distribution of green space from the urban fringes of London towards the city center
is characterized by an over-representation of large whole areas of green space to small
pockets of fragmented green space. At the same time, through the comparison of the three
groups of data, we find that there are administrative districts with a wide distribution of
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green space and low carbon emissions, but there are still some administrative districts with
important roads, resulting in an imbalance between the green space and the average annual
carbon emissions.

 
Figure 3. Comparison of London carbon emissions, woodland cover, and green spaces.

Camden has a higher average annual carbon footprint than the rest of London and
less tree cover in the area. A small and medium-sized community with abundant data
information and dense traffic network was selected from the 1 KM × 1 KM region in
Camden district. Data analysis included water conservation (normalized difference mois-
ture index, NDMI); plant health (normalized difference vegetation index, NDVI; sunlight
(direct sun hours of the site); and existing tree canopy and tree species. To gain an in-depth
understanding of the vegetation health status of the site from multiple perspectives, the
street tree data in the learning area were imported into Rhino by tree species stratification
and merged with building, road, and other data to restore the status quo of the site. The
position of each tree was corresponded to the geographical coordinate system individually
to prepare for the subsequent data calculation of cellular automata (Table 1).

Table 1. Street trees of study area, Camden.

Gla_id Tree Species and Scientific Names Longitude Latitude

glaid_682290 Plane (Platanus hispanica) −0.12786102449052 51.5675131207381
glaid_682291 Plane (Platanus hispanica) −0.12788095908132 51.5675441929378
glaid_682292 Ash (Fraxinus excelsior) −0.12772311698794 51.5675262975231
glaid_682293 Plane (Platanus hispanica) −0.12762451064078 51.5675697763205
glaid_682294 Pear (Pyrus communis) −0.12755616291557 51.5676037562588
glaid_682295 Plane (Platanus hispanica) −0.12747623124352 51.5676387203248
glaid_682296 Plane (Platanus hispanica) −0.12735170738228 51.5677124495487
glaid_682297 Plane (Platanus hispanica) −0.12726708752885 51.5677561512526
glaid_682298 Plane (Platanus hispanica) −0.12719287232343 51.5678064935142
glaid_682299 Cherry (Prunus genus) −0.12715312606818 51.5678958735313
glaid_682300 Cherry (Prunus genus) −0.12710738384612 51.5679380374256
glaid_682301 Cherry (Prunus genus) −0.12706859431744 51.5679374183132
glaid_682394 Cherry (Prunus genus) −0.12700819278152 51.5676059818775
glaid_682398 Whitebeam (Sorbus aria) −0.12713078708266 51.5672386188778
glaid_682399 Whitebeam (Sorbus aria) −0.12711551260981 51.5672240770995
glaid_682400 Whitebeam (Sorbus aria) −0.12714728020639 51.5672235050338
glaid_682401 Whitebeam (Sorbus aria) −0.12713378040792 51.5672079124889
glaid_682402 Ash (Fraxinus excelsior) −0.12705398809426 51.5671341598225
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Table 1. Cont.

Gla_id Tree Species and Scientific Names Longitude Latitude

glaid_682618 Hawthorn (Crataegus) −0.12798605750201 51.5679855102208
glaid_688705 Cherry (Prunus genus) −0.12737171242051 51.5670113580804
glaid_697556 Lime (Tilia europaea) −0.12774688769460 51.5673551009506
glaid_697557 Cherry (Prunus genus) −0.12779069456203 51.5673635333951
glaid_697558 Cherry (Prunus genus) −0.12777973154878 51.5674161441307
glaid_697559 Lime (Tilia europaea) −0.12742623316460 51.5676018627646
glaid_697560 Cherry (Prunus genus) −0.12748077097416 51.5674334053296
glaid_697561 Pear (Pyrus communis) −0.12745816111797 51.5674253110274
glaid_697562 Pear (Pyrus communis) −0.12744097518780 51.5674151450884
glaid_697563 Cherry (Prunus genus) −0.12744327917633 51.5673590689984
glaid_697564 Pear (Pyrus communis) −0.12737621039910 51.5673162737598
glaid_697565 Pear (Pyrus communis) −0.12734530308466 51.5672959072194
glaid_697566 Cherry (Prunus genus) −0.12751479831096 51.5673778354607
glaid_697567 Pear (Pyrus communis) −0.12756027765596 51.5673455589041
glaid_697568 Pear (Pyrus communis) −0.12758720845964 51.5673327697381

2.5. Methods

We investigated the possibility of using cellular automata (CA) to alter urban spaces by
training CycleGAN with the outputs of CA and the samples from the forest mycorrhizal net-
work. By comparing these two, we validated the applicability of CA and visually collected
spatial feature information to guide the parameter setting of CA design. Subsequently,
we utilized this information to set up a 3D cellular automata for predicting tree planting
locations for the site.

2.5.1. CycleGAN Image-to-Image Translation

To enhance urban green ecology and combat urban climate change, CycleGAN re-
shapes existing urban surfaces through image style transformation, creating a diversity of
future urban forms and providing guidance for urban design. The morphological design
of urban neighborhoods greatly affects the outdoor environment. In this paper, satellite
images containing learning areas of 1 KM × 1 KM and two different image samples were
selected and tested separately to find ways to enhance the effective construction of urban
forestry. This was used as a design guide to improve the management of urban forestry in
the city. CycleGAN is commonly used to solve migration problems between images [78].
This method performs image transformation from reference image domain X to target
image domain Y without relying on paired images. In this case, G and F are mapping
functions between two image domains X and Y. The model includes two discriminators
DY and Dx. DY promotes G to translate X into outputs that are identical to domain Y, and
vice versa for Dx, F, and X. CycleGAN also uses the adversary loss [79] and cyclic consis-
tency loss, which are two loss functions that are expressed respectively in the following
formulas [76]:

LGAN(G, DY, X, Y)= Ey∼pdat (y)[log DY(y)] +Ex∼pdata (x)[log(1 − DY(G(x))] , (1)

Lcyc (G, F)= Ex∼pdata (x)[‖ F(G(x))− x ‖1] +Ey∼pdat (y)[‖ G(F(y))− y ‖1]. (2)

CycleGAN requires the collection of hundreds of sets in each example folder. Due to
the limitations of collecting samples of the same type of data, this paper cuts the samples
into 1000 sheets each and selects 300 (180 × 180 pixels) of the field features that need to be
preserved as the training dataset for transformation training.

2.5.2. Calculation Principles of Cellular Automata

Cellular automata are made up of a grid of cells, the size of which can be changed
according to the requirements of the setup. Each cell’s life and death relationship are
controlled by setting rules in the grid [80,81]. The basic principle in cellular automata is

81



Land 2023, 12, 1479

that if the life and death relationship of a cell changes, other cells in the vicinity of that cell
will also be affected [82]. Some of the cells in the lattice are given an initial state (usually
time t = 0), while others are given a state (advance t by 1). The cells in the grid are housed
in separate compartments but are closely related to each other, with a neighborhood effect,
just as the trees in a forest exist as a whole. There are two common types of communities
in which cellular automata identify neighbors, named after the theorists who invented
them, Moore neighbors and Von Neumann neighbors (Figure 4). The Moore neighborhood
consists of eight orthogonally adjacent unit cells, and the von Neumann neighborhood
consists of four diagonally adjacent unit cells. The two differ in their results for visualizing
changes in cellular automata [83]. Some scholars have examined the urban matrix layout
of satellite images of residential areas in Australia to determine the applicability of the
rules of the cellular automata model, and have proposed that Moore neighbors allow
diagonal or vertical access to cellular space, whereas Von Neumann neighbors allow only
vertical access to the space [84]. In terms of the more regular grid layout of modern cities,
Moore neighbors possess stronger accessibility characteristics to help achieve the spatial
distribution of urban trees. Therefore, we chose Moore neighbors to conduct the urban
form experiment for deep learning.

Figure 4. Rules of cellular automata.

2.5.3. Urban Reconstruction by CycleGAN

In this study, two sets of tests were conducted using CycleGAN. The first group
(Figure 5) is an image transformation between satellite images of London city (sample A)
and the forest mycorrhizal network intention map (sample B), in order to make the trans-
formation results achieve the urban design orientation of green space as the main feature
and the rest as secondary. In this training set, the images containing more green space
features were selected. From the final training results obtained, although the green areas
cover the largest area, the results cover the original building sites and roads, forming an
urban surface with traffic networks cutting through the green areas and not realizing the
urban green infrastructure construction with trees surrounding buildings.

The second group (Figure 6) uses the original sample A, but this time selecting feature
points with 50 percent each of the images having a green space or building feature to
ensure that the building footprint was not completely covered and lost in the final results.
Sample B was chosen as the result of one iteration in the cellular automata. The samples
used Moore neighbors, which modeled the canopy layer growth competition between trees
in an urban forest, with common features between them and the problem of urban land
competition. The results of the second image transformation test achieved a similar area of
green space occupation to that of building occupation. Some of these areas formed a more
coherent image of urban green space surrounding the building sites, but the main roads
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were completely covered in the results. The outcomes produced by the CycleGAN model
demonstrate that the experimental results, derived from the Moore neighbor samples,
can alter urban morphological features. Furthermore, they maintain several recognizable
spatial features and deliver more reasonable spatial layouts compared to group 1 outputs.

Figure 5. CycleGAN output group 1.

Figure 6. CycleGAN output group 2.

2.5.4. Grasshopper Transformation and Tree Networks

The cellular automata were implemented in the code as a two-dimensional spatial
iteration, using previously prepared site data to set up the grid according to the size of
the study area. In Grasshopper, the two-dimensional iterative change procedure is built
according to the rules of cellular automata, setting up adjustable parameter entries and
iteration rules, and the initial state of each grid cell is divided into two types: alive and
dead. In the original code, the starting point for the calculation of cellular automata is
randomly generated, whereas in Grasshopper the starting point can be set manually by
combining the existing tree location data from the Rhino with the box selection to increase
the controllability of the calculation. In this cellular automata model, we set the Moore
neighborhood rules as follows: (1) a dead cell becomes alive when it is surrounded by
exactly three living neighbors; (2) a cell becomes dead when it is surrounded by a single or
four or more living neighbors; (3) a living cell continues to live until the next iteration when
it is surrounded by two or three living neighbors. Cellular automata also have the ability to
pause and restart, and the relationship between cell life and death changes continuously
after multiple iterations. In Grasshopper, the grid is set up to look at the life and death
status of cells centered on a single cell, with a set rule to find the neighboring cells in each
row and column moving in the direction of the surrounding cells. The cellular automata
will first look for cells in the grid around existing trees in the city and calculate whether
the cellular cells are likely to be symbiotic. In the design program, the two-dimensional
iterations are made three-dimensional to allow visual comparison of the planting changes
between old and new trees. In addition, a new constraint was added to the conversion
procedure to accurately calculate the location of new trees. Cells cannot be calculated in
grids where buildings or main roads are distributed. This method enhances the urban
ecology while preserving the existing buildings and traffic on the site.

After obtaining the iterative results of the cellular automata, it is still necessary to
determine the validity of the urban tree planting locations. By combining the commonalities
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between tree dimensional networks in forests and cellular automata, urban tree networks
are created using the program Closest point and Graft tree to analyze and optimize the
reasonableness of the computational results. Scientists have experimentally demonstrated
that trees in a forest interact with each other to form a large interconnected community. A
team of researchers utilized DNA analysis to map a fungal network in a patch of Cana-
dian forest [85] (Figure 7(a1,a2)). Model simulations revealed that more connections are
lost when some trees are removed (Figure 7(b1,b2)). We categorized the different canopy
sizes in the mycorrhizal network and viewed the tree connectivity relationships hierar-
chically (Figure 7(c1,c2,d1,d2)). These trees act as important hubs in the urban transport
network, communicating with neighboring trees [85,86], supporting the energy transfer
between the rest of the small trees, and enhancing the ecological stability of the urban green
infrastructure area.

 

Figure 7. Tree networks and communication.

3. Experimental Results

3.1. Relationship between CycleGAN Results and Cellular Automata

According to its experimental output, CycleGAN can help to adjust the cellular au-
tomata model. From the first set of CycleGAN experimental outputs, it can be seen that
restrictions should be set before the calculation of the urban cellular automata to exclude
cellular grids that cannot be used for the calculation in order to keep the residential areas or
major roads in the study area, so as to avoid the situation that the urban tree planting will
cover all the cellular space in the cellular automata at the later stage of the calculation. The
second set of CycleGAN outputs shows more intuitively that the grid size of the cellular
automata model affects the distribution pattern of green space in the city when a larger city
range is selected. With a larger spatial extent of a single cell, its green space distribution
area may be prone to a scattered distribution, weakening the aggregation connection be-
tween green spaces. The current results suggest that this kind of urban surface remodeling
orientation is more suitable for small and medium-sized urban ecological development,
such as four-level roads in urban communities, and that such urban side roads are more
preferable to urban traffic arteries for ecological development. The results of the test orien-
tation were rationalized and applied to the cellular automata model. Therefore, the range
of the setup grid was reduced in this model setup, and the individual cell space was set
to 10 M × 10 M for calculation with reference to the canopy size of the most planted tree
species in the study area. Furthermore, from examining the image generation pattern, the
generation pattern of the Moore neighborhood extending from a single cell in all directions
constitutes a more ideal tree planting condition, which can support part of the assumption
that the tree surrounds the building. The experimental results show that the cellular au-
tomata model can be used for simulation when both CycleGAN output and urban satellite
data maintain some common features.
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3.2. Iteration of Cellular Automata

The results of the cellular automata iterations were transformed from 2D planes to 3D
stereoscopic images using a design program to transfer the tree data within the learning
area (Figure 8). The 3D iterative results provide a clearer view of the iterative life and death
relationships between each generation of the cellular automata than the 2D flat images,
making it easier to adjust the model parameters.

Figure 8. From 2D to 3D visualization.

Cellular automata can set different starting points for the test results obtained accord-
ing to the tree classification. According to the statistics of the number of tree species in
the learning area, this paper selected three most common street trees in London, namely
cherry, maple, and whitebeam, for calculation. The final result of the first generation is the
superposition of the three tree species in separate iterations, and the same is true for the
third and sixth generations (Figure 9). The number of iterated trees increases gradually
with the number of iterations compared to the 3D iterations without classification. The
number of iterations is positively correlated without taking into account the life cycle of the
tree and the precise location of the tree planting in the grid. Urban forestry construction is
prioritized but access to feeder roads within urban communities needs to be reclassified.

Figure 9. Calculation of tree species classification.
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3.3. Trees Network Connection

Predicting tree network connections from the iterative results can further optimize
urban tree locations and enhance urban green ecology. One of the tree location iterations
is randomly selected from the results of the cellular automata iteration using the closest
point assisted network calculation (Figure 10). According to the results, in the first single
tree location connectivity network, some of the tree locations were scattered within the
cellular automata grid at a distance from the densely populated areas of trees. In the end,
the tree network was compiled over a long distance and there was an unreasonable tree
network structure. In the second tree network test, the tree network connections were
recalculated with the addition of scrub data from the urban green infrastructure. The results
show that when the proportion of the iteration result data reaches a certain level, the tree
network connection begins to rationalize and the density of the tree network becomes more
concentrated. The distance from planting is judged based on the connectivity results, and
the tree planting location is improved.

Figure 10. Network connection.

3.4. Results Comparison of Cellular Automata and CycleGAN

The cellular automata model calculates the weaving range of the network composition
that can inform the construction of green infrastructure in cities, and the comparison with
CycleGAN results also confirms the possibility of trees surrounding buildings. We compare
the cellular automata output with the CycleGAN output at the same range, observing the
changes in the reshaped urban morphology. We find that the model simulation results are
oriented towards clustering and tightly connecting the otherwise fragmented distribution
of green spaces in a piecemeal form compared to the traditional urban form, creating
an ideal urban form that prioritizes urban green spaces more in accordance with the
urban forest (Figure 11). Remarkably, we found that the network relationships simulated
by the cellular automata constitute a morphological distribution of urban green space
infrastructure with striking similarities to the CycleGAN output, an approach that alters
the priority hierarchical order of the traditional urban planning distribution. In the original
urban morphological distribution of the site, urban green spaces, buildings, and urban
public spaces are divided by roads. With the rapid development of global urbanization,
urban expansion and regeneration have led to an increase in urban areas and roads, and the
development of urban road networks has had an impact on the urban form. The buildings
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in the study area of this experiment are residential, and with the original residential areas
unchanged, we chose to prioritize the optimization of the green infrastructure in the site
and calculate its connectivity, before reprogramming the auxiliary roads in the residential
areas to ensure the connectivity between the community and the rest of the main roads.

Figure 11. Comparison of green space composition.

4. Discussion

4.1. Urban Planning and Design Implication

Determining where to plant trees will be an important issue in the future sustainable
development of cities. The findings of this paper highlight strategies to further optimize
the spatial distribution of potential future urban tree planting locations based on existing
trees on the site to help restore urban ecosystems. Other studies emphasizing the role of
urban trees and ecosystems are also supported [87,88], complementing the approach to pin-
pointing specific locations for tree planting in space and improving biodiversity by creating
green infrastructure patches, while providing a habitat for birds, insects, etc. Regulation
of biodiversity is one of the influencing factors in the stability of urban ecosystems [88].
Furthermore, urban trees play an important role in urban ecosystems. Increased planting
of trees can better conserve soil moisture and help reduce temperatures near the ground,
thereby mitigating the effects of urban climate change, such as the urban heat island effect.
Developing a strategy for well-planted trees can help protect the urban environment and
enhance the eco-efficiency of urban ecosystems. It creates a healthy spatial environment
for the daily activity space of city dwellers and reduces the interaction distance between
people and the natural environment. It can also help alleviate people’s daily work anxiety
and other problems at a spiritual and psychological level, and connect humans with nature
to provide more entertaining spatial environments that promote health and well-being.

This study proposes a new approach combining CycleGAN and cellular automata
techniques to prioritize urban tree planting locations to predict the optimal urban tree
network to help enhance connectivity between urban infrastructure developments. The
results of the current work may be important for urban planners, designers, and researchers
related to urban sustainability in urban planning and design, and advocate exploring
the value of urban forest planning methods in future green space development. Firstly,
the results of the cycle-consistent adversarial network training in CycleGAN show the
diversity and possibilities of urban morphological change. Instead of setting standards for
urban morphology or using inertial thinking in planning and design, we should constantly
optimize design principles to suit the current urban situation. The trained CycleGAN model
differs from traditional urban planning and design perspectives by creating urban forms
where trees surround community buildings, changing the status quo where green spaces are
fragmented by buildings. Green infrastructure zones are considered on a regional scale to
reshape the distribution of urban residents, green spaces, and roads. Secondly, trees are an
important part of the green infrastructure in the urban form. It is essential to enhance urban
forestry by improving the location of potential tree planting in future urban planning and
design management. Botanists emphasize that we need to plant trees in the right places [89].
Cellular automata calculation results elucidate the urban ecological construct relationships
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between different levels of data by distinguishing between urban tree species and urban
forest hierarchies. The study provided a reference for improving the way street tree planting
density is planned and managed in urban forestry by pinpointing the potential planting
locations of different tree species. In addition, sustainable urban ecological construction is
the current goal of urban planning and design. A well-connected network of urban trees
will contribute to the stability of urban ecosystems in the face of increasing urban CO2
emissions. Previous studies have shown that street trees in urban centers are scattered
and fragmented, lacking a holistic approach to tree connectivity [90,91]. The small size
of the tree planting may affect the root growth and the smoothness of the road surface,
resulting in bending and deformation [92]. It also affects the life cycle of trees, reducing
survival rates and ecological benefits [93]. In contrast to traditional forestry, tree networks
do not focus on individual trees, but form a large, closely-knit community. The transfer of
nutrient energy through underground rhizomes increases tree survival and builds a strong
and stable ecosystem [85,86]. Study results on tree network connectivity encourage the
construction of green infrastructure areas with a high density of tree networks, which will
act as a link to maintain the ecological health of their surroundings.

4.2. Limitations and Further Research

This article has identified potential locations for tree planting to support the design
and management of green infrastructure and enhance its connectivity, but there are still
limitations to the ecological value of tree species planted in this study. For example, the
determination of urban tree species requires an analysis of urban soil conditions, canopy
size, and tree life cycle to maximize the ecological benefits of urban forestry in response
to urban climate change, which is not considered in the current work. It was also found
during field research and street tree data collection in the study area that the urban tree
database was not up to date with information on newly planted trees, and the limited data
available may lead to some uncertainty in the calculation results. In addition, it was found
during the cellular automata simulation that this method may not be applicable to areas
with a large building occupation area, and the large number of buildings occupying the
grid space may lead to unsatisfactory results in the final iterative calculations. In future
studies, it might be necessary to test the classification of different site occupation areas, for
instance, blocks with mainly public facilities land or industrial land. At the same time, there
is a need for further experimentation and validation to determine the feasibility of urban
green infrastructure in terms of its eco-efficiency. It is worth noting that, in conjunction
with the comprehensive analysis of the current urban situation, the connectivity of the
urban tree dimensional network will pose a challenge to the distribution of minor roads
and branch roads within urban communities in the future. The branch roads within urban
communities should be further explored in order to guarantee community access and
connectivity to surrounding roads while prioritizing green infrastructure, and to rethink
the symbiotic relationship between urban trees and the future city. The environment in
which trees grow in cities is different from that in forests. The environment in which urban
trees grow is influenced by human activities, so continuous awareness-raising on urban
forestry is required to increase the ecological resilience of cities.

5. Conclusions

This study, by employing a multitude of methodologies, scrutinizes selected learning
zones and lays the groundwork for ideas aimed at the future of urban ecology. One signif-
icant outcome is the design orientation that fuses urban buildings with trees, effectively
reimagining the current urban planning priorities from an urban design perspective. Our
findings strongly emphasize the transformative potential of machine learning tools in
reshaping the urban landscape. By employing CycleGAN and cellular automata models,
we demonstrated a novel method to prioritize and optimize urban tree planting locations,
hence paving the way towards more sustainable and eco-friendly urban environments.
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This research challenges the existing paradigm where urban land use is primarily
dominated by traffic and buildings, proposing instead a shift towards prioritizing urban
ecology. Such a shift has the potential to transform future urban transport and road
planning, offering more sustainable and eco-friendly alternatives. Building on field data
from the study area, we utilized a design program to simulate and calculate potential tree
planting locations for future urban forestry. These computations, combined with features of
the forest ecology network, aided in determining the network connections between urban
trees, thus enhancing urban green infrastructure.

The results suggest that the integration of these tools can reshape urban landscapes,
fostering green infrastructure and prioritizing urban forests. This approach creates an
urban form where green spaces surround and interact with buildings, challenging the tradi-
tional urban planning methods where green spaces are often fragmented by infrastructure.
Furthermore, the dynamic iterations of the cellular automata principle offered a unique lens
to simulate urban tree health and mortality. The specificity of the results to the site area of
each tree bolsters the confidence and adaptability of the simulation outcomes. The insights
gleaned from the three-dimensional network connections facilitated the further optimiza-
tion of potential tree-planting locations. When juxtaposed with machine learning results,
the network connections not only confirm the feasibility of the proposed design orientation,
but also enrich our understanding of urban green infrastructure network connections.

This research demonstrated a novel approach to computationally guide urban plan-
ning in enhancing urban forestry, leading to a reduction in carbon emissions and mitigating
the impacts of urban climate change. Notably, in this study, the application of CycleGAN
to the rule-making process of cellular automata occurs at the level of qualitative reference
based on visual observations of the CycleGAN outputs. Theoretically, the rules can be
customized according to the visual feature representation of the training image data, i.e., the
feature maps, extracted within the CycleGAN model. Such customized rules may enable
the cellular automata to output more desired states of urban landscapes. This concept
warrants further exploration in future research.

Author Contributions: Conceptualization, Y.L.; methodology, Y.L. and S.-Y.H.; software, Y.L.; valida-
tion, Y.L.; formal analysis, Y.L.; investigation, Y.L.; resources, Y.L.; data curation, Y.L.;
writing—original draft preparation, Y.L.; writing—review and editing, Y.L. and S.-Y.H.; visual-
ization, Y.L.; supervision, S.-Y.H. There is no project management or access to funds here. All authors
have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Data Availability Statement: Not applicable.

Acknowledgments: The authors would like to acknowledge all the reviewers and editors.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Di Vita, G.; Pilato, M.; Pecorino, B.; Brun, F.; D’Amico, M. A review of the role of vegetal ecosystems in CO2 capture. Sustainability
2017, 9, 1840. [CrossRef]

2. Wang, N.; Zhao, Y.; Song, T.; Zou, X.; Wang, E.; Du, S. Accounting for China’s Net Carbon Emissions and Research on the
Realization Path of Carbon Neutralization Based on Ecosystem Carbon Sinks. Sustainability 2022, 14, 14750. [CrossRef]
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Abstract: Forests embedded in an urban matrix are an important site to investigate the effects
of multiple anthropogenic influences that can lead to the modification of biogeochemical cycles
and, consequently, of the ecosystem services they provide. In this study, the main soil properties,
exchangeable cations, and heavy metal concentrations were measured to assess soil quality and
fertility, as well as soil carbon stock (SCS) and CO2 effluxes (Rs) at the Natural Protected Area
Bosque de Tlalpan (BT). Four study zones were considered: strict protection zone (Z1), restricted use
protection zone (Z2), extensive public use zone (Z3), and intensive public use zone (Z4) during three
climatic seasons (rainy, dry-cold, and dry-warm seasons). The concentration of heavy metals in the
BT soil showed that these elements are within the reference limits accepted by Mexican standards and
are not considered toxic to the environment, except for mercury, which exceeded the standard with
double the concentration. The results revealed significant variations in the SCS and soil organic matter
(SOM) among the different sites. The highest mean values of SCS (3.01 ± 0.63 and 4.96 ± 0.19 kg m−2)
and SOM (7.5 ± 1.01% and 8.7 ± 0.93%) were observed in areas of high protection and extensive
public use. CO2 effluxes showed significant differences between sampling seasons, with fluxes being
highest during the rainy season (3.14 ± 1.01 μmol·m−2·s−1). The results suggest that the level of
conservation and effective management of the sites played an important role in the carbon storage
capacity and in the physicochemical properties of the soil. This not only provided insights into the
current state of an urban forest within a large urban area but also emphasized the significance of
conserving such ecosystems.

Keywords: CO2 effluxes; soil carbon stock; soil fertility; land management; urban soils

1. Introduction

Urban forests play a critical role in carbon cycling, with their ability to store carbon in
both the short and long term and reduce greenhouse gas emissions. Moreover, the soils of
urban forests offer essential environmental services such as flood mitigation, reduction in
urban heat island effect, and provision of green spaces vital for physical and mental health.
They also significantly contribute to nutrient cycling on a global scale [1–5], assisting the
study of biogeochemical cycles [6–9] and the development of crucial ecosystem services [10].

Urban soil provides regulating services such as climate change mitigation through
carbon sequestration, pollutant reduction, nutrient supply and retention, organic matter
stabilization, greenhouse gas regulation, and biodiversity preservation [11]. These services
help to maintain the health and sustainability of urban environments. Ecosystem services
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are evaluated using soil quality indicators, such as bulk density (BD), electrical conductivity
(EC), organic carbon, soil texture (clay and silt), cation exchange capacity (CEC), inorganic
nitrogen concentration, pH, and concentrations of potentially toxic elements [12–15].

Carbon sequestration is a crucial soil function that supports vital ecosystem services
such as soil fertility maintenance and climate change mitigation [16,17]. Soil fertility, one of
the soil properties that determine productivity, is regarded as one of the ecosystem services
that soil can provide for the benefit of humans [18] as well as for nutrient maintenance in
natural ecosystems [19]. Soil fertility is determined by various factors, including texture,
water retention capability, profile depth, nutrient availability, organic carbon content [20],
and soil organic matter (SOM) [18,21–23].

Urban forests act as carbon reservoirs, sequestering CO2 and integrating it as biomass
into SOM [24]. Additionally, urban forest soils are subject to significant amounts of heavy
metal, organic compounds, and acid compound deposition resulting from atmospheric
pollution [2]. The retention of contaminants by soils is largely determined by SOM and pH.
Heavy metal adsorption to soil components decreases when organic matter is decreased [25].
The mobility and bioavailability of heavy metals also reduce with an increase in pH as
they are removed and taken up by colloids [26]. In addition, pH influences metal transport
processes [27].

Urban forest soils with impermeable surfaces can accumulate nutrients, such as met-
als [28]. Previous studies have investigated urban forests in Mexico City. Fenn et al. [29]
determined the concentration of heavy metals in Desierto de los Leones National Park.
Santiago-Romero et al. [30] assessed the carbon content stored in above-ground biomass
within plant communities in the Bosque de Tlalpan. Similarly, Hernández-Guillen et al. [31]
estimated the carbon sequestration within trees in a section of the Chapultepec Forest.

Although urban soils are vital in providing ecosystem services, there has been no
integrated evaluation of their quality in Mexico.

The goal of this study was to examine the role of soil as a regulation ecosystem service
by comprehensively considering the soil functions that sustain it. To achieve this aim,
(1) the soil quality was evaluated through physicochemical parameters, (2) the effect of
physical and chemical parameters on the concentration and distribution of heavy metals,
cations, and anions was determined, (3) carbon stock and CO2 efflux were measured in the
BT, an urban forest in Mexico City under different management regimes.

2. Materials and Methods

2.1. Study Area

BT is a protected natural area with 253 ha located south of Mexico City (19◦17′36′′,
99◦11′46′′). It has an average altitude of 2389 m above sea level and a temperate subhumid
climate with an average annual temperature of 15 ◦C and annual rainfall ranging from 850
to 911 mm. BT is in a volcanic terrain, where lithosols are the primary edaphic unit.

In BT, there are three main types of vegetation: xeric scrub, oak forest, and cultivated
forest [32]. Xerophytic scrub is associated with basaltic substrates, shallow soils, and
heterogeneous microhabitats that depend on the soil depth, the shading and humidity
conditions, the amount of exposed basalt, and the cracks on the rocks [33]. Shrubs and
herbs succulents predominate with introduced trees such as Schinus molle, Eucalyptus spp.,
Pinus spp., and Cupressus spp. Oak forests are patches dominated by oak species such as
Quercus rugosa, Q. laurina, Q. mexicana, and Q. crassipes. Cultivated trees are in reforested
areas with Eucalyptus spp., Pinus spp., Cupressus spp., and Fraxinus uhdei.

2.2. Sampling Campaign and Classification of Sampling Areas

The sampling campaigns took place in August 2021 (rainy season), January 2022 (dry-
cold season), and April 2022 (dry-warm season). The BT study area was separated into four
sites (Figure 1A,B) in accordance with the zoning proposed by the 2011 Forest Management
Plan [32]. The various zones were determined based on environmental quality, current and
potential use, and the impact of human intervention.
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Figure 1. Location of the study area (A) and sampling sites (B) in the Natural Protected Area Bosque
de Tlalpan.

The strict protection zone (Z1) has limited human intervention and consists of habitats
with delicate flora and fauna resources that necessitate absolute protection owing to their
fragility and high value for maintaining the aquifer’s recharge capacity. Z1 spans an area of
97.5 ha and is characterized by scrub and oak trees present in different regions of the forest.
On the other hand, the restricted use protection zone (Z2) encompasses an area of 53.66 ha
and is composed of oak trees, cultivated trees, and xeric scrub species. Between 1970 and
1975, the area underwent clearance for a football pitch construction and was later utilized
as a heliport from 1988 to 1994. Currently, the area is utilized for sporting activities and
as a viewing point since it has been reforested. The extensive public use zone (Z3) spans
70.27 ha, introducing various tree species and wildlife. The zone has dense vegetation and
grassy terrains with accessible paths and roads. The intensive public use zone (Z4) spans
16.28 ha. The recreational area, with jogging tracks, paths, and a playground, experiences
significant anthropogenic influence. The vegetation cover primarily comprises cultivated
trees [32].

2.3. Soil Sampling and Analyses

At each site, a 4 × 12 m plot was selected with three sampling points of 1 m2, at each
point, four soil core samples were taken from the shallowest layer (0–10 cm deep) using
a core sampler of 193.3 cm3 to obtain 3 composite samples per site, this procedure was
repeated in each campaign giving a total of 36 samples.

After soil extraction, the roots and leaves visible on the label were removed and sealed,
and the samples were sent to the laboratory. Each composite sample was air-dried and
sieved in the laboratory with a 2 mm stainless steel mesh sieve. Soil moisture (SM) was
measured according to Etchevers et al. [34], and soil temperature (Ts) was measured in situ
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with a Decagon Echo 5-TM sensor. The pH was determined with a HANNA (Instruments
electronic) model pH211, with an Extech Instrument electrode. The pH meter was calibrated
with two buffer solutions 7 and 4 Merck Certipur (DEU). The EC was measured using a
TRANS instrument model HC3010, TDS-Conductivity-Salinity (USA), with an electrode
TIPB10-0400 with K = 0.9660 and calibrated with a standard solution of 1.4 mS.

The pH and EC were measured from aqueous extracts and verified in duplicate after
1 min, followed by stirring the samples for 30 s. The aqueous extracts were prepared
with deionized water (>18.2 MΩcm) and CaCl2 0.01 M ACS certified (Japan) (CaCl2·2H2O,
Fisher Scientific, Hampton, NH, USA) solution. The determination of soil texture was
made following Bouyouco’s method [35]. For BD (0–10 cm deep), an undisturbed sample
of soil was taken using a steel cylinder (95.4 cm3). BD was determined from the oven-dried
(105 ◦C) mass of the core and the core volume.

Total organic carbon (TOC) was determined using a Shimadzu TOC-V CSN analyzer
with an SSM-5000A solid sample module. The TOC analyzer is an analytical instrument
that measures the total amount of organic carbon contained in many solid samples in
addition to aqueous samples, including soil, sludge, and sediments. For the TOC analyzer,
20 mg of each soil sample was weighed into sample cups. To calibrate the analyzer, D-
glucose Anhidra powder reagent (carbon concentration: 40%) was collected in a sample
boat, and its TC was measured [36]. SOM was estimated from the TOC determination
using a conversion factor of 1.724 based on the assumption that SOM contains 58% organic
carbon [37].

The SCS (kg m−2) was calculated using Equation (1)

SCS = [BD (g cm−3) × TOC (%) × SDI (cm)]/10 (1)

where SDI is the soil depth interval (0–10 cm deep).
In each of the sampling plots and once per campaign, the soil CO2 efflux, here called

soil respiration (Rs), was monitored. At each sampling point, at least one week before the
Rs measurement, 5 PVC collars (9.1 cm high) were partially inserted into the soil at 5 m
intervals. The static closed chamber method was used. The chamber consists of an acrylic
cylinder (14.6 cm inner diameter, 24.3 cm height) sealed at one end; a diffusion-based, air
CO2 mole fraction sensor (CARBOCAP GMP 343, Vaisala), and an air temperature and
relative humidity sensor (CS215 Campbell Scientific) are attached to the sealed top of the
chamber. At the start of the measurement, the open end of the chamber was placed on the
collar, enclosing an air volume V of 0.0037 m3 (the total volume of the chamber minus the
volume occupied by the sensors). Due to microbial activity, plant root activity, and possible
dissolution of calcium carbonate in the water present in the soil, CO2 is released from the
soil and accumulated in the chamber at a rate Δc/Δt. Water vapor evaporated from the soil
also accumulates in the chamber after it is closed, diluting the CO2 mole fraction c [38]. To
account for this dilution effect, a corrected CO2 mole fraction c′ is calculated:

c′ = c
1 − w

(2)

where w is the water vapor mole fraction (mol/mol) in the air, computed from the relative
humidity reported by the temperature and relative humidity sensor inside the chamber.

The efflux rate Rs from the soil is then estimated as the corrected rate of change using
the following equation:

Rs =
V
A
·Δc′

Δt
· P0

RT0
(3)

where V is the chamber volume, A is the circular area of the chamber, P0 is the initial
atmospheric pressure, T0 is the initial temperature, and � is the universal gas constant. The
University Network of Atmospheric Observatories (RUOA) meteorological station, 4 km
northeast of BT, measures the atmospheric pressure every minute with a Vaisala PTB110
sensor; these readings are considered P0. The other variables were measured every 20 s for
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10 min. The accumulation of CO2 increased after 40 s. The Rs was calculated with 5 min
data to reduce the bias of saturation of the chamber [39,40].

For the preparation of samples, the Official Mexican Standard [41] was followed. The
digestion procedures and analytical determination of heavy metals in the soil were carried
out according to the standard method of Digestion Procedure for Microwave Extraction for
Ambient Filter Samples Method IO-3.1 [42], with control of the pressure and temperature.
For the analysis of heavy metals, samples are previously processed for their acid digestion,
weighing 0.5 g of soil per sample. A microwave digestion system (CEM MARS-5, Matthews,
NC, USA) with Teflon-coated digestion containers was used. Samples were digested using
a concentrated acid mixture: 15 mL HNO3 65%, 2 mL H2O2 35% [43]. H2O2 was used to
enhance the decomposition of organic matter in samples. Samples were digested at 180 ◦C
for 30 min, with a heating rate of 10 ◦C min−1 [43]. After the microwave digestion process,
the final solution was diluted to 25 mL with deionized water (>18.2 MΩcm). For the
determination of Hg-Total (HgT), the atomic absorption spectrophotometry technique with
a cold steam hydride generator (AAS-GH) was applied; for the determination of Cd, Cu,
Ni, Pb, and Zn, the inductively coupled plasma optical emission spectrometry (ICP-OES)
technique was applied [44]. The ionic species analyzed were Cl−, NO3

−, PO4
3−, and SO4

2−
by anion exchange chromatography, and for the determination of cationic species: Na+,
K+, Ca2+, Mg2+, by cation exchange chromatography, applying the high-resolution liquids
chromatography technique (HPLC).

A solution of 45 mmol L−1 Na2CO3/14 mmol L−1 NaHCO3 was used to elute anions
and 20 mmol L−1 H2SO4 to elute cations at a flow rate of 0.25 mL min−1. A 20 μL volume
of soil solution was injected into the chromatograph. The chromatographic standard curve
was prepared using certified Dionex solutions, whose concentrations ranged from 0.1 to
40 mg L−1 for anions and from 0.25 to 100 mg L−1 for cations. To verify the validity of the
results, we used NIST standard reference materials SRM 1646a (Gaithersburg, MD, USA)
and CRM-029 (Sigma-Aldrich, Burlington, MD, USA). The cation exchange capacity (CEC)
was calculated by adding the exchangeable Na+, K+, Ca2+, Mg2+, and H charge equivalents.

2.4. Statistical Analysis

Statistical analysis was conducted using Statgraphics Centurion 19. The assumption
of normality and homogeneity of variances was tested using the Shapiro–Wilk and Levene
tests prior to the ANOVA analysis. The purpose of the ANOVA analysis was to determine
the variations in soil parameters (such as physicochemical properties, heavy metals, SOM,
SCS, and Rs) between sampling sites and monitoring seasons. Tukey’s post hoc test was
used to separate means where differences were significant (p < 0.05).

Pearson’s correlation was utilized to determine the relationship between the soil
variables. Additionally, a collinearity analysis was undertaken in SPSS to establish the
associations between the dependent and independent variables in the soil parameters.
This analysis discriminated the highly weighted variables in accordance with the Sarstedt
criterion [45]. Furthermore, a principal component analysis (PCA) was conducted on the
selected variables after the collinearity analysis.

3. Results

3.1. Environmental Parameters and Physicochemical Properties of the Soil

In 2021, the rainy season extended from May to October (Figure 2A); at the time of
the measurement in August 2021, the BT soils had received 92 mm of rain in the previous
month and a total of 546 mm since May. Consequently, the SM was highest during the
rainy season (36.7 ± 5.7%), particularly at Z1 (Figure 2B), and lowest during the dry-cold
season (6.5 ± 2.3%). Despite the long seasonal drought that preceded the dry-warm season
measurements, several early rainfall events in the previous week wetted the soil to an
intermediate moisture level (20.5 ± 4.2%). Ts varied less between seasons, being highest
during the dry-warm season of April 2022 and, on average, only 4 ◦C less during the cold-
dry season of February 2022, when the lowest temperatures were recorded (Figure 2C).
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Figure 2. Precipitation and air temperature conditions (A), volumetric soil moisture SM% (B), and
soil temperature Ts ◦C (C) prevalent at the sampling sites (Z1, Z2, Z3, Z4) in different months of
the year.

In the study area, sand, clay, and silt ranged from 46 to 67%, 12 to 16%, and 21 to 40%
respectively (Figure 3). Based on this, Z1, Z3, and Z4 were categorized as loam soil, and Z2
was categorized as sandy loam.

pH, EC, and BD remained without significant changes in the sampling sites and
seasons (Table 1). pH ranged from 5.20 to 6.50, EC values ranged from 0.51 to 0.79 dS cm−1,
the BD values ranged from 0.83 to 1.26 g cm−3, the sites with the highest BD values were
Z3 (0.96 to 1.01 g cm−3) and Z4 (1.24 to 1.26 g cm−3) indicating more compact soils. The
SOM showed differences between sites (F = 42.33; p = 0.0001); the mean values of Z1 and
Z3 were 6.27 ± 1.43% and 8.55 ± 0.33%, respectively, Z2 and Z4 showed lower values of
2% in both sites. The CEC in the 0–10 cm horizon ranged from 6.1 to 21.86 Cmol (+) kg−1

(Table 1). Z2 had the lowest average values, and Z3 had the highest.
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Figure 3. Soil particle size measured as a percentage contribution of sand, clay, and silt at the different
BT sites (Z1, Z2, Z3, and Z4).

Table 1. Soil summary values of the soil profile (0 to 10 cm) at different sampling sites and seasons
at BT. pH, electrical conductivity (EC), bulk density (BD), soil organic matter (SOM), and cation
exchange capacity (CEC). Mean and standard deviation are given. Letters indicate a significant
difference between sites (p < 0.05) according to Tukey’s test.

Season Sites pH
EC
(dS cm−1)

BD
(g cm−3)

SOM
(%)

CEC
(C mol (+) kg−1)

Rainy Z1 5.91 ± 0.36 0.54 ± 0.02 0.85 ± 0.02 7.49 ± 1.01 (a) 13.29 ± 0.28
Z2 6.50 ± 0.21 0.67 ± 0.03 0.92 ± 0.01 2.88 ± 0.75 (b) 6.10 ± 0.12
Z3 5.70 ± 0.21 0.69 ± 0.03 1.00 ± 0.06 8.66 ± 0.93 (c) 15.73 ± 0.36
Z4 5.22 ± 0.28 0.56 ± 0.03 1.26 ± 0.01 2.91 ± 0.11 (b) 12.74 ± 0.31

Dry-cold Z1 5.72 ± 0.35 0.75 ± 0.04 0.84 ± 0.01 6.64 ± 1.08 (a) 15.78 ± 0.36
Z2 6.10 ± 0.68 0.51 ± 0.02 0.95 ± 0.01 2.56 ± 0.46 (b) 10.95 ± 0.36
Z3 5.50 ± 0.21 0.53 ± 0.04 1.01 ± 0.08 8.18 ± 1.53 (c) 18.29 ± 0.24
Z4 5.70 ± 0.24 0.60 ± 0.04 1.24 ± 0.01 2.80 ± 0.22 (b) 15.77 ± 0.39

Dry-warm Z1 5.64 ± 0.58 0.61 ± 0.02 0.83 ± 0.02 4.68 ± 1.47 (a) 17.23 ± 0.58
Z2 6.10 ± 0.36 0.60 ± 0.04 0.91 ± 0.03 2.78 ± 0.18 (b) 11.18 ± 0.14
Z3 5.20 ± 0.28 0.79 ± 0.04 0.96 ± 0.02 8.82 ± 1.01 (c) 21.86 ± 0.27
Z4 5.72 ± 0.48 0.66 ± 0.02 1.25 ± 0.01 2.84 ± 0.49 (b) 15.71 ± 0.25

3.2. Heavy Metals, Cations, and Anions in Soils

Significant differences in the metallic species, Cu (F = 3.12, p = 0.04) and Zn (F = 8.58,
p = 0.007), were detected between the sampling sites. Cu and Zn were the metals with
the highest concentrations in Z3 and Z4. Cd, Pb, and Ni showed similar concentrations
at all sites. According to MON [41], the observed heavy metal concentrations are within
acceptable limits and do not pose a threat to the environment. The Hg concentrations
were high at all sites (46.5 to 62 mg kg−1) and above the MON (23 mg kg−1) [41] and
international standards (6.6 mg kg−1) [46] (Figure 4A).

Mg2+ concentrations were similar at all sites; K+, Na+, and Ca2+ showed significant
variation between sites (p < 0.05). K+ and Na+ showed the highest values in Z4 and Ca2+ in
Z1 (Figure 4B). On the anion side, PO4

3− also showed differences between sites (p < 0.05),
with the Z3 reporting phosphate concentrations of 184 mg kg−1. SO4

2−, NO3
−, and Cl−

concentrations were similar at all sites (Figure 4C).
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Figure 4. Heavy metals (A), cations (B), and anions (C) concentrations at the different BT sites (Z1,
Z2, Z3, and Z4). Different letters above bars indicate statistical significance at p < 0.05 between sites
according to Tukey’s test.

3.3. Soil CO2 Efflux (Rs) and Soil Carbon Stock

The average CO2 efflux was 1.22 μmol·m−2·s−1. Collars measurements ranged from
0.18 to 5.72 μmol·m−2·s−1. Measurements between sampling seasons showed signifi-
cant differences (F = 91.57, p = 0.000), with the highest mean effluxes recorded during
the rainy season (3.14 ± 1.01 μmol·m−2·s−1) and the lowest during the dry-cold season
(0.53 ± 0.34 μmol·m−2·s−1) (Figure 5). Among sites, the highest mean value was observed
in Z1 (2.07 ± 0.57 μmol·m−2·s−1) and the lowest in Z4 (1.58 ± 0.93 μmol·m−2·s−1), while
sites Z2 and Z3 had mean Rs of 1.88 μmol·m−2·s−1 and 1.80 μmol·m−2·s−1, respectively
(Figure 5).
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Figure 5. CO2 efflux at the different periods and sampling sites in BT.

The SCS showed significant differences between sites (F = 42.33, p = 0.000), with values
ranging from 1.4 to 5.1 kg m−2 (0–10 cm depth), with the highest values recorded in Z3, and
the lowest values were observed in Z2 and Z4 (1.4 to 2.1 kg m−2, respectively) (Figure 6).
Pearson’s correlation showed negative but not significant correlations between SCS and
sand, pH and BD (Figure 7A).

Figure 6. Soil carbon stock (SCS) at the different BT sites (Z1, Z2, Z3, and Z4) and seasons at 0–10 cm
depth. Different letters above the bars indicate statistical significance of p < 0.05 between sites
according to Tukey’s test.
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Figure 7. Pearson’s correlation coefficients between soil variables (A) and principal component analy-
sis of the most highly correlated variables according to the different sampling sites (B). * = Correlation
significant at p < 0.05 (2-tailed). Z1, Z2, Z3 and Z4, are the different sampling sites.

3.4. Principal Component Analysis

The first two components of the PCA explained 100% of the variance, 68.7% for PC1
and 31.3% for PC2. The PCA showed that the soils of BT represent ensembles related to the
soil characteristics of each sampling site (Figure 7B). In PC1, the most important factors
with contributions between 10.38% and 11.1% were K+, Mg2+, and Cl− ions, including CEC,
SM, and pH (Table 2).
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Table 2. Loadings and contribution of variables to the principal components.

Variable PC1 PC2

Loadings Contribution (%) Loadings Contribution (%)

Sand −0.833 7.77 0.553 7.52
SM 0.991 11.00 −0.133 0.43
pH −0.991 11.00 0.133 0.43
BD 0.457 2.33 0.890 19.46
SCS 0.936 9.81 −0.352 3.04
K+ 0.963 10.38 0.270 1.79
Ca2+ 0.872 8.51 −0.489 5.89
Mg2+ 0.991 11.00 −0.133 0.43
Cl− −0.964 10.39 −0.268 1.76
CEC 0.992 11.01 −0.129 0.41
PO4

3− −0.220 0.54 −0.975 23.39
SO4

2− −0.105 0.12 −0.994 24.30

Several factors contributed to the separation of the plots along PC2. The factors with
the largest contribution (19.46% to 24.30%) were BD, SO4

2−, and PO4
3− (Table 2). The PCA

showed that the nutrient status of the soils was the most important factor for the separation
of the plots according to the different sampling sites.

4. Discussion

4.1. Soil Physicochemical Properties and Its Quality and Fertility

The soils had a loamy and sandy loam texture of sand > silt > clay. Soil texture influ-
ences the CEC for the retention and exchange of the cations Na+, K+, Ca2+, and Mg2+ [47,48].
The highest CEC values were observed at sites where silt and clay predominated (Z1 and
Z3); this condition has been observed in other studies [49–52]. According to MON [53], the
CEC found in BT are soils with an acceptable exchange capacity, which is reflected in the
concentrations of cations that ensure the availability of nutrients for plants. In this study,
the presence of macronutrients such as K+, Ca2+, and Mg2+ and micronutrients like Cu and
Zn can reflect the natural fertility of the soil by defining the potential of soil to provide
these mineral elements [54].

According to Legout et al. [19], soil fertility in forest ecosystems is defined as the
capacity of the soil to retain nutrients associated with organic matter and clay content to
ensure the proper functioning of the soil-plant system, providing an ecosystem service of
regulation. Ca2+, Mg2+, and Na+ were dominant at all sites in the BT. Ca2+ is a function of
soil properties; Mg2+ is attributed to a hydration ratio that is retained less than Ca2+ [55].
The presence of NO3

−, SO4
2−, and PO4

3− also indicates a high organic load.
Concentrations of heavy metals in the soil were lower than at MON and were not

considered toxic to the environment [53], except for Hg, which was twice the standard con-
centration. In the BT, Hg probably originates from anthropogenic activities and is trapped
by organic matter enriching the surface layers of the soil [56]. The results show a strong
relationship between heavy metals and SOM because organic matter can retain metals [57].
Chen et al. [58] suggest that the increase in trace elements is related to urbanization, which
may be the case for BT.

BD is a dynamic soil property associated with texture and SOM [59]. The observed
BD values are similar to those found by Saavedra-Romero et al. [60] in urban soils from
the San Juan de Aragón forest, Mexico City (0.87 to 1.14 g cm−3) and by Chávez-Aguilar
et al. [61] (0.52 to 0.77 g cm−3) in the temperate forest of Nevado de Toluca, Mexico. In
urban parks, the BD is higher, reflecting soil compaction due to the influence of regular
mowing and human trampling [62]. Studies in urban parks in other locations report mean
values of 1.39 and 1.73 g cm−3 [63], 1.29 g cm−3 [64], and 0.97 g cm−3 [62], similar values
to Z4. The compaction observed in Z2 and Z4 is due to the continuous human activity and
the passage of people.
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Sites with anthropogenic disturbance have low SOM values (Z2 and Z4). According to
the MON [53], these sites are classified as very low class (<4%). Protected sites (Z1 and Z3)
have SOM in the medium class (6.1 to 10.9%), indicating good soil quality.

4.2. Variability of Soil CO2 Efflux

Soil CO2 efflux, or Rs, is an important pathway in the global carbon cycle [65]. A
number of physical (soil and air temperature, soil moisture) and biological (plant cover,
plant phenology, and carbohydrate substrate supply from photosynthesis) factors have
been recognized as regulators of Rs [66,67]. However, most process-based and analytical
models only include the influence of Ts and SM as significant controls; typically, the effect
of Ts on CO2 efflux is modeled as an exponential function, with SM as an additive or
multiplicative term. In this study, Rs did not differ between sampling sites, but there were
differences between sampling periods, with higher values during the rainy season and
lower values during the dry cold season. The sensitivity of Rs to SM, which modulates—and
sometimes overrides—the effect of Ts, has been documented for a variety of water-limited
environments such as deserts, Mediterranean ecosystems, and tropical dry forests [68–70].
A rapid increase in water availability leads to microbial reactivation, resulting in a pulse of
root respiration and organic matter decomposition [71], carbon mineralization, and nutrient
availability [72].

4.3. Influence of Management Type of BT on Soil Carbon Stock

The soils of BT are of volcanic origin, with lithosol and leptosol. They have an average
depth of 25 cm, with stones of different sizes, so their potential to store carbon is limited.

The SCS in the study area shows a high variability between sites, ranging from 1.4 to
5.1 kg m−2 (0–10 cm). High spatial variability in carbon storage in urban forests and parks
(0–10 cm) has also been found in other studies from New Zealand (2.7 to 4.8 kg m−2) [73],
Boston, MA, USA (2. 29 to 5.67 kg m−2) [74], Baltimore, MD, USA (6.0 to 8.0 kg m−2) [75],
Republic of Korea (2.8 kg m−2) [76], and Milan, Italy (0.75 to 6.48 kg m−2) [64]. All these
studies support the hypothesis that differences in management and land use within cities
and land use types can explain the observed large intra-urban variability. SCS can regulate
climate and influence other soil properties [77,78]. SOC is correlated with soil texture, SM,
and CEC. The SCS was higher in soils with a clay texture, such as Z1 and Z3, so these sites
are better adapted to sequester carbon [79,80].

Z1 showed the highest SCS, probably because it is the most protected site with very
little anthropogenic influence, which is positive for soil and carbon dynamics. Z2 and
Z4 had the lowest SCS, both sites having been historically degraded by anthropogenic
activities such as recreational use and lawn mowing [32], which is reflected in the high
sand content (53–67%) used to fill sites prior to reforestation and consequently higher
soil compaction. These results are consistent with other studies that mention that soil
compaction by human activities can reduce SCS reserves in urban forests [81,82].

Xu et al. [83] demonstrated that historical land use can have long-term effects on
critical ecosystem processes, such as SCS accumulation. Therefore, the land use pattern is
one of the most important determinants of SCS at the city or urban forest scale [64,76].

5. Conclusions

The physicochemical properties showed that the BT soil was of high quality, with
fertile soils suitable for biomass production, based on SOM, pH, and soil texture as the
most critical determinants of soil fertility since these parameters promote the solubility of
Cd, Cu, Zn, Pb, Ni, and Hg, providing cations, anions, and nutrients.

The Rs values were higher during the rainy season, associated with higher soil mois-
ture. Sites with high SCS were the least disturbed, so they have important long-term effects
on forest carbon accumulation and storage processes.
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The results of this study indicate that urban forests can act as carbon sinks if their soils
are kept in good condition and under good conservation management. This can lead to the
maintenance of the ecosystem services provided by the forest.
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Abstract: To mitigate the urban heat island phenomenon at night, cool, fresh air can be introduced
into the city to circulate and dissipate the heat absorbed during the day, thereby reducing high urban
air temperatures. In other words, cold air flow (CAF) generated by mountainous and green areas
should be introduced to as wide an area as possible within the city. To this end, it is necessary to first
understand the characteristics of urban spatial factors that impact CAF, and to conduct concrete and
quantitative analyses of how these urban spatial characteristics are contributing to air temperature
reduction. In this study, the following are conducted: (1) an analysis of the relationship between cold
air volume flux (CAVF) and the amount of air temperature reduction; (2) urban spatial categorization;
(3) an analysis of the relationship between CAVF and the amount of air temperature reduction by
urban spatial type; (4) a regression analysis between the amount of air temperature reduction and
urban spatial characteristic factors that affect CAF; and finally, (5) the use of CAF to reduce urban
air temperatures in urban planning and a design is proposed. Urban space was categorized into
nine types using the results of the tertile analysis of CAVF and urban temperature reduction. It was
determined that building height (BH) has a positive (+) influence on all urban spatial types, while
building area ratio (BA) has a negative (−) effect. However, in the case of wall area index (WAI),
the direction of influence varied depending on the development density; relatively low BA areas
should focus on development that increases height to increase WAI, while relatively high BA areas
should focus on development that reduces BA to reduce WAI by targeting development types closer
to the tower type. And even in areas with similar development density, influence varies depending
on the terrain elevation. Moreover, it is necessary to prepare improvement measures to increase
the factors with CAF that positively influence air temperature reduction and decrease those with
negative influence according to the characteristics of urban spatial types. Such results quantitatively
and specifically confirmed the effects of spatial factors that affect CAF by urban spatial type on air
temperature reduction. The results of this study can be used as useful information for the efficient
use of CAF, a major element of urban ecosystem services.

Keywords: urban spatial characteristics; cold air flow; air temperature reduction; urban heat island;
urban planning

1. Introduction

Urban heat islands are a representative environmental problem caused by rapid urban-
ization, where the air temperature of areas within a city is approximately 2K–3K higher than
that of suburban areas [1]. The rapid urbanization substantially reduces the volume of the
natural space of the urban ecosystem services within them, leading to stronger heat island
intensities. For example, increased sensible and storage heat due to increased buildings,
artificial heat emissions from human activities, and reduced evapotranspiration potential
due to decreased vegetation and increased impervious surfaces have been identified as
the primary causes of the urban heat island phenomenon [1–5]. In particular, closed urban
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spaces developed in high-rise and high-density areas block the circulation and inflow of
air in the city, which worsens natural ventilation [6,7]. Furthermore, the heat stored in the
urban fabric inside the city during the day cannot escape, causing the urban heat island
phenomenon to continue even after sunset.

To mitigate the aforementioned urban heat island phenomenon at night, cool and fresh
air can be transported into the city to circulate and dissipate the heat absorbed during the
day, thereby reducing high urban air temperatures [8–14]. Cold air is generated by radiative
cooling of surfaces, which initiates the transport of sensible heat from the air to the surface.
Cold air flows (CAF) are driven by differences in air temperature and pressure [15–18].
This flow of cool, fresh air is defined as CAF [19], and it can be used to transport cool, fresh
air generated in mountainous and green areas into the city while dissipating heat within.

CAF is generated between sunset and sunrise when the atmospheric temperature
decreases due to decreased solar radiant energy [20], mainly in mountainous and green
areas, and flows into the city with atmospheric currents at night. Several studies have been
conducted to materialize the concept of CAF, focusing on the path and cold air volume
flux (CAVF) generated by mountainous and green areas around cities and using them in
urban planning and design [21–26]. Such studies emphasized that CAF can be effectively
used to improve the thermal environment of urban spaces. In addition, there have been
many studies that have simulated the impact of CAF on mitigating the urban thermal
environment. In other words, it is necessary to devise specific measures to enable CAF
generated by mountainous and green areas to reach the widest areas possible within the
city [17,27,28].

However, from an urban planning and design perspective, there is still a lack of
research on how the physical characteristics of urban spaces, such as the path of CAF from
its entry into the city to its dissipation and the amount of CAF, can be used to reduce urban
air temperatures. Additionally, efforts are needed to apply the flowing principles of CAF to
urban planning and design based on scientific and quantitative analysis. To this end, it is
necessary to first understand the characteristics of urban spatial factors that impact CAF,
and to conduct concrete and quantitative analyses of how these urban spatial factors are
contributing to air temperature reduction by urban spatial type. It is possible to establish a
space-specific customized cold air supply plan based on characteristic analysis and analysis
of cold air hindrances for each urban space. Ultimately, urban planning and design for
urban air temperature reduction using cold air will be possible [25,27,29]. Thus, in this
study, the relevance of CAVF that can be advected into urban spaces to the amount of
air temperature reduction is analyzed. Second, the urban space is categorized according
to a combination of CAVF and the amount of urban temperature reduction. Third, the
relationship between the CAVF and the amount of temperature reduction for each urban
spatial type is analyzed, along with the contribution of urban spatial characteristics that help
CAF lead to urban air temperature reduction. Finally, based on the analysis results, a plan
to use CAF to reduce urban air temperature in urban planning and a design are proposed.

2. Materials and Methods

The study has been conducted in the following steps (Figure 1): (1-1) Analysis of
CAVF; (1-2) Identification of urban air temperature and amount of air temperature re-
duction; (2) Analysis of the relationship between CAVF and amount of air temperature
reduction; (3) Categorization of urban spatial type considering CAVF and amount of air
temperature reduction; (4) Analysis of the relationship between CAVF and the amount
of air temperature reduction by urban spatial type; (5) Regression analysis between the
amount of air temperature reduction and urban spatial characteristic factors that affect
CAF by urban spatial type; and (6) Derivation of urban spatial characteristic factors as well
as urban planning and design implications by urban spatial type.
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Figure 1. Study workflow.

A case study was carried out for Seoul, the capital and largest city in South Korea
(Figure 2). Seoul is located in a temperate climate, is one of the most densely populated cities
in the world, and is home to about 18.5% of the total population (approximately 9.5 million
people). Seoul is a heat island city characterized by very high-density development.

 
(a) (b) 

Figure 2. Terrain height (a) and land cover (b) in the study area (Seoul, Republic of Korea).

In this study, an analysis on the CAVF was performed with a 50 m × 50 m resolution,
considering KLAM_21 modeling resolution. As the purpose of this study is to analyze
the relationship between the CAVF and air temperature reduction in urban spaces and to
identify CAF-influenced urban spatial characteristics that can reduce urban air temperature,
a total of 50,950 grids (127.4 km2) were used for analysis after excluding spaces that generate
CAF such as water bodies (e.g., rivers and streams), mountainous areas, and green areas.

2.1. CAVF and the Amount of Urban Air Temperature Reduction
2.1.1. CAVF

There are four main methods for analyzing the CAF, namely, physical measurements,
numerical modeling analysis, wind tunnel testing, and using theoretical analysis (Table 1).
When using theoretical analysis for CAF analysis, the empirical constants required for the
analysis may be inappropriate for the circumstances of the case study area [19]. There
are several limiting factors while analyzing the CAF through physical measurements,
such as limited observation points (point measurements), time, equipment, cost, and
unpredictability. Furthermore, for the wind tunnel tests, scale models of real urban terrain
were built, and artificial winds were applied to observe wind flow over terrain and urban
structures. However, wind tunnel tests are not suitable for large cities such as Seoul.
Alternatively, the analysis of the CAF using numerical models can reflect the urban spatial
characteristics of the case study area.
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Table 1. Analysis method of CAVF.

Advantages Disadvantages

Physical measurements

• Actual measured values
• Complex terrain analysis

possible

• Incurs installation and
maintenance costs

• Limited analysis scope
• Unable to identify cold air

source points

Wind tunnel testing

• Creating a scaled-down
model of the actual
terrain for wind
environment analysis

• Unable to determine the
presence of cold air
currents

• Mainly analyzes changes
in wind environment
such as building wind
due to changes in air flow
characteristics, and
macro-scale analysis is
not possible

Theoretical analysis

• Very straightforward
analysis

• It is possible to estimate
the amount of cold air
generation

• Unable to consider actual
regional conditions

• Macro-scale analysis not
feasible

Numerical
modeling
analysis

KLAM_21

• Specialized simulation
analysis for cold air flow,
generation, and
prediction

• Analyzes large-scale areas
up to 37.5 × 37.5 km2

• Reflects actual urban
information based on
land use

• Unable to analyze
temperature

Envi-met

• Considers surface,
vegetation, atmospheric
environment, etc.,
comprehensively

• Micro-scale analysis
possible

• Considers various
environmental factors
such as temperature,
humidity, airflow, plant
heat emission, and
reflection

• Macro-scale analysis not
feasible

• Cold air flow analysis is
not possible (focused on
wind environment
changes)

MUKLIMO_3

• Analyzes wind flow
considering terrain,
buildings, vegetation, etc.

• Micro-scale wind flow
simulation possible

• Macro-scale analysis not
feasible

• Cold air flow analysis is
not possible (focused on
wind environment
changes)

Representative numerical modeling programs to analyze CAF include KLAM_21,
Envi-met, MUKLIOMO_3, REWIMET, and FITNAH. Among various numerical model-
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ing programs, for this study, KLAM_21 Version 2.012 was applied to analyze CAF by
considering various conditions such as the possibility of analyzing at the scale of a large
city like Seoul, the case study area, the possibility of considering various land uses, and
the possibility of high-resolution analysis. KLAM_21 is a modeling analysis tool for the
CAVF developed by the German Meteorological Service (DWD, Deutscher Wetterdienst).
KLAM_21 can be operated with up to 3000 × 3000 grid cells, and each grid can be analyzed
with a resolution of 10–50 m [23].

For KLAM_21 modeling, elevation and land use-specific physical parameters are re-
quired. Physical parameters include roughness, building coverage area ratio (BA), building
height (BH), wall area index (WAI), tree cover fraction, tree height, leaf area index (LAI), and
local heat loss rate. It is important to accurately determine the parameter values depending
on the properties of the case study area. However, because the appropriate parameters
have not yet been established for Seoul, it was necessary to construct physical parameters
that fit the characteristics of the case study area. For the modeling analysis, a spatial scope
of analysis with a 50 × 50 m grid resolution was considered and physical parameters for the
analysis were prepared using GIS spatial analysis (Table 2 and Figure A2). The KLAM_21
modeling run time was set from 9 p.m. (sunset) to 6 a.m. (sunrise), which is the time when
cold air is generated in mountainous and green areas after sunset. A map of the CAVF from
9 p.m. to 6 a.m. was prepared.

Table 2. KLAM_21 modeling Physical Parameters.

Class Z0 BA BH WAI TA TH LAI α

Forest 0.4 - - - 0.4 13.8 3.5 0.56
Semi-sealed 0.02 - - - - - - 0.64
Industrial 0.08 0.3 6.3 1.34 - - - 0

Park 0.1 - - - 0.3 11 3.0 1.0
Open Space 0.05 - - - - - - 1.0

Sealed 0.01 - - - - - - 0.28
Water 0.001 - - - - - - 0

Low rise (1–3 floors)
3–9 m 0.1 0.21 5.71 1.98 0.0 0.0 0.0 0.28

Low–mid rise (4–8 floors)
10–26 m 0.1 0.34 10.42 3.36 0.0 0.0 0.0 0.28

Mid rise (9–16 floors)
27–48 m 0.1 0.2 39.54 8.16 0.0 0.0 0.0 0.0

Mid–high rise (17–26 floors)
49–78 m 0.3 0.2 62.91 12.88 0.0 0.0 0.0 0.0

High rise (27–123 floors)
79–555 m 0.3 0.23 103.2 15.6 0.0 0.0 0.0 0.0

Z0: roughness length (m), BA: building coverage area ratio, BH: building height (m), WAI: wall area index, TA:
tree cover fraction, TH: mean tree height (m), LAI: leaf area index, and α: relative local heat loss.

2.1.2. Urban air Temperature and Amount of Air Temperature Reduction

The urban heat island phenomenon is typically most pronounced two to three hours
after sunset on cloudless and calm days [1]. The analysis time in this study considered
these characteristics of urban heat islands. Eight days in the summer of 2021 were selected
considering the weather conditions (cloud cover of at most 5/8), low wind speed (≤2 m/s))
and KLAM_21 modeling analysis time (9 p.m. to 6 a.m.) (Table 3).

An air temperature map was prepared by using weather data collected from 26 Au-
tomatic Weather Stations (AWS) operated by the Korea Meteorological Administration
(KMA) and about 1100 Smart City Data Sensors (S-dot) operated by the Seoul Metropolitan
Government (Figure 3). In this study, the universal kriging interpolation method was
applied based on the Gaussian process regression model [30] to consider the variables of
distance between measurement points, altitude, and distance to the river. Air temperature
maps at 9 p.m. and 6 a.m. for eight days in the summer of 2021 on a 50 m × 50 m resolution
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grid were produced. Finally, the difference between the 9 p.m. and 6 a.m. air temperatures
was calculated to create a mean urban air temperature reduction map.

Table 3. Time of analyzing urban air temperatures.

Minimum
Air Temperature

(◦C)

Maximum
Air Temperature

(◦C)

Mean
Air Temperature

(◦C)

Mean
Wind Speed (m/s)

Mean
Cloud Cover

9 June 2021 19.5 31.6 25.8 1.6 3.4
13 June 2021 20.9 29.7 24.8 2.0 3.5
1 July 2021 21.4 31.0 26.3 1.8 2.3

21 July 2021 25.3 35.3 30.5 1.7 3.5
23 July 2021 27.2 35.8 31.2 1.8 2.3
24 July 2021 26.9 36.5 31.7 1.7 3.0
28 July 2021 27.1 34.7 30.4 1.8 3.6

7 August 2021 23.4 32.3 28.0 2.0 3.3

Figure 3. AWSs and S-dot sensors in the study area.

2.2. Analysis of the Relationship between the CAVF and the Amount of Urban Air
Temperature Reduction

To examine the relationship between CAVF and the amount of air temperature reduc-
tion in the case study area, correlation analysis was conducted between CAVF and the
amount of air temperature reduction. This is to confirm the contribution of CAF generated
from mountainous and green areas in the study area to air temperature reduction.
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2.3. Urban Spatial Categorization

A city made up of many different spatial factors will have different amounts of CAF
and air temperature reduction depending on the characteristics of the spaces. Therefore,
in order to categorize urban spaces, it is necessary to classify them according to the CAVF
and amount of air temperature reduction. The results of the CAF modeling analysis and
the urban air temperature reduction amount calculations were classified into tertile (high,
medium, and low) using the Natural Breaks Jenk function (Figure 4). Consequently, the
urban spaces were categorized into nine areas as follows: areas with the highest, medium,
and lowest CAVF, and areas with the highest, medium, and lowest amount of urban air
temperature reduction. Next, the characteristics of each space were identified based on the
classified urban spatial categories.

Figure 4. Urban spatial categorization method.

2.4. Identification of Urban Air Temperature Reduction Factors by Urban Spatial Type

Correlation analysis was performed to analyze the relationship between the CAVF
and the amount of urban air temperature reduction by urban spatial type. Regression
analysis was also performed to find the factors influencing CAF that affect air temperature
reduction. The independent variables for the regression analysis are elevation, BH, WAI,
and BA among the input variables of KLAM_21. The peripheral borders of the moun-
tainous and green areas have cooler air temperatures than built-up areas, so CAF has a
less significant effect on air temperature drops. Therefore, distance to green areas and
the normalized difference vegetation index (NDVI) were added as independent variables
to account for the effect of mountainous areas and green areas. Regression analysis was
performed using the standardized values of the variables, and the amount of air tempera-
ture reduction was selected as the dependent variable to find the influential variables that
affect air temperature reduction. Moreover, the amount of urban air temperature reduction
utilizes air temperatures measured by the AWSs and s-dot; as spatial autocorrelation is
generally known to exist, this can be problematic for spatial autocorrelation due to the
first law of geography [31]. Therefore, spatial autoregressive models (spatial lag model
(SLM) and spatial error model (SEM)), which are regression models that control for spatial
autocorrelation, were applied.
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3. Results

3.1. Analysis Results of the CAVF and the Amount of Urban Air Temperature Reduction
3.1.1. Analysis Results of the CAVF

KLAM_21 was utilized to analyze CAF for a 9 h period from 9 p.m. to 6 a.m., when
cold air is generated after sunset (Figure A1). The unit of the CAVF is m3/ms, which
indicates the volume of cold air traveling a unit distance per unit area. As the time passes
from after sunset to before sunrise, the CAF generated by the mountainous and green areas
entering the city can be detected. Figure 5 is a CAF map that adds all the analysis results
for 9 h, excluding water bodies (e.g., rivers and streams), mountains, and green areas of the
study area. Many areas are experiencing an inflow of CAF, with a few exceptions. In the
north and southeast, where large mountainous regions are located, a relatively smooth CAF
can be determined. However, densely developed urban areas, including the southwestern
part of the study area, were receiving relatively little CAF. This suggests that some spaces
within the study area do not have a smooth CAF within the urban space.

Figure 5. The total CAVF from 9 p.m. to 6 a.m. in the study area.

3.1.2. Analysis Results of Urban Air Temperature and Amount of Air
Temperature Reduction

Figure 6 is a map of the air temperature at 9 p.m. and 6 a.m. in the study area. The air
temperature at 9 p.m. ranged from 28.6 ◦C to 34.4 ◦C with a mean value of 32.8 ◦C, and the
difference between the maximum and minimum temperatures was 5.8 ◦C. This confirms
that the urban heat island phenomenon is severe in the study area. This phenomenon can
also be seen in the air temperature distribution map. Higher air temperatures were found
in urban areas with relatively high development densities and lower air temperatures were
found in the north, east, and south, where large urban forests are predominantly located.
At 6 a.m., the air temperature ranged from 25.4 ◦C to 29.9 ◦C with a mean value of 28.7 ◦C.
The difference between the maximum and minimum air temperatures was 4.5 ◦C. The
analysis of air temperature reduction between 9 p.m. and 6 a.m. showed that the north and
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east areas closest to the urban forests experienced a maximum nighttime air temperature
reduction of 5.9 ◦C, while the lowest air temperature difference of 2.3 ◦C was found in the
west area, which has a relatively high development density and no urban forests nearby
(Figure 7).

 
(a) (b) 

Figure 6. Air temperature analysis results: (a) left: 9 p.m.; (b) right: 6 a.m.

Figure 7. Air temperature reduction analysis (9 p.m.–6 a.m.).

3.2. Analysis Results of the Relationship between the CAVF and The Amount of Urban Air
Temperature Reduction

Table 4 shows the results of the correlation analysis between the total CAVF and the
amount of air temperature reduction in the study area: the higher the positive correlation
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coefficient, the greater the air temperature reduction effect of the CAVF. A positive corre-
lation was shown across the study areas, and thus confirms that CAVF contributes to air
temperature reduction. This is the result of the analysis of the entire study area. Additional
analysis is needed by urban spatial type because the degree to which CAVF contributes to
urban temperature reduction will vary depending on the characteristics of urban space.

Table 4. Analysis results of the correlation between the amount of overall CAF and the amount of air
temperature reduction across study areas.

CAVF (Seoul)

Amount of Air temperature
Reduction

Pearson Correlation 0.394 **
N 50,950

** Correlation is significant at the 0.01 level (two-sided).

3.3. Urban Spatial Categorization Results

Using the tertile analysis results of the CAVF and the amount of urban air temperature
reduction, the urban spaces of the study areas were categorized into the following nine
types: areas with high CAVF and high air temperature reduction (Type A), areas with high
CAVF and medium air temperature reduction (Type B), areas with high CAVF and low
air temperature reduction (Type C), areas with medium CAVF and high air temperature
reduction (Type D), areas with medium CAVF and medium air temperature reduction
(Type E), areas with medium CAVF and low air temperature reduction (Type F), areas with
low CAVF and high air temperature reduction (Type G), areas with low CAVF and medium
air temperature reduction (Type H), and areas with low CAVF and low air temperature
reduction (Type I) (Figure 8 and Table 5). The spatial characteristics of each urban spatial
type are shown in Table 6. The BH, WAI, and BA were all relatively low for Types A, B, and
C, which have more CAF, while Types G, H, and I, which have less CAF, were classified
as areas with relatively high BH, WAI, and BA. Except for Types H and G, which are
located at high altitudes, the more the CAVF and the amount of air temperature reduction,
the greater the distance from green areas, and the higher the BH and WAI. In the case of
NDVI, it was similar for all urban spatial types because mountainous and green areas were
excluded, which are the source spaces of generating CAF and classified urban spaces. In
terms of land use, the lower the CAVF and the amount of air temperature reduction in
relatively flat types (except for Types G and H, which have higher elevations and a higher
proportion of high-rise residences), the lower the proportion of high-rise residences and
commercial/office buildings with higher BH than low-rise residences. The high CAF types
(Types A, B, and C) make up only ~12% of the region’s total study area. However, Types G,
H, and I, which make up about 48% of the study area, showed less CAF and therefore have
more potential to utilize CAF to reduce air temperatures than other types. These types of
urban spaces are relatively high-rise and densely developed areas. In sum, depending on
the elevation and development density in the study area, it is possible to improve urban
heat islands by actively considering factors influencing cold air in urban planning and
design for a smooth CAF.

Table 5. Urban spatial categorization results.

Type A
(n = 4888)

Type B
(n = 1167)

Type C
(n = 256)

Type D
(n = 11,475)

Type E
(n = 4798)

Type F
(n = 3769)

Type G
(n = 5516)

Type H
(n = 10,730)

Type I
(n = 8351)

Elevation −0.3298 −0.2955 −0.3453 −0.2449 −0.3003 −0.5688 0.4402 0.6715 −0.1429
NDVI −0.0620 −0.1033 0.5304 −0.0561 −0.1,100 −0.0931 −0.1123 0.1787 0.0613

BH −0.1288 −0.2675 −0.6371 0.0541 −0.0596 −0.1949 0.0437 0.1522 −0.0443
WAI −0.1242 −0.3562 −0.8158 0.0788 −0.0863 −0.1624 0.0316 0.1409 −0.0398
BA −0.2603 −0.2610 −0.5723 −0.1318 0.1296 0.0284 0.0522 0.0105 0.0665

Distance to
green areas 0.0358 −0.0065 −0.4046 0.1074 0.0635 0.0450 0.2597 −0.3434 0.1151
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Figure 8. Urban spatial categorization results.

Table 6. Spatial characteristics by urban spatial type.

CAVF

Amount of
Air

Temperature
Reduction

Elevation NDVI BH WAI BA

Distance
to

Green
Areas

Land Use (%)

Type A
(n = 4888)

Max 359.99 5.85 51 0.42 165 24.95 1 1104.54 Low-rise residential:
34.39

Min 63.82 4.43 10 −0.01 0 0 0 0 Road: 23.85

Mean 84.11 4.95 19.97 0.14 18.69 4.64 0.25 360.88 High-rise residential:
20.50

S.D. 24.50 0.30 6.80 0.07 17.86 3.24 0.18 206.08 Commercial: 14.92

Type B
(n = 1167)

Max 256.62 4.43 71 0.42 87 22.02 0.96 806.22 Low-rise residential:
28.61

Min 63.82 3.59 0 0.01 0 0 0 0 Road: 24.65

Mean 84.02 3.93 20.66 0.13 15.93 3.80 0.25 352.29 High-rise residential:
13.90

S.D. 30.04 0.23 14.10 0.07 17.26 3.61 0.22 198.36 Commercial: 10.31

Type C
(n = 256)

Max 289.02 3.59 81 0.43 48 10.97 0.92 860.23 Low-rise residential:
30.88

Min 63.82 2.76 7 0.03 0 0 0 0 Road: 24.57
Mean 82.39 3.24 19.66 0.16 8.58 2.13 0.20 271.37 Open space: 17.28
S.D. 26.80 0.23 14.47 0.09 10.68 2.18 0.22 220.24 Commercial: 6.46
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Table 6. Cont.

CAVF

Amount of
Air

Temperature
Reduction

Elevation NDVI BH WAI BA

Distance
to

Green
Areas

Land Use (%)

Type D
(n = 11,475)

Max 63.81 5.87 60 0.47 174 27.37 1 1204.16 Low-rise residential:
40.37

Min 28.39 4.43 10 −0.01 0 0 0 0 High-rise residential:
21.82

Mean 44.34 4.94 21.67 0.14 22.33 5.37 0.27 375.42 Road: 16.43
S.D. 9.90 0.31 8.61 0.06 21.26 3.89 0.16 203.42 Open space: 12.25

Type E
(n = 4798)

Max 63.81 4.43 82 0.47 123 21.54 1 860.23 Low-rise residential:
40.58

Min 28.39 3.59 5 −0.02 0 0 0 0 Road: 17.73

Mean 42.11 3.91 20.56 0.13 20.07 4.77 0.32 366.50 High-rise residential:
17.40

S.D. 9.69 0.23 11.88 0.06 18.91 3.46 0.18 187.12 Commercial: 12.69

Type F
(n = 3769)

Max 66.75 3.59 83 0.52 108 20.22 0.99 948.68 Low-rise residential:
41.76

Min 28.39 2.53 7 −0.01 0 0 0 0 Road: 18.39

Mean 40.13 3.21 15.17 0.13 17.38 4.50 0.31 362.75 High-rise residential:
15.44

S.D. 8.96 0.21 8.16 0.06 14.99 2.88 0.17 197.90 Commercial: 9.82

Type G
(n = 5516)

Max 28.39 5.68 129 0.49 162 23.87 1 1204.16 Low-rise residential:
40.57

Min 0 4.43 11 −0.03 0 0 0 0 High-rise residential:
16.83

Mean 17.26 4.76 35.42 0.13 22.12 5.20 0.31 406.38 Commercial: 16.77
S.D. 8.54 0.26 16.68 0.07 19.28 3.61 0.16 246.66 Road: 13.36

Type H
(n = 10,730)

Max 28.37 4.43 233 0.48 207 26.46 1 860.23 Low-rise residential:
40.88

Min 0 3.59 6 −0.02 0 0 0 0 High-rise residential:
24.58

Mean 17.08 3.99 40.06 0.15 24.28 5.59 0.30 283.81 Commercial: 12.24
S.D. 9.18 0.25 27.45 0.07 22.28 3.94 0.17 160.26 Road: 13.64

Type I
(n = 8351)

Max 28.38 3.59 293 0.49 207 26.15 1 1019.80 Low-rise residential:
44.38

Min 0 2.33 6 −0.02 0 0 0 0 High-rise residential:
17.27

Mean 14.90 3.22 23.72 0.14 20.37 4.94 0.31 377.00 Commercial: 13.09
S.D. 8.08 0.25 24.34 0.07 18.28 3.23 0.17 207.46 Road: 15.94

3.4. Results of Identifying Urban Air Temperature Reduction Factors by Type of Urban Space

Table 7 shows the results of the correlation analysis between the CAVF and the amount
of air temperature reduction by urban spatial type. The higher the positive correlation
coefficient, the more the CAVF contributes to the air temperature reduction. A positive
correlation was found across all urban spatial types. The higher the air temperature
reduction (Type A and D), the stronger the positive correlation, while the lower the air
temperature reduction or the lower the CAVF, the lower the positive correlation. Areas
with a higher positive correlation tend to be located on flat land, far from green areas, and
show a development form with relatively high BH and WAI.

Table 7. Correlation of the CAVF and the amount of air temperature reduction by urban spatial type.

CAVF
Type A Type B Type C Type D Type E Type F Type G Type H Type I

Amount of air
temperature reduction

Pearson
Correlation 0.481 * 0.407 * 0.326 * 0.511 * 0.491 * 0.366 * 0.333 * 0.344 * 0.350 *

N 4888 1167 256 11,475 4798 3769 5516 10,730 8351

* Correlation is significant at the 0.01 level (two-sided).

Table A1 shows the regression analysis results of the amount of air temperature
reduction and factors influencing CAVF by urban spatial type. Among the three regression
models, the SEM model was found to have the highest log likelihood value, which indicates
high suitability. In the SEM, all six independent variables were significant at the 1% level.
Analysis results of SEM revealed the six variables can be categorized into natural and
artificial factors based on whether they can be manipulated in urban planning and design.
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The natural factors are elevation, NDVI, and distance to green areas, and the artificial
factors are BH, WAI, and BA. The absolute values of the coefficients of the independent
variables in all urban spatial types were higher in the order of elevation, distance to green
areas, and NDVI for natural factors, and higher in the order of BH, WAI, and BA for
artificial factors. However, the signs of the coefficients of the independent variables were
analyzed differently for each type of urban space. Elevation, NDVI, and distance to green
areas showed positive signs for all urban spatial types. BH showed a positive sign for all
urban spatial types, and BA showed a negative sign for all urban spatial types. However,
the effects of WAI vary depending on elevation and development density. Positive signs
were found in areas with relatively low BA, such as Types A, B, C, and D, and in Types G
and H with high elevation and BH, while negative signs were found in Types E, F, and I
with relatively high BA (Tables 8 and 9).

Table 8. Spatial regression analysis results by urban spatial type.

Type A Type B Type C Type D Type E Type F Type G Type H Type

Elevation 0.015715 0.131069 0.050024 0.02743 0.040678 0.052277 0.04338 0.002747 0.00667
NDVI 0.00097 0.00289 0.005849 0.000958 0.00255 0.001553 0.001692 0.00017 0.00132

BH 0.00361 0.01382 0.092827 0.00785 0.00067 0.013152 0.008919 0.00045 0.002249
WAI 0.005989 0.009598 0.05023 0.005491 −0.00054 −0.01139 0.003234 0.00032 −0.00253
BA −0.001165 −0.00317 −0.01934 −0.000825 −0.00028 −0.0012 −0.00105 −0.00032 −0.0008

Distance to green areas 0.01227 0.011781 0.005794 0.007555 0.007517 0.02466 0.034309 0.00559 0.012248
Constant term 1.05584 −0.33896 −1.18172 0.949379 −0.29672 −1.23183 0.885141 −0.30435 −1.2174
Log likelihood 5733.09 1211.93 168.69 18154.13 6677.75 5592.04 7799.59 17207.67 13935.50

R2 0.80 0.75 0.74 0.79 0.78 0.75 0.81 0.78 0.79

Table 9. Relationship between the factors influencing the amount of air temperature reduction
and CAF.

Type A Type B Type C Type D Type E Type F Type G Type H Type I

Elevation + + + + + + + + +
NDVI + + + + + + + + +

BH + + + + + + + + +
WAI + + + + - - + + -
BA - - - - - - - - -

Distance to green areas + + + + + + + + +

4. Discussion and Conclusions

The key findings of this study are the following. The analysis of the relationship
between the CAVF and the amount of air temperature reduction by urban spatial type
showed that the higher the amount of air temperature reduction, the more relevant it is to
CAVF (Types A and D). Furthermore, it was found that Type E, which is located in a flat
area and has a relatively high BH and WAI, is highly relevant. On the contrary, types with
higher elevation (Types G and H) and types with lower proportions of high-rise residences
in flat areas (Types F and I) were less relevant. Furthermore, in areas with low BA (Types
A, B, C, and D), the relevance of the CAVF and the amount of air temperature reduction
varied depending on BH and WAI. The results suggest that elevation, BH, WAI, and BA
are the factors in urban planning and design that can reduce urban air temperatures by
smoothly enhancing CAF.

Next, the mechanisms through which these factors affect CAF and affect air tempera-
ture reduction by urban spatial type were identified. As a result, in urban planning and
design, it is necessary to prepare improvement measures for increasing the factors with
CAF that positively (+) influence air temperature reduction and decreasing those with
negative (−) influence according to the characteristics of urban spatial types. BH had a
positive (+) influence on all urban spatial types, and the absolute influence of WAI and BA
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was a larger factor. BA had a negative (−) influence on all urban spatial types. The higher
the height of the building and the lower the BA, the more unimpeded the CAF, maximizing
the air temperature reduction effect. However, in the case of the WAI, it needs to be applied
differently depending on the development density. Relatively low BA areas (Types A, B, C,
and D) should focus on development that increases height to increase WAI, while relatively
high BA areas (Types E and F) should focus on development that reduces BA to reduce
WAI by targeting development types closer to the tower type. Even in neighborhoods
with similar development densities, the impact of development density varies by elevation.
Thus, it is possible to ensure smooth CAF as well as the continuity of cold air by providing
the direction for improvement based on the characteristics of urban spatial types.

This study has quantitatively analyzed the relationship between the CAVF and the
amount of air temperature reduction by urban spatial type, and proposed measures to
improve the urban heat island through smooth CAF. The analysis showed that a combina-
tion of factors, such as elevation, BH, WAI, and BA, should be considered. The preceding
research has mainly focused on the formation and movement of CAF due to natural
factors [24,32–34]. However, this study has a significant advantage in focusing on the
movement of CAF and temperature reduction caused by physical factors in urban spaces.
Additionally, employing a statistical approach enables the confirmation of the influence of
physical factors in urban spaces on temperature reduction in a more scientific and quantita-
tive manner, providing practical information for urban planning and design. In particular,
when making plans to mitigate the urban heat island phenomenon in large cities such as
Seoul, where various urban spaces exist in a complex manner, it is possible to enhance
the efficiency of such plans by identifying the factors that hinder CAF in detail through a
spatially customized approach. If the smooth CAF can be maintained within the city while
simultaneously increasing the inflow of CAF through the strengthening of mountainous
and green areas around the city, which serve as resources for urban ecosystem services,
a great synergy will be achieved in the circulating and cooling of heat in the city. These
implications will provide useful information for the efficient use of CAF, a major element
of urban ecosystem services.

This study has the following limitations. Among the physical characteristics of various
urban spaces, the analysis focused on factors influencing CAF in KLAM_21. A more
comprehensive consideration and analysis of other urban spatial physical characterization
variables that were not considered in this study, such as sky view factor (SVF), height
to road width (H/W) ratio, and porosity, is needed to determine the exact relationship
between factors influencing the amount of urban air temperature reduction and CAF.
Furthermore, since there is the limitation of not comprehensively considering both natural
and physical factors in urban spaces that contribute to the formation and movement of
CAF, future research should involve a more comprehensive and holistic investigation that
takes into account both of these factors.
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6 a.m. 

Figure A1. The CAVF from 0 a.m., 3 a.m. and 6 a.m.

Table A1. Regression analysis results between air temperature reduction and the factors influenc-
ing CAF.

OLS SLM SEM

Type A
(n = 4888)

Elevation 0.009527 0.02162880987 0.015715
NDVI 0.013 0.001732 0.00097

BH 0.20824 0.04015 0.00361
WAI 0.132445 0.021205 0.005989

BA 0.001273 −0.0059 −0.001165
Distance to green areas 0.03936 0.00844 0.01227

Constant term 1.0414 0.177992 1.05584
Log likelihood −2423.76 2009.12 5733.09

R2 0.26 0.78 0.80

Type B
(n = 1167)

Elevation 0.138952 0.020185 0.131069
NDVI 0.01851 0.00643 0.00289

BH 0.16345 0.03621 0.01382
WAI 0.1733 0.035978 0.009598

BA −0.01419 −0.00265 −0.00317
Distance to green areas 0.05924 0.00775 0.011781

Constant term −0.29121 −0.05245 −0.33896
Log likelihood −83.25 897.92 1211.93

R2 0.30 0.71 0.75

Type C
(n = 256)

Elevation 0.005751 0.03205 0.050024
NDVI 0.03912 0.03373 0.005849

BH 0.201706 0.128547 0.092827
WAI 0.02889 0.04067 0.05023

BA −0.047697 −0.030245 −0.01934
Distance to green areas 0.025339 0.020728 0.005794

Constant term −1.12038 −0.80723 −1.18172
Log likelihood −20.19 35.69 168.69

R2 0.32 0.62 0.74
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Table A1. Cont.

OLS SLM SEM

Type D
(n = 11475)

Elevation 0.06705 0.00033 0.02743
NDVI 0.00024 0.001853 0.000958

BH 0.11839 0.00822 0.00785
WAI 0.112607 0.006854 0.005491

BA 0.033998 −0.000955 −0.000825
Distance to green areas 0.01465 0.00146 0.007555

Constant term 1.0155 0.090324 0.949379
Log likelihood −6396.11 8789.41 18154.13

R2 0.22 0.75 0.79

Type E
(n = 4798)

Elevation 0.163369 0.00918 0.040678
NDVI 0.03471 0.00443 0.00255

BH 0.02464 0.00271 0.00067
WAI 0.017313 −0.003426 −0.00054

BA −0.03298 −0.00161 −0.00028
Distance to green areas 0.006601 0.002262 0.007517

Constant term −0.31871 −0.02243 −0.29672
Log likelihood −1035.19 5767.68 6677.75

R2 0.11 0.67 0.78

Type F
(n = 3769)

Elevation 0.163246 0.009748 0.052277
NDVI 0.04314 0.010399 0.001553

BH 0.08502 0.01537 0.013152
WAI −0.06946 −0.00863 −0.01139

BA −0.005411 −0.00659 −0.0012
Distance to green areas 0.056493 0.019646 0.02466

Constant term −1.22814 −0.35632 −1.23183
Log likelihood −490.66 1989.70 5592.04

R2 0.20 0.69 0.75

Type G
(n = 5516)

Elevation 0.04289 0.01055 0.04338
NDVI 0.050936 0.011022 0.001692

BH 0.02006 0.00184 0.008919
WAI 0.038631 0.002736 0.003234

BA −0.015738 −0.000262 −0.00105
Distance to green areas 0.113154 0.010995 0.034309

Constant term 0.780519 0.106907 0.885141
Log likelihood −1759.95 3749.93 7799.59

R2 0.25 0.73 0.81

Type H
(n = 10730)

Elevation 0.033696 0.000781 0.002747
NDVI 0.001823 0.00155 0.00017

BH −0.07323 0.00266 0.00045
WAI 0.057249 0.003143 0.00032

BA −0.01682 −0.00106 −0.00032
Distance to green areas 0.018694 0.001708 0.00559

Constant term −0.27792 −0.01038 −0.30435
Log likelihood −3502.54 15,245.60 17,207.67

R2 0.14 0.78 0.78

Type I
(n = 8351)

Elevation 0.00788 0.00403 0.00667
NDVI 0.010434 0.0037 0.00132

BH 0.133405 0.018523 0.002249
WAI −0.08795 −0.00789 −0.00253

BA −0.07131 −0.00825 −0.0008
Distance to green areas 0.045243 0.010169 0.012248

Constant term −1.31879 −0.18362 −1.2174
Log likelihood −2399.94 6189.14 13,935.50

R2 0.21 0.71 0.79
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Figure A2. KLAM_21 modeling Physical Parameters results.
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Abstract: In this study, tree-selection/plantation decision support systems (DSSs) were reviewed
and evaluated against essential objectives in the available literature. We verified whether existing
DSSs leverage multiple data sources and available online resources such as web interfaces. We
compared the existing DSSs, and in this study mainly focused on five main objectives that DSSs
can consider in tree selection, including (a) climate resilience, (b) infrastructure/space optimization,
(c) agroforestry, (d) ecosystem services, and (e) urban sustainability. The climate resilience of tree
species and urban sustainability are relatively rarely taken into account in existing systems, which
can be integrated holistically in future DSS tools. Based on this review, deep neural networks (DNNs)
are recommended to achieve trade-offs between complex objectives such as maximizing ecosystem
services, the climate resilience of tree species, agroforestry conservation, and other benefits.

Keywords: decision support system; climate resilience; ecosystem services; deep neural networks;
sustainability

1. Introduction

The global climate is changing and is predicted to change even faster in the near
future [1]. The importance of planting trees for climate change adaptation and mitigation is
increasing, as forests act as carbon sinks [2,3]. This is particularly true in areas with deserti-
fication and complex environmental problems that require robust processes that allow the
ever-growing human population to benefit from the environment’s ecosystem services [4,5].
Furthermore, in many cases, ecosystem services cannot be easily quantified in monetary
terms, are taken for granted, and often involve moral and ethical principles [6]. The rapid
growth of tree planting and land-use conversion from grassland to forests directly impacts
ecosystem services, resulting in increased regulation and service provision [7]. However,
further planning is needed to ensure that local environmental concerns and cultural values
are internalized and that additional ecosystem services such as timber availability, water
quality, biodiversity enrichment, and carbon sequestration are enabled [8].

However, this type of land-use change does not always lead to an improvement in
ecosystem services, as grassland biomes are often considered to have potential for forest
restoration and planting. Biodiversity and ecosystem services are typically reduced once
these grasslands/savannahs are converted, resulting in significant protective measures to
plantation strategies, and thus separate ecosystem services need to be identified for forest
and grassland biomes [9]. Furthermore, identifying suitable tree species for adaptability is
crucial for future climate scenarios, especially in urban areas, as changing climates lead to
the loss of tree species, which can lead to a reduction in ecosystem services such as Urban
Heat Island (UHI) mitigation, which can pose a challenge to adaptation and mitigation
strategies for human-caused climate change [10].
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Using deep neural networks (DNNs), a decision support system (DSS) can be trained
to learn from a large dataset of tree data, including information about tree species, climate,
soil conditions, and other factors that influence tree growth and survival. This is because
the use of neural networks was proposed three decades ago to solve forest management
problems by integrating forest knowledge with artificial intelligence (AI; [11]). AI greatly
benefits sustainability and the preservation of ecosystem values, as increasing disruptions
in a changing world can only be managed beyond human intelligence [12]. Furthermore,
despite the various DSSs and AI systems used, the appointment of appropriate project
managers is crucial to the execution and subsequent success of a project [8].

Our study examines various DSSs and compares them based on their objectives
and applications. In addition, we provide a literature review focusing on the need for
an ecosystem-services-focused DSS and discuss the potential applications of DNNs for
these systems.

2. Review of Existing DSS Tools for Tree Selection and Plantations

2.1. Review of the Existing Literature

One of the earliest DSSs for tree plantations in forestry was developed at the Uni-
versity of Canterbury: a framework-based system coded in Prolog. The focus was on
knowledge-based decision support by linking to the Forest Management Information Sys-
tem (FMIS) or Geographic Information System (GIS) databases, enabling location-based
access to information about the field microenvironment such as soils, climate, elevation,
and earlier land/crop use and current conditions, along with multiple management options
for optimization [13].

Further efforts to develop a DSS for tree plantations began in the 2000s using a GIS with
a focus on street and neighborhood tree plantations, while attempting to address manage-
ment aspects such as DSS-based strategies to reduce energy, fuel, and pesticides/fertilizers
for plantation management [14]. In addition, the focus was also expanded to include
aspects such as soil-property-based tree planting, feasibility of the planting area, tree age,
species diversity, shade, and canopy cover [15]. It is also important to conduct an existing
urban tree cover (UTC) analysis prior to tree-planting decisions, using object-oriented
satellite image analysis to identify existing vegetation cover and land-use types [16].

Mitigating a region’s hydrological problems also requires selecting appropriate species,
prioritizing sites for re-vegetation, and simulating different hydro-climatological conditions
annually. These aspects were incorporated into China’s bilingual GUI decision support
tool for re-vegetation programs, ReVegIH, which could also reduce sediment load release
through afforestation modeling [17].

A multilingual programming (C++ and Fortran)-based DSS known as the Motti Sim-
ulator, developed by the Natural Resources Institute Finland (Luke), has also been used
for tree selection based on detailed forest stand dynamics and incorporating tree growth
and yield models [18]. Additionally, simplified open-source and open-code DSSs such as
PT2 (Prairie and Tree Planting Tool) have allowed users to explore and delineate areas of
interest for tree/prairie planting or management using scaled dimensional drawing tools,
and then select seeds/woody plants for the various soils with a drop-down menu. This
also enabled the selection and calculation of financial costs and long-term management
options [19].

Nevertheless, advances in machine learning in recent years have enabled the selection
of tree species taking into account climate variability using MaxEnt to determine the
suitability and resilience of trees in different climate scenarios. A recent example is the
online platform “Which Plant Where” in Australia, which was developed using Python,
Django, and PostgreSQL [20]. In addition, others use tree-selection tools developed by
the United States Department of Agriculture (USDA) such as the Tree Advisor and the
Woody Plant Selection Tool for multi-functional purposes, using MySQL and the Drupal
framework [21]. In addition, a spatio-temporal urban tree DSS was developed using
ensemble CAD and GIS tools. This integrates detailed 3D trees into urban design, allowing
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the testing of tree placement, species selection, solar exposure, etc. Valuable elements of
computational botany and lighting engineering technology make this possible [22].

Although tree-planting decision support systems have addressed tree-selection ecosys-
tem services such as UHI mitigation, only simple filtering techniques with limited variables
that filter the attributes from tree databases have been used [23]. In addition, ensemble
models that use higher-resolution datasets to infer the potential suitability and realized dis-
tribution of tree species through batch generalization are also proposed. This is a boosting
method that uses random forest (RF), gradient-booster trees (GBTs), and generalized linear
models (GLMs), which are further processed by the meta-learner [24].

2.2. Methods

In this section, reviews and analyses of existing DSSs for tree selection and plantations
are reviewed and analyzed using obvious keywords such as ‘DSS’, ‘Decision Support
tool’, ‘Tree selection,’, etc., via a Google Scholar search (Figure 1). Keywords such as
‘ecosystem services’, ‘agroforestry’, ‘urban’, ‘climate’, etc., were also frequently searched
for in the literature texts. We compare different DSSs for tree selection/planting based
on their objectives, their programming language framework and software (Table 1), and
their comparison with the main objectives (Figure 2). Table 1 summarizes DSSs for urban
tree plantations, agroforestry, etc., which show prevailing trends of using R and Python
tools. This comparison is crucial as it highlights the core concept of tree planting, as
the DSS for tree selection/planting is based on a basic structure that includes species,
location, and value. Data sources include research articles from Google Scholar, DSS web
interfaces, and the gray literature; the practical use of DSS web interfaces was crucial in
determining the capabilities and objectives of various DSSs. During the review process,
text comparison revealed important patterns and themes in the literature. The DSS findings
include recommendations with critical objectives and advocate for advanced techniques
such as deep neural networks (DNNs) to improve decision accuracy in tree selection and
planting, thereby providing more informed and insightful guidance.
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Figure 1. Flow chart of the purpose of this study highlighting the key concepts and objectives of DSSs.
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Table 1. Comparison of various DSSs developed for tree selection/plantation.

DSS Name (Provisional) Software/Language/Framework Objective Type Reference

1 Knowledge-based DSS Prolog Forest plantation DSS [13]

2 Prototype Decision
Support System

SMODT; ArcTrees; Treemodules | Visual Basic
Analysis (VBA) Urban tree plantation suitability [15]

3 ReVegIH Decision
Support Tool C#, Visual Basic, C++, .NET Tree species selection with ecohydrological

modelling [17]

4 Prototype Decision
Support System (Randall) ArcView GIS Extension|Avenue Neighborhood greening [14]

5 Decision Support
Tool—Precision Forestry HprAnalys, ArcGIS, Motti stand simulator Tree species selection with stand dynamics [18]

6 Virginia UTC Assessment
Process ERDAS; ISODATA Object-oriented

classification of urban tree canopy analysis [16]

7 Right Place, Right
Tree—Boston R packages—shinydashboard; leaflet; tigris; DT Tree plantation DSS for UHI mitigation [23]

8 Which Plant Where? Python; Django; PostgreSQL Plant selection tool for climate resilience
and sustainability [20]

9 Tree Advisor USDA MySQL; Drupal Woody plant selection tool for
multifunctional objectives [21]

10 Plant-Best R Plant selection tool for slope protection [25]

11
Spatio-Temporal Decision
Support System for Street

Trees

QGIS/ArcGIS; exlevel GrowFX; Autodesk;
AutoCAD; ForestPro Detailed 3D trees for urban design [22]

12
Florida Agroforestry

Decision Support System
(FADSS)

Delphi; SQL Agroforestry planning and tree selection [26]

13 PT2 (Prairie and Tree
Planting Tool)

HTML; CSS; Javascript Prairie and tree planting selection and
financial cost estimation [19]

14 Diversity for Restoration
(D4R) JavaScript, Python, and R. Ecosystem restoration and agroforestry [27]

15 Citree PHP; MariaDB server Tree selection for urban areas in temperate
climate [28]

16 i-tree USDA Java; Javascript; Python
Multi-module suite for urban tree
structures and ecosystem service

evaluation
[29]

17 Unique DSS for
Agroforestry Systems R; HTML Decision support tool for coffee and cocoa

agroforestry systems [30]

Figure 2. A Venn diagram of DSSs (the number represents the number of DSSs that fit into the
categories) and their main goals to show similarities and differences in DSS goals. Details can be
found in Table 2. Numbers in the VENN diagram ellipses represent the number of DSS fitting
the categories.
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Table 2. The DSS reviews and the relevant objectives they address. CR = climate re-
silience, I/SO = infrastructure/space optimization, AF = agroforestry, ES = ecosystem services,
US = urban sustainability.

# DSS CR I/SO AF ES US Ecosystem Services

1 Knowledge-based DSS No No Yes No No -
2 Prototype Decision Support System No Yes No No Yes -
3 ReVegIH Decision Support Tool Yes No Yes No No -

4 Prototype Decision Support System
(Randall) No Yes No No Yes -

5 Decision Support Tool—Precision
Forestry No Yes Yes No No -

6 Virginia UTC Assessment Process No Yes No Yes Yes Air quality; flood mitigation; UHI
mitigation

7 Right Place, Right Tree—Boston No No No Yes Yes UHI mitigation
8 Which Plant Where? Yes Yes No No Yes -
9 Tree Advisor USDA No No Yes Yes No Extensive ecosystem services
10 Plant-Best Yes Yes No Yes No Slope protection (landslide prevention)

11 Spatio-Temporal Decision Support
System for Street Trees No Yes No No Yes -

12 Florida Agroforestry Decision Support
System (FADSS) Yes Yes Yes Yes No Runoff reduction; erosion control;

timber provisioning, etc.

13 PT2 (Prairie and Tree Planting Tool) No Yes Yes Yes No Biodiversity (wildlife and pollinator
habitat); water quality

14 Diversity for Restoration (D4R) Yes No Yes Yes No Extensive ecosystem services

15 Citree Yes Yes No Yes Yes Air quality; bird feeding; provisioning
(honey and edibles)

16 i-tree Yes No Yes Yes Yes Air quality; runoff reduction; Carbon
sequestration; Cooling effect, etc.

17 Unique Decision Support Tool for
Cocoa and Coffee No No Yes Yes No

Microclimate
buffering; soil fertility; pest/weed

suppression; provisioning (timber, food
and fuelwood), etc.

Furthermore, in this study, we focus on five main objectives that DSSs can consider
in tree selection, including (a) climate resilience, (b) infrastructure/space optimization,
(c) agroforestry, (d) ecosystem services, and (e) urban sustainability (Figure 2). The goal
of infrastructure/space optimization has been addressed by some DSSs mentioned above
(Table 1), and includes aspects such as tree selection to optimize shading, infrastructure
constraints, tree placement, spatial considerations, etc. [15,19,20,22].

Climate resilience was also addressed in some DSSs, covering aspects such as drought
tolerance, heat resistance, resilience of trees, etc., to extreme events in different climate
change scenarios [20,25–28]. In addition, the main DSSs aimed at agroforestry include DSS
Nos. 9, 12, 13, 14, and 17, which also more or less internalize ecosystem services, since
the relevant literature contains the term ‘ecosystem services’ and a range of ecosystem
services are explicitly mentioned (Table 1). The specific ecosystem services are listed in the
Section 2.2 (Table 2). Many DSSs are specifically focused on urban sustainability related
to tree planting, including DSS Nos. 2, 6, 7, 8, 15 and 16, as these DSSs even emphasized
the word ‘urban’ and subsequently sustainability in urban areas in their published articles
(Table 1). DSSs specifically targeted at forestry were very rare, as DSSs generally referred
to agroforestry, mainly because farmers and planters were key stakeholders rather than
stand-alone forestry applications. However, the stand-alone forestry DSSs also included
DSS Nos. 1 and 5, which also highlighted the term ‘forestry’ in the literature, particularly in
the article abstracts (Table 1). Therefore, the independent forestry objective was not taken
into account in this analysis.
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In addition, the Venn diagram of DSS comparisons reflects how existing DSSs have
combinations and commonalities of objectives, such as infrastructure/space optimization
with urban sustainability, which are described in the Section 2.3.

2.3. Results

Table 1 summarizes the DSSs focusing on urban tree plantations, agroforestry, etc.,
and shows a prevailing trend of using R and Python tools. However, the technologies used
span a wide range and include languages such as C#, C++, .NET, Python, R, and Java, as
well as web development tools such as HTML, CSS, and JavaScript. The emphasis on these
languages suggests a shared recognition within the community of their effectiveness in
tackling data-driven tasks and facilitating interdisciplinary collaboration in environmental
decision making [29,30].

Since DSSs have historically paid the least attention to the goal of climate resilience, it
is important to focus on climate-tolerant planting strategies by increasing the functional
diversity of trees, as this ensures the maintenance of ecosystem services by preventing tree
death [31]. Interestingly, the trade-offs between climate resilience and ecosystem services
are particularly embedded in the concept of climate adaptation, as in this context the focus
on the use of regulating ecosystem services is important [32].

According to the Venn diagram, the commonalities in the system in terms of the
goals they address include infrastructure/space optimization and urban sustainability (n
= 6), followed by ecosystem services and agroforestry (n = 6; Figure 2). This shows that
existing DSS developers in particular have placed emphasis on spatial optimization in
tree selection in urban areas, as well as maximizing ecosystem services in agroforestry
ecosystems. Furthermore, climate resilience and the urban sustainability of trees are
the least considered, while infrastructure/space optimization and ecosystem services are
relatively more considered in many DSS tools (Figure 2). Nevertheless, the existing DSSs
address all issues at different times, but not comprehensively. This is evident from the
analysis (Table 2).

DSSs aimed at urban sustainability often includes the regulation of ecosystem services
such as UHI mitigation (or cooling effect) and air quality. Other regulating ecosystem
services such as water quality, runoff reduction, and pollination were also included. In
addition, some existing DSSs have extensively addressed a wide range of ecosystem
services, for example, DSS Nos. 9, 14, 15, and 17. Provision services are also included, such
as in DSS Nos. 12, 13, 15, 17, etc., which include wood and non-timber forest products.
Some supporting ecosystem services such as soil fertility were also included (Table 2).

3. The Need for an Ecosystem-Services-Focused DSS

It is crucial to understand the ecosystem services received from trees during selection
and planting, as trees provide various regulatory (carbon sequestration, air pollution
reduction) and provisioning services (timber, tree crops). Non-market values sometimes
exceed commercial values and threats, such as forest fires and pests, and this must be
taken into account for resilience [33]. Additionally, models such as the Natural Capital
Protocol can be applied to improve agroforestry decision making and evaluation at the farm
level. They describe the connection between a natural capital, its condition, the resulting
ecosystem services, and the benefits that people derive from these services. Better benefit
representation can also promote the public benefits of agroforestry at the farm level [34].

One of the most important ecosystem services is flood protection, which can be
improved by riparian forests as part of agroforestry (e.g., riparian buffers), providing the
same benefits at almost 30% of the cost compared to an engineered protection structure, as
shown in a study in Germany [35]. Satellite datasets and IDF-based (Intensity, Duration
and Frequency) flood models can provide valuable information about the flooding and
water logging situation in regions experiencing monsoons and persistent floods. The areas
affected by flooding and erosion can be identified using flood depth and flow velocity
forecasts for 25-, 50- and 100-year return periods [36]. Therefore, the selection of tree species
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adapted to this water logging must be assessed based on the literature that evaluates
parameters such as stomatal conductance and net photosynthesis, since some tree species
show a reduction in these two processes after flooding [37]. In addition, trees such as
poplars in riparian zones are very tolerant of flooding because nitrogen metabolism is not
affected by flooding compared to species such as oak and beech, which are sensitive to
successive flooding, and the depth and duration of flooding must also be taken into account
in detail [38].

It is important to understand the dynamics of the UHI effect. There are regional
and zonal differences, including in urban areas, because although trees are effective in
reducing air temperature in areas with high building density, they are ineffective in built-up
areas with low building density, and therefore high-density trees with taller trunks are
recommended for built-up areas [39]. Changes in land use and land cover can influence
local surface temperatures. For example, as previously irrigated croplands and forests
transform into built-up urban areas over time, this can lead to increases in air and land
surface temperatures (LSTs). Conversely, a transition from bare land cover to urban areas
could reduce the average LST for semi-arid regions [40,41]. This highlights the significant
influence of both vegetation and urban development on LSTs at the local scale. The
vegetation has a cooling effect through transpiration, shading, and rainwater retention.

Similarly, urbanized zones contribute more to temperature reduction than regions with
exposed ground or rocky terrain due to their surface properties and materials that promote
convection more effectively [42]. There is a unique approach to UHI mitigation that involves
creating a regional Heat Vulnerability Index (HVI) that incorporates socioeconomic (family
income, age, building density) and environmental data (e.g., LST, vegetation) for decision
making [43], which helps to increase urban tree canopy cover with the most suitable tree
species. To mitigate UHI, urban areas need to be divided into high- and low-density areas
because land use and tree availability are limited in cities.

Furthermore, nature-based solutions (NbSs) to air pollution can be implemented zone-
wise by involving plantations. Air-pollution-tolerant species such as Shorea robusta, Ficus
religiosa, and Mangifera indica have high tolerance to pollutants and high metal accumula-
tion capacity in industrial areas. Dust removal and deposition are excellent in residential
areas in Azadirachta indica, Dalbergia sissoo, and Ficus religiosa [44]. Tools for slope protec-
tion and landslide mitigation include Plant-Best, which was developed in the statistical
programming language R [25].

Many factors influence tree plantation, including the value and placement of trees,
particularly in urban areas. This includes public lands, parks, and roadsides, as well as
private land, i.e., residential properties [45]. Kirkpatrick et al. [46] suggested that small
fruit trees on private property were more aesthetically pleasing and practical. A study
on agroforestry found that the management of forests involves significant uncertainty
regarding future timber prices, tree growth, and the impact of climate-related changes on
tree growth. Because most forest owners prefer to avoid risk and tree growth and timber
prices are unpredictable, the study suggests the following implication: longer rotations
should be compared to recommended guidelines. There may be a greater preference for
mixed stands than deterministic calculations suggest; the concentration of timber revenues
should be less focused on the final harvest, as currently recommended. The consistent
retention of multiple timber assortments in the inventory is advantageous, which indicates
that more uneven stand structures should be pursued [47].

Therefore, the suitability process must include mixed stands and not just monoculture
recommendations. However, this may not be the case for all tree species as agarwood
monoculture plantations could also be favorable in terms of growth, as they are endan-
gered [48]. Nevertheless, plantation agriculture in tropical countries must be managed
on the basis of polyculture systems and not monocultures since the ecosystem services
provided by the former are much better, as they include the improvement of biodiversity,
pollination, and biological pest control even in the context of small-scale silviculture [49].
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Hirsch et al. [50] found species-specific tolerance to drought and traffic pollution in urban
areas, suggesting the use of certain tree species along roads and in residential areas.

DSSs such as the FADSS (Florida Agroforestry DSS) dealt with economic and en-
vironmental services and used GIS databases that contained important datasets on tree
attributes, infrastructure, climate, soil, and cropping, including critical levels such as key
agroforestry management practices [26]. It is also important to include soil datasets on
soil pH, sand content, etc., for tree species distribution models (SDMs) as soil variables
are strong predictors of habitat suitability [51]. Soil datasets are often neglected in many
SDMs, so these datasets should be some of the core variables in decision support systems.
Finally, recent developments in tree selection DSSs include the Diversity for Restoration
(D4R) tool, which allows users to make multiple selections from a menu for restoration
objectives, ecosystem services, seeding zones, climate, and other environmental data on
decision-making for individual and combined tree species selection [27].

Therefore, by incorporating rich ecosystem services, DSS tools are enriched with
more data-driven and knowledge-driven capabilities, introducing complexities in these
systems that can then be addressed and improved through the implementation of DNNs,
as explained in the following section.

4. Proposed Use of DNN in DSS for Tree Selection/Plantation

In order to improve decision making in urban forestry for sustainable and livable
cities, AI has been increasingly used as part of smart technology in recent years [52].
However, only half of the studies using AI manage to take into account aspects such as the
limitations of methods, including robustness and lack of precision in some datasets, the
combined use of discrete and continuous data variables, overfitting, collinearity, etc. [53].
The application of AI in forestry can be improved by incorporating the XAI (Explainable
Artificial Intelligence), LTNL (Learning To Not Learn), and FUL (Feature Unlearning)
methods which allow the qualitative and quantitative comparison of model accuracy and
explanations through the use of predefined annotation matrices, i.e., expert knowledge
that can improve these deep learning models. Therefore, the combination of XAI, FUL, and
expert knowledge can improve the understanding of how the model works, instead of only
obtaining simple model results [54].

In addition, the use of CNNs (convolutional neural networks) is increasing signif-
icantly with a large number of applications in agriculture/agroforestry DSSs generally
based on frameworks such as Keras, Tensorflow, Tensorflow-Keras, PyTorch, Tensorflow-PyTorch,
and Deeplearning 4j [55]. In addition, the applications of DNNs for intelligent geographic
data analysis in DSSs in agriculture have shown promising results, especially when Back-
Propagation Neural Network (BPNN)-based prediction models are used to predict agricul-
tural indicator values [56,57]. In addition, DNN-based species distribution models show
better results than traditional models, including DNNs built using bootstraps to improve
the prediction performance of species distribution. These can be built in the Python environ-
ment using the Scikit-learn package with bootstrapping aggregation (bagging) performed
in the R statistics package boot to train the DNN [58]. Regardless, CNN-based SDMs offer
broader advantages, including better learning of non-linear environmental descriptors,
compelling distribution predictions of environmental descriptors, and the use of high-
dimensional data, enabling an improved collection of information about environmental
landscapes structured on tensors, rather than local values of environmental factors [59].
Likewise, the ecosystem service component of a tree plantation DSS can be better under-
stood and improved through these tensors [60], i.e., different functions of multiple vectors
(as ecosystem services include multiple services and complex relationships, such as be-
tween the existing environment and land use) can be considered in one vector. Ecosystem
services can be viewed as multi-linear functions of the vector [61].

As explained in the Section 2.3, a trend of DSS frameworks over the years is towards
the use of scripting and data analysis languages such as R and Python (Table 1). This trend
now also brings with it the possibility of using deep neural networks to solve complexities
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and improve automation processes, as DNNs can be developed with R [62] and Python
much more extensively [63–66].

TensorFlow uses the term “Tensor” to denote the primary data structure used in deep
learning algorithms. This “Tensor” represents a multi-dimensional array of numerical
values [67]. In addition, deep neural networks have been widely used in recent years.
This rise in popularity of deep learning models is due to TensorFlow, an open-source
deep learning framework, as this framework offers users the ability to rely on pre-defined,
network-trained deep learning classification (and regression) models while enabling the
customizable training of their personalized or custom datasets [68].

The TensorFlow Deep Neural Network (TF-DNN) is used in the Python environment
as the primary model of this study because TF-DNN has been applied in GIS studies that
have shown higher spatial prediction accuracy than other techniques such as random forest
(RF), support vector machines (SVMs), and logistic regression (LR) [69]. The TF-DNN
can be applied with semi-supervised learning with a multivariate multilayer perceptron
with training datasets, where the soil, climate, and landscape environmental layers can
be used to determine the land suitability of the plant species in the study, with the results
providing continuously better decision-making potential when validated through K-fold
cross-validation [70].

For the proper implementation of the TF-DNN, it is important to use multiple libraries,
including TensorFlow, Keras, NumPy, and Matplotlib. Keras is used as a backend to build and
implement the TF-DNN algorithm, while TensorFlow acts as a numerical computing library.
The Numpy library is useful for many mathematical functions that operate on arrays, and
Matplotlib is similarly used to visualize statistical outputs [71].

Therefore, the use of DNNs is crucial for improving the precision and effectiveness of
DSSs and contributes to sustainable and informed tree selection and plantation strategies
in both urban and regional environments.

5. Conclusions

This study not only highlights existing DSSs developed for the purpose of tree selection
and plantation, but also highlights the evolving trends and goals that DSSs address. It
outlines various goals that are commonly addressed in the existing literature and notes
the lack of a comprehensive DSS that takes into account all of these goals as well as future
challenges such as climate resilience and sustainable urban spaces.

Based on this review, it is important to focus on increasing the selection of climate-
resilient trees in DSSs, along with urban sustainability requirements, to maximize ecosystem
services in urban environments. Given the evolving trend of using scripting and data analy-
sis languages such as R and Python, incorporating DNNs can also improve decision making
when considering multiple ecosystem services and the benefits of agroforestry, especially
when the goal is better predictive modeling capabilities in the context of tree plantation.

In addition, the main objectives set out in this review must be addressed simulta-
neously and taken into account and included in the reviewed DSSs. The application of
DNNs in future DSS tools will enable the internalization of these challenging goals, espe-
cially when it comes to finding a balance between complex trade-offs such as maximizing
ecosystem services, the climate resilience of tree species, and maintaining the benefits of
agroforestry. This study will provide future DSS developers with an important comparison
to address some of the objectives not previously considered in DSSs. The future implemen-
tation of DNNs will improve decision making under challenging climate change conditions
and the resilience of ecosystem services.
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Abstract: Mapping cultural ecosystem services (CES) in river basins is crucial for spatially identi-
fying areas that merit conservation due to their significant CES contributions. However, precise
quantification of the appropriate area of mapping units, which is the basis for CES assessment, is
rare in existing studies. In this study, the optimal area threshold of mapping units (OATMU) identi-
fication, consisting of a multi-dimensional indicator framework and a methodology for validation,
was established to clarify the boundary and the appropriate area of the mapping units for CES. The
multi-dimensional indicator framework included geo-hydrological indicator (GI), economic indicator
(EI) and social management indicator (SMI). The OATMU for each indicator was determined by
seeking the inflection point in the second-order derivative of the power function. The minimum
value of the OATMU for each indicator was obtained as the OATMU for CES. Finally, the OATMU
for CES was validated by comparing it with the area of administrative villages in the river basin. The
results showed the OATMU for CES was 3.60 km2. This study adopted OATMU identification, with
easy access to basic data and simplified calculation methods, to provide clear and generic technical
support for optimizing CES mapping.

Keywords: watershed landscapes; mapping units; CES assessment; minimal unit; multi-dimensional
indicators

1. Introduction

The benefits provided by ecosystems and appropriated by humans are called Ecosys-
tem Services (ES) [1]. According to the Millennium Ecosystem Assessment, ESs are classi-
fied into four categories: provisioning, regulating, supporting, and cultural services, each
contributing uniquely to various aspects of human well-being [2]. Cultural ecosystem
services (CES) are the non-material benefits obtained from ecosystems and are classified
into 10 main subcategories: recreation and tourism, aesthetics, spiritual values, education,
inspirational values, cultural diversity, knowledge systems, sense of place and identity, so-
cial relations, and cultural heritage values [2]. CES are fundamentally shaped and sustained
by ecological, economic, and social factors [2–4]. However, the rapid pace of urbanization
poses significant challenges, leading to ecosystem fragmentation and functional degrada-
tion, which in turn diminishes the CES supply capacity [5]. As a key to society, CES must
be more thoroughly acknowledged as crucial for enhancing human health and demand
increased attention from policymakers [6].

Through a long history of human interaction with nature, river basins have become
densely populated human settlements and indispensable birthplaces of civilization [7]. The
role of river basins in providing CES—such as cultural heritage, recreation and ecotourism,
and aesthetic appreciation—is widely recognized [8]. These areas are considered the
foundational units for ecosystem conservation planning and are deemed appropriate scales
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for the management of CES [9]. CES mapping in river basins is primarily used to concretely
visualize the value of an area, allowing for an intuitive analysis of whether the supply and
demand of CES are balanced [9]. Areas with a high CES supply, often characterized by
abundant recreational activities or cultural values, contribute significantly to human health
and are therefore critical to identify and prioritize for enhanced conservation efforts [6].
Given the relatively high value of CES attributed to aquatic areas [10], it is of paramount
importance to conduct CES mapping studies in river basins.

However, without a clear understanding of the mapping units, the protection and
development of CES will be hampered [11]. To divide these units, Campos-Campos
et al. [12] analyzed variations in landscape units through the Supervised Classification
method, while Alvioli et al. [13] introduced an automated approach utilizing the r.slopeunits
v1.0 software for delineation. Currently, the mapping units for CES in river basins mainly
consist of existing grid cells [14], land-use units [15], homogeneous landscape units [16],
and administrative units [17]. In addition, different scales of catchments are applied
to measure CES supply and demand in river basins [18,19]. Recognized as units that
encapsulate ecological, social, economic, and cultural dimensions [11], catchments are
extensively applied as mapping units in the fields of Hydrology and Geography [13,20,21].
There is a well-established and systematic method for delineating catchment boundaries
using the ArcGIS 10.8 software hydrological analysis tool [21,22]. With clear boundaries
that match the natural geographic extent of river basins, catchments avoid the problem of
incompatibility between the boundaries of the mapping units and the study area.

The selection of mapping units profoundly affects the conclusions drawn from the
CES assessment because the area of these units determines the credibility of the spatial
images [11]. However, the determination of the appropriate area of mapping units has
been largely neglected [23], leading to inadequate representation of the study area’s char-
acteristics and compromised mapping accuracy [24]. Particularly when the precision of
mapping units falls below that of the socio-practical system, there is a notable deficiency
in motivation or comprehensive guidelines for their application [11]. Therefore, with
the establishment of appropriate units, CES can be accurately quantified [25]. Several
studies in environmental hydraulics have used multiple catchment area thresholds for se-
lecting the optimal area thresholds to obtain relatively homogeneous and refined mapping
units [20,22,26]. To enhance mapping precision alongside computational efficiency, this
study introduced the concept of area threshold, offering both a theoretical framework and
a practical approach for accurately determining the appropriate area of mapping units.
The area threshold of mapping units (ATMU) is defined as the minimum area of mapping
units. The optimal area threshold of mapping units (OATMU) is defined as the ATMU that
most effectively fulfills the objectives of the study, thereby enhancing the precision of the
outcomes and accurately reflecting the characteristics of the study area [22]. The value of
OATMU, which determines the most appropriate area of mapping units, varies according
to the research objectives and is highly related to the indicator selection. For instance, in the
pursuit of accurately delineating actual river networks and catchment boundaries, drainage
density serves as a key indicator for determining the OATMU [22].

This study mainly focused on (1) clarifying the boundary and the most appropriate
area of the mapping units for CES; (2) determining the indicators affecting the area of the
mapping units and methods of their calculation; and (3) testing the applicability of OATMU
identification methods for CES in river basins. As a cornerstone in the research on CES
spatial mapping, this study has constructed a novel, streamlined, and transferable method
that leverages available spatial data to identify the optimal area for mapping units with high
precision. By tackling the earlier challenges of subjective selection of mapping unit types
and the absence of quantitative assessments of their areas, this study significantly advanced
the precise application of CES quantification and supply demand research outcomes in
real-world spaces.
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2. Materials and Methods

2.1. Study Area

The Qiantang River Basin is located in southeastern China, covering an area of
42,770.05 km2 (116◦52′ to 120◦56′ E, 27◦56′ to 30◦59′ N) (Figure 1). The whole river, with
a length of 668.10 km, is the longest river in Zhejiang Province. As of the end of 2020,
the basin boasted a population of 12,667,200 and a GDP of approximately 1.65 trillion
dollars [27]. As one of the top ten practices of Nature-Based Solutions jointly published
by the Chinese Ministry of Natural Resources and the World Conservation Union (IUCN),
the Qiantang River Basin serves as a pilot location for developing and demonstrating a
replicable and scalable model of key ecological functional zones across the nation [27].

Figure 1. The location and elevation of study area.

There are 3 reasons for choosing the Qiantang River Basin as the study area: (1) Diverse
Geomorphology for CES Spatial Analysis. The Qiantang River Basin is a representative
region featuring a wide range of catchment geomorphic types, including mountains, basins,
and plains [28]. This diversity in topographic features across different catchments yields
a variety of CES [8]. (2) Rich and Emblematic Cultural Heritage. Serving as a cradle of
ancient Chinese civilization, the basin is closely linked with four World Heritage sites:
Huangshan Mountain, West Lake, the Grand Canal, and ancient villages in southern Anhui
province, such as Xidi and Hongcun. It is also home to the renowned Liangzhu Culture
(5300–4200 cal. a BP) and Hui Culture (1121–1911), making it a region of significant cultural
value [28]. (3) Challenges Posed by Rapid Urbanization. As one of the most densely
populated and economically advanced areas in China, the Qiantang River Basin faces
threats from fast-paced urbanization, which leads to the encroachment and fragmentation
of CES areas. Notably, the construction of hydroelectric power plants has contributed to
the loss of numerous historical sites. This underscores the critical need for a systematic and
accurate approach to CES space optimization within the basin.

2.2. Research Framework

As a foundational study of CES mapping, the OATMU identification method was
constructed to identify the boundary and the most appropriate area of the mapping units.
Distinct from other ESs, the assessment of CES leans heavily on human perceptions, cultural
values, and demands [29]. Consequently, incorporating indicators that reflect economic
and social dimensions is crucial. Based on ecological, economic and social aspects, a
multi-dimensional indicator framework with specific indicator calculation methods and
the validation of the final results were established in this study (Figure 2).
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Figure 2. Research framework.

2.3. Data Sources and Preprocessing

Five data sets were used to calculate the OATMU: the digital elevation model (DEM),
China population spatial distribution data, China GDP spatial distribution data, China
administrative boundary data and the point of interest (POI) (Table 1).

Table 1. Data sources.

Data Time Scale/Format/Resolution Source

Digital elevation Model
(DEM) 2022 The Qiantang River Basin,

grid, 30 m
Geospatial Data Cloud (https://www.gscloud.cn/,

accessed on 26 May 2023)

China population spatial
distribution data 2019 China, gird, 1 km

Resource and Environmental Science and Data Center
of the Chinese Academy of Sciences

(https://www.resdc.cn/, accessed on 29 May 2023)

China GDP spatial
distribution data 2019 China, gird, 1 km

Resource and Environmental Science and Data Center
of the Chinese Academy of Sciences

(https://www.resdc.cn/, accessed on 29 May 2023)

China administrative
boundary data 2021 The Qiantang River Basin,

shape, shape

Resource and Environmental Science and Data Center
of the Chinese Academy of Sciences

(https://www.resdc.cn/, accessed on 5 May 2023)

Point of interest (POI) 2022 The Qiantang River Basin,
point, point

Amap Company (https://www.amap.com/, accessed
on 26 May 2023)

Among these, the China population spatial distribution data and China GDP spatial
distribution data have not been updated in recent years; thus, the most recent data from
2019 were used. At Amap Company, one of China’s most popular mapping services, POI
data were categorized into 23 types using classification codes. For this study, POI data
for government organizations and social groups within the study area were collected,
amounting to 57,644 records.

The projection coordinate system for the aforementioned data was converted to WGS
1984 UTM Zone 50N. Spatial data processing was conducted using ArcGIS 10.8.
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2.4. Alternatives for ATMUs

The ATMUs are typically determined by the number of grids with different DEM
accuracies [22] or by the limitations of available computing memory [30]. This study
established the ATMUs based on the following criteria: (1) Integration of ecological and
social research findings. For social ecosystems, the average area of mapping units is
3.50 km2 [23]. Consistent with studies of river basins of comparable size, the OATMUs
range from 1.41 to 7.20 km2 at the ecological and social levels. (2) Accuracy Assurance.
Available studies offer a range of 6 to 15 alternatives (Table 2). Finer ATMUs and a greater
number of alternatives lead to more accurate results [22,31]. To ensure precision, this study
adopts the maximum number of alternatives for calculations. (3) Maximizing the OATMU
range of values. The upper limit was increased to the maximum reported value of 40.5 km2

in existing studies (Table 2). (4) Grid Multiplicity [22]. The ATMU is an integer multiple of
the number of grids. In this study, with a DEM data accuracy of 30 m and each grid area
being 30 m × 30 m, the ATMU is an integer multiple of 0.0009 km2.

Table 2. Research results on the optimal catchment area threshold.

Study Area (km2)
Range of Alternative

(km2)
Number of

Alternatives
Optimal Catchment

Area Threshold (km2)
Identification Method

1350 0.45~40.5 15 7.2 Drainage density method [32]

772.6 0.0081~6.4800 10 4.05 Box dimension method [22]

Multi-basins 0.5~10 6 5 Coefficient of line
correspondence [33]

1700.61 0.9~18 7 7.2 Drainage density method [34]

95,400 0.078~3.125 7 1.5625 Box-Counting Method [26]

95,400 0.1562~3.90625 13 1.40625 Multifractal Method [26]

In summary, following the research of Zhang [32], this study selected 15 alternatives
with 500, 1000, 1500, 2000, 4000, 6000, 8000, 10,000, 15,000, 20,000, 25,000, 30,000, 35,000,
40,000, and 45,000 grids. The calculation formula for each alternative is as follows:

ATMUj = Agrid × Qj(1 ≤ j ≤ 15) (1)

where ATMUj is the ATMU of jth alternative, Agrid is the area of grid, Qj is the number of
grids of jth alternatives.

Consequently, the 15 alternatives of ATMUs were determined to be 0.45 km2, 0.90 km2,
1.35 km2, 1.80 km2, 3.60 km2, 5.40 km2, 7.20 km2, 9.00 km2, 13.50 km2, 18.00 km2, 22.50 km2,
27.00 km2, 31.50 km2, 36.00 km2, 40.50 km2.

Utilizing the four-step process of terrain preprocessing, flow direction identification,
ATMU setting, and catchment extraction in the Hydrological Analysis module of ArcGIS
10.8 software [22], 15 catchment alternatives were generated. Patches smaller than the
ATMU were automatically eliminated to optimize the ATMU alternatives.

2.5. Indicator Framework

The following criteria were utilized to select the OATMU for CES: (1) Covering eco-
logical, economic and social aspects [3,4]; (2) Data availability, accessibility and reliability;
(3) Representativeness of indicators for core characteristics. In summary, 3 indicators were
selected to identify the OATMU for CES: the geo-hydrological indicator (GI), economy
indicator (EI), and the social management indicator (SMI).

2.5.1. Geo-Hydrological Indicator

The drainage density was used as a proxy for the geomorphologic and hydrologic
characteristics of river basins [35]. The drainage density, which shows a strong correlation
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with surface roughness, vegetation index, and water storage changes, is better modeled
and more generalizable [36]. Hence, the drainage density was selected to characterize GI.
Its calculation formula is as follows:

Dd =
∑n

i=1 Li
∑n

i=1 Ai
(2)

where Dd is the drainage density, i is the ith mapping unit, n is the maximum number of
mapping units, Li is the river length in the ith mapping unit, and Ai is the area of the ith

mapping unit.

2.5.2. Economy Indicator

GDP per capita is frequently utilized as a significant measurement of economic stan-
dards [37]. The level of economic development is similar in each mapping unit; therefore,
the economic homogeneity within the mapping unit can be reflected by the degree of
dispersion of GDP per capita.

The standard deviation is often utilized to depict the extent of data dispersion or
aggregation uniformity in space [38]. Hence, the mean value of the standard deviation of
GDP per capita was selected to represent EI. The formula is as follows:

MSD =
∑n

i=1 Si

n
(3)

where MSD is the mean standard deviation of GDP per capita, i is the ith mapping unit, n is
the maximum number of mapping units, Si is the standard deviation of GDP per capita in
the ith mapping unit.

2.5.3. Social Management Indicator

As one of the 3 dimensions of CES, social aspect includes a societal or shared interpre-
tation at stake, as in social process, social scale, social problem, etc. [4]. Social management
is crucial in the social aspect, as it often determines the specific preferences for management
programs and the implementation of management decisions. Government organizations
and social groups are the mainstays of social management. The greater the concentration of
government organizations and social groups, the more likely it is to be a complete spatial
unit with control, management, supervision and service functions [39]. Traditional methods
such as the kernel density method use POI as a single data source [40], which failed to
combine the mapping unit variables to reflect the differences among alternatives. The Index
of Patchiness (Ip) is used in population ecology to measure the intensity of population
aggregation by calculating patches occupied by the number of individuals [41]. Due to the
need to clarify the spatial extent of study individuals and distribution patches, this study
selected Ip of POI for government organizations and social groups to illustrate SMI. The
formula is as follows:

Ip =
Ic

P
(4)

where Ic is the index of mean crowding, P is the average number of POI for government
organizations and social groups within each mapping unit. Where P is as follows:

P =
∑n

i=1 Pi

n
(5)

where i is the ith mapping unit, n is the maximum number of mapping units, Pi is the
number of POI for government organizations and social groups in the ith mapping unit. Ic
is as follows:

Ic = p + (
s2

p
− 1) (6)
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where S2 is the variance of the number of POI for government organizations and social
groups in the mapping units from i to n.

2.6. Identification of the OATMU

The OATMU is typically determined by the inflection points on the relationship curve
that illustrates the correlation between the indicator and ATMUs [42]. This method is not
limited to calculating optimal area thresholds corresponding to drainage density but is also
widely used to calculate optimal area thresholds for slope [43], socio-economic [44], and so
on. Second-order derivative analysis is commonly used as a research method for extracting
inflection points from relationship curves [45], with the advantages of computational
simplicity and ascertainable results. The inflection point in this method is where the
second derivative approaches 0 and no longer changes afterwards [46]. In this study,
the second-order derivative of the fitting function curve was chosen to detect particular
inflection points.

Through the Matlab R2020a software, the relationship between the 3 indicators and
ATMUs was curve-fitted using the power function [47], the second-order derivatives of
the power function were obtained, and the inflection point was identified [46]. The ATMU
corresponding to the inflection point is the OATMU for each indicator.

When there are different OATMUs for each indicator, it is generally believed that the
smallest OATMU is more conducive to fine-scale surface research [30,31]. To prevent the
loss of spatial information during calculation, this study selected the minimum OATMU
value from the 3 indicators as the OATMU for CES in river basins. The formula is as follows:

O = min{OGI , OEI , OSMI} (7)

where OGI , OEI , OSMI is the OATMU corresponding to the inflection points of the GI, EI,
and SMI, O is the OATMU for CES in the basin.

2.7. Validation of the OATMU for CES

As the practical units of a basin ecosystem, catchments do not coincide with the
boundaries of administrative units [18], but often have strong correlations with them [48].
Administrative villages are the smallest administrative units and also have relatively com-
plete social-ecological systems, often appearing as the basic units of cultural landscapes [49].
In this study, the validation of the OATMU for CES was carried out by measuring the simi-
larity of area data between the mapping units and administrative villages. The mapping
unit dataset with the OATMU for CES was defined as the OATMU group; the mapping
unit dataset with the left ATMUs adjacent to the OATMU was defined left-OATMU group;
the mapping unit dataset with the right ATMU adjacent to the OATMU was defined as
the right-OATMU group; and the administrative village dataset within the Qiantang River
Basin was defined as the administrative village group. By comparing the mean area, area
quartile distance, and area maximum interval of the 3 ATMU groups and the administrative
village group [26], the group with the minimum percent error of all three is the OATMU
group for CES, and the corresponding ATMU is the OATMU for CES in the river basin.
Validation was conducted using descriptive statistics and box plots in IBM SPSS Statistics
26 software.

3. Results

3.1. Characteristics of the Indicators

Fifteen alternatives for ATMUs were obtained through extraction and optimization.
The mean area of mapping units for each alternative was concentrated between 1.05 and
92.62 km2 (Figure 3).
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Figure 3. Fifteen alternatives for ATMUs in the Qiantang River Basin.

For GI, among the 15 alternatives, the minimum area of mapping units was 0.45 km2,
and the maximum area was 421.52 km2 (Figure 4A). The average river length of
15 alternatives was concentrated at 0.45~3.93 km, with the shortest length of 0.03 km
and the maximum length of 51.39 km (Figure 4B). For EI, GDP per capita varied consider-
ably within each alternative, resulting in more extreme values. The minimum value of the
standard deviation of GDP per capita within each mapping unit was 0, and the maximum
value was 16.00 (Figure 4C). For SMI, the minimum number of POIs for government orga-
nizations and social groups in each mapping unit was 0, with the maximum reaching 3471
(Figure 4D).
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Figure 4. (A) Area of each mapping unit of 15 alternatives for ATMUs; (B) River length in each
mapping unit of 15 alternatives for ATMUs; (C) Standard deviation of per capita GDP in each
mapping unit of 15 alternatives for ATMUs; (D) Number of POIs for government organizations and
social groups in each mapping unit of 15 alternatives for ATMUs.

3.2. Evaluation of the OATMU for CES

(1) The OATMU for GI
EI was used as the vertical axis, and ATMU was used as the horizontal axis. The

power function used for curve fitting was y = 0.8058x−0.4586, with a goodness-of-fit
R2 = 1 (Figure 5A). The second derivative of power function fitting for RE was
y = 0.539010868968x−2.4586 (Figure 5B). The curve image plotted by Matlab showed
the ATMU corresponding to the inflection point was 3.60 km2. For GI, the OATMU in the
Qiantang River Basin was 3.60 km2.

(2) The OATMU for EI
EI was used as the vertical axis, and ATMU was used as the horizontal axis. The

power function used for curve fitting was y = 0.07288x0.4725, with a goodness-of-fit
R2 = 0.991 (Figure 5C). The second derivative of power function fitting for SEI was
y = −0.0181648845x−1.5275 (Figure 5D), and the ATMU corresponding to the inflection
point was 9.00 km2. For EI, the OATMU in the Qiantang River Basin was 9.00 km2.

(3) The OATMU for SMI
SMI was used as the vertical axis, and ATMU was used as the horizontal axis.

The power function used for curve fitting was y = 13.56x−0.3133, with a goodness-of-
fit R2 = 0.9888 (Figure 5E). The second derivative of power function fitting for SMI was
y = 5.5793554284x−2.3133 (Figure 5F), and the ATMU corresponding to the inflection point
was 3.60 km2. For SMI, the OATMU in the Qiantang River Basin was 3.60 km2.

(4) The OATMU for CES
According to Equation (7), the OATMU for CES in the Qiantang River Basin was

determined to be 3.60 km2. When the ATMU was 3.60 km2, the GI was 0.4592, the EI was
0.1383 and the SMI was 6.6596. There were 4910 mapping units in the OATMU dataset, of
which the area of mapping units smaller than 6.37 km2 accounted for 46.74% of the total.
The mapping units between 6.38 km2 and 10.11 km2 accounted for 29.04%. The mapping
units between 10.12 km2 and 15.27 km2 accounted for 15.58% (Figure 6).
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Figure 5. (A) Fitting power function for GI; (B) Second derivative of power function fitting for GI;
(C) Fitting power function for EI; (D) Second derivative of power function fitting for EI; (E) Fitting
power function for SMI; (F) Second derivative of power function fitting for SMI.

Figure 6. The dataset of OATMU for CES in the Qiantang River Basin.

3.3. Validation of ATMUs Groups and Administrative Village Group

The OATMU group (3.60 km2), the left-OATMU group (1.80 km2), and the right-
OATMU group (5.40 km2) were selected for validation with the administrative village group.
The mean area of the administrative village group was 6.29 km2, with an interquartile
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range of 4.68 km2. The mean area of the left-OATMU group was 4.19 km2 with an error
of 33.39% from the mean area of the administrative village group and an interquartile
range of 2.64 km2 with an error of 43.59%. The mean area of the OATMU group was
8.23 km2 with an error of 30.84%, and the interquartile range was 5.16 km2 with an error
of 10.26%. The mean area of the right OATMU group was 12.63 km2 with an error of
100.79% and the interquartile range was 8.19 km2 with an error of 75%. Compared to the
left-OATMU and the right-OATMU groups, the boxplots for the administrative village
group and the OATMU group were the most similar, with both sets of boxes clustered in
the 0–10 km2, with the lower edges clustered in the 0–10 km2 and the upper edges clustered
in the 10–20 km2 (Table 3).

Table 3. Validation of the OATMU for CES in the Qiantang River Basin.

Administrative
Village Group

Left-OATMU Group OATMU Group Right-OATMU Group

Mean area 6.29 4.19 8.23 12.63

Range 63.42 24.84 53.24 62.72

Minimum 0.34 1.80 3.60 5.40

Maximum 63.75 26.64 56.84 68.12

Lower quartile 2.25 2.42 4.79 7.28

Median 4.13 3.41 6.66 10.14

Upper quartile 6.93 5.06 9.95 15.47

Boxplot

The median area of the left-OATMU group was closer to that of the administrative
village group. However, the range of the maximum value was 24.84 km2, which was
significantly smaller than that of the administrative village group (63.42 km2). There is
a risk that a large number of basic cultural landscape units could be divided excessively
resulting in data redundancy. The minimum and mean values of the area for the right-
OATMU group were much larger than the values of the administrative village group. For
the right-OATMU group, the area of the mapping units was too large, resulting in decreased
accuracy of the results. The percentage error of the mean area and quartile distance of
the OATMU group was the smallest. In addition, the range and degree of data dispersion
were most similar to those of the administrative village group, and it avoided the data
redundancy caused by excessive delineation of basic cultural landscape units. Therefore,
the OATMU for CES in the Qiantang River Basin was determined to be 3.60 km2.

4. Discussion

4.1. Applicability of the Multi-Dimensional Indicators and Calculation Methods

This study systematically identified the OATMU for CES by constructing a multi-
dimensional indicator framework that includes GI, EI, and SMI. They were derived from
Zhou et al., MEA, Scholte et al., Barnes and Hamylton, and Heasley et al. [2,3,36,41,50].
In contrast to previous studies that constructed a GI framework for river basin manage-
ment [51], this study integrated EI and social SMI, adding two measurement dimensions
(Figure 4) that yielded more systematic results.
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For calculating GI, the drainage density method proves to be more effective for simu-
lating areas with large topographic relief compared to the fitness index and fractal theory
methods [52]. The difference in elevation in the Qiantang River basin is 1770 m (Figure 2).
Combined with the actual situation of the study area, it is more reasonable to choose the
drainage density method. Through the drainage density method, Zheng et al. [53] found
that many parallel river networks were formed in areas with little change in elevation.
This aligns with the results of the four alternatives for ATMUs, which take values between
0.45 km2 and 3.60 km2 (Figure 3). Additionally, as the ATMU becomes larger, the slope
network chain is gradually eliminated, revealing the main rivers [53]. This is similar to
the findings of this study (Figure 4B). The study areas have different locations and cover a
wide range of scales (Table 2), which demonstrates the universality of the drainage density
method for calculating GI.

For EI, the variability of GDP per capita between mapping units can be calculated by
absolute differences, including standard deviations [50]. In this study, the mean value of
the standard deviation of GDP per capita was used to reflect the differences for the EI of the
mapping units, which facilitates cross-sectional comparisons of alternatives when there is
only one value for each ATMU. In the absence of finer data sources, the standard deviation
of GDP per capita within many mapping units is 0 for ATMUs smaller than or equal to 9
km2 (Figure 4C), which is consistent with the study of Liang et al. [54]. The large degree
of data dispersion (Figure 4C) indicated that the economic distribution of the Qiantang
River Basin is not uniform and that there are large differences in economic development
between different mapping units, which is consistent with the study of Zhou et al. and
Wang et al. [55,56].

For SMI, Ip was introduced to explore the possibility that the clustering pattern of POIs
varies with the spatial scale of the mapping unit. The distribution of POI for government
organizations and social groups, whose primary function is management and accessibility,
is geospatially relevant. The 15 ATMUs from 0.45–40.5 km2 all have a number of POIs
within a single mapping unit of 0 (Figure 4D), due to the fact that those mapping units
are located in large bodies of water or in mountainous areas that are not easily accessible
(Figure 2). The presence of large ecological reserves with geomorphological diversity limits
the spatial distribution of POIs, which is consistent with Zhen et al. [57]. The maximum
value of the number of POIs within a single mapping unit reaches 3471, and the minimum
value is 0 (Figure 4D). Such a huge difference in the extreme value of the number for POI
reflects the imbalance of the social management situation in the Qiantang River Basin,
which is in line with the study of Li [58].

4.2. Identification and Comparison of the OATMUs for Each Indicator

Based on the conclusion from the existing literature, this study applied the method
that accurately identified the OATMU by fitting the second-order derivative of the power
function [46]. Some studies exacted the OATMU by calculating the rate of reduction for the
first-order derivative of the power function relationship [53] or the rate of change for the
relation curve [26]. However, in the fitted curves for the three indicators of GI, EI, and SMI
(Figure 5A,C,E), the rate of change for the relationship curves has been decreasing with the
increase in ATMUs, and it becomes challenging to determine the corresponding OATMUs
from the appropriate rate of change. Tang et al. used Matlab to calculate the OATMU by
interpolating the data with a one-in-ten-thousand threshold [59]. However, since the area
ratio of the study area to the mapping unit in this study is sufficiently large, refining the
accuracy to 0.0009 km2 would result in a large amount of redundant computational data.
Considering precision and ease of operation, this method, which was identified by fitting
the second-order derivative of the power function, was used in this study for calculation.

In the Qiantang River Basin, the OATMU for GI was 3.60 km2, which was similar to
the studies of Wu et al. [22] and Olsen et al. [33]. Wu et al. calculated very close results
using three DEM datasets to evaluate the reasonableness of OATMU [22]. An ATMU of
3.60 km2 represents the first interval change from 0.45 km2 to 0.90 km2. The rule by which
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the OATMU is more likely to be identified falls between the first interval change of ATMU,
consistent with the results of Zhang et al. [46]. Wu et al. [22] found three phases of the
relationship curve with a rapid decline, a flat fluctuation and a convergence to a fixed
value, which is consistent with the findings of this study (Figure 5A). The OATMU of
GI and SMI were consistent, suggesting that the catchments naturally generated by the
geographic environment are highly similar to the mapping units with social management
functions, which was consistent with the study of Martín-López et al. [48]. The OATMU
for EI was 9.00 km2, which was larger than the value of the other indicators. This is due to
the fact that EI is usually plotted for larger mapping units, such as town administrative
units [54]. Furthermore, as the last ATMU before the interval became larger, 10,000 grids
corresponding to 9.00 km2 were more likely to be an OATMU. This pattern is also consistent
with the results of Zhang et al. [26].

4.3. Limitations

Despite the important contributions of this study, it also has limitations and uncer-
tainties. First, due to the lack of finer data sources for the GDP data in the Qiantang River
Basin, the OATMU for EI in the Qiantang River Basin did not have much influence on
the final OATMU for CES. However, if the scale of the study area is larger or if there is a
finer GDP per capita data source, the EI will affect the calculation process and the value
of the final results. Second, differences in factors, such as the ratio of the relationship
curves to the axes, may lead to errors in the inflection points of the curve images plotted by
Matlab. To address this issue, this study selected the two neighboring ATMUs to validate
the OATMU for CES. CES is comprehensively influenced by multiple factors [21], and
there are trade-off or synergy relationships between the indicators [60]. Therefore, the
small number of corresponding indicators may also affect the accuracy of the final OATMU
identification, despite the fact that the study added two key indicators in both dimensions.

In addition, the alternatives for ATMUs were set based on the literature, which may
affect their accuracy. In the relevant literature, the area ratio of the study area to the
mapping unit ranges from 102:1 to 103:1 [22,26]. In this study, the ratio was raised to 104:1,
which split the mapping units sufficiently to ensure accuracy. Even if there were more
appropriate area thresholds within each alternative, the errors would likely have minimal
impact on the results. Due to the need for more precise segmentation and the large amount
of data involved in the subdivision of catchments, Python and Matlab can be utilized to
assist with computation in the future.

5. Conclusions

Based on the OATMU identification method, this study identified the OATMU for CES
in the Qiantang River Basin from a multi-dimensional perspective. The method included
four main steps: finalizing alternatives for ATMUs, establishing a multi-dimensional
indicator framework for identifying the OATMU for CES, calculating the OATMU for each
indicator, and calculating and validating the OATMU for CES.

Mapping units were appropriately divided according to the CES characteristics of
the study area, avoiding division of the basic cultural landscape units or computational
redundancy. Fifteen alternatives of ATMUs were established to control the calculation
and selection of the OATMU, which improved the accuracy of the quantitative study for
mapping units. The results showed that for the Qiantang River Basin, the OATMU for GI
was 3.60 km2, the OATMU for EI was 9.00 km2, the OATMU for SMI was 3.60 km2, and the
OATMU for CES was 3.60 km2.

The indicators and calculation methods proposed here can be spatially replicated and
can be applied to various river basins, providing CES. Despite the limitations in terms
of data accuracy and alternative settings, the research method of this study helped to
clarify the optimal mapping units to demonstrate the spatial distribution of CES more
scientifically and accurately when calculating supply and demand. For future urban
planning in the Qiantang River Basin, it is recommended that the mapping units delineated
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by the OATMU of 3.60 km2 be considered as homogenized units with closely similar CES
characteristics, which can be utilized in planning practice to facilitate CES conservation and
development. The study’s reasonably evaluated units, which reflect the spatial variation of
CES most realistically, can provide a basis for ecosystem service valuation and ecological
compensation transfer payments.
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Sujetovienė, G. Spatial and Temporal

Changes in Supply and Demand for

Ecosystem Services in Response to

Urbanization: A Case Study in

Vilnius, Lithuania. Land 2024, 13, 454.

https://doi.org/10.3390/land13040454

Academic Editors: Alessio Russo and

Giuseppe T. Cirella

Received: 7 February 2024

Revised: 22 March 2024

Accepted: 27 March 2024

Published: 2 April 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

land

Article

Spatial and Temporal Changes in Supply and Demand for
Ecosystem Services in Response to Urbanization: A Case Study
in Vilnius, Lithuania

Giedrius Dabašinskas and Gintarė Sujetovienė *
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Abstract: Intensification of urbanization is changing the supply capacities and demand levels of
ecosystem services (ESs), and their mismatch has become a major problem for the sustainable
development of urban areas. In this study, spatiotemporal changes of three ecosystem services (food
provision, C sequestration, recreation) were quantified and imbalances between their supply and
demand were identified in Vilnius County (Lithuania) in 2000–2020. The most significant land use
transformation was the increase in forest and urbanized land at the expense of agricultural land. The
lowest supply and the highest demand for food, carbon sequestration, and outdoor recreation were in
the urban center. The urban land ratio had a negative impact on the provision of ecosystems’ services
during the study period, most notably affecting food supply. Urbanization indicators—population
density and urban land area—showed a negative relationship with the provision of ecosystem
services. The balance of supply and demand changed during the 2000–2020 period—the growth of
suburbs led to the distance of the supply areas from the city, and the area of the intense demand
increased. The results of the study highlight the importance of spatial scale in determining the impact
of urbanization on ecosystem functions.

Keywords: ecosystem services; supply; demand; urbanization; spatiotemporal changes; land cover

1. Introduction

The overall increase in the world’s population has been accompanied by an increase in
the number of people living in cities. This relatively new phenomenon in modern human
history is the main driver of many environmental changes [1]. Urban land development
is a dynamic process that irreversibly and rapidly changes land cover and/or land use
from natural ecosystems to artificial and built-up areas [2]. As the population has become
more concentrated in urban centers, rural areas have become less dense. On the contrary,
agricultural land in the suburban areas is being converted into built-up areas. These land
cover changes have significant impacts on ecosystem functioning and represent a challenge
for optimal land use management and biodiversity conservation [3].

Population growth and densification increase the scale and nature of supply and
demand of ecosystem- and non-ecosystem-services (socioeconomic) [4]. The supply of
ecosystem services is the ability of the ecosystem to provide a certain service for human
well-being, and the demand is the need for these services. In such case, there was a high
risk of oversupply and insufficient demand due to the identified differences in the capacity
of ecosystems to provide a service compared to its demand [5]. A mismatch between the
supply and demand of ecosystem services was in urbanized areas where demand is higher
due to high population concentration [6,7]. The more densely buildings and other urban
constructions cover the surface, the lower the ecosystem’s capacity to provide human
well-being [8]. As urban centers grow, the need for recreation opportunities increases.
Only rural areas in rural areas or remaining fragments of green urban areas can meet
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the demands of the urban population. This creates a gradient of supply and demand in
rural and urban areas, and the need for recreational areas in the urban center challenges
urban planners [9,10].

Urbanization indicators clearly show a negative relationship with the various welfare
benefits that people derive from ecosystems. The direct and effective impact of land
urbanization on ecosystem functions was demonstrated by the negative linear relationship
between land urbanization and total ecosystem services [11]. As urban land area increased,
the provision of ecosystem services such as carbon sequestration, grain production, and
habitat quality was negatively associated with urbanization indicators such as the night
index, GDP, or population [12]. The potential for ecosystem services, especially regulating,
supporting, and provisioning services [7,13–15] and health [16], has been greatly reduced
by urban sprawl. However, not all ecosystem services have declined with urban expansion.
For example, water yield increased with increasing levels of urbanization [12,15] as urban
land reduced water retention, evaporation, and infiltration, resulting in a higher total
water yield. Some ecosystem services are not directly related to urbanization and reflect
different forms of associations. The relationship between provision of ecosystem service
and land cover varied greatly across space and time, being both positive and negative [17].
The relationship between food provisioning and urbanization represented an inverted
U shape [15]. In some cases, even a very high level of urbanization does not affect the
provision of some ecosystem services—even a megalopolis like Shanghai met the desired
amount of PM10 removal service [7]. Urban planning and sustainable development play an
important role in assessing the ES’s losses from urban sprawl.

Studies have shown inconsistent and conflicting findings on the relationships, so
there is a need for further research on the relationship between the level of urbanization
and the provision of ecosystem services. As most studies have focused on megacities
e.g., [7,15,18] there is still a lack of research on the effects of a medium-level urbanization
process. Metropolitan areas play an increasing role globally, becoming the centers of
population and economic growth, but also having a significant impact on ecosystems and
resource management. As is common to the post-socialist Central and Eastern Europe,
since 1990, Lithuania has experienced rapid suburbanization, where the expansion of
urban sprawl is very pronounced. Despite increases in urban spawl, another interesting
fact was that since the 1990s, Lithuania lost almost a quarter of its population, and some
regions within the country lost more than 50% of their residents [19]. The population has
declined in almost the entire country, except for the areas around the largest cities, where
metropolitan growth through urbanization has been observed since the early 1990s. Despite
population decline across the country, immigration in major urban centers has generally
been higher than emigration. Recent studies raised concern about the rapid urban sprawl of
the Vilnius urban zone and its consequences, such as deteriorating ecosystem health [16,20].
However, a more detailed analysis of the spatial distribution ecosystem services, its change
and supply–demand of ES in the wider Vilnius metropolitan area, including the suburbs,
is needed. The aim of this study was to quantitatively assess the spatial and temporal
dynamics of three ecosystem services (food, carbon sequestration, recreation) in the Vilnius
metropolitan area from 2000 to 2020 and identify the mismatches between their supply
and demand.

2. Materials and Methods

2.1. Study Area

Lithuania is located in a mid-latitude climate zone and belongs to the southwestern
sub-region of the Atlantic continental forest zone (Figure 1). The average annual temper-
ature is 6.1–6.8 and the average annual precipitation is 610–700 mm. The study area is
Vilnius County located in the east of the country around the capital city of Vilnius. Vilnius
County is located around the capital of Lithuania, Vilnius, which is the largest of Lithuania’s
10 counties in terms of both area and population (30% of the population of Lithuania).
The county consists of Vilnius city, its suburbs, and rural areas located farther away from
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Vilnius. There are 8 municipalities which are divided into 105 elderships. We used the
elderships with census data as the most comprehensive level in our study.

Figure 1. Location of the study area—Vilnius County (orange), Lithuania.

It is the fastest growing city in the region, and it is the only one of Lithuania’s major
cities where immigration has been higher than emigration and is the second youngest city
in the Nordic European countries. The population in the study area decreased by 4.6%,
from 850,064 in 2001 and to 810,797 inhabitants in 2021. However, the change was very
different in certain regions of the county (Figure 2). Spatial population changes showed
that in suburban areas, the share of population has decreased, while in the city center, it
has increased, in some cases by more than 150%. This period experienced a large increase
in suburban area around the city of Vilnius [21]. At the same time, remote rural areas have
lost a significant part of their population, thus inflicting changes in land use as well as ES
flows in the county.

Figure 2. Population change (%) in elderships of Vilnius County, Lithuania from 2001 to 2021.

2.2. Mapping LULC Changes

Land use/land cover (LULC) was obtained from the 2000 and 2018 CORINE datasets.
The CORINE dataset is the most comprehensive European land use database which uses
remote sensing to classify different LULC types [22]. Its precision is 25 ha. There are
44 LULC classes in the dataset, which were grouped into 5 main classes for this study:
urban; agricultural; forest; wetland; water (Figure 3). The dynamics of each LULC type
was calculated as the difference of a certain LULC area at the start and the end of the study
period, expressed in hectares. The percentage change of LULC type area from the total
study area (%) was also calculated.
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Figure 3. LULC in Vilnius County in 2000 and 2020.

2.3. Mapping Ecosystem Services

Three ecosystem services—food, carbon, and recreation—were quantified out at the
eldership level in 2000 and 2020. These services were selected to represent different types
of ecosystem services: provisioning (food), regulating (carbon), and cultural (recreation).
The data required for the assessment of ecosystem services (population, CO2 emissions,
grain production) were obtained from the Lithuanian official statistics portal (https://osp.
stat.gov.lt (accessed on 1 February 2024)). The data for 2000 reflects the post-independence
situation, when societal and economic changes began. The year 2020 was chosen to reflect
more recent changes such as increasing urbanization.

Since the capacity of an ecosystem to provide ecosystem services depends on its use,
we used land use patterns to assess the supply and demand for ecosystem services. The
main data we used to assess the ESs, together with their data sources and descriptions, are
presented in Table 1.

Table 1. Data and methods used to map supply and demand for ecosystem services.

Services
Year 2000 Year 2020

Supply Demand Supply Demand

Food

Eldership LULC
(CORINE 2000)

Grain consumption in
Lithuania (2001): per
eldership according to
its population

Eldership LULC
(CORINE 2018)

Grain consumption in
Lithuania (2021): per
eldership according to
its population

grain production in the
municipality (2000):
recalculated from
municipality to
eldership according to
arable land area

grain production in the
municipality (2018):
recalculated from
municipality to
eldership according to
arable land area

Carbon sequestration Eldership LULC
(CORINE 2000)

CO2 emissions per
capita (2005) in
Lithuania: per
eldership according to
its population

Eldership LULC
(CORINE 2018)

CO2 emissions per
capita (2020) in
Lithuania: per
eldership according to
its population

Recreation Eldership LULC
(CORINE 2000)

Population density of
the eldership (2001)

Eldership LULC
(CORINE 2018)

Population density of
the eldership (2021)

161



Land 2024, 13, 454

2.3.1. Mapping Food Supply and Demand

The total grain yield of each eldership in Vilnius County was used as its food supply.
Food demand was estimated as the per capita consumption of grains in Vilnius County
in a given year [18]. The supply and demand of the food ecosystem service (FES) was
calculated as follows:

SFES
i = Ii (1)

DFES
i = POPi × A (2)

where SFES
i —the supply of FES in eldership i, Ii—the grain production in eldership i,

DFES
i —the demand of FES in eldership i, POPi—the number of residents in eldership i, and

A represents the per capita consumption of grains in a given year.

2.3.2. Mapping Carbon Sequestration Supply and Demand

Carbon sequestration was quantified from the LULC data based on the carbon storage
capacity of each land use type [3]. Carbon sequestration demand was estimated based on
the carbon emissions data for each eldership of Vilnius County for the years 2000 and 2020.
We assumed that larger emissions equate to a higher demand for carbon sequestration.
The supply and demand for carbon sequestration ecosystem service (CSES) was calculated
as follows:

SCSES
i = ∑ CSLULC × AREA (3)

DCSES
i = Ei (4)

where SCSES
i is the supply of CSEC in eldership i, CSLULC is the carbon sequestration

capacity of each LULC type, AREA is the area of each LULC type in the eldership i,
DCSES

i —the demand of CSES in eldership i, Ei represents the annual carbon emissions in
the eldership i.

2.3.3. Mapping Outdoor Recreation Supply and Demand

The capacity of ecosystems to provide recreational opportunities was considered a
service provided by outdoor recreation. Outdoor recreation ecosystem service supply
was calculated by LULC type. First, LULC classes were categorized by their recreational
potential, then total area of LULC with a coefficient of 7 or above was calculated for each
eldership [3]. We defined the potential demand for outdoor recreation as everyone’s basic
right to connect with nature. For that purpose, we used the optimal area of 50 m2 of
green space per capita which is considered an ideal amount of urban green space per
individual [23]. Outdoor recreation demand was calculated by multiplying the population
of each eldership with the recreational optimal area. Supply and demand for carbon
sequestration ecosystem service (RES) were calculated as follows:

SRES
i = ∑ RSLULC × AREA (5)

DRES
i = POPi × 0.005 (6)

where SRES
i is the supply of carbon sequestration ecosystem service in eldership i, RSLULC

is LULC type considered suitable for recreation, DRES
i represents the demand for outdoor

recreation ecosystem service in eldership i, POPi represents population in the eldership i.

2.3.4. Ecological Supply and Demand Mismatch and Ratio

The mismatch between the supply and demand of ecosystem services was calculated
by subtracting the value of estimated ES supply from the demand value at the eldership
level. Positive values indicate that the demand for ES in the eldership was met, while
negative values indicated that the ecosystem services provided did not satisfy the demand
in the eldership. After evaluating the mismatches between supply and demand, it allowed
us to determine their differences during the studied period (2000 and 2020).
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We used the ecological supply and demand ratio (ESDR) and comprehensive supply–
demand ratio (CESDR) to indicate surplus or deficit of a given ecosystem service and deter-
mine the status of all ESs considered, respectively. The ratios were calculated as follows [7]:

ESDR =
S − D

(Smax − Dmax)/2
(7)

CESDR =
1
n∑n

i=1 ESDRi (8)

where S and D are the actual supply and demand for a given ES, respectively; Smax and
Dmax refers to the maximum value of supply and demand for a particular ES and year,
respectively; n is the number of ESs (n = 3); ESDRi—ecological supply–demand ratio of a
given ES.

2.4. Data Sources and Analysis

Statistical data such as population, grain production, GDP, and CO2 emissions were
obtained from the State Data Agency of Lithuania. Census data from 2001 and 2021 were
used to estimate the population in the municipality. Population density was measured as
the number of inhabitants per unit area of the ward (km2). The distance from the Vilnius
city center to the center of each eldership was calculated as the length of a straight line
between these points (km).

Regression analysis was used to indicate trendlines between the supply and demand
ratio (ESDR, CESDR) and a certain land use ratio (urban and forest land ratio) for 2000 and
2020. Urban/forest land ratios were calculated as area of urban/forest lands divided by the
total land area. Pearson correlation analysis was used to represent relationships between
ecosystem services and urbanization indicators (population, natural capital, and urban
land ratios). Statistical analyses were carried out using the R statistical software version 4.1.
Spatial data were analyzed using ArcMap 10.7.

3. Results

3.1. Land Use Change

Between 2000 and 2020, the area of agricultural land (cropland and grassland) de-
creased by 49,469 ha (5.1% of the total area, Table 2). The rate of decline in agricultural
land was 2473 ha per year. Forest and urban areas increased by 43,432 ha (4.5%) and 5192
ha (0.5%), respectively. The rates of change in forest and urban areas were 2172 ha and
260 ha per year, respectively. The area of wetlands increased by 6% over the period under
study (Table 2).

Table 2. Land use changes in Vilnius County from 2000 to 2020.

LULC
Area (ha) % of Total Area Change from 2000 to 2020

2000 2020 2000 2020 ha %

Urban 34,296 39,488 3.5 4.1 5192 0.5
Agriculture 496,372 446,903 51.1 46.0 −49,469 −5.1
Forest 412,848 456,280 42.5 47.0 43,432 4.5
Wetland 8397 8909 0.9 0.9 512 0.1
Water 19,785 20,118 2.0 2.1 332 0.0

The most significant land use transformation involved the conversion of agricultural
land to forest and a relatively small area of urbanized land (Figure 4). Most of the forest
area has been converted to agricultural land. A similar proportion of forest was converted
to wetlands and, conversely, a small proportion was converted from wetlands to forest.
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Figure 4. Conversion from one land use type to another (%) in Vilnius County from 2000 to 2020
(only the part of the land that has undergone change is shown).

Spatial changes in land use by type were most pronounced in urban and forest areas.
The urban area has increased the most around Vilnius city itself, reflecting suburban
development. Conversely, the urban area decreased mainly in the elderships further away
from Vilnius. Forest cover has increased in most of the elderships, except in the most
densely populated ones of Vilnius city. The area of agricultural land decreased in all
elderships, mostly replaced by forests. No spatial trends in the area of wetlands and open
water bodies were identified.

3.2. Ecosystem Service Change

The average value of food supply was 0.16 tons per ha in 2000 and 0.24 ton per ha in
2020 (Figure 5). The total food supply in Vilnius County increased from 0.18 million tons in
2000 to 0.27 million tons in 2020. The largest surplus of food supply was in the elderships
located in the northwestern part of the County. Vilnius city and suburbs had the lowest
values of food supply (Figure 5).

Figure 5. Spatial distribution of food provision service (tones per year)—supply (left), food demand
(middle) and mismatch (right) in Vilnius County in 2000 and 2020.

Food service demand showed a decrease of 18.2% from 0.11 million tons in 2000
to 0.09 million tons in 2020. The average value of food demand decreased from 1.15 to
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0.92 tons per ha during this period. In 2000, one third of the elderships (32 out of 105)
could not meet their food demand and the proportion of elderships with food demand
in 2020 increased to 32.4%. During this period, food demand decreased mainly in 94%
of the territory. Most of the elderships unable to meet food needs were in the city and
the surrounding peri-urban area, where a negative food supply balance was identified
(Figure 5). In the elderships further away from the city, most rural districts were able to
meet the food demand. The largest surpluses of food stocks were found in the communes
located in the northwestern part of the county.

The average value for carbon storage per ha increased from 12.16 tons per ha in 2000
to 13.05 tons per ha in 2020 with a rate of about 0.04 tons per ha every year. The total service
supply increased from 13.56 million tons in 2000 to 14.56 million tons per ha in 2020 in
the county. The carbon sequestration has increased in most of the study areas (89%). The
highest carbon sequestration values were in the most heavily forested elderships farther
away from the city center (Figure 6). The city center tended to show the lowest values of
carbon sequestration.

Figure 6. Carbon sequestration (left), carbon emissions (middle) and mismatch (right) in Vilnius
County in 2000 and 2020 (tones per year).

Between 2000 and 2020, there was a slight increase in carbon emissions—from 116,546
in 2000 to 123,380 in 2020. Carbon emissions increased, as did sequestration in most of the
study areas (70%). Carbon sequestration demand decreased in 2000, 21 out of 105 elderships
could not meet their carbon sequestration demand, and the number of such elderships has
increased by only one by 2020 (Figure 6). All these elderships were located in urban areas,
in the city center and smaller towns across Vilnius County.
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Outdoor recreation supply values remained stable over time, with an average value
of approximately 0.73 million ha. Recreation supply has increased in half of the study
area and decreased in the other half. In the city center area, outdoor recreation had the
lowest values (Figure 7). In other parts of the area, medium and high recreational values
were unevenly distributed, with the highest values in the areas furthest away from the city
center, where the largest areas of forest were located (Figure 7).

Figure 7. Outdoor recreation service (km2): supply (left), demand (middle), and balance (right) in
Vilnius County in 2000 and 2020.

The demand for outdoor recreation showed a decrease between 2000 and 2020 from
4221 ha to 4054 ha. Over the same period, the number of elderships unable to meet the
demand for outdoor recreation was stable (10%). All of these elderships were located in
the city of Vilnius, mainly old inner-city neighborhoods with a high population density
(Figure 7). Demand for outdoor recreation has declined over the study period in almost the
whole area (90%).

3.3. ES Supply–Demand Mismatches

The spatial distribution of food provision service showed a mismatch according to
the supply and demand ratio (Figure 8). Lower food supply and higher food demand in
the city center led to a shortage and a negative supply–demand ratio. The food supply–
demand ratio increased with the distance from the city center: elderships within 20 km had
a negative balance of food supply, while more rural areas had a positive ratio (Figure 8).
The average balance has increased due to an increase in food supply in 2020 compared to
2000 by 0.72 million tons.

Figure 8. Mismatches between food (left), carbon sequestration (middle), and recreation (right)
supply and demand in Vilnius by distance from the city center (km) in 2000 and 2020.
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In Vilnius city and its suburbs (up to 20 km from the city center), the carbon sequestra-
tion balance was significantly lower compared to more distant areas, where a surplus of
150–200 thousand t of carbon sequestration in the supply–demand ratio was determined
(Figure 8). The elderships close to the center of the city had the lowest balance between
the supply–demand ratio for outdoor recreation (Figure 8). In those areas 20 km or more
from the city center, the surplus of supply–demand for outdoor recreation was between 70
and 110 km2. The balance of supply–demand for outdoor recreation has remained stable
between 2000 and 2020, despite a slight decrease in demand.

Most rural areas could meet their ecosystem service needs. Conversely, many Vilnius
urban and suburban elderships had at least one ecosystem service for which they could not
meet the demand (Figure S1). Thus, they would have to compensate for this from other
regions. Comparing the temporal changes in the ES supply–demand ratio in 2000 and
2020, there was one more eldership in 2020 where there was a mismatch between supply
and demand.

3.4. Influence of Land Use Change on ESDR and CESDR

The urban land ratio had a negative influence on the provision of ecosystems services
over the study period—the highest values of ESDR were under the lowest area of urban
fabric. The highest decrease in service provision with the increase in urban area was
characteristic for food supply. The forest land ratio had a positive influence on recreation
service and carbon sequestration provision, with a minimum effect on the food supply
service (Figure S2). The increasing urban land ratio had a negative impact on the CESDR
(p < 0.001) and explained about 60% of the variability in 2000 and 2020. In contrast, the
proportion of forest land had a positive impact on the CESDR and explained 40–42% of the
variability. The proportion of variance in CESDR explained by the urban and forest land
ratio was not changed during the study period (Figure 9).

Figure 9. Influence of urban land (upper) and forest land (bottom) ratios on comprehensive supply-
demand ratio (CESDR) in Vilnius in 2000 and 2020.

3.5. Relationship between ESs and Urbanization Indicators

Population was significantly positively related to the increase in urbanized areas
(Figure 10). With the increase in distance from the city center, the population density
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and urban land ratio increased. The correlation analysis showed significant relationships
between ESDR and urbanization indicators. The provision of all ESs increased with the
distance from the city center with the most significant effect on food provision. Other
urbanization indicators—population density and urban land area—showed a negative
relationship with carbon sequestration, food provision, and recreational activity. The
negative relationship between urban and natural capital increased from 2000 to 2020. Also,
the relationship of all ecological indicators strengthened with the distance from the city
center during this period (Figure 10).

Figure 10. Relationship and fitting curves between ESs (CARB—carbon sequestration, FOOD—food
provision, RECR—recreation) and urbanization indicators (DIST—distance to the city center, POP—
population density, URB—urban land ratio, NAT—natural capital ratio (including forest, natural
grassland, wetland, water). *—p < 0.05, **—p < 0.01, ***—p < 0.001.

4. Discussion

The contribution of the supply of ecosystem services to the public demand was
determined in the case of Vilnius County, which is associated with changes in land use
related to urbanization during the two decades. The main land use changes were related to
the conversion of agricultural land to forest and urban areas. Even though the expansion of
the urbanized area was relatively small, the population density increased significantly in
the city center. Regarding ecosystem services, the results of the study showed that Vilnius
County meets the needs of recreational services, but there are discrepancies between C
sequestration and food supply services.

The highest changes in service provision were characteristic for food supply. The food
supply has increased over the past along with significant land use changes, such as the
conversion of agriculture land to forest and expanded urban areas. Previous studies have
shown that the loss of agricultural land dying to urban sprawl did not have a significant
effect on overall food production [24,25]. The total increase in food supply despite the
reduction in agricultural land indicated that food supply is being ensured using a lower
quantity of arable land and modern tools and technology [26]. This is particularly important
for achieving greater agricultural efficiency, especially in those areas where the expansion
of cultivated land will not be possible [27] and especially when predicting an increase in

168



Land 2024, 13, 454

food demand in the future [28]. On the other hand, the decreases in population led to a
decrease in the food demand but did not allow for balancing the relationship between
food supply and demand in Vilnius County. Despite the decrease in food demand and
increase in supply during the study period, the negative supply and demand balance
remained. The provision of food was negatively influenced by the ratio of urban land—the
ESDR values of the ecological supply–demand ratio were negative at the largest area of
the urban fabric. This finding was consistent with the results showing food availability
increasing with distance from the city center [29] and confirmed that urbanization has a
significant and positive impact on food insecurity [30]. This could be explained by the loss
of potential yields due to the conversion of productive land into unproductive land under
the urbanization process [31]. This is also reflected in the general trend, which showed that
during the period of 2005–2016, the area of agricultural land in Lithuania decreased [32].

The observed increase in C sequestration during the study period was also confirmed
by the results of a study conducted in the Beijing metropolitan area that urbanization has
a positive effect on C sequestration capacity [33]. However, it is generally argued that
urbanization negatively affects the provision of this ecosystem service [34] by reducing
the carbon sequestration capacity of vegetation due to soil compaction, low microbial
activity [35], and low organic matter input [36]. As trees play an important role in carbon
storage and sequestration—acting as CO2 absorbers, fixing carbon during photosynthesis,
and storing excess carbon as biomass—changes in forest cover are primarily responsible
for providing this service. Although urban trees have been suggested to make a small
contribution to C sequestration, offsetting the annual CO2 emissions of cities [7,37,38],
the reduction in forest area in the urban center found in our study further reduced this
contribution. This was confirmed by the positive effect of forest land ratio on the provision
of carbon sequestration. Agricultural land is traditionally considered a source of CO2 due
to disturbance and fertilizer use [39], but in our study, land conversion from agricultural to
urbanized areas did not reduce CO2 emissions. In general, the mismatch between supply
and demand for this service increased with urbanization, indicating the loss of carbon
storage in the study area during the last two decades.

Both supply and demand for recreational services have changed little during the study
period. However, the data showed that the city of Vilnius was characterized by a high
provision of recreational service, which confirmed that the accessibility of the population
covered by the city’s recreational green spaces was high in Vilnius [10]. The analysis of
spatial data carried out between 1990 and 2012 showed that the relatively small decrease
in greenery over time (0.53%) was determined in Vilnius, which indicates it as one of the
greenest European cities with a sufficiently high recreation potential [40]. Research shows
that many premature deaths in cities could be prevented by increasing exposure to green
spaces, while contributing to sustainable, livable, and healthy spaces [41].

The increasing proportion of urban land has had a total negative effect on the potential
of ecosystems to provide services, as shown by the CESDR. In order to ensure the provision
of ecosystem services, the urban land ratio needs to be no more than a third of the area.
This was typical for all analyzed ecosystem services, which increased further away from
the city, while population density and urbanized area decreased [29]. Even a small increase
in forest area significantly increases the provision of ecosystem services. Both indicators of
urbanization, the proportion of urbanized land and population density, were negatively
related to the provision of ecosystem services. The research results were confirmed by
other studies, where land use changes caused by urbanization worsened the potential of
ecosystem services [42].

According to the results of the quantitative assessment, there was a general lack of
supply in the Vilnius central urban area. Such central urban areas are known as the “cold
spot” of ES supply zones where high building densities alter the ecological space, while
high population density and a high intensity of human activities reduce the potential for the
supply of ES [18]. In general, declining population in the study region was not accompanied
by a decrease in urbanized land area. This transformation process significantly changed the
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LULC around the city of Vilnius, expanding the urban fabric at the expense of agricultural
land, and revealed several consequences. Firstly, these changes in land use have not led to
a drastic reduction in the supply of ecosystem services. Secondly, the distribution of the
population in the suburbs did not create a high demand for ecosystem services for which
the supply of ecosystem services would not be ensured. Finally, it was not land use change
but population growth in the city center itself that showed the greatest supply/demand
mismatch, indicating unsustainable urban development. The demand and supply of only
three ecosystem services examined showed some discrepancies, so a larger number of the
examined services could be included and useful in the future. A more detailed analysis
of the situation would allow a decision to be made on how to change the landscape in
order to achieve a sustainable balance between resource supply and use. Understanding
the relationship between changes in ecosystems and the services they provide is important
for sustainable urban planning and development, environmental protection, and decision
making. To better understand changes in ecosystem service mismatches and flows along
the urban–rural gradient, further research is needed to assess more spatial and temporal
patterns of changes in ecosystem service supply and demand.

5. Conclusions

In this study, analyzing land use changes related to urbanization in the case of Vilnius
County, the mismatch between the supply of ecosystem services and the public demand
was evaluated. The results of this study demonstrated that the association between land
use changes and the provision of ESs may be positive or negative on a local scale. Looking
into land use changes—the conversion of agricultural land to forestland and urban areas—
resulted in an increase in food supply and C emissions. Even the relatively less intensively
urbanized studied area compared to megacities showed a mismatch between the supply
and demand of ESs. This spatial mismatch, which indicates the EU’s “cold spot” in the city
center, would accelerate the ecological degradation of ecosystems. Examining the spatial
and temporal relationships between LULC and ESs provides a clear rationale for the need
to ensure sustainable land use and decision making in important policy priority areas.
A clear assessment of whether the provision of ecosystem services meets their needs at
different levels of urbanization will help to decide on effective land management solutions.
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Abstract: Urban environments face escalating challenges due to uncontrolled urbanization, rapid
population growth, and climate changes, prompting the exploration of sustainable solutions for
enhancing urban green spaces (UGSs). For this reason, poplars (Populus L.), due to their rapid growth,
wide range adaptability to environmental conditions and versatility of use, have emerged as very
promising. This comprehensive review synthesizes current knowledge regarding poplar’s application
in urban landscapes, emphasizing its multifaceted contributions and benefits. However, challenges
arise from the variable lifespans of different poplar cultivars, necessitating strategic management
approaches. Selecting cultivars based on growth rates, root system characteristics, and adaptability
to urban conditions is pivotal. Adaptive replanting strategies, incorporating species with varying
lifespans, offer solutions to maintain continual greenery in urban landscapes. Collaborative efforts
between researchers, urban planners, and policymakers are essential for devising comprehensive
strategies that maximize benefits while addressing challenges associated with their variable lifespans.
In conclusion, harnessing poplar’s potential in urban greenery initiatives requires a balanced approach
that capitalizes on their benefits while mitigating challenges. Further research and adaptive strategies
are crucial for sustained and effective utilization to create resilient and vibrant urban landscapes.

Keywords: urban green spaces; urbanized landscape; urban environments; climate changes; aesthetical
values of trees; Populus ×berolinensis

1. Introduction

Trees play a crucial role in fostering sustainable urban ecosystems [1–13]. In urbanized
and open landscapes, trees can provide a diverse range of ecosystem services—among
others, the mitigation of environmental degradation and the enhancement of biodiversity.
The impact of high greenery on cultural services is also invaluable [14–21]. Planting
and maintaining trees in urban areas is widely recognized as a form of environmental
biotechnology (phytoremediation)—the simplest and most direct means to reduce air, water,
and soil pollution and increase carbon sequestration due to the vast biologically active
surface areas that trees can produce [6,22–31].

Unfortunately, on average, in cities (downtowns), trees appear to have gradually de-
creasing lifespans or health and safety quality. Because of anthropopression, large, mature,
and old trees are declining, and a percentage of new-planted trees do not compensate
for the benefits of the old trees. In this way, very often, one large urban tree provides
benefits equivalent to a few dozen young, new plantings [6,32–36]. At the same time, the
need arises to obtain the effect of planting healthy and young trees as quickly as possible
because only such specimens can provide the desired ecosystem services to face challenges
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like global climate changes [37–40]. Cities are mostly affected by poor soil properties and
drought risks and are full of degraded areas after earlier periods of development. In this
way, selected groups of trees available for heap difficult conditions must be considered
in the future. Not all areas are able to be rained on or can be considered organic ground.
Thus, as we look into the past, such obligations were not able to be met due to the poor
conditions of the 20th century in Eastern Europe. However, some trees were first chosen
for planting in such degraded areas where new developments were planned. In Polish
cities, we have a lot of examples of the use of poplars and clones. Clones are represented
mostly by Acer negundo L. and this species is mostly used in degraded areas and does not
represent aesthetic value. On the other hand, we have observed other trees that are more
ecologically valuable, which are poplars.

In such a context, poplar trees (Populus L.) have garnered attention in previous decades
for their great potential to contribute significantly to the quality and quantity of urban
greenery. It is just worth mentioning that before the Second World War, and then from
the 1950s up to the end of 1970s, in some European countries (e.g., Poland or the Czech
Republic), the mass afforestation of urbanized, industrial, and open landscapes was carried
out with a significant share of poplars [41]. Difficult urban conditions make poplars
valuable for introduction into UGSs because of their wide range of critical predispositions,
including the following:

• Achieving quite large dimensions connected to rapid growth and an increase in
biomass (e.g., LAI);

• Having a quick impact on the local microclimate, e.g., shading, transpiration, protec-
tion against wind and noise, etc.;

• Their phytoremediation abilities like the filtration of particular matter (PM) or gas
pollution from air or the absorption of heavy metals from water and soil;

• Their high adaptability to various soil and water conditions;
• Their considerable tolerance for pollution of air, water, and soil;
• Their mass production of nursery material;
• Their good planting efficiency with the minimum necessary maintenance [41–44].

In general, the advantages of poplars, making them a promising planting material
for improving urbanized landscapes, are connected to their rapid growth (allowing them
to obtain a large amount of plant biomass in a relatively short time), their high adapt-
ability to various soil conditions, and the diverse environmental benefits that they can
provide [42–44].

On the other hand, the use of poplars in urban areas is limited due to some incon-
venient features of these plants like their relatively short lifespans; low wood resistance
(which makes them affected more by storms); shallow root systems, possibly damaging
infrastructure; potential production of root suckers; quite long period of leaf fall (cleaning);
relatively higher susceptibility to insect and fungal diseases; or production of seeds with
cottony hairs, polluting the environment in the spring (only female specimens) [41–45].

In the context of urban environments, cities can expand the realized climatic niches
of various species. This issue was demonstrated in a study involving five poplar species
worldwide, Populus balsamifera, Populus deltoides, Populus nigra, Populus tremula, and Populus
tremuloides, in cities across the globe [46]. Another research effort presents a global risk
assessment of over 3000 tree species, including 19 poplar species planted in 119 cities
worldwide. The study revealed that 15 species are potentially at risk due to increases in
temperature in 100 cities globally [47]. Consequently, countries like China have noted the
impacts of climate change on three poplar species, recognizing it as an important factor to
be assessed, as indicated in the Global Ecology and Convention report [48].

Regarding the undoubted advantages of poplars (Populus L.) for diverse urban en-
vironments worldwide and keeping in mind their obvious limitations, the problem of
to solve is how to ensure their optimal integration into urban green spaces (UGSs) for
maximizing their environmental benefits, mitigating potential challenges, and ensuring
their sustainable use. This publication aims to synthesize and critically examine the use of
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poplars in urban landscapes, emphasizing their aesthetic, ecological, economic, and social
significance. Our goal was also to consolidate existing knowledge on utilizing poplars in
urban greenery, identify critical areas for further research, and advocate for their strategic
incorporation into urban planning for a more sustainable and resilient urban future.

Here, we have formulated our research thesis about the hypothesis that we aim to
prove: the rational use of poplars in 21st-century cities worldwide, including those in
Europe, the Middle East, and Asia, is essential for maintaining healthy greenery and urban
woodlots. Proper selection of species/cultivars and their adaptation to habitat conditions
are crucial for addressing ongoing climate change and enhancing quality of life for urban
populations. While poplars are often undervalued in urban settings, their properties, such
as rapid growth, large size, and tolerance to anthropogenic pressures, today make them
invaluable in shaping urban forests amid changing climates.

2. Methodology

2.1. Research Framework

The research framework of the present study is described below. It consisted of a few
main stages presented in Figure 1. The formulation of the main goal of our research allowed
us to start the first stage of work. An extensive literature search was conducted to compile
examples of research concerning poplars, especially in the context of their potential for use
in urban green areas. Issues identified during the literature review led us to synthesize
poplar species’ traits, making them unique for use in diverse urban settings. It was also
a theoretical background for case studies presented in the following stages of research.
The next step involved collecting the results of field observation and investigations by the
authors of woodlot forms consisting of various poplar taxa in urban areas. Field studies
used techniques of dendrological inventories and included, among others, taxonomic
identification, the spatial forms of woodlots (the horizontal and vertical structure), the
measurement of parameters of representative trees by determining their conditions and
health statuses, assessments of the dates of planting and the ages of representative trees,
and photographic documentation. The analysis of collected data allowed us to show, in
particular, one representative cultivar of balsamic poplar (Populus ×berolinensis (K. Koch)
Dippel) for its up-and-coming use features in urbanized landscapes.

Figure 1. The research framework (the author’s own elaboration).

The fourth step consisted of cameral studies of multi-mixed methods, combining
different research methods and techniques from the interface of dendrology, urban ecology,
graphical engineering, landscape architecture, and urban forestry.

Firstly, it consisted of a collection of archival photographs illustrating the Ziętek
Promenade in Chorzów and Rakowiecka Street at the former headquarters of the Warsaw
University of Life Sciences (WULS-SGGW) and the graphic processing of archive materials
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in GIMP and Inkscape graphical applications. The analysis of the photos was performed
as follows:

Case A. Rakowiecka Street in Warsaw, Poland. Images from individual years (1925–2014)
collected during the literature search were superimposed and aligned with the original 1930
photograph of the first tree planting next to the building, then scaled and aligned using
perspective and grid tools in the GIMP graphics tool. The building’s facade was measured
using a Nikon laser rangefinder (model Forestry Pro 2, Nikon Vision Co., Ltd., Shanghai,
China) for verification purposes. Then, the profile of the poplar at the entrance to the
building was drawn for individual years, and the dimension was measured by reading the
data from the grid. Subsequently, auxiliary illustrations were made showing the patterns
of poplars in specific periods and the parameters obtained. On this basis, the ages of the
trees were estimated.

Case B. The Ziętek’s Promenade in Chorzów, Poland. First, three pictures illustrating
the view of the even row of Berlin poplar trees were selected from the query literature
(those from the 1950s, the transition from the 1950s and 1960s, and 2014). Then, the lengths
and heights of characteristic elements in the field were measured with a rangefinder;
lamps measured the distances between the poplars in the alley (dimensions similar to
those of previous years). These dimensions were plotted based on illustrations, and
then the heights and widths of the tree bark in specific periods were estimated. Average
values for plant growth for each year were used, i.e., 1959, 1965, and 2014. Subsequently,
auxiliary illustrations were made to show the patterns of poplars in specific periods and
obtain parameters.

Secondly, we tested the relationship between the selected dendrometric parameters
(e.g., height vs. age) using Statistica 13.0 software. A representative group of 10 young
Berlin poplars from a newly replanted section of the Ziętek’s Promenade measured in 2016,
2021, and 2023, as well as selected preserved poplars on Rakowiecka Street in Warsaw (data
from 2012 and 2024), were subjected to a statistical study (Sperman’s rank correlation anal-
ysis).

Finally, we discussed the results achieved and formulated concussions.

2.2. Materials and Methods

A mixed-method approach was employed in this study. The methods used can be
divided into two groups: analytical and field-based methods.

The first group of methods involved a meticulous review of the literature data and
its critical analysis. To address the gaps in our understanding of poplars’ urban use, we
diligently utilized major databases, employing a broad set of keywords indirectly related
to these trees. This was carried out to explore and compile examples of the ecological
characteristics and wide range of uses of poplars crucial for urban greening efforts. Various
combinations of keywords, such as “urban green spaces”, “green areas”, “urban environ-
ments”, “climate changes”, “trees’ values”, “poplars”, and “phytoremediation”, were used
to search online literature databases, including Scopus, ISI Web of Knowledge, EBSCO, and
Google Scholar. Additionally, data collected in this research stage included the literature
sources and the authors’ professional, scientific, and practical experience in designing and
maintaining tall greenery in urban areas.

An essential part of the fieldwork involved performing queries of archival sources
(books, digital archives) to identify maps and historical photographs from locations selected
for field studies (Case A and Case B). The obtained materials allowed for determining
the growth rate of tree height over the past decades via comparison with other objects of
known dimensions in precisely dated photographs.

In the fieldwork group, the authors conducted extensive long-term observations and
detailed studies at both sites (Case A and Case B). The essential source of data comprised
dendrological inventories conducted on Rakowiecka Street in Warsaw and the Ziętek’s
Main Promenade in Silesia Park in Chorzów (materials in the authors’ collections). Tree
inventories were conducted in similar seasons of the year (summer–autumn period), con-
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sidering parameters such as trunk circumference at a height of 1.3 m, tree height, crown
width, the assessment of health condition, and habit maintenance. The research mate-
rial was obtained and supplemented with annual observations of tree conditions in the
spring–summer and autumn periods. The Berlin poplars selected for this study grow
linearly along street tree lanes and park promenades. Hence, tree applications in Cases
A and B are comparable. Photographic documentation serves as supplementary material
to field measurements. It is a valuable form of research documentation, allowing for the
presentation of examples illustrating the research problem and the locations and objects of
direct field studies.

The data gathered through both analytical and field-based methods provide robust
material for statistical analysis. In this study, we employed correlation analysis using the
t-test (after conducting a test of normal distribution compliance using the Shapiro–Wilk
test). The data analysis was performed using the reliable Statistica 13.0 software.

3. Results and Discussion

Our review of scientific databases has shown that there is only very limited research
devoted to the direct use of poplar cultivars in woodlots located in UGSs. But, indirectly,
some of these studies also indicate the practical potential of poplars for use in anthropogenic
environments. The conducted review of the literature revealed that poplars offer significant
potential in current research for providing ecosystem services and mitigating pollutants
in urban areas, recognizing for their role in improving air quality and acting as natural
barriers for contaminant retention [41,49–53]. In cities, poplars are valuable trees for the
following tasks:

• Obtaining quick visual results in urban green spaces and cityscapes;
• Reinforcing the environment and shaping a favorable microclimate in a relatively

short time period;
• Covering and masking buildings and unattractive objects and views, e.g., warehouses,

landfills and heaps, etc.

Integrating poplars into urban greenery initiatives presents challenges and oppor-
tunities that must be carefully navigated, including selecting species considering their
environmental impacts [54], managing potential trace metal contamination [55], ensuring
long-term maintenance, addressing community concerns, and recognizing ecological and
psychological benefits for sustainable urban environments.

3.1. The Contribution of Poplars to the Urban Environment

As mentioned, urban landscapes in the 21st century suffer from deforestation, which
stems from numerous factors. In context of rapid global climate changes (droughts, hur-
ricanes, floods, etc.) and the need to develop sustainable urban environments, this phe-
nomenon could be mitigated through comprehensive reforestation initiatives and the
development of urban green spaces [56–60] connected to effective urban planning [58,59].
The expansion of urban areas and changes in land cover pose threats to urban vegetation,
emphasizing the importance of sustainable management [61]. In this case, strategic tree
selection is one of the necessary comprehensive solutions that provides ecosystem services
such as carbon sequestration, biodiversity support, and air and water pollution mitigation.
Poplars could stand out in this field due to their suitability for resolving the contemporary
challenges facing urban and industrial environments [42–44] (Figure 2).

It has been proved that poplar trees can efficiently remove airborne particulate matter
(PM) and associated metals through phytoremediation, contributing to urban air quality
enhancement, while their adaptation to adverse environments and fast growth make
them an interesting alternative for urban landscaping [52,53]. Cultivars of poplars—if
used properly (carefully selected, e.g., in relation to spatial and site conditions)—could
effectively improve air quality by capturing PMs, thereby reducing air pollution levels [62].
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Figure 2. (A) Original group of Populus ×canadensis Moench (P. ×euroamericana Guiner) in Pole
Mokotowskie Park, 2019, Warsaw, Poland, and (B) a new group of Populus ×canadensis ‘Koster’ in
2020 (author: J. Łukaszkiewicz). (C) Populus simonii Carrière ‘Fastigiata’ as urban street trees along a
pedestrian route with sheltering functions (author: J. Łukaszkiewicz, 2018). (D) Populus ×canadensis
Moench ‘Marilandica’ planted in by-water shelterbelts beside Żerański Canal, Warsaw, Poland
(author: J. Łukaszkiewicz, 2016) and Populus ×canadensis Moench ‘Marilandica’ planted in by-water
shelterbelts beside Żerański Canal, Warsaw, Poland (author: J. Łukaszkiewicz, 2016). (E) Populus
×canadensis Moench (P. ×euroamericana Guiner) as a high greenery screen for multi-story residential
buildings with sheltering functions against the traffic on Sobieskiego Street, Warsaw, Poland (author:
J. Łukaszkiewicz, 06.2019). (F) Populus nigra L. ‘Italica’ planted repeatedly in regular groups of four
trees each, creating a green wall along the interior borders of the “Field of Mars”, one of the most
important interior areas of Silesia Park in Chorzów, Poland (author: B. Fortuna-Antoszkiewicz, 2014).

Poplars could also be effective at carbon sequestration by accumulating trace elements
from polluted urban soils, serving as bioindicators for urban environmental pollution
assessment [63]. Furthermore, poplar trees can modify soil microbial communities, enhance
soil stability, and provide valuable habitats for ground beetles and entomofauna, enriching
urban biodiversity [64].

Because of their fast growth, poplars could be pivotal for counteracting the urban heat
island effect and improving urban microclimates. Urban tree cover supplemented with
plantings of different poplar taxa could more quickly mitigate the urban heat island effect.
Poplar trees enhance the urban thermal environment through transpiration, stimulating
urban “cold islands” [65–70].
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Of course, in the case of poplars in cities, their cultivation and maintenance is necessary.
Considering diverse research findings to ensure the optimal growth and sustainability of
poplars in urban settings while minimizing risks, effective maintenance practices such as
pruning, soil amendment, and irrigation are crucial [71–78]. Challenges such as insect pests
and heavy metal accumulation in poplar trees require the careful management and selection
of clones, especially when monoculture plantations are planned to be introduced [63,79–82].

3.2. The Fast Increments of Poplars

In the past few decades, a lot of practical knowledge about the use of poplars in
plantations or tree stands has been accumulated (e.g., [45,83]). For instance, in Central
and Eastern Europe, first before the Second World War and then in a period from the
1950s to the 1970s, the mass afforestation of urban, industrial, and open landscapes was
carried out, motivated by economic purposes, counteracting environmental degradation
and improving landscape values (e.g., technical and shielding functions, phytoremediation,
windbreaks, anti-snow, anti-erosion and others). In Poland, for instance, it is estimated that
that at that time, the share of various poplars’ taxa in shelterbelts and woodlots reached up
to 1

4 (25%) of total trees species [41,50,84–86]. The intended objective was to achieve the
desired effect in the possible shortest possible time.

Traditionally, poplars have been considered to be one of fastest-growing trees in
Europe and Asia (similarly to some willow species), e.g., P. alba L. and P. nigra L. ‘Italica’
increase in height by ±1.7 m/year (juvenile life phase), reaching a maximum rate of shoot
elongation of ca. 17–25 cm/week (referenced to climate zone 6) [41,45,87,88].

The research from databases indicates that the use of poplar species in urban greenery
initiatives, including P. tomentosa, P.s alba ‘Berolinensis’, and P. nigra, is driven by their rapid
growth, strong adaptability, and tolerance to environmental stressors [53,89,90]. These
species are favored for their ability to thrive in diverse urban settings, offering benefits
such as flood tolerance and resilience to adverse conditions [53,91].

Populus tomentosa exhibits rapid growth and ecological adaptability, making it ideal
for establishing greenery in urban areas [89]. Similarly, the hybrid triploid P. alba ‘Beroli-
nensis’ demonstrates fast growth and high stress tolerance, making it suitable for urban
forestry [53]. P. nigra’s flood tolerance further enhances its suitability for use in urban
settings, particularly in flood-prone areas [91]. However, its susceptibility to diseases like
leaf rust poses challenges [92]. Therefore, to ensure long-term success, general careful
disease management is crucial when selecting poplar cultivars for urban greenery projects.

3.3. The Short Lifespan of Poplars

One of the controversies that has arisen in relation to poplars is the very short lifespan
of these trees. Short-lived (a few dozen years) status is mainly characterized by taxa
that are hybrids of botanical species or their varieties, including cultivated varieties or
hybrids (cultivars are marked as ‘cv’ and hybrids are marked with ‘×’ preceding the second
part of systematic name), e.g., P. nigra L. ‘Italica’, P. simonii Carrière ‘Fastigiata’), or P.
×canadensis Moench (P. ×euroamericana Guiner) [41,87]. Species that are definitely more
durable, achieving medium- and long-lived status (life expectancy of ±150 (200) years in
natural conditions), are the following:

• Typical botanical species, e.g., white poplar (P. alba L.) and black poplar (P. nigra L.);
• The intra- and inter-sectional hybrids of the balsam poplar TACAMAHACA and some

cultivated varieties, e.g., P. simonii Carrière and P. maksymowiczii Henry, as well as
balsam poplar hybrids, e.g.,: P. ×berolinensis Dippel, and hybrids like ‘NE 49’ and ‘NE
42’ (Table 1).
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Table 1. Selected examples of the balsam poplars section (TACAMAHACA) species and hybrids used,
among others, in the afforestation of urban landscapes (authors’ elaboration based on [84–86,93,94]).

Balsam Poplar Section (TACAMAHACA)

Subsection Selected Representative

American balsam poplars P. balsamifera (syn. P. tacamahaca)
P. trichocarpa

Asian balsam poplars
P. simonii
P. maximowiczii
P. laurifolia

Intra- and inter-sectional
hybrids of balsam poplars

Europe:
P. ×berolinensis (K. Koch) Dippel ‘Berlin’—Berlin poplar
(male hybrid)
P. ×berolinensis (K. Koch) Dippel ‘Petrowskyana’—Berlin
poplar—so-called “Tsar’s”; P. ×berolinensis ‘Razumovskyana’
(both are female hybrids s)
USA (in the 1920s by E.J. Schreiner and A.B. Stout—the so-called
Schreinerian hybrids):
Populus ‘NE 49’ or ‘Hybrid 194’ (P. x ‘Hybrid 194’) (male hybrid)
Populus ‘NE 42’ or ‘Hybrid 275’ (P. x ‘Hybrid 275’) (male hybrid)
Populus ‘NE 44’ or ‘Hybrid 277’ (P. x ‘Hybrid 277’) (male hybrid)
Populus ‘Androscoggin’ (male hybrid), ‘Geneva’, ‘Oxford’
(female hybrids)

3.4. The Use of Berlin Poplar in the Afforestation of Urban Landscapes—Field Research

Regarding the literature on the use of poplars in urban conditions [84–86,93,94], our
field research (Section 2) focuses on one selected cultivar—the Berlin poplar (Section 3.3).
Our decision to study this particular cultivar was dictated by its many interesting charac-
teristics, making it, in the past, a good choice for planting in cities. Therefore, by examining
selected locations in Poland, we wanted to determine how the Berlin poplar performed in
urban conditions. This cultivar was bred around 1870 in the botanical garden in Berlin as
the male form of Populus ×berolinensis (K. Koch) Dippel ‘Berlin’. Then, at the end of the
19th century, at the Petrovsko-Razum Agricultural Academy near Moscow, female forms
were bred: P. ×berolinensis (K. Koch) Dippel ‘Petrowskyana’ (P. ×petrowskyana (Regel)
C. K. Schneid.—the so-called Tsar’s poplar) and P. ×berolinensis (K. Koch) Dippel ‘Razu-
movskyana’. It tolerates dry urban environments and dry soil very well; it has also been
successfully tested on a gravel–sand base with an inaccessible groundwater level. It grows
well even in sloping localities. Conversely, P. ×berolinensis (K. Koch) Dippel is susceptible
to cancer, as it is planted in locations with high groundwater levels, prone to flooding or
with high air moisture levels. This cultivar is suitable for urban areas due to its narrow
oval crown, which will keep its shape even when old. It has a straight, continuous trunk.
That is why it is especially recommended for planting in lines or rows, e.g., along streets
or avenues. Berlin poplar wood is stronger than that of other poplar species and cultivars.
That is why these trees growing in the alleys do not suffer much from fractures in the
canopy. Despite the inhibiting factors of the urban environment, this poplar can grow
very fast, reaching up to 30 m in height and achieving a trunk diameter of 1.0 m at breast
height (DBH). Leaves can also accumulate PM from the air, so Berlin poplars also possess
phytoremediation abilities.

Berlin poplar’s lifespan varies, though in good health, it can easily reach over 60 years
and even more (as indicates our observations). However, exchanging overmatured trees
over 40 years old for younger specimens is sometimes advisable in urban areas. Such a
policy of exchanging older generations of trees is similar to how urban plantations are
maintained. A distinctive feature of the female forms of the Berlin poplar is the production
of seed down, which is abundantly secreted by the trees in May. In the context of these trees’
use, especially in streets, avenues, and squares, this is a very undesirable factor, which may
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require abandoning the use of female forms in urban areas. Attention should also be paid
to the shallow root systems of these trees, which may cause damage to paved surfaces, and
as a consequence, they should be planted in locations that allow sufficient space for rooting
(e.g., wide grassy sections along streets, etc.). During past decades, Berlin poplars were
used in urban locations in Central European countries, like the Czech Republic or Poland.

As, compared to many other species and cultivars, Berlin poplars are much better
suited for planting in cities, our research was focused on two representative locations in
Poland where such trees have been used in the context of the urban environment. The first
research area is Rakowiecka Street in Warsaw, and the second is the great Ziętek Promenade
in Silesia Park in Chorzów.

Case A. The research area of Rakowiecka Street in Warsaw, Poland.

Rakowiecka Street in Warsaw began to be intensively built in the second half of
the 19th century, and this process culminated in the 1950s (Figure 3). The characteristic
number 8 building of the WULS-SGGW’s (Warsaw University of Life Sciences) headquarters
was partially put into service in 1929. In 1930, Rakowiecka Street was upgraded, with
road infrastructure with green belts planted with Tsar’s Berlin poplars female hybrids
(Populus ×berolinensis (K. Koch) Dippel ‘Petrowskyana’—P. ×petrowskyana (Regel) C. K.
Schneid.); the young trees were 3.5 m high, with spacing of 8.0–10.0 m in each row [95].

Figure 3. The magnificent streetside row of Populus ×berolinensis (K. Koch) Dippel ‘Petrowskyana’
along Rakowiecka Street, Warsaw, Poland (Case A)—the adjusted size of the trees relative to the
street scale is visible (author: J. Łukaszkiewicz, September 2017).

The street buildings and rows of poplars survived in general the destruction of World
War II. In the 1940s, the trees were large enough to provide shade for the WULS-SGGW
building and protection against noise and pollution from the street [95] (Figure 4). However,
in the late 1970s, specific problems were already noticed related to the collision of rapidly
growing trees with the infrastructure of the buildings and the traction network [96]. In
addition, another problem was the shallow root system of the poplars that lifted the paving
slabs. Trees were planted too shallowly, and permeable surfaces were not used. One of
the significant inconveniences of lining the street with the female form of Berlin poplar
(Populus ×berolinensis (K. Koch) Dippel ‘Petrowskyana’) was the annual abundant release
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of seed down (cotton-like), which disturbed people and caused much littering of the street
and apartments in nearby houses. In the following years, Berlin poplars were gradually
felled during infrastructure modernization projects or due to weather anomalies. In 2024,
only a few trees remain from the avenue that existed in past decades, which are the subject
of our further measurement and analysis.

Figure 4. The cross section of Rakowiecka Street in Warsaw, in an eastwards direction (A), lined
with two-sided rows of Populus ×berolinensis (K. Koch) Dippel ‘Petrowskyana’ (1973), and a view of
Rakowiecka Street near the WULS-SGGW’s headquarters building (B) in 1973 [95].

We analyzed historical iconographic materials [96,97] and performed field measure-
ments, i.e., measurements of trees, the street, and the facade of the WULS-SGGW building.
The results are presented in Figures 5–8 and Table 2. Figure 8a, using evidence from 1925,
shows the measured heights of the building’s floors during field tests. Based on the analysis
of the remaining illustrations (Figure 5B–H), it can be concluded that the trees planted in
the 1920s and 1930s were homogeneous plant material with equal parameters (height of
approximately 3.5 m). The trees reached the windows of the high ground floor of the WULS-
SGGW building (Figure 5B). In 1937, it can be seen that the trees reached the windows
of the first floor of the WULS-SGGW building, reaching a height of approximately 8.5 m
(Figure 5C). In 1939, the trees reached the windows of the second floor of the WULS-SGGW
building, reaching a height of approximately 11.0 m (Figure 8D). In the illustration from
1947, the trees reach the roof of the SGGW building, reaching a height of approximately
20 m (Figure 8E). In 1955, the trees obscured the SGGW building and reached a height
of approximately 21 m (Figure 5F). In 1975, the trees were already mature and reached
a height of approximately 22–25 m (Figure 5G). At the beginning of the 21st century, the
poplars remaining from the original forest cover had already reached their maximum size;
in 2012, their height was 24.0 m, while in 2017, it was 28.0 m, and in 2024, it was 30.5 m.
Due to collisions with buildings and technical infrastructure, the trees were cut, and their
shapes were deformed. The illustration from 2017 shows partial losses in the street trees,
and the trees in the planted avenue were becoming old and falling out (Figure 5H).

Field measurements showed that Populus ×berolinensis (K. Koch) Dippel ‘Petrowskyana’
trees planted in 1920s and 1930s along Rakowiecka Street in Warsaw (section Boboli
Street—Niepodległości Av.) achieved, in 2013, an average trunk girth of 220–235 cm (mea-
sured at 1.3 m—breast’s high), and in 2024, they achieved an average girth of 241.3 cm
(Table 2). Tree age parameters were calculated and correlated with illustrations in individ-
ual years and heights (Figure 6). On this basis, it was estimated that in 1930, the trees were
approximately 3 years old; in 1937, they were approximately 8–10 years old; in 1937, they
were approximately 12 years old; in 1947, they were approximately 20 years old; in 1955,
they were approximately 28 years old; in 1975, they were approximately 48 years old; and
in 2017, they were already approximately 90–95 years old. Now, in 2024, they are approx.
97–102 years old. The figure shows averaged values or those rounded to the upper or lower
values for better data visualization.
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Figure 5. The sequence of illustrations (A–I) of Rakowiecka Street in Warsaw showing the growth of
Populus ×berolinensis Dippel ‘Petrowskyana’ (1925–2024) near the WULS-SGGW’s former headquar-
ters building [authors’ own elaboration based on historical photos of Rakowiecka Street in Warsaw
(photos from [97] and own photo: Łukaszkiewicz, 23 February 2024)].

Figure 6. The schematic habits and estimated heights of Populus ×berolinensis (K. Koch) Dippel
‘Petrowskyana’ trees along Rakowiecka Street in Warsaw in the chosen years of the period 1930–2024,
located near the WULS-SGGW’s former headquarters building. The authors’ elaboration was based
on the pictures in Figure 8 (photos A-I [97] and their own photo: Łukaszkiewicz, 23 February 2024).
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Figure 7. The form of a high, even wall of male hybrid poplars: Populus ×berolinensis (K. Koch) Dippel
‘Berlin’ in Silesia Park’s Ziętek Promenade, Chorzów, Poland (Case B) (B. Fortuna-Antoszkiewicz,
May 2014).

Table 2. Descriptive statistics of the parameters of the studied Berlin poplars near the SGGW building
on Rakowiecka Street in Warsaw in 2012 and 2024 (n—number of selected trees, t-test; p—statistical
significance; SD—standard deviation).

Parameter Year Age [Years]
Descriptive Statistics

t Test
Mean (+/−SD) Me Min–Max

height [m]
2012 [n = 16] 85 23.87 (1.86) 224.00 20.0–27.0 p = 0.0175

t = −2.5362024 [n = 12] 97 25.5 (1.40) 25.60 23.5–27.5

circumference [cm]
at 1.3 breast height

2012 [n = 16] 85 225.87 (50.98) 224.00 116.00–321.00 p = 0.4341
t = −0.7942024 [n = 12] 97 241.33 (50.93) 244.50 146.00–339.00

Table 2 shows the descriptive statistics of average measurements of tree height and
trunk circumference at a height of 1.3 m and compares the significance of the differences
in the average values of these measurements. In order to compare the significance of
differences between the average values of tree height and trunk circumference at a height
of 1.3 m, Student’s t-test was used (after performing a test of compliance with the normal
distribution using the Shapiro–Wilk test). In the case of the data from 2024, the number
of trees (n = 12) was lower than in 2012 (n = 16) because some trees fell due to weather
anomalies, poor health, or infrastructure modernization. Based on the results obtained, it
can be concluded that in the tested sample, both the trunk circumferences and the heights of
the trees increased over the 12 years, but statistically significant growth was only observed
in the case of height.

We also checked whether the increase in tree height and circumference depended on
the spacing between the examined trees; Spearman’s rank correlation analysis was used.
The average spacing between the examined trees was 10.3 m, the smallest distance between
them was 8.0 m, and the largest distance was 16.0 m (SD = 2.25 m). A negative relationship
was observed in the case of height, but despite the coefficient value r = 0.64 indicating
a relatively significant relationship, it was statistically insignificant (r = −0.64; t = −2.21;
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p = 0.0627). In the case of trunk circumference, a similar direction of relationship was
observed, which was also statistically insignificant, but the strength of this relationship was
much weaker (r = −0.14; t = −0.36; p = 0.7256). This direction means that as the distance
between trees decreases, the value of the analyzed parameters increases.

Case B. The research area of Ziętek Promenade in Silesia Park in Chorzów, Poland.

Silesia Park (The Voivodship Park of Culture and Recreation in Chorzów, Poland),
with a total area of ca. 600 ha, was established on land of poor quality, partially degraded
by mining and metallurgy industries. The main objective was to improve the quality of life
for residents of Silesia by creating the bulk enclave of greenery combined with a versatile
program for active recreation in this partially degraded area. After many years, Silesia Park
has become an example of successful restoration and naturalization of the anthropogenic
landscape [98,99].

The Ziętek Promenade in Silesia Park is the main, wide walkway connecting the most
attractive park program elements, and it is the backbone of the park’s composition. Regular
tree arrangements, such as multi-row bosquets in a checkerboard pattern, are the leading
theme of the spatial composition. The original design, including vegetation, is preserved
and visible. The main feature of that park section is a magnificent double row of male
hybrid Berlin poplars (Populus ×berolinensis (K. Koch) Dippel ‘Berlin’). It runs along the
banks of the Park’s great pond, constituting a uniform “living wall”, which ideally fits the
scale of the vast park’s interior. In 2016, at the end of the promenade near Al. Główna,
a section of an old poplar row was exchanged for plantings of new trees of the same
specimen [6,98–100].

Figure 8. The analyzed sequence of historical photographs of Silesia Park in Chorzów, Poland,
showing the double row of Berlin poplars (Populus ×berolinensis (K. Koch) Dippel ‘Berlin’) in the Park
in Chorzów (the authors’ elaboration): (A) a view of the promenade from the late 1950s [101], (B) a
view of the promenade from the 1960s or 1970s [102]; (C) a view of the avenue of adult poplars in
2014 (photo by J. Łukaszkiewicz, 2014) [98].

In the first step, we analyzed iconographic materials and performed field measure-
ments. The results are presented in Figures 8 and 9 and Tables 3 and 4. Based on the data
obtained, it can be concluded that the trees planted in the 1950s on the Park’s promenade
reached heights of 4.5 m at the end of the 1950s (the estimated year was 1959), which were
equal to the height of the park lamp (Figure 8A). On this basis, the remaining parameters
were estimated: widths equal to 2.0 m and spacing equal to 6.0 m. Next, the average height
of poplars in the 1960s and 1970s was estimated (the estimated year was 1965), which was
9.0 m, and the width of the crown was 6.0 m because the trees touched each other with
their crowns, building a homogeneous wall-like row of trees (Figure 8B,C). In turn, the
analysis of photos and our own field tree inventory from 2014 shows that their parameters
were, on average, as follows: height—approx. 24.0 m; crown width—ca. 8.0 m; mean trunk
girth at 1.3 m—ca. ± 197 cm [98].

185



Land 2024, 13, 593

Figure 9. The increase in the height and spacing of the crowns of historic Berlin poplars (Populus
×berolinensis (K. Koch) Dippel ‘Berlin’) in Silesia Park in Chorzów in the years 1955–2014 (authors’
elaboration based on [98,101,102]).

Table 3. Case B. Descriptive statistics of the parameters of young studied Berlin poplars from the
Ziętek’s Promenade in Silesia Park in Chorzów in 2016, 2021, and 2023 (n—number of selected trees;
SD—standard deviation).

Parameter Year Age [Years]
Descriptive Statistics

Mean (+/−SD) Me Min–Max

height [m]

2016 [n = 10] 3 4.96 (0.10) 5.0 4.8–5.1

2021 [n = 10] 8 8.40 (0.51) 8.5 7.6–9.5

2023 [n = 10] 10 13.90 (0.42) 14.0 13.5–14.5

circumference [cm]
at 1.3 breast height

2016 [n = 10] 3 12.90 (0.87) 13.0 12.0–14.0

2021 [n = 10] 8 63.65 (6.11) 62.0 57.0–76.0

2023 [n = 10] 10 79.80 (5.12) 82.0 74.0–86.0

crown average
diameter [m]

2016 [n = 10] 3 2.17 (0.26) 2.0 2.0–2.5

2021 [n = 10] 8 4.50 (0.33) 4.5 4.0–5.0

2023 [n = 10] 10 7.90 (0.26) 8.0 7.5–8.2

Table 4. Case B. Descriptive statistics of the parameters of the examined poplars on the Ziętek’s Promenade
in Chorzów Park in 2016, 2021, and 2023 (t-test; p—statistical significance; SD—standard deviation).

Age Parameter Growth/1 Year
Correlation

R(X.Y) t p

2–8

height [m] 0.69 0.9740 16.1 <0.0001

circumference 1.3 [cm] 10.15 0.9831 20.1 <0.0001

crown diameter [m] 0.66 0.9689 14.6 <0.0001

8–10

height [m] 0.83 0.9853 20.8 <0.0001

circumference 1.3 [cm] 5.38 0.8146 5.1 <0.0002

crown diameter [m] 1.33 0.9837 19.8 <0.0001
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On this basis, the ages of the trees were assessed approximately: ±3 years in 1959,
±10 years in 1965, and ±65 years in 2014 (Figure 9). Knowing the poplars’ average height
for individual years, it can be concluded that these trees, with favorable conditions for
development (city park space), achieved their most significant growth of 8.5 times in
approximately 6–10 years (between 1959 and 1965) and achieved relatively slower growth
during the mature phase of life—over the next ca. fifty years (between 1965 and 2014),
growth was equal to only 2.5 times. For better data visualization, the following figure uses
average values or extreme ranges (Figure 9).

Due to the ageing of the original poplars and for safety reasons, the gradual replace-
ment of trees on the Ziętek’s Promenade began in 2016 (Figure 10). Following the original
project assumptions, new Berlin poplars of the same variety were planted in place of the old
trees. In the first section of the poplar row, replaced on April 2016, 37 new young poplars
were planted (planting material with a girth of 12–14 cm).

Figure 10. The perfect condition of young (a) Berlin poplar trees ((Populus ×berolinensis (K. Koch)
Dippel ‘Berlin’) planted in exchange for one section of the Ziętek’s Promenade in Chorzów in 2016,
together with a general view (b) of the promenade’s main walkway (author: J. Łukaszkiewicz 2018).

Our next step was to value descriptive statistics, estimated for measurements collected
from ten newly planted Berlin poplars (Populus ×berolinensis (K. Koch) Dippel B‘erlin’) in
2016, 2021, and 2023. Based on the results obtained, it should be concluded that with age,
there is a systematic increase in all the parameters examined (height, trunk circumference,
crown width).

Next, the average annual increase in the studied parameters and the strength of the
relationship between age and the average growth rate of the studied trees was estimated.
Sperman’s rank correlation analysis was used to estimate the strength of the relationship,
and the growth rate was estimated by using the obtained average values of the studied
characteristics and dividing them by the appropriate number of years. Table 3 summarizes
the results of these analyses. They show that between the fifth and eighth years of life
of Berlin poplars, the trunk circumference grows most intensively, while in the following
years, trunk growth slows down in favor of crown growth (Table 4).

The conducted field observations of older Populus ×berolinensis specimens from War-
saw’s Rakowiecka Street (Case A) and the Ziętek’s Promenade in the Silesia Park in Chor-
zow (Case B) reveal their resilience in urban settings, with some specimens surviving for up
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to 100 years. While trees planted in the 1930s on Rakowiecka Street have largely perished,
Berlin poplars in Chorzów have shown durability over several decades [103]. However,
urban conditions in Warsaw have led to premature fall-outs, with trees succumbing as early
as age 40 [103].

Statistical analyses based on parameters like tree height, trunk circumference, and
crown growth indicate significant changes in the early years of a tree’s life, with a clear
correlation between tree age and growth parameters observed in the Ziętek’s Promenade
in the Silesia Park in Chorzow. Older trees in Warsaw also showed increases in height and
trunk circumference, albeit they were statistically significant only for the height parameter.
Growth rates decrease notably after the eighth year of a tree’s life, with advanced-age trees
exhibiting slower growth [103].

Despite limitations in this study’s scope, it suggests a rapid increase in tree size
in the initial years of growth, allowing for replacing older trees prone to felling or decay.
Considering the lifespan of Populus ×berolinensis, young trees could replace older specimens
within 37 years for height growth or 24 years for trunk circumference. However, sustained
care can enable these trees to thrive even in poor urban conditions, as seen on Rakowiecka
Street. Although trunk circumference measurements have proven valuable for determining
tree growth, older trees may also require height measurements to obtain more reliable
growth results. It is crucial to conduct precise measurements, especially when assessing
tree growth in urban environments.

The selected examples demonstrate the potential applications of poplar trees, such as
those in Chorzów’s Silesia Park, which fulfil their functions effectively. Careful selection of
tree species adapted to local conditions is essential to avoid previous mistakes in urban
forestry. Regularly monitoring and using ecological surfaces are recommended to mitigate
infrastructure damage caused by rapid tree growth.

While rapid growth may lead to visually appealing urban greenery, caution is advised
in selecting tree species and managing their lifespans. Replacing older trees with younger
specimens ensures the continuity of urban greenery, while slower-growing species like
lime or maple contribute to the diversity and longevity of urban forests.

Flexibility in managing old trees is necessary for overmatured poplars, as rigid ap-
proaches may lead to unnecessary removals. The introduction of tree replacement patterns,
often used in many Western countries, where similar species are used to preserve the
unique character of urban green spaces, should be promoted.

3.5. Poplar in Cities as Suitable but Under-Rated Trees in Urban Greenery

Our review of scientific databases has shown that very little existing research is
devoted to using poplar cultivars in woodlots in urban green spaces (UGSs). This is, among
other things, due to some long-lasting myths that these trees are unsuitable for keeping
in cities, e.g., because they are not aesthetically valuable and are very short-lived. In fact,
concerning global climatic changes, poplars can offer various ecological benefits in urban
or industrial areas, such as improving air quality and carbon sequestration due to their
fast growth, as well as achieving big sizes and having high adaptability to unarboristic site
conditions [104–107].

The presented cases of Populus ×berolinensis indicate that using such trees is reluctantly
recommended nowadays in the context of providing sufficient support for mitigating urban
heat islands and improving the local microclimates of streets, avenues, parks, etc. [103].
Integrating poplars into urban landscapes also contributes to their sustainability [108,109],
and their fast growth and adaptability make them suitable for urban areas [100,110–112].
However, their variable lifespans pose challenges for sustained urban greenery [113,114]. In
such a case, the careful selection of cultivars and management practices is crucial [115,116].
Also, collaborative efforts are needed for effective urban greenery planning and devising
comprehensive strategies that maximize the benefits provided by poplars while addressing
challenges associated with their diverse lifespans [115].
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Considering that street trees have an average life expectancy of 13–20 years (e.g., [117]),
the so-called short lifespans of some taxons/cultivars of poplar are not a factor that neglects
their efficient usage in urban areas. The variable lifespans of poplars might necessitate
more frequent replanting cycles (the urban plantation-like system) after a few decades
when they mature [100]. Their quick growth and establishment align with the urgency
of creating green spaces and forests in urban areas, addressing immediate environmental
concerns, and fostering a more sustainable and livable urban landscape [118–120].

3.6. Benefits of Poplars against Other Species for Cities

Notably, the deterioration in the visual condition of trees in Poland during the
1990sand the 20th century, more generally, was attributed partially to inadequate manage-
ment systems. Managers often struggled to keep pace with emerging trends, and legal
frameworks sometimes needed clarification. In Poland, decisions regarding tree planting
in urban areas are made by local authorities, which may require more representation from
urban forestry specialists like landscape architects or foresters.

Furthermore, poplar trees are not a recent addition to urban landscapes. They were
successfully introduced to cities in the 20th century. Still, they were eventually supplanted
by other species, such as maples (primarily Acer sp.) and linden trees (Tilia sp.), due
to their susceptibility to fragility and poor sanitation. However, relying solely on these
alternative species may not be sustainable, as they struggle to adapt to climatic changes
and temperature fluctuations, as evidenced by recent urban ecology research. Therefore,
there is a need to revert to proven varieties of poplar trees, capable of rapid growth and
surviving up to 100 years in challenging urban conditions, as exemplified by preserved
specimens in Warsaw.

Despite evidence supporting the need for replacement after 60 years, this practice is
not widely adopted in Poland due to a misguided trend termed the “civilization of the
environment”. This involves a pseudo-protection of trees, particularly by older capital resi-
dents, perpetuating outdated practices. Indeed, we also observe that society’s involvement
in these issues has become more relevant. However, its opinion should not undermine
the opinion of forestry specialists. Therefore, educating society in this area is essential,
as it has been a good practice for many years, especially in Western European countries.
Thus, this education should also be implemented in Poland [121], and a return to some old
varieties and best practices, including maintenance procedures and monitoring, is essential
to ensure the sustainability of urban greenery.

Our research underscores the significance of poplars as a valuable but often over-
looked species in urban environments. While modern studies recommend only a few
species for urban planting, monocultures pose risks to city landscapes. Furthermore, as
emphasized in our revised paper, it is crucial to reintroduce species historically planted
in significant locations. However, these arguments require further elaboration and more
substantial justification.

Our study also highlights the water sensitivity of poplar trees and emphasizes the
need for improved urban green management practices. Despite the challenges posed by
the diverse global distribution of poplar species, addressing common environmental issues
can facilitate future research on a worldwide scale.

In summary, while poplar trees were once favored for planting in the 20th century,
they are rarely selected in contemporary urban forestry due to past mismanagement and
misconceptions. However, their exclusion based on past mistakes must be addressed, and
efforts should be made to incorporate them into future urban planting initiatives.

4. Conclusions

The following conclusions underscore the intricate balance between the advantages
and challenges of integrating poplar trees into urban environments, underscoring the
necessity for comprehensive and adaptable strategies in urban greening efforts:
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• Berlin poplars serve, in the presented research, as exemplars of trees that have been
successfully utilized in parks and urban street settings. They exhibit rapid growth
even under adverse urban conditions, such as drought, limited rooting space, and
pollution exposure.

• While poplar trees can demonstrate acceptable longevity in urban conditions, their
survival rates mayvary between park and street environments, e.g., urban stressors
have caused the premature decline of Populus ×berolinensis on Rakowiecka street in
Warsaw (Poland).

• The literature and empirical evidence suggest that poplar trees’ alleged short lifespans
are less pronounced in downtowns, where trees struggle to reach maturity. It prompts
a call to recognize various poplar cultivars as resilient tree species capable of enhancing
urban biodiversity.

• Proper management practices, including root system care and selective pruning, are
crucial for effectively utilizing poplar trees in urban green spaces, such as street tree
lanes and park alleys. The selection of poplar cultivars tailored to specific urban
functions is paramount for achieving the desired outcomes. Careful consideration
should be given to avoiding female cultivars that produce abundant seed down.

• Given their rapid growth, adaptability, and positive environmental impact, poplar
trees can be readily replaced in urban spaces through cyclic renewal practices akin to
urban plantation schemes. A notable example is the reforestation of the main prome-
nade in Silesia Park in Chorzów (Poland), where young poplar saplings are estimated
to completely replace large old trees over 25 m in height within approximately 20 years.
This highlights their significant role in urban landscapes from both ecological and
aesthetic perspectives.

• Our studies on the growth of Populus ×berolinensis (Cases A and B) are of a pilot
nature. However, the obtained results encourage continued research into the wide
use of poplars in cities in the context of challenges related to climate change and
maintaining tree cover in urban forests and urban green spaces in the future.
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