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Preface

This Special Issue will focus on investigating urban green spaces as transformative contexts

where alternative collaborative governance arrangements can deliver ecosystem services by engaging

with local communities. Taking into account different viewpoints, this Special Issue will deepen

the capacity of urban spaces to provide experimental settings to co-produce innovative solutions for

urban living and planning based on sustainability and inclusivity.

To this extent, Xiaoqi Feng and colleagues discuss the case of Sydney (Australia) to delve into the

relationship between fatal traffic crashes and street tree percentages. They demonstrate that reducing

speed limits to below 70 km/h can save lives and potentially mitigate the risks of severe or fatal traffic

accidents involving street trees, thereby contributing to the creation of greener, cooler, and healthier

urban environments.

Bilyana Borisova and colleagues focus on identifying urban properties suitable for urban green

infrastructure interventions, optimizing natural regulatory functions to achieve long-term pollution

mitigation and a reduction in secondary dust levels.

Henri Kabanyegeye and colleagues conduct an analysis of the dynamics of green infrastructure

in the cities of Bujumbura, Kinshasa, and Lubumbashi, identifying distinct patterns of green

infrastructure development across these urban contexts. Based on their findings, they conclude that

urban growth in these cities requires careful planning to ensure the effective integration of adequate

green infrastructure, thereby promoting environmental sustainability and enhancing urban resilience.

In their study, Yu Li and colleagues adopt a comprehensive approach to ecological functional

zoning in the Shenzhen region of China. By integrating advanced geospatial analysis tools, diverse

data sources, and sophisticated statistical methods, the research identifies and categorizes various

ecological functions. These functions are delineated based on a robust set of indicators and spatial

analysis techniques, providing a nuanced understanding of the region’s ecological dynamics.

Yiwen Cui and colleagues conduct an investigation into the challenges and opportunities

associated with community engagement initiatives, specifically focusing on New Zealand’s major

ethnic groups, including New Zealand Europeans, Māori, Chinese, and Pasifika. Richa Sharma

and colleagues investigate the spatio-temporal impacts of land use and land cover changes on both

the provision and monetary value of above- and below-ground carbon sequestration and storage in

Noida, focusing on the years 2011, 2019, and a simulated projection for 2027.

Dragan Vujičić and colleagues identify the key barriers and drivers influencing the regulatory

framework of green infrastructure, drawing on the perspectives of 352 professionals surveyed

between 2018 and 2023 in Serbia.

Davide Marino and colleagues conduct a comprehensive literature review to identify the

biophysical and economic coefficients associated with ecosystem services provided by different land

cover classes. These coefficients are compiled in a database to assess changes in ecosystem service

supply, considering permanence and transition phenomena in Italy from 1990 to 2018.

Tomomi Funahashi and Shozo Shibata examine the historical dynamics of forested areas

and their associated cultural values from the late 19th century onwards. This study focuses on

15 shrine/temple forests situated in the mountainous and foothill regions of Kyoto City. The

analysis utilizes geographical information systems (GISs), leveraging topographic maps and aerial

photographs to investigate these forests’ evolution over time.

Liwei Qin and colleagues explore the spatial heterogeneity of park vitality across various urban

landscapes at the city scale, addressing the limitations of traditional approaches to understanding the

ix



dynamics of park vitality.

Zihan Cai and colleagues, through quantitative analysis of the spatio-temporal evolution

patterns of Urban Park Green Areas, identify the driving mechanisms behind these changes

and provide policy recommendations for planning and management, informed by performance

evaluation outcomes.

Finally, Qian Xu and colleagues select Guangdong Province in China as a case study to examine

the trade-offs and synergies between various ecosystem services, as well as to investigate the

underlying mechanisms influencing these relationships in economically developed regions with high

population density.

By integrating theoretical perspectives with empirical research, this Special Issue provides

valuable insights for researchers, practitioners, and policymakers seeking to advance the

development of urban green spaces that effectively co-produce ecosystem services in response to

the needs of local communities.

Luca Battisti, Fabrizio Aimar, and Federico Cuomo

Guest Editors
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The Transition of Forest Cover and Its Cultural Values in
Shrine/Temple Forests in the Mountainous and Foothill Areas
of Kyoto City: A Study Based on Topographic Maps and
Aerial Photos

Tomomi Funahashi * and Shozo Shibata

Graduate School of Global Environmental Studies, Kyoto University, Yoshida-Honmachi, Sakyo-ku,
Kyoto 606-8501, Japan; shibata.shozo.6n@kyoto-u.ac.jp
* Correspondence: funahashi.tomomi.74e@st.kyoto-u.ac.jp

Abstract: There is growing interest in the diverse roles of forests in addressing climate change and
biodiversity goals. Recent studies have indicated a disregard for the cultural values of forests that
have been formed in close association with human activities. This may potentially lead to the loss of
cultural characteristics, traditional forest knowledge, and biodiversity. This study explores historical
forest dynamics and their unique cultural values from the end of the 19th century in 15 shrine/temple
forests located in the mountainous and foothill areas of Kyoto city. Using geographical information
systems (GIS) based on topographic maps and aerial photographs, this study investigates the forest
composition in the 1890s, 1980s, and from 2010. The results indicate that approximately half of the
targeted shrine/temple forests were composed of low Pinus densiflora forests and coppice forests
in the 1890s. Between the 1890s and 1910s, coniferous forests were planted in these areas with the
intention of land conservation and timber production. This distinctive forest cover became a typical
characteristic for shrine/temple forests until the 1980s. However, from the 1980s, a decrease in the
cultural value of shrine/temple forests was observed due to the lack of human activities in these
forests. As a result, the distinction between shrine/temple forests and the surrounding forests has
become blurred. This could potentially cause the homogenization of cultural characteristics. This
study aims to inform readers of the cultural value associated with the historical landscape and
biodiversity found in shrine/temple forests.

Keywords: forest history; forest landscape; cultural forest; Pinus densiflora; planted forest; GIS

1. Introduction

1.1. Research Background

There is a growing interest in the diverse roles of forests in addressing climate change
and biodiversity goals. The United Nations declared 2021 to 2030 to be the “Decade on
Ecosystem Restoration”, with focused efforts on promoting forest restoration [1]. Apart
from the increasing expansion of forested areas, there is an urgent need to enhance the
natural characteristics of forests, based on the assessment of forest ecosystem services [2].
In this context, old plantation forests that are not utilized would, over time, deliver envi-
ronmental benefits more effectively if they were restored to natural forest or semi-natural
forests [3]. On the other hand, there is also the practice of maintaining the characteristics
of forests that have been shaped by ongoing human activities through historical evidence.
An example of such a practice can be found in Italy’s coppice woodlands [4]. This Italian
approach argues that forest management practices must consider the historical context
to avoid endangering the cultural value of these forests [4]. According to the theories
related to ecosystem services, cultural values have been associated with the “aesthetic,
artistic, educational, spiritual and/or scientific values of ecosystems” [5]. However, these

Land 2023, 12, 2096. https://doi.org/10.3390/land12122096 https://www.mdpi.com/journal/land1



Land 2023, 12, 2096

assessments are from the perspective of the recipients of these services, and they may not
encompass the cultural values influenced by human actions such as forest management
policies and operational activities [2]. Traditional forest management practices applied
for centuries have significantly influenced forest characteristics (in terms of extension,
density, species composition, and vertical and horizontal structure). Even if traditional
forest management practices are seldom practiced today, the influence of past management
practices continues to shape the current characteristics of forests [4]. Therefore, to neglect
the cultural aspects of forests carries the risk of the future homogenization of forest types,
and the loss of cultural significance, traditional forest knowledge, and biodiversity on a
landscape scale [4].

In Japan, the Satoyama Initiative [6] promotes conservation efforts to establish land
use systems that respect traditional knowledge while fostering a harmonious relationship
between nature and human activities. These efforts have also involved the assessment
and management of ecosystem services, including the diversity of secondary natural
environments [7].

Moreover, “shrine/temple forests” in Japan are forests that are owned or utilized
by shrines or temples and formed in close association with human activities [8]. Origi-
nally, these forests were held for the purpose of maintaining the religious ambience and
management of shrines and temples. They served as places to foster religious solemnity,
conduct rituals and practices, and functioned as disaster prevention areas [9,10]. In addi-
tion, shrine/temple forests have historically served as a source of income for shrines and
temples through the production of timber and non-timber forest products (NTFPs) [9,10].
Therefore, shrine/temple forests can be described as green environments that exhibit vari-
ous functions that align with the needs and requirements of shrines or temples, including
landscaping, land conservation, timber production, and NTFP production [8].

Recent studies on shrine/temple forests have presented varying perspectives regard-
ing their historical characterization. Miyawaki (1970) [11] considers these forests to be
primeval and left undisturbed by human intervention. In contrast, other researchers have
indicated that until the Meiji period (mid-19th century), coniferous forests, managed for
the extraction of forest resources, constituted the core of shrine/temple forests [12–14].
Moreover, the current deciduous broad-leaved forests are suggested to comprise secondary
forests that emerged after the Meiji period (mid-19th century) [12–14]. Such research
is instrumental in guiding the discourse and management strategies that consider the
multifaceted historical significance of these forests.

Due to the differences in perception regarding the historical significance of shrine/
temple forests, little research has focused on shrine/temple forests and their cultural
values, influenced by human activities [15]. Therefore, this study utilizes the discourse
propounding that shrine/temple forests in Japan are forests formed under the influence of
active human activities.

1.2. The Shrine/Temple Forests

The shrine/temple forests observed today have a historical background, and have
been influenced by events that occurred after the Meiji Restoration (1868). Primarily, they
were influenced by the “Land Tax Reform” in 1875, whereby most of the shrine/temple
forests became nationalized [9,10]. However, the “National Forests Act” in 1898 and the
“Disposal of Former Shrine and Temple Reserve Forest” in 1947 resulted in the return of
certain areas to the original shrines and temples [15]. As a result, through these historical
processes, the boundaries and extent of the current shrine/temple forests were determined.

Between the 1890s and 1920s, the management system for shrine/temple forests began
to take shape within the Japanese government. Scholars such as Honda Seiroku, Hongo
Takanori, and Uehara Keiji developed the concept of “Shaji Fuchirin Ron (Management Theory
of Shrine/Temple Forest)”, from the perspectives of forestry and landscape architecture [16].
This concept advocated for the ideal aesthetic qualities of shrine/temple forests, empha-
sizing the cultivation of religious ambience through the planting of evergreen coniferous
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trees, such as Cryptomeria japonica and Chamaecyparis obtusa. These trees are valued as
construction materials for shrine/temple buildings and as general timber. However, they
recognized that maintaining these coniferous trees in urban areas with a high population
density and ongoing industrialization would become unfeasible. As an alternative, a pro-
posal for maintaining shrine/temple forests could be the natural regeneration of evergreen
broad-leaved trees such as Cyclobalanopsis, Castanopsis, and Cinnamomum camphora. Promot-
ing the preservation of evergreen broad-leaved forests marked a significant milestone in
the concept of shrine/temple forest landscape [17].

1.3. The Historical Landscape and Forest Dynamics in Kyoto City

Kyoto was the imperial capital of Japan from its foundation until the middle of the 19th
century. As the center of Japanese culture for more than 1000 years, Kyoto illustrates the
development of Japanese wooden architecture, particularly shrine/temple architecture [18].
In Kyoto city, shrine/temple forests have been recognized as essential elements that con-
tribute to the historical landscape of shrine/temple historical sites and architecture [18].
Since the Meiji period (1868–1912), efforts have been made to preserve forest landscapes
as tourist resources and local scenery, focusing on nationalized shrine/temple forests in
the suburbs of Kyoto city such as Higashiyama and Arashiyama [19–21]. Ogura (1992) [22]
and Nakajima (1996) [23] conducted detailed examinations of the vegetation surrounding
Kyoto city during the mid-Meiji period (1890s) by using a topographical map with a scale of
1/20,000, surveyed by the Land Survey Department of Japan’s Army in 1889 (Annotation
A1 in Appendix A). These studies found that around the urban areas of Kyoto, there were
widespread Pinus densiflora forests, with a height of less than 2.7 meters (m). On the other
hand, the background of shrines and temples consisted of Pinus densiflora forests greater
than or equivalent to 5.4 m, while the more remote areas in the mountainous northern part
of Kyoto consisted mainly of Cryptomeria japonica forests. These studies highlighted that
these forests constituted distinctive landscapes associated with shrine/temple forests in
the 1890s.

During the Meiji period (1868–1912), forest landscapes were generally preserved;
however, the excessive logging during World War II destroyed these forest landscapes [24].
However, also during World War II, shrine/temple forests were protected from this ex-
cessive logging due to their religious significance [24]. This exemption from excessive
logging provided the forest stands with continuity for over 75 years, which was revealed
in the 1980s shrine/temple forest survey [25]. Until the 1980s, secondary forests primarily
composed of Pinus densiflora continued to play a central role in shaping the scenic beauty
of the ancient capital, Kyoto city [26]. Pinus densiflora forests surrounding the city of Kyoto
have been utilized throughout history as a source of construction materials, fuelwood, and
food (such as mushrooms), and have promoted maintenance practices like underbrush
clearing and leaf raking [27]. However, with the decline in its utilization due to the fossil
fuel revolution, coupled with the outbreak of pine wilt disease, Pinus densiflora has experi-
enced a rapid decline in its numbers since the 1980s [28]. Pine wilt disease (PWD) is caused
by Bursaphelenchus xylophilus, the pine wood nematode (PWN) [29,30]. It has caused serious
forest issues primarily in East Asia [31] since the 1970s, with serious outbreaks in China,
Korea and Taiwan [32–34]. Across Japan, except for certain areas of Hokkaido, it became a
nationwide outbreak [31]. The PWD rapidly became prevalent in Kyoto [28] during the
1980s, resulting in a change in the forest landscapes surrounding Kyoto city. By the late
1990s, forests consisting of Pinus densiflora were being naturally replaced by maturing un-
derstory trees, and the natural regeneration of Pinus densiflora forests became unfeasible in
areas that ceased the thinning and mowing of forest undergrowth [28,35]. Eventually, Pinus
densiflora forests were replaced by broad-leaved forests mainly with Quercus variabilis and
Quercus serrata [35,36]. Currently, the distribution of Castanopsis cuspidata is expanding [36].
Castanopsis cuspidata is an evergreen broad-leaved tree and is known as a climax species
in most areas of Japan, including Kyoto city [37]. In the temperate regions of Japan, there
have been reports suggesting that secondary forests have a higher biodiversity compared
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to climax forests [36,38,39]. These changes have also affected shrine/temple forests, and
consequently, resulted in a growing need for the conservation and restoration of historical
forest landscapes [24,40].

Conservation efforts have been undertaken to preserve the historical landscape cen-
tered around Pinus densiflora forests, encompassing the entire forest area surrounding
Kyoto city [24,35]. However, approximately 42% of shrine/temple forests in Kyoto city are
occupied by planted coniferous forests of Cryptomeria japonica or Chamaecyparis obtusa [41].
There are no specific policies that encompass the preservation of planted coniferous forests
of Cryptomeria japonica or Chamaecyparis obtusa [24,40]. Although shrine/temple forests
have been managed for various purposes, including the preservation of religious solem-
nity and as a source of timber resources for shrines and temples [9,10], human activities
in shrine/temple forests are different when compared to non-shrine/temple forests in
Kyoto city. As a result, there is a need to develop explicit policies that target the conserva-
tion and restoration of shrine/temple forests whilst considering the cultural value of the
forest landscape.

1.4. Research Questions

Previous studies on shrine/temple forests in Kyoto city have primarily focused on (i) the
landscape conservation policies implemented during the Meiji period (1868–1912) [42,43],
(ii) the ecological value of forests [44,45], (iii) on examining the vegetation and resource
utilization of a specific shrine during the Edo period (1603–1868) [13,14]. For example,
studies conducted by Ogura (1992) [22] and Ogura (2012) [46] regarding the vegetation of
shrine/temple forests in Kyoto city focused only on the Meiji period (1868–1912). However,
investigations into the changes in the forest cover of shrine/temple forests and the reasoning
behind planting coniferous forests of Cryptomeria japonica or Chamaecyparis obtusa since end
of the 19th century are lacking. Furthermore, the cultural values implicated in each of these
processes have not been clarified.

Therefore, in this study, the following two research questions were established to
investigate the conservation of cultural values in shrine/temple forests in Kyoto city.

Q1. How has the forest cover of shrine/temple forests in Kyoto city changed since the
mid-Meiji period (1890s)?

Q2. What is the history of the cultural values held by shrine/temple forests in Kyoto
city since the mid-Meiji period (1890s)?

2. Materials and Methods

2.1. Study Sites

This research focuses on 15 shrine/temple forests located within Kyoto city (Figure 1).
These 15 sites were selected based on the “Survey for the Identification of Outstanding
Shrine/Temple Forests in Kyoto Prefecture” [25] (Annotation A2 in Appendix A), con-
ducted by the Kyoto Prefectural Government in 1988–1989 (hereinafter referred to as the
“Kyoto Prefectural Shrine/Temple Forest Survey”). In this survey, the selection of these
forests was based on five criteria, which are listed in Table 1. The scope of this study
encompasses the shrine/temple forests specified in the survey report, with a focus on the
historical changes in forest cover from the past to the present. It is important to note that
these boundaries do not necessarily represent the current ownership boundaries of the
shrines and temples. Additionally, certain areas might not be part of the forest that was
owned by shrines and temples during the Meiji era (1868–1912) because of the nationaliza-
tion of temple forests under the “Land Tax Reform” in 1875. In this study, we conducted an
analysis of the forest cover changes in the shrine/temple forests, taking into consideration
the surrounding forest environment. To ensure consistency in the sample size of the dataset,
buffer zones of the same area were established around each shrine/temple forest.
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Figure 1. The locations of the 15 shrine/temple forests in Kyoto city, using the base map from
“Guidelines for Conservation and Restoration of Forest Landscape in Kyoto City” [24].

Table 1. Selection criteria for the “Kyoto Prefectural Shrine/Temple Forest Survey” [25].

Selection Criteria

1 Primeval or near-pristine natural forest

2 Forest communities that represent the local landscape and shows typical community
characteristics

3 Forests where no logging has occurred over the long term

4 Natural forests that are scientifically valuable because of their unique distribution
under natural conditions or because they show typical transitional forms.

5 Forested areas of 1 ha or more and with forest age of 75 years or older

Among the 15 shrine/temple forests, No. 1, No. 2, and No. 10 are located at elevations
from 500 to 900 m, while the other shrine/temple forests are all located at elevations below
500 m (Figure 1).

2.2. Research Method

In this study, we examined changes in the forest cover of Kyoto using data from
three different periods: (i) the 1890s, which has been commonly studied for historical
forest landscape analysis in Kyoto city; (ii) the 1980s, a period known for changes in forest
composition, including a decline in Pinus densiflora forests; and (iii) after 2010, as the present
day. The 1980s field-survey-based vegetation data were used as an intermediate indicator
from the 1890s to the present in order to minimize errors due to the interpretation of aerial
photographs [47]. As indicated earlier, the forest landscape in Kyoto city remained largely
unchanged from the 1890s until the 1980s [35]. Additionally, due to the lack of available
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historical data for other periods [46], these three periods were selected for the analysis of
this study.

Aerial photographs have been widely used for long-term forest cover comparisons due
to the relatively small difference in data acquisition accuracy between them and satellite
images [47–49]. However, due to the historical context of this study, topographical maps
were also utilized to understand the vegetation during the 1890s [22,46,50]. Therefore,
this study used a combination of topographic maps and aerial photographs (Table 2,
Figure 2) as primary data sources and referred to a vegetation map obtained from GIS
data. The GIS vegetation maps were from the “3rd Natural Environment Survey on
Vegetation” (1/50,000 scale, conducted in 1983) and the “6th and 7th Natural Environment
Survey on Vegetation” (1/25,000 scale, conducted in 2004), provided by the Ministry of
the Environment to aid in the interpretation of vegetation patterns. As historical resources
from the 1890s, we used a topographical map with a scale of 1/20,000 surveyed in 1889
and a topographical map with a scale of 1/20,000 surveyed in 1893 (Annotation A3 in
Appendix A) to understand the vegetation during the Meiji period (1890s) [22,46,50]. For
the 1980s and after 2010, we utilized three major sources of aerial photographs: (i) the
1985 National Land Image (color aerial photograph taken by the Geospatial Information
Authority of Japan (GSI)) with a scale of 1/20,000; (ii) the 2010 National Land Image (color
aerial photograph taken by the GSI) with a scale of 1/10,000; and (iii) the 2020 National
Land Image (color aerial photograph taken by the GSI) with a scale of 1/10,000 (Annotation
A4 in Appendix A). In addition, the study utilized supporting data from the 2008 Digital
National Land Information, published by the GSI (Orthoimage) and with a ground pixel
size of 40 cm, as a reference for ArcGIS (ver. 3.1.0) georeferencing. This allowed the
study to perform geometric correction for these aerial photographs before conducting
the identification of the forest cover type. Moreover, geographical location information
was added to these topographic maps by employing the Digital National Land Basic Map
(Basic Geospatial information) for reference and for the utilization of georeferencing. The
positions of shrine/temple buildings primarily served as the starting points for this process.
Subsequently, three vegetation maps were created using the planar rectangular coordinate
system JGD2000 VI as the basis.

Table 2. Data sources used for forest cover type mapping.

Period Survey Site Numbers Reference Year Publisher

1890s
1, 2 the topographical map surveyed

in 1893 with a scale of 1/20,000 1893 Land survey department of
Japan’s Army

3–15 the topographical map surveyed
in 1889 with a scale of 1/20,000 1889 Land survey department of

Japan’s Army

1980s 3–15
the 1985 National Land Image

(color aerial photograph) with a
scale of 1/20,000

1985 the Geospatial Information
Authority of Japan (GSI)

After 2010

1, 2
the 2010 National Land Image

(color aerial photograph) with a
scale of 1/10,000

2010 the Geospatial Information
Authority of Japan (GSI)

3–15
the 2020 National Land Image

(color aerial photograph) with a
scale of 1/10,000

2020 the Geospatial Information
Authority of Japan (GSI)

The topographical map with a scale of 1/20,000 surveyed in 1889 was created for mili-
tary purposes, with the Japanese army aiming to perform assessments to locate construction
timber and fuelwood resources [22]. Therefore, the classification of forests on the map was
primarily performed from the perspective of resource utilization. This classification was
performed based on tree species with a high timber value, including Cryptomeria japonica,
Chamaecyparis obtusa, and Pinus densiflora, as well as tree species with a high fuelwood
value, including Quercus serrata or Quercus acuta, and coppice forests. For Cryptomeria
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japonica, Chamaecyparis obtusa, and Pinus densiflora, subcategories of mature or low-height
trees were assigned. In the study area of this research, only Pinus densiflora had a distinction
between mature and low-height trees, which resulted in the use of the classifications shown
in Figure 3. When considering the influence of historical human activities, it is considered
inadequate to evaluate the cultural value solely based on classifications derived from phy-
tosociology [2]. To prevent this bias in the study, we used the resource-use-based forest
classifications obtained from topographic maps created in the Meiji period as a basis for
reading aerial photographs in the 1980s and after 2010. Figure 3 illustrates the correlation
between the corresponding legend of these topographical maps and identifies the vegeta-
tion types from these aerial photographs. The symbols used in the topographical maps and
their corresponding vegetation are in reference to Ogura (1992) [22] and Ogura (2012) [46];
these were verified in detail based on old photographs and geographical records.

Figure 2. Images of the data sources used for forest cover type mapping. (A) Excerpt from the
topographical map surveyed in 1889 by the land survey department of Japan’s Army, with a scale of
1/20,000. (B) Excerpt from the 1985 National Land Image obtained by the Geospatial Information
Authority in Japan, with a scale of 1/20,000. (C) Excerpt from the 2020 National Land Image obtained
by the Geospatial Information Authority in Japan, with a scale of 1/20,000.

Considering the potential natural vegetation in Kyoto city, it is known that all Cryp-
tomeria japonica forests shown on the topographic map were established through afforesta-
tion [51]. Therefore, these Cryptomeria japonica forests on the topographic map corresponded
to the planted coniferous forests observed in the aerial photographs. However, distinguish-
ing between mature and low Pinus densiflora forests on the topographic map was not feasible
in the aerial photographs. For this reason, both types were combined and classified as
Pinus densiflora forests. It should be noted that the coppice forests found on the topographic
map could not be identified as only coppice forests in the aerial photographs from the same
period. Therefore, these coppice forests were aligned with natural conifer and broad-leaved
mixed forests.

Apart from planted conifer forests of Cryptomeria japonica or Chamaecyparis obtusa, and
the secondary forests of Pinus densiflora, the existing vegetation in Kyoto City includes
broad-leaved trees such as Castanopsis spp. and Quercus spp. at elevations below 500 m [52].
On the other hand, at elevations between 500 m and 1000 m, the existing vegetation includes
broad-leaved trees such as Quercus spp. and Acer spp., as well as natural coniferous trees
such as Abies firma and Chamaecyparis obtuse [52].
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densiflora
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Figure 3. Correspondence of legend for topographic maps and forest cover type identified from aerial
photographs. ※1: Mature Pinus densiflora forest: A forest primarily consisting of Pinus densiflora with
a height of approximately 5.4 m or more, and that may also include other tree species [22]. ※2: Low
Pinus densiflora forest: A forest primarily consisting of Pinus densiflora with a height of approximately
less than 2.7 m, and that may also include some bare ground [22]. ※3: Coppice forest: A mixed forest
consisting of coppices with a height of approximately 1.8 m [22].

Regarding cultural values, forest environments have been discussed within the context
of cultural landscape heritage conservation [53,54] or evaluation of sacred natural sites,
such as the Delos Initiative [55,56]. In 2021, the International Union for Conservation
of Nature and Natural Resources (IUCN) developed guidance on the conservation and
management of sacred natural sites from the perspective of both cultural values and
ecological values [56]. In these contexts, cultural value refers to the significance that
individuals or groups attribute to the forest, encompassing historical, aesthetic, economic,
social, scientific, and various other types of value [54,56]. Importantly, the elements and
significance that comprise cultural value can change over time, depending on the regional
and temporal context [56,57]. This stipulates that cultural values encompass diverse and
complex significance accumulated over time. Therefore, the assessment of cultural value
requires reassessing the values inherited from previous generations in a contemporary
context using a historical approach [57].

Through the following two procedures, the historical forest dynamics of shrine/temple
forests from the 1890s to the present (after 2010) were elucidated, and an assessment of
the cultural value of shrine/temple forests was conducted. Firstly, using the tabulated
area function of ArcGIS, a cross-tabulation of forest cover changes was conducted to
clarify the forest dynamics. Other research similar to this study also used topographic
maps created in the 1890s and aerial photographs to validate the forest dynamics, and
considered changes of 1 ha or more to be significant changes [58]. Therefore, in this
study, changes of 1 ha or more were regarded as significant. Secondly, as part of the
assessment of cultural value, hierarchical cluster analysis using the Ward Method was
conducted to understand the trends in forest cover types for each shrine/temple forest in
the 1890s. The forest cover types and their functional categorization using the data collected
were classified into three categories based on the forest classifications obtained from the
topographic maps and previous studies on the landscapes of shrine/temple forests during
the 1890s. A designated definition of cultural value for each forest cover type allocated
three functional categories according to the IUCN’s guideline [56] and the original meaning
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of shrine/temple forests’ existence [9,10] mentioned earlier in the study. The history of
the cultural values of shrine/temple forests was explored by tracing the changes in the
forest cover type of the three functional categories. The study examined which forest cover
type matched the cultural value of each functional category, and how such cultural values
transformed due to changes in the forest cover type.

(i) Landscape forest

We defined the forests dominated by “mature Pinus densiflora forests” or “coniferous
forests such as Cryptomeria japonica” in the 1890s as landscape forests. The “mature Pinus
densiflora forest” and “coniferous forests such as Cryptomeria japonica” were identified as
landscape elements owing to their support of the solemnity of shrines and temples in the
1890s [22,23]. Furthermore, these tree species have timber production functions and were
utilized as construction materials for shrine/temple buildings and as general timber. This
finding suggests that, along with their landscaping function, these forests also encompassed
timber production functions. Hence, the term landscape forest in this study can be regarded
as also having timber production functions. The cultural value of landscape forests can be
defined as their ability to support the solemnity of shrines and temples and simultaneously
provide construction materials for the management of shrines and temples. This includes
the knowledge of landscape forestry that enables timber production while maintaining the
religious solemnity of shrine/temple forests.

(ii) Fuelwood forest

Forests dominated by “low Pinus densiflora forests”, coppice forests and broad-leaved
forests were classified as fuelwood forests. “Coppice forests” are known as fuelwood forests
based on the investigation of the “Kyoto Prefecture Geography” and photographs [22].
Moreover, “low Pinus densiflora forests” are considered to have grown on land that was
extensively logged during the 1870s, based on an investigation of their age [23,51]. These
types of forests are known to have been formed due to the high demand for forest resources,
primarily firewood and charcoal [51,59]. Additionally, “broad-leaved forests”, correspond
to the legend “Quercus serrata or Quercus acuta forest” on the topographical map (1/20,000,
surveyed in 1889). It is known for its use as firewood and charcoal. The cultural value of
fuelwood forests can be defined as their ability to provide a sustainable supply of firewood
and charcoal materials for supporting the livelihoods of people associated with shrines and
temples. This includes the knowledge and practice of routine forest maintenance by those
community members.

(iii) Mixed function forest (landscape and fuelwood)

Forests that possess characteristics of both landscape forests and fuelwood forests
were classified as mixed-function forests (landscape and fuelwood). These forests were
composed of “mature Pinus densiflora forests” and “coniferous forests such as Cryptomeria
japonica”, which represent landscape forests. In addition, they were composed of “low
Pinus densiflora forests”, “coppice forests” and “broad-leaved forests”, which represent
fuelwood forests. The cultural value of mixed-function forests can be defined as their ability
to support the solemnity of shrines and temples, as well as accommodate the production of
timber, fuelwood, and charcoal materials. Therefore, these forests support the operation of
shrines and temples while simultaneously supporting the livelihood of people associated
with shrines and temples. This includes knowledge regarding the selection of suitable
locations for each function, and the skills and techniques required to maintain all functions
at the same time.
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3. Results

3.1. The Historical Forest Dynamics of Shrine/Temple Forests from the 1890s to the Present
(after 2010)
3.1.1. The Changes in Each Forest Cover Type from the 1890s to 1980s

Regarding overall change, there was a shift to conifer afforestation, broadleaf tree
dominance, and mixed-forest formation within the forest cover types (Figures 4 and 5).
Pinus densiflora forests, by the 1980s, were reduced to only 30–40% of their presence in
the 1890s. Approximately 30% of the remaining forest cover types were transformed into
coniferous planted forests, and around 40% transitioned into broad-leaved or mixed forests.
Comparing the trends in change with the buffer areas, it was found that the afforestation of
coniferous trees progressed in the early stages, particularly in the areas that were formerly
used for fuelwood production (LP, C, BL), as well as grasslands or wastelands (GL). In
terms of conifer afforestation, only about 30% of the forests that were Cryptomeria japonica
forests in the 1890s remained as mature planted conifer forests, with approximately 40%
transitioning into mixed forests. On the other hand, about 30% of the forests that were
Cryptomeria japonica forests in the 1890s were converted to young coniferous planted
forests or newly coniferous planted forests, with logging and replanting carried out until
the 1980s. In former coppice forests, approximately 50% had been transitioned into conif-
erous planted forests, with half of them being young coniferous planted forests or newly
coniferous planted forests. In this context, silvicultural practices involving logging and
replanting were carried out until around the 1980s.

3.1.2. The Changes in Each Forest Cover Type from 1980s to the Present (after 2010)

There has been an observed growth in coniferous planted forests, the conversion of
Pinus densiflora forests into broad-leaved forests and the conversion of grasslands into
coniferous planted forests or broad-leaved forests (Figures 4 and 5). However, significant
changes in forest cover types were rarely observed.

3.2. The Forest Cover Types and Their Functional Categories
3.2.1. Forest Cover in the 1890s

Regarding the proportional area for each forest cover within the target shrine/temple
forests, we conducted a hierarchical cluster analysis using the Ward Method, resulting in
the following five cluster classifications (Figure 6):

• Cluster-1 (1890): Forest dominated by coppice forests, occupying more than 50% of
the forested area.

• Cluster-2 (1890s): Forest dominated by coniferous forests such as Cryptomeria japonica,
occupying approximately 80% of the forested area.

• Cluster-3 (1890s): Forest dominated by broad-leaved forests, occupying approximately
40% of the forested area.

• Cluster-4 (1890s): Forest dominated by low Pinus densiflora forests with a height of less
than 2.7 m, occupying approximately 80% of the forested area.

• Cluster-5 (1890s): Forest dominated by mature Pinus densiflora forests with a height of
5.4 m or more, occupying more than 40% of the forested area.

Among these, Cluster-1 (1890s) and Cluster-4 (1890s) were characterized by an area
of approximately 80% or more being occupied by low vegetation, such as low Pinus
densiflora forests and coppice forests (No. 14 represents the combined area of low Pinus
densiflora forests and coppice forests). A total of seven shrine/temple forests were classified
into these two clusters. On the other hand, Cluster-2 (1890s) and Cluster-5 (1890s) were
characterized by mature Pinus densiflora forests and coniferous forests such as Cryptomeria
japonica, respectively. Each cluster contains three shrine/temple forests, with a total of six
shrine/temple forests classified into these two clusters. Cluster-3 (1890s) was characterized
by broad-leaved forests. Two temple forests were classified into this cluster. Furthermore,
among the shrine/temple forests classified into Cluster-1 (1890s) and Cluster-4 (1890s), the
relatively large shrine/temple forests (20 ha or more) showed a significant proportion of
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mature Pinus densiflora forests or coniferous forests such as Cryptomeria japonica, as seen
in No. 10 and No. 13. Similarly, even in Cluster-3 (1890s), the large temple forests, such as
No. 3 and No. 12, exhibited a similar trend.

 

Figure 4. Cont.
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Figure 4. Vegetation maps of 15 shrine/temple forests for each period. Legend refers to Figure 3.
The area within the thick border represents A: shrine/temple forest, while the area outside the thick
border represents B: buffer.

In the 1890s, shrine/temple forests were classified into different structures, each with
its main forest cover types: Coniferous forests such as Cryptomeria japonica (Cluster-2
(1890s)), mature Pinus densiflora forests (Cluster-5 (1890s)), low-vegetation forests, includ-
ing low Pinus densiflora forests and coppice forests (Cluster-1 (1890s), Cluster-4 (1890s)),
and broad-leaved forests (Cluster-3 (1890s)). In the shrine/temple forests dominated by ma-
ture Pinus densiflora and coniferous forests such as Cryptomeria japonica (Cluster-2 (1890s),
Cluster-5 (1890s)), as well as the larger shrine and temple forests (20 ha or more; Cluster-3
(1890s), No. 10, No. 13), there were noticeable differences in forest structure compared to
the surrounding areas (buffer), mainly based on the proportion of mature Pinus densiflora
and coniferous forests such as Cryptomeria japonica. On the other hand, the shrine/temple
forests classified into Cluster-1 (1890s) and Cluster-4 (1890s), primarily dominated by low
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vegetation such as low Pinus densiflora forests and coppices forests, did not exhibit clear
differences in forest cover when compared to the surrounding areas (buffer).

Figure 5. Changes in each forest cover type from 1890s to 1980s and from 1980s to after 2010 for the
entire 15 shrine/temple forests. Legend refers to Figure 3. A: Changes in each forest cover type for
the entire 15 shrine/temple forests, B: Changes in each forest cover type for the entire buffer area.
The change from 1890s to 1980s does not include site No. 1 and No. 2.

Based on the above, these clusters were classified into the following functional categories:

(1) Landscape forests; Cluster-2 (1890s), Cluster-5 (1890s).
(2) Fuelwood forests; Cluster-1 (1890s), Cluster-4 (1890s).
(3) Mixed-function forests (landscape and fuelwood); Cluster-3 (1890s).

3.2.2. Forest Cover in the 1980s

Similar to the previous section, a hierarchical cluster analysis was conducted, and the
results classified the data into the following three clusters (Figure 6):

• Cluster-1 (1980s): Forest dominated by Pinus densiflora forests or broad-leaved forests,
occupying more than 70% of the forested area.

• Cluster-2 (1980s): Forest dominated by mature to old-growth planted coniferous
forests, occupying more than 70% of the forested area.

• Cluster-3 (1980s): Forest dominated by young and newly planted coniferous forests,
occupying approximately 30% or more but less than 70% of the forested area.

From the composition of the forest cover type, Cluster-1 (1980s) is considered to retain
characteristics from both Cluster-3 (1890s), which is dominated by broad-leaved forests,
and Cluster-5 (1890s), which is dominated by mature Pinus densiflora forests. Similarly,
Cluster-3 (1980s) is thought to retain characteristics from Cluster-2 (1890s), which is domi-
nated by coniferous forests such as Cryptomeria japonica. However, shrine/temple forests
that shared similar forest cover and functions in the 1890s exhibited distinct characteris-
tics in their forest cover by the 1980s. In the forest cover of the 1980s, the clusters were
primarily formed based on the proportion of planted coniferous forests. The landscape
forests, which were dominated by mature Pinus densiflora forests, and the fuelwood forests
had disappeared before the 1980s. Among the landscape forests, No. 15 deviated from
the characteristics of Cluster-1 (1980s), showing an increase in the proportion of planted
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coniferous forests and mixed forests. Furthermore, apart from No. 13, the areas classified
into fuelwood forests were dominated by low vegetation, such as low Pinus densiflora
forests, and areas occupied by coppice forests in the 1890s had more than 30% to 70% of the
forested area occupied by planted coniferous forests in the 1980s.

 

Figure 6. Proportions of forest covers and clusters for each period in each shrine/temple forest.
Legend refers to Figure 3. The order of the shrine/temple forests has been adjusted, as appropriate,
to facilitate the tracking of the changes in forest cover.

In the 1890s, there were no noticeable differences in forest cover between the shrine/
temple forests and the surrounding areas (buffer). However, in the 1980s, many of these
shrine/temple forests showed differences with the surrounding forest cover. This is mainly
attributed to the proportion of mature to old-growth planted coniferous forests (No. 5,
No. 6, No. 8, No. 9, No. 10 and No. 13). The shrine/temple forests classified into
Cluster-3 (1980s) exhibited the presence of young planted coniferous forests, so replanting
was conducted within the shrine/temple forests. However, the proportion of these young
planted coniferous forests did not necessarily follow the forest cover observed in the 1890s,
or the shrine/temple forest area trends. Instead, it was likely that the proportions were
determined based on the individual policies of each shrine and temple.

3.2.3. Forest Cover after 2010

In the same manner as the previous section, a hierarchical cluster analysis was con-
ducted, and the results classified the data into the following three clusters (Figure 6):

• Cluster-1 (After 2010): Forest dominated by Pinus densiflora forests or broad-leaved
forests, occupying more than 70% of the forested area.
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• Cluster-2 (After 2010): Forest dominated by mature to old-growth planted coniferous
forests, occupying more than 50% of the forested area.

• Cluster-3 (After 2010): Forest dominated by mature to old-growth planted coniferous
forests or young planted coniferous forests, occupying approximately 30% or more
but less than 50% of the forested area.

After 2010, the forest cover clusters were classified in a similar way to those in the
1980s. Cluster-1 (After 2010) consisted of the same temples as Cluster-1 (1980s), and the
change in forest cover indicated a transformation from Pinus densiflora forests to broad-
leaved forests. Furthermore, Cluster-2 (After 2010) included not only the shrine/temple
forests classified into Cluster-2 (1980s), but also some of the shrine/temple forests from
Cluster-3 (1980s). All of these, except for No. 2, were classified into fuelwood forests in the
1890s, which were dominated by low vegetation such as low Pinus densiflora forests and
coppice forests. Cluster-3 (After 2010) had the same composition as Cluster-3 (1980s) (No. 1,
No. 3, No. 4, No. 8, No. 9 and No. 15), indicating a change in forest cover characterized by
the aging of planted coniferous forests. Young planted coniferous forests were observed
only in Cluster-2 (After 2010) or some parts of Cluster-3 (After 2010) (No. 2, No. 8, No. 9,
No. 10 and No. 15). This indicates that planted forest management involving logging and
replanting is rarely being conducted in these areas.

In the 1980s, many shrine/temple forests showed significant differences with the
surrounding forest cover, mainly due to the proportion of mature to old-growth planted
coniferous forests. However, in the forest cover after 2010, the aging of planted coniferous
forests is evident in the shrine/temple forests and the surrounding areas (buffer). Addition-
ally, young planted coniferous forests are limited to very few locations. As a result, except
for these few exceptions (No. 5 and No. 6), there are no significant differences between the
shrine/temple forest cover and the surrounding areas (buffer)’s forest cover.

4. Discussion

4.1. The Historical Forest Dynamics of Shrine/Temple Forests in Kyoto City

An overview of the forest dynamics in shrine/temple forests during the study periods
(from the 1890s to the 1980s, and from the 1980s to after 2010) reveals significant changes
from the 1890s to the 1980s. Changes include the afforestation of conifer trees; Cryptomeria
japonica or Chamaecyparis obtusa in the early stages, especially in former fuelwood forests;
and the transformation of Cryptomeria japonica forests and Pinus densiflora forests into broad-
leaved forests or mixed forests. On the other hand, from the 1980s to after 2010, there were
some instances of silvicultural practices involving the logging and replanting of planted
coniferous forests. However, these practices were observed in only about 30% of the entire
planted coniferous forests in shrine/temple forests. The predominant changes during this
period were natural transitions, such as the growth of planted coniferous forests and the
transformation of Pinus densiflora forests into broad-leaved forests when affected by pine
wilt disease.

In this section, an analysis of the background factors that led to afforestation in former
fuelwood forests from the 1890s to the 1980s is presented as follows:

One of the selection criteria for the Kyoto Prefectural Shrine/Temple Forests Survey is
a forest age of 75 years and older. It can be assumed that many of the mature to old-growth
planted coniferous forests observed in the 1980s were planted between 1868 and 1926
(Japanese Meiji and Taisho periods). In the shrine/temple forests near the urban areas of
Kyoto city, rampant logging occurred in the 1870s, whereby shrine/temples tried to sell
timbers to generate income before the government’s nationalization of their lands [23].
Regarding these areas affected by rampant logging, large-scale afforestation, mainly con-
sisting of Cryptomeria japonica and Chamaecyparis obtusa, was carried out by the national
government from 1884 to 1892 [59] (Annotation A5 in Appendix A). According to Nakajima
(1996) [23], during this period, there was a shift in the management policy of national forests
in the Kyoto prefecture. Specifically, in 1886, the management of national forests in the
Kyoto prefecture was transferred from the Kyoto Prefectural Government to the Ministry of
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Agriculture and Commerce. After this transfer, the management policy of national forests
shifted from “preserving and restoring scenic beauty” to “conserving the national territory
and increasing forest products”. As a result, the landscape conservation practices that
had been carried out in the Kyoto prefecture for many years were largely disregarded,
and a standardized management approach was implemented by the national government.
Between the 1890s and 1920s, there were significant developments regarding the ownership
and management of shrine/temple forests. Various laws were enacted, such as the National
Forest Act of 1899. These laws resulted in the return of the ownership and management
of certain forested areas to shrines and temples [60,61]. Additionally, the Forest Act was
revised in 1907 to establish the forest planning system, which allowed shrines and temples
to engage in forestry management on the returned forested lands. This policy marked a
recognition of the rights of shrines and temples to manage and utilize their own forest
resources for forestry activities. During the same period, in 1909, the Kyoto Prefectural
government issued a directive on planting in shrine grounds and the management of shrine
forests (issued by the Ministry of Home Affairs, document number 629) [62]. This directive
aimed to encourage forestry management through afforestation in shrine forests, implying
that many of the planted coniferous forests established around shrines and temples between
the 1890s and 1920s were likely created by either the government or shrines and temples,
with the intention of conserving their owned lands and producing timber.

4.2. The History of the Cultural Values of Shrine/Temple Forests

Considering the forest dynamics and the results of the cluster analysis, an examination
of the history of the cultural values of shrine/temple forests is conducted as follows.

4.2.1. The Cultural Value of Landscape Forests

As mentioned above, the cultural value of landscape forests is defined as their ability to
support the solemnity of shrines and temples while simultaneously providing construction
materials for the management of shrines and temples.

Summarizing the changes in landscape forests, the majority of landscape forests ex-
istent in the 1890s had disappeared by the 1980s due to the expansion of broad-leaved
forests caused by pine wilt disease. Since 2010, semi-natural forests, such as broad-leaved
forests or conifer and broad-leaved mixed forests, have become predominant, assuming a
landscaping function (except for No. 2). Culturally valuable landscape forests previously
supported by mature Pinus densiflora forests and coniferous forests have shifted to become
semi-natural forests and mainly broad-leaf forests. This implies that the functions encom-
passed within the cultural value of landscape forests have shifted without prioritizing the
timber production function that traditionally coexisted. If the current policies continue to
only support natural or semi-natural forest restoration and landscape conservation, the
timber production function of landscape forests will be lost. This will result in a further
loss of traditional knowledge regarding landscape forestry that enables timber production
while maintaining the religious solemnity of shrine/temple forests.

4.2.2. The Cultural Value of Fuelwood Forests

As mentioned earlier in the study, the cultural value of fuelwood forests is defined
as their ability to provide a sustainable supply of firewood and charcoal materials for
supporting the livelihoods of people associated with shrines and temples.

Approximately half of shrine/temple forests were classified as fuelwood forests in the
1890s. However, many of the fuelwood forests had undergone significant transformations
by the 1980s, transitioning into planted coniferous forests or semi-natural forests such
as broad-leaf forests or conifer and broad-leaf mixed forests. This indicated that, by the
1980s, the cultural value of fuelwood forests had disappeared compared to the value
of fuelwood forests in the 1890s. There was a conversion to semi-natural forests that
resulted in a functional shift from the fuelwood production function into landscaping
function. This shift contributed to a land conservation function and timber production
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function within the planted coniferous forests. The shift in the function of the forests in
the 1980s implies the multi-layered cultural value of landscape forests, land conservation
forests, or timber production forests coexisting simultaneously within the 1890s culturally
valued fuelwood forest. However, after 2010, intentional forest management for the timber
production function was not efficiently maintained. The continued absence of management
indicates that the multi-layered cultural values of these forests since the 1980s will not be
renewed. Consequently, this will lead to the homogenization of the cultural characteristics
of shrine/temple forests in the long term. Such homogenization of shrine/temple forests
will affect the opportunities associated with cultural traditional practices like fuelwood
collection and will regenerate the unique forest landscape shaped by these traditional
practices related to forest resource use.

4.2.3. The Cultural Value of Mixed-Function Forests (Landscape and Fuelwood)

The cultural value of mixed-function forests is defined as the their ability to support
the solemnity of shrines and temples, as well as accommodate the production of timber,
fuelwood, and charcoal materials. In the collected data, larger shrine/temple forests
(20 ha or more) are classified into this category. The trends observed in forest cover
changes up until 2010 in this category were similar to the two categories mentioned above.
The landscaping function was mainly supported by semi-natural forests. The fuelwood
production function had disappeared, transforming into the landscaping function, land
conservation function, and timber production function.

The cultural value of mixed-function forests varied between shrine/temple forests.
Some preserved the characteristics of landscape forests, especially with the existence of
Pinus densiflora. On the other hand, other shrine/temple forests had a higher proportion
of planted coniferous forests, acting as timber production forests, and some maintained
both cultural values. The cultural value of mixed-function forests can be described as the
value associated with the simultaneous preservation of different functions in different areas
within shrine/temple forests. Through zoning and other forest management practices,
the mixed function of these forest adds intrinsic value to the forest as more than a nat-
ural resource. Maintaining such a cultural practice requires a wealth of knowledge and
an understanding of the forest management practices best suited to the mixed-function
forest environment. Therefore, if management practices disregard the cultural value of
mixed-function forests, traditional knowledge regarding the selection of suitable loca-
tions for functional categories of forests, as well as the skills and techniques required to
simultaneously maintain such a special forest dynamic, may also be lost with time.

5. Conclusions

In this study, we examined forest cover change in shrine/temple forests and their
cultural value in Kyoto city. The comparison between forest cover in the 1890s and in the
1980s revealed two major trends: (i) landscape forests have shifted towards semi-natural
forests, and (ii) fuelwood forests have transformed into planted coniferous forests. In the
first trend, the analysis of cultural value suggested that the current policies, which only
support natural or semi-natural forest restoration and landscape conservation, may lead
to the trivialization of the cultural value of landscape forests. As mentioned earlier, a
continued lack of forest management and the transition to climax forests will lead to a
decrease in biodiversity [36,38,39]. For the conservation of the cultural values of landscape
forests, in addition to maintaining semi-natural forests through regular management,
reforestation with Pinus densiflora or planted conifer forests can contribute to enhancing the
cultural value of landscape forests. The second trend indicated that multi-layered cultural
value has been formed through the history of forest management, although functional
change has occurred. In some of the shrine/temple forests examined in this study, it was
found that planted forest management strategies involving logging and replanting were
conducted until the 1980s. This implies that within the context of human activities, the
management of forest stands shaped by ongoing practices has been consistently carried
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out. This maintenance, even when the forest has different functions, such is the case with
fuelwood forests or timber production forests, signifies the renewal and preservation of
layered cultural values even after the Meiji period (1868–1912) in the mountainous and
foothill areas of Kyoto city.

Based on the above, the cultural value of planted coniferous forests between the
1890s and 1920s can be observed as being intentionally established for land conservation
and timber production. This is particularly in areas that were fuelwood forests in the
1890s. These planted coniferous forests were found to have shaped the distinctive forest
cover of shrine/temple forests in later years, indicating that planted coniferous forests
within shrine/temple forests have retained their multi-layered cultural value dating back
a century. However, it was found that, after 2010, planted forest management strategies
within shrine/temple forests have been rarely implemented. This has resulted in the aging
of planted coniferous forests that were originally intended for land conservation and timber
production. The ongoing lack of management implies that these forests’ multi-layered
cultural value will not be renewed, potentially leading to the homogenization of cultural
characteristics in the long term.

For the shrine/temple forests in Kyoto city, the preservation and regeneration of
Pinus densiflora forests have been emphasized. Similarly, for the planted coniferous forests
without forest management practices, there has been a push towards transitioning these
areas to semi-natural forests, with the intended purpose of conserving historical landscapes
and enhancing biodiversity [24]. As revealed in this study, the planted coniferous forests
formed within shrine/temple forests are not adequately managed. Consequently, these
planted forests are being converted into semi-natural forests that require less management,
without considering their multi-layered cultural values dating back a century. In this
process, after intense thinning, a mixed forest of coniferous and broad-leaved trees will be
achieved through natural regeneration [24]. There is a concern that the cultural features
formed in interaction with humans have become fragmented, and that tracking those
cultural features will be difficult.

This study revealed that the planted coniferous forests in the mountainous and foothill
areas of Kyoto city have multi-layered cultural value. The assessment and conservation of
the cultural value of planted forests run counter to the global trend of restoring “natural”
forests. However, the disregard for cultural characteristics shaped by historical human
activities implies that these forests’ multi-layered cultural value will not be renewed. While
past traditional management strategies continue to influence forest characteristics [4], there
is a concern that in the long term, it may lead to the homogenization of the cultural char-
acteristics of each forest. There is also the potential loss of traditional knowledge and
techniques that have supported the cultural value of shrine/temple forests. A further
detailed examination of individual cases will be required to address the homogenization
of cultural characteristics and the loss of traditional knowledge and techniques. How-
ever, it must be considered that, in this study, the differences in forest cover between the
shrine/temple forests and their buffer area were no longer clear after 2010. There is a risk
that the distinctiveness of shrine/temple forests and the characteristics and cultural values
formed individually by each shrine/temple may disappear. In the conservation of forests
formed in close association with human activities, such as shrine/temple forests, there is
a need to understand forest dynamics and evaluate cultural values through a historical
approach. Due to the varied size and historical background of each shrine/temple forest,
the administration may find it challenging to provide comprehensive guidelines or policies
through a historical approach. Based on historical evidence, a bottom-up approach would
be more feasible. In this context, individual shrines and temples taking the initiative in
zoning their forest for the inheritance of cultural value would be effective, whilst conserving
their historical landscapes and biodiversity.
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Appendix A

Annotation A1. The topographical map surveyed in 1889, with a scale of 1/20,000, is a
pioneering modern survey map created by the land survey department of Japan’s Army
and includes detailed descriptions of vegetation.
Annotation A2. The purpose of this project was to select outstanding shrine/temple forests
in the Kyoto Prefecture and grasp the current conditions of those forests. It also aimed
to contribute to formulating nature conservation measures for the Kyoto Prefecture in
the future.
Annotation A3. Among the target shrines and temples, Bujoji Temple and Chofukuji
Temple (Survey Site Numbers 1 and 2) were located outside the mapping range of the
topographical map surveyed in 1889, with a scale of 1/20,000. Therefore, for these two
temple forests, the topographical map surveyed in 1893, with a scale of 1/20,000, was
used instead. The 1889 map was created only for the major cities, while the 1893 map
was designed to cover the entire country. Both maps were created by the land survey
department of Japan’s Army, but the legend used on the maps varied depending on the
survey era and the region. As shown in Figure 3, the legend of the 1889 map includes more
detailed classifications of vegetation compared to that in the 1893 map.
Annotation A4. Among the target shrines and temples, Bujoji Temple and Chofukuji
Temple (Survey Site Numbers 1 and 2) were located outside the photography range of the
2020 National Land Image (color aerial photograph taken by GSI), with a scale of 1/10,000.
Therefore, the 2010 National Land Image (color aerial photograph taken by GSI), with a
scale of 1/10,000, was used instead.
Annotation A5. Examples, in Mount Kifune’s national forest, 300,000 Cryptomeria japonica
trees and 100,000 Chamaecyparis obtusa trees were planted (planting area: 66.1 ha). In Mount
Kurama’s national forest, 80,000 Cryptomeria japonica trees s and 20,000 Chamaecyparis obtusa
trees were planted (planting area: 16.5 ha). Additionally, in Mount Jodoji Oyama’s national
forest, 15,000 Cryptomeria japonica trees and 5000 Chamaecyparis obtusa trees were planted
(planting area: 3.3 ha), resulting in a total of approximately 136.9 ha of afforestation (Kyoto
Prefectural Mountain and Forest Association, 1909).
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Abstract: Changes in land use and land cover (LULC) are caused by several factors, including
climate change, socio-demographic dynamics, human pressures and urban sprawl. These factors
alter the structure and functionality of ecosystems and their capacity to provide ecosystem goods
and services to society. The study of LULC changes is important for understanding the dynamics
of relationships between environmental, social and economic components and for analyzing the
factors affecting natural capital. Including ecosystem services (ES) in spatial planning tools and
sectoral policies is useful for improving governance. In this paper, the impact of LULC changes on
ES provision has been estimated. To this end, we carried out a literature review (Step 1) to select
the biophysical and economic coefficients of ES supply by land cover classes and collect them in a
database (Step 2). We subsequently aggregated the economic and biophysical coefficients by macro
classes (Step 3) and, using the benefit transfer approach, we estimated the change in the supply
of ESs concerning permanence and transition phenomena in Italy from 1990 to 2018 (Step 4). The
transition phenomena analysis also allowed us to evaluate the consequences of urbanization and
urban green space governance on ES supply. Indeed, these urban green spaces can help reduce
risks to people’s health and safety and mitigate the effects induced by climate change. In total,
approximately 800 coefficients (biophysical and economic) of ESs supplied by Corine Land Cover
classes were acquired. The results show a reduction in the annual supply of ecosystem services of
EUR 927 million (2022) caused by LULC changes between 1990 and 2018. This research proposes
a methodology to improve knowledge of ESs concerning anthropogenic impacts and to support
land-use planning policies regarding Agenda 2030 for Sustainable Development Goals.

Keywords: benefit transfer; assessment ecosystem services; land use land cover changes; transition
matrix; economic and biophysical coefficients; Italian context

1. Introduction

1.1. Background

Changes in land use and land cover (LULC) are the result of human activities that
have altered the land surface through various social and economic processes, influencing
ecosystem stability and the conservation of biodiversity [1,2]. In the past 300 years, the
Earth’s biosphere has been transformed from a predominantly wild to an anthropogenic
environment [3]. The main cause of this transformation is the land use and land cover
change, which, in combination with the indiscriminate use of natural resources, has caused
a drastic loss of biodiversity [4–6]. Data published by the global IPBES report in 2019
show that land use and land cover changes are responsible for more than 50 percent of
human impacts on terrestrial and freshwater ecosystems [7,8]. Some scientific studies
based on the meta-analysis approach [9–13] have examined the relationship between
biodiversity loss and changes in land use and land cover. These studies show that land
surface transformation linked to intensification and urbanization causes a general decline
in species richness, composition and abundance. Changes in land use and land cover
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affect biodiversity and ecosystems in which the provision of goods and services is essential
for human well-being [2,14,15]. Indeed, their supply is strictly linked to ecosystems and
land use. For example, forested areas are linked to the provision of regulating services
(i.e., climate regulation) while grazing areas are linked to provisioning ESs (i.e., forage
production). Therefore, a change in land use and land cover can lead to a change in the
provision of goods and services [2,16,17]. Changes in land use and land cover on the
one hand and the increasing demand for ESs on the other have highlighted the need to
implement governance tools to ensure the environmental, economic, and social benefits
provided by natural capital for present and future generations. These governance tools,
such as the SEEA-EA Environmental Accounting of Ecosystem Services, support public
decision-makers to achieve some of the objectives defined in international and EU natural
capital conservation policies and strategies. Hence the necessity to monitor the qualitative
and quantitative state of natural capital, to assess the costs and benefits related to its
consumption, to integrate the issue of ESs into decision-making processes and improve
management (Agenda 2030 for Sustainable Development; Biodiversity Strategy for 2030).
Having information on the value of ESs increases knowledge about the state of ecosystems
and improves decision-making. The availability of reliable information on the value of
ESs can make the contribution of natural areas more visible and quantifiable at the highest
decision-making levels [18].

1.2. ES Evaluation Methodologies: A Synthesis

The internationally recognized framework for the correct valuation and management
of ESs involves the process of mapping, biophysical quantification and economic valua-
tion [19–22]. Specific methodologies can be used for each step. For example, mapping
ES supply is mainly based on land use and land cover and the spatial distribution of
biophysical/abiotic resources [23–25]. Or it can be done through qualitative matrices that
associate each land use and land cover class (Corine Land Cover) with the qualitative value
of potential ES provision [26]. Concerning biophysical quantification, the most appropriate
methodology can be chosen according to the ecosystem service to be investigated as well as
the temporal and spatial scale. The quantification of ESs can be carried out either through
the use of software, such as INVEST, ARIES and SolVES, which are based on changes
in land use and land cover, or through the use of indicators. The choice of the method
depends on the availability of data and the characteristics of the software, which in some
cases is designed to estimate only certain services.

The evaluation of LULC changes on ES supply is a current issue. For example,
Schirpke et al., 2021 [27] mapped the change in ES supply at the ecoregions scale in Europe
between 2000 and 2018. The analysis of LULC changes is also useful for predicting scenarios
to support the public decision-maker in territorial and urban planning [28].

Furthermore, several authors have used transition matrices to evaluate the ES supply
variation due to LULC changes [29–35].

Concerning the economic valuation of ES supply, monetary techniques inherent to
both traditional valuation and consumer surplus (expressed and detected preferences)
are used [36]. The choice of the most appropriate economic technique depends on the
biophysical quantification that allows for defining the economic characteristics ((non-)rival
and (non-)excludable) of the analyzed ESs [2]. In recent decades, an increasing number of
scientific publications have been conducted at different spatial scales [22,37,38] using the
benefit transfer technique [39–41]. The objective of the benefit transfer method is to estimate
the benefits of ESs by transferring available information (especially values) from studies
already completed in another location and/or context [42]. It is used in the valuation of
ESs either to avoid expensive data collection or to complete an assessment in a limited
timeframe [43,44]. Based on this methodology, to facilitate scientific and political debate,
databases have been created that systematically aggregate economic coefficients from
studies carried out internationally, for example, the Ecosystem Service Valuation Database
(ESDV) [45] and The Environmental Valuation Reference Inventory [46]. While at the
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European level, Integrated Natural Capital Accounting (INCA) [47] has been implemented,
providing an operational procedure for ES valuation.

1.3. The Issues and Innovation of the Study

Our paper aims to assess the impacts of anthropogenic activities on human well-
being by analyzing the change in ES supply (biophysical and economic) concerning land
use changes that occurred between 1990 and 2018 in Italy. To this end, biophysical and
economic values for ES supply extrapolated from the literature were stored in a database.
Subsequently, the data were analyzed to define biophysical and economic unit coefficients
for land cover classes and estimate, through benefit transfer, the ES supply value in the
years under investigation. Finally, to estimate and further detail the change that occurred
in ES supply, we combined economic coefficients with the transition and permanence
approach from previous work [48]. This approach is innovative as it combines transition
matrices with biophysical and economic ES coefficients for land cover classes.

The study, while having its limitations, is the first step in a line of research that aims to
propose approaches to estimate the variation of ESs on spatial and temporal scales. Such
studies could support the governance and implementation of natural capital conservation
policies and strategies at a global level.

2. Materials and Methods

This research was carried out in four steps, which are shown in Figure 1. After con-
ducting the literature review (Step 1) we selected the biophysical and economic coefficients
of ES supply by land-cover class. We created a database, associating each land use and
land cover class with a biophysical and economic coefficient (Step 2). Next, we aggregated
these values by macro class to increase the degree of coverage of the biophysical and eco-
nomic coefficients for Corine Land Cover classes (Step 3). Finally, using the benefit-transfer
approach, we assessed the variation in ES supply in relation to permanence and transition
phenomena [48] in Italy from 1990 to 2018 (Step 4).

Figure 1. Methodological framework.

2.1. Study Area

The study area corresponds to the territory of Italy, which covers 301,605 square
kilometers (Figure 2).
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Figure 2. Study area.

The study of land use changes was conducted through the approach of transition
categories [48,49] which allows synthesizing the results related to the dynamics of transfor-
mation and permanence of land uses (Perm.) into classes such as permanence (of arable
land, permanent crops, urban area, forests, heterogeneous agricultural areas, water bodies),
evolution to complex systems (Etcs), urbanization (Urb.), agricultural intensification (Ag.
Int.) and extensification (Ag. Ext.) and forest expansion (For. Exp.) (Figure 3).

Figure 3. Transition categories areas (%) in Italy (1990–2018). (Ag. Ext.: agricultural extensification,
Etcs.: evolution to complex system, Ag. Int.: agricultural intensification, Perm.: permanence, For.
Ext.: forest extension, Urb.: urbanization).
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The predominant category is permanence, which occupies 77% of the study area.
Forest extension covers 14% of the area, agricultural intensification 6%, complex system
evolution 3%, and urbanization 1%, while extensification affected close to zero percent of the
area. Each transition has shown a specific presence at the regional level: e.g., urbanization is
particularly important in the Piemonte region in the north (2880 ha), evolution to complex
systems and intensification in Sicily in the south (respectively 174,181 and 624,255 ha).

2.2. Literature Review (Step 1)

The bibliographic review started in March 2023. First, we used the Scopus search
engine [50] to analyze the scientific literature over 23 years from 2000 to 2023. We tested
different combinations as search queries consisting of the same set of keywords for the title,
author keywords and abstract sections. Within the combinations, we used: (i) economic
AND biophysical AND value AND ecosystem AND services; (ii) economic AND coefficient
AND ecosystem AND services; biophysical AND coefficient AND ecosystem AND services.
In addition, we consulted the ESVD database [45]. Despite the quantity of studies available
both in the Scopus search engine [50] and in the ESVD database [45], we selected data
considering: (i) studies conducted in areas with a similar climatic typology to Italy; (ii) the
possibility of associating the ES values with our minimum considered spatial unit, that is,
the CLC class at level III; (iii) the availability of coefficients (biophysical and economic)
referring to the surface area (e.g., EUR /ha). We also consulted grey literature (Appendix A)
and other statistical sources. In particular, for the extraction of the unit coefficients for
the agricultural production service, we referred to the agricultural section of the Italian
Institute of Statistics (ISTAT) [51] and data from the Research Council for Agriculture and
Agricultural Economics Analysis [52]. From the first source, we extracted the biophysical
production values per hectare of the major Italian crops, and from the second the respective
economic values per Mg produced. Concerning the ESs analyzed in our paper, we have
not considered cultural ESs. As regards green urban spaces in Italy, we have selected some
articles, including those by Manes et al., 2014 [53] and Bottalico et al., 2016 [54], which
highlight their contribution in terms of PM10 removal (air purification ES).

An obstacle to research has also been the persistence—despite the fact that the scientific
literature seems to converge towards shared nomenclatures (e.g., CICES)—of differentiation
both in the ES nomenclature and in assessment approaches.

2.3. Selection of Biophysical and Economic Coefficients and Implementation of the Database (Step 2)

From the studies selected in the literature review, we then extracted the biophysical
and economic supply values of ten ESs (four provisioning and six regulating), in the
form of unit coefficients per hectare, at CLC level III. We have not considered cultural
ES because, in comparison to regulating ESs and provisioning ESs based on biophysical
attributes of ecosystems, they are studied through relational and place-based approaches.
The provisioning ESs and regulating ESs are often investigated through land cover analysis
and remote sensing techniques that associate biophysical values with land uses [55], while
cultural ESs are often analyzed through participatory approaches such as, for example,
participatory mapping, to reveal place knowledge and related cultural benefits [56,57]. In
fact, aesthetic and spiritual recreational benefits are strictly linked to the environmental,
cultural and historical heritage of the area.

The biophysical and economic values were entered into a database and sorted by the ES
type considered and by the CLC Level III class providing the specific service. Finally, for the
economic coefficients, we converted and discounted the estimates into 2022 EUR ha−1 yr−1

using the consumer price index [58].

2.4. Determination of Biophysical and Economic Coefficients (Step 3)

Since the collection of coefficients at CLC Level III did not allow for optimal coverage
of land uses that could potentially generate ESs, we aggregated these values into ‘macro
classes’. To do this, we used the weighted average based on the proportion in the area (in
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1990 and 2018) of the CLC Level III classes contained within the “macro classes”. These
macro classes conform to the CLC Level II land use classification, except for classes 100 and
500 which are higher-order aggregations (see Section 3.2). We then analyzed the coefficients
collected through statistics such as the mean, standard deviation, median, minimum, and
maximum for each macro class and each ecosystem service. This allowed us to analyze the
distribution of values, their variability and to identify the central values.

2.5. Assessment of ES Supply (1990–2018) (Step 4)

To quantify the supply of services in 1990 and 2018 and the related variation, we
used the values for macro classes, and in particular the average values for provisioning
services and the median values for regulating services. The choice of using median values
for regulating services is because the values (both biophysical and economic) extracted
for regulating services have very wide ranges and internal variability, and the median is
generally a more appropriate indicator of centrality in the distribution in such cases [59].
The selected values were then multiplied by the area of the specific macro class in 1990
and 2018, resulting in the ecosystem service provision in the two years under investigation.
Finally, the relative difference was calculated.

The variation in the ES supply has been more in-depth and summarized through the
transition category approach to explain land use change (permanence and transitions) in
relation to the specific ES supply variation that occurred in the investigated period.

3. Results

3.1. Literature Review

In total, we considered 29 references that provide biophysical and economic values
of ten ES (four provisioning and six regulating ESs) in the function of land cover such
as agricultural production, forage production, timber supply, mushroom supply, global
climate regulation (carbon sink), air purification, water regulation, water purification,
erosion protection and flood risk mitigation.

The studies reviewed (listed in Appendix A) were conducted in Europe (90%), Amer-
ica (7%), and China (3%). From these studies, we extracted about 800 coefficients associated
with land cover classes (Corine Land Cover), of which 383 were biophysical and 404 eco-
nomic. The largest number of coefficients extracted from the analyzed scientific articles
concerned the services of global climate regulation, air purification, erosion protection,
flood mitigation and raw material supply (timber) (Figure 4).

 

Figure 4. Bibliographic sources used for ES (number).

From analyzing the bibliographic sources, a heterogeneity of methodologies emerged,
especially for the quantification and evaluation of regulating ES. Some authors, for example,
used the INVEST software for the quantification of erosion protection and flood mitigation
ESs [49,60].

The choice of methodologies and software to be used often depends on data availabil-
ity [61]. Moreover, the economic and biophysical value of an ecosystem service can be cal-
culated by different methodologies. For example, the economic value of the global climate
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regulation ES can be estimated either by the market price or the social cost method [2,62].
This can lead to unit coefficients of different orders.

The variety of methods and software used for some ESs produces data with a large
range of values (MIN and MAX).

Furthermore, it is highlighted that biophysical and economic values are strongly
influenced by the spatial context. For example, erosion protection and flood mitigation
services are closely related to vegetation cover, geology, lithology, soil gradient, altitude,
etc. [63–65]. We also observed that many authors have used the same biophysical and
economic coefficients to estimate ESs. For example, the work of Nowak et al., 2006 [66]
and Escobedo & Nowak (2009) [67] was used to estimate the air purification service. From
the bibliographic review (see Appendix A) we observed that for some classes of land use,
there is a lack of biophysical and economic coefficients for the provision of ESs. The reason
is dual: (1) the scientific literature is limited; and (2) some land cover classes have no or
low potential capacity to provide services as indicated by Burkhard et al., 2014 [26]. In
this sense, we have found that in the literature, there is a marked majority of studies on
the ecosystem services provided by forests, compared to other ecosystems. This trend in
the literature can be attributed to the fact that forests are among the ecosystems with the
greatest capacity to provide ecosystem services, both in terms of abundance and variety.

3.2. Determination of Biophysical and Economic Coefficients

Below is a figure (Figure 5) representing the biophysical and economic unit values of
the ten ESs analyzed (mean in the case of provisioning ESs and median for regulating ESs,
see Sections 2.4 and 2.5 in Section 2). The values are associated with the macro classes of
land use and land cover.

Figure 5. Biophysical and economic values (EUR 2022) per hectare and LULC macro class used
for the quantification of ES. Macro class codes correspond to urban areas (100), urban green areas
(141), arable land (210), permanent crops (220), pastures (230), heterogeneous agricultural areas
(240), forests (310), shrub and/or herbaceous vegetation (320), non and sparsely vegetated areas (330)
wetland and water bodies (500). In water purification ESs the letters N and P stand for nitrogen and
phosphorus, respectively.

The weighting by macro classes allowed us to obtain a distribution of the coefficients
also for those land cover classes in which data was not available from our bibliographic
research.

The values reported thus represent the annual (biophysical and economic) flow of ESs
for each land use and land cover macro class.
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3.3. ES Supply in the Years Investigated and Their Variation

The application of the coefficients found to the Italian land cover in 1990 and 2018
returned the results summarized in the figures below. In particular, Figure 6 shows the
breakdown of the economic value of services in the most recent year, 2018.

Figure 6. Economic values (in 2022 EUR millions) of the analyzed ES for the year 2018.

It can be seen that the service that obtains the highest economic value is food produc-
tion with a detected value of about 41.5 billion. This is followed by groundwater recharge
(about 16 billion), air purification (about 15.5 billion), erosion protection (about 10 billion)
and flood mitigation (about 6.5 billion). Finally, with even lower, but still significant values,
we find forage production (about 3 billion), climate regulation (almost 3 billion), and timber
supply (about 1.5 billion). Water purification and the supply of undergrowth products,
especially mushrooms, close with values in the hundreds of millions. Note that those
shown are the values of the annual flows (in 2018) of the ten ESs investigated. The total
economic value of annual ES supply flows in 2018 is about 97.5 billion. Regarding the
change in the annual flows of ES, Figure 7 shows the economic fluctuation of each ES
supply determined by LULC changes over the period 1990–2018.

 

Figure 7. Positive (in green) and negative (in red) economic supply variation (in 2022 EUR millions)
of the ten ES considered between 1990 and 2018.

It can be seen that the greatest change in absolute terms is attributable to the agricul-
tural production service, with a loss in annual supply estimated at around 615 million.
This is followed by a reduction of about 280 million for the groundwater recharge service.
The other services show reductions of an order of magnitude smaller than the first two
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and concern the ESs of flood mitigation (−68 million), forage production (−54 million),
erosion protection (−49 million) and water purification (−18 million). At the same time,
for three ESs, we noted an increase in annual supply. In particular, the largest increase is
for the ES of air purification with +136 million, followed by relatively smaller increases,
i.e., +22 million for timber supply and about +1 million for the supply of mushrooms.
We can therefore see that seven out of ten services show negative changes, two of which
(agricultural production and groundwater recharge) in the order of hundreds of millions.
Overall, the LULC changes in the Italian context that have occurred in the 28 years between
the two years investigated, have led to a net reduction in the total annual flow of the
considered ESs of EUR 927 million. Finally, the change, expressed in percentage terms, in
the biophysical supply of services in 2018 compared to 1990 is shown below (Figure 8). The
change in ESs, in this case, has been calculated in percentage terms to obviate the different
units used to quantify the different ESs (Mg of CO2 sequestered, m3 of runoff avoided, etc.).

 
Figure 8. Positive (in green) and negative (in red) Change (%) in the annual biophysical ES supply
between 1990 and 2018.

In terms of percentage change, it can be seen that the service that varies the most is
water purification, with about +5% (or about +1.9 million kg of pollutants removed) in
2018 compared to 1990. The service that varies the least is that of global climate regulation,
with a reduction of only 0.04% (or about 31,000 fewer Mg of CO2 sequestered). Of the
negative changes, the largest is agricultural production, with a reduction of just over 1%
(almost 1 million Mg of agricultural products) compared to 1990. In only two cases (water
purification and erosion protection) are the changes found to be the opposite of what was
found for the respective economic analysis (see Figure 7). This can be attributed both to
the different coverage of land uses in terms of biophysical and economic unit coefficients
found in the literature, as well as to the values found, which in some cases differ in the
magnitude of service provision.

3.4. Economic Variation of ES Supply Concerning the Permanence and Transitions Categories

Concerning the analysis of ES supply variation (Figure 9), the results highlight a rele-
vant economic increase related to the agricultural intensification (+EUR 1677 M) and, con-
versely, a great decrease linked to evolution to complex system categories (−EUR 1521 M).
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Figure 9. Transition categories and economic variation (EUR millions). Every color corresponds to
the label transition category.

In the first case, the increase is due to 77% of the changes toward both arable land
(210) and permanent crops (220) from heterogeneous (240) and from forests (310, 320, 330).
A low increase, corresponding to 1%, is caused by changes from open spaces with little or
no vegetation (330) toward heterogeneous agricultural areas (240).

In the second case, 66% of the transitions toward heterogeneous agricultural areas
are caused by changes from arable land (210), 33% are caused by changes from permanent
agricultural areas (220), and the rest are caused by changes from forests (310).

Permanence also generates a variation in ESs. This category includes areas in which
there are different types of land use permanence such as (i) permanence of permanent crops
(olive grove, vineyard, orchard), (ii) permanence of arable land and pastures, (iii) perma-
nence of artificial surfaces and (iv) permanence of heterogeneous agricultural areas. This
variation depends on the different coefficient values associated with each land use and
the consequent value variation: e.g., in economic terms, the loss of pastures in favor of
arable areas gives rise to an increase in food production of more than EUR 3000/ha. For
this reason, it is possible to detect ES variations.

Furthermore, since the coefficients for macro classes were obtained on the basis of the
values assigned to CLC Level III classes and weighted for the respective macro class areas
in 1990 and 2018—the final coefficients for macro classes in 1990 and 2018 do not always
coincide. This also allows for the internal variability of the specific macro classes in the
two years that were considered and leads to possible variation even in the permanence of
the same macro class.

The results of the economic variation analysis are presented in Table 1, summarized
for single ESs and single transition categories. Table 1 shows the economic variation of ES
supply based on the phenomena of LULC permanence and transition. Between 1990 and
2018, we experienced an economic loss of ESs estimated at EUR 927 million as a result of
transition and permanence processes. Evolution into complex systems is the transition that
has caused the major loss of ESs (EUR 1521 M). Through evolution to complex systems,
productive agricultural systems have been fragmented into different mosaics leading to
the loss of all ESs except for the ecosystem service of mushroom production. Evolution
to complex systems, permanence, urbanization and forest extension have resulted in an
overall loss of agricultural production of EUR 625 million. For example, in rural areas, the
abandonment of agricultural areas has favored the growth of forested areas, which has led
to an increase in all regulating services and some provisioning services, such as timber and
mushrooms. Another relevant result is the high increase in economic value associated with
agricultural intensification due to increased food production.
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Table 1. Economic variation of ES supply (in 2022 EUR millions) summarized by transition categories.

Perm. Urb. Ag. Ext. Ag. Int. For. Ext. Etcs Other Tot

Food −853 −342 43 1883 −653 −822 129 −615
Fodder −54 −19 21 40 −29 −22 8 −54
Timber 41 −3 −4 −11 2 −4 1 22

Mushroom 5 −2 −1 −9 2 4 0 1
Global climate

regulation 32 −16 −5 −36 20 −1 5 0

Air purification 462 −34 −31 −475 278 −77 12 136
Groundwater recharge −306 −30 130 373 76 −558 34 −280

Water purification −14 −2 0 −3 1 0 0 −18
Erosion 41 −73 −29 −90 84 −3 20 −49

Flood mitigation −13 −38 −12 5 19 −38 11 −68
Tot −659 −558 112 1677 −197 −1521 220 −927

Conversely, the highest decrease associated with this transition category is linked to
air purification.

On the other hand, to explain the major negative variation, the study highlighted
that the evolution toward complex systems that occurred between 1990 and 2018 led to a
remarkable decrease in economic value because of the great loss in food production and in
groundwater recharge. In general terms, the total variation is mainly related to the negative
fluctuation of food production and groundwater recharge.

Concerning urbanization processes, it should be noted that these processes are about
one percent in area (out of the total of permanence and transitions) and include the increase
of green urban areas (+1049 ha) and sports areas (+14,386 ha).

These two subclasses, and in particular, green urban areas (CLC 141), in contrast to
the other urban areas (e.g., continuous urban fabric), provide ESs that are in some cases
even relevant and certainly fundamental for communities in cities [68,69]. In fact, through
a coefficient search, we found that green urban areas generate ESs such as global climate
regulation, air purification, groundwater recharge and flood mitigation (see Figure 5). In
our review, we found the highest values for the flood mitigation service, with an average
economic value of EUR 175 per hectare of green urban area.

To analyze the spatial distribution of the economic variation in the investigated time
period, the regional administrative boundaries have been overlaid as shown in Figure 10.
Our study demonstrates a certain clustering of value fluctuation. In large areas in the
central area of Veneto, (NE), and in Sicily (S), for example, the study highlighted strong
decreases of economic value in the order of more than −EUR 800 M. This variation was
caused in most of the cases by agricultural land abandonment (Etcs transition category)
that determined, in turn, the great loss of food production. In the named regions, the
decreases were only in part contrasted by ES increases generated by forest permanence.
As far as negative variations are concerned, in the western part of Valle D’Aosta region
and in the Piemonte region (NW), it is possible to detect large areas of increases of more
than +EUR 100 M. These phenomena are linked to forest permanence and specifically to
the transformation from scarce vegetation cover toward higher vegetation abundance.

Zonal statistics applied at the regional variations pointed out that at both average
and sum levels, seventeen out of twenty regions have experienced decreases in economic
value. Fluctuation was especially negative in Sicily and Veneto while, on the contrary, was
strongly positive in Valle d’Aosta.
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Figure 10. Spatial distribution of economic value variation (M ln EUR).

4. Discussion

This work belongs to the growing body of literature that seeks to estimate the value
of natural capital and the impacts of LULC changes on the ESs it provides. Some au-
thors [31,32,34] have used transition matrices to study LULC and landscape changes. For ex-
ample, Assefa (2012) [30] used these matrices and the coefficients of Kindu et al. (2016) [70]
to assess ESs. In many cases, to assess the ES variation at the level of biomes, the coefficients
of Costanza et al. (1997, 2014) [21,22] are used. In our study, we have used biophysical and
economic coefficients at a spatial scale of greater dictum (Corine) which are thus potentially
more useful for studying the processes of permanence and transition. Since ESs are the
basis for human well-being and survival, spatial transformations can have very significant
impacts on multiple domains of well-being [22,71,72]. The results obtained in this paper
can contribute to the international debate on the need to study and understand how LULC
changes affect the ES provision [73–76]. For example, while the increase in agricultural
areas at the expense of natural and semi-natural environments leads to an increase in agri-
cultural production services, it also leads to a reduction in the provision of other services
such as carbon absorption, air purification, etc. The processes of land transformation are
also influenced by several factors including socio-demographic dynamics [77–79]. The
depopulation of mountain and rural areas in favor of urban and coastal areas causes the
transformation of the territory. For example, in rural and mountainous areas, the abandon-
ment of agricultural areas and pastures causes various phenomena such as soil erosion,
hydrogeological instability and loss of biodiversity. Even in urban areas, soil consumption
produces a loss of ESs with risks to the safety and health of citizens. Urban flooding has
become increasingly frequent due to increased urbanization and climate change [80]. Urban
green spaces can play an important role in reducing flooding [81]. Investing in urban green
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spaces and green infrastructure could therefore help strengthen the resilience of territories
against climate change.

In the specifics of the distribution of the coefficient values collected in our database,
we found the following features: (i) the range of values is generally greater in the regulating
ES than in the provisioning ones; (ii) the range of values is generally greater for economic
values than for biophysical ones; and (iii) the range of values generally increases as the
studies considered increase (and therefore the number of coefficients extracted), e.g., for
forest classes. The first point can be explained largely by the fact that the analysis of
provisioning services is very often based on point accounts, which can be found in official
statistical systems, whereas regulating services are not often included in this type of
statistics but are evaluated employing heterogeneous methodologies, which often have a
higher degree of approximation. Concerning the second point, the higher variability of
economic values compared to biophysical ones stems from the fact that the latter suffers
from a double variability since they are both usually derived from biophysical values (with
their intrinsic variability), and from the use of non-standardized economic values (see the
social cost of carbon, as a case in point).

The economic supply values of the ESs found for the two years are in some cases
within the ranges found in other works at the national level [82] while in other cases,
they are outside these ranges. The difference can be attributed, at least in part, to the
methodologies of employed analysis. A good example in this sense comes from the
quantification reported in the IV report on Italian natural capital [82] where, through the
use of ARIES technology, the economic value of a service is estimated based on the degree of
protection of potentially floodable assets (calculation of avoided damage). On the contrary,
in our work, the economic coefficients extracted from the literature refer mainly to the
‘replacement cost’, i.e., the cost of building a lamination basin that can collect a given
amount of rainwater. We estimated the annual cost of the infrastructure as a function of the
construction cost [83] and the average infrastructure duration of 25 years.

At the same time, the same report attributes the value of the groundwater recharge
service in 2018 at approximately EUR 14,073 million (values as of 2018), similar to the value
found in our study (16,115 million), especially if we consider that our values are indeed
attributed to land cover in the year 2018, but are discounted in economic terms to 2022.

Concerning the total economic change in services from 1990 to 2018 found in our
paper, although at first glance it may not seem particularly relevant (a decrease of about
EUR 927 million out of a total supply in 1990 of 98.5 billion), this becomes more significant
if one considers that the change found concerns only the difference in the supply of ESs
generated by land cover in 2018, compared to land cover in 1990. Our results therefore
do not include the total annual changes in ES supply that occurred between 1990 and
2018, but only the differential between the supply capacity in 1990 and that in 2018. If we
hypothetically assume a linear trend of decreasing ES supply in the 28 years between 1990
and 2018, we would have to count (i.e., sum) the losses that occurred year by year over the
entire period. The final accounting would be higher in this case.

Our study thus highlights how the capacity of the Italian territory to generate ecosys-
tem services has decreased in 2018 compared to 1990. As reflected in the international
literature [21,22,84], the decrease in ecosystem services is a global issue. IPBES [8], for exam-
ple, calculates that globally from 1970 to 2019, 14 of the 18 ESs analyzed are decreasing. The
increases are only in the ES of potential food and bioenergy production resulting from the
expansion of agricultural land globally. However, agricultural area expansion (along with
urbanization and deforestation) is among the land-use changes that most impact other ESs.
In our case, economic ES supply variation was analyzed through the transition categories
approach to point out the weight that each land-use change had on the ES variation. In
this sense, this study finds a remarkable correspondence between food production and
agricultural intensification, which is the most important factor of the total fluctuation. This
correspondence can be found especially in some regions, such as Veneto and Sicily.
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In our opinion, an added value of this work is that the approach adopted allows for the
distinction of spatial processes that lead to “synergies” and “trade-offs” in the provision of
ESs. Synergies consist of a simultaneous increase or decrease in service provision as a result
of the same driver of change (LULC changes in our case), while trade-offs involve opposite
changes in service provision [85]. A good example in terms of trade-offs comes again from
agricultural intensification which brings increased food and forage production but at the
expense of many other services (notably air purification, erosion protection and global
climate regulation). These results are in line with the international literature [86,87] and
derive from the simplification of the landscape that agricultural intensification brings with
it. In particular, in the Italian case we analyzed, the processes of agricultural intensification
mainly involved [87] the transition from heterogeneous agricultural and semi-forested
areas to arable land and permanent crops (vineyards in particular). A possible solution
to mitigate the adverse effects of agricultural intensification on the provision of many
regulating ESs is offered by “agroecology”, which seeks a better balance between purely
productive outputs and the conservation of natural capital [88–92].Another exemplary
case concerns reforestation processes, which account for almost 14% in area of the total
permanence and transitions, and generate a positive synergy for all ESs, but the trade-offs
are those typical of agricultural areas such as food and forage production. In this case,
synergies involve those ESs that are typically generated by forests and also defined in the
literature as “bundles of ESs” [93], namely “a set of associated ESs that are linked to a given
ecosystem and that usually appear together repeatedly in time and/or space” [94]. Other
examples of synergy, in this case with negative effects, are urbanization and evolution into
complex systems transitions.

The former, as might be expected, leads to a reduction in all ESs, while the latter in
almost all. In fact, urbanization (except in the case of the establishment of urban green
areas), leads to a major loss of natural capital and generated ESs. While the evolution to a
complex system involves a significant net reduction in ESs, because, as we have noted, this
transition occurs primarily at the expense of agricultural and forestry land uses which are
known to provide high provisioning (the former) and regulating (the latter) services.

In general, the practice of analyzing spatial dynamics in terms of synergies, trade-offs
and ES bundles can be a useful tool for managing a territory with greater awareness and
in our opinion should be integrated into spatial planning processes. In particular, the
results of this study on trade-offs and synergies arising from LULC changes could be a
good information basis for specific cost–benefit analyses and/or for informing local spatial
planning on the many complex effects of certain decisions.

Limitations of the Study and Future Steps

It is important to highlight that in this paper, the economic estimation of ESs was
carried out using benefit transfer. Benefit transfer is a method that allows for a relatively
quick assessment of the value of ecosystem services, but at the same time can be a source
of errors in the assessment. One of the main errors in the use of benefit transfer is what
the literature refers to as ‘generalization’, i.e., the lack of correspondence between the
site from which values are taken (‘study site’) and the one to which they are transferred
(‘policy site’) [44,95,96]. To limit this approximation, in this work, the CLC class at Level
III was used as the initial minimum unit of analysis. To the best of our knowledge, this
level of detail is used in very few studies, as most refer to biomes with lower resolution.
Thus, using this level of detail, values can be transferred between land use and land
cover units with a fair degree of correspondence. Furthermore, it should be emphasized
that our case study is the entire Italian national territory, which, with its multitude of
climates, biomes and territorial configurations, already presents intrinsic variability in
the provision of ecosystem services. In this sense, therefore, the variability of the values
that we have found in our study, may even be less than the variability that would be
obtained by analyzing Italian biodiversity with other, more analytical methods. Similarly,
applying a single method of analysis for the entire Italian territory would not necessarily
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lead to greater precision in estimation, since in any case, it is very likely that it would
have to resort to approximations or generalizations to include the great variability of the
structures, processes and conditions of Italy’s natural capital that underlie the generation
of ecosystem services. We believe, therefore, that the benefit transfer method used herein
fits well with the purpose of this work, which does not reside in a punctual and local
analysis of the provision of ESs, but in the most representative, albeit approximate, value
of the average capacity to provide ecosystem services. In our study we tried to acquire as
many articles as possible to extrapolate ES biophysical and economic unit values for land
cover classes. Despite our efforts, not all ESs potentially generated in the Italian territory
have been considered. This is probably also reflected in the results, e.g., we found that
the main drivers of the ES economic value variation at the national level can be associated
with the decrease in food production that, despite the boost of agricultural intensification,
is reduced by other transitions (e.g., urbanization, forest expansion). In this regard, it
is necessary to point out that, by not counting all possible ESs provided by forests, our
study inevitably underestimates the economic value of reforestation. Among the services
provided by forests and not valued in this study, we find, for example, recreational and
heat wave mitigation services. Counting, among others, these two services could certainly
increase the economic value obtained from reforestation processes. In any case, it should
also be noted that many of the ESs provided by forests are not accounted for in an official
market and therefore their value is more difficult to derive. In this sense, new accountings
such as the SEEA framework [97] are therefore crucial, precisely in order not to further
neglect the benefits provided by forests.

Among the ESs not analyzed in this paper are cultural services in particular. Due to
methodological challenges, cultural ESs are rarely fully considered in ES assessments [98].
In fact, research on cultural ESs requires alternative assessment approaches that draw on a
wide range of social science tools and methods [99]. Therefore, to integrate cultural ESs
into our evaluation, specific investigations of biophysical and economic evaluations should
be conducted for CLC classes at the national scale.

In the future, it will be necessary to try to include, through specific coefficients, the
contribution of cultural ESs to the overall provision of services, but this operation requires
a deep reflection from a methodological point of view and careful use of the results. In fact,
cultural ESs, by their very characteristics, are related to the cultural capital of populations
and this makes the interaction between man and the environment that is the basis of
cultural ESs [84] extremely variable—for the same land use, or even for the same biomes
or ecosystems. One of the future challenges of our research is to implement specific
survey methods such as participatory approaches [56,57] or the use of the Social Values
for Ecosystem Services (SolVES) software to have biophysical and economic coefficients
for cultural ESs. Furthermore, to expand the database that we created, we aim to improve
the literature research using other search engines such as Web of Science (WOS) and to
review the keywords. We will also expand the bibliographic research considering a broader
time than the one considered. This would allow us to find more articles from which to
extract biophysical and economic coefficients and obtain greater coverage in terms of the
considered ESs.

Finally, the methodological combination applied in this study also allows an analysis
of the trade-offs and synergies of ESs resulting from LULC changes, which are potentially
very useful in spatial planning processes. Future research directions in this regard could
explore the role of synergy and trade-off analysis in order to meet the specific ES demands
found in a given area. In the same way, it would be very useful to further investigate
the relationship between provisioning and regulating services, providing suggestions on
how to optimize service provision with a view to balanced spatial planning that generates
‘win-win’ results, according to the identified needs.
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5. Conclusions

Compared to other studies conducted in Italy, the original contribution of our research
is to present an approach for assessing the impacts of LULC changes on the provision of ESs
using the combination of transition matrices with biophysical and economic coefficients
from the literature. In comparison to ISPRA (2022), which analyzes the impacts of land
consumption, urbanization and infrastructure on the landscape and ESs, we analyzed the
assessment of ESs as a function of the transition and permanence processes over a broad
period (1990–2018). Furthermore, compared to the IV report on Italian natural capital [84],
we extrapolated a large set of biophysical and economic data from the literature. This
analysis could be used to predict future scenarios to support mitigation and adaptation
strategies and policies.

The proposed approach is versatile and can be applied in other spatial contexts since
the matrices and coefficients are associated with Corine land use classes. In fact, by knowing
the extent of land cover classes and the unit values (biophysical and economic) per hectare,
it is possible to estimate both the supply of ESs and its resulting variation due to changes
in LULC. In this sense, the results of this study can also be used as a predictive tool in
regional or urban planning. The negative consequences of soil sealing, for example, cannot
be completely mitigated by afforestation interventions (in case, e.g., of environmental offset)
since the significant ES loss is not compensated by the possible increases.

The presented approach has been applied to implement the study by Marino et al.,
2022 [48] and provide a synthesis of the variations in the economic value of ESs observed in
Italy in the period 1990–2018 caused by the transition and permanence processes. The study,
of which this work is a part, is oriented to promoting methodologies for the estimation
of ESs, contributing to enriching the scientific literature on this topic. In fact, there are
many studies in the literature and the authors (Appendix A) have used different software,
methodologies and approaches to quantify and assess ESs at the biome level [22], ecosystem
level [100], and land cover classes (see studies listed in Appendix A). The study by land
cover classes has the advantage of measuring, with greater precision and detail, the impact
of land transformation processes on ES supply. Furthermore, the constant updates of Corine
data at a European level allow applications at different spatial and temporal scales.

The results of this study are open to comparison, to improve the proposed approach
to ES assessment, to update the coefficients from new studies and to deepen the spatial
distribution through the use of some geographic detectors (e.g., Markow chain and Gini
coefficient). However, our challenge will be to augment the database with other coefficients
(biophysical and economic) by improving the literature review. The proposed approach
may be functional for monitoring ESs at spatial and temporal scales as a function of land
transformation process support for the implementation of SEEA Ecosystem Accounting
(SEEA EA) to account for ESs [97]. Environmental accounting tools can support public
decision-makers in choosing policies and strategies for global and local governance.
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Appendix A

Table A1. Bibliographic references of biophysical and economic coefficients. Note: The articles are
listed in the references.

ES Sources
Biophysical
Coefficient

Economic
Coefficient

Study Area

Food production
Council for Agricultural
Research and Economics,

2022 [52]
  Italy

Forage production

Schirpke et al., 2015 [101]   Natura 2000 Sites (Italy)

Marino et al., 2021 [2]   National Parks (Italy)

Tardieu et al., 2015 [102]   Natural and semi-natural areas
(France)

Timber supply

Grilli et al., 2015 [103]  Italian Alps

Häyhä et al., 2015 [36]   Alpine forests (Italy)

Vysna et al., 2019 [100]   Europe

Pedroso et al., 2018 [104]  Natural Park of Serra de São
Mamede, Portugal

Bernetti et al., 2013 [105]  Forest area of Tuscany (Italy)

Pettenella et al., 2021 [106]  Forests in the Veneto region
(Italy)

Hein et al., 2011 [107]   Hoge Veluwe protected forest
(Netherlands)

White, 2015 [108]   Protected areas in England and
Scotland

Marchetti et al., 2018 [109]   Italians forest

Mushrooms supply
Schirpke et al., 2015 [101]   Natura 2000 Sites (Italy)

Bernetti et al., 2013 [105]   Toscana Region (Italy)

Global climate
regulation

De Jong et al., 2016 [110]  Limburg Province
(Netherlands)

Remme et al., 2016 [111]  Limburg Province
(Netherlands)

Marino et al., 2021 [2]   National Parks (Italy)

Schirpke et al., 2015 [101]   Natura 2000 Sites (Italy)

Morri et al., 2014 [83]   Apennines and coastal areas
(Italy)

Häyhä et al., 2015 [36]   Alpine forests (Italy)

Cervelli et al., 2022 [112]  Vesuvius National Park (Italy)

Paletto et al., 2015 [113]  Austrian Alps

Bernetti et al., 2013 [105]  Forest area of Tuscany (Italy)

White, 2015 [108]   Protected areas in England and
Scotland
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Table A1. Cont.

ES Sources
Biophysical
Coefficient

Economic
Coefficient

Study Area

Global climate
regulation

Willis et al., 2003 [114]  Forests (Great Britain)

Xue et al., 2001 [115]   
Changbaishan Mountain

Biosphere Reserve (Northeast
China)

Marino et al., eds (2023) [60]   Monte Amiata e Mugello,
Toscana (Italy)

Marino et al., eds (2023) [116]   Città metropolitana Roma
Capitale (Italy)

Air purification

De Jong et al., 2016 [110]  Limburg Province
(Netherlands)

Remme et al., 2016 [111]  Limburg Province
(Netherlands)

Duarte et al., 2021 [117]  
Salt marsh plant species of six

Portuguese transitional
systems

Marino et al., 2021 [2]   National Parks (Italy)

Bottalico et al., 2016 [54]  Florence (Italy)

Manes et al., 2014 [53]  Rome (Italy)

Hein, 2011 [107]   Hoge Veluwe protected forest
(Netherlands)

White, 2015 [108]   Protected areas in England and
Scotland

Marino et al., eds (2023) [60]   Monte Amiata e Mugello,
Toscana (Italy)

Water regulation

De Jong, 2016 [110]  Limburg Province
(Netherlands)

Remme, 2016 [111]  Limburg Province
(Netherlands)

Duarte et al., 2021 [117]  
Salt marsh plant species of six

Portuguese transitional
systems

Schirpke et al., 2015 [101]  Natura 2000 Sites (Italy)

Bernetti et al., 2013 [105]  Toscana Region (Italy)

Hein et al., 2011 [107]   Hoge Veluwe protected forest
(Netherlands)

Esen et al., 2023 [118]   Forest in Southern Aegean
region of Turkey

Xue et al., 2001 [115]   
Changbaishan Mountain

Biosphere Reserve (Northeast
China)

Water purification
Duarte et al., 2021 [117]  

Salt marsh plant species of six
Portuguese transitional

systems

Marino et al., eds (2023) [60]   Monte Amiata e Mugello,
Toscana (Italy)
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Table A1. Cont.

ES Sources
Biophysical
Coefficient

Economic
Coefficient

Study Area

Water purification

Marino (eds), 2023 [116]   Città metropolitana Roma
Capitale (Italy)

Piaggio et al., 2021 [119]  Forest areas (Costa Rica)

Mueller et al., 2014 [120]  Forest in northern Arizona
(USA)

De la Cruz et al., 2009 [121]  Pico da Vara Special Protected
Area (Portugal)

Matero et al., 2007 [122]  Finnish forests (Finland)

Erosion protection

Esen et al., 2023 [118]   Forest in Southern Aegean
region of Turkey

Duarte et al., 2021 [117]  
Salt marsh plant species of six

Portuguese transitional
systems

Schirpke et al., 2015 [101]   Natura 2000 Sites (Italy)

Marino et al., eds (2023) [60]   Monte Amiata e Mugello,
Toscana (Italy)

Mastrorilli et al., 2018 [123]   Calabria Region, Italy

Morri et al., 2014 [83]   Apennines and coastal areas
(Italy)

Häyhä et al., 2015 [36]  Alpine forests (Italy)

Pedroso et al., 2018 [104]  Natural Park of Serra de São
Mamede, Portugal

Xue et al., 2001 [115]  
Changbaishan Mountain

Biosphere Reserve (Northeast
China)

Flood risk mitigation

Esen et al., 2023 [118]  Forest in Southern Aegean
region of Turkey

Duarte et al., 2021 [117]  
Salt marsh plant species of six

Portuguese transitional
systems

Marino et al., eds (2023) [60]   Monte Amiata e Mugello,
Toscana (Italy)

Morri et al., 2014 [83]   Apennines and coastal areas
(Italy)

Mastrorilli et al., 2018 [123]   Calabria Region, Italy

Marino et al., 2023 [49]   Città metropolitana Roma
Capitale (Italy)

Broadmeadow et al., 2018
[124]

 Forest in Great Britain (GB)
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Abstract: The trade-offs between ecosystem services directly affect the quality of the ecological envi-
ronment and the survival and development of human society, which is of great concern to academia,
governments, and non-governmental organizations. Guangdong Province is a strong economic
performer in China; hence, we selected it to explore the trade-off and synergy differences between
different ecosystem services, and to investigate the mechanisms of their influence in economically
developed regions with a large population density. Our results showed three main points: (1) The
ecosystem services in Guangdong Province showed clear spatial heterogeneity. In addition, northern
Guangdong has high levels of water retention, with a value of 5804.73 × 104 m3/km2 and high
values for carbon sequestration and soil retention. Western Guangdong is a functional area for
food production, and the Pearl River Delta is an economically developed region with low levels of
ecosystem services. (2) Overall, in Guangdong Province, three pairs of ecosystem services, namely
water retention–soil retention, carbon sequestration–water retention, and carbon sequestration–soil
retention, showed a strong positive correlation and good synergistic relationships. The other three
pairs of relationships show strong trade-off effects. (3) The relationships between similar ecosystem
services show completely different characteristics in different regions. Carbon sequestration and
water retention, carbon sequestration and biodiversity conservation, water retention and biodiversity
conservation, and soil retention and biodiversity conservation were mainly manifested in high–high
synergies, particularly in northern Guangdong; carbon sequestration and soil retention and water re-
tention and soil retention, primarily manifested synergies; carbon sequestration and food production,
water retention and food production, and soil retention and food production mainly manifested as
trade-off relationships.

Keywords: ecosystem services; trade-off; synergy; spatial relation

1. Introduction

Ecosystem services are the environmental conditions and the effects of ecosystem
formation and maintenance on human survival and development [1]. However, ecosystem
services do not exist or develop independently. Complex reciprocal relationships exist
among various services within an ecosystem and among several ecosystems [2]. These
interactions mainly manifest as trade-offs between waning and waxing or synergies for
mutual gains. Diverse and complex ecological environments provide various services for
human well-being, and the impact of human activities is often at the expense of certain
service levels [3]. In economically developed areas, the contradiction between intense
human activities and the ecological environment is more prominent, complicating the
trade-off and synergistic relationships between ecosystem services. The trade-offs between
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different services and the factors influencing them must be analyzed because they affect the
level of ecosystem services and the stability and development of the whole ecosystem [4,5].
Therefore, Guangdong Province, being a province with strong economic performance in
China, was selected as the research area; this area is also highly significant to the study
of spatial trade-offs, synergistic relationships, and the mechanisms influencing regional
ecosystem services.

Trade-offs in ecosystem services are mainly generated by human demand preferences.
When people consume certain ecosystem services, they will have an impact on other ecosys-
tem services, intentionally or unintentionally, leading to trade-offs and synergies between
ecosystem services [6,7]. A scientific understanding of the functional characteristics, mani-
festations, driving mechanisms, and scale effects of ecosystem service trade-offs/synergies
is of great significance for improving human well-being and achieving a “win-win” sit-
uation between human society and the ecosystem [8]. A comprehensive understanding
of the relationships between ecosystem services includes multiple dimensions, such as
trade-offs, synergies, and compatibilities [9]. A trade-off is a negative relationship in
which ecosystem services are restricted by other functions, such as ebb and flow, including
supporting and regulating functions [10,11]. A synergy is a positive relationship, and
several ecosystem services show symbiosis, enhancing or weakening together, such as
support and cultural functions, and regulatory and cultural functions [12]. Compatibility
shows no significant relationship between ecosystem services [13]. In reality, in order to
improve a certain ecosystem service, we often inevitably affect trade-offs and synergies
with other services [14]. Scholars have conducted extensive research on the interaction
between ecosystem services and concluded that trade-offs and synergies between ecosys-
tem services are universal [15,16]. Ecosystem services are influenced by various factors
such as land use and cover change, human needs, parameter selection, regional differences,
and imbalances [17]. Different regions show significant differences [18,19]. To achieve the
harmonious development of humans and nature in an urban system, we have integrated
ecological elements into urban planning [20,21]. The correlation between ecosystem ser-
vices and urban green infrastructure/urban sprawl currently play an important role in
spatial planning [22]; however, studies on these aspects are still limited.

Ecosystem services are mainly divided into four types: provisioning (food, water,
wood, and fuel), regulating (climate, flood, and disease regulation; water purification),
cultural (aesthetic, spiritual, educational, and recreational), and support services that are
necessary to maintain other types of services (nutrient cycling, soil formation) [23,24]. These
services provide personal security, security from disasters, access to resources, food, shelter,
adequate livelihoods, health, good social relations—i.e., social cohesion. For different areas
(urban, rural, or wild), the types of ecosystem services concerned are different. Research
often focuses on the key service types in the region. The main evaluation methods for
ecosystem services are index evaluation, value evaluation, and model simulation (including
models UFORE, SolVES, BUGS, ARIES, InVest, EPM, InFOREST, Envision, and EcoMetrix).
These methods are widely used globally [25]. Common research methods for identifying
ecosystem service trade-offs/synergies include correlation analysis, principal component
analysis, root mean square deviation, and bivariate spatial autocorrelation [26,27]. At
present, many models have been developed to identify the interrelationships between
ecosystem services, such as InVEST, ARIES, ESValue, EcoAIM, EcoMetrix, NAIS, and
SolVES [28,29]. Scholars have reported differences in the quantity of regional ecosystem
services recorded using different measurement methods and the nature and intensity of
ecosystem service relationships. For example, the SolVES model requires social question-
naire survey data, and the questionnaire quality directly affects the evaluation results. The
UFORE, SolVES, and BUGS models have limitations regarding the spatial scale of the
study area. Remote sensing data are applicable to the evaluation of ecosystem services at
different spatial scales, but their accuracy is difficult to guarantee. Therefore, selecting the
appropriate method for evaluating the relationships between regional ecosystem services
is important to ensure accurate results.
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Most developing countries in an important period of economic development often
pay attention to promoting economic benefits while ignoring ecological benefits. Therefore,
the ultimate goal of ecosystem service research should be to maximize the comprehensive
benefits of the human–earth system, ease the trade-offs between different ecosystem ser-
vices, and improve human welfare [30,31]. As an important developing country, China is
currently in a crucial transition period from high-speed to high-quality economic develop-
ment. Therefore, urban economic development should be coordinated with environmental
protection. Guangdong, a relatively developed province in China, was selected as the
research area in this study. This study clarifies the main types of ecosystem services and
their spatial differentiation characteristics. The study focuses on analyzing the trade-offs
and synergies among different ecosystem services and the differences in their degrees of
influence, as well as comparing and analyzing their spatial patterns. Then, the influence
mechanisms of trade-offs and synergies between ecosystem services were analyzed and
areas for improvement were determined. The findings of this study are of great significance
for the improvement of regional eco-environmental carrying capacity, protection, and man-
agement, the creation of solutions for sustainable development goals, and the coordination
between economic development and ecological protection.

2. Study Area and Methods

2.1. Study Area

Guangdong Province is located in the southernmost part of mainland China, with a land
area of 179,800 km2. It is located between 20◦13′ N–25◦31′ N and 109◦39′ E–117◦19′ E and faces
the South China Sea in the south. Guangdong Province has jurisdiction over 21 prefecture-level
cities (including two sub-provincial cities), which are divided into four regions: the Pearl River
Delta, Eastern Guangdong, Western Guangdong, and northern Guangdong. The Pearl River
Delta includes the cities of Guangzhou, Shenzhen, Foshan, Dongguan, Zhongshan, Zhuhai,
Jiangmen, Zhaoqing and Huizhou; Eastern Guangdong includes Shantou, Chaozhou, Jieyang,
and Shanwei; Western Guangdong includes Zhanjiang, Maoming, Yangjiang, and Yunfu; and
northern Guangdong includes Shaoguan, Qingyuan, Meizhou, and Heyuan (Figure 1).

Guangdong Province is located in the tropical and subtropical regions, with the Tropic
of Cancer running through its central part. It is located on the north coast of the South
China Sea, is heat rich, has abundant rainfall, a wide variety of animals and plants, and
good natural conditions. Guangdong Province is rich in forest resources, with a forest
area of 107,925.33 km2 as of 2019, accounting for 60.05% of the total area of major land
types in the province, including arbor, bamboo, and shrub forests. Guangdong Province
has complex and diverse landforms, with hills, platforms, and basins developing between
the mountains. The soil types are diverse, and the zonal distribution is obvious. Zonal
soil types are red, latosolic red, and lateritic soils from north to south and include a small
amount of yellow soil and yellow brown soil. Non-zonal soil types include paddy, tidal,
mountain meadow, lime, and purple soils. The province belongs to the East Asian monsoon
region, and has middle subtropical, southern subtropical, and tropical climates from north
to south. It is also one of the provinces with the most abundant light, heat, and water in
China. The average sunshine duration of the whole province is 1745.8 h. The average
annual temperature is 22.3 ◦C. The average annual precipitation ranges from 1300 to
2500 mm. The spatial distribution of rainfall shows a high trend in the south and low in the
north. Guangdong Province is rich in water resources, with a total water resource amount
of 2068.2 × 108 m3 in 2019. There are numerous rivers, mainly in the Pearl River Basin, the
Hanjiang River basin that only flows into the sea, and the rivers along the east and west
coasts. There are 60 branches and tributaries at all levels with a catchment area of more
than 1000 km2.
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Figure 1. Location of the study area.

Guangdong is China’s most populous province, with a population of 126 million in
2020. The population density is 702.77 people /km2, and the urbanization rate is 74.15%,
but regional differences are large (Table 1). Furthermore, since 1989, Guangdong’s gross
domestic product (GDP) has continuously ranked first in China, and it has become the
province with the largest economy in the country, accounting for 1/8 of the country’s total
economic aggregate. In 2020, Guangdong’s GDP reached 11,076.09 billion yuan, while the
Pearl River Delta core region’s GDP accounted for 80.83% of that of the whole province.

Table 1. Basic socioeconomic characteristics of Guangdong Province in 2020.

Region Area/103 × km2 Population/Million
Population

Density
People/km2

Urbanization
Rate/%

Gross Domestic
Product/100

Million Yuan

Pearl River Delta 54.91 78.24 14.25 87.24 89,523.93
Eastern

Guangdong 15.49 16.32 10.54 60.6 7053.51

Western
Guangdong 32.67 15.77 4.83 46.15 7739.97

Northern
Guangdong 76.74 15.92 2.07 51.62 6443.54

Guangdong
Province 179.81 126.25 7.02 74.15 110,760.9
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2.2. Methodology
2.2.1. Measurement of Ecosystem Services

Considering the natural background and socioeconomic conditions of Guangdong
Province and referring to the “Territorial Spatial Planning of Guangdong Province” and
other relevant planning and policy documents, five kinds of ecosystem services were
selected for analysis: carbon sequestration, water retention, soil retention, food production,
and biodiversity conservation.

This study used ecosystem services data from the Chinese Academy of Sciences Eco-
logical Environmental Research Center (http://www.sciencedb.cn/dataSet/handle/458, ac-
cessed on 31 December 2018). The dataset is based on remote sensing feature classifica-
tion data. The management modes of land features, community structure, and ecological
process differences were analyzed using MODIS satellite data Q13A1 [32,33]. Tempera-
ture and precipitation data were provided by the China Meteorological Data Sharing Net-
work (https://data.cma.cn/data/detail/dataCode/A.0012.0001.html, accessed on 5 January
2017) and topographic data, from the United States’ GEOM satellite. Ecosystem services
in China in 2010 were simulated based on ecological process simulation methods, such
as the CASA light energy utilization rate model, the universal soil loss equation, the wa-
ter balance equation, the wind model, and by summarizing the literature and ground
monitoring data to determine model parameters. A spatial dataset with a resolution of
250 m was created.

Carbon sequestration was measured mainly based on net primary productivity (NPP),
which is represented by the product of photosynthetic active radiation absorbed by plants
and actual light utilization (ε). Water retention was calculated using the water balance
equation. Soil retention was simulated using the general soil loss equation. In the specific
calculation, existing measured soil erosion data was used to verify the model simulation
results and modify the parameters. Food production data provided county ecosystems
with food output, such as grain, aquatic products, meat, forest fruit products, uniformly
converted into energy. Also, rather than using the total number of species, the measure
of biodiversity conservation used in this study represented the total number of indicator
species with a recorded distribution in each county, primarily nationally protected plants
and animals of special significance, or species with threatened or endangered status. The
biodiversity conservation values in Guangdong Province were the average values for all
districts and counties, and the values of the four regions were the average values of all
districts and counties in the region.

2.2.2. Evaluation of Ecosystem Service Trade-Offs and Synergies

The Pearson correlation coefficient method was used to evaluate ecosystem service
trade-offs and synergies. If the correlation coefficient was positive, the synergies between
the two services were mutually promoted. Conversely, a negative correlation coefficient
indicated a trade-off between the two services. Otherwise, the two functions were indepen-
dent of each other [24].

In terms of the spatial dimension, a bivariate local spatial autocorrelation model was
used to quantitatively measure the spatial distribution pattern and correlation characteris-
tics of ecosystem service trade-offs and synergies in Guangdong Province. Cluster diagrams
between the pairs of ecosystem services in the study area were obtained through bivariate
local Moran’s I spatial analysis using GeoDa (v1.20) software. In this study, a queen spatial
adjacency matrix was constructed to measure the statistics of the local indicator of spatial
association between two services. Specifically, “high-high” (HH) indicated that the two
services with a high score clustered significantly in this region, “low-low” (LL) indicated
that the two services with a low score clustered significantly in this region, “high-low” (HL)
indicated that the first function scores were high and that the other function scores were
low, and “low-high” (LH) indicated the opposite of HL. “Not significant” indicated that
the two functions were independent within the regional space. HH and LL were regarded
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as synergies, whereas HL and LH were regarded as trade-offs. The values of local Moran’s
I were processed without dimensionality and ranged from 0 to 1.

2.2.3. Degree of Influence of Ecosystem Service Trade-Offs and Synergies

To classify the degree of ecosystem service trade-offs and synergies, a specific method
was applied. First, the natural breakpoint method was used to divide the five ecosystem
services into three levels: low, medium, and high, numbered 1, 2, and 3, respectively (Table 2).

Table 2. Classification levels of ecosystem service capacity.

Server Type Low (1) Medium (2) High (3)

Carbon sequestration (t/km2) [0, 65] (65, 204) >204
Water retention (104 m/km2) [0, 32] (32, 81) >81

Biodiversity conservation (numbers) [0, 78] (78, 92) >92
Food production (108 kcal/km2) [0, 4] (4, 9) >9

Soil retention (104 t/km2) [0, 9] (9, 28) >28

The five types of service standardization and classification of raster data were super-
imposed using ArcGIS 10.2 data:

CODE = C × 10,000 + W × 1000 + B × 100 + F × 10 + S (1)

In Equation (1), C, W, B, F, and S represent carbon sequestration, water retention,
biodiversity conservation, food production, and soil retention, respectively. CODE is a
five-digit code, and each code sequence is a combination of 1, 2, and 3, representing the
degree of influence of the ecosystem services [34].

Subsequently, criteria for classifying trade-offs and synergies were developed (Table 2).
Trade-offs were classified as strong or weak. A strong trade-off was a state with one high
service supply capacity, and all others were medium or low. Service capacity combinations
in a strong trade-off may be 1 high 4 low, 1 high 1 medium 3 low, 1 high 2 medium 2 low, etc.
A weak trade-off referred to a state with two, three, or four types of high service capacities,
while all other services had medium or low capacities. Service capacity combinations in a
weak trade-off may be 2 high 3 low, 2 high 1 medium 2 low, 2 high 2 medium 1 low, etc.
Synergies were also classified as high or low. In high synergies, all services were high;
this being the most coordinated state and the ultimate goal of ecosystem management.
High-synergy combinations include 5 high, 4 high 1 medium, 3 high 2 medium, etc. A low
synergy meant that all five types of service capacities were at a low level, which is the least
ideal state. Low-synergy combinations included 1 medium 4 low, 2 medium 3 low, and 3
medium 2 low.

3. Results

3.1. Spatial Differentiation of Ecosystem Services in Guangdong Province

To ensure that different ecosystem services were comparable (Table 3), ecosystem
service values were processed without dimensionality, and all values ranged from 0 to
1 (Table 4). Among the five ecosystem services in Guangdong Province, water retention
was the strongest (0.71). Soil retention and carbon sequestration had values of 0.54 and
0.51, respectively. Biodiversity conservation (0.48) and food production (0.33) were ranked
fourth and fifth, respectively, among the ecosystem services.

Specifically, the spatial distribution of the different ecosystem services was as follows:
(1) The overall carbon sequestration level in Guangdong Province was 50.06 t/km2,

and its spatial distribution was higher in the north than in the south. The overall carbon
sequestration level in the Pearl River Delta region (47.58 t/km2) was higher than that in
Western Guangdong (39.79 t/km2) and Eastern Guangdong (40.77 t/km2). However, there
was a contiguous low-value area in the Pearl River estuary (Figure 2). The contiguous low-
value area on the west bank of the Pearl River estuary was larger than that on the east bank.

51



Land 2024, 13, 32

The cities of Dongguan, Zhongshan, and Foshan had the lowest carbon sequestration levels
in Pearl River Delta, with 13.89 t/km2, 17.61 t/km2, and 19.06 t/km2, respectively. The
carbon sequestration level in Zhaoqing City in the Pearl River Delta was the highest of the
entire province with 66.24 t/km2. The carbon sequestration level of Western Guangdong
was the lowest among the four regions in the province, especially in the Leizhou Peninsula,
the southernmost part of mainland China, with only 13.35 t/km2 for the 21 cities in the
province. The carbon sequestration level in Shantou City in Eastern Guangdong was also
noticeably low with 18.59 t/km2, lower than that of the surrounding cities. Northern
Guangdong showed a remarkably high carbon sequestration, and the four cities in the
region had values greater than 55 t/km2. The maximum carbon sequestration value
of the entire province (1164 t/km2) was also distributed in Heyuan City in northern
Guangdong Province.

Table 3. Values of ecosystem services in Guangdong Province in China in 2010.

Carbon
Sequestration

(t/km2)

Water Retention
(104 m/km2)

Soil Retention
(104 t/km2)

Food Production
(108 kcal/km2)

Biodiversity
(Numbers)

Pearl River Delta 47.58 51.20 7.76 3.05 77
Northern

Guangdong 59.91 58.05 9.26 2.08 87

Eastern
Guangdong 40.77 38.58 7.59 4.53 75

Western
Guangdong 39.79 49.52 6.75 6.80 76

Guangdong
Province 50.06 52.40 8.11 3.63 80

Table 4. Values without dimensionality of ecosystem services in Guangdong Province in China
in 2010.

Carbon
Sequestration

Water Retention Soil Retention Food Production Biodiversity

Pearl River Delta 0.39 0.65 0.40 0.21 0.22
Northern

Guangdong 1.00 1.00 1.00 0.00 1.00

Eastern
Guangdong 0.05 0.00 0.33 0.52 0.00

Western
Guangdong 0.00 0.56 0.00 1.00 0.11

Guangdong
Province 0.51 0.71 0.54 0.33 0.48

(2) Guangdong has a humid climate, high forest coverage, and strong water reten-
tion for ecosystem services. The average value of water retention in Guangdong was
52.40 × 104 m3/km2, and the spatial distribution among cities was similar to that of carbon
sequestration. Northern Guangdong was also a high-value area for water retention, with
a value of 58.05 × 104 m3/km2. Except for Meizhou, the water retention in the other
three cities was higher than the average provincial level. This is followed by the Pearl
River Delta and Western Guangdong regions. The high-value areas in the Pearl River
Delta region were distributed in its periphery. Remarkably, among the 21 cities, Yangjiang
(74.10 × 104 m3/km2) and Zhanjiang (18.16 × 104 m3/km2) had the highest and lowest
water conservation values in Western Guangdong, respectively. Water conservation in
Eastern Guangdong (38.58 × 104 m3/km2) was significantly lower than in other regions.
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Figure 2. Spatial distribution of ecosystem services in Guangdong Province in 2010.

(3) Guangdong Province had a strong soil retention service, with an average value of
8.11 × 104 m3/km2. The soil retention level of northern Guangdong, which has a high forest
coverage, was the highest, with a value of 9.26 × 104 m3/km2. Soil retention services in the
Pearl River Delta and Eastern Guangdong regions were similar, with 7.76 × 104 m3/km2 and
7.59 × 104 m3/km2, respectively, among which Huizhou had the highest of the 21 cities with
10.96 × 104 m3/km2. Western Guangdong had the lowest soil retention service value with
6.75 × 104 m3/km2. In this region, Zhanjiang had the lowest soil retention value among the

53



Land 2024, 13, 32

21 cities in the Leizhou Peninsula with 0.88 × 104 m3/km2, while Yunfu and Yangjiang had
strong soil retention with values of 10.69 × 104 m3/km2 and 10.09 × 104 m3/km2, respectively.

(4) Food production data were sourced from county data, and foods such as grain,
aquatic products, meat, and fruits were uniformly converted into total food supply calories.
The average value of food production in Guangdong Province was 3.63 × 108 kcal/km2,
and the main food production area was mainly concentrated in Western Guangdong, with
a value of 6.80 × 108 kcal/km2. In this region, the cities of Zhanjiang and Maoming had
the highest food production values with 10.65 × 108 kcal/km2, and 7.08 × 108 kcal/km2,
respectively. This was followed by Eastern Guangdong and the Pearl River Delta, with
values of 4.53 × 108 kcal/km2 and 3.05 × 108 kcal/km2, respectively. In Eastern Guangdong,
Shantou City had the highest food production value with 8.34 × 108 kcal/km2, followed by
Jieyang City with 5.09 × 108 kcal/km2. The cities of Chaozhou and Shanwei did not reach
provincial average levels. In the Pearl River Delta region, food production in Guangzhou
and Jiangmen was relatively high, while very low in Shenzhen and Dongguan with only
0.03 × 108 kcal/km2 and 0.08 × 108 kcal/km2, respectively. However, the food production
in northern Guangdong was the lowest with only 2.08 × 108 kcal/km2, less than one third
of that in Western Guangdong. Northern Guangdong is an important ecological barrier in
Guangdong Province with extensive forest land and a low proportion of cultivated land;
thus, food production is not its main ecosystem service.

(5) Guangdong Province has a complex ecological environment and a rich biodiver-
sity. The biodiversity conservation value in Guangdong Province was 80 and, among the
four regions, the biodiversity maintained in northern Guangdong was the highest at 86.
This is to be expected as important forest areas, nature reserves, and natural parks in Guang-
dong are mostly distributed in northern Guangdong. In fact, Shimentai Nature Reserve, the
largest contiguous forest reserve in Guangdong Province, is located in the southernmost
part of the Nanling Mountains in northern Guangdong. The main objects of protection are
subtropical evergreen broad-leaved forests, rare plants, and animals. There are 2242 species
of higher plants and 301 wild vertebrate species in Shimentai Nature Reserve. Among them,
one species of first-class nationally protected plant and 23 of second-class were included in
the study. There were four species in the category first-class national protected animals and
41 under second-class protection. Among all the districts and counties, Ruyuan County
(131) and Lechang County (117) in Shaoguan City and Fogang County (114) in Qingyuan
City had the highest biodiversity. The lowest number of indicator species were conserved
in Eastern Guangdong with 74.

3.2. Ecosystem Service Trade-Offs and Synergies, and Their Influence in Guangdong Province

The correlation between paired services among the five ecosystem services was ob-
tained based on Pearson correlation analysis (Figure 3). Water retention–soil retention,
carbon sequestration–water retention, and carbon sequestration–soil retention showed posi-
tive correlations (r = 0.389, r = 0.299, r = 0.258, p < 0.05), indicating a synergistic relationship
between them. These three ecosystem services are also the main functions of forestland.
The correlation coefficients between carbon sequestration–biodiversity conservation, water
retention–biodiversity conservation, and soil retention–biodiversity conservation were posi-
tive and statistically significant; however, the relative coefficient values were small (r = 0.073,
r = 0.137, r = 0.116), indicating a poor synergistic relationship. The negative correlation be-
tween food production and carbon sequestration was low (r = −0.110, p < 0.05), indicating
a weak trade-off effect. There were negative correlations between food production–water
retention, food production–soil retention, and food production–biodiversity conservation
(r = −0.179, r = −0.182, r = −0.304, p < 0.05), indicating trade-off effects and reciprocal
relationships between them.
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Figure 3. Pearson correlation coefficients between ecosystem service pairs.

Ecosystem services were divided into levels 1, 2, and 3 according to Table 1, and then
the strengths and weaknesses of trade-offs and synergies between different services were
evaluated. Also, the spatial distribution of ecosystem service trade-offs and synergies in
Guangdong Province were assessed (Figure 4). This mainly showed poor synergies and
strong trade-offs, accounting for 89.34% of the total area of Guangdong Province. Among
them, poor synergies between different ecosystem service pairs occupied the largest area,
mainly concentrated in Eastern Guangdong and most of the Pearl River Delta region. The
other counties and districts in northern Guangdong showed poor synergies, except for
Lechang County and Ruyuan Yao Autonomous County in Shaoguan City, and Yingde
County and Yangshan County in Qingyuan City. There were also many regions with strong
trade-offs between different ecosystem service pairs, mainly in Western and northern
Guangdong and Guangzhou City in the Pearl River Delta region. The spatial distribution of
the services with weak trade-offs was limited to Xinyi County in Maoming City in Western
Guangdong, and Yingde County, Yangshan County, and Ruyuan Yao Autonomous County
in Qingyuan City in northern Guangdong. Few areas with good synergies were scattered
in Xinyi County in Maoming City in Western Guangdong.

From the combinations of ecosystem service trade-offs and synergies (Table 5), the trade-
offs between services accounted for 44.33% of the total province area, and the strong trade-offs
accounted for 34.15%, which was mainly manifested as services with levels of “1 high,
1 medium, 3 low”, especially the 13,121 type (low carbon sequestration, high water retention,
low biodiversity conservation, medium food production, and low soil retention), occupying
an area of 4688.845 km2. Weak trade-offs accounted for 10.18% of the whole province area,
mainly showing combinations of “2 high, 1 medium, 2 low”, “2 high, 2 medium, 1 low”, and
“2 high, 3 low”, which covered an area of more than 1000 km2. These combinations included
13,113 (low carbon sequestration, high water retention, low biodiversity conservation, low
food production, high soil retention; 2367.10 km2), 13,312 (low carbon sequestration, high
water retention, high biodiversity conservation, low food production, medium soil retention;
1245.93 km2), 13,213 (low carbon sequestration, high water retention, medium biodiversity
conservation, low food production, high soil retention; 1179.34 km2), 23,113 (medium carbon
sequestration, high water retention, low biodiversity conservation, low food production, high
soil retention; 1083.80 km2), and 23,312 (medium carbon sequestration, high water retention,
high biodiversity conservation, low food production, medium soil retention; 1018.74 km2).
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Figure 4. Spatial distribution of trade-offs (strong or weak) and synergies (good or poor) between
ecosystem services.

Table 5. Classification criteria and statistics of trade-offs and synergies between the five ecosystem
services.

Service
Relationship

Area Ratio Subclass Area Ratio Service Composition Area Ratio

Trade-offs 44.33%

Strong trade-offs 34.15%

1 high 4 low 8.75%
1 high 1 medium 3 low 12.71%
1 high 2 medium 2 low 9.20%
1 high 3 medium 1 low 3.49%

Weak trade-offs 10.18

2 high 3 low 2.38%
2 high 1 medium 2 low 4.32%
2 high 2 medium 1 low 2.46%
3 high 2 low 0.45%
3 high 1 medium 1 low 0.54%
4 high 1 low 0.03%

Synergies 55.67%

Good synergies 0.48%

5 high 0
4 high 1 medium 0.01%
3 high 2 medium 0.11%
2 high 3 medium 0.26%
1 high 4 medium 0.10%
5 medium 0.01%

Poor synergies 55.19%

1 medium 4 low 21.24%
2 medium 3 low 12.97%
3 medium 2 low 9.10%
4 medium 1 low 2.53%
5 low 9.36%

Poor synergistic relationships between different ecosystem service pairs accounted
for 55.19% of the total area, mainly with the combinations “1 medium, 4 low” (21.24%)
and “2 medium, 3 low” (12.97%). Here, the three specific combinations accounting for
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the largest area were 11,111 (low carbon sequestration, low water retention, low biodi-
versity conservation, low food production, low soil retention; 16,581.04 km2), 11,112 (low
carbon sequestration, low water retention, low biodiversity conservation, low food pro-
duction, medium soil retention; 15,747.79 km2), and 11,121 (low carbon sequestration,
low water retention, low biodiversity conservation, medium food production, low soil
retention; 11,942.03 km2). Areas with good synergies accounted for only 0.48% of total
provincial area.

3.3. Spatial Pattern Characteristics of Ecosystem Service Trade-Offs and Synergies in
Guangdong Province

The spatial distribution characteristics and rules of the trade-offs and synergies be-
tween ecosystem services pairs were explored. Based on the area of Guangdong Province,
fishnet (9 km) was selected and bivariate local Moran’s I spatial analysis was performed
based on the GeoDa (v1.20) software to obtain a cluster diagram between the ecosystem
services in the study area (Figure 5) and explore the spatial distribution characteristics and
rules of the tradeoff and synergistic relationships between the ecosystem services in the
study area. In particular, HH synergies and LL synergies were mainly observed between
carbon sequestration and water retention. HH synergies were mainly concentrated in areas
rich in forest resources and were spatially manifested in Shaoguan, Qingyuan, and Heyuan
cities in northern Guangdong, and Maoming and Yangjiang cities in western Guangdong.
Carbon sequestration and water retention were the main ecosystem services of forest land.
The Pearl River estuary coastal area with a developed economy and low forest coverage
was mainly categorized as an LL synergy area. In addition, areas of cultivated land in
Zhanjiang City, Shantou, and Shanwei City were categorized as LL synergistic areas.

Carbon sequestration and biodiversity conservation were mainly manifested in HH
synergies, particularly in northern Guangdong and Maoming City in western Guangdong;
a small number of LH trade-offs were mixed in with the HH synergy regions. The LL
synergies were distributed in the coastal area, wherein HL trade-off zones and their mixed
distribution was also detected.

Carbon sequestration and soil retention, and water retention and soil retention, show
similar relationships, mainly for synergies. The forest land concentration areas in Maoming,
Yunfu, Zhaoqing, Qingyuan, Heyuan, and Meizhou City formed continuous zonal HH
synergies, whereas the cultivated land concentration areas in Zhanjiang, Shantou, and
Shanwei showed LL synergies.

Carbon sequestration and food production, water retention and food production, and
soil retention and food production are three pairs of services with similar relationship
characteristics, and they mainly manifest as a trade-off relationship. HL trade-offs were
concentrated in northern Guangdong and LH trade-offs were manifested in Zhanjiang City
and Shantou City. LL synergies were mainly distributed in Zhongshan and Shenzhen City
along the Pearl River estuary and in scattered areas in northern Guangdong; southeast
Maoming was a contiguous HH coordination area.

The characteristics of water retention and biodiversity conservation and soil retention
and biodiversity conservation were similar, mainly manifesting as synergies. Among
them, HH synergies were mainly concentrated in northern Guangdong and those of water
retention and biodiversity conservation were larger, whereas the LH trade-off area was also
mixed in northern Guangdong.

Food production and biodiversity conservation mainly showed LH trade-off areas,
which were mainly distributed in Shaoguan, Qingyuan, and Huizhou City. The distribution
of HL trade-offs and LL synergies was lower, being limited to the coastal line of southern
Guangdong Province.
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Figure 5. Spatial distribution of trade-offs and synergies between ecosystem services in Guangdong
Province.
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4. Discussion

4.1. Analysis of Spatial Diversity Mechanisms of Ecosystem Services

Owing to the influence of different natural and socioeconomic conditions, different
ecosystem services in Guangdong Province showed clear spatial differences. Guangdong
has a strong economy. In 2022, China’s economic aggregate reached 121.02 trillion yuan,
and Guangdong’s GDP was the highest in the country (Guangdong has ranked first for
34 consecutive years), with an economic aggregate of 12.91 trillion yuan. The Pearl River
Delta region accounts for ~80% of the province’s economy. Economic development and a
relatively high proportion of construction land are accompanied by a relatively low level
of ecosystem services [35]. The main function of the northern Guangdong region is the
ecological barrier of the whole province, a large area of forest reserves, so its economy is
not fully active, being mainly reflected in high ecosystem services.

The carbon sequestration service in the study was measured based on NPP; therefore,
the carbon sequestration level was mainly affected by the surface vegetation coverage.
The Nanling Mountain area in northern Guangdong is an important ecological barrier
and a core area of ecological security in Guangdong Province and in South China. The
forest area in the northern Guangdong mountains accounts for approximately 55% of the
entire province woodland area, and the national key ecological area accounts for 85% of
the regional land area. Therefore, the carbon sequestration value in northern Guangdong
was the highest among the four regions in Guangdong. The carbon sequestration level in
Zhaoqing was the highest among the 21 cities because it is close to northern Guangdong
and has a good ecological environment and high forest cover, accounting for 70% of the city
area. Zhaoqing, Huizhou, and other peripheral areas of the Pearl River Delta are important
ecological barriers to the core area of the Pearl River Delta and their ecosystem services
are affected by natural and social factors such as urban spatial structure, land cover, and
economic development in the process of urbanization in the Pearl River Delta [35]. The
carbon sequestration level of Zhanjiang was the lowest among the 21 cities because it
mainly consists of cultivated land and its main function is grain production, with a carbon
sequestration capacity lower than that of forests. The forest area is small, with an atypical
forest structure as more than 80% are commercial forests (including timber forests and
economic fruit forests). In addition, as a coastal city, Zhanjiang often suffers from frequent
landings of low-pressure tropical storms and typhoons, which have a great impact on
forestry production.

Water retention is mainly reflected in forest function. The interception and infiltration
of forests can slow down surface water flow intensity, increase the amount of groundwater,
control soil desertification, and reduce soil and water loss by restoring vegetation and
building water conservation areas [36]. The water retention of forests is manifested in many
aspects including water storage, runoff regulation, forest flood reduction, drought resis-
tance, and forest water purification. Through the interception, absorption, and infiltration
of precipitation, its spatial and temporal redistribution is conducted to reduce ineffective
water use and increase effective water use [37]. High-value areas with high water retention
were mainly distributed in areas with high forest coverage. Therefore, northern Guangdong,
an important ecological green area in Guangdong Province, had the highest water retention
value. Yangjiang City, with the highest water retention, and Zhanjiang City, with the lowest
water retention, are both distributed in the west of Guangdong, but their forest coverage
rates are vastly different. The forest area in Yangjiang City accounts for approximately 60%
of the city area, whereas the forest area in Zhanjiang City only accounts for just over 20%
of the city area. Moreover, carbon sequestration and soil retention in Yangjiang City were
much higher than in Zhanjiang City (soil retention was 11.5 times higher).

Soil retention is an important ecosystem service that refers to the ability of the ecosys-
tem to regulate erosion to prevent soil loss and retain sediments [23]. Therefore, soil reten-
tion is important for preventing regional land degradation and reducing flood risk [38].
Owing to a high forest coverage rate, the soil retention services in Guangdong Province
were higher than those in northern China. However, with the significant influence of
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human activities on rapid urbanization, the soil erosion area in Guangdong Province has
been increasing since 2000. By 2019, it had increased to 1.80 × 104 km2. Light erosion has
been observed in 10.09% of the total area of Guangdong Province, accounting for more than
80% of the total erosion area. Cities with high soil retention were in areas with high forest
coverage rate, while Zhanjiang City, with the lowest soil retention value, had insufficient
forest resources, atypical forest structure, and weak sediment retention ability. Moreover,
the coastal area in Zhanjiang City is composed of bare coastal sand, coastal salt-marred
soils, and coastal salt soils.

Among the five ecosystem services, food production was the weakest. Because the
income of agriculture is significantly lower than that of the secondary and tertiary sectors,
the main rural labor force chooses to work in cities to increase family income, and the
rural labor force continues to decrease [39]. Although Guangdong Province has abundant
photothermal conditions and good soil resources, which together with the poor livelihood
guarantee of agricultural land and reduced rental cost of large-scale agricultural land, has
led some rural returnee workers to engage in agricultural production mainly planting
economic fruit forests and medicinal materials; thus, the use of non-grain agricultural land
is promoted. On the other hand, the Pearl River Delta is an area with rapid urbanization
and a high economic level. A large amount of cultivated land is occupied by construction
land and the food production function of the ecosystem is repeatedly squeezed. According
to the Statistical Yearbook of Guangdong Province, the grain yield per unit area of Guangdong
Province increased from 517.5 t/km2 to 574.5 t/km2 from 2009 to 2019 (11.01% growth).
However, the total grain production decreased from 131.45 × 105 t to 124.08 × 105 t (5.61%
reduction), with the most significant reduction in the mountainous areas of northern
Guangdong and the Pearl River Delta. The mountainous areas of northern Guangdong
were identified as key national ecological areas according to topographic features and
location and some cultivated lands were converted to forest. The Pearl River Delta is
mainly used for economic functions. The added value of land in economically developed
areas is high, and cultivated land has been occupied by construction land. The food
production function in Shenzhen was the lowest because its urbanization rate is 100%, there
is almost no distribution of construction land and thus, no agricultural population.

4.2. Analysis of the Mechanisms of Influence of Ecosystem Service Trade-Offs and Synergies

The proportion of trade-offs and synergies between ecosystem services in Guangdong
Province was basically the same. The proportion of synergies was slightly higher (55.67%)
but almost all were poor synergies; that is, the five kinds of services were at low levels,
which is the least ideal state. A total of 21.24% of the province area had “1 medium,
4 low” poor synergies, whereas high synergies accounted for only 0.48% of the provincial
area. Most trade-offs were strong, mainly showing low carbon sequestration, high water
retention, low biodiversity conservation, medium food production, and low soil retention.
The trade-off regions were mainly distributed in Maoming City, Shantou City, Huilai
County of Jieyang City, and parts of the Pearl River Delta. In these areas, the forest
coverage rate and carbon sequestration were low, and since carbon sequestration, soil
retention, and biodiversity conservation were positively correlated, soil retention and
biodiversity conservation were also low. These regions are rich in water resources, and
water retention services were of high value, so a high trade-off relationship was formed.

In Guangdong Province, the pairwise ecosystem services involving carbon seques-
tration, water retention, and soil retention showed a significant synergistic relationship
because these services are mainly determined by forest cover level. Forest was the land type
with the highest level of carbon sequestration. Dense forestland promotes photosynthesis
and increases vegetation carbon sequestration capacity. It is also conducive to enhancing
water and soil retention. Dense branches, leaves, and large roots in forests can intercept
precipitation and surface runoff, which helps maintain soil and prevent erosion. Therefore,
these three types of ecosystem services had a higher concentration in forest areas. In bare
areas, all three ecosystem services had low values. Also, biodiversity conservation showed
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poor synergy with carbon sequestration, water retention, and soil retention. The biodiver-
sity function in lush forest areas may be strong and the total number of plant and animal
species may be relatively high, but it may not have a strong relationship with nationally
protected species of special significance.

The trade-offs and synergies of ecosystem services in Guangdong Province showed
clear spatial differences. Paired ecosystem services may show a trade-off relationship in one
region and synergistic relationships in other regions. This finding aligns with several previous
studies that highlighted heterogeneity within urban ecosystems [6,40,41]. For example, for the
carbon sequestration–water retention pair, the coastline of the Pearl River estuary was an LL
synergy area; however, the partial region of northern Guangdong and Western Guangdong
were HL or LH trade-off areas. The relationships between the same ecosystem services
may show completely different characteristics in different regions because of the combined
influence of different natural environments and socioeconomic characteristics [42,43]. The
geomorphological conditions of Guangdong Province are complex as the region is known
as “seven mountains, one water, and two fields.” It gradually declines from the northern
mountains to the southern coastal areas, forming a geomorphic pattern dominated by the
northern middle mountains, central low mountains and hills, and southern plains. Under
different geomorphic conditions, the regional ecosystem service capacities and the trade-
offs and synergies between the paired services also had significant differences. Guangdong
Province is a province of China with a large economy, and its economic center is mainly
distributed in the Pearl River Delta region. Human interference is strong in this region,
exhibited by intense land development and the destruction of various ecological environments
due to industrial development. The same is happening in other parts of the world with rapid
urbanization [40,41]. This decline in ecosystem service capacity and destruction of natural
vegetation inhibit the positive succession of ecosystems, reducing their regulatory service
capacity. In contrast, northern Guangdong is an ecologically protected area, and its overall
ecological environment is better.

Guangdong Province is rich in natural resources and has a high level of ecosystem
services. However, poor synergies and strong trade-offs remain dominant among the
ecosystem services. Sufficient attention should be paid to the protection of ecosystem ser-
vices, and efforts should be made to practice ecological urban construction while steadily
improving social and economic levels. Guangdong Province also represents an economi-
cally developed region in developing countries. In future planning, optimized allocation
of land can be effectively conducted based on the analysis results of the trade-off and syn-
ergy relationship between regional ecosystem services. Adjusting the quantity and spatial
structure of land use types with different ecosystem services can facilitate promotion of the
synergistic relationship of ecosystem services actively and adjust the trade-off relationship,
such that the harmonious coexistence between humans and nature is achieved.

4.3. Uncertainty

Ecosystem services are the goods and services provided by ecosystems to society [23,44],
and include dozens of services of four kinds: providing products, regulating functions, sup-
porting functions, and cultural services. Currently, no model can comprehensively evaluate
all ecosystem services and different methods of evaluating the same ecosystem services in
the same region produce different results. In this study, ecosystem services were selected for
analysis according to the characteristics of the research object and the research region [45]. This
study used “a spatial dataset of ecosystem services in China”, which included six important
ecosystem services, namely food production, soil retention, water retention, windbreak and
sand fixation, biodiversity conservation, and carbon sequestration. The tropical and subtropi-
cal monsoon climate in the study area was significant, with abundant rainfall and abundant
water resources; thus, windbreak and sand fixation were not considered in the study.

In addition, it is necessary to note that these five ecosystem services were divided
into three levels using a natural breakpoint method (Table 2). Therefore, since the level of
ecosystem services was relative to that of the local region, it is possible that the low-value

61



Land 2024, 13, 32

ranges in some ecosystem services were still higher than those in some ecologically fragile
areas in northwest China.

5. Conclusions

(1) The ecosystem services in Guangdong Province showed clear spatial heterogeneity.
Owing to a humid climate and high forest coverage, the area showed strong water
retention. Northern Guangdong had high water retention and carbon sequestration,
and the highest soil retention in the province. Food production services were mainly
concentrated in Western Guangdong.

(2) Overall, in Guangdong Province, three pairs of ecosystem services, water retention–
soil retention, carbon sequestration–water retention, carbon sequestration–soil reten-
tion, showed strong positive correlations and strong synergistic relationships. There
were strong negative correlations between food production–water retention, food
production–soil retention, and food production–biodiversity conservation. There was
a strong trade-off between food production and water retention.

(3) The trade-offs and synergies between the ecosystem service pairs were spatially dif-
ferent. In northern Guangdong, forests are widely distributed; the area is a national
nature reserve with a good ecological environment. It is also an area where HH
synergies are mainly observed between carbon sequestration and water retention,
carbon sequestration and biodiversity maintenance, water retention and biodiversity
conservation, and soil retention and biodiversity conservation. The relationships
between carbon sequestration and food production, water retention and food produc-
tion, and soil retention and biodiversity conservation are similar and mainly show
trade-off relationships; HL tradeoffs are concentrated in northern Guangdong.
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Abstract: Urban park green areas are part of territorial space planning, shouldering the mission of
providing residents with high-quality ecological products and public space. Using a combination of
several measurement models such as the BCG (Boston Consulting Group) matrix, ESDA (Exploratory
Spatial Data Analysis), MLR (Machine Learning Regression), GWR (Geographically Weighted Re-
gression), and GeoDetector, this paper presents an empirical study on the changes in Urban Park
Green Areas (UPGAs) in the Grand Canal of China. By quantitatively measuring the spatio–temporal
evolution patterns of UPGAs, this study reveals the driving mechanisms behind them and proposes
policy recommendations for planning and management based on performance evaluation. The spatio–
temporal evolution of UPGAs and their performance in China’s Grand Canal are characterized by
significant spatial heterogeneity and correlation, with diversified development patterns such as HH
(High-scale–High-growth), HL (High-scale–Low-growth), LH (Low-scale–High-growth), and LL
(Low-scale–Low-growth) emerging. The evolution performance is dominated by positive oversup-
ply and positive equilibrium, where undersupply coexists with oversupply. Therefore, this paper
recommends the implementation of a zoning strategy in the future spatial planning of ecological
green areas, urban parks, and green infrastructure. It is also recommended to design differentiated
construction strategies and management policies for each zoning area, while promoting inter-city
mutual cooperation in the joint preparation and implementation of integrated symbiosis planning.
Furthermore, the spatio–temporal evolution of the UPGAs in the Grand Canal of China is influenced
by many factors with very complex dynamic mechanisms, and there are significant differences in the
nature, intensity, spatial effects, and interaction effects between different factors. Therefore, in the
future management of ecological green areas, urban parks, and green infrastructure, it is necessary
to interconnect policies to enhance their synergies in population, aging, industry and economy, and
ecological civilization to maximize the policy performance.

Keywords: urban park; evolution mode; driving mechanism; spatial planning; grand canal; China

1. Introduction

1.1. Background

In the national spatial planning system, the planning for urban green areas is one
of the most important projects, aimed at providing high-quality ecosystem services and
public spaces for residents in China. Scientific planning of the quantity, quality, and spatial
structure of the supply of urban green areas, especially Urban Park Green Areas (UPGAs),
will significantly foster a more sustainable and livable urban environment [1,2]. In addition,
as the construction of the Yangtze River Economic Belt, the protection and utilization of
the Grand Canal and the construction of its cultural belt, and the ecological protection
and high-quality development of the Yellow River Basin have been successively upgraded
to national strategies, watershed spatial governance has become a key task of territorial
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spatial planning and a hotspot in academic research [3]. Therefore, quantitatively analyzing
the spatio–temporal evolution patterns and driving mechanisms of UPGAs from a regional
holistic perspective and evaluating the performance of land supply and demand will
provide a basis for green infrastructure planning practice in watersheds and will help
establish a technological system adapted to territorial spatial planning in these areas.

1.2. Literature Review
1.2.1. Urban Green Areas and Parkland

Current research on urban green areas mainly deals with planning methods and
management policies [4,5], accessibility and satisfaction assessment [6,7], spatio–temporal
dynamics and their influencing factors [8,9], value for ecosystem services and health [10,11],
and other areas [12], while research on urban parkland focuses on areas such as spatial siting
and configuration [13,14], needs assessment [15], planning methods [16], and willingness
to pay [17]. Overall, there has been a large body of research on urban green areas and
parkland, but still less attention has been paid to UPGAs [18]. For example, given that the
unbalanced distribution of UPGAs has a significant impact on the well-being of residents,
Li [19] and Xu [20] proposed an optimal spatial division plan for the service levels of UPGAs
from the perspective of opportunity equity and spatial scale, based on the case studies
of Taiyuan and Xuchang. Doll [21] assessed the greenness of UPGAs in Australia from
the perspective of landscape preference and water consumption. Wang [22] quantitatively
measured the equity of UPGAs in the central city of Beijing, analyzing the space to reveal a
serious mismatch between the supply and demand of green areas. Yin [23] quantitatively
examined the retention capacity of 176 urban park green areas within the Fifth Ring Road
of Beijing for PM2.5 and endeavored to provide a basis for the design and construction
of UPGAs to improve air quality. Biernacka [24] mapped and analyzed the dynamics
of UPGAs in Poland, and they suggested the inclusion of informal green areas in urban
planning. Engstrom [25] analyzed the advantages and disadvantages of using a hedonic
price approach to capture the values of UPGAs in urban planning, and Ayele [26] studied
the management model of UPGAs in Addis Ababa during rapid urbanization in Ethiopia.

1.2.2. Basin Planning and the Grand Canal

As Molle [27] and Antwi [28] put it, watershed planning has its origins in regional
water resource management, but the embeddedness of other natural and ecological resource
management systems has contributed to its gradual transformation into a new concept of
socio–political life and spatial governance systems. Suhardiman [29] argued that watershed
planning has evolved in Nepal as an arena for power operations and struggles, with its cross
administrative boundaries jointly created by different government agencies. Essentially,
watershed planning is a debate between multiple interests on development opportunities
around the two perspectives of conservation and utilization, during which a large number
of integrated modeling methods [30,31] and planning tools are created [32]. At present,
the study of artificially excavated canals plays an important role in watershed planning,
especially in China, the United States, Egypt, and India [33]. For the Grand Canal of
China, the current research mainly focuses on the fields of cultural heritage, heritage and
ecological protection, tourism development, land use, urban and rural spatial changes, and
human habitat analysis. It has moved beyond the construction of water facilities and the
development of cultural belts to green belts and economic belts [34] (Table 1).
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Table 1. Literature review of the Grand Canal of China.

Areas Viewpoints

Cultural Heritage
and Ecological

Protection

I. Study the distribution, characteristics, and influencing factors of historical relics and intangible cultural
heritage along the canal [35,36] and further propose strategies for protection and utilization [37]. II. Assess the
value of cultural heritage and relics along the canal and determine the adaptive landscape development
methods [38–40]. III. Emphasize the evaluation of canal habitat quality [41], ecological functions [42], and
pollution risks [43] and analyze their impact on ecosystem services [44].

Tourism
development

I. Value the construction of tourism destinations and the construction of the tourism industry system,
including the image perception of tourism destinations and its impact on tourism loyalty [45,46], tourism
value assessment and resource utilization [47,48], tourism spatial development models [49], and regional
tourism openness and cooperation [50]. II. Analyze the coupling relationship between tourism and ecology,
heritage, and climate, including the impact of climate change on the development of canal tourism [51], the
collaboration between tourism and ecosystems and their development obstacles [52], and the correlation
between the spatio–temporal distribution of cultural heritage and tourism response [53].

Land use and
Urban-rural

changes

I. Analyze the level of sustainable and healthy land use along the canal [54] and land use/cover changes [55]
and their impact on regional development [56]. II. Analyze the rise and fall of cities along the canal and spatial
pattern and structural changes and their influencing factors, especially the role of canal logistics and
flooding [57,58]. III. Analyze the geographical evolution of rural spatial settlements along the canal and its
influencing factors, especially traditional villages and historical and cultural ancient villages [59–61].

Sustainable
Development

I. Assess the spatial sustainable development of the canal basin [62] and its contribution to regional
development [63]. II. Analyze the spatio–temporal characteristics of urbanization and the socio–economic
benefits of canal land using the coupled coordination degree model to identify the synergistic development
model of water–economy–innovation [64].

1.2.3. Research Gaps and Questions

There are three shortcomings in the current research. First, there is a wealth of research
on urban green areas separated from parkland, but fewer studies combining the two, and
such studies mainly focus on single-city case studies, lacking an analysis of the whole
area and not matching the needs of watershed planning. Second, studies on the Grand
Canal are mainly concerned with culture, ecological protection, and tourism development.
Few scholars have focused on land use and change, except for Xia [65], who analyzed
the impact of green areas on the well-being of residents in the Hangzhou section of the
Grand Canal. Third, the Grand Canal is essentially a regional cultural, economic, and green
belt, but current research lacks spatial correlation analysis from a regional perspective, and
discussion of the driving mechanism ignores the influence of spatial and interactive effects.

To address the aforementioned shortcomings, this paper introduces a combination of
spatial measurement models to study the whole area of the Grand Canal and analyze the
spatio–temporal evolution patterns of UPGAs to reveal the driving mechanisms behind
them, and it proposes suggestions and strategies for green areas or green infrastructure
planning based on the change performance evaluation. This study aims to (1) quantitatively
measure the evolutionary patterns of the UPGAs in the Grand Canal and reveal their
spatial effects through the BCG (Boston Consulting Group) matrix and ESDA (Exploratory
Spatial Data Analysis) in both temporal and spatial dimensions; (2) quantitatively measure
the direct influence of different influencing factors on their spatio–temporal evolution
patterns, as well as the spatial and interactive effects of the influencing factors using
the MLR (Machine Learning Regression) method, the GWR (Geographically Weighted
Regression) method, and GeoDetector; (3) evaluate the performance of their changes
according to the indicators defined in the United Nations Sustainable Development Agenda,
which dynamically analyzed the match between land supply and population demand; and
(4) provide suggestions for their management policy and planning design based on the
analysis results.
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2. Materials and Methods

2.1. Study Area

The Grand Canal of China, with a history of more than 1000 years and spanning
thousands of kilometers from north to south, crosses a number of water systems from north
to south, such as the Haihe River, the Yellow River, the Huaihe River, the Yangtze River,
Taihu Lake, and the Qiantang River, and has served as an important water transportation
channel as well as an artery for the economic and cultural exchanges between the north
and south of China since ancient times. The Grand Canal of China, consisting of the
Beijing–Hangzhou Grand Canal, the Sui–Tangshan Grand Canal, and the Zhedong Canal,
was officially approved by UNESCO on 22 June 2014 for inclusion in the World Heritage
List. The State Council issued the Outline of the Plan for the Protection, Inheritance,
and Utilization of the Grand Canal Culture in February 2019, which defines the spatial
scope of the Grand Canal basin as the two municipalities of Beijing and Tianjin and the
six provinces of Hebei, Shandong, Jiangsu, Zhejiang, Henan, and Anhui, comprising a total
of 86 cities. The study area in this paper is the same as the planned scope, covering all
86 cities (Figure 1).

Figure 1. The Grand Canal and its location in China.

2.2. Research Steps and Technical Route

This study is based on a variety of measurement models, and it is performed in four
steps (Figure 2):
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Figure 2. Technical route for the study of urban park green areas within the Grand Canal.

The first step is to analyze the spatio–temporal evolution patterns of the supply scale
and per-capita area of UPGAs in the Grand Canal using the BCG (Boston Consulting
Group) matrix, and to analyze their spatial heterogeneity and autocorrelation through
ESDA (Exploratory Spatial Data Analysis).

The second step is to quantitatively analyze the driving mechanisms of changes in the
scale of their supply and per-capita area, including the importance of factors, spatial effects,
and interaction effects, based on a combination of MLR (Machine Learning Regression),
GWR (Geographically Weighted Regression), and GeoDetector.

The third step is to analyze the match between their supply and demand from the
perspective of sustainable development based on the LCRPGR (Ratio of Land Consumption
Rate to Population Growth Rate).

The fourth step is to propose planning and management suggestions as guidance and
a basis for green area planning and green infrastructure policy design based on the analysis
results of the first three steps.

2.3. Research Methods and Indicator Selection
2.3.1. Boston Consulting Group (BCG) Matrix

The BCG matrix is often used in enterprise strategy management to classify the
development status of businesses or products into four types, Star, Question, Cow, and Dog,
and propose differentiated development strategies based on the combined analysis of the
relative market share and growth rate of business departments or products. A development
strategy is needed for Star products, and further investment is required to support their
rapid expansion in the market and to make them the leading products of the enterprise.
Cow products require a profit strategy, but the core of future development strategies is not
to increase business investment, enterprise output, or market supply, but rsther to quickly
recover funds through high product profits to support the development of Star products.
For Question products, more research is needed and flexible strategies should be developed
according to the actuality. Specifically, it is necessary to, based on the survey and research
results, select some potential subcategories for key investments, while abandoning others.
Dog products should be stopped, either by abandonment or recycling, in order to decisively
stop loss, as they are the products that have been in a period of decline, unable to create
more earnings for the enterprise.

In this paper, a concept is introduced to analyze the spatio–temporal evolutionary
patterns of UPGAs in the Grand Canal of China, where Relative Share (RS) and Growth Rate
(GR) represent the regional status in the spatial dimension and the growth capacity in the
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temporal dimension, respectively. With their median as the threshold, the spatio–temporal
evolutionary patterns of UPGAs of the 86 cities in the study area can be categorized into four
quadrants—HH (High-scale–High-growth), HL (High-scale–Low-growth), LH (Low-scale–
High-growth), LL (Low-scale–Low-growth)—by the Cartesian coordinate system. With
UPGi and UPG′

i as the indicators for UPGAs in the i-th city in 2020 and 2010, respectively,
and UPGmax as the maximum value for 86 cities in the study area, RS and GR are calculated
as follows [66]:

RS =
UPGi

UPGmax
× 100% (1)

GR =

(
UPGi − UPG′

i
UPG′

i
− 1

)
× 100% (2)

2.3.2. Exploratory Spatial Data Analysis (ESDA)

This paper employs ESDA to quantitatively judge and visualize the spatial features
of UPGAs, including spatial autocorrelation and spatial heterogeneity. Moran’s I index
is used to measure the overall strength of spatial autocorrelation, and a value greater or
less than zero represents the positive or negative spatial autocorrelation in the spatial
distribution of UPGAs, respectively, otherwise it represents a random distribution [67,68].
To further measure the localized characteristics of spatial associations, the Getis–Ord G*

i
index is introduced to classify the cities in the study area into four types: hot, sub-hot,
sub-cold, and cold. To measure regional differences in UPGAs, coefficient of variation and
spatial clustering methods are introduced to represent and visually demonstrate spatial
heterogeneity. A larger coefficient of variation indicates a greater regional difference in
UPGAs, with 0.36 and 0.16 being the thresholds to determine high and low levels of spatial
heterogeneity [69]. With UPG being the mean of UPGA metrics, S being their standard
deviation, and Wij being the spatial weight, Moran’s I, Getis–Ord G*

i , and CV are calculated
as follows [70]:

I =
n∑n

i=1 ∑n
j=1 Wij

(
UPGi − UPG

)(
UPGj − UPG

)
(

∑n
i=1 ∑n

j=1 Wij
)
∑n

i=1
(
UPGi − UPG

)2 (3)

G∗
i =

∑n
j=1 WijUPGi − UPG∑n

j=1 Wij

S

√[
n∑n

j=1 W2
ij−
(

∑n
j=1 Wij

)2
]

n−1

(4)

CV = S/UPG, S =

√√√√∑n
i=1

(
UPGi − ∑n

i=1 UPGi
n

)2

n
, UPG ∑n

i=1 UPGi

n
(5)

2.3.3. Machine Learning Regression (MLR)

Given the nonlinear characteristics of distribution planning for UPGAs and machine
learning regression methods that do not rely on a priori subjective human experience, a non-
linear econometric model is adopted to analyze the importance of influencing factors [71].
In this paper, the decision tree, random forest, adaboost, and ExtraTrees algorithms in ma-
chine learning regression models are used to analyze the influence of different factors on the
spatio–temporal evolution patterns of UPGAs. Decision tree, a tree-like structure, tests the
data sample from the root node, divides the data sample into different data sample subsets
according to different results, and calculates the data through a series of rules [72]. Random
forest is a supervised machine learning algorithm constructed by integrating decision tree-
based learners, which introduces randomness into the training process of decision tree to
make it excellent in overfitting and noise resistance [73]. The AdaBoost model is an iterative
algorithm that adds a new weak classifier in each round until a predetermined sufficiently
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small error rate is reached [74]. Extra-trees are derived from the traditional decision tree
algorithm, characterized by the direct use of random features and thresholds in the node
division of the decision tree, resulting in a larger and more random shape and difference
in each decision tree [75]. The purpose of introducing machine learning regression in this
paper is to measure the importance of factors, not to make predictions. Therefore, all data
are included in the calculation, and the final result is determined according to goodness of
fit and the comparative analysis of different algorithms.

Dependent variables include the supply scale of UPGAs and per-capita area of UPGAs,
labeled with Y1 and Y2, respectively. For independent variables, the combined influence
of social, economic, and natural factors should be considered (Table 2). For social fac-
tors, population density represents the overall impact of a population aged 60 and above,
and the proportion of population aged 60 and above represents the impact of special ag-
ing groups [76]. Outflow population indicates the impact of a semi-urbanized, transient
population [77]. Of the economic factors, GDP represents the impact of the size of the
economy [78]. Per-capita GDP represents the impact of the stage and quality of economic
development [79,80] and fiscal self-sufficiency rate represents the government’s ability to
intervene in the economy [81,82]. In terms of natural factors, topography represents the im-
pact of topographic complexity [83], average temperature represents the impact of climate
change, especially the urban heat island effect [84], and ventilation coefficient represents
the impact of regional wind environment and urban air quality [85,86]. According to the
measurement of covariance between factors using the least squares linear regression model,
the maximum value of VIF for per-capita GDP among the nine independent variables
reaches 8.25, but is still less than 10, indicating that the covariance of the independent vari-
ables is weak and can be almost ignored. The dependent variable data came from the China
Urban Construction Statistical Yearbook; the population data came from the population
census; the economic data came from the China City Statistical Yearbook and the statistical
yearbooks of eight provinces/municipalities directly under the central government; the
topographic relief data come from the Relief Degree of Land Surface Dataset of China
(1 km) [87,88]; the average temperature data came from data.cma.cn; and ventilation coeffi-
cients were calculated from ECMWF re-analysis-interim data by the methods of Broner [89],
Hering [90], and Chen [91]. Equations (6) and (7) are used for the positive and negative
indicators in the standardization of dependent and independent variables, where D+/−

i is
a standardized value, Di is the original value, and DMax and DMin are the maximum and
minimum values of the original data, respectively.

D+
i =

Di − DMin
DMax − DMin

+ 0.001 (6)

D−
i =

DMax − Di
DMax − DMin

+ 0.001 (7)

Table 2. Indicator selection of independent variables.

Indicator Code VIF

Supply scale of UPGAs Y1 --
Per-capita area of UPGAs Y2 --

Society
Population density X1 1.14
Proportion of population aged 60 and above X2 1.93
Outflow population X3 3.49

Economic
GDP X4 2.84
Per-capita GDP X5 8.25
Fiscal self-sufficiency rate X6 5.41

Natural
Topography X7 1.27
Average temperature X8 1.58
Ventilation coefficient X9 1.63
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2.3.4. Geographically Weighted Regression (GWR)

In this study, GWR is used to analyze the impact of each factor on the spatio–temporal
evolution patterns of UPGAs. GWR improves the computational accuracy of the regression
model by creating localized regression equations for each city and incorporating the spatial
autocorrelation and heterogeneity of UPGA changes into the regression process [92]. With
Yi representing the spatio–temporal evolution pattern of UPGAs of the i-th city (HH, HL,
LH, LL are assigned values of 4, 3, 2, and 1, respectively, in the calculation), Xik being the
k-th independent variable (influencing factor), β0 being a constant term, (μi, vi) being the
spatial location of the i-th city (geographic center of gravity coordinate), βk(μi ,vi)

being the
correlation between the variables of the i-th city, and εi being the error of the regression
equation, GWR is calculated as follows [93]:

Yi = β0(μi , vi)
+ ∑

k
βk(μi , vi)

Xik + εi (8)

2.3.5. GeoDetector

In this study, GeoDetector is used to measure the interaction between different fac-
tors. Different factors interact with each other when they act together in the UPGA plan-
ning, and GeoDetector measures the interaction effect of factor pairs using the q-index.
It calculates the spatial pattern of the dependent variable Yi and the similarity of in-
dependent variables Xik and Xil to obtain the single-factor and dual-factor influences
q (Xi), q (Xj), and q (Xi∩Xj); furthermore, it compares q (Xi∩Xj) and other parameters to
select and identify the final result—nonlinear weaken (q (Xi∩Xj) < Min q (Xi), q (Xj)),
single weaken (Min (q (Xi), q (Xj) < q (Xi∩Xj) < Max q (Xi), q (Xj)), double enhance
(q (Xi∩Xj) > Max q (Xi), q (Xj)), independent (q (Xi∩Xj) = q (Xi) + q (Xj)), and nonlinear
enhance (q (Xi∩Xj) > q (Xi) + q (Xj)) [94,95]. With h = 1, 2, 3, . . . l, where l is the number
of partitions of spatial clustering, σ2 is the total variance of dependent variables, σ2

h is the
variance of dependent variables of the h-th partition, and SSW and SST are the sums of
variances within the partition and the study area, the index q is calculated as follows [96]:

q = 1 − ∑l
h=1 nhσ2

h
nσ2 = 1 − SSW

SST
, SSW = ∑l

h=1 nhσ2
h , SST = nσ2 (9)

2.3.6. Ratio of Land Consumption Rate to Population Growth Rate (LCRPGR)

The Transforming Our World—the 2030 Agenda for Sustainable Development proposes
17 SDGs (sustainable development goals). Indicator SDG 11.3.1 is defined as the ratio of
the Land Consumption Rate (LCR) to the Population Growth Rate (PGR) and is used to
represent the relationship between urban expansion and population change [97]. This
study chooses to use this method to evaluate the performance of UPGAs from a sustainable
development perspective. LCR is a reflection of the growth rate of land used for urban
park purposes and represents the efficiency of changes in the supply of urban green areas.
PGR reflects the change rate of urban population and is used to measure the change rate
of the green area demand of the population in an area over a period of time. LCRPGR
measures the relationship between the change rates of two variables, LCR and PGR, and
is used to represent the match between supply and demand in UPGAs. Theoretically, an
LCRPGR equal to 1 is the most desirable result, and in view of the elasticity in practice
development, 0.75 and 1.25 are set as thresholds to classify the analysis results into eight
categories (Table 3). LCRPGR is calculated as follows [98]:

LCRPGR =
LCR
PGR

=

ln
(

UPGi/UPG′
i

)
n

ln
(

PDi/PD′
i

)
n

(10)
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Table 3. Matching relationship between urban park green space supply and population demand
based on LCRPGR measurements.

Type LCR PGR LCRPGR

Super oversupply >0 <0 <0
Super undersupply <0 >0 <0
Negative oversupply <0 <0 >0 and <0.75
Negative undersupply <0 <0 ≥1.25
Negative equilibrium <0 <0 >0.75 and <1.25
Positive oversupply >0 >0 ≥1.25
Positive undersupply >0 >0 >0.75 and <1.25
Positive equilibrium >0 >0 >0 and <0.75

3. Results

3.1. Spatiotemporal Evolution Model
3.1.1. Supply Scale

According to the relative share of supply scale of UPGAs, the coefficient of variation
and Moran’s I are 1.47 and 0.05, respectively (Z = 1.90, p < 0.05), indicating huge inter-city
differences and significant positive spatial autocorrelation. Most of the high-value cities are
concentrated in Shandong, Beijing, Tianjin, and provincial capital metropolitan areas such
as Zhengzhou, Hefei, Hangzhou, Shijiazhuang, and Nanjing. The Nanjing metropolitan
area extends to cover the region of Southern Jiangsu (Suzhou, Wuxi, Changzhou, etc.). In
addition, Ningbo, Linyi, Yantai, Wuxi, Nantong, Luoyang, and Zibo also have a leading
edge, with a relative share of over 10%. Most of the low-value cities are concentrated in the
north and south of Hebei and Henan and in the west of Anhui and Zhejiang, especially
Zhoushan, Jinhua, Hengshui, Tongling, Lu’an, Xuchang, Xinxiang, Anyang, Xinyang,
Puyang, Suzhou, Zhumadian, Hebi, Cangzhou, Sanmenxia, Zhoukou, Bozhou, Quzhou,
Xuancheng, Huangshan, Chizhou, and Lishui, and have a large disadvantage, with a
relative share of not more than 3%. The hotspots are concentrated in Beijing, Tianjin, and
the north of Hebei Province; the sub-hotspots are in the Shandong Peninsula and the
densely populated urban areas of Southern Jiangsu; and most of the coldspots are located
in the border areas of Henan, Anhui, Shandong, and Jiangsu Provinces (Figure 3).

According to the growth of UPGA supply scale, the CV and Moran’s I are 0.70 and
0.01 (Z = 0.61, p > 0.05), respectively, indicating that neither the inter-urban differences
nor the spatial correlations are significant. High-value cities are not spatially clustered
geographically, and include Nantong, Fuyang, Zhengzhou, Wenzhou, Jining, Kaifeng,
Ningbo, Chuzhou, Shangqiu, Yancheng, Taizhou, Qingdao, Suqian, and Liaocheng. Most
of the low-value areas are clustered in northern Hebei and southeastern Shandong, with
Pingdingshan, Luohe, Xinxiang, Qinhuangdao, Rizhao, Huaibei, Wuxi, Handan, Chizhou,
Zhenjiang, Zhangjiakou, and Tangshan lagging behind in development, and Chengde in
particular showing negative growth. The hotspot cities are mainly in the border areas of
Henan, Anhui, and Shandong Provinces and extend to central Jiangsu. The sub-hotspot
cities are distributed in the periphery of the hotspot cities in a “center-edge” structure. In
southeastern Zhejiang, a small “center-edge” structure is developing. The coldspots are
concentrated in Beijing, Tianjin, northern Hebei Province, central Shandong Province, and
the border areas of Anhui and Zhejiang Provinces.

According to the spatiotemporal evolution model of the scale of UPGA supply, the
median relative share and growth rates are 4.66% and 68.92%, respectively. A high propor-
tion is found in HH and LL cities, both at approximately 30%. HH cities are scattered in
distribution and are only in western Shandong; coastal Jiangsu; and the provincial capital
metropolitan areas of Henan, Anhui, and Zhejiang, including Beijing, Tianjin, Xingtai,
Changzhou, and others. LL cities are relatively clustered in the north of Hebei, the south
of Anhui, the west of Zhejiang, and the northeast corner of Henan, including Zhangji-
akou, Chengde, Cangzhou, Langfang, Zhenjiang, Jiaxing, Jinhua, Quzhou, Zhoushan,
Lishui, Ma’anshan, Huaibei, Huangshan, Lu’an, Chizhou, Xuancheng, Zaozhuang, Rizhao,
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Binzhou, Pingdingshan, Anyang, Hebi, Xinxiang, Puyang, Luohe, and Xinyang. Most of
the HL cities are concentrated in Shandong, Hebei, and Jiangsu, including Shijiazhuang,
Tangshan, Qinhuangdao, Handan, Baoding, Nanjing, Wuxi, Xuzhou, Suzhou, Yangzhou,
Huzhou, Taizhou, Huainan, Zibo, Yantai, Weifang, and Linyi. Most LH cities are concen-
trated in Henan and Anhui, especially in the border areas of the two provinces, including
Hengshui, Taizhou, Suqian, Bengbu, Tongling, Anqing, Chuzhou, Suzhou, Bozhou, Heze,
Kaifeng, Jiaozuo, Xuchang, Sanmenxia, Shangqiu, Zhoukou, and Zhumadian. Overall,
most of the hotspot cities are clustered in the west of Shandong and extend to Jiangsu and
Hebei, while most of the coldspot cities are in the central part of Henan and the border area
of Anhui and Zhejiang, both geographically distributed in a band (Figure 4).

Figure 3. Relative share and growth rate spatial analysis of the supply scale of UPGAs in the Grand
Canal of China.
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Figure 4. Spatiotemporal evolution model of the supply scale of urban park green areas on the Grand
Canal of China.

3.1.2. Per-Capita Area

According to the relative share of the per-capita area of UPGAs, the CV and Moran’s I
are 0.19 and 0.17, respectively (Z = 3.93, p < 0.01), indicating moderate inter-city differ-
ences but significant positive spatial autocorrelation. Most of the high-value cities are
concentrated in Shandong, with a few in the northern end of Hebei and southern Anhui. In
addition, Chuzhou, Bozhou, Fuyang, Nantong, Yangzhou, and other cities also have a lead-
ing edge, with a relative share close to 70%. Most of the low-value cities are concentrated
in Zhejiang, the western part of Hebei, the border area of Henan and Shandong, and the
central part of Anhui, especially Taizhou, Wuhu, Pingdingshan, Hefei, Anyang, Suzhou,
Jinhua, Hangzhou, Xinxiang, Jinan, Lishui, Cangzhou, Zhangjiakou, and Tianjin, and they
have a significant disadvantage, with a relative share of less than 50%. The hotspot cities
are all clustered in Shandong and the sub-hotspot cities are in its periphery and extend to
Hebei and Jiangsu, forming a “center-edge” structure. There are three clusters of coldspot
cities in Zhejiang (except Hangzhou), Beijing–Tianjin, and the east of Henan, while all other
cities are sub-hotspots (Figure 5).

According to the growth rate of the per-capita area of UPGAs, the CV and Moran’s I
are 1.17 and 0.20 (Z = 4.53, p < 0.01), respectively, indicating significant spatial heterogeneity
and spatial autocorrelation. Most of the high-value cities are concentrated in Henan
and extend in a continuous belt towards Anhui and a necklace (stepping stone) towards
Shandong. Low-value cities are clustered in northern Hebei, central Zhejiang, Shandong,
and southern Jiangsu, with Zhangjiakou, Shaoxing, Hefei, Qinhuangdao, Yantai, Handan,
Rizhao, Hangzhou, Chengde, and Suzhou in particular showing negative growth. The
hotspot cities are mainly concentrated in the border area of Henan and Anhui Provinces,
while the sub-hotspot cities are in its periphery, forming a “center-edge” structure. There are
three coldspot urban clusters in northern Zhejiang, the peninsula and south of Shandong,
and the eastern part of the Beijing–Tianjin–Hebei metropolitan area (Beijing–Tangshan–
Qinhuangdao region).
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Figure 5. Relative share and growth rate spatial analysis of the per-capita area of UPGAs in the Grand
Canal of China.

According to the spatiotemporal evolution model of per-capita area of UPGAs, the
median relative share and growth rate are 59.33% and 22.86%, respectively. A high pro-
portion is found in HL and LH cities, both at approximately 25%. HH cities are dispersed
in a geographical distribution, including Xingtai, Langfang, Nantong, Taizhou, Suqian,
Quzhou, Huaibei, Tongling, Chuzhou, Fuyang, Lu’an, Bozhou, Qingdao, Beijing, Zibo,
Dongying, Jining, Binzhou, Luoyang, and Xuchang. Most of the LL cities are concentrated
in Hebei and Zhejiang, a small number are located in the densely populated urban areas
of southern Jiangsu, and very few are randomly distributed. LL cities include Tianjin,
Shijiazhuang, Baoding, Zhangjiakou, Cangzhou, Wuxi, Changzhou, Suzhou, Hangzhou,
Jiaxing, Shaoxing, Jinhua, Taizhou, Lishui, Hefei, Huainan, Zaozhuang, Liaocheng, Puyang,
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and Xinyang. Most of the HL cities are concentrated in Shandong, and there are two small
clusters in the southern end of Anhui and the northeast corner of Hebei. These include Tang-
shan, Qinhuangdao, Handan, Chengde, Nanjing, Xuzhou, Yangzhou, Zhenjiang, Huzhou,
Zhoushan, Huangshan, Chizhou, Xuancheng, Yantai, Weifang, Tai’an, Weihai, Rizhao,
Linyi, Dezhou, Hebi, Luohe, and Sanmenxia. Most of the LH cities are concentrated in
Henan and extend to northern Anhui and northern Jiangsu, including Hengshui, Lianyun-
gang, Huai’an, Yancheng, Ningbo, Wenzhou, Wuhu, Bengbu, Ma’anshan, Anqing, Suzhou,
Jinan, Heze, Zhengzhou, Kaifeng, Pingdingshan, Anyang, Xinxiang, Jiaozuo, Nanyang,
Shangqiu, Zhoukou, and Zhumadian. Overall, most of the hotspot cities are clustered in
Shandong; sub-hotspot cities are mostly found in Henan, Anhui, Jiangsu, Hebei, Beijing,
and Tianjin; most of the coldspot cities are in Zhejiang; and most of the sub-coldspot cities
are in the border areas of Hebei, Henan, and Shandong, showing significant clustering
characteristics (Figure 6).

 

Figure 6. Spatiotemporal evolution model of the Ppr-capita area of urban park green areas on the
Grand Canal of China.

The comparative analysis in the above two dimensions shows that Anyang, Pingding-
shan, Puyang, Shangqiu, Xinyang, and Zhengzhou are always at a low level in the supply
and per-capita area of urban green areas, with the construction of urban green infrastructure
far behind that of other cities along the Grand Canal. Therefore, more investment and
support are needed in future planning, construction, and management. On the contrary,
Qingdao, Linyi, Nantong, Zibo, Weifang, Jining, Weihai, and Dongying are consistently at
a high level, with the urban green infrastructure development ahead of the other cities in
the Grand Canal, making them of exemplary value in the region. It should be noted that
historical and cultural cities and livable cities such as Hangzhou, Beijing, Nanjing, Tianjin,
and Suzhou are regional leaders in the scale of urban green areas supply, but they have no
competitive advantage per capita. They should attach special attention and focus to green
infrastructure planning, construction, and management in the future.
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3.2. Driving Mechanism
3.2.1. Importance and Nature of Factors

The analysis results from the machine learning regression algorithms show a high
goodness, generally greater than 0.85, with decision tree being optimal in both schemes. The
results of the four algorithms are in general similar. Although there are differences in the
coefficients of factors with higher and lower importance, their ranking remains relatively
stable (Table 4). To provide full play to the advantages of all algorithms and eliminate
the defects of a single algorithm, this paper uses the average values of four algorithms to
determine the importance of factors. For the supply scale of UPGAs, topography, outflow
population, and population density have much higher importance than other factors, and
they are defined as key factors; fiscal self-sufficiency rate and average temperature have
much lower importance than other factors, and they are defined as auxiliary factors with
direct influences that can be ignored; and ventilation coefficient, proportion of population
aged 60 and above, GDP, and per-capita GDP are not more or less important and are
defined as important factors. For per-capita area of UPGAs, per-capita GDP is a key
factor; fiscal self-sufficiency rate, GDP, and average temperature are auxiliary factors; while
topography, ventilation coefficient, population density, outflow population, and proportion
of population aged 60 and above are important factors (Figure 7).

Table 4. Machine learning regression results based on different algorithm analysis of urban park
green areas on the Grand Canal of China. The asterisk represents the result after rounding.

Factors

Supply Scale of UPGAs Per-Capita Area of UPGAs

Decision
Tree

Random
Forest

Adaboost Extra Trees
Decision

Tree
Random

Forest
Adaboost Extra Trees

X1 13.00% 5.90% 6.70% 7.60% 24.70% 13.50% 12.00% 12.80%
X2 4.80% 7.30% 8.80% 5.80% 7.10% 6.70% 7.90% 10.10%
X3 3.30% 7.40% 11.40% 8.70% 19.50% 18.00% 16.90% 13.50%
X4 3.10% 5.50% 6.70% 6.00% 3.00% 7.70% 10.20% 8.40%
X5 57.40% 47.50% 29.60% 28.10% 4.60% 4.90% 8.20% 10.10%
X6 0.00% 5.00% 6.80% 10.50% 0.90% 6.30% 7.70% 10.80%
X7 7.40% 10.50% 13.70% 15.00% 33.00% 22.00% 18.60% 13.10%
X8 0.00% 3.60% 6.80% 7.60% 4.20% 6.00% 5.50% 6.70%
X9 10.80% 7.20% 9.50% 10.70% 3.00% 14.80% 13.00% 14.60%
R2 1 * 0.89 1 * 0.90 1 * 0.87 0.99 0.86

 

Figure 7. Factor importance analysis of UPGAs in the Grand Canal of China.
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3.2.2. Spatial Effect of Factors

From the supply scale of UPGAs, the minimum values of proportion of population
aged 60 and above (X2), GDP (X4), and fiscal self-sufficiency rate (X6) are all greater than
zero, suggesting that they all play a positive role as a whole. The maximum values of
topography (X7), average temperature (X8), and ventilation coefficient (X9) are all less than
zero, suggesting that they all act as negative obstacles overall. The maximum values of
population density (X1), output population (X3), and per-capita GDP (X5) are greater than
zero, while the minimum values are less than zero, indicating that they both have positive
driving and negative blocking effects with a complex impact mechanism (Table 5). The
influence of population density shows a “dumbbell” pattern geographically, decreasing
from the north and south to the middle. Beijing, Tianjin, and Hebei in the north are
highlands of positive effects, while Henan is a depression of negative effects and Zhejiang
is a new highland of positive effects. The proportion of population aged 60 and above is
characterized by coastal highs and inland lows, with Bohai Bay (Beijing, Tianjin, Hebei,
Shandong) as the high ground, the Yangtze River Delta as the second high ground, and
Henan and Anhui as the depressions, with the weakest in Henan. The influence of the
outflow population also presents a “dumbbell” pattern geographically, with the Yangtze
River Delta, especially Zhejiang and southern Anhui Provinces, being the highlands of
positive effects and Beijing–Tianjin–Hebei being the highlands of negative effects. The
depressions are distributed in the border areas of Henan, Shandong, Anhui, and Jiangsu
Provinces. The highland of GDP influence is in the west of Anhui and the south of Henan,
and it is the origin of the gradient to the north and the coast, reaching the lowest in the
Beijing–Tianjin–Hebei region. Per-capita GDP is characterized by a decreasing gradient
from south to north, with highlands in Zhejiang and southern Anhui and depressions in
Bohai Bay and the Shandong Peninsula. The fiscal self-sufficiency rate has a high impact on
the northern region, with Beijing and Hebei as the highlands, and low for the center, with
Anhui and the northern border region of Jiangsu as the depressions. The influence increases
in a gradient from the depression to the south and reaches the highest in Zhejiang. The
influence of topography, average temperature, and ventilation coefficient is characterized
by clustering, and the depressions are all located in the Yangtze River Delta, especially
in the southern part of Zhejiang and Anhui Provinces. Their highlands are all clustered
in bands, but with differences in geographic location, where topography is located in the
Shandong Peninsula, the average temperature is located in the junction area of Shandong,
Henan, Anhui, and Jiangsu Provinces, and the ventilation coefficient is in the north of
Henan and the west of Hebei (Figure 8).

From the per-capita area of UPGAs, only the minimum value of per-capita GDP (X5)
is greater than zero, indicating that it plays a positive driving role. The maximum values of
outflow population (X3), GDP (X4), topography (X7), average temperature (X8), and venti-
lation coefficient (X9) are all less than zero, suggesting that they all act as negative obstacles
overall. The maximum values of population density (X1), proportion of population aged
60 and above (X2), and fiscal self-sufficiency rate (X6) are greater than zero, while the mini-
mum values are less than zero, indicating that they both have positive driving and negative
blocking effects with a complex impact mechanism (Table 6). The influence of population
density is characterized by a geographic gradient of “high in the coastal area and low in
the inland area”, with the two clusters in the Shandong Peninsula and the northern end
of Hebei being the highlands, and the contiguous band-like areas in Henan, Anhui, and
western Zhejiang being the depressions. The influence of the proportion of population aged
60 and above presents a “dumbbell” pattern geographically, with the Yangtze River Delta
as the highland of positive influence and Beijing–Tianjin–Hebei as the highland of negative
influence, divided by the border area of Henan, Shandong, and Hebei. The influence of
the outflow population is geographically characterized by “high in the north and low in
the south”, with Beijing–Tianjin–Hebei being the highland and the Yangtze River Delta
being the depression. The influence of GDP is characterized by a geographic gradient of
“high in the inland area and low in the coastal area”, with the highlands located in the
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border area between Anhui and Henan and the depressions in the Shandong Peninsula
and the east coast of Zhejiang. Per-capita GDP and outflow population are highly similar
in their geographic patterns of influence, except that the nature of the influence shifts
from negative to positive. The influence of the fiscal self-sufficiency rate, the proportion
of population aged 60 and above, and topography is geographically characterized by a
“low in the center and high at the edge”, with depressions located in the border areas of
Anhui, Henan, Shandong, and Jiangsu and highlands in the Shandong Peninsula, both
with a small spatial scale. The average temperature influence highland is located in the
border areas of Zhejiang, Anhui, and Jiangsu Provinces, and the depression is in Henan.
The geographic pattern of influence of ventilation coefficient and outflow population is
similar; however, the coverage of the latter uplands and depressions is larger than that
of the latter, with highlands extending to the north and west of Henan and depressions
expanding to the south of Jiangsu and the south of Anhui (Figure 9).

 

Figure 8. Factor spatial effect analysis of the supply scale of urban park green areas on the Grand
Canal of China.
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Table 5. Descriptive statistical analysis of GWR parameters for the supply scale of urban park green
areas on the Grand Canal of China.

Factors Min 25% Quantile Median 75% Quantile Max

Population density X1 −0.0048 0.0043 0.0105 0.0241 0.0394
Proportion of population aged 60 and above X2 0.0193 0.0453 0.0541 0.0599 0.0801
Outflow population X3 −0.0272 −0.0220 −0.0049 0.0265 0.0320
GDP X4 0.0853 0.1141 0.1914 0.2162 0.2379
Per-capita GDP X5 −0.1189 −0.0948 −0.0622 −0.0253 0.0030
Fiscal self-sufficiency rate X6 0.0267 0.0534 0.0642 0.1181 0.1432
Topography X7 −0.1802 −0.1270 −0.0838 −0.0478 −0.0358
Average temperature X8 −0.1571 −0.1136 −0.1051 −0.0777 −0.0576
Ventilation coefficient X9 −0.1224 −0.0918 −0.0458 −0.0093 −0.0043

 

Figure 9. Factor spatial effect analysis of the per-capita area of urban park green areas on the Grand
Canal of China.
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Table 6. Descriptive statistical analysis of GWR parameters for the per-capita area of urban park
green areas on the Grand Canal of China.

Factors Min 25% Quantile Median 75% Quantile Max

Population density X1 0.4871 0.5163 0.5195 0.5213 0.5392
Proportion of population aged 60 and above X2 −0.0669 −0.0463 −0.0303 −0.0164 0.0017
Outflow population X3 −0.0188 0.0008 0.0335 0.0671 0.0815
GDP X4 −0.1529 −0.1385 −0.1140 −0.0711 −0.0506
Per-capita GDP X5 −0.0924 −0.0607 −0.0462 −0.0397 −0.0226
Fiscal self-sufficiency rate X6 0.0667 0.0951 0.1320 0.1579 0.1921
Topography X7 −0.0645 −0.0369 0.0147 0.0683 0.0847
Average temperature X8 −0.0728 −0.0352 −0.0251 −0.0099 0.0374
Ventilation coefficient X9 −0.1124 −0.1106 −0.0939 −0.0724 −0.0481

3.2.3. Interactive Effect of Factors

Different factors show a significant synergistic enhancement effect, mainly in the form
of nonlinear enhancement, with only a few factor pairs in double enhancement. For the
supply scale of UPGAs, the factor pair of topography ∩ average temperature (X7∩X8) is in
double enhancement. For the per-capita area of UPGAs, population density ∩ proportion
of population aged 60 and above ∩ proportion of population aged 60 and above (X1∩X2),
population density ∩ GDP (X1∩X4), proportion of population aged 60 and above ∩ GDP
(X2∩X4), and proportion of population aged 60 and above ∩ average temperature (X2∩X8)
are in double enhancement. It is worth noting that a large number of super-factor pairs
arise from factor interaction, and their interaction forces are much higher than those of
other factor pairs and single factors. Population density ∩ GDP (X1∩X4), proportion of
population aged 60 and above ∩ GDP (X2∩X4), outflow population ∩ GDP (X3∩X4), per-
capita GDP ∩ GDP (X5∩X4), and ventilation coefficient ∩ GDP (X9∩X4) are super factor
pairs of the supply scale of UPGAs, with an interaction force of more than 0.80. Popula-
tion density ∩ per-capita GDP (X1∩X5), outflow population ∩ Per-capita GDP (X3∩X5),
outflow population ∩ average temperature (X3∩X8), outflow population ∩ ventilation
coefficient (X3∩X9), per-capita GDP ∩ average temperature (X5∩X8), and per-capita GDP
∩ ventilation coefficient (X5∩X9) are super factor pairs of the per-capita area of UPGAs,
with an interaction force of more than 0.5 (Table 7).

Table 7. Factor interactive effect analysis of urban park green areas on the Grand Canal of China.

Code X1 X2 X3 X4 X5 X6 X7 X8 X9

Supply scale
of UPGAs

X1 0.08
X2 0.54 0.12
X3 0.63 0.63 0.28
X4 0.84 0.80 0.84 0.45
X5 0.61 0.67 0.56 0.87 0.26
X6 0.62 0.63 0.65 0.78 0.57 0.25
X7 0.15 0.19 0.43 0.52 0.34 0.33 0.00
X8 0.27 0.35 0.42 0.69 0.38 0.41 0.08 0.05
X9 0.53 0.56 0.69 0.82 0.64 0.76 0.16 0.31 0.12

Per-capita
area of
UPGAs

X1 0.03
X2 0.09 0.05
X3 0.49 0.36 0.19
X4 0.06 0.07 0.25 0.01
X5 0.52 0.34 0.69 0.33 0.20
X6 0.28 0.14 0.38 0.12 0.33 0.06
X7 0.11 0.11 0.47 0.07 0.38 0.14 0.02
X8 0.30 0.24 0.56 0.25 0.62 0.38 0.30 0.18
X9 0.21 0.21 0.55 0.11 0.52 0.17 0.08 0.35 0.03
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3.3. Performance Evaluation

No cities in the Grand Canal region fall into the categories of negative oversupply,
negative undersupply, or negative equilibrium. Positive oversupply has the highest propor-
tion, more than 50%, followed by positive equilibrium at approximately 30%. Ma’anshan,
Huaibei, Binzhou, Luoyang, Pingdingshan, and Shangqiu are super oversupply members.
The only member of the super undersupply group is Chengde, while the only member of
the positive undersupply group is Handan. The positive oversupply members include Bei-
jing, Tangshan, Xingtai, Cangzhou, Langfang, Hengshui, Nanjing, Nantong, Lianyungang,
Huai’an, and others. Most of these are clustered in Henan and Anhui and extend in a band
towards Jiangsu, Zhejiang, and Hebei. The positive equilibrium members include Tianjin,
Shijiazhuang, Qinhuangdao, Baoding, Zhangjiakou, Wuxi, Xuzhou, and others. These
are distributed in bands in Shandong and Hebei and in clusters in Jiangsu and Zhejiang.
Overall, there are three clusters of hotspot cities in Shandong, Jiangsu, and Zhejiang and
three clusters of coldspot cities in Henan, the northern end of Hebei, and the border area
between Henan and Anhui, with sub-hotspots and sub-coldspots distributed on their
periphery, forming a “center-edge” spatial structure (Figure 10).

 

Figure 10. Performance analysis of urban park green areas on the Grand Canal of China.

4. Discussion

4.1. Differentiated Zoning Planning

The study shows significant spatial inequalities and differences in the geographic
distribution of UPGAs in the Grand Canal, with huge disparities in the supply scale
and per-capita area across cities, including relative shares, growth rates, and spatial and
temporal evolution patterns. In addition, most of the UPGA supply is in a mismatch
with the population demand, with co-existence of both oversupply and undersupply. The
high similarity of these analytical results to the findings of other scholars suggests that
spatial imbalances and inequalities, supply–demand imbalances, and mismatches are
regular features. For the former, Rigolon [99] concluded that there are significant spatial
inequalities in urban parkland and quality and Ren [100] found geographic and social
inequalities in the distribution of urban parks in Shanghai based on Gini coefficient analysis.
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For the latter, Tan [101], Gao [102], and Zhu [103] in their case studies of Wuhan, Shenzhen,
and Beijing found that there is a serious mismatch between UPGA supply and resident
demand, which is a great challenge for future planning and management. Unfortunately,
current green areas planning, park planning, and green infrastructure planning focuses
more on the design of spatial layout schemes for intra-city parks and green area systems,
with less attention and planning response to inter-city imbalances and inequalities in
general [104].

In summary, we recommend the adoption of differentiated zoning planning strategies
in green areas and park planning for the Grand Canal. This takes the evaluation of the
performance of matching supply and demand as the core basis to adjust the direction of
the control of the supply scale and per-capita area in cities according to the classification
results of the spatio–temporal evolution mode of urban parkland. For cities such as Tianjin,
Shijiazhuang, Qinhuangdao, Baoding, Zhangjiakou, and Wuxi, as their supply and demand
are in positive balance, the focus of their future planning will be to keep their management
policies stable and to maintain and contribute to the city’s long-term balance of supply and
demand. Handan and Chengde face a serious supply shortage, with UPGA supply size
and per-capita area in HL and LL states, resulting in weak growth. Therefore, in the future,
provincial governments should increase the quota of their UPGAs, and city governments
should adopt speed control-oriented planning and policies to accelerate incremental supply
and promote a balance between supply and demand. For Tangshan, Xingtai, Cangzhou,
Langfang, Hengshui, Nanjing, Nantong, Lianyungang, and other positive oversupply cities,
subdivision planning based on spatio–temporal evolution patterns is required. Cities with
spatio–temporal evolution patterns in the HH and LH categories, such as Xingtai, Nantong,
Dongying, Fuyang, and Anqing, should strictly limit the growth of quotas in the future
and promote a balance between supply and demand by reducing land supply. They should
focus UPGA planning and management on quality improvement rather than quantity
growth in the future, and they could sell their surplus land index to undersupply cities via
the regional inter-city trading platform. Cities with spatio–temporal evolution in LL and HL
patterns, such as Cangzhou, Tangshan, Jiaxing, Huzhou, Lishui, and Xuancheng, should
increase or purchase land quotas and strengthen the planning, design, and management of
urban green areas to promote a balance between supply and demand through the growth
of land supply and the strict protection of the stock.

4.2. Integrated Symbiotic Planning

We found significant spatial correlations of UPGAs in the Grand Canal in this study,
with hotspot and coldspot cities clustering together. It should be noted that Choumert [105]
and Kim [106] also noted such correlations, and in common with this paper they both
found significant positive spatial autocorrelations in UPGAs between cities in France
and South Korea, with local spatial clustering features prominent, although the global
correlation is weak or insignificant. However, unfortunately, they did not propose a
response strategy for spatial planning and green area management policies based on
spatial correlation characteristics. We believe that clustered hotspot and coldspot cities
face similar development challenges, and they can maximize their performance with
minimum cost through inter-city collaboration in UPGA planning and management. Highly
interconnected cities may seek to rapidly increase the quantity and quality of their own
and regional green infrastructure through the construction of point-like regional parks and
linear inter-city greenways.

For the construction of regional parks, cities can learn from the European experience of
building large-scale green parks across administrative districts based on the characteristics
of natural resources such as the Grand Canal’s green areas and water system, as well as
planning and constructing open spaces, high-quality landscapes, and recreational and
activity facilities to promote the symbiosis of spatial functions and social needs [107,108].
In urban green area system planning, park system planning, and green infrastructure
planning in China, it is common to keep the planning scope in line with the scope of the
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city’s overall planning, i.e., the planning is more confined to the central urban area, which
has seriously weakened the overall allocation of green resources in counties and towns
within the municipal area and has led to no overall planning for the regional green area
system. The construction of regional parks that are not confined to the central city and
encouraged coordination between neighboring cities will contribute to the integration of
regional ecological, spatial, tourism, and social resources to enhance regional sustainability
and competitiveness. The regional greenway is a linear green open space. Natural and
artificial landscapes such as mountains, lakes, fields, scenic spots, ancient cities, cultural
heritages, traditional villages, and tree-lined roads along the main stream and tributaries of
the Grand Canal should be connected together, and landscape recreation routes and service
facilities serving pedestrians and cyclists should be built within them [109]. Hotspot cities
can link and showcase quality parks and green areas in the united cities through regional
greenways to enhance the overall image of the regional habitat. For coldspot cities, they
can promote the sharing of parks and green area resources among different cities through
regional greenways to enhance utilization efficiency and alleviate, to a certain extent, the
imbalance between supply and demand.

4.3. Multi-Policies Mix Management

Both the supply scale and per-capita areas of UPGAs have very complex driving
mechanisms. In terms of nature, the ventilation coefficient always plays a negative blocking
role, while population density always has both positive driving and negative blocking
effects. The roles of other factors are always in a complex state of change and may shift from
positive to negative (e.g., GDP), mixed (e.g., proportion of population aged 60 and above),
or from negative to mixed (e.g., average temperature and topography) or from mixed to
positive (e.g., per-capita GDP) and negative (e.g., outflow population). In terms of intensity,
the key factors of supply scales of UPGAs are completely different from those of their
per-capita area. Proportion of population aged 60 and above and ventilation coefficient are
always important factors for both, while average temperature and fiscal self-sufficiency
rate are always common auxiliary factors. The intensity ratings of the other factors differ
widely. For example, GDP has been reduced from an important factor of the supply scale
of UPGAs to an auxiliary factor of their per-capita area. Per-capita GDP, by contrast, has
been upgraded from an important factor to a key factor. In terms of interaction, the super
factor pairs of the supply scale of UPGAs are completely different from those of their
per-capita area. In terms of spatial effects, all factors show a significant spatial clustering
of influence on geographic patterns, but the geographic distribution and spatial extent of
highlands and depressions vary widely, with a variety of change patterns such as gradient
rise and fall, high in the center and low at the edge, low in the center and high at the
edge, dumbbell (high at the ends and low in the middle), contiguous belt, and clustering
emerging (Figure 11).

A growing body of research reveals that the planning and management of UPGAs
are complex systematic projects subject to the influence of many factors. Many scholars
have discussed the factors influencing changes in urban parks. For example, Cheng [110],
Nam [111], and Smith [112] argued that government funding plays a key role in the man-
agement of urban parks in China and the United Kingdom. Luo [113], Feng [114], and
Kim [115] argued that both population density and size had significant spatial correlations
with the level of service of urban parks. Guo [116,117] found that house prices, trans-
portation accessibility, and the status of the surrounding commercial facility package are
important factors influencing the accessibility of urban parks. Their findings are corrobo-
rated with the conclusions of this paper. Different from them, this paper fully explores the
spatial effects and interaction effects of different factors, which has a great inspirational
value for the design of policy combination. In view of the intensity, nature, and spatial
and interaction effects of different factors, future planners and the government should
better interconnect the policies for UPGAs. Since a single policy is limited and difficult
to operationalize in practice, multiple policies should be designed and implemented in

85



Land 2024, 13, 42

the management. In addition, attention should be paid to the mode of combining policies
in policy design and implementation, integrating policies on population, ageing, social
mobility, economic and industrial development, financial investment, and the building of
an ecological civilization. While ensuring the precision of each policy, it is important to
maximize the synergy of different policies and to maximize policy performance by means
of the interaction effect of factor pairs.

 

Figure 11. Factor spatial effect analysis of the urban park green areas on the Grand Canal of China.

5. Conclusions

This paper arrives at the following findings: (1) The spatio–temporal evolution patterns
of the UPGAs in the Grand Canal of China are diversified, with many types emerging, such
as HH (High-scale–High-growth), HL (High-scale–Low-growth), LH (Low-scale–High-
growth), and LL (Low-scale–Low-growth). (2) The evolutionary performance of UPGAs in
the Grand Canal is mainly characterized by positive oversupply and positive equilibrium,
with super oversupply, super undersupply, and positive undersupply found in a small
number of cities. (3) The spatio–temporal evolution patterns and performance of UPGAs are
characterized by significant spatial heterogeneity and positive spatial autocorrelation, with
huge inter-city differences, and both hotspot and coldspot cities are clustered geographically.
(4) The spatio–temporal evolution of UPGAs is driven by a complex mechanism, and
different factors vary greatly in nature, intensity, spatial effect, and interaction effect.
(5) The planning and management of UPGAs in the Grand Canal should be implemented
by classifying and zoning, and zoning planning and symbiosis planning should be prepared
and implemented based on the results of the analysis. In addition, it is necessary to design
differentiated and diversified policies for each planning zone in the future, and to focus
on enhancing the synergy of multiple policies in the management, so as to maximize the
benefits based on the “combination of policies”.

This paper presents innovations in the following areas: (1) It pushes UPGA research
to shift from case studies of a single city to systematic studies of regional urban agglomera-
tions. It is a big step forward as a single system is more than the sum of its parts. Against
the backdrop of China’s urban development entering a new era of regional integration
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dominated by urban agglomerations, urban belts, urban contiguous areas, and metropoli-
tan areas, the research conclusions of individual cities reached in the past are not entirely
applicable to current regional green infrastructure planning, although they have provided
good guidance for urban scale green space system planning. (2) By integrating the BCG
(Boston Consulting Group) matrix, ESDA (Exploratory Spatial Data Analysis), MLR (Ma-
chine Learning Regression), GWR (Geographically Weighted Regression), GeoDetector, and
LCRPGR (Ratio of Land Consumption Rate to Population Growth Rate), it comprehensively
and systematically reveals the driving mechanisms behind UPGAs while quantitatively
evaluating their spatio–temporal evolution patterns and performance, especially analyzing
in detail the spatial and interactive effects of different factors. It is a brand-new exploration
and discovery. (3) Instead of being limited to or stagnated in the analysis of the change
characteristics of UPGAs, this study proposes differentiated zoning planning, integrated
symbiotic planning, and multi-policies mix management based on the design of spatial
planning and management policies for green areas, parks, and green infrastructure in the
Grand Canal of China. It is a remarkable fact that canals are common in all countries of the
world, and the technical approach, analytical methods, and results of this paper are not
only applicable to China, but can also be used as the basis and reference for canal planning
and management in Egypt, India, Indonesia, America, and other countries.

There are still some shortcomings in this study: (1) Due to data and information
limitations, this study only took into account the effect of population size in the performance
evaluation, while it did not include the heterogeneity of the needs of different populations
in the analytical model, which may affect the accuracy of the analysis results. (2) This paper
is based on a regional inter-city comparative study with no in-depth analysis of parkland
in a single city within the Grand Canal, especially within the key cities, which somewhat
constrains the breadth of application of the results. The canal is not only a navigation
channel and cultural heritage zone for human beings, but also a natural ecological zone
and a source of green well-being for the people living along the route. Beginning with
the construction of ecological civilization and ending with the sustainable development
of the Grand Canal of China, this study focuses on the regional analysis and planning of
UPGAs, expanding the field of canal research from the traditional dimensions of shipping
and transportation, water resources, and history and culture to the dimension of green
areas. It demonstrates certain theoretical innovations while responding to the practical
needs of ecological protection and high-quality development of the Grand Canal.
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Abstract: In the realm of sustainable city development, evaluating the spatial vitality of urban green
spaces (UGS) has become increasingly pivotal for assessing public space quality. This study delves
into the spatial heterogeneity of park vitality across diverse urban landscapes at a city scale, address-
ing limitations inherent in conventional approaches to understanding the dynamics of park vitality.
Leveraging geotagged check-in data from 65 parks in the study case of Changsha City, a quantitative
analysis was undertaken to assess spatial vitality. The investigation incorporated data concerning
internal and external factors influencing park vitality, employing the Multi-scale Geographically
Weighted Regression (MGWR) model to dissect nuanced spatial heterogeneity. The research un-
covers notable spatial discrepancies in factors influencing park vitality across diverse urban areas,
emphasizing the reliance on adjacent residential communities and internal commercial amenities
provision. These dependencies correspond with economic development differences among urban
locales, revealing distinct geographic trends. This study has a novel perspective and methodology for
investigating urban park vitality, providing significant insights for urban green space planning and
management. It emphasizes the necessity of acknowledging spatial diversity in urban park planning
and design by incorporating the distinct socio-economic characteristics of each urban zone, which is
crucial for both urban planners and policymakers.

Keywords: urban parks vitality; spatial heterogeneity; MGWR; public space quality; urban livability

1. Introduction

Globally, including in China (the most populous developing nation), urbanization rates
have significantly increased, soaring from 30% in 1996 to 65% in 2022, presenting challenges
such as unequal resource distribution and unplanned urban expansion [1–3]. Urban parks,
as a crucial component of the urban ecosystem, play an indispensable role in mitigating
urban challenges such as the heat island effect, environmental quality degradation, and
increased stress among urban residents resulting from intense urbanization. Furthermore,
urban parks offer spaces for leisure, entertainment, and social interaction, acting as a vital
catalyst for community revitalization and urban development [4–7].

Currently, scholars focus not only on the quantity of Urban Green Spaces (UGS) within
cities, but also on the impact of UGS on surrounding residents post-construction. The
influence of different urban parks on the urban environment varies, as does their frequency
of use as public infrastructure. To accurately describe this impact, various indicators
have been employed by different scholars. Notably, the concept of urban spatial vitality
proposed by Montgomery and Jacobs has received widespread recognition within the
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academic community. This concept characterizes the vitality of urban spaces as activities
related to the number of people within and around streets or communities [8,9].

In UGS vitality research, accurately assessing vitality is challenging due to varying
analytical scales, datasets, and methodologies [6,10,11]. Traditional quantitative models
such as questionnaire surveys, field observations, and drone surveys [12–14] provide au-
thentic data, but are limited by time, resources, and potential biases [15]. Information
technology and increased smartphone usage have enabled social platforms’ open API
interfaces (e.g., Twitter, Weibo, Dazhong Dianping) to extract geospatial data for under-
standing spatial preferences and urban vitality [16–19]. This data is abundant, extensive,
and easily accessible, proving useful in urban studies across cities like Birmingham [20]
and Oslo [21]. Heatmaps and mobile phone signaling data also contribute to spatial vitality
research [22–24]. However, global models, while providing macro-level insights, may not
capture spatial heterogeneity as highlighted by the Second Law of Geography [25,26],
leading to potential discrepancies when applied to specific local contexts [27].

With the deepening research on urban spatial vitality, an increasing number of scholars
are focusing on the causes of the differences in the vitality of UGS. Against this backdrop,
scholars in the fields of geography and urban planning generally believe that spatial
heterogeneity is a key concept in explaining this phenomenon [28]. It delineates the
variance and disparity in spatial attribute values across diverse geographical locales. This
heterogeneity mirrors the impact of factors such as the natural environment, socioeconomic
conditions, and human endeavors on the spatial layout, serving as a fundamental theory
for comprehending and examining geographical phenomena [29–31].

In the face of such complex and diverse spatial variations, accurately identifying key
factors is a prerequisite for enhancing the vitality of UGS. The Geographically Weighted Re-
gression (GWR) model, a local regression analysis approach, performs local regressions on
all independent variables within the same bandwidth to unearth the spatial relationships be-
tween independent and dependent variables. This model has found extensive applications
in disciplines such as geography and economics [32,33]. Research shows that, compared
to the global model, the GWR model has a higher fitting degree [34–36]. However, UGS
vitality is influenced by a complex mix of factors like population, economy, environment,
and transportation, which exhibit spatial heterogeneity and vary across scales [22,37,38].
Therefore, an analytical method that effectively addresses spatial heterogeneity and scale
effects is essential for accurately assessing park vitality [23]

Fotheringham’s introduction of the Multiscale Geographical Weighted Regression
(MGWR) has provided a leap forward in spatial heterogeneity analysis by overcoming
the fixed bandwidth constraint of the traditional GWR [24], permitting an individual
bandwidth application for each variable. This advancement enhances the accuracy of such
analysis, substantiated by numerous studies demonstrating the MGWR model’s superior
fitting, precision, and practicality relative to the GWR model [39–41]. Amidst dynamic
shifts in urban landscapes and the behavioral patterns of residents, the integration of urban
parks’ dynamic nature and MGWR’s capabilities allows tailored updating strategies to
be formulated based on the spatial heterogeneity of different space vitality influencers.
This method transcends the traditional approach of relying on global model “averages”
to develop a strategy. It optimizes the GWR model’s fitness, grounding the research in
reality and thus amplifying the experimental authenticity. Furthermore, this more profound
insight into the urban park’s operational principles aids in reducing both the temporal and
technical costs associated with urban park updates.

Extant scholarly discourse on UGS vitality has achieved a commendable degree of
maturity. Yet, many of these studies still need to tackle the spatial variations in the impact
of different determinants on UGS vitality, suggesting an opportunity for more comprehen-
sive and rigorous investigation. The study aims to explore the spatial vitality of UGS in
Changsha City, employing the MGWR model alongside multi-source, voluminous datasets,
including Baidu Huiyan vitality data and Amap geospatial information. By assessing the
spatial heterogeneity of influencing factors, the research seeks to enhance the precision
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of evaluating UGS vitality and inform tailored strategies for urban park planning. Using
Changsha as a case study, this research offers a novel approach to examining urban park
vitality. It facilitates a deeper understanding of the global patterns and regional dispar-
ities in the vitality of urban green spaces, thereby providing valuable insights for other
international cities.

The remainder of this paper proceeds in the following way. Section 2 offers a com-
prehensive review of vitality and spatial heterogeneity studies. Section 3 delineates the
study area and delineates the data sources utilized in this research, and further expounds
on the analytical framework and procedural methodology employed in the investigation.
Section 4 presents the findings from the ordinary least squares (OLS), GWR, and MGWR
analyses. Section 5 delves into a discussion of the outcomes and underlying reasons for spa-
tial heterogeneity. Section 6 encapsulates the critical discoveries of the study and proposes
avenues for future research endeavors.

2. Literature Review

2.1. Space Vitality

Urban vitality is a pivotal concept, intricately linked to the intensity of activities within
public spaces, particularly at the street and community levels [42]. Jacobs conceptualizes
urban vitality as the continuity and diversity of street life over 24 h [9]. Conversely,
Montgomery characterizes urban vitality as the volume of pedestrian traffic in streets
or communities and their adjacent areas across different time intervals [43]. This notion
underscores the dynamic and interactive nature of public spaces, mirroring the activities
and interactions of individuals within urban settings. Urban vitality extends beyond
mere population movements and gatherings; it encompasses various economic, cultural,
and social dimensions. It is a crucial metric for assessing the quality of urban life and
the capacity for sustainable development. Researchers delineate vitality through diverse
factors such as heatmap data [44], mobile signaling data [44], nighttime light data [45], and
online check-in data [42,46].

One of the defining characteristics of urban spatial vitality is the population fluctuation
within a space due to variables such as time and weather [47]. Location-based services (LBS)
data hold distinct advantages over traditional social check-in or survey data: firstly, social
check-in data fail to capture the dynamic population changes within a space over time,
whereas LBS data can accurately depict the population flow within a space during different
periods; secondly, check-in data only represent the habits of a subset of the population,
and cannot account for all participants in a space. In the era of information, LBS data can
encompass a broader range of individuals, thereby providing a more authentic reflection of
the number of people in a space.

In this research, we utilize heat data from Baidu Huiyan as the data source for park
vitality analysis. Baidu Huiyan leverages big data technology to collect and analyze users’
location information and search behavior on Baidu Maps, producing heat maps that depict
the density of people and the intensity of activities. This operational principle enables
Baidu Huiyan to capture the dynamic changes of heat thoroughly, offering a wealth of
representative and timely data. Its feasibility has been demonstrated in various fields [48,49].
For the study of the spatial heterogeneity of park vitality, Baidu Huiyan’s heat map data can
unveil the spatial distribution characteristics of vitality across different regions, providing
a scientific foundation for a deeper comprehension of park vitality.

2.2. Spatial Heterogeneity

Spatial heterogeneity is a fundamental concept in geography, urban planning, and
related disciplines, characterized by the uneven distribution and variability of attributes,
characteristics, or phenomena across diverse geographic locations or spatial scales [28].
This concept plays an integral role in understanding the complexity inherent in spatial
patterns and processes, acknowledging that distinct regions may display unique attributes
due to environmental conditions, socio-economic dynamics, and human interventions. The
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significance of spatial heterogeneity lies in its capacity to enhance the understanding of
spatial relationships and interactions, challenging the presumption of spatial homogeneity,
which can result in overly simplified models and inaccurate depictions of reality [50]. By
embracing spatial heterogeneity, researchers and planners are empowered to develop more
accurate and contextually relevant analyses, models, and strategies.

Spatial heterogeneity has gained widespread application in the domain of spatial
relationship analysis, including in areas such as urban public health [51], housing prices
and the built environment [52], social equity [53], and soil environmental analysis [54].
In the context of urban vitality analysis, research typically centers on urban landscapes,
streets, or morphologies [55,56]. However, previous studies have often neglected a crucial
aspect: the vitality of parks as urban public spaces, along with their influencing factors, can
display spatial heterogeneity in response to changes in the surrounding economy, activities,
and population structure [38,57]. More research is needed on the spatial heterogeneity of
urban park vitality. While traditional analysis methods (such as global regression, surveys,
and interviews) can provide detailed analyses of the vitality and its influencing factors for
parks across an entire city, these results may not be suitable for specific parks. They cannot
be extrapolated to a broader context.

2.3. Factors Affecting UGS Spatial Vitality

Investigating the influence of internal or external factors on park vitality is a research
domain that has been explored previously. Scholars across various regions have introduced
diverse analytical perspectives on park vitality in their respective study areas, considering
the disparities in national customs, economic development levels, urbanization processes,
and population structures. For instance, research has been conducted in Poland [58],
Berlin and Salzburg [59], and Melbourne, Australia [12]. The surrounding population and
economic activities significantly influence the vitality of parks; for example, parks equipped
with playgrounds are favored by children [60], while serene environments are preferred
by older people [12]. Moreover, factors such as accessibility, economic environment, and
residential and office areas, all contribute to park vitality [61–63]. Nonetheless, there are
variations in the factors affecting park vitality between different cities and even among
parks within the same city. Regrettably, the spatial heterogeneity analysis of park vitality
and its influencing factors remains insufficient.

Since adopting the reform and opening-up policy in 1978, China has witnessed a
substantial rise in urbanization rates and a rapid expansion of urban permanent populations.
Accompanying large-scale population movements, cities’ economic stratification and spatial
distribution differences have become increasingly pronounced, particularly in major cities
such as Beijing and Shanghai [64,65]. These transformations have resulted in variations
in the surrounding environment, population structure, and economic activities of urban
parks. In contrast to Western cities, the swift development of Chinese cities has attracted a
considerable influx of migrant workers, amplifying park vitality’s spatial heterogeneity [66].
Research indicates that distinct age and gender groups exhibit differing demands for
parks [12,60]. Consequently, considering the alterations in population structure and spatial
distribution, analyzing UGS vitality and its influencing factors from a spatial heterogeneity
perspective, and devising corresponding renewal strategies are imperative for enhancing
the vitality of UGS.

Research on the spatial heterogeneity of park vitality conducted in China offers distinc-
tive insights for the global academic community. The swift urbanization and population
mobility patterns in China starkly contrast with the racial geographical segregation in the
United States [67], immigration issues in Europe [68], and urban expansion in Australia [69],
thereby unveiling the diversity of park vitality across different socio-economic contexts. In
Chinese cities, the spatial heterogeneity of park vitality is predominantly influenced by in-
ternal population structures and economic activities. In contrast, in American and European
cities, park vitality is significantly shaped by racial and immigration factors. By examining
these varied influencing factors, researchers can attain a more holistic understanding of the
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intricacies of park vitality and devise targeted park planning and management strategies
for cities worldwide. Thus, research on park vitality in China guides domestic urban
planning and offers valuable insights for tackling similar challenges internationally.

3. Methodology

3.1. Study Area

Changsha, the capital city of the Hunan Province in China, administers six districts
(Furong, Tianxin, Yuelu, Kaifu, Yuhua, Wangcheng) and one county (Changsha County),
encompassing a total population of 10 million across 11,819 km2 as of the close of 2022
(Changsha Statistical Yearbook). As the vibrant political, economic, and cultural hub
of Hunan Province, Changsha has drawn a substantial migratory population for work
and residence. However, juxtaposed with the population influx and the swift urban
development, the urban park construction area expanded only modestly, from 575 km2 in
2001 to 2797 km2 by 2020. Considering the lower population density on the city’s periphery,
and the predominance of large forest parks resulting in lesser spatial utilization, this study
primarily focuses on the principal urban area of Changsha, precisely within the perimeters
of the Changsha Ring Expressway.

The delineated study area encompasses a total of 152 UGS. However, the scope of this
research does not extend to diminutive community parks, given their relatively limited
expanse and influence when juxtaposed with the city’s comprehensive spatial domain.
These smaller entities exhibit negligible spatial heterogeneity within their constrained
service radius, rendering them incongruent with the study’s foundational aim to scrutinize
urban parks that cater to the populace across more expansive vicinities. Consequently,
this investigation excludes small-scale pocket parks and community parks. In stark con-
trast, municipal parks, characterized by their extensive service range, heightened user
participation, and a myriad of influencing factors present a more compelling case for
analyzing spatial heterogeneity in factors affecting UGS vitality. In alignment with the
stipulations of the “Standard for the Planning of Urban Green Space (GB/T51346-2019)”,
this study meticulously selects 65 parks from the study region as the focal point of its
analytical endeavors.

This study is focused on the main urban area within the Changsha Ring Expressway
(Figure 1), guided by the following academic considerations: Firstly, this region is charac-
terized by a high concentration of economic activities and population density, highlighting
the significance of parks in the daily lives of urban residents. Furthermore, the abundance
and diversity of park resources in this area provide a comprehensive data foundation for
examining the spatial heterogeneity of park vitality. Ultimately, by concentrating on the
urban core, this research aims to enhance the precision and practical value of the study,
deepening the understanding of the characteristics and influencing factors of urban park
vitality, thereby contributing specific and targeted insights to the formulation of relevant
policies and renewal strategies.

3.2. Study Framework

Figure 2 illustrates the spatial heterogeneity assessment framework and procedures
for UGS vitality and its influencing factors. The assessment framework includes three steps,
as detailed below.

In step1, the process involves acquiring spatial location data pertinent to UGS vitality
and its influencing factors within the urban confines of Changsha City. At this juncture, it
is imperative to identify the specific nature and category of data pertinent to UGS vitality
and the contributory elements that should be encompassed within the dataset. Given
the necessity for an extensive dataset, the utilization of publicly accessible API interfaces
is employed to facilitate the aggregation of large-scale data. The harvested data must
undergo meticulous cleansing and calibration to maintain the experimental integrity. A
comprehensive outline of these procedural steps will be delineated in Section 2.2.
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In step2, an Ordinary Least Squares (OLS) regression is employed to conduct a global
analysis of UGS vitality in conjunction with selected spatial vitality determinants. This
approach is primarily adopted to circumvent the potential multicollinearity issues among
the influencing factors, which could compromise the integrity of subsequent spatial hetero-
geneity analyses. Concurrently, this step facilitates a comprehensive understanding of the
overarching analytical context.

Figure 1. Changsha City: location and research scope.

Figure 2. Framework of the spatial heterogeneity assessment.

In step3, the influencing factors, having been rectified for multicollinearity through
the application of OLS, are subsequently processed through GWR and MGWR models,
respectively. This process involves a comparative reliability analysis of the experimental
data outcomes derived from both models, thereby elucidating the spatial heterogeneity
of factors influencing park vitality in Changsha City. The empirical findings are then
leveraged to inform targeted refinement strategies for UGS in subsequent interventions.
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3.3. Data Resources
3.3.1. AOI and POI Data

This research initially necessitates the acquisition of fundamental spatial data about
UGS within the study locale. Consequently, this article employs AOI and POI datasets to
depict the UGS and its adjacent amenities, and amalgamates them for subsequent analysis
via a Geographic Information System (GIS) platform. AOI data, a prevalent form of spatial
data in digital cartography, encompasses essential attributes like name, address, category,
and geographical coordinates. It also includes boundary coordinate information, rendering
it a comprehensive tool for depicting two-dimensional geographic entities on maps. Like
AOI data, POI data provides essential information, including name, address, category,
and coordinates. It is known for its substantial volume, extensive coverage, precision,
and ease of acquisition [70]. Therefore, the utilization of AOI and POI data within the
GIS platform effectively delineates the spatial information of urban UGS and its adjacent
facilities, thereby offering crucial data support for conducting spatial analysis of urban
UGS resources.

Acquiring AOI and AOI data is primarily facilitated through various navigation
platforms, including but not limited to Baidu Maps, Amap, and Google Maps [10,15,20].
For this study, AOI and POI data about UGS was meticulously sourced via the open
API interface of Amap (https://lbs.amap.com/, accessed on 1 October 2023). As China’s
leading electronic map, navigation, and Location-Based Services (LBS) platform, Amap
boasts an average daily active user count exceeding 100 million. This substantial user base
reflects the platform’s extensive reach and utility and corroborates the high quality of its
sample data. This feature has garnered widespread recognition and endorsement within
the academic community (Figure 3).

Figure 3. POI and AOI data examples: gas stations’ POI data and administrative division AOI data
at five districts in Changsha.
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3.3.2. UGS Vitality Data Source

In the wake of the relentless advancements in information technology, Baidu, a titan
in China’s internet industry, holds numerous apps and the geospatial big data platform
Baidu Huiyan under its aegis. Baidu Huiyan registers an astounding average of 120 billion
location requests daily, supporting 1.1 billion active hardware devices monthly. Many
scholars have harnessed the potential of the Baidu Huiyan platform, conducting diverse
analyses across several cities in China and establishing the precision and effectiveness
of the platform’s data. This study also taps into the city population geographic big data
platform of Baidu Huiyan (https://huiyan.baidu.com, accessed on 10 October 2023) to
extract real-time population distribution data for Changsha City for 2022. This data is a
derivative of the statistics collated from terminal positioning data that invokes the Baidu
Map Location SDK. Initially, Baidu Map sections the entire nation into 200 × 200 m grids
based on the Baidu Mercator coordinate system (bdmc09), tallying the number of terminals
that engaged the location SDK over a particular time frame (defaulted to one hour on
the platform). Importantly, all stages of data handling have been anonymized, ensuring
individuals’ privacy is not compromised (Figure 4).

Figure 4. Baidu Huiyan vitality data crawling principle.

3.3.3. Descriptive Statistics of Key Variables

As shown in Table 1, upon contemplating the independent variables that bear upon the
UGS vitality, we categorize them into three groups: (1) external factors, (2) internal factors,
and (3) landscape factors. External factors primarily pertain to the facilities around the
park, which are capable of ushering in a primary pedestrian flux, such as residential areas,
commercial facilities, subway stations, bus stops, and public service amenities. Because the
principal users of various urban parks hail from the active population or permanent resi-
dents in a specific periphery, previous studies have unveiled a potent correlation between
economic-commercial activities and the intensity of population activities [71–73]. Concur-
rently, it has been discovered that commercial facilities and public service amenities can
significantly influence the vitality of urban parks [74,75]. The ongoing advancement in ur-
ban transportation has underscored the significance of accessibility as a pivotal determinant
of UGS vitality. This rationale has led to including urban public transportation facilities,
specifically subway stations and bus stops, as independent variables in our research. [76].
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Another significant user demographic for UGS involves the permanent residents in the
surrounding areas, hence their inclusion in our scope of consideration.

Table 1. Reasons for selecting independent variables and crawling keywords.

POI Type Description Crawl Keywords

Internal facilities

Open space Provide activity needs and social space
for different groups of people

Natural scenery, squares, scenic
spots, observation decks, etc.

Sport facilities Increase space usage and attract
sports-loving people Sports facilities

Entrance/Exit Reflection of park accessibility and
connection to surrounding communities Door, entrance, exit

Public toilet Provide parks with comfort and hygiene
levels to attract people Toilet

Business Meet the consumption needs and
diverse needs of visitors

Companies, wholesale markets,
snacks, catering, restaurants, etc.

External facilities

Residential communities Provide a stable source of visitors to
the park

Residential areas, dormitories,
communities, real estate

Transportation facilities Providing parks accessibility Subway, parking lot, bus station

Eateries Extend visitor stay time and increase
visitor social activities Snacks, catering, restaurants

Companies Increase daily users and the diversity of
park uses Companies, offices, etc.

Public infrastructure Increase the number of visitors and
promote interactive communication

Art galleries, museums, cultural
centers, planetariums, etc.

Internal factors encompass: park entrance, open space (like scenic spots, squares
and viewpoints), sports facilities, public toilets and business. The selection of variables
impacting the internal UGS vitality is based on the distinctive participation priorities of
various demographic groups in park spaces and the variable spatial vitality generated by
different facilities within the park. Studies have revealed that sports amenities, such as
sandpits and open fitness facilities, often lure a younger audience, thus contributing to
significant spatial vitality [77,78]. On the other hand, open spaces conducive to socialization,
leisure areas, and commercial zones also foster spatial vitality concentration [74,79,80].

The selection of the search radius for retrieving POI data significantly impacts the accu-
racy of spatial heterogeneity analysis. Both larger and smaller search ranges may result in
discrepancies with real-world situations and potentially compromise the fidelity of overall
distribution. Drawing upon insights from previous research, this study conducted multiple
experiments to determine the optimal search radius values [81–83]. This ensures that the anal-
ysis results retain greater detail and effectively portray the spatial distribution characteristics
of spatial heterogeneity. The search range of each influencing factor is shown in Table 2.

Table 2. Description of the POI’s search radius.

POI Type Number Search Radius

Internal facilities

Open space 413 Internal of UGS
Sport facilities 60 Internal of UGS
Entrance/Exit 200 Internal of UGS
Public toilet 169 Internal of UGS

Business 257 Internal of UGS

External facilities

Residential communities 10,779 600 m
Transportation facilities 525 400 m

Eateries 7125 300 m
Companies 3588 600 m

Public infrastructure 111 600 m

Landscape elements relate to the motivations that drive citizens to visit parks. Gener-
ally, a park is designed around a single theme, but preferences for landscape types vary
across different age groups. For instance, studies have indicated that the needs of older
adults [12,81] and adolescents [82] for park spaces and landscape elements [59] are distinct.
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Environments that inspire a sense of safety all influence spatial vitality [14]. Typically,
urban parks are themed around water or forest sceneries, or a combination of various
themes. However, it is not feasible to directly compare riverside, lakeside, or vegetation
landscapes or quantify multiple coexisting thematic landscape elements. Thus, this study
disregards landscape factors and concentrates on quantifiable internal and external factors
when analyzing UGS vitality.

3.4. Analysis Model
3.4.1. Global Analysis Model

A stepwise regression technique has been employed to address the issue of multicollinear-
ity among the variables. This involves systematically introducing variables; each time a new
variable is added, an evaluation of each of the variables already incorporated into the regres-
sion model is conducted, and those deemed insignificant are removed. This ensures that
every variable within the resulting subset of independent variables carries significance. This
procedure is repeated in numerous steps until no further variables can be incorporated. By this
stage, all variables within the regression model hold significant relevance to the dependent
variable while minimizing the collinearity among factors. The Ordinary Least Squares (OLS)
model is a global regression model, the results are displayed as panel data, representing math-
ematical significance only and excluding the geographic spatial attributes of the explanatory
and dependent variables. The corresponding formula is as follows:

y(i) = β̂0(i) + β̂1X1(i) + β̂2X2(i) + . . . + β̂kXk(i) + ε(i) (1)

In this model, y(i) represents the observed value of the dependent variable at the
ith position, β̂0 is the estimated intercept, Xk(i) denotes the observed value of the kth

explanatory variable at the ith position, β̂k is the estimated value of the kth parameter,
and ε(i) is the random error term, with i = {1, 2, 3, . . . , n}. The OLS model posits that
all variables are spatially constant. Nonetheless, the same variable may not reflect the
same influence due to geographical disparities or environmental variations. Under such
circumstances, the “average value” of all variables, as depicted by the OLS results, may not
apply to specific regions.

3.4.2. Spatial Heterogeneity Analysis Model

Compared to the OLS model, the GWR approach considers the spatial heterogeneity
of variables and presupposes non-smooth spatial fluctuations. At its core, GWR captures
spatial variations by calibrating a multivariate regression model consisting of a set of local
linear models at any number of positions. It allows for different geographic relationships
and “borrowing” data from nearby locations [50,51]. The equation is as follows:

yi = β0(ui, vi) + ∑k βk(ui, vi)Xik + εi (2)

In the equation, (ui, vi) are the specified coordinates of observation point i in space; β0
represents the intercept value at location i; βk is the local coefficient for each k explanatory
variable Xik at location i, and εi is the random error at that location. As a local regression model,
GWR results heavily depend on selecting criteria for goodness-of-fit. The Akaike Information
Criterion (AIC), renowned for its high level of fit, has been chosen for this study. The bi-square
kernel function is employed to select data borrowing and bandwidth. The reasoning is twofold:
firstly, the nearest neighbor definition of proximity is more stable for irregular spatial sampling;
secondly, the interpretation of the bi-square kernel function is that the bandwidth is the number
of nearest neighbors, and any data beyond the bandwidth has zero impact on the observation
point [23]. Minimizing the corrected Akaike Information Criterion (AICc) allows us to select the
optimal bandwidth parameter, which balances model variance and bias [50].

When examining the factors that influence the spatial vitality of urban parks, GWR
applies a uniform bandwidth to multiple variables for search computations. However,
different influencing factors and activities pertain to different spatial scales. The MGWR
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improves upon GWR by allowing varying bandwidths to study relationships instead of the
same bandwidth across the entire research area. This approach allows for better capture of
independent variables’ spatial heterogeneity and reduces parameter estimation errors [38].
The formula is as follows:

yi = ∑k
j=1 βbwj(ui, vi)xij + εi (3)

where bwj signifies the bandwidth of the jth variable estimated using the bi-square kernel
function, βbwj(ui, vi) stands for the MGWR estimate at the location (ui, vi), and εi is the
random error term. MGWR calibrates via a back-fitting algorithm, with the bandwidth
selection criterion being the Akaike information criterion, which is consistent with GWR.
As suggested by Yu et al., the bi-square kernel function is chosen as the optimal bandwidth
for independent variables in MGWR, given the usage of the GWR model as the basis [84].

The back-fitting algorithm is typically utilized to calibrate generalized weighted
models, assuming that all other terms are known and calibrating each term in the model
more smoothly [24]. The convergence criterion for the MGWR back-fitting algorithm is the
residual sum of squares (RSS). The formula follows:

SOCRSS =

∣∣∣∣RSSnew − RSSold
RSSnew

∣∣∣∣ (4)

where SOCRSS is the convergence criterion, RSSnew represents the residual sum of squares
calculated from the previous step, and RSSold stands for the residual sum of squares
calculated for the next step.

4. Results

4.1. UGS Vitality Analysis

In this study, the measurement of urban park vitality is predicated upon in-park check-in
data. Specifically, three representative time points for check-ins were selected, and the data from
these time points were superimposed to indicate the park’s vitality for that day. This approach
accounts for the utilization of the park during different periods, and can more comprehensively
reflect the level of activity within the park. Furthermore, to obtain a more stable and reliable
measurement of park vitality, the data were aggregated over seven consecutive days to yield
a weekly measure of park vitality. This method of continuous superposition mitigates daily
fluctuations. It captures the trend of park vitality over time, providing adequate data support
for analyzing the spatial heterogeneity of urban park vitality.

Considering the climatic conditions of Changsha City, this study identified three
pivotal time points (9 a.m., 1 p.m., and 7 p.m.). By employing superposition analysis on
these temporal datasets, the fundamental vitality distribution of parks in Changsha City
was computed (Figure 5).

The findings of this investigation elucidate pronounced spatial heterogeneity in the
vitality of urban parks within Changsha City. Specifically, parks west of the Xiangjiang
River near commercial and residential developments manifest heightened vitality levels.
Moreover, the University Town precinct, notably West Lake Park, a hub of dense student
population, demonstrates robust vitality. Comparatively, parks in the northwest region
exhibit notably diminished vitality compared to their counterparts in the southern region
west of the Xiangjiang River. This disparity is primarily attributable to the predominant
presence of industrial parks in the northwest and its relatively later stage of development.

Further analysis indicates that the vitality of park spaces in the eastern Xiangjiang area
could be much higher. Moreover, as the developmental focus of Changsha City is primarily
directed towards the area west of the Xiangjiang River, the population density surrounding
parks in the eastern sector of the Xiangjiang River, except the central urban area, needs to
be more extensive. This demographic distribution significantly contributes to the overall
low vitality observed in the parks of this eastern region.
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Figure 5. UGS Vitality analysis in Changsha.

4.2. Statistical Tests

As shown in Tables 3 and 4, the global model generated a high R2, thereby substanti-
ating that a significant proportion of park vitality can be elucidated by the independent
variables chosen in this study. All VIF values of the elected independent variables are below
7.5, suggesting an absence of prominent collinearity problems among the independent
variables. Given the study’s relatively small number of observation points (n = 65), a t-test
was used to ascertain statistical significance. A t-test value of 1.96 was established. The
findings demonstrate that only the internal commercial facilities of the UGS exhibit statisti-
cal significance. The relative lack of statistical significance could be attributable to spatial
heterogeneity, manifesting in inconsistent internal and external facilities across parks of
divergent types, regions, and sizes. Moreover, the primary audience attracted by each park
varies, leading to a reduction in statistical significance. A review of the aforementioned data
reveals that the most influential factor with statistical significance is the internal commercial
facilities of the park, showing a robust positive correlation with park vitality. Following this
are the UGS’s internal sports facilities and external public buildings. Conversely, the most
significant negative correlation factor is the open space facilities within the UGS, trailed by
the park’s external transport facilities and dining establishments.

Table 3. OLS analysis result.

Variable Coefficients p-Value t-Value VIF

Intercept 112.44 1.00 1.43 n/a
Internal Facilities

Open space −16.50 0.065 −1.86 3.82
Sports facilities 25.16 0.445 1.16 1.96
Entrance/Exit 15.94 0.551 0.607 5.89
Public Toilet 27.69 0.391 0.96 7.11

Business 35.77 0.001 ** 3.89 4.00
External Facilities

Residential communities 1.67 0.111 1.53 3.05
Transportation facilities −3.73 0.827 −0.19 2.78

Eateries 1.17 0.460 0.70 2.77
Companies 1.56 0.451 0.74 1.72

Public infrastructure 19.65 0.293 1.29 1.87
** Correlation is significant at the 0.01 level.
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Table 4. Comparison of three analysis models.

OLS GWR MGWR

R2 0.745 0.854 0.854
Adjust R2 0.698 0.794 0.801

AIC 117.601 98.477 95.383
AICc 125.601 116.369 110.270

4.3. Spatial Heterogeneity Analysis of Impact Factors

This investigation has implemented three statistical methodologies, namely OLS, GWR,
and MGWR, to analyze the intricate relationship between UGS vitality and a spectrum
of internal and external determinants (Table 4). These models allow us to dissect the
research problem from varying angles and granularities, thus bestowing us a more holistic
understanding of the factors shaping park vitality and their corresponding impact levels.
The findings from each model will be meticulously dissected in the following in-depth
analyses to decipher the implications and influences of these results for the research into
park vitality and the practical sphere of UGS planning.

The OLS results operate on the premise that the influence of independent variables
on the static state of park vitality within the research locale is acknowledged. However,
in the context of spatial heterogeneity, the implementation of GWR was chosen for our
investigation. In comparison to the OLS model, which yielded an R2 of 0.745 and an
AIC of 117.601, the GWR model enhanced the R2 to 0.854 and reduced the AIC to 98.477.
Moreover, the MGWR model, transcending the fixed bandwidth constraints of GWR, is
also incorporated into this study. Despite no change in its R2 the adjusted R2 ascended
from 0.794 in GWR to 0.801, coupled with a decrease in AIC from 98.477 in GWR to
95.383. The GWR model, vis-à-vis the OLS model, furnishes a more nuanced picture by
augmenting model fitting and minimizing the information criterion, thereby unveiling
potential divergent relationships between park vitality and its influencers across varying
geographical locations. The MGWR model, surpassing the limitations of GWR, designates
the optimal bandwidth for each explanatory variable individually, facilitating a more
detailed examination of the spatial heterogeneity of each influence factor. Hence, on the
whole, MGWR emerges as more befitting for the research at hand.

Table 5 reveals a notable discrepancy in bandwidth search between the internal com-
mercial facilities of parks and the residential neighborhoods, whereas the bandwidths for
other impact factors remain identical. This could suggest that in the research area, the inter-
nal commercial facilities of parks and the facilities in residential neighborhoods external
to the parks exhibit a more significant density difference compared to other independent
variables, necessitating different bandwidths for processing. Given the slight bandwidth
difference between MGWR and GWR, their adjusted R2 value and AIC differences are
similarly minimal. However, this still sufficiently demonstrates the superior applicability
of the MGWR model to this study.

Table 5. Both MGWR and GWR rely on adaptive bandwidth for their calculations.

GWR MGWR

Internal Facilities
Open space 63.000 62.000

Sports facilities 63.000 64.000
Entrance/Exit 63.000 64.000
Public Toilet 63.000 62.000

Business 63.000 45.000
External Facilities

Residential communities 63.000 51.000
Transportation facilities 63.000 64.000

Eateries 63.000 64.000
Companies 63.000 64.000

Public infrastructure 63.000 64.000
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4.3.1. Internal Factors

The spatial distribution of the estimated coefficients of the internal variables selected
is depicted in Figure 6, where different colors represent the impact of various factors on the
vitality of UGS. From the results of the MGWR model, the internal influencing factors show
significant regional differences in their impact on the vitality of Changsha’s UGS; that is,
spatial non-stationarity exists.

Figure 6. Spatial heterogeneity analysis of internal factors influencing park vitality: (a) entrance;
(b) public toilet; (c) business; (d) sport facilities; (e) open space.

Looking at the results of each influencing factor, these variables show spatial hetero-
geneity in their impact on UGS vitality in different regions. For example, business and
public toilets positively correlate with the dependent variable. In contrast, open space has a
negative correlation with UGS vitality. In addition, the effects of sports facilities, entrances,
and exits on vitality show similar trends, with significant differences in spatial distribution.

In terms of the influence of internal business on UGS vitality, the southwestern region
demonstrates a stronger positive correlation compared to the central urban and northeastern
areas. Due to the relatively recent development of Changsha County in the northeast region,
the divergent trends between the southwestern and northeastern sectors suggest that urban
parks in the southwest area of Changsha are more effective at attracting visitors and stimulat-
ing park vitality through their business, like catering and commercial features. Interestingly,
data indicates that the presence of public toilets, which also positively correlates with urban
park vitality, exerts a significantly more substantial impact in the northeastern and central city
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regions than in the southwestern region, signifying that the influence of public toilets on park
vitality contrasts starkly with that of business on spatial vitality.

The effects of sports facilities and entrance–exit points on urban park vitality do not exhibit
a uniformly positive correlation across different spatial distributions. For example, sports
facilities mainly promote the park’s vitality in the central area along the Xiang River in eastern
Changsha. As they move away from the Xiang River, their effects tend to decrease. However,
the beneficial impact of entrance and exit points on enhancing the vitality of UGS is mainly
reflected in the northwest area of Changsha, which gradually decreases from north to south.

4.3.2. External Factors

In the context of external indicators (Figure 7), our analysis identified three significant
factors—the presence of external public facilities, residential communities, and nearby
companies—all of which predominantly demonstrate a positive correlation with the vitality
of UGS in Changsha City. Regarding the impact of external transportation facilities on
park vitality, although they have a common inhibitory effect on vitality, their spatial
distribution differs from that of external catering facilities and enterprises. The influence
in the Northeast is significantly more potent than in the central city and southwest. In
addition, residential community factors have the most substantial impact on park vitality,
with the overall pattern showing a high in the west and a low in the east.

Figure 7. Spatial heterogeneity analysis of external factors influencing park vitality: (a) companies;
(b) eateries; (c) public facilities; (d) transportation facilities; (e) residential.
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5. Discussions

A deep understanding of the interplay between the vitality of UGS and their associated
influencing factors bears considerable relevance for our nuanced appreciation of urban
development and its “micro” environmental contexts. Notably, existing investigations focus
on the holistic vitality of urban green spaces, often neglecting the spatial non-stationarity
of their influential factors. Consequently, these studies generally employ an “average” to
represent the weight of the influencing factors on the vitality of a city’s green spaces, be
they comprehensive, specific, or regional, thereby suggesting updated strategic approaches.
However, shifts in the surrounding milieu may render the results derived from global
models inapplicable to particular parks. This critical observation underpins the motivation
for exploring the spatial heterogeneity of the factors affecting park vitality.

5.1. Accuracy Improvement of UGS Vitality Assessment

The use of MGWR necessitates an extensive amount of observational point data, and
its integration with network information big data can maximize the advantages inherent in
each. On the one hand, alongside economic and societal advancement, the utilization of
mobile phones and their social applications is on the rise. The spatial vitality, represented
as a dependent variable, is quantified by the count of individuals accessing the network
within a given area, providing a more realistic representation of spatial vitality [85]. On
the other hand, POI data with spatial location enables an effective enumeration of spatial
vitality influencing factors within the research boundary. Consequently, the employment of
MGWR to compute and scrutinize big data with spatial location attributes is predicted to
yield superior fitting outcomes compared to both global and GWR models. This assertion
has been corroborated across various disciplines [39–41].

This investigation employs a suite of analytical models, namely the OLS, GWR, and
MGWR, to meticulously probe the intricate nexus between park vitality and an array of
intrinsic and extrinsic determinants. It entails a comparative evaluation of the UGS activity
simulations yielded by these distinct models. The MGWR model distinguishes itself by
exhibiting heightened sensitivity to spatial heterogeneity and robust multi-scale analytical
capabilities within this analytical framework. These attributes contribute substantially
to the enhancement of model fitting and precision. This enhancement is quantitatively
evidenced by a marked increment in the adjusted R2 value, which ascends to 0.801, and
a concurrent reduction in the AIC to 95.383, thereby affirming the superior performance
of the MGWR model over its OLS and GWR counterparts in capturing the dynamics of
UGS vitality.

The MGWR model’s prowess lies in its capacity to discern and elucidate nuanced
disparities in the spatial distribution of diverse influencing elements, including, but not
limited to, internal commercial amenities within parks and adjacent external real estate
developments. This capability accentuates the regional specificity and local nuances of
these variables. By meticulously calibrating the optimal bandwidth for each explanatory
variable, the MGWR model transcends the mere representation of spatial heterogeneity in
park vitality. It profoundly augments the model’s proficiency in elucidating and predicting
park vitality’s spatial dynamics. Consequently, given its pronounced efficacy in unraveling
complex spatial interrelations and elevating simulation precision, the MGWR model is un-
equivocally validated as the preeminent methodological choice for this research endeavor.

This study takes Changsha, China as a case to explore the spatial heterogeneity of
urban park vitality and its influencing factors. Interestingly, from the perspective of spatial
heterogeneity, the findings of this study are consistent with the results of research in other
regions of the world, such as sports facilities in Melbourne parks [86], commercial facilities
in Shanghai parks [87], sports facilities and open spaces in Singapore studies [77], and
public transportation in Seoul studies [88]. However, this study breaks through the scale
limitations of traditional research, allowing for a more precise description of the differences
in park vitality and its influencing factors in different urban areas. Additionally, the
vitality of parks in Changsha and their influencing factors are significantly impacted by
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economic activities, which contrasts sharply with characteristics such as racial segregation
in the United States [67], immigration issues in European cities [68], or urban expansion
in Australia [69], reflecting the specificity of this study. Nevertheless, the universality is
manifested in that the vitality of parks and their influencing factors in different regions all
exhibit variations due to social, racial, economic, cultural, and other factors. Therefore, this
study not only provides profound insights into the spatial heterogeneity of park vitality in
Changsha but also offers important references and inspirations for other regions studying
the spatial heterogeneity of park vitality and its influencing factors.

Overall, the determinants influencing urban park vitality do not manifest uniform
impacts across disparate spatial domains [89,90]. In the context of the evolving urban
and economic landscape, examining elements influencing urban park vitality necessitates
the incorporation of dynamic perspectives. The MGWR model, in comparison to its
counterparts, is particularly adept at capturing the spatial non-stationarity inherent in
factors affecting urban park vitality. It comprehensively accounts for spatial heterogeneity,
thereby facilitating the attainment of simulations more aligned with empirical realities.
This nuanced approach ensures that the model reflects the spatially variable nature of
influencing factors and underscores the dynamic interplay of these factors within the urban
fabric, resulting in a more nuanced and authentic representation of UGS vitality.

5.2. Effect of Urban Spatial Structure on the Heterogeneity of UGS Vitality

Considering the urban spatial structure, the trajectory of commerce and sports facilities’
development in Changsha City has been profoundly dictated by its inherent geographical
conditions.

Traditionally, Changsha’s bustling commercial zones have predominantly unfurled
along the banks of the Xiang River. As the ancient city walls were dismantled and large-scale
road infrastructures were erected in modern times, there was a notable southeastward shift
and expansion of the city’s area and populace. This shift became particularly pronounced
post-2000, with the urban residential areas gradually moving eastward following the
successful completion of the Wuyi Avenue expansion project. The current urban planning
strategy, an iteration of the 2014 blueprint, revolves around the “Wuyi square” central
axis and multiple auxiliary centers evolving synchronously. This strategic approach has
given rise to mature urban sections like Yuelu University Science and Technology City and
Huangxing Commercial Sub-center.

Under this framework, the western region is home to a cluster of universities, a pre-
dominantly young and middle-aged demographic, and comprehensively outfitted campus
sports facilities. Conversely, the eastern region leans heavily towards commercial shopping,
fostering a vibrant tourism economy with commercial streets densely interspersed. This
stark contrast in the business orientation and demographic profile of Changsha’s Xiang
riverbanks prompts noticeable discrepancies in the impact and correlation of the internal
metrics on the vitality of the city’s eastern and western divisions. This nuanced observation
underscores the heterogeneous nature of UGS preferences across different city regions.

The results unveiled by the MGWR bolster a trend wherein the variables under
study depict pronounced heterogeneity in their influences on urban park vitality across
spatial distribution, with each singular variable showcasing a clear linear trend within the
urban spatial distribution. For instance, dining and shopping positively correlate with
urban park vitality, with their influence intensifying from northeast to southwest in spatial
distribution—a pattern echoed by other metrics. This insinuates the crucial role of urban
location in impacting the efficacy of dependent variables on park vitality, thus underlining
that any renewal strategies for Changsha’s UGS must prioritize the variability of a single
factor’s influence on park vitality across diverse regions.

These results likely arise from differences in population demographics, economic
composition, and transportation conditions among varying regions. For instance, Changsha
exhibits a balanced pattern in the city center, with stark job-residential separation in the city
outskirts [91]. The westward Yuelu District has universities, implying a broad educational
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distribution. The eastern Furong District—hosting Wuyi Square, Yuanjialing, and the
railway station also presents its commercial structure’s highest concentration of large-scale
integrated shopping centers. Such findings further underline the significance of examining
spatial heterogeneity in UGS usage for subsequent construction.

5.3. Heterogeneous Differences in Factors Affecting UGS Vitality

The analytical outcomes derived from the MGWR model’s assessment of factors
impacting UGS vitality are comprehensively tabulated in Table 6. Notably, within the
ambit of internal indicators’ influence on vitality, open spaces predominantly correlate
negatively with the vitality of urban green spaces in Changsha City. This finding diverges
from established research paradigms yet does not inherently contradict other scholarly
works that identify a positive linkage between open spaces and spatial vitality. In this
context, ‘open space’ pertains to areas within urban parks designated for activities such
as rest, social interaction, and other quotidian engagements, encompassing plazas, open
grasslands, and sheltered bridges. Prior research predominantly pivots on the premise
that open spaces foster interpersonal interactions and pauses, concluding a psychological
experiential perspective. While prevailing studies advocate that open spaces are instrumen-
tal in attracting individuals, the empirical observations in actual park design suggest that
an overabundance of open spaces may inadvertently lead to the dispersal of individuals,
thereby attenuating the vibrancy of these spaces. This phenomenon aligns with the insights
garnered from previous scholarly investigations [75].

Table 6. Summary statistics for MGWR parameter estimates.

Variable Mean STD Min Median Max

Intercept 0.000 0.015 0.026 −0.004 0.040
Internal Facilities

Business 0.514 0.175 0.158 0.595 0.674
Open spaces −0.280 0.034 −0.328 −0.284 −0.206

Sports facilities 0.048 0.017 0.014 0.046 0.083
Entrance/Exit 0.091 0.017 0.055 0.090 0.119
Public Toilet 0.183 0.030 0.146 0.175 0.251

External Facilities
Residential communities 0.364 0.122 0.183 0.370 0.572
Transportation facilities −0.179 0.042 −0.238 0.187 −0.097

Eateries −0.026 0.025 −0.065 −0.027 0.017
Companies 0.133 0.023 0.090 0.135 0.163

Public infrastructure 0.172 0.013 0.145 0.173 0.192

Contrastingly, amenities such as catering and commercial facilities serve as focal points
for congregation, thereby amplifying the density of spatial vitality. This phenomenon un-
derpins the observed positive correlation between indicators of catering businesses and
park vitality in internal assessments. A noteworthy observation from the study is the
predominantly positive correlation between the selected dependent variables and the north-
eastern quadrant of the study area. This pattern may be intricately linked to the temporal
dynamics of urban development. Relative to the central urban core and the southwestern
district, the northeastern sector is a later entrant in urban evolution, characterized by
comparatively lower population density and infrastructural development. This area’s bur-
geoning demographic, fueled by urban–rural migration and the swift expansion of suburbs
and emergent towns, has precipitated an escalating demand for multifunctional UGS. This
trend underscores the heightened necessity for amenities within parks, resonating with the
community’s evolving requirements. The observed correlation suggests that the internal
park facilities, as delineated in the study, play a pivotal role in catalyzing the vitality of
green spaces in the northeastern region. The research findings imply that the construction
of internal indices, as conceptualized and implemented in this study, is instrumental in
nurturing and enhancing the vibrancy of local green spaces, particularly in the burgeoning
northeastern areas, thereby underscoring the efficacy of strategic amenity placement in
fostering dynamic and lively UGS.
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Previous research hinged on the notion that open spaces stimulate interpersonal in-
teraction and dwell time, emphasizing psychosocial perception-based results [27,59,79].
Despite the conventional wisdom that open spaces effectively draw crowds, actual park
development with a surplus of open spaces could lead to an overdispersion of individuals,
suppressing vitality and aligning with prior investigations [75]. Conversely, dining and
commercial facilities that can effectively concentrate people and elevate spatial vitality
density may explain why such indices positively correlate with park vitality internally [74].
Notably, the selected dependent variables generally correlate positively with the northeast-
ern region, potentially linked to its developmental timeline. Relative to the central and
southwestern districts, the northeast experienced delayed development, with its popu-
lation density and infrastructure level being relatively low. However, with the surge in
urban-rural migration in recent years, rapidly expanding suburbs and newly developed
towns face an escalating demand for multifunctional UGS.

Consequently, the higher demand for UGS infrastructure among participants sug-
gests that the selected internal metrics could effectively kindle green space vitality in
the northeastern region. As observed from the external factors, the vitality of UGS in
Changsha City predominantly hinges on elements such as public infrastructure, external
eateries, housing communities, and companies. This observation aligns seamlessly with
prior studies [87,92,93], reiterating that residents from neighboring communities and cor-
porate personnel persist as the primary contributors to UGS. Particularly in the northeast,
the presence of companies significantly bolsters vitality. This might be attributed to this
region’s dense concentration of industries and vocational institutions, where personnel
from surrounding companies form a crucial segment of UGS participants.

Concurrently, the south witnesses a notable concentration of municipal public infras-
tructures, contributing more significantly to UGS vitality. While transportation facilities
seemingly exert a suppressive impact on UGS vitality across all areas, their inhibitory influ-
ence is comparatively less pronounced in the northeast, indicating the indispensable nature
of public transportation facilities, such as subway stations, particularly for urban parks
farther from the city center. The suppressive role of transportation facilities on UGS vitality
can be deciphered from the spatial patterns of Changsha’s job–housing distribution, which
is marked by significant commuting distance and time disparities. With a high frequency
of population movement and dense residential communities, especially in the southwest,
which has a dearth of office facilities, the problem of job-housing segregation becomes
pronounced. This intensifies the commuting pressures on residents, thereby triggering a
negative impact on park vitality—an effect most conspicuous in the southwest. Conversely,
in the southeast and northeast regions, public infrastructure and businesses have effectively
addressed local employment concerns, thereby centralizing job-housing and minimizing
the impact of commuting.

In summary, findings from the MGWR study underline the considerable spatial vari-
ations in how the chosen independent variables influence the vitality of UGS. From an
urban developmental history perspective, the increasing urban migration and peripheral
expansion have amplified the differential manifestations of urban population characteris-
tics, economic conditions, and transportation facilities across various urban regions. These
evolving regional disparities and urban growth have resulted in heterogeneous park space
needs, further echoed in the diverse promoting effects of different built environment indica-
tors on UGS vitality. The diversity of parkgoers and the evolving nature of the surrounding
built environments necessitate a fresh evaluation of the varied roles of different indices in
stimulating park vitality during the construction of urban parks in diverse regions.

6. Conclusions

This study innovatively utilizes the MGWR model and multi-source big data, includ-
ing Baidu Huiyan vitality data and Amap geospatial data, to investigate the spatial vitality
of urban green spaces at the city scale. The research reveals marked spatial heterogeneity in
factors influencing park vitality across diverse urban sectors, providing insights into intri-
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cate spatial patterns and dependencies between park vitality, residential communities, and
commercial amenities. This methodological advancement beyond traditional frameworks
enhances precision in assessing UGS vitality, offering valuable guidance for urban planners
and policymakers. The study highlights the importance of recognizing and incorporating
spatial heterogeneity in urban park planning, catering to dynamic urban evolution and
economic development levels.

Furthermore, the methodologies and outcomes of this study hold considerable im-
portance for park planning in Chinese urban centers, particularly Changsha, and offer
novel perspectives and tools for investigating park vitality in other international cities. By
examining the characteristics and determinants of park vitality across various countries
and regions, this research contributes to a deeper comprehension of the global patterns
and regional disparities in urban green space vitality. Consequently, it provides valuable
references for planning and managing urban green spaces worldwide.

The research highlights factors influencing UGS vitality, both internal and external
facilities, in Changsha’s case study. These factors exhibit non-uniform spatial distributions,
such as eateries impacting more from the northeast to the southwest, while sports facilities
show an east–west divergence. The MGWR model outperforms traditional ones, offering
nuanced insights for tailored UGS strategies. The study suggests prioritizing multifunc-
tional UGS in Changsha’s northeast for enhanced vitality, emphasizing minimal influence
from augmenting transportation infrastructure. A customized approach is advocated for
addressing specific human resource needs in different areas.

The limitations of our study primarily stem from potential inaccuracies in spatial
vitality data due to errors in data location features and potential underrepresentation of
particular demographic groups, notably older people and children. There is a recommenda-
tion to explore and implement novel data collection methods to address these limitations
in future research. Such efforts aim to ensure a more comprehensive and representative
dataset, ultimately enhancing the precision of UGS updates, fostering improved park
environments, and contributing positively to urban dwellers’ overall quality of life.
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Conceptualisation of the Regulatory

Framework of Green Infrastructure

for Urban Development: Identifying

Barriers and Drivers. Land 2024, 13,

692. https://doi.org/10.3390/

land13050692

Academic Editor:

Thomas Panagopoulos

Received: 23 March 2024

Revised: 19 April 2024

Accepted: 27 April 2024

Published: 15 May 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

Conceptualisation of the Regulatory Framework of Green
Infrastructure for Urban Development: Identifying Barriers
and Drivers
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Abstract: Urban green infrastructure plays a crucial role in sustainable city development by offering
a multitude of benefits, including improved environmental quality, increased social well-being, and
enhanced economic prosperity. Evaluation and monitoring of regulatory implementation stand as
essential components in the advancement of urban green infrastructure (GI) as they indicate the
efficacy of regulatory acts and enable the assessment of their implementation success and adaptability
to identified needs. This study identifies barriers and drivers based on the views of 352 profes-
sionals surveyed between 2018 and 2023 in Serbia. The primary data collection method employed
questionnaire surveys. This study identified a range of barriers within existing legal frameworks,
foremost of which include the lack of coordination and coherence between relevant ministries and
governmental agencies, insufficient financial and human resources, the lack of transparency in the
regulation development process, the need for strengthening technical capacities, and the absence of
an adequate urban GI strategy. This research serves as a foundation for conceptualising GI regulatory
elements that enhance urban GI development. Addressing these barriers necessitates efforts to im-
prove coordination and collaboration among stakeholders, increase public participation, and enhance
transparency in the regulatory process.

Keywords: green infrastructure; conceptual framework; institutional innovation; green infrastructure
regulation; ecosystem services

1. Introduction

1.1. Theoretical Background

Rapid urbanisation across the planet has left a significant ecological footprint, resulting
in profound changes to landscape patterns and ecosystem structures and functions. This
trend ultimately leads to the degradation and fragmentation of natural and nature-like
elements, undermining the integrity of landscapes. Moreover, it contributes to the emer-
gence of urban heat islands, increased greenhouse gas emissions, and reduced biodiversity.
Concurrently, there is an evident decline in health and well-being, which, combined with
the effects of intense climate change, adversely affect the quality of life of residents of
modern cities [1–4].

As the key driver of changes in the quality and integrity of environmental elements,
urbanisation necessitates the adaptation of urban landscape planning models towards
greater sustainability [5,6]. The concept of sustainability should primarily respect existing
natural values within urban settings to determine new planning models based on landscape
ecology principles that will enable the preservation of existing and the creation of new
nature-like elements in the urban structure [7]. The planning model should, by no means,
be viewed as a static instrument but be based on emerging knowledge regarding climate
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change and innovative approaches to sustainable planning; it should create a dynamic rep-
resentation of the city as an adaptable organism that can provide space for the coexistence
of nature and city residents [8]. Of course, planning the metropolitan areas of landscapes at
the regional and global levels requires more than just having models based on scientific
hypotheses that have been validated in local practice. It also requires having a sufficient
regulatory framework to allow the process to be applied.

Green infrastructure has been identified as an effective measure to address many of the
negative consequences of urbanisation and climate change and to improve the sustainability
of urban development [9–11]. Urban landscapes are saturated with non-porous surfaces,
which serve as the foundation for urban processes and functions. In this context, natural
and nature-like elements fail to provide ecosystem services adequately and effectively.
Green infrastructure is a concept that unites elements of different forms and spatial levels
into a system that represents a conglomerate of ecosystem services capable of responding
to the challenges posed by climate change, improving the environment, and ensuring the
quality of life of city residents [12]. In addition, the efficient planning of GI elements, such
as parks, tree-lined streets, blue–green corridors, recreational spaces, and individual trees,
forms a resilient network that, through ecosystem services, promotes sustainable cities and
provides an environmental platform for creating a smart city [13,14].

In light of the recognised value of the green infrastructure concept, governments
worldwide are dedicating considerable efforts to integrate GI into their policy programs
and planning guidelines [15]. This process is particularly aided by the emergence of the
United Nations Sustainable Development Goals [16] set for 2030, underscoring the role
of green infrastructure in achieving the goals related to conserving life on land (SDG 14),
ensuring clean water (SDG 6), and adapting to climate change (SDG 13) [17]. However,
research has confirmed the uneven presence and distribution of GI elements within the
regulatory framework because of various factors. These include historical context, state
policies aimed at increasing property value, financial constraints for GI maintenance and
development, top-down political decisions and their implementation, and limited public
involvement [8,18,19].

1.2. Development of the Conceptual Framework for Green Infrastructure

The concept of green infrastructure has been seeking its place within the regulatory
framework of planning institutions and practices worldwide for decades. Presently, three
informal phases of this process have been delineated [20]: the exploration phase, which
occurred during the 1990s and primarily focused on uncoordinated scientific research on
the ecological functions of green infrastructure to a limited extent; the expansion phase,
which took place during the 2000s and initiated a broader discussion on the principles and
values of green infrastructure; and the consolidation phase, which started around 2014,
with earnest efforts to integrate green infrastructure into policy.

In the USA, this concept primarily materialised as blue–green infrastructure, serving
the function of natural resource protection and water management, particularly at the
urban scale [21]. Although larger cities, such as Boston, New York, and Philadelphia, as
pioneers in this process, recognised the value of urban green spaces and integrated them
into conservation efforts, this approach did not systematically influence other cities [22]. In
recent decades, countries in Asia and the Global South have also been actively engaged
in researching the impact of green infrastructure on the quality of urban landscapes and
exploring modalities for the development of planning guidelines [23]. Within Europe, green
infrastructure is embraced as both a spatial and functional concept, extensively covered in
numerous reports and strategies. The presence of the ecological network concept rendered
Europe as being fertile ground for the adoption of this new approach, with particular
significance attributed to the EU Green Infrastructure Strategy. This strategy identifies
green infrastructure as an integrated network of natural features that enhance the status and
perception of ecosystem services across various sectors, including biodiversity preservation;
climate adaptation; forestry, soil, and water protection; and the circular economy [24].
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The advancement of the application of the concept of green infrastructure in the UK is
particularly significant, given the long tradition of landscape and green area planning. Key
principles supporting green infrastructure planning, along with proven methodologies,
have been identified [25].

In previous research, green infrastructure has consistently demonstrated its capacity
to address the challenges posed by modern city development and climate change across
various scales, from global to local. It operates on principles such as multifunctionality,
connectivity, diversity, and identity. However, one of the challenges lies in the comprehen-
sive regulation of green infrastructure, as its spatial and functional coverage is vast and
intertwined with geographical contexts [24,26].

Countries in transition, such as Serbia, face similar challenges stemming from territo-
rial irregularities and uneven urban systems. For instance, Belgrade, Serbia’s capital, hosts
more than 15% of the country’s urban population and serves as the centre for most urban
functions, including finances, education, and culture [27]. In addition, the metropolitan area
of Belgrade, along with other cities, accommodates more than half of Serbia’s population
but comprises less than 2% of all the settlements [28]. Consequently, Belgrade grapples with
numerous environmental issues related to air quality, urban heat islands, flood occurrences,
soil erosion, and the loss of biodiversity [29,30]. To address these challenges and integrate
green infrastructure into urban development for a more sustainable, resilient, and healthier
city, a systemic regulatory approach becomes imperative. Given its development, Belgrade
serves as an ideal testing ground for the application of green infrastructure concepts, con-
tributing to more effective protection, management, and restoration of urban ecosystems.
Although Belgrade has a certain tradition regarding the city’s natural values, dating back
to the first urban plan in the late nineteenth century and the concept of the green belt
introduced in the thirties of the twentieth century, a systemic framework for regulating
green infrastructure has been notably absent until now.

The dogmatic approach represented in land use planning regulations reflects a specific
law system influenced by traditional and cultural attitudes towards urban open spaces
and their resources. Consequently, identifying a universal and inclusive approach to
the development of green infrastructure regulations proves to be challenging. Moreover,
decision-makers and planners crucial to regulation development often employ incoherent
and uncoordinated strategies because of the abundance of literature and examples on
green infrastructure models, coupled with the lack of clarity on regulatory development
approaches and instruments [31]. The methodological framework of our study was es-
tablished through the formation of a conceptual framework aimed at identifying barriers
and drivers within a comprehensive scope. It is essential to form a consensus around
the establishment of an organisational strategy capable for addressing all the questions
regarding the treatment of green infrastructure elements. The initial construction of the
applied approach relied on the models that were used and proved during the analysis of
the modalities of the formation and success of the regulatory framework. These models
relied on determining the viewpoints of professionals dealing with green infrastructure
from different aspects and at different scales [32]. It is crucial to identify all the barriers,
recognised by active professionals in the field, impeding the transformation of the spatial
planning system and obstructing the institutionalisation of the green infrastructure con-
cept [33]. To address this, a list of pertinent questions was formulated to highlight potential
drivers identified by professionals directly or indirectly during their work [34].

This conceptual framework serves as the interconnection of different concepts and
provides a comprehensive understanding of the integral role each concept plays within
the network [35]. Detailed data collection and aggregation were essential for developing
this framework. The conceptual framework, depicted in Figure 1, is based on knowledge
derived from both theory and practice. These findings will contribute to the scientific
discourse on green infrastructure and aid practitioners seeking to understand appropriate
planning and design processes.
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Figure 1. Dual approach in the study: theoretical foundations and practice.

Consequently, research conducted between 2018 and 2023 in Serbia surveyed 352 pro-
fessionals and representatives of 33 city and state organisations relevant to GI. The aim
was to identify barriers and drivers within a broad conceptual framework in the following
areas: (1) formulating a legal framework for GI; (2) regulating the conservation of existing
GI elements; (3) improving GI planning regulation; (4) improving regulation in the fields of
design and construction; (5) enhancing regulation for green infrastructure maintenance;
(6) regulating GI management; and (7) enhancing awareness, knowledge, and information
dissemination about GI.

Drawing from both theoretical foundations and practical applications, green infrastruc-
ture (GI) can serve as the missing link between people, nature, and the built environment.
It offers a cost-effective and efficient solution for addressing multiple challenges simultane-
ously [36], achieved through the integration of interdisciplinary factors such as pollution
mitigation, habitat and biodiversity conservation, improvement in the quality of life, provi-
sion of food and energy, facilitation of recreation, and enhancement of landscape values.

2. Method

To conceptualise the regulation of green infrastructure (RGI) in Serbia, the viewpoints
of professionals directly or indirectly involved in green infrastructure (GI) were explored.
An examination and analysis of the scientific literature facilitated the thematic mapping
and categorisation of these viewpoints [37] to facilitate the selection and direction of the
survey [38]. The selection criteria for respondents were based on their understanding
and expertise related to assessment tools and other evaluation methodologies, as well as
their professional interest in GI development. Therefore, the study did not encompass the
viewpoints of citizens, as knowledge and experience were considered as being necessary for
the systemic approach to GI regulation. Questionnaires were distributed among landscape
architects, urban planners, spatial planners, architects, civil engineers, forestry engineers,
horticulture engineers, and ecologists, as well as professionals in law, culture, tourism,
environmental and nature protection, transportation, technical infrastructure, economics,
and others employed in institutions with experience in GI.

Professionals employed in urban secretariats (departments for environmental protec-
tion, urban planning and construction, communal and residential affairs, culture, economy,
transportation, etc.); government institutions (construction, transportation, infrastructure,
environmental protection, etc.); state and city public enterprises engaged in the planning,
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management, and maintenance of green infrastructure elements (public green spaces,
forests, watercourses, etc.); as well as non-governmental organisations focused on enhanc-
ing urban quality were surveyed.

The total number of professionals surveyed amounted to 352. The study made use of
data collected from surveys conducted between 2018 and 2023 (Table 1).

Table 1. Summary of surveys conducted among professionals from 2018 to 2023.

Survey
Number of
Participants

Participant Type
Number of

Questions in the
Questionnaire

Legal Regulation as a Mechanism for Green
Space Sustainability (2018) 47 Individuals—professionals 31

Green Infrastructure in Serbia (2019) 167 Individuals—professionals 24

Green Infrastructure Strategy (2020) 96 Individuals—professionals 8

Green Infrastructure Strategy of Belgrade (2023) 42 Representatives of 32 city and
state organisations relevant to GI 45

Before conducting the survey in 2018, pilot interviews were conducted with experts
from national professional associations, with the support of the Ministry of Environmental
Protection of the Republic of Serbia. The aim was to define the questions to be answered in
a larger sample. Pilot interviews, serving as trial surveys in this research, were conducted
with a sample of 10 respondents to identify and rectify any errors before broader data
collection. Additionally, they helped to identify any ambiguities enabling surveyors to
seek clarification from respondents [39]. The questionnaires were structured to encom-
pass various types of questions, including closed-ended questions with a predefined set
of responses, open-ended questions, and open-ended questions allowing for additional
responses. Questions were classified based on different aspects related to which profes-
sionals’ attitudes were assessed. During a workshop held on 31 October 2018, participants
responded to questions related to the preservation of existing greenery and green spaces
(9 questions); planning, designing, and constructing new green spaces (10 questions); and
using and maintaining green spaces (12 questions). The questions were open-ended to
avoid bias in the research (Supplementary Material S1).

The responses partly confirmed the emphasis on problems that had already been
identified as being significant, but there were also entirely new topics based on which the
questionnaire (Supplementary Material S2) was compiled for the subsequent year of the
research. This questionnaire included both closed- and open-ended questions.

An electronic survey was conducted in September and October 2019, containing
the following question groups: general information about the respondents (4 questions);
understanding of the concept of GI (2 questions); assessment of the state of GI in Serbia
(12 questions); suggestions for improving the state (5 questions); and additional comments
(open-ended responses).

In the third year of the research, based on the surveys conducted in 2018 and 2019, a
questionnaire was structured comprising both closed- and open-ended questions
(Supplementary Material S3). In October 2020, an electronic survey was conducted on the
possibilities for implementing the European Green Infrastructure Strategy in Serbia. The
questionnaire consisted of general information about the respondents (2 questions) and
questions about the European GI Strategy and its implementation in Serbia (5 questions).
With knowledge obtained from literature reviews and three conducted surveys, a question-
naire (Supplementary Material S4) with open-ended questions was structured in 2023. The
qualitative research method of “in-depth” interviews was utilised, where the interviewer
engaged respondents in dialogue and posed additional questions to clarify their responses.
This survey was implemented as a part of the “Belgrade Green Infrastructure Strategy”
project, and a survey was conducted with questions related to the legal framework of
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GI (4 questions); organisation, management, and procedures in the context of GI (9 ques-
tions); preservation of existing GI elements (3 questions); GI planning (11 questions); GI
design and construction (8 questions); GI maintenance (4 questions); and awareness and
knowledge of GI (6 questions).

For the purpose of this study, all the questionnaires were transcribed and coded, with
repetitions and digressions omitted beforehand. The most frequent and relevant responses
were utilised and systematised into areas that could be parts of GI regulation. The number
of responses to individual questions varies because participants did not respond to every
question that was posed.

The surveys were analysed using text analysis techniques [40]. Microsoft Excel 2016
(KB5002454) 64 was used for creating graphical illustrations.

3. Results

3.1. Legal Regulation as a Mechanism for Green Space Sustainability

In the survey on legal regulation as a mechanism for the sustainability of green
spaces (2018), participants were presented with a total of 31 questions. From the first group
focusing on the “Preservation of Existing Greenery and Green Spaces”, a total of 9 questions
were aimed at gathering ideas to be incorporated into regulations to preserve existing green
spaces as being the most developed and, therefore, most valuable for the environment. The
key responses are presented in Table 2.

Table 2. Selected suggestions from respondents for the preservation of existing greenery and
green spaces.

Preservation of Existing Greenery and Green Spaces

� Green spaces should be a public good (public interest).
� A new law or sublegal act should be developed to regulate greenery.
� Existing green spaces should benefit from a certain level of protection.
� There should be a cadastre of greenery as a part of the spatial database.
� The conversion of green areas should be prohibited.
� Mandatory fieldwork should be introduced for planners and designers, and the existing one should be valorised.
� Participation of landscape architects in planning commissions should be made mandatory.
� Penalties and compensation for destroyed greenery should be introduced.
� Tax incentives for investors to protect existing greenery should be provided.
� Plans and projects should be adapted to existing vegetation.
� Technical standards for protecting existing greenery during construction should be developed.
� Preference should be given to existing trees over installations.

The second group of questions, totalling 10, focused on “Planning, Designing, and
Building New Green Spaces”. The questions aimed to generate ideas for improving
regulations in the spatial planning process for the more efficient creation of new green
spaces. The key responses are presented in Table 3.

The third group of questions, totalling 12, focused on the “Utilisation and Mainte-
nance of Green Spaces”. This group of questions aimed to propose measures that would
standardise construction works, the initial maintenance after the establishment of green
spaces, and mandatory maintenance and offer solutions to ensure the issues of green space
survival. The most valuable suggestions are presented in Table 4.
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Table 3. Selected suggestions from respondents for planning, designing, and building new
green spaces.

Planning, Designing, and Building New Green Spaces

� Defining a protocol for green space planning;
� Incorporating the protection of existing greenery within the planning framework;
� Introducing new parameters for evaluating greenery, such as ambience, cultural values, and ecosystem services;
� Introducing standards to the planning process;
� Planning structured greenery (at all levels, not just lawns);
� Introducing subsidies for new green spaces;
� Ensuring equal treatment for biotechnical objects as for buildings;
� Planning and designing in line with contemporary needs, such as water conservation, soil porosity preservation, connectivity,

green roofs, green facades, and using plants resilient to altered microclimates;
� Planning the unity of blue–green corridors;
� Protecting greenery on private property through planning;
� Implementing clearer control mechanisms.

Table 4. Selected suggestions from respondents for the utilisation and maintenance of green spaces.

Utilisation and Maintenance of Green Spaces

� Developing standards for design and construction works;
� Standardising descriptions and norms of works;
� Creating regulations defining initial maintenance works after the establishment of green spaces, specifying types of works,

warranties, calculation methods, etc.;
� Providing conditions to increase the self-sustainability of green spaces;
� Defining mandatory maintenance requirements;
� Inciting the maintenance of private spaces and offering them expert maintenance guidance;
� Including a professional, such as a landscape architect, as a member of the urban planning team;
� Establishing a centre for processing plant waste;
� Introducing irrigation systems, combined with the use of atmospheric water;
� Preventing encroachment on green spaces;
� Prohibiting the unplanned planting of Christmas trees.

3.2. Green Infrastructure in Serbia

In the second, electronic survey (2019), general information about the respondents cov-
ered questions regarding their profession, area of work, level of education, work experience,
and gender (Figure S1 in the Supplementary Material).

This group of questions concerning “Understanding the Concept and Importance of
GI” aimed to examine experts’ attitudes regarding the importance and impacts of various
elements of GI. In response to the question, “Evaluate to what extent the following terms
relate to the concept of ‘green infrastructure’”, nine options were provided to discover
which elements professionals considered to be the most valuable in GI within urban
environments and surroundings. The responses are presented in Figure 2.

Of the nine provided terms, all the elements of green infrastructure were rated as
being significant. However, experts considered parks, tree rows, and urban fringe forests
to be the most important elements of green infrastructure. The importance of roadways,
zones of individual housing, and agricultural land was rated the lowest.

Responses to the question “Evaluate the importance of green infrastructure for the
quality of life in urban environments”. are presented in Figure 3.

Of the 11 provided responses, experts assessed that GI was very significant for all
11 contributions but mostly for its impacts on the climate, air quality, biodiversity, and
ambience. Respondents less commonly perceived the importance of GI for residents’
education and soil quality.
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Figure 2. Summarised responses to the question “Evaluate to what extent the following terms relate
to the concept of ‘Green Infrastructure’”.

Figure 3. Summarised responses to the question “Evaluate the importance of green infrastructure”.

Within the group of questions concerning the “Assessment of the Current Situation in
Serbian Cities”, respondents were tasked with evaluating how GI is treated in practice in
Serbia based on 12 indicators. In response to the question, “Based on your own experience
and observations in your environment, assess the current state of the relationship to green
infrastructure, considering the listed evaluation elements”, they were offered 12 elements to
assess the relationship to GI. These elements were aimed to reveal the general relationship
to green spaces, e.g., whether experts check the situation in the field, whether documents
contain all the necessary information, whether plans include conditions for nature protec-
tion, whether responsibilities are defined, and what is the position of experts. Elements
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were rated from poor treatment (rating 1) to the best treatment (rating 5) and are presented
in Figure 4.

Figure 4. Summarised responses to the question “Evaluate the relationship to green infrastructure
in Serbia”.

Ratings for all the elements fell between 2 and 3, indicating that surveyed experts
assessed the treatment of GI as being very unfavourable. The lowest-rated aspect referred
to the respect for existing greenery during planning, design, and construction. This rating
of the relationship to GI was unfavourable.

In response to open-ended questions, various measures were proposed to enhance
the development of GI in Serbian cities through legislative regulation, rules, organisation,
standards, etc.

In response to the question “Suggest measures for preserving existing elements of
green infrastructure”, the following measures emphasising the preservation of existing
elements of GI were underscored: drafting a specific law, prescribing the prohibition of
tree destruction and imposing penalties for offenders, broadening the responsibilities of
expert commissions for tree assessment, mapping and documenting the existing condition,
creating a cadastre, education and awareness raising, defining a responsible manager
(director), and declaring greenery as public property.

Regarding the development of the cadastre, the majority of the respondents, when
asked to “Suggest measures for implementing the green infrastructure cadastre”, pro-
posed the following: allocation of financial resources from the state and municipalities,
engagement of experts for cadastre-related tasks, organising training for professionals
and municipal authorities, and digitalisation in the field of green infrastructure and the
development of a GIS (geographic information system) for these purposes.

In response to the question “Propose measures in the field of planning aimed at
improving and developing green infrastructure in the cities of Serbia for the needs of GI
planning”, the following answers were highlighted: the establishment of a cadastre as a
basis for planning, the development of a preliminary strategy, team collaboration among
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various experts, mandatory involvement of landscape architects in plan development, the
development of regulations, the establishment of planning standards and norms, and the
implementation of special measures for preserving green corridors.

In the sphere of the design, in response to the question “Suggest measures for improv-
ing green infrastructure”, the following proposals were made: introducing an obligation to
carry out projects, mandating the preparation of a bioecological plan and an assessment of
the existing state, clarifying the conditions of urban plans, formulating new regulations,
developing standards in design, and utilising native species.

Answers to the question of how to organise or manage green infrastructure in Serbian
cities demonstrate great diversity and opposition among experts’ opinions. It was proposed
that organisations, such as public utility companies, public urban planning enterprises,
city secretariats, city landscape architects, nature conservation institutes, municipal admin-
istrations in collaboration with municipal police, and even private organisations, should
take over the management of GI. However, there were opposing proposals suggesting that
public utility or urban planning enterprises should not be managers because of conflicts of
interest. Instead, these respondents proposed the establishment of a special organisation—a
directorate for GI.

Some of the surveyed professionals had additional comments. In these additional,
as well as other written, responses, the following points were emphasised: the needs to
organise professional conferences; raise awareness among residents; ensure greater involve-
ment of landscape architects in spatial planning; allocate more funds; adopt strategies,
laws, rules, and standards; and combat corruption. There was also a highlighted need to
abolish the monopoly of urban public utility companies for greenery to create healthier
competition and higher-quality and more-affordable services.

3.3. Implementation of Green Infrastructure Strategy

In the third, electronic survey (2020), general data on the respondents included ques-
tions regarding their gender, level of education, and field of professional engagement
(Figure S2 in the Supplementary Material).

The second set of questions aimed to examine the opinions of the professional com-
munity regarding the European Green Infrastructure Strategy, its significance, the need for
it, and the potential opportunities for its application in domestic regulations. The questions
and answers are presented in Figure 5.

In 2020, half of the surveyed professionals were only partially familiar with the
European GI Strategy (2013). Professionals believed that GI should definitely be established
in the legislation of the Republic of Serbia, either through a new law or by inclusion in
existing ones. The most prevalent opinion among surveyed experts was that GI should be
integrated within the framework of all the relevant laws. The majority of the respondents
believed that a potential GI Strategy in Serbia should be defined at both the national and
local levels. Over 80% of the surveyed professionals thought that GI should be planned
synchronously both as a separate theme and within sectoral themes.

Considering the state of practice in Serbia and the year of conducting the survey
(2020), even the partial familiarity of the professional community with the existence of the
European GI strategy can be considered as being acceptable awareness. Over time, this
awareness undoubtedly increases. The multidisciplinary perspective of all the professionals
on the GI issue is particularly valuable. This survey shows the strong determination of
the respondents that it is necessary to legislate in the area of GI. In this regard, it can be
concluded that working on a systematic approach to regulation is a logical step towards
forming a regulatory framework for GI.

126



Land 2024, 13, 692

 

Figure 5. Summarised responses to the set of questions aimed to examine the opinions of the
professional community regarding the European Green Infrastructure Strategy.

3.4. Green Infrastructure Strategy of Belgrade

After identifying and systematising issues, the development of the Green Infrastruc-
ture Strategy of Belgrade (2023) included 820 ideas submitted as proposals. The proposals
were classified as responses to the registered problems. The highest number of proposed
ideas fell within the Planning of Green Infrastructure (166), while the least was related to
the Preservation of Existing GI Elements (64). Based on the questionnaire from the Belgrade
GI Strategy survey, problems were systematised and classified into 8 groups, and the most
frequent responses were singled out (Table 5).

Table 5. Systematisation of issues and most frequent responses.

1. General issues regarding GI:

� The lack of a systematic approach towards GI;
� Unequal treatment of GI compared to other urban structures;
� Failure to recognise the link between GI and ecosystem services;
� Insufficient recognition and application of GI in climate change adaptation;
� The lack of knowledge and awareness about GI as a public interest and general natural and cultural asset.

2. Legal framework issues of GI:

� The absence of a legal framework in the field of GI at all levels;
� Inadequate implementation of existing legal and planning regulations in areas related to GI elements;
� Inadequate prescribing of sanctions in the field of GI;
� Inadequate inspection control.

3. Issues of organisation, management, and procedures in the context of GI:

� The existing organisational structure is insufficient for the development of GI;
� Poor intersectoral collaboration;
� Incomplete and imprecise conditions of public authorities for planning and developing technical documentation;
� The lack of incentive measures for the development of GI;
� Jurisdictional issues over GI elements;
� Owners and/or users of certain GI elements lack the capacity for their maintenance and improvement (schools, hospitals,

residential blocks, etc.);
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Table 5. Cont.

� The absence of models enabling the maintenance of public GI elements by the private sector;
� Inadequate collaboration established between citizens and public authorities;
� “Shifting responsibilities” to managers who lack the capacity to solve specific problems (e.g., illegal construction on

GI surfaces).

4. Issues for preserving existing GI elements:

� Degradation and usurpation of GI elements (often viewed as spatial resources and space available for construction);
� Vulnerability of GI elements not formally protected but valuable in terms of biodiversity conservation, cultural heritage,

and/or spatial identity;
� Insufficient recognition of GI elements in private ownership.

5. Problems for GI planning:

� Insufficient number and surface area of GI elements, poor spatial distribution, and lack of connectivity;
� Inadequate space reserved for new GI elements during the planning process;
� Ignoring the potential for addressing environmental issues resulting from climate change through GI planning;
� The lack of a multidisciplinary approach for planning, in which spaces of different purposes are planned integrally with GI

elements;
� Inconsistent regulative norms for preserving existing and constructing new GI elements;
� The absence of a planning approach that improves conditions and addresses problems by respecting ecosystem services;
� Failure to conduct evaluations for planning solutions through levels of ecosystem service provision;
� Inconsistent typology of GI within the city territory;
� Incomplete geographic information system (GIS) for GI;
� A tendency to plan public GI not accessible to everyone;
� Unresolved property–legal relationships affecting existing and planned GI elements.

6. Issues with designing and constructing GI:

� Designing and building without assessing and integrating existing GI elements into the solution;
� Underutilisation of the potential for forming GI structures, such as roofs, walls, and facades, of public and private buildings;
� Conflict between technical infrastructures and GI;
� Neglecting the multifunctional (environmental and aesthetic) significance of GI elements during GI feature design;
� Overlooking the multifunctionality of GI elements during feature design (impacts on its aesthetics, microclimate influence,

noise reduction, etc.);
� Inadequate equipment for public green infrastructure elements;
� The lack of a wide range of plant materials in the domestic market, especially those suitable for extreme conditions in urban

environments and changing climate conditions;
� The absence of an approach designed to enhance biodiversity in project solutions;
� The lack of data on GI elements within location information (construction possibilities and restrictions).

7. Maintenance issues of GI:

� Inadequate financial resources for the regular maintenance of GI;
� Insufficient staffing capacities;
� Inadequate maintenance of green areas adjacent to multi-family (collective) residential buildings;
� The presence of invasive species in GI elements and the lack of a systemic solution for their permanent elimination.

8. Awareness and knowledge about GI:

� Insufficient education of stakeholders in the decision-making, planning, and design processes regarding the significance of GI;
� Inadequate understanding of the importance of the multifunctionality of GI and its synergistic effects with other activities;
� Limited media promotion of the importance of GI;
� Limited knowledge about the use of available and innovative solutions;
� Investors do not recognise the potential for investing in GI;
� Insufficient involvement of citizens in the GI planning and design process.

4. Discussion

Structured and semi-structured questionnaires were applied to identify barriers and
drivers in conceptualising elements of green infrastructure regulation for the needs of
local and regional urban development. The importance for researching these attitudes lies
in the following characteristics of professionals: theoretical knowledge of the concept of
green infrastructure; practical experience in working with green infrastructure; experience
gained in organisations and institutions responsible for planning, designing, constructing,
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maintaining, or managing green infrastructure; and practical experience in procedures that
are important for implementing the concept of green infrastructure.

By analysing and coding responses, seven areas were identified in which key barriers
and drivers were registered (Figure 6a–g):

(1) formation of the legal framework for green infrastructure;
(2) regulation of the preservation of existing green infrastructure elements;
(3) improvement of the regulation for green infrastructure planning;
(4) improvement of the regulation in the field of design and construction;
(5) improvement of the regulation for the maintenance of green infrastructure;
(6) regulation of green infrastructure management;
(7) awareness, knowledge, and information about green infrastructure.

Figure 6. Cont.
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Figure 6. Systematised attitudes of professionals: (a) legal framework of GI, (b) regulation of
preservation of existing GI elements, (c) planning of GI, (d) regulation of design and construction,
(e) regulation of GI maintenance, (f) management of GI, and (g) ways to enhance awareness and
understanding of GI.

The development of green urban infrastructure and its management in urban centres
are facilitated and strengthened by policies, strategies, and other legal instruments. At the
national level, several documents have been developed in recent years; however, they have
little connection with the development and management of green urban infrastructure.
Additionally, experts, government officials, and the public do not interpret these documents
in the same way, which aligns with the findings of Keita and Kourouma [41]. Urban GI
is a strategically developed network of green spaces that can improve the quality of the
environment and provide significant economic benefits [17]. It is in line with the Sustainable
Development Goal [42], which calls for resilient, safe, sustainable, and inclusive cities.
However, the primary barrier for creating and managing urban green infrastructure is the
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lack of commitment, competent workforces, financing, and public participation. This study
aims to identify existing research and policy gaps and complement the limited empirical
literature on RGI. The identified barriers and drivers (Figure 6a–g) serve as a database for
institutions involved in the development and management of GI, including legislators,
planners, managers, and other interested groups.

Our five-year research on the segment concerning the formation of the legal framework
for green infrastructure (Figure 6a) aligns with findings [43,44] indicating that national
organisations should take the lead in finding the most suitable solution, within the national
context, to integrate appropriate instruments into the legal framework. Furthermore,
it is crucial to encourage national municipalities to continue their efforts towards the
development and implementation of indicators, as recommended by Bläser et al. [45]
for Germany and Antoszewski et al. [46] for Poland. Presently, building standards do
not enforce strict ecological solutions; instead, laws and regulations are yet to adopt a
purposefully oriented, holistic, and interdisciplinary approach to facilitate legal evolution
contributing to the progress of green infrastructure [47].

The preservation of existing green infrastructure (GI) elements (Figure 6b) requires
an assessment of the effectiveness of ecological safety patterns and green space systems
in urban areas, as well as the efficiency of the GI network [48], alongside an evaluation
of current conditions for implementation. Our research highlights historical and cultural
landscape features, as well as linear elements that can enhance connectivity within and
to urban spaces, promoting more sustainable GI, as also observed by [49] for Ankara.
Wei et al. [15] stress the importance for identifying existing structural GI elements and
suggest incorporating morphological variables, such as “connectivity value”, “degree of
integration”, and “value of understanding”, which serve as quantitative parameters of
spatial structure. These proposals closely align with the findings of our research regarding
the regulation of existing GI elements.

Based on the identified drivers in our study, it is evident that enhancing GI planning
regulations (Figure 6c) requires the implementation of strategies as tools for nurturing and
revitalising the quality of urban life. Given its multifunctional impact, GI as a network
generates greater benefits than the sum of its individual parts, all of which contribute to
ecological, social, and economic advantages [50]. However, the planning and execution
of the GI concept in urban environments necessitate the collaboration of all the relevant
stakeholders towards supporting long-term objectives. This can be achieved through
strategic framing and the delineation of operationalised tasks for all levels of governance in
a collaborative process [51,52]. Additionally, it is essential to disseminate knowledge about
ecosystem services to stakeholders, along with adopting new planning approaches that
consider the qualitative aspect of public action based on performance standards, aiming to
provide multiple benefits in terms of regulation, support, and cultural services [53]. In light
of the current dynamic global landscape, GI is gaining prominence in planning policies,
primarily because of its ecological, economic, and social components, which contribute
to the sustainable and resilient planning and design of smart cities and spaces [51,54].
The issue of GI is contextualised within the conceptual frameworks of sustainability and
resilience, which are described through an examination of their shared characteristics and
disparities, with a specific emphasis on planning elements [55].

The rationale for enhancing the regulatory framework for designing and constructing
sustainable, resilient, and smart cities and GI networks (Figure 6d) stems from the 2030
Agenda for Sustainable Development and current European strategies: the EU GI Strategy,
EU Climate Adaptation Strategy, EU Biodiversity Strategy for 2030, and other strategic doc-
uments [56–58], which recognise GI and nature-based solutions as being critical approaches
and tools for design and implementation in urban environments and landscapes. Our
research identifies drivers for GI design and construction at both holistic and specific levels.
Specifically, the experiences and empirical findings of national professionals underscore the
importance of public involvement and engagement, as well as the wide array of ecosystem
services provided by GI and its elements, including some potential ecosystem disservices.
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Our findings in this regard partially align with results cited by Hanna and Comín [17],
Tzoulas et al. [59], the Forestry Commission [60], Toth and Timpe [61], Williams [62], and
Pochodyła et al. [63].

To enhance the maintenance regulation for GI (Figure 6e), several prior studies have
underscored the significance and benefits achievable through GI maintenance [64–67].
From the viewpoint of national professionals, the maintenance requirements for various
types of GI vary considerably depending on their specific type and design, requiring
not only adequate financial resources but also a thorough understanding of maintenance
practices to ensure effective upkeep. This encompasses responsibility and maintenance
planning through monitoring and comprehensive documentation, training and education
on GI maintenance, mechanisms for compliance, and ensuring dedicated funding sources.
In addition to pursuing the primary goals of GI maintenance, there are multiple other
objectives associated with the optimisation process. When optimising GI maintenance,
all these factors must be taken into account to ensure the optimal maintenance with
the maximum benefits and minimal costs. This study emphasises the importance for
systematically optimising GI maintenance through the engagement of multidisciplinary
stakeholders, similar to the approach by Hansen and Pauleit [68].

Based on research on the regulation of GI management (Figure 6f), it has been estab-
lished that the current GI management models in Serbia are insufficient for addressing
contemporary issues related to sustainable development and GI protection, a situation
similar to that in Italy [69]. Throughout our five-year study, professionals have under-
scored the importance for adopting new approaches that integrate the benefits of ecosystem
services provided by GI into traditional management frameworks, thereby achieving a
higher level of ecological performance essential for enhancing quality of life. Both in Serbia
and Italy, there are no mandatory planning tools for the design and management of GI,
and they are now a part of traditional land use plans [69]. Moreover, the lack of financial
resources allocated towards the development of “green standards” presents a challenge for
the majority of the public administrations in Serbia as well as in other countries [69–71].
Therefore, it is proposed to abolish the monopolies held by public utility companies for
green spaces to foster competition, deliver higher-quality services at more-affordable rates,
and establish a cohesive management strategy.

The perspectives of professionals regarding the enhancement of awareness, knowledge,
and information about GI (Figure 6g) are consistent not only with each other but also with
the findings of Inzunza-Acedo [72], asserting that despite the prevailing influence of social
media globally, there is still a need for arranging professional conferences and educational
programs for decision-makers, investors, and the general public. A particular emphasis is
placed on promoting the GI concept across social media platforms. Our research findings
partially align with the study conducted by Metastasio et al. [73], which explored the role
of social media and the outcomes derived from posts shared on two widely used platforms
(Facebook and TikTok) during 2022 and 2023. Their results validate the significance of
social media as indicators of current trends in the evolution of information dissemination.

This study investigates variable policies and legal frameworks for green infrastructure
development in Serbia from the perspective of urban development, aiming to enhance
the contributions of local experts rather than consulting foreign experts who may not be
familiar with urban landscapes. The expressed views of these professionals, systematically
categorised into appropriate groups, provide a valuable and rich source of information
about barriers existing in Serbia’s practice as well as initiatives to be applied in future
GI regulation. The obtained results partially align with those obtained by Pakzad and
Osmond [74], who utilised conceptual foundations to establish a framework for assessing
the sustainability of GI elements. Their framework consists of 30 indicators classified into
four categories, including ecological, health, socio-cultural, and economic indicators.
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5. Conclusions

This paper thoroughly examines the challenges facing green infrastructure (GI) in both
policy and practice, identifying barriers and drivers crucial for a systemic approach to GI
regulation. By integrating the experiences and views of professionals, tools for assessing
existing GI policies at the national level were identified. These selected tools can be applied
across various dimensions in the revision of existing laws and planning documents or the
development of new strategies.

The findings drawn from the research enable the identification of barriers and drivers
aimed at integrating processes and enhancing the utilisation and adoption of natural
solutions for many key challenges in urban development, which link GI performance with
ecosystem services, health, and human well-being. The systemic approach to GI regulation
in Serbia is still in its infancy and is not fully accepted by decision-makers in a proper
manner. However, the results of this research suggest that professionals, government
agencies, and academic researchers should consider and propose methods to establish GI
regulation and evaluate its performance. Furthermore, this research has demonstrated
that over several years (2018–2023), there have been progress and increased understanding
among professionals regarding the need to enhance the concept of green infrastructure,
indicating a higher level of comprehension of the issues. The conceptualisation of GI
regulatory elements provides a purposeful cognitive platform for establishing a composite
model based on tangible indicators to evaluate GI performance.

After five years of thorough research, we conclude that this study surpasses national
significance as GIS planning and design manifest in various dimensions and environments
as strategic concepts integrated into international policies of the world and the EU as well
as regional, national, and local concepts. This study introduces a novel framework (con-
cept) compared to previous research endeavours. This framework, based on professionals’
perspectives, comprises seven key indicator areas: formulating a legal framework for GI,
regulating the conservation of existing GI elements, improving GI planning regulation,
improving regulation in the fields of design and construction, enhancing regulation for
green infrastructure maintenance, regulating GI management, and enhancing awareness,
knowledge, and information dissemination about GI. This study provides detailed descrip-
tions of drivers used to overcome identified GI barriers, among which the most significant
ones are the drafting of GI legislation; the designation of GI as a common good; the inte-
gration of GI principles into all the relevant laws, sublegal acts, and local city decisions;
expanding regulatory oversight over private spaces; increasing inspection controls; intro-
ducing compensation mechanisms for greenery destruction; mandating greenery cadastres
within spatial databases; the prohibition of green space conversions; obliging planners
and designers to valorise the existing GI while respecting the interconnectedness and
unity of blue–green corridors; offering tax incentives for biodiversity conservation; raising
awareness and educating decision-makers, governmental bodies, investors, and the public;
supporting projects and non-governmental organisations advocating for GI; implementing
“green certification” for facilities incorporating GI features; and introducing ecological
index norms in planning in line with contemporary needs for water conservation, soil
porosity, connectivity, green roofs, green facades, etc. This study establishes a globally
and regionally applicable framework that can be replicated to fulfil broader objectives of
sustainable urban revitalisation.

Gaining insight into the limitations and weaknesses of this proposed framework will
necessitate evidence gathered through case-study testing. Future research will encompass
identifying parameters and subindicators for each indicator, along with the calibration,
validation, and assessment of the weaknesses and limitations inherent in the proposed con-
cept. Ultimately, sustainable space is not a local or regional but a global issue that requires
diverse transdisciplinary interactions. Our intentions are to persist in research efforts and
to establish a composite model based on indicators for assessing RGI performance through
conceptualising GI elements as its foundation.
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Abstract: Carbon storage estimates are essential for sustainable urban planning and development.
This study examines the spatio-temporal effects of land use and land cover changes on the provision
and monetary value of above- and below-ground carbon sequestration and storage during 2011, 2019,
and the simulated year 2027 in Noida. The Google Earth Engine-Random Forests (GEE-RF) classifier,
the Cellular Automata Artificial Neural Network (CA-ANN) model, and the InVEST-CCS model are
some of the software tools applied for the analysis. The findings demonstrate that the above- and
below-ground carbon storage for Noida is 23.95 t/ha. Carbon storage in the city increased between
2011 and 2019 by approximately 67%. For the predicted year 2027, a loss in carbon storage is recorded.
The simulated land cover for the year 2027 indicates that if the current pattern continues for the
next decade, the majority of the land will be transformed into either built-up or barren land. This
predicted decline in agriculture and vegetation would further lead to a slump in the potential for
terrestrial carbon sequestration. Urban carbon storage estimates provide past records to serve as a
baseline and a precursor to study future changes, and therefore more such city-scale analyses are
required for overall urban sustainability.

Keywords: Carbon Storage And Sequestration (CSS); Cellular Automata-Artificial Neural Network
(CA-ANN) model; Google Earth Engine (GEE); Noida

1. Introduction

Urban sustainability is directly connected to the Sustainable Development Goals
(SDGs), such as the goals concerning Sustainable Cities and Communities (Goal 11), Re-
sponsible Consumption and Production (Goal 12), and Climate Action (Goal 14) [1]. The
SDGs call for nationally owned and region-specific development plans or strategies [2].
Urban centres emanate three-fourths of the world’s total carbon dioxide (CO2) emissions
resulting from several anthropogenic activities [3]; therefore, it is imperative that cities
take the lead rather than just depending on national plans and strategies [4]. They can
achieve sustainability by reducing their CO2 emissions and aiming for carbon (C) neutrality
through carbon storage and sequestration (CSS) [5].

According to the IPCC [6], the major five carbon pools of a terrestrial ecosystem
involving biomass are above-ground biomass (AGB), below-ground biomass (BGB), dead
wood, litter, and soil organic matter (SOC). AGB includes all the visible and living biomass
above the soil-stem, branches, bark, seeds, and foliage and constitutes the major portion
of the terrestrial carbon pool. Changes in the land use system have a direct impact on
above-ground biomass. BGB includes all living roots excluding fine roots and plays a

Land 2024, 13, 1387. https://doi.org/10.3390/land13091387 https://www.mdpi.com/journal/land143



Land 2024, 13, 1387

pivotal role by transferring and storing carbon in the soil. SOC is the carbon produced
from decomposing plants, bacterial and fungal growth, and metabolic activities of living
organisms, and is one of the major contributors to carbon stocks [7]. Given that they only
make up a small portion of the carbon stocks in forests, the dead mass of litter and woody
debris is not a significant carbon sink [8]. The aggregate amount of C stored in the terrestrial
C pools at any specified time is the carbon stock or store. The change in carbon stocks over
time due to natural or anthropogenic activities gives the amount of C sequestered in the C
pools. One of the essential prerequisites for cities to achieve C neutrality and sustainability
is to have an accurate evaluation of the C sequestration potential of the urban greens [9].
The ability of urban greens to lock in C and mitigate elevated CO2 levels has caught the
attention of the research community all over the world [10–13].

Understanding land use dynamics and their effect on C sequestration capacity is
vital for sustainable urban development. Land processes have a pivotal role in the global
and regional C cycle through photosynthesis, respiration, volcanoes, and anthropogenic
activities like afforestation and deforestation [14], altering both sources and sinks of carbon.
Fast-paced development across the world, especially in urban centres, is leading to rapid
transformation of the land cover and its use. Land cover and land use (LULC) changes
caused by both natural and anthropogenic activities lead to changes in the carbon stock
of urban centres, which further degrades ecosystem service functions [15]. Therefore,
understanding land use dynamics and their effect on carbon sequestration capacity is vital
for sustainable urban development [16].

Several methodologies have been employed to explore the relationship between land
use dynamics and their effect on carbon storage capacity, such as field investigations [13,17]
and remote sensing tools [18,19]. One of the earliest studies using a simulation model to
understand the interaction between the C pools in the biosphere, atmosphere, and the
ocean was done by Goudriaan J. [20]. Subsequently, various models have increasingly
been used to simulate, project, and evaluate the consequences of urban sprawl on local C
sequestration capacity at various spatial and temporal scales, such as DLEM (the Dynamic
Land Ecosystem Model) [21], the CESVA model (Carbon Exchange in the Vegetation-Soil-
Atmosphere System) [22], and the CASA (Carnegie Ames Stanford Application) produc-
tivity model [23], etc. In developed nations such as in Europe and North America, there
are several works wherein records of urban vegetation and C stock have been estimated
using other models like i-Tree Eco [24,25], CITYgreen [23,26], and the UFORE (Urban Forest
Effects) model [27,28]. These freely available tools aid in the inventorisation of local flora
and provide species-specific data. Such models make the estimation of the C storage of
urban greens simpler and efficient, and are therefore widely used in urban areas. How-
ever, the applicability of these tools is limited for other geographical locations because
of the considerable variation in the geography, climate, and vegetation types [29]. For
developing countries like India, such modelling and assessment tools are unavailable and
national forest inventories most often do not include urban trees [30]. Because of the lack
of such city-scale inventories, most of the vegetation studies and C stock estimations are
still dependent on field measurements and limited area inventory data [31–40].

Recently, the Integrated Valuation of Ecosystem Services and Tradeoffs-Carbon Storage
and Sequestration (InVEST-CSS) model, started under the Natural Capital Project [41], has
been used in several studies to ascertain the C storage capacity of urban areas based on land
use/cover changes [42–47]. This CSS module of the model calculates the present amount of
C stored and assesses the quantity of sequestered cover time for an area. This model offers a
simple and authentic method of estimating C storage with minimum input parameters [48].
Polasky et al. (2011) [49] examined the effects of real and different scenarios of LULC on
C-holding capacity in Minnesota, USA, from 1992 to 2001 using the InVEST model. They
also suggested different strategies to manage land to enhance C-storage capacity. Leh
et al. (2013) [50] also examined the effects of LULC on Ghana’s C stock from 2000 to 2009
at the national level using the same tool. Delphin et al. (2013) [51] assessed the effects
of hurricanes on the watersheds and forests of Florida and subsequent C loss. Liu et al.
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(2018) [52] employed InVEST to study the fluctuation in C stock in northern Shaanxi at
different scales. Abdo and Satyaprakash (2021) [53] analysed the consequences of LULC on
C storage in Addis Ababa city, Ethiopia, from 1988 to 2018 and simulated it for 2028–2038
using InVEST. InVEST was also used to evaluate the C stored in the Jiroft plain, Iran,
by Adelisardou et al. (2022) [54] and in Uva province in Sri Lanka by Piyathilake et al.
(2022) [55]. The model has also been applied in other areas like Guilin, China, by He
et al. (2023) [56], Nador, Morocco, by Rachid et al. (2024) [57] and Pakistan by Zafar et al.
(2024) [58].

In India, there has been limited applicability and use of InVEST for the analysis of C
storage capacity in natural landscapes and it has not been extended to urban areas. For
example, Gupta et al. (2017) [59] studied the C storage in the Bhidalna microwatershed,
Dehradun District of Uttarakhand state in India. The tool has also been used to analyse
the dynamic pattern of C sequestration in the Periyar Tiger Reserve [60], Sariska Tiger
Reserve [61], Sundarban Biosphere Reserve [62], and Askot Wildlife Sanctuary [63].

Therefore, the primary objectives of this study are to: (i) explore the spatio-temporal
dynamics of the above- and below-ground C storage of an incessantly expanding urban
centre in India-Noida from 2011 to 2019 using the InVEST-CSS model; (ii) forecast the
amount that will be stored in the future year 2027, through the analysis of alterations in the
land use over these years; and (iii) estimate the monetary cost of the observed variation in
the C stock over the years. Urban soils are highly heterogeneous because of the presence of
concrete, asphalt, metals, plastics, and many contaminants. Soil sealing with impermeable
surfaces, such as roads and pavements, leads to a reduction in SOC content in urban
areas [64–66]. Chien & Krumins (2022) [67] also reports that SOC in natural habitats is
significantly higher than that of urban green spaces and urban intensive habitats. Therefore,
this study is limited to the evaluation of above- and below-ground C only, despite SOC
being an important contributor to the terrestrial carbon pool.

Correct estimates of the C stored in cities are very important to highlight and under-
stand the function of UGS in the atmospheric C balance. To understand and better manage
the mitigation potential of green spaces, verifiable and reasonable estimates of the C se-
questered from cities are needed. The findings of this study will help urban planners and
managers to better comprehend the land use dynamics, their drivers, and the subsequent
effect on the C stocks of the city.

2. Study Location

This study is carried out in relation to Noida city, an abbreviation for the New Okhla
Industrial Development Authority. It is situated in the district of Gautam Buddha Nagar in
the state of Uttar Pradesh, in northern India (Figure 1).

Climate—Noida has a blisteringly hot and humid environment for a large portion
of the year. The climate stays hot during the summer, i.e., from March to June, and
the temperature ranges between 48 and 28 ◦C. Monsoon prevails from mid-June to mid-
September with normal precipitation of 93.2 cm. Temperatures tumble down to as low as
3–4 ◦C at the peak of the winter due to the cold waves from the Himalayan region, which
make the winters in Noida chilly and harsh. Noida additionally has haze and smog in
winter, decreasing the overall visibility in the city.

Soil—Much of the land in Noida is not fertile and the agricultural yield is low. It is in
the flood fields of the Yamuna River on one side and the Hindon River on the other and is
situated on the old stream bed. Pedogenic material is mostly formed by sandy and loamy
fluvisols [68] or fluverine alluvial soils [69] Wheat, rice, sugar cane, and millets are the
primary crops planted in the area.

Vegetation—The vegetation in the space falls under the classification of the sub-
tropical deciduous sort, although at present it does not have any extent of forest. Noida
Authority has built up various forms of green spaces within the city like green belts,
gardens, parks, avenue plantations, and vertical gardens. Every residential sector in the
city has a park/playground, adding to the overall verdancy of Noida and providing respite
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to the Noida citizens. Approximately 10–12% of the land is allocated to parks, playgrounds,
and other open spaces in each of the sector. The city authorities have also designed and
developed several big green spaces for the benefit of the residents.

Figure 1. Study Location (a) Map of India; (b) Map of Uttar Pradesh; (c) Satellite Landsat 8 Image of
Noida City.

Geomorphology—The landscape of this region is for the most part plain with a gentle
incline fluctuating between 0.2 and 0.1 percent from north-east to south-west. The highest
and lowest height ranges between 204 m and 195 m above the mean sea level (MSL) close to
the villages Parthala Khanjarpur in the northeast and Garhi in the southwest, respectively.
Most of Noida territory is under 200 m mean ocean level.

As a satellite city around the national capital, New Delhi, it harbours several multi-
national companies (MNCs) and industries. The city is burgeoning rapidly with rampant
urbanisation and industrialisation. The presence of good infrastructure, educational facili-
ties, employment opportunities, and modern residential spaces surrounded with greenery
has attracted mass migration and unplanned growth in the city over the years. Extensive
urbanisation started around 2010-11 in Noida, such as the construction of the Yamuna
Expressway, the Indian motor racing circuit, the Rashtriya Dalit Prerna Sthal, the Green
Garden, and several residential spaces. The Noida Master Plan 2011 which was revised in
2006 for the perspective year of 2021, also proposed a total of 14964 hectares of land for the
development of urban activities.

An estimation of CSS at the local, regional, and landscape levels is crucial to assist
India’s nationally determined contributions (NDCs) to the United Nations Framework
Convention on Climate Change (UNFCCC) [70]. The ‘National Mission for a Green India’,
one of the sub-missions under the National Action Plan on Climate Change (NAPCC),
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has also identified priority research areas such as to study vegetation response to climate
change and benchmarking the C-capture potential of ecosystems, etc. Noida is one of
the largest planned cities in India; still, there are no accurate estimates of the C storage
of the city. There is a paucity of work highlighting the contribution of spatio-temporal
dynamics of land use and its carbon storage to mitigate urban CO2 emissions in such Indian
metropolitan cities. Therefore, Noida was taken as the study area for this study so that the
analysis could be replicated to other urban agglomerations within and outside India.

3. Materials and Methods

The overall methodology of this study is illustrated in Figure 2 and detailed further below.

Figure 2. Overall Methodology.

3.1. Satellite Dataset and Software Used

Multi-temporal satellite imagery was retrieved from USGS (the United States Geologi-
cal Survey) for two time periods—2011 and 2019. The details of the imagery employed for
this study are as follows (Table 1). The following software were used for analysing satellite
data—ERDAS Imagine 14, ArcGIS10.2, and Quantum GIS 2.18.

Table 1. Details of Satellite Imageries.

S. No. Dataset Retrieved on
Spatial

Resolution
Retrieved from

1. LANDSAT 5 22 April 2011 30 m United States Geological
Survey (USGS)2. LANDSAT 8 28 April 2019 30 m

3.2. Derivation of Landuse and Landcover and Accuracy Assessment

LULC maps were prepared using Landsat Satellite data for the years 2011 and 2019,
respectively. Google Earth Engine’s Random Forest classification method was applied to
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delineate five LULC categories, viz., Built-up land, Vegetation, Agricultural/fallow land,
Barren land, and Water bodies. Owing to its high accuracy and easy computation, RF has
proven to be the first choice for the classification of urban landscapes [71] and was therefore
used in preparing LULC in this study. The final step after the LULC classification is to
conduct an accuracy evaluation to quantify the success of the method in correctly allocating
pixels to the appropriate land cover classes.

The Google Earth Engine (GEE) is a cloud-based interface for the analysis of geospa-
tial data, addressing the major issues related to the storage, processing, and analysis of
immensely large datasets. The GEE library provides access to both types of classifica-
tion techniques. A few of the supervised classification techniques are the support vector
machine (SVM), random forest (RF), and the classifiers classification and regression tree
(CART) [72]. Random Forest is a popular supervised classification method featured in
GEE [73]. An RF model combines field measurements and remotely sensed data using mul-
tiple decision trees or ‘the forest’. Also called the ensemble classifier, RF is a non-parametric
classification algorithm. The most popular class is voted after each decision tree classifies
the data independently.

3.3. Prediction of LULC of Future Years

LULC for the future year 2027 was simulated using MOLUSCE plugin in the QGIS
software, which offers a user-friendly and intuitive plugin for users to perform modelling
and simulation. In ArcMap, a set of spatial variables with the same picture element size,
location, and fixed scale was created, including slope, aspect, and road. The whole set
of data was then imported into the MOLUSCE Plugin, to generate an LULC map and
determine the trend of change for the study. Annual percentage change in area was
computed by the plugin and a transition grid illustrating the number of picture elements
transforming to another LULC was displayed. It also created an area change map that
illustrates the changes in the land from 2011 to 2019 and from 2019 to 2027. The LULC
transition potential was modelled by MOLUSCE using Artificial Neural Network (ANN),
Multi-Criteria Evaluation (MCE), Weights of Evidence (WOE), and Logistic Regression
(LR) techniques. The ANN model was used in this study to simulate spatial LULC change
because it is very good at capturing the complicated non-linear behaviour of ecosystems [74].
The plugin utilised a Cellular-Automata Simulation to predict the change in LULC. The
input data used to model potential land use in 2027 was defined as the LULC maps from
2011 and 2019. This model was not based on any anthropogenic or natural processes, but
rather on the past change.

3.4. Estimation of Carbon Storage

In this analysis, the Integrated Valuation of Ecosystem Services and Tradeoffs
(InVEST)—Carbon Storage and Sequestration (CSS) model developed by the Natural
Capital Project [75] was employed to determine the carbon sequestration potential of Noida.
Though SOC is a significant contributor to terrestrial C, this study only used AGB and BGB
for the computation of C stored. Using the LULC maps generated in the previous steps and
C density as the input, the CCS module of the model can calculate the total amount of C
stored in the landscape. The carbon density of any vegetation is usually calculated by using
the biomass and total C content coefficient, while the carbon density of the soil is obtained
by considering the bulk density, organic matter content, and thickness of the soil [76].
Parameters like biomass, bulk density, organic matter content, and thickness of the soil are
determined through field surveys and chemical analysis. The C densities of various LULC
types in this study were determined using secondary data from FSI and IPCC [6,61,77,78].
The output consists of storage, sequestration, and aggregate totals, represented as Mg/pixel,
and maps C storage densities to LULC maps. The total C sequestered or lost over time
was also computed using the current and prospective LULC maps. The final step involved
assessing the monetary value of C sequestration/loss over time, rather than storage, for
each scenario. Three pieces of information were needed for this calculation: the annual
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discount rate, the monetary worth of each unit of C, and the evolution of the cost of C
sequestration. The monetary value of a metric tonne of C sequestered was taken to be $86
with a 3% of market rate of discount, and zero change in the cost of C in a year [79].

4. Results and Discussion

4.1. Spatio-Temporal Analysis of Land Use and Land Cover

Understanding the dynamics of the altering landscape and making future predictions
are made easier by the spatial and temporal analysis of the change in urban land cover.
Both the satellite datasets from 2011 and 2019 underwent supervised classification using
the appropriate training signatures for the major LU/LC classes, including built-up land,
barren land, vegetation, waterbodies, and agriculture/fallow land. The results of the land
use/land cover are given in Table 2 and the classified outputs are given in Figure 3.

Table 2. LULC Statistic—2011, 2019, and 2027.

LULC Classes

Year 2011 Year 2019 Year 2027 Change (2011–2019) Change (2019–2027)

Area
(km2)

Area (%)
Area
(km2)

Area (%)
Area
(km2)

Area (%)
Area
(km2)

Area (%)
Area
(km2)

Area (%)

Agricultural/
Fallow land 86.74 41.00 27.68 13.09 24.10 11.39 −59.06 −27.91 −3.58 −1.70

Barren land 13.84 6.55 12.84 6.07 14.30 6.76 −1.00 −0.48 1.46 0.69

Waterbodies 8.34 3.93 4.64 2.18 4.30 2.03 −3.70 −1.75 −0.34 −0.15

Built-up land 74.70 35.30 106.77 50.46 120.32 56.88 32.07 15.16 13.55 6.42

Vegetation 27.92 13.22 59.61 28.20 48.52 22.94 31.69 14.98 −11.09 −5.26

Total 211.54 100 211.54 100 211.54 100

Figure 3. LULC of Noida City 2011, 2019 and 2027.

The classified map of 2011 shows a high concentration of built-up land in the north-
western part and moderate density in the central part of Noida City. It is evident from the
LULC of 2019 that the direction of the urban sprawl is extending further into the northeast
and south of the city. It is to be noted that the area under vegetation and the built-up
categories were 27.92 km2 and 74.7 km2, respectively, in 2011, which further increased to
59.61 km2 and 106.77 km2, respectively, in 2019. On the other hand, the agricultural/fallow
land area, which was 86.74 km2 in 2011, shrunk to 27.68 km2 in 2019. The area under barren
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land and water body showed a marginal decrease in 2019. Thus, most of the increment
in the built-up land came about because of the transformation of agricultural land into
other land use classes, in which cultivated lands and other barren terrains were replaced
by building, roads, pavements, and different infrastructures which likewise brought about
the increment in urban vegetation as well.

For the simulated LULC of the year 2027, it can be observed that there will be a large
increment in built-up land (6.42%) and a slight increase in barren land (0.69%). Such
increment in the barren and built-up area can be attributed to future construction activities
and the transformation of agricultural land, respectively. The prediction indicated that
an additional area of 32.07 km2 will be transformed into fallow land, whereas not much
change is expected in waterbodies. However, agricultural/fallow land and vegetation will
both decrease year after year, resulting in a potential loss by 2027. This method is based on
past changes in pixels according to the LULC of 2011 and 2019. If the present trend persists,
the majority of the other land cover classes will be replaced by built-up or barren land, as
indicated by the projected land cover for 2027. The capacity for terrestrial C sequestration
will further decrease because of the anticipated reduction in the area used for agriculture
and urban vegetation.

4.2. Accuracy Assessment

An accuracy assessment verifies the accuracy of the pixel distribution and the viability of
maximum likelihood in urban mapping. The final image had 92% overall accuracy in 2011 and
93% in 2019. The κ coefficient was 0.93 in 2011, followed by 0.89 in 2019 (Tables 3 and 4).

Table 3. Accuracy Assessment Error Matrix (2011).

Reference Classes
Agricultural/

Fallow
Land

Barren
Land

Built-Up
Land

Vegetation
Water
Bodies

Row
Total

Producer
Accu-
racy
(%)

User Ac-
curacy

(%)

Overall
Accu-
racy
(%)

κ Coeffi-
cient

C
la

ss
ifi

ed

Agricultural/
Fallow
land

20 1 2 1 0 24 100.00 83.33

91.6667 0.93

Barren
land 0 5 0 0 0 5 83.33 100.00

Built-up
land 0 0 20 0 0 20 90.91 100.00

Vegetation 0 0 0 8 0 8 88.89 100.00

Water
bodies 0 0 0 0 3 3 100.00 100.00

Column
Total 20 6 22 9 3 60
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Table 4. Accuracy Assessment Error Matrix (2019).

Reference Classes
Agricultural/

Fallow
Land

Barren
Land

Built-Up
Land

Vegetation
Water
Bodies

Row
Total

Producer
Accu-
racy
(%)

User Ac-
curacy

(%)

Overall
Accu-
racy
(%)

κ Coeffi-
cient

C
la

ss
ifi

ed

Agriculture/
Fallow
land

7 0 0 1 0 8 87.50 87.50

93.33 0.89

Barren
land 0 8 1 0 0 9 88.89 88.89

Built-up
land 0 1 24 0 0 25 96.00 96.00

Vegetation 1 0 0 15 0 16 93.75 93.75

Water
bodies 0 0 0 0 2 2 100.00 100.00

Column
total 8 9 25 16 2 60

The κ statistic was used to determine the validation of the simulated LULC. The
predicted LULC map’s accuracy rate was 94.88 percent, with an overall κ of 0.92 and a κ

histogram of 0.93 (Table 5).

Table 5. Validation of simulated LULC—2027.

Method Correctness % Overall κ κ (Histogram)

Artificial Neural
Network (ANN) 94.88 0.92 0.93

4.3. Impact of Land Use Change on C Storage

The C storage of the city was estimated using the InVEST (v. 3.11.0) software. The
amount of C stored in every grid is calculated using LULC maps and the C density of
every category of land use. As per Table 6, the C stored in vegetation is the maximum for
all the years, followed by agricultural land in 2011 and built-up land in 2019 and 2027,
respectively. For the year 2011, the C stored in vegetation is 234,499.39 metric tonnes
(77.27%) followed by agricultural land with 43,176.27 metric tonnes (14.23%) and built-up
land as 22,943.98 metric tonnes (7.56%), respectively. Subsequently in 2019, the overall C
storage of the city increased by approximately 67% to 506,558.32 metric tonnes, distributed
across built-up land, agricultural/fallow land, barren land, and vegetation. Though it is
seen that a higher quantity of C is stored in the vegetation and built-up class, a drastic
decrease in the C storage in agricultural classes is observed. A slight drop in C storage
is observed in barren land in 2019. For the predicted year 2027, an overall C storage of
454,591.85 metric tonnes is recorded, highlighting a loss in C storage in the future. It is
noteworthy that though the vegetation increased between 2011 and 2019, an increase in
built-up and barren land, attributed to urbanisation, will potentially cause C loss in the
city in the coming years. Li et al. (2002) [44] also reported a similar trend wherein the
conversion of cultivated land to construction land was the main reason for the C storage
loss in Changchun city in China.
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Table 6. Carbon storage in each LULC year wise.

LULC
Carbon

Density (t/ha)

Total Carbon (t) C in Each LULC (%) Change in Carbon (t)

2011 2019 2027 2011 2019 2027 2011–2019 2019–2027

Agricultural/fallow
land 5 43,176.27 13,446.41 12,989.88 14.23 2.65 2.86 −29,729.87 −456.53

Barren land 2 2850.75 2269.44 3460.00 0.94 0.45 0.76 −581.32 1190.56

Waterbodies 0 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00

Built-up land 3 22,943.98 30,696.46 35,984.99 7.56 6.06 7.92 7752.48 5288.53

Vegetation 82.17 234,499.39 460,146.03 402,156.99 77.27 90.84 88.47 225,646.64 −57,989.04

Total 303,470.40 506,558.34 454,591.85 203,087.93 −51,966.48

4.4. Carbon Sequestration Map

The CCS module of the software condensed the findings into an output image that
represented the dispensation of C storage in Noida. In addition, the findings demonstrated
that the city of Noida, which encompasses an area of land measuring 21,154 hectares, is
currently storing 506,558.34 metric tonnes of C, distributed across all land classes. Therefore,
the C storage for Noida city is 23.95 t/ha. The results are compared with other cities all
over the world (Table 7). The C stored is less for Noida city in comparison to several other
cities across the world.

Table 7. Carbon storage in urban vegetation in various cities/countries.

S. No. City/Country Carbon Storage (t/ha) References

1. Bolzano, Italy 0.75 [27]

2. Jersey City, US 5.02 ± 0.68 [28]

3. New Delhi, India 4.65 [80]

4. Cities in Middle Korea 4.70–7.20 [81]

5. Barcelona, Spain 11.20 [82]

6. Leipzig, Germany 11.81 ± 3.25 [83]

7. West Africa 14.00 [84]

8. Canada 20.83 [85]

9. Noida, India 3.95 Present work

10. Baltimore, US 25.28 ± 3.16 [28]

11. Hangzhou, China 30.25 [86]

12. Leicester, UK 31.60 [29]

13. Karlsruhe, Germany 32.30 [87]

14. Shenyang, China 33.22 ± 4.32 [88]

15. Atlanta, US 35.74 ± 2.69 [28]

16. Beijing, China 43.70 ± 6.65 [89]

17. Tripura, India 45.41 [90]

18. Sacramento, US 46.91 ± 22.64 [91]

19. Kumasi, Ghana 111.00 [92]

For both the years 2011 and 2019, the above-ground C stored ranged from 0 to 5.30 met-
ric tonnes per pixel while the below-ground C ranged from 0 to 2.08 metric tonnes per pixel
(Figures 4 and 5). The total C stored per pixel ranged from 0 to 7.39 metric tonnes for 2011,
2019 and the future year 2027 (Figure 6).
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Figure 4. Above- and below-ground carbon per pixel (2011).

Figure 5. Above- and below-ground carbon per pixel (2019).
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Figure 6. Total carbon stored per pixel (2011, 2019 and 2027).

The C stock per pixel is the same for all the three years and ranged from 0 to 7.39 metric
tonnes. However, due to the transition in the LULC from one class to another class, the
total C in each class changed for each year. The total C sequestered per pixel between 2011
to 2019 ranged from −7.39 to 7.39 and between 2019 and 2027, it ranged from −7.21 to
7.39 (Figure 7). Positive values indicate that C is being sequestered, while negative values
indicate that C is being lost to the atmosphere. C sequestration is designated by positive
values, whereas C loss to the atmosphere is implied by negative values.

If proper future urban planning and a substantial increment in green spaces are
achieved, a higher C-storing capacity amidst built-up land, with a slightly lower percentage
of C stored in vegetation and agriculture, can be achieved by the year 2027. The results
obtained are corroborated by Jiang [93], who validated that reckless urbanisation in the
Changsha-Zhuzhou-Xiangtan urban area has led to C storage loss as several green spaces
and areas of agricultural land were transformed into built-up land. A study done for Addis
Ababa, Ethiopia, by Abdo and Satyaprakash (2021) [53] also stated that the conversion of
most of the LULC classes into built-up land and transport will lead to a reduced area of
green space in the city, causing a subsequent drop in C storage for the future simulated
years 2028 and 2038.
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Figure 7. Total carbon stored per pixel—2011–2019 and 2019–2027.

4.5. Economic Valuation of Carbon Gain/Loss

The monetary contribution of C sequestered in the observed (2011–2019) and projected
(2019–2027) time periods of Noida city are illustrated in Table 8. The findings reveal a
monetary gain of 17.53 million dollars at a 3% discount rate due to C sequestered by urban
green areas during the period 2011–2019 (Figure 8). Because of the augmentation in the C
stock in the city from 2011 to 2019, this economic gain was observed. For the simulated
period (2019–2027), a loss of 4.46 million dollars was recorded due to the predicted decline
in vegetation (Figure 8). If the UGS of the city are not sustained and augmented, there
will be a net loss of economic value derived from C stored. A similar study carried out in
Jiroft plain, Iran, reported US$ 36 million as the cost of damage due to the loss of C stored
between 2019 and 2045 [54].

Table 8. Total economic costs due to C sequestration.

Years NPV (Million Dollars)

2011–2019 17.53

2019–2027 −4.46

4.6. Future Scope of the Work

This study could be further expanded by incorporating additional carbon pools such
as Soil Organic Carbon (SOC) and dead organic matter, providing a more comprehensive
carbon budget. Enhancing the model validation through field data integration and high-
resolution remote sensing would improve the accuracy. Extending the temporal scope to
include long-term projections and climate change scenarios would offer insights into sus-
tainable urban planning. Integrating the findings with urban policies, developing decision
support systems, and evaluating the socio-economic benefits of carbon sequestration could
guide sustainable development. Additionally, using advanced machine learning models
and real-time monitoring technologies would further refine the predictions and support
urban sustainability efforts.
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Figure 8. Net Present Value–2011–2019 and 2019–2027.

5. Conclusions

Economic development and government policies are the two primary propelling
causes of the LULC changes observed in Noida. The overall direction of urban growth is
towards the northeast and south of the city, along which the density has also increased
in the northern part. Areas under built-up land and vegetation increased between 2011
and 2019, while agricultural areas decreased substantially. Over the past twenty years, the
city has undergone rapid conurbation. As per the development plan for city for the year
2021, 6055 hectares of area were recommended for urban development, with 61.61 percent
of the total land stated to have already been developed. The building of the Metro line,
the Buddha International Circuit, the FNG and Yamuna Expressway, the National Dalit
Memorial, as well as other residential and commercial buildings, are a few examples [94].

Since the InVEST model facilitated the simulation, forecast, and monetary evaluation
of the possible impacts of urbanisation on the city’s C-storage capacity at different levels,
such models are becoming more and more popular. To assess current and future climatic
consequences at the city scale, it is essential to comprehend the magnitude and spatio-
temporal distribution of carbon dioxide (CO2) equivalents. This study exemplifies a
bottom-up approach or regional analyses, which can be replicated for all other urban cities
experiencing significant landscape alterations. Estimates of the C storage of urban areas
provide past records to serve as a baseline and a precursor to study future changes, and
therefore, more such city-scale analyses are required rather than just depending on the
national estimates. The monetary valuation of ecosystem services like C sequestration
by urban green areas helps us to comprehend the social and environmental importance
of these functions of nature. The estimation and mapping of the changing pattern of the
C sequestration potential of urban green spaces is a crucial tool that can aid in devising
prudent management strategies of urban green spaces, augmenting cities’ capacities to
store C and manage climate change.

The findings of this study highlight a momentous transformation of the land cover in
the city, and if appropriate actions are not taken as soon as possible, this could result in the
elimination of all available space for vegetation. This would, as a result of a decrease in C
sequestration, further exacerbate a variety of environmental, socioeconomic, and public
health issues, and would also prevent the city from growing in a sustainable way. As a result,
those responsible for formulating public policy and urban planning should collaborate to
determine how land should be utilised for future sustainable urban development. Such
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key data about the amount and distribution of C stored within existing urban vegetation,
the portion of C sequestered or lost over time, and its relationship with the changing urban
landscape are vital for such decisions.
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Abstract: The multicultural landscape of Aotearoa New Zealand presents a rich tapestry of diversity
and community needs, underscoring an imperative for inclusive participatory planning processes.
This paper presents findings from an investigation of the challenges and opportunities inherent
in community engagement initiatives, particularly within the context of New Zealand’s major
ethnic groups, including New Zealand European, Māori, Chinese, and Pasifika. Drawing from the
importance of community participation in reshaping public open spaces, this research addressed
the gap in understanding which participatory planning processes are most effective across diverse
cultural groups. To investigate the effectiveness of various approaches to community engagement,
this research involved focus groups from the Wellington suburbs of Newtown and Porirua, utilising
both on-site and online meetings. The findings identify the most effective participation processes for
planning public open spaces in relation to each ethnicity. Correlations between participant preferences
and their unique cultural backgrounds were assessed. In addition, the least effective participation
methods along with several relatively effective participation methods are discussed. By highlighting
engagement methods that can foster inclusivity, equity, and a sense of community, this research
advances a collective goal of building a more cohesive and effective society for all its inhabitants.

Keywords: participatory planning process; effectiveness; focus groups; cultural diversity

1. Introduction

Since the signing of the Treaty of Waitangi in 1840, Aotearoa New Zealand has wit-
nessed a remarkable transformation into a society with multiple ethnic groups, charac-
terised by a rich tapestry of diversity and community needs. This multicultural landscape
brings with it a multitude of perspectives, traditions, and experiences, contributing to the
vibrant mosaic of New Zealand’s social community fabric [1].

Community participation has become increasingly important as cities have become
more ethnically diverse and racially divided. The opportunity to participate in civic life
has been identified as a core human need, essential to the communities’ sense of place [2].
People rely on public open spaces for social interaction as well as access and connection to
the surrounding communities [3]. The goal of participatory planning is to incorporate the
public perspective into the planning process and actual design of the public open space [4].

This equally aligns with earlier research, which argues that implementing high-quality
participatory planning of public open spaces is a fundamental approach to embracing this
cultural diversity, cultivating a deeper connection to community, and encouraging a higher
sense of community for the major ethnic groups in Aotearoa New Zealand [5].

However, in terms of practical experience in community participatory planning, this
growing cultural diversity and difference can create challenges for the participation pro-
cesses. For example, a change undertaken to suit the needs of one cultural ethnicity could
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be seen as threatening or otherwise inappropriate for another. In addition, even though
community members using public open spaces often possess the knowledge and physical
proximity to those resources, they are frequently not included in transformation and main-
tenance processes. Due to these kinds of cultural conflicts and obstacles to participation,
community engagement in planning can make it difficult to reach consensus within a lim-
ited time. These barriers have significantly restricted the ability of community participation
in planning to address the challenge of conflicts and differences [6].

On the path to dealing with such issues and difficulties with community participation,
there exists a notable gap in understanding the effectiveness of community participation
processes among the major ethnic groups in Aotearoa New Zealand. In this context, the
most effective participatory planning processes should be explored and discovered not
only to better recognise and resolve these cultural differences and conflicts but also to
“provide creative ways for interaction and negotiation of competing visions, interests,
values, and identities” [6] (p. 312). While community engagement initiatives are essential
for promoting inclusivity and empowering diverse communities, there is limited empirical
evidence on how these processes operate within specific cultural contexts and whether they
adequately address the needs and preferences of different ethnic groups. By addressing
this knowledge gap, this research explores evidence-based strategies for enhancing the
inclusivity, equity, and efficacy of community engagement initiatives across diverse cultural
landscapes, thereby fostering a more effective, cohesive, and resilient society in Aotearoa
New Zealand (Figure 1).

 

Figure 1. Gap and opportunity.

This study seeks to address the following research question: “what differences are
there for New Zealand European, Māori, Chinese, and Pasifika (also called Pacific Peoples)
community members in the process of participatory planning for community public open
space?” By investigating the unique participation processes of these ethnic groups, this
research aims to uncover how cultural and community dynamics shape engagement in
public open space planning. Through this inquiry, the outcomes of this study help to explore
and discover insights that can inform more effective participatory planning strategies.
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2. Literature Review

Participatory planning is an “attitude about a force for change in the creation and
management of environments for people” [7] (p. 12). The goal of participatory planning is
to cut across the differences that can develop between professional advisers and the public,
and to encourage different perspectives on the planning and design process of public open
spaces [8]. Most often, it is the community projects dealing with public open spaces that
citizens can feel directly influencing their daily lives.

In the 1960s, community participation created opportunities for direct involvement
of the public in planning their closely related physical environment. Following this wave
of movement, communities started to offer design and planning processes or methods to
enable community members to join in and implement their own planning projects and
goals [7].

2.1. Community Participation and Public Open Space

Public open space functions as “a place to provide opportunities for any kinds of
recreational activities promote social interaction” [9] (p. 311). To create a successful
public open space, participation of the community in the decision-making process is very
important as the community members are the primary stakeholders and can help ensure
the success of the public open space [9]. In addition, participatory planning and design
serve as the foremost approach in addressing community concerns, and it has remained a
vital method for local communities to actively shape the creation of public open spaces [10].
The involvement of community members at every stage, from setting goals to designing
programs and projects, represents a wide range of community interests and can result in a
system that is better equipped to address the diverse needs of the community.

However, community participation has experienced an increasing number of reassess-
ments in the literature on planning. According to Mark Francis, “community participation
has become firmly institutionalised, it also has become more of a tool for defending exclu-
sionary, conservative principles than for promoting social justice and ecological vision” [11]
(p. 61). Jean Hillier also discussed the institutionalisation that results from the inefficiency
and formalisation of the participation process. This institutionalisation, whether intentional
or unintentional, tends to favour particular groups’ participation while discouraging or
even preventing others from participating [12]. These obstacles have significantly limited
the capacity of community participation in planning to effectively tackle conflicts and
differences, which confirms that the breadth and significance of community participation
in planning have progressively diminished [6].

In the past few decades, methods of conflict resolution and consensus building have
been developed to deal with different perspectives and interests. However, some of these
methods have also been discovered to be inadequate, especially when interactions and
negotiations happened during a formalised participation process [6]. Firstly, the formalised
process can “deflect discussion of value issues, to control difficult participants, and to
manipulate participative processes” [13] (p. 177). Secondly, the formalised process creates
obstacles for planners when they are confronted with issues related to cultural diversities
and nuances [14,15]. The array of cultural diversities and nuances poses a challenge
to participatory planning when participation is constrained by rigid formal rules and
procedures detached from the social processes and dynamics within communities [6].

2.2. Community Participation Methods—General

As an alternative to the formalised participation process in community planning, an
informal participation process that can offer a broader range of more effective opportunities
for engagement, dialogue, and interactions that help overcome the institutional barriers
and address the community and cultural differences should be considered [6]. The existing
literature related to community participation in planning has certified the concept and
influence of the informal participation process [16,17]. For instance, informal participation

163



Land 2024, 13, 1412

such as walking tours, design games, and social events could provide opportunities and
catalysts for building mutual trust and a better understanding of the design ideas [17].

Given the strong evidence in the literature, it is clear that informal community partici-
pation processes can “significantly contribute to the effectiveness of participatory planning
at the community level” [6] (p. 303). Community participation processes should effec-
tively incorporate the available resources and engagement techniques. Techniques such
as walking guides, surveys, and small focus groups are a few options for future design.
With an appropriate participation process or method, people could have an active role in
the community planning process, and multi-stakeholders may also be involved in finding
practical, locally based, and long-term solutions to community regeneration and conserva-
tion programs. When community members participate in creating their own environment,
they will have a feeling of control. And this is the only way their needs and values can be
considered [4].

The following methods can be utilised to encourage and guide public participation.

2.2.1. Participatory Mapping

Participatory mapping “engages community members in geographic mapping of
their community’s assets, needs, opportunities and other considerations to inform the
community planning process” [18] (p. 31). It has surfaced as a crucial tool in community
planning, enabling the identification and communication of development needs, and it has
also gained acknowledgment as a method to foster social change [19].

Participatory mapping is an approach to creating maps, aimed at highlighting the con-
nections between a location and its communities by employing cartographic techniques [19].
An ordinary form of participatory mapping comprises an aerial map or the conventional
base map of a community for potential participants to write or draw on with magic markers
or stickers. These maps might include labels for street names, public open spaces, key
locations, and other features that help participants locate themselves and can inform the
particular purpose of the mapping activity [20].

2.2.2. Guided Tours

Guided tours “are among the emerging mobile methods that emphasise the importance
of the evaluator being present and in motion with the participant, to make data collection
a shared journey” [21] (p. 1383). It involves pre-planned tours through a neighbourhood
area aimed at familiarising participants with current conditions and can be utilised to
explore potential improvements in the area [18]. The planner or designer accompanies the
participant, actively listening and posing questions to encourage dialogue and grasp the
participant’s viewpoints [21]. Moreover, guided tours can serve as optional perspectives
for exploring the issues under investigation [22].

A guided tour gathers potential community members with different backgrounds,
enhancing the project’s awareness and interests, which could bring increased engagement
and satisfaction and finally result in a consensus solution [22].

2.2.3. Focus Groups

Focus groups are “a small group of people guided by a facilitator to provide feedback
on a given topic, which has applications throughout social-science research and marketing
campaigns as well as in community planning” [18] (p. 37). A focus group stands out as a
distinct type of gathering due to its specific purpose, size, composition, and methodology.
It is utilised to gain deeper insights into people’s sentiments or thoughts regarding an issue,
idea, product, or service [23].

A typical focus group has four to six participants, who are selected representatives
from community associations, community-based organisations, or direct community mem-
bers living in that area who have certain characteristics in common that relate to the topic
of the focus group [23]. Because of the smaller size of the sessions, focus groups are always
considered to be cost effective and time efficient.
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2.2.4. 3D Visualisation

3D visualisation “allows stakeholders to see the potential results, development and
design projects through computer modelling and photographic imaging” [18] (p. 39).
Utilising 3D visualisation tools with a high level of interactivity should be pivotal in
fostering effective communication, which can lead to increased participation in dialogue
processes [24].

This 3D technique provides opportunities for all stakeholders to check the existing
conditions and the proposed planning more straightforwardly. It can also provide different
options for design and planning as all related images and design can be digitally manipu-
lated so that planners or community members can better evaluate various possibilities and
scenarios [18]. Compared to the two-dimensional plans, 3D visualisation allows community
members to visualise directly and accurately what the proposed design or planning will
look like.

2.2.5. Interactive Planning

Interactive planning “taps into the public’s memories and emotions of place through
building models for a community’s built environment from found, recycled objects” [18]
(p. 40).

Regardless of professional background and skills, interactive planning provides a
great opportunity to help community members translate abstract and conceptual plan-
ning into actual physical items and forms. These physical models represent the focus
site, including the general streets, landmarks, and other key features. This platform is
supposed to be reorganised and manipulated by community members, which creates a
better understanding of the built environment and the proposed planning [18]. People
will have the experience and accessibility to building possible solutions rather than merely
talking about them. This interaction between community members and planners can also
facilitate the communication and relationship between them, which will also encourage
potential participation in the project [25].

2.2.6. Visual Preference Surveys

Visual preference surveys (VPSs) enable community members to evaluate physical
images of natural and built environments [18]. The VPSs help community members
“envision design alternatives in ways that words, maps, and other communications media
cannot” [26] (p. 271). They can be used as a tool for identifying values and setting goals
for community planning and have been proven to help develop a consensus between
developers and the public [27].

The VPS requires participants to review and assess a sequence of slides. Participants
examine each slide and assign it a score based on their immediate reaction or preference to
the image, whether they find it appealing and whether they believe it is suitable for their
community [18]. The most common way to assess preferences is with ratings on a Likert
scale. The result of the survey stands for the collective preferences of the participants [26].

2.3. Community Participation Methods—Local
2.3.1. Hui—Māori

In Māori Indigenous culture, hui “refers to an occasion where people come together to
renew old friendships, to celebrate, debate, tell stories and to listen to”, which would be
hosted precisely in the local marae (meeting grounds) [28] (p. 5).

At the present time, the contemporary hui can be held in a number of public venues
or locations other than the local marae, including the public hall at schools or universities,
the city council, and the conference room. All of those places can be appropriate if proper
cultural protocols are adopted [29].

In the modern use of hui, an essential element is the ceremonial form that establishes
the context for the ensuing discussion [28]. Moreover, hui has gained growing recognition
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as a culturally suitable method for individuals or institutions to interact with Māori and to
gain a high level of trust and respect [29].

2.3.2. Talanoa—Pasifika

From the perspective of Pasifika, talanoa is a word that promotes open discussion and
respect among each other [28]. It is a combination of two terms. Tala means telling stories
or talking and noa represents heartfelt communication without concealment [30].

In Pasifika communities, talanoa occurs within the groups when Pasifika are trying
to reach a consensus and agreement on a new idea or issue. It also creates a friendly and
informal environment so Pasifika community members can freely communicate without
hesitations or concerns [30]. It is a good opportunity to reconnect with the Pasifika commu-
nity members and promote their interactions. Therefore, talanoa “enables participation in
the way that the participant wishes, sets the connections within the group which promotes
good relations, delves deep to uncover rich data and build consensus within the group
around a topic” [31] (p. 539).

3. Method

To answer the research question, this study adopted the qualitative research method
of focus groups, which was perfectly matched and useful for exploring, discovering, and
identifying people’s experiences of participation processes in community planning. It also
helped to understand not only what they think but also how they think and why they think
that way.

3.1. Ethical Issues

Throughout all focus group sessions, the authors took precautions to ensure that
engagement with respondents was ethically and culturally appropriate. To build the rela-
tionship of trust and connection, the authors were advised by local residents’ associations,
community centres, and city councils. A person from the liaison group was appointed to
work with the researchers to ensure the collected data could be well protected throughout
the project, in line with cultural and Treaty of Waitangi protocols.

3.2. Participants

A total number of 30 participants were recruited for this research, including New
Zealand European, Māori, Chinese, and Pasifika (Table 1) ethnic groups. As snowball and
purposive sampling methods were employed, local community associations and church
parishes as well as city councils provided tremendous help in spreading information and
recruiting potential participants. These entities have built and continue to maintain close
relationships with local residents and the local Māori tribe, including Ngāti Toa. This
assisted with the recruitment of Māori participants and ensured appropriate adherence
to protocols.

Table 1. Number of participants.

Newtown Porirua

Ethnicity NZEU Chinese NZEU Māori Chinese Pasifika
Number of participants 5 4 4 3 5 9

As this research is meant to gain an understanding of people’s experiences of participa-
tory planning, and the researcher typically seeks more in-depth insights about how people
in each ethnic group perceive its effectiveness, a small focus group is best suited as it is “eas-
ier to recruit and host, and they [small groups] are more comfortable for participants” [23]
(p. 74). While the focus groups may be relatively small, the deliberate recruitment strategy
aimed to capture a wide array of viewpoints within each ethnic group, strengthening the
validity and generalisability of the findings. This also allows the researcher to focus on
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creating a conducive environment for meaningful dialogue and discussions as well as a
safe environment for those who are participating [32].

In addition, the recruitment process for the small focus groups involved collaboration
with local community associations, which assisted in disseminating information and iden-
tifying potential participants who met this study’s criteria. While specific demographic
details cannot be disclosed due to ethical considerations, efforts were made to ensure a
diverse range of perspectives within each ethnic group and to enhance the richness of
the data and support the credibility of the findings [33]. Participants were recruited from
various backgrounds and included individuals with varying levels of community involve-
ment, professional experiences, and affiliations with aforementioned organisations. The
snowball sampling method can be effective in reaching hidden populations or those with
varying degrees of engagement, provided that recruitment is guided by a conscious effort
to maximise diversity [34].

Recruiting Māori participants is generally more challenging due to factors such as
geographical dispersion and smaller community size and differing levels of engagement
with this research. Moreover, Māori communities often have specific cultural protocols and
ethical considerations that need to be respected when conducting research. Key principles,
such as whakapapa (relationships) and mana (authority and dignity), underscore the
importance of building trust, engaging with the community in a culturally respectful
manner, and ensuring that the research process is aligned with Māori values [35]. This type
of engagement can be time-consuming, as it involves establishing genuine relationships and
ensuring that the research is conducted in a way that benefits the community. These factors
can naturally limit the number of participants, as the focus is on quality of engagement
and ethical rigor rather than quantity. Finally, during the same period of this research,
the global spread of the pandemic also created some obstacles, which both physically and
virtually limited the number of potential participants.

3.3. Focus Group Sessions

Table 2 presents the general description of all focus group sessions. Each focus group
was arranged exclusively for participants from that ethnic community. As people prefer to
reveal “sensitive information when they felt they were in a safe, comfortable place with
people like themselves” [23] (p. 6). Focus group sessions were being held in locations
where community members are more familiar and comfortable, such as the Community
and Cultural Centre in Newtown and the Cultural Centre and City Hub in Porirua.

Table 2. General description of focus groups.

Community Ethnic Group Location Number

Newtown
New Zealand European Newtown Community Hall 3

Newtown Community Centre 2
Chinese Online 4

Porirua

New Zealand European Online 4
Māori Online 3

Chinese
Online 3
Online 2

Pasifika
City Hub, Porirua 2

Online 7

Initially, the focus group sessions were organised and hosted on-site. However, due to
the COVID-19 pandemic outbreak, the remaining focus group sessions changed to online
meetings through a digital visual communication platform.

3.4. Coding and Transcription

To ensure better and continuous communication during the conversation and avoid
losing data, it was necessary to audio record the whole focus group session using a recorder
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and then transcribe the content into an abridged transcript without irrelevant or redun-
dant parts.

The transcriptions were coded and entered into NVivo 12.0, a software commonly used
for qualitative research to document and sort focus group recordings and transcriptions.

Each participant was assigned a letter code to protect their identity (Table 3). More-
over, the six numbers in Table 4 represent the six participation methods concluded from
the literature.

Table 3. Description of the focus group letter-codes.

Community Ethnicity
Participant Code

Sample

Focus Group

Newtown
New Zealand European FG-NT-EU-A (A-E)

Chinese FG-NT-CH-B (A-D)

Porirua

New Zealand European FG-PR-EU-C (A-D)
Māori FG-PR-MA-B (A-C)

Chinese FG-PR-CH-E (A-E)
Pasifika FG-PR-PA-F (A-I)

Table 4. Participation methods coding.

Coding Participation Methods Abbreviation

No. 1 Participatory Mapping PM
No. 2 Guided Tour GT
No. 3 Focus Group FG
No. 4 3D Visualisation 3D
No. 5 Interactive Planning IP
No. 6 Visual Preference Survey VPS

Numbers 1 to 3 represent the prioritisation of the effective participation methods
selected by the participants during the focus groups. Participants rated the effectiveness of
those methods, from No. 1—extremely effective to No. 3—slightly effective (Table 5).

Table 5. Scale of effectiveness.

Coding Scale

1© Extremely Effective
2© Moderately Effective
3© Slightly Effective

4. Data Analysis and Discussion

The general procedure of the analysis is shown below (Figure 2). The cross-case
analysis and discussions were focused on targeting ethnic groups separately, including
New Zealand European, Māori, Chinese, and Pasifika, in terms of the comments and
feedback provided by the participants. The experience and effectiveness of the community
participation process were examined, and the reasons for selecting each of the focused ethnic
groups were analysed and discussed. Moreover, cultural background and influence, two of
the most critical concepts in this research, were analysed and discussed in conjunction with
the highly effective participation methods selected by the targeting ethnic groups.
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Figure 2. Data analysis procedure.

4.1. Extremely Effective Participation Methods by Ethnicity

In Table 6, for the selections of the extremely effective methods, the majority of New
Zealand Europeans chose No. 4, the 3D visualisation; a great number of Māori selected No.
2, the guided tour; most Chinese chose No. 6, the visual preference survey, and numerous
Pasifika chose No. 2, the guided tour.

Table 6. The most effective participation method for each of the four ethnic groups in the study.

Ethnic Group PM GT FG 3D IP VPS Hui Talanoa

New Zealand European 1©
Māori 1©

Chinese 1©
Pasifika 1©

In addition, all Māori participants chose hui as the specific method, which should be
placed at the start of the participation process. All Pasifika participants selected talanoa as
an extra method that was unique and appropriate to their ethnicity.

4.2. Cross-Case Analysis and Discussions by Culture

The relationship between cultural influence and the selection of the effective par-
ticipation method by the corresponding ethnic groups is analysed and summarised in
this section.

4.2.1. 3D Visualisation for New Zealand European

From the focus group discussions with New Zealand Europeans, the selection of the
3D visualisation refers to the latest 3D technology employed in the participation project.
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According to modern Western philosophy, the different ways people relate to nature
can be characterised as (1) humans being influenced by nature, (2) reacting to nature, and (3)
finding ways to tame elements of nature through new technologies to solve problems [36].
New technologies have played an important role since the Industrial Revolution by promot-
ing the harmonious relationship between humans and nature. So, from the perspective of
human’s relationships with nature, Western culture pays particular attention to and prefers
developing and implementing science and technology.

This focus and preference are expressed as the following viewpoints in pursuing 3D
technology from focus groups. Firstly, from the point of the visualised perspective provided
by 3D visualisation, the following point was made:

For 3D visualisation, I like your idea of doing it for 3 dimensional rather than as flat
mapping. (FG-PR-EU-A)

The participants emphasised that it provides a better visualisation in comparison to
other methods, which is a key point from the literature that this three-dimensional visuali-
sation allows participants to directly and accurately visualise the proposed design [37].

Secondly, from the point of convenience and time efficiency, the following points
were made:

It’s easier for me to interpret than the 2D plan. (FG-NT-EU-A)

It’s also convenient for me to see that in my own time and my own space. I can do this
quickly and I can spend as much time as I want. So, it’s time efficient. (FG-NT-EU-A)

The 3D visualisation is the least amount of effort on my part. It’s great that I could still
be involved, but little effort. (FG-NT-EU-D)

The feedback is matched with the existing literature that the 3D visualisation method
is a more straightforward way and will simplify the design process and settle with realistic
and accurate images [24,37]. What is more, the participants confirmed this factor of 3D
visualisation, making the participation process convenient and time-efficient with the least
amount of effort [24].

In summary, the focus group discussions with participants from New Zealand Euro-
peans underscore a deep-seated connection between their preferences for new technology
and the broader cultural backgrounds. This interest is rooted in the historical context of the
Western world’s dominance in technological innovation; participants expressed a natural
affinity for methods that leverage advancements in technology to enhance efficiency [38].
This inclination was also reflected in the focus group discussions, where participants were
keenly interested in utilising the latest technologies, such as 3D visualisation, to engage in
participatory processes.

4.2.2. Guided Tour and Hui for Māori

Culturally speaking, it is necessary and appropriate to organise hui at the beginning of
the whole participation process, as this will be an essential procedure for building trust and
respect for individuals or institutions to engage with Māori [29,39]. The Māori participants
also proposed that getting to know everyone and the potential projects is an important part
of relationship-building. Hui is one of the extremely important procedures when engaging
with Māori as an outsider:

So, bring them from the early stages, being able to introduce yourself, and then be able to
take their engagement throughout the whole process is really key. (FG-PR-MA-A)

That can be as simple as just an initial hui for everyone to get to know everyone and what
projects are happening. (FG-PR-MA-C)

Hui is a Māori term and a special ceremony targeting and providing opportunities
for Māori community members to be involved and freely present their different opinions
on potential projects with respect [28,40]. According to the feedback provided during the
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sessions, hui is an essential process at the beginning to start making connections and trust
so that they can better work together and collaborate on good ideas:

I think a big part comes to that is the relationship building or the connections, especially
hui at the start. (FG-PR-MA-B)

You get a sense of transparency. A sense that you are being informed. People will feel
more confident that you are being told everything you need to know. (FG-PR-MA-A)

Māori also have a unique perception and affinity with the land [41,42]. Most of the
Māori participants believed that their understanding, feeling, and attachment to this land
are much more profound when compared with other ethnic groups nowadays:

Our understanding of the land is a lot deeper than anyone else. As you know, historically,
it was their land before colonisation. (FG-PR-MA-A)

This shared journey of a guided tour provides them with an excellent opportunity
to experience and feel the land so closely, to put forward their specific concerns, and to
exchange valuable ideas when walking with designers [18,21].

For Māori, that guided tour helps you to get a feel of reality, so that you are trusting your
own eyes in your own sensibilities. (FG-PR-MA-B)

When you are out there, you can capture those holistic relationships and you can capture
those cultural landscapes. (FG-PR-MA-C)

From a Māori perspective, the connection between humans and ecosystems is critical,
believing that the selection of a guided tour promotes a deeper connection to mana whenua
(territorial rights over the land) [41]. It is understood that Māori need to establish a solid
and intimate connection with whenua (the land), which leads to the practical selection of
the guided tour. In addition, the Māori worldview acknowledges that all living things and
natural resources are connected, and this holistic interaction between humans and nature
can also significantly impact their health and wellbeing [39,41,43].

This reveals another reason for selecting the guided tour as the highly effective par-
ticipation method, which is conducive to strengthening the connection to the land and
potentially increasing their mana (spiritual power):

Because Māori has a lot more connection with the land. When we start to touch the
whenua, that always has a direct impact on the people. (FG-PR-MA-A)

So, their main concern is around their people, their iwi and their mana whenua, and what
the impacts there are going to be on them. (FG-PR-MA-B)

To conclude, this selection of the extremely effective participation method for Māori is
based on their historical and cultural background, which is closely related to and concen-
trated on the connection to the land and the better health and well-being associated with
establishing this intimate connection and relationship.

4.2.3. Visual Preference Survey for Chinese

Historically speaking, the community in China is based on the kinship network, and
the family members live geographically close to each other so that they can take care of
each other when necessary. This means that the ancient Chinese culture developed from
collective cooperation to ensure their survival in nature [44]. This collectivist spirit has
been ingrained in Chinese culture for centuries, ensuring survival and prosperity amidst
natural challenges.

Even in the contemporary era, this collectivist culture persists. Before 1978, society
and communities were rooted in a traditional Chinese collectivistic culture. People at that
time lived in public housing provided by their workplace or employment unit. Under
this unique sociocultural background, their collectivist values existed within social ties
and kinship all in the neighbourhood atmosphere of the public housing. After 1978,
even though the old employment units were largely dissolved, and the kinship networks
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considerably changed because of the new economic system, the traditional culture still
exists, and people living in the new communities are also working collectively to address
their own community needs and issues [45].

The focus on collectivism is reflected explicitly in the following perspectives on their
selection of the visual preference survey. Firstly, from the perspective of multiple options
and solutions for the potential project, the following points were made:

I chose No. 6, because we are not professionals, and No. 6 will help broaden our horizons
and make a more diversified choice. (FG-NT-CH-D)

For the images in the VPS, they are all based on the mature program. (FG-PR-CH-D)

A point of view from the literature corroborated the argument above. This method
aims to make community members evaluate the images or slides of natural and built
environments to help identify value and set goals for community planning [18].

Secondly, from the perspective that this method provides collective contributions for
the potential projects, the following points were made:

VPS can grab people’s opinions as a collective preference so that the designers can help us
in a scientific way. We need to collect most people’s opinions. (FG-NT-CH-A)

The results from the VPS will be a collective view from all the participants in the
community. (FG-PR-CH-E)

The collective response value on the images or slides represents the collective con-
sciousness of the whole of the surveyed participants, which will stand for a collective
understanding and will be consistent with the preference of the whole community [46].

The focus group discussions with participants from Chinese backgrounds illuminate
a profound connection between their participation preferences and the cultural value
of collectivism. Rooted in their traditions, Chinese culture places a strong emphasis
on collective action. This cultural tradition is reflected in the focus group discussions,
where participants prioritised methods that foster collective contributions and consensus
formation. Participants expressed a preference for this VPS approach that allows for the
consideration of diverse perspectives and the pooling of collective wisdom to inform
decision-making processes. The emphasis on collective decision-making resonates with
their broader cultural values of cooperation and community cohesion within the Chinese
community. Moreover, participants viewed this VPS as an opportunity to harness the
collective consciousness of the community and ensure that decisions align with the shared
values and preferences of the group.

From ancient to contemporary perspectives, Chinese culture continuously emphasises
the spirit of collectivism. From this point of view, their selection of the highly effective
participation method of the visual preference survey and the keyword of collectivism
mentioned above can be interconnected.

4.2.4. Guided Tour and Talanoa for Pasifika

Talanoa is normally “a traditional Pacific reciprocating interaction, which is driven
by common interest, regard for respectfulness, and is conducted mainly face to face” [47]
(p. 31). All participants proposed that this is an essential and required method, which
should be not only placed at the beginning of the community participation process but also
is a continuous process to go through for the whole project:

This process would probably be the first consultation for our pacific communities, primar-
ily because we would like to do things together communally. (FG-PR-PA-A)

I think talanoa is not a one-off process, it is a continuous process that need to ensure it is
on-going. (FG-PR-PA-I)

For Pasifika, in both formal and informal settings, the talanoa process can be adopted
and used for all of these situations, and it is suitable for enabling the potential participants
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to communicate [28]. Therefore, talanoa enables the participation of community members
and helps promote good relationships within a permissive environment [31]:

It’s what brings the Pacific people together. (FG-PR-PA-I)

For me, the talanoa is based on the trust. If you are hosting the talanoa very successful,
and we will follow the process and the pace. (FG-PR-PA-C)

This permissive environment allows all participants to share their views to make sure
all voices are heard rather than that all views are presented [28]. This environment also
promotes open discussions and respect among participants, which is echoed by the aim of
talanoa to facilitate inclusivity by providing comfortable environments and encouraging
discussions [31]:

The talanoa process is the most respectful way of being able to talk freely in a space for
everyone. (FG-PR-PA-D)

The talanoa is an opportunity to have a free discussion in a safe place. It’s an inclusive of
everyone, and we are running the meeting equally. (FG-PR-PA-F)

This inclusivity creates a healthy social relationship, which is vital to Pacific peoples’
wellbeing and a sense of community in life [47], and this relationship should be maintained
through positive interactions with community members. What is more, the Pasifika self is
meaningful only in relation to others, and this relational self as a source of mental wellbeing
is balanced with the physical interactions with families and community members [48]:

Because we are very interactive people, we like to feel each other and we are reciprocal
learners. Like we learn from you and you learn from us. (FG-PR-PA-F)

Everyone from different backgrounds will come and interact. Then you will see the other
one’s ideas and you will see their mana. (FG-PR-PA-G)

Their selection of guided tours provides excellent opportunities for Pasifika partici-
pants to interact on-site. This is consistent with the literature about the importance of social
interaction, which encourages people’s involvement. In Pasifika communities, social and
community interactions are perceived to be a valuable aspect of Pasifika culture and an
opportunity to contribute to and improve their own communities [49].

In conclusion, for Pasifika, from the relationship to self and others and the emphasis
on talanoa, the selection of the highly effective participation method is mainly connected
to interactivity, which is closely related to the Pasifika cultural background and strongly
supported by the literature.

4.3. The Least Effective Participation Method

After analysing the highly effective participation methods, Table 7 identifies that No. 1,
participatory mapping, is the least selected and, thus, the least effective method for all ethnic
groups studied in this research. The main reasons are that most of the community members
are not professionals, making it difficult for them to understand and read two-dimensional
mapping within that short period of time during the participation sessions:

Table 7. Frequency of the selected effective methods by all ethnic groups.

Ethnic Group PM GT FG 3D IP VPS

All Ethnic Groups 4 20 12 23 13 18

I may be struggle to read the 2D maps. (FG-PR-EU-D)

I think the 2-dimensional mapping will be not straightforward and easy for us. Most of
us are not professionals, and reading the maps require some knowledge. (FG-NT-CH-C)

We are not the professionals, when you see a map, it’s just a map. (FG-PR-PA-H)
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For PM, I really don’t understand how to read maps. And I have been to a session like
that. When I was looking at it and it meant nothing to me. (FG-PR-PA-F)

The use of participatory mapping generally requires a facilitator with a professional
background who will introduce the project and the required activities, including how to
review the maps and the instructions for marking and labelling [18]. As such, this approach
was selected as the least effective participation method.

4.4. Series of the Relatively Effective Participation Methods

Other than the most and least effective participation methods for targeting ethnic
groups, different combinations of relatively effective participation methods are identified
(Table 8). This analysis helped us to understand the common areas of overlap and the areas
of difference when it comes to the series of effective participation methods by ethnicity.

Table 8. Mapping the most to the slightly effective participatory method by ethnicity. The coding is
described above in Table 5.

Ethnic Group PM GT FG 3D IP VPS Hui Talanoa

New Zealand European 3© 1© 2©
Māori 1© 2© 3©

Chinese 3© 2© 1©
Pasifika 1© 3© 2©

For the preferred method across all ethnic groups, it is clear that No. 2, guided tour,
is the most common selection as one of the effective participation methods. For future
potential projects, if some or all these ethnic groups are involved, this approach is suggested
to be applied to the targeting of groups of diverse people, which will also make the potential
projects and participation process more effective.

For New Zealand Europeans and Chinese, all three selections for effective participation
methods are exactly the same. This means that, without considering the different rankings
of effective participation methods, the choices of the community participation methods
adopted and utilised for these two ethnic groups are similar. Based on this result, if future
projects include these two ethnic groups, designers should adopt and focus on the same
methods but with different priorities.

The other two preferences for Māori, except for the guided tour, are the focus group
and the visual preference survey. For Pasifika, the other two choices are 3D visualisation
and interactive planning. Based on the generalisations above, when targeting Māori and
Pasifika, those effective participation combinations and strategies should be adopted and
utilised according to their own selections.

The rankings shown in Table 8 deepen our understanding of the effectiveness of the
different participation methods examined in this study. This also suggests that reliance only
on the extremely effective participation method alone cannot solve all potential problems.
Instead, it can be suggested that a series or combination of relatively effective participation
methods can be more effective.

4.5. Implications

Practitioners and policy makers are encouraged to tailor community participation
processes to specific ethnic backgrounds and cultural preferences, enhancing engagement
effectiveness by aligning methods with unique needs and inclinations.

For practice, recognising the inclination of New Zealand Europeans towards tech-
nology and innovation, practitioners can employ digital tools and platforms to facilitate
participation and communication. Emphasising Indigenous history, land connections, and
wellbeing can enhance Māori engagement while acknowledging the collective nature of
Chinese culture can promote group-based participation methods that emphasise collabora-
tion and consensus building. Leveraging interactive methods can align with the cultural
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preference for interactivity among Pasifika communities, fostering effective engagement
through hands-on involvement and dialogue. Adopting a flexible approach by combining
different participation methods tailored to specific ethnic groups can enhance overall ef-
fectiveness. Practitioners should consider a mix of practical methods that cater to diverse
preferences and needs within communities.

Regarding policy, it is essential to integrate cultural values into community engage-
ment frameworks. This includes allocating resources to support tailored participation meth-
ods and ensuring that policies reflect the diverse needs and preferences of communities. By
incorporating cultural considerations into policy design and implementation, governments
can promote inclusivity, equity, and meaningful engagement across diverse populations.

5. Conclusions

This research has examined community members’ experiences of participatory design
processes and explored the effectiveness of these methods in relation to their ethnic and
cultural backgrounds.

The findings have primarily been organised according to ethnic groupings and further
analysed in the context of the socio-cultural literature in order to identify possible reasons
underlying people’s preferences. The cross-case analysis indicated that the four ethnic
groups each have specific preferences for methods for participating in community planning
of public open spaces.

The cultural relationships and background for the selections were also explored
through the focus group data. Focus group findings indicate the importance of the role of
culture in the selection of the most effective community participation methods by target-
ing ethnic groups: (1) for New Zealand Europeans, their selection of the highly effective
participation method is a representation of their cultural viewpoint and pursuit toward
new technology and innovation; (2) for Māori, their selection of the highly effective par-
ticipation method is closely related with their Indigenous history, connections to the land,
and the distinctive pursuit of health and wellbeing; (3) for Chinese, their selection of the
most effective method and their cultural element of collectivism are interconnected; and
(4) for Pasifika, their selection of the highly effective method is connected to their cultural
component of interactivity.

From a broader point of view, the results are consistent with previous research and
knowledge on participatory design as a tool for community engagement. This emphasises
the importance of culturally sensitive methods and stresses the significance of understand-
ing cultural context, to effectively engage with diverse populations [4,50]. On a specific
level, other studies found that Māori values and the connection to nature influence their
community engagement practices, which aligns with this study where Indigenous cultural
practices are central to the selection of effective participation methods [51,52].

The findings also reveal similarities and differences in the selections of all the targeted
ethnic groups, including the least effective participation method and a different series of
relatively effective participation methods. For the least effective participation method,
findings highlight that participatory mapping is selected as the least effective community
participation method for all four ethnic groups in this research. Generally speaking, this
method is standard for designers but is not necessarily applicable to non-professional com-
munity members. While participatory mapping is generally and traditionally recognised as
an effective tool in community planning [19,20], this study found it to be the least effective
across all ethnic groups. This divergence could be contextualised by considering the spe-
cific characteristics of the targeted ethnic groups or the unique nature of the public spaces
involved. This also highlights the need to explore and discover contemporary versions of
participatory mapping that are culturally adaptive and technologically advanced, ensuring
they are relevant and effective in diverse community settings. For the series of relatively
effective participation methods, it is suggested that different combinations and series of
participation methods should be embraced for different ethnic groups.
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This research introduced the effectiveness of community participation methods to
fill the gap by providing community members with different ethnic backgrounds the
opportunity to engage in the planning of public open spaces effectively. In addition, this
research allowed for different strategies to occur in relation to ethnicity, which complements
the existing participation process.

6. Limitations

Some limitations emerged as a result of this research.
First, for the focus groups, some sessions took place using an online meeting platform,

which limited the interactions or communications among participants. More on-site focus
group sessions may help encourage communications and provide additional information
to make the interpretation more accurate. At the same time, increasing the sample size
for focus group sessions may enable a better understanding of participation methods in
relation to different ethnic groups.

Second, because of the time limitation and the COVID pandemic, some potential
project types were cancelled, such as an urban renewal project. Adding different project
types in different regions may increase the reliability of the research results.
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Researchers and Ethics Committee Members; Health Research Council of New Zealand: Auckland, New Zealand, 2010.
36. Chen, X.; Wu, J. Sustainable landscape architecture: Implications of the Chinese philosophy of “unity of man with nature” and

beyond. Landsc. Ecol. 2009, 24, 1015–1026. [CrossRef]
37. Wu, H.; He, Z.; Gong, J. A virtual globe-based 3D visualization and interactive framework for public participation in urban

planning processes. Comput. Environ. Urban Syst. 2010, 34, 291–298. [CrossRef]
38. Stearns, P.N. The Industrial Revolution in World History; Taylor & Francis Group: Oxfordshire, UK, 2021.
39. Marques, B.; Grabasch, G.; McIntosh, J. Fostering Landscape Identity Through Participatory Design with Indigenous Cultures of

Australia and Aotearoa/New Zealand. Space Cult. 2018, 24, 37–52. [CrossRef]
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Abstract: A comprehensive approach to ecological functional zoning in the Shenzhen region of China
is presented in this study. Through the integration of advanced geospatial analysis tools, multiple data
sources, and sophisticated statistical techniques, different ecological functions have been identified
and categorized based on a comprehensive set of indicators and spatial analysis techniques. The
three-level zoning framework established in this study offers policymakers, urban planners, and
environmental managers a nuanced understanding of the region’s environmental characteristics, and
highlights areas of ecological significance that warrant special attention and protection. It has been
demonstrated that the data-driven approach to ecological functional zoning is effective in delineating
distinct ecological zones within the study area. This study’s findings carry significant implications
for future land use planning, conservation efforts, and sustainable development practices in the
Shenzhen region. In essence, this study contributes to the broader discourse on ecological planning
and environmental management by providing a systematic and data-driven approach to delineating
ecological functional zones in urbanizing regions.

Keywords: ecological functional zoning; data-driven approach; sustainable land use; environmental
management

1. Introduction

Ecological functional zoning is a vital endeavor that revolves around the regional
ecological environment [1,2]. The interconnectedness and mutual constraints of ecological
factors within a region give rise to diverse structures, facilitate various ecological processes,
deliver a range of services to humanity, and ultimately shape the regional ecological
environment [3,4]. The spatial division or integration of ecological functional regions is
based on overarching connectivity, spatial continuity, ecological process similarity and
dissimilarity, service function characteristics, and the intensity of human activities.

The origins of ecological zoning can be traced back to 1898, when Merriam conducted
a comprehensive classification of biological zones and crop zones in the United States,
establishing the foundation for a biological-based ecological zoning approach [5]. In re-
cent years, significant progress has been made in applying remote sensing and machine
learning techniques to study land–water interfaces and ecological systems [6–8]. Although
many studies have employed machine learning algorithms to classify land cover and
plant communities in coastal regions, the focus has primarily been on analyzing individ-
ual spatial data layers without exploring the interactions and mutual influences among
different layers [9,10]. While notable regional-scale ecological zoning efforts have been
undertaken [11,12], these initiatives have mainly concentrated on natural ecological factors
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with limited consideration for the role of humans within ecosystems [13]. Addressing
pressing global challenges such as population growth, resource scarcity, and environmental
degradation, ecologists have redirected their attention to ecological zoning, recognizing
the limitations of past approaches and acknowledging the vital role and impact of human
activities on resource development and environmental conservation [14,15].

Chinese researchers have also made significant contributions to the field of ecological
zoning [16–19]. Li’s work on ecological sensitivity and ecosystem service functions in
Hainan Province, as well as Yang’s foundational research on national ecology, exemplify
efforts to provide a scientific basis for regional economic development policies, sustainable
resource management, and ecological preservation [20,21]. Furthermore, Fu [22] proposed
a comprehensive framework for national ecological zoning, dividing the country into
3 ecological zones, 13 ecological regions, and 54 ecological areas, considering ecosystem
service functions, sensitivity, and human influences. Hong et al. [23] established an eco-
logical vulnerability assessment indicator system comprising nine elements and twelve
indicators, focusing on ecological sensitivity, ecological pressure, and self-resilience. It
spatially identifies ecologically vulnerable areas within a highly urbanized region. Highly
vulnerable areas, primarily located in the western region and intertwined with urban func-
tional zones, suggest the need for establishing an ecological red line and enforcing stringent
controls akin to China’s existing ecological protection laws. The Chinese government is
vigorously advancing its carbon market and began establishing the national carbon market
in December 2017 [24]. The efficiency of market information is a crucial measure of market
maturity and is essential for participants to devise trading strategies. As one of the pilot
cities, Shenzhen’s policies play a significant role in its comprehensive ecological functional
zoning [25].

However, there is a lack of research on hierarchical methods for coastal ecosystems
and the establishment of comprehensive protection systems at the intersection of highly
developed areas and urban environments [26–29]. Liu et al.’s study [30] underscores the
complexity of economic development’s impact on the environment, highlighting differing
trends between production and consumption-related pollutants. It suggests that targeted
policies addressing both industrial production and consumption patterns are crucial for
achieving sustainable development goals in rapidly urbanizing regions like Shenzhen.
Ecological security patterns (ESPs) integrate landscape patterns and ecological processes to
enhance ecological connectivity, promoting the coordinated development of social systems
and ecosystems [31]. Wang et al. [32] chose townships in the Tacheng Basin, Xinjiang,
China, as the basic research units, and established an evaluation index system covering
ecological protection, agricultural production, and urban development suitability, and
they analyzed them using spatial analysis functions and an exclusive matrix method.
An assessment system integrating ecological security and economic development was
constructed for evaluating these areas, fully considering drivers such as precipitation,
temperature, topography, soil, land use, geological disasters, and landscapes that impact
the ecosystem [33]. While previous ecological zoning research has primarily focused on
large-scale land and watershed spaces, there are a limited number of comprehensive studies
on small to medium-scale urban coastal areas, impeding the development of guiding
research results used for reference [34,35].

In conclusion, while ecological zoning and mapping have garnered significant atten-
tion and research efforts, there is untapped potential for further exploration and develop-
ment, particularly in addressing the complex ecological challenges at the intersection of
urban and highly developed areas. This calls for a concerted effort to advance ecological
zoning research and develop comprehensive protection strategies to ensure the sustainable
coexistence of human activities and natural ecosystems. The purpose of this study is
to propose the theoretical basis and specific zoning techniques for three-level ecological
functional zoning at medium and small scales, and to validate and apply this method in
the study area.
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2. Methodology

This section introduces a comprehensive three-level framework for regional ecological
functional zoning, focusing on the scales of watershed, sub-watershed, and river. To further
achieve refined management of river basins, a three-level zoning theory is proposed based
on the structural characteristics of the ecosystem, building on primary and secondary
zoning of the river basin. This theory aims to reflect the spatial differences in the functions
of the river basin’s ecosystem.

2.1. Zoning Methods

Utilizing a top–down approach, the first and second levels of ecosystem function
zoning in watersheds are analyzed using cutting-edge remote sensing and Geographic
Information System (GIS) technologies. Large-scale factor distribution maps are spatially
overlapped to construct ecological zoning based on various types of aquatic ecosystems.
The third-level zoning employs a bottom–up approach at a smaller scale, involving an
in-depth analysis of major ecological environmental factors within the study area using
GIS techniques and remote sensing. Weight coefficients for indicators are determined in
collaboration with expert experience to calculate the zoning values for each level, with the
sub-watershed serving as the fundamental unit for zoning. The specific process is detailed
in Figure 1. Based on the spatial ecological pattern and evolution characteristics formed
under the combined influence of natural geographical features and human activities in
Shenzhen City, this paper proposes a three-level framework for ecological functional zoning,
corresponding to the spatial scales of watershed, sub-watershed, and river. Different levels
of zoning employ different indicators, with subordinate zones constrained by the scope of
higher-level zones.

Figure 1. The process flowchart for watershed ecological functional zoning.

2.2. Sub-Watershed Unit Division Techniques

The determination of the study area’s scope and boundary involves generating the
watershed boundary through the application of a digital elevation model (DEM) and
adjusting the sub-regions based on the water system map. The resolution of the DEM
utilized for sub-watershed division is intricately determined based on data availability and
the scale of the three-level zoning, typically employing a 90 m resolution elevation dataset.
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2.3. Construction of Indicator System for Three-Level Zoning

The selection of indicators for three-level zoning primarily revolves around consider-
ing the influential factors of watershed characteristics on the structure of water ecosystems,
aiming to differentiate the characteristics of diverse regional habitats and functional dispar-
ities. Not only do the natural conditions of rivers play a pivotal role, but the surrounding
landscape and human activities are also significant factors impacting river ecosystems at
the catchment scale. Therefore, the selection of candidate indicators for three-level zoning
should encapsulate the influence of both natural and human activities on the structure of
water ecosystems.

2.4. Techniques for Identification of Main Functions

Based on the established zoning and classification system for rivers in Shenzhen,
Zhang et al. [36] focused on the ecological flow of the Shenzhen River. This research
underscores the importance of tailored ecological flow assessments based on river char-
acteristics and geographical zones, contributing to more effective and sustainable river
management strategies.

The framework proposes a three-level hydro-ecological functional zoning system
corresponding to three spatial scales: basin, sub-basin, and river. This aims to achieve
finer-scale watershed management. Based on primary and secondary divisions within the
watershed, the theory proposes a three-level zoning approach grounded in the structural
characteristics of aquatic ecosystems. This framework aims to reflect spatial variations in
the functional capabilities of watershed aquatic ecosystems.

The indicators for each level of zoning reflect specific features influenced by regional
backgrounds at the ecosystem type level for the primary zone, and spatial differentiation
rules for natural environmental factors such as topography, climate, and hydrology affect-
ing regional ecosystem differences at the watershed scale. The indicators for the secondary
zone reflect spatial differentiation rules for natural environmental factors such as topogra-
phy and vegetation affecting regional ecosystem differences at the sub-watershed scale. The
indicators for the tertiary zone characterize the river type and functional differences influ-
enced by land use and river structures at the watershed scale. Tölgyesi et al. [37] used single
statistical tests to compare vegetation units based on relative ecological indicator values
with different approaches and weighting methods. The weights of the evaluation indicators
are determined through an extensive literature review and expert judgment [38,39].

In summary, this study presents a robust framework for regional ecological functional
zoning, incorporating state-of-the-art technologies, expert insights, and comprehensive
indicator systems to effectively manage ecosystem functions within watersheds.

3. Case Study

3.1. Overview of the Study Area and Data

Shenzhen, a prominent city comprising nine administrative districts and one new
district, occupies a land area of 1997.47 square kilometers. Situated in the south-central
coastal region of Guangdong Province, China (as shown in Figure 2). Shenzhen’s rapid de-
velopment faces significant challenges due to its scarcity of resources and energy as one of
China’s initial cities committed to low-carbon development [40]. The city’s economic, social,
and ecological demands are substantial, necessitating an urgent exploration of pathways
toward green, low-carbon, and efficient development. Shenzhen’s urban development
is intertwined with a complex ecological pattern shaped by both natural evolution and
recent human interventions [41]. The integration of land and sea forms a sophisticated
system, wherein the destruction of terrestrial and marine ecosystems, regional cross-media
pollution, and interactions between natural and anthropogenic factors pose severe en-
vironmental stressors, hindering sustainable development. Long-standing segmented
management of terrestrial and marine ecological environments exacerbates this challenge.
The city’s development is intricately linked to material and energy exchanges between its
urban and marine components, reflecting a coupled and mutually influential integrated
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ecological system. Effective environmental strategies must therefore adopt a holistic ap-
proach, coordinating land–sea management to address ecological challenges and provide
robust theoretical and technological support for Shenzhen’s sustainable development as a
special economic zone.

Figure 2. The boundary of Shenzhen City and its location in Guangdong Province, China.

The land use data for Shenzhen in 2020, including the classification data based on
GlobelLand30, are sourced from various entities. Socio-economic data, such as population
and GDP, are provided by the Resource and Environmental Science and Data Center.
Climate and environmental data, including soil type, annual average temperature, and
annual average precipitation, are also sourced from the Resource and Environmental
Science and Data Center. Elevation and slope data come from the Geographic Spatial Data
Cloud, while the distances to water bodies (rivers) and lakes are obtained from the National
Geographic Information Resource Catalog Service System. All data are projected using the
WGS_1984_UTM_Zone_51N coordinate system.

High-resolution geospatial data, including the 1:250,000 digital elevation model (DEM)
and 1:250,000 water system map of the Shenzhen region, were utilized in this study, in
conjunction with advanced geospatial analysis tools such as the Arc Hydro Tools module
in ArcGIS 10.8. Predefined sub-division criteria for sub-regions were adhered to, leading to
the successful delineation and extraction of small watershed units within the urban expanse
of Shenzhen. A total of 148 defined sub-region units across the entirety of the study area
were yielded by analysis, as illustrated in Figure 3.

183



Land 2024, 13, 1413

Figure 3. The sub-regional unit map of Shenzhen City.

This detailed geospatial analysis not only provides valuable insights into the unique
topographical characteristics of Shenzhen, but also lays a solid foundation for further
research in urban planning, environmental management, and sustainable development
initiatives within the region.

3.2. Identification of Candidate Indicators

The establishment of a three-level ecological function sub-division index necessitates
the incorporation of watershed characteristic indicators, along with the assessment of
human activities’ influence on aquatic ecosystems. Considering the distinctive features
of the Shenzhen region and considering the ecological relevance, typology, and accessi-
bility of sub-division indicators, a meticulous selection of candidate indicators and their
corresponding ecological significance was undertaken and is comprehensively presented
in Table 1.

Table 1. Statistical values of alternative indicators of zoning.

Index Unit Minimum Maximum Range Mean
Standard
Deviation

Coefficient of
Variation (%)

F1 Forest Area Ratio % 0.00 100.00 100.00 36.00 34.50 95.92
F2 GDP Per Unit Area 104 CNY/km2 0.00 29,550.30 29,550.30 362.67 1343.41 370.42
F3 Drainage Density km−1 0.00 6.60 6.60 0.46 0.44 96.64
F4 Farmland Area Ratio % 0.00 100.00 100.00 37.00 31.50 85.13
F5 Urban Area Ratio % 0.00 95.00 95.00 3.00 6.12 204.20
F6 Watershed Slope Degree 0.00 17.56 17.56 4.00 3.61 90.14

F7 Watershed Slope
Direction - 0.00 286.24 286.24 170.43 21.31 12.50

F8 Water Area Ratio % 0.00 100.00 100.00 3.00 8.90 296.67
F9 Volume of Water mm 0.00 13,667.88 13,667.88 5419.74 1085.70 20.03

F10 Population Density p/km2 0.00 10,841.00 10,841.00 116.91 446.76 382.13
F11 Grassland Area Ratio % 0.00 100.00 100.00 11.00 15.90 144.30

The indicators used in three-level zoning play a crucial role in assessing how watershed
characteristics shape aquatic ecosystems, delineating diverse habitat features and functional
distinctions among different geographical regions. These indicators encompass not only the
inherent natural conditions of rivers, but also the broader landscape context [42]. Moreover,
human activities, particularly alterations in local land use patterns, exert profound impacts
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on riverine ecology at the watershed scale. Thus, when selecting alternative indicators for
tertiary zoning, it is essential to consider these anthropogenic influences alongside natural
factors [43,44]. Methods employed for indicator selection include rigorous sensitivity
analyses to gauge data variability, spatial autocorrelation analyses to understand the spatial
patterns of the environmental factors, and statistical approaches such as the Principal
Component Analysis and correlation analyses to identify key influencing factors.

The data sources and acquisition methods for these candidate indicators encompassed
a range of thematic maps, such as digital elevation models, water system maps, administra-
tive boundary maps, and land use maps specific to the Shenzhen region provided by the
Resource and Environmental Science and Data Center, China. The spatial resolution of the
geographic information is 90 m. Each thematic map was integral to the calculation of the
sub-division index.

Drawing upon the 2020 vector data map of land use in Shenzhen offered by the
Resource and Environmental Science and Data Center, China, this study focused on the
extraction of six distinct land use categories, namely farmland, forest land, grassland,
water area, urban area, and unused layers. An overlay analysis was conducted to derive
dBase-type data for each layer within the small watershed unit, facilitating subsequent
calculations of the proportion of land use types within each specific small watershed unit
using the following Formula (1):

PI(%) =
∑ Ai

∑ AT
(1)

where PI is the area proportion of each land type, Ai is the area of each land type in each
small watershed unit, and AT is the area of the delineated small watershed.

3.2.1. Sensitivity Analysis of Indicators

The usability of data in a sub-division analysis is contingent upon its sensitivity. Hence,
the candidate indicators for the Shenzhen sub-division underwent an initial sensitivity
analysis using SPSS 20.0 software to assess their suitability. The coefficient of variation for
each indicator is detailed in Table 1. Notably, indicators such as population density, GDP
per unit area, urban area ratio, and grassland area ratio exhibited coefficients of variation
exceeding 100%, signifying substantial variability capable of capturing spatial environ-
mental nuances and thus enhancing the efficacy of the sub-division analysis. Conversely,
the watershed slope and water volume demonstrated coefficients of variation at 12.50%
and 20.03%, respectively, indicating minimal variability and homogeneous characteristics
across the watershed.

Consequently, guided by the sensitivity analysis outcomes, the watershed slope direc-
tion and water volume were excluded from further consideration. The ensuing selection
of indicators for an in-depth analysis comprised population density, GDP per unit area,
water area ratio, urban area ratio, grassland area ratio, drainage density, forest area ratio,
watershed slope, and farmland area ratio.

3.2.2. Factor Analysis

In this study, a factor analysis was conducted to identify the primary factors that
define the water environment in Shenzhen and to select indicators with the most significant
contribution to the sub-division results. The varimax rotation method [45] was employed
to ensure the independence of factors, and the determination of the number of common
factors extracted was based on the criterion that the eigenvalue should surpass 1.0 [46].
Table 2 presents the characteristic values of the candidate indicators at various sub-division
levels, indicating the extraction of four common factors.
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Table 2. Eigenvalues of factor analysis of alternative indicators.

Principal
Component

Initial Eigenvalue Selection Sums of Squared Loadings Rotation Sums of Squared Loadings

Sum Variance % Accumulate % Sum Variance % Accumulate % Sum Variance % Accumulate %

1 2.890 32.110 32.110 2.890 32.110 32.110 2.461 27.341 27.341
2 1.717 19.076 51.186 1.717 19.076 51.186 2.063 22.924 50.265
3 1.372 15.241 66.426 1.372 15.241 66.426 1.411 15.680 65.945
4 1.095 12.171 78.597 1.095 12.171 78.597 1.139 12.652 78.597

Refer to Table 3 for the composition matrix post-factor rotation utilizing the max-
imum variance orthogonal method. In the current study, factor loadings greater than
0.75 were deemed significant [47] and this classification was adopted by Singh et al. [48]
and Qian et al. [49]. Indicators exhibiting factor loading values surpassing 0.75 were se-
lected, encompassing forest area ratio, farmland area ratio, watershed slope, population
density, urban area ratio, water area ratio, drainage density, and GDP per unit area, for
further scrutiny.

Table 3. Alternative index factor analysis rotation component matrix.

Principal
Component 1

Principal
Component 2

Principal
Component 3

Principal
Component 4

Zscore (F1) 0.932 −0.218 −0.118 −0.142
Zscore (F2) −0.013 −0.086 −0.064 0.977
Zscore (F3) −0.082 0.030 0.821 0.062
Zscore (F4) 0.854 0.061 −0.174 −0.361
Zscore (F5) −0.222 0.841 −0.058 −0.091
Zscore (F6) 0.884 −0.107 −0.172 −0.097
Zscore (F8) −0.031 0.047 0.765 −0.105

Zscore (F10) −0.057 0.885 −0.062 −0.036
Zscore (F11) −0.013 0.727 0.252 0.001

3.2.3. Aquatic Biological Correlations Analysis

The correlation between environmental indicators and aquatic biological attributes
was examined to elucidate the principal environmental factors influencing the spatial
distribution of aquatic ecosystems, and to ascertain the environmental indicators exhibiting
strong correlations with the spatial distribution of aquatic organisms. Leveraging aquatic
biological survey data spanning from 2015 to 2020 in the Shenzhen region, ArcGIS software
was adeptly employed to extract the sub-division index data for each sampling point’s
small watershed, composing an environmental data matrix comprising candidate sub-
division indicators.

Initially, a detrended correspondence analysis (DCA) [50] was conducted on the algae
indicators, revealing an eigenvalue of 2.208 < 4, thereby indicating the appropriateness
of a redundancy analysis (RDA) [51] for probing the relationship between the algae plant
community and sub-division indicators. Through a Mantel Carlo test analysis in RDA, all
sub-division indicators exhibited noteworthy correlations with the first sorting axis (AX1)
(F = 30.321 and p = 0.002) and all sorting axes (F = 2.971 and p = 0.004).

The RDA analysis outcomes concerning the algae plant community and environmental
factors are delineated in Table 4. Drawing insights from the factor analysis results, four
common factors were discerned. The foremost eigenvalue surfaced on the first sorting
axis (AX1), which emerges as the predominant factor dictating the distribution of algae
plant communities. AX1 mirrors the extent of the environmental factors’ impact on the
distribution of algae plant communities, with a correlation coefficient of 0.720 between AX1
and the environmental factors, signifying a robust correlation. The Shenzhen sub-division
candidate indicators and algae plant community RDA dual-axis plot are portrayed in
Figure 4. The arrows symbolize the candidate sub-division indicators, with the length of
the line segment denoting the degree of correlation between the indicator and the biological
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community, the angle between the arrow connection and the sorting axis representing the
level of correlation with the water environment, and the quadrant in which the arrow is
positioned indicating a positive or negative correlation with the water environment.

Table 4. RDA analysis results of algae community and environmental factors.

Axis Eigenvalue Correlation Coefficient

Cumulative Percentage
of Variance

Species Species-Environment

AX1 0.464 0.720 46.438 96.109
AX2 0.008 0.483 47.323 97.920
AX3 0.006 0.547 47.935 99.243
AX4 0.004 0.292 48.321 100.000

Figure 4. Alternative indicators of tertiary zoning and RDA analysis results of algae community.

Based on the findings presented in Figure 4, it is evident that watershed slope (F6)
exhibited a positive correlation with AX1, demonstrating the highest correlation coefficient
of 0.495. Similarly, forest area ratio (F1) demonstrated a positive correlation with AX1,
boasting a correlation coefficient of 0.4098. In contrast, water area ratio (F8), farmland area
ratio (F4), and GDP per unit area (F2) were found to be negatively correlated with AX1,
with corresponding correlation coefficients of −0.350, −0.276, and −0.236, respectively.
Although population density (F10), urban area ratio (F5), and drainage density (F3) did not
exhibit significant correlations with AX1, the retention of the urban area ratio was deemed
essential to signify the impact of human activities on aquatic ecosystems.

3.2.4. Correlation Analysis

To assess the independence of information among the selected parameters, a correla-
tion analysis was conducted on the ecological correlation-selected indicators, employing
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the correlation coefficient to quantify the relative strength of the relationship between the
quantitative variables. When the absolute value of the correlation coefficient |R| < 0.5, it
suggests a substantial degree of information overlap between the two indicators, thereby
necessitating the removal of environmental factors with diminished information content to
uphold the independence of the sub-division indicators [52].

The outcomes of the indicator correlation analysis are detailed in Table 5. Notably, the
correlation coefficients between forest area ratio and watershed slope, as well as farmland
area ratio, were determined to be 0.422 and 0.444, respectively. Furthermore, the correlation
coefficient between watershed slope and farmland area ratio stood at 0.399, bearing a
significant level of 0.000, signifying a substantial correlation. Additionally, the correlation
coefficient between urban area ratio and watershed slope was determined to be −0.254, also
demonstrating a significant correlation. Despite the significant correlation trends observed
in the candidate indicators for the three-level sub-division, their correlation coefficients all
fell below 0.5, indicating a limited degree of information overlap between the candidate
indicators, thereby warranting their retention.

Table 5. Correlation analysis matrix of three-level alternative indicators.

F1 F2 F4 F5 F6 F8

F1
Pearson correlation 1

Significance (bilateral)

F2
Pearson correlation −0.129 ** 1

Significance (bilateral) 0.000

F4
Pearson correlation −0.444 ** −0.290 ** 1

Significance (bilateral) 0.000 0.000

F5
Pearson correlation −0.303 ** −0.143 ** 0.242 ** 1

Significance (bilateral) 0.000 0.000 0.000

F6
Pearson correlation 0.422 ** −0.043 ** −0.399 ** −0.254 ** 1

Significance (bilateral) 0.000 0.000 0.000 0.000

F8
Pearson correlation −0.117 ** −0.078 ** −0.050 ** 0.068 ** −0.141 ** 1

Significance (bilateral) 0.000 0.000 0.000 0.000 0.000

** Significant correlation at 0.01 level (bilateral).

In summary, following a correlation analysis, six indicators—forest area ratio, ur-
ban area ratio, GDP per unit area, water area ratio, watershed slope, and farmland area
ratio—were identified as the three-level sub-division indicators for ecological function
in Shenzhen.

3.3. Shenzhen City Ecological Function Three-Level Zoning
3.3.1. Zoning Index Spatialization

The spatialization of various indicators was conducted to illustrate the spatial distri-
bution and variation of Shenzhen City’s ecological function three-level zoning indicators,
as depicted in Figure 5. Variations in the six zoning indicators were observed.

The forest area ratio in Shenzhen City ranges from 0 to 100%, with a total forest area of
approximately 64,323.61 hectares and an average forest area ratio of 32%. This encompasses
various types of forest land such as tree forests, bamboo forests, shrub lands, and other
forest lands. The distribution shows larger forest areas in high-altitude mountainous
regions and smaller forest areas in low-altitude plain areas. Specifically, tree forests cover
62,682.69 hectares, accounting for 97%; bamboo forests cover 42.86 hectares, accounting
for 0.07%; shrub lands cover 747.21 hectares, accounting for 1.16%; and other forest lands
cover 850.85 hectares, accounting for 1%. Forest lands are predominantly concentrated in
the Dapeng, Longgang, and Pingshan districts, constituting 63% of the city’s forest land.

The agricultural land area ratio in Shenzhen City ranges from 0 to 50%, with a culti-
vated land area of approximately 2844.74 hectares and an average agricultural land area
ratio of 2%. This includes paddy fields, irrigated lands, and dry lands. Cultivated lands are
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mainly clustered in the Guangming, Bao’an, and Pingshan districts, representing 66% of
the city’s cultivated land.

Figure 5. Map of Shenzhen City’s ecological function three-level zoning indicators.

The water area ratio in Shenzhen City ranges from 0 to 35%, with water bodies and
water facilities covering approximately 9392.55 hectares and an average water area ratio
of 5%. This includes river water surfaces, lake water surfaces, reservoir water surfaces,
pond water surfaces, channels, and water engineering construction lands. Water bodies
and water facilities are prominently present in the Bao’an, Longgang, and Dapeng districts,
comprising 58% of the city’s water area.

The urban area ratio in Shenzhen City spans from 0 to 100%, with urban, rural village,
and industrial lands covering approximately 92,416.05 hectares, with an average of 46%.
This category includes various types of urban lands, rural residential areas, mining and
industrial construction areas, scenic spots, and special land uses.

The GDP per unit area in Shenzhen City ranges from 0.1 to 7.2 × 105 CNY/km2, with
an average value of 1.62 × 105 CNY/km2. The distribution closely aligns with the urban
area ratio distribution in Shenzhen City.
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The regional slope in Shenzhen City ranges from 0 to 39.56 degrees, with an average
of 5 degrees. Steeper slopes are predominantly found in Dapeng New District, Yantian
District, and the junction of the Nanshan and Bao’an Nanshan districts.

3.3.2. Indicator Weight

This study employs the entropy weight method [53] to determine the weight of each
indicator. This method objectively evaluates the importance of indicator factors based on
the information provided by the observation values of each indicator. The calculation steps
are detailed as follows [53]:

Construct an i × j matrix with the indicator data as column vectors.
Calculate the characteristic weight (Pij) of the j-th indicator for the i-th measurement

value using Formula (2).

Pij =
xij

∑n
i=1 xij

(2)

Compute the entropy of each indicator (ej) based on the characteristic weight using
Formula (3).

ej = − 1
ln n∑n

i=1 Pijln Pij (3)

Determine the weight of each indicator (wj) according to Formula (4).

wj = (1 − eij)/∑n
j=1(1− eij) (4)

The results of the ecological indicators’ weights in Shenzhen City are presented in
Table 6.

Table 6. Weight of zoning indicators.

Index Weight

Forest area ratio 0.170
farmland area ratio 0.140

Water area ratio 0.246
Urban area ratio 0.256

GDP per unit area 0.068
Watershed slope 0.120

3.3.3. Comprehensive Indicators Analysis

Following the determination of the weight factors for each indicator, a weighted sum
calculation is applied to each zoning indicator within the range of each zoning unit. This
process yields the comprehensive value for each small watershed in Shenzhen City. The
spatial distribution map illustrating Shenzhen City’s ecological function comprehensive
values is depicted in Figure 6.

In this study, the K-means algorithm is employed to conduct a spatial clustering
analysis within each secondary zone based on the comprehensive value of water ecological
function. Subsequently, zoning boundaries are established through expert analysis and
adherence to the principle of sub-zone integrity, leading to the delineation of tertiary
zoning results.

Shenzhen City is partitioned into 24 ecological function three-level areas as shown
in Figure 7. These divisions exhibit significant variations in ecosystem characteristics
and background conditions, primarily manifesting through distinctive zoning indicators.
The differentiation in ecological function zoning across Shenzhen underscores the diverse
ecological landscapes and environmental attributes present within the region.
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Figure 6. Comprehensive value of ecological function in Shenzhen.

Figure 7. The three-level zoning map of Shenzhen City.

In terms of spatial distribution, the primary functional differences among the three
ecological functional zones in Shenzhen are significant. The upper reaches of the watershed
are mostly characterized by ecological maintenance and water conservation functions, with
Dapeng New District predominantly being an ecological maintenance area. The urban
support areas are mainly concentrated in the upper reaches of the watershed, such as
Futian District, Luohu District, and Nanshan District. The agricultural production areas are
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mainly located in the flat areas with sufficient water sources and lower slopes, primarily in
the northeast corner of Longgang District and Nanshan District.

According to the three-level zoning, policymakers can develop plans more specifically.
For example, RHI1-1 focuses on the upstream basin of the Maozhou River in the Pearl River
Delta, emphasizing the conservation of high-functioning habitats, including protecting
forest ecosystems and biodiversity by strictly prohibiting deforestation for cultivation,
enhancing river protection awareness, implementing reasonable conservation measures,
establishing a strict development approval system, and preventing soil erosion. RHI2-3 fo-
cuses on the hilly river types within the midstream basin of the Pearl River Delta’s Zhujiang
Estuary, emphasizing high-function water source protection areas. It aims to improve water
body environments by avoiding human activities that disturb them, minimizing large-scale
hydraulic construction, enhancing river protection awareness, implementing reasonable
conservation measures, establishing a strict development approval system, preventing soil
erosion, and suggesting water quality management goals in line with Class III water quality
standards. RHII1-2 focuses on the urban support function area of the urban river types in
the Guanlan River basin of the Dongjiang River system, emphasizing high-pressure func-
tional restoration. It involves restructuring industries to include investments in high-tech
and non-polluting projects, improving regional environments, and promoting ecological
urban development. This includes implementing reasonable conservation measures and
establishing a strict development approval system.

4. Discussion

Several studies indicate that changes in urban coastal ecosystems are closely related
to land–sea utilization, coverage types, terrestrial inputs, management, and development
practices. Terrestrial ecosystems significantly impact nearshore ecological systems and their
evolution. The substantial material and energy flows driven by human activities on land
contribute to uncertainties in the evolution of coastal ecosystems, leading to environmental
degradation. Hong et al. [54] indicated consistent ecological corridor sensitivity grades
in Shenzhen, with high sensitivity in the north and low values in the south, dominated
by moderately sensitive corridors. A land-use control program is designed considering
current management practices and future land demands, outlining withdrawal, reservation,
occupation, and avoidance policies. Peng et al. [55] explored the dynamics of urban ecolog-
ical land in Shenzhen City, driven by rapid urbanization and its associated socio-economic
development and ecological protection conflicts. Using multivariate logistic regression, the
research quantified the factors influencing these changes and maps the transition probabili-
ties of ecological land. Factors such as slope, proximity to construction land, and the rate of
growth in construction land were identified as crucial determinants influencing changes in
urban ecological land.

The three-level ecological functional zoning framework developed in this study pro-
vides a robust foundation for policymakers, urban planners, and environmental managers
to make informed decisions regarding land use, conservation efforts, and sustainable
development in the Shenzhen region. By identifying and categorizing different ecologi-
cal functions based on a comprehensive set of indicators and spatial analysis techniques,
this zoning approach offers a nuanced understanding of the region’s environmental char-
acteristics and highlights areas of ecological significance that warrant special attention
and protection.

Yi et al. [56] utilized a comparative evaluation approach to analyze changes in positive
and negative ecological elements within Shenzhen’s coastal zone. These elements were
classified based on land uses derived from multiple remote sensing sources and a land-use
degree index. The findings indicate that human activities have exerted stronger impacts on
the west coast compared to the east coast of Shenzhen. It observed a gradual increase in
environmental protection awareness of the government since 2000; however, this did not
correspond to an improvement in ecosystem health. The research findings of this paper
are consistent with that. Additionally, there has been a significant increase in research
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on ecosystem multifunctionality, which refers to the capacity of ecosystems to provide
multiple functions and/or services simultaneously throughout the world [57]. This study
enhances ecological planning and environmental management by offering a systematic,
data-driven method for defining ecological functional zones in urbanizing areas. Compared
to previous studies [58,59], the three-level zoning proposed in this paper provides more
refined management of the study area, extending to the scales of watershed, sub-watershed,
and river. Furthermore, this paper supports the conclusion that urban land use is crucial
for zoning plans to foster sustainable urban development [27].

Furthermore, the application of the K-means algorithm for a spatial clustering analysis
proved to be an effective method for delineating distinct ecological zones within the
study area. This approach not only allows for the identification of areas with similar
ecological functions, but also helps in recognizing spatial patterns and relationships among
different environmental variables. Such insights are crucial for prioritizing conservation
efforts, implementing targeted land management strategies, and promoting sustainable
development practices that are in harmony with the natural environment.

Ecological zoning holds significant value for other regions worldwide. It provides in-
sights into effective urban environmental management practices, sustainable development
strategies, and approaches to balancing economic growth with ecological preservation.
Shenzhen’s experience can offer valuable lessons on integrating green spaces, conserving
natural habitats, managing urban expansion, and promoting environmental sustainability
amidst rapid urbanization. These lessons can be adapted and applied in various global
contexts facing similar challenges of urban development and environmental conserva-
tion [60,61].

It is important to note that the results of this study are contingent upon the avail-
ability and accuracy of the input data, as well as the assumptions and criteria used in
the ecological zoning process. Future research could benefit from incorporating more
detailed field surveys, remote sensing data, and stakeholder consultations to validate and
refine the zoning framework presented here. Additionally, the continuous monitoring and
evaluation of the ecological conditions in the Shenzhen region will be essential to assess the
effectiveness of the zoning scheme over time, and to adapt it to changing environmental
dynamics and human activities. The shortcomings of ecological zoning methods include
complexity in integrating diverse marine and terrestrial ecosystem data and difficulty in
addressing spatial and temporal dynamics of both marine and terrestrial environments
simultaneously [62–64]. There is a limited availability of comprehensive datasets covering
both marine and terrestrial ecosystems. Future research will also include exploring how
ecological zoning impacts carbon emission markets, since ecological zoning and carbon
emission markets are interconnected in several ways.

Overall, this research contributes to the broader discourse on ecological planning
and environmental management by offering a systematic and data-driven approach to
delineating ecological functional zones in urbanizing regions. By integrating spatial anal-
ysis techniques, ecological indicators, and stakeholder engagement, this study lays the
groundwork for promoting sustainable development practices that safeguard ecological
integrity and enhance the quality of life for current and future generations in Shenzhen.

5. Conclusions

Rapid global economic development has brought significant challenges in the form
of overexploitation and the depletion of ecological resources, as well as environmental
degradation. As a result, research focus has shifted towards watershed-based ecological
management, with a particular emphasis on ecological zoning. To address the evolving
needs of ecological environment management and protection, ecological zoning has become
a primary approach for regional ecological environment management in the future.

This paper establishes a three-level zoning theoretical framework for river basin
aquatic ecology and conducts a practical case study in Shenzhen, a representative coastal
city. This study includes the completion of a three-level zoning of terrestrial and shoreline
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aquatic ecological functions in Shenzhen, as well as an assessment of shoreline development
suitability, leading to the following key conclusions:

1. Definition and framework of watershed ecological function zoning: The concept
and system of ecological zoning are elucidated. This method not only reflects the
impact of natural factors on ecological systems, but also quantitatively incorporates
the influence of human activities within a certain range. It considers the dual function
of aquatic ecosystems in self-sustaining and providing water resources for human
needs. Considering the spatial scales of different watershed levels, the hierarchical
structural characteristics of aquatic ecosystems, and other factors, a comprehensive
framework for the three-level zoning of watershed aquatic ecological functions is
proposed. Specific zoning methods for different levels within the system are suggested,
ultimately establishing a complete technical roadmap and research methodology for
the three-level zoning of watershed aquatic ecology.

2. Theoretical basis and technical methods for three-level zoning of river basin aquatic
ecological functions: Based on the integrity of aquatic ecosystems, a structural char-
acteristic index is proposed as the three-level zoning indicator for watershed aquatic
ecological functions. This index can distinguish habitat characteristics and functional
differences in different regions, thus enabling more effective management. In pursuit
of finer river basin management, a three-level zoning theory based on the structural
characteristics of aquatic ecosystems is presented, complementing the existing two-
level zoning. This expanded framework better captures the spatial variability of
aquatic ecosystem functions within river basins. Additionally, corresponding zoning
objectives and unique principles are introduced. Guided by the three-level zoning
theory, this paper proposes a method for dividing zoning units (sub-basin units),
covering the division, indicator system construction, zoning technology, technical
pathways, and main function identification.

3. Completion of three-level zoning for terrestrial aquatic ecological functions in Shen-
zhen: In line with ecological zoning goals, 148 small basin units were identified.
Through factor and correlation analyses, six key three-level zoning indicators for
aquatic ecosystems were established, with weights determined by the entropy weight
method. A spatial cluster analysis was used to integrate these results, resulting in
24 zones with distinct aquatic ecological functions. Standards for ecological function
assessment, indicator weights, and evaluation principles were defined, with zoning
results validated through a spatial functional analysis, finalizing the three-level zoning
plan for Shenzhen.

Through this comprehensive investigation, this study not only contributes to the theo-
retical understanding of watershed aquatic ecological function zoning, but also provides
valuable insights and a solid methodology for its practical implementation, as demonstrated
in the detailed case study in Shenzhen.
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Abstract: This study analyses the dynamics of green infrastructure (GI) in the cities of Bujumbura,
Kinshasa, and Lubumbashi. A remote sensing approach, combined with landscape ecology metrics,
characterized this analysis, which was based on three Landsat images acquired in 2000, 2013, and
2022 for each city. Spatial pattern indices reveal that GI was suppressed in Bujumbura and Kinshasa,
in contrast to Lubumbashi, which exhibited fragmentation. Furthermore, the values of stability,
aggregation, and fractal dimension metrics suggest that Bujumbura experienced rather intense
dynamics and a reduction in the continuity of its GI, while Kinshasa showed weaker dynamics and
tendencies towards patch aggregation during the study period. In contrast, Lubumbashi exhibited
strong dynamics and aggregation of its GI within a context of significant anthropization. The
evolution of the Normalized Difference Vegetation Index demonstrates a sawtooth pattern in the
evolution of tall vegetation patches in Bujumbura, compared to a gradual decrease in Kinshasa and
Lubumbashi. It is recommended that urban growth in these cities should be carefully planned to
ensure the integration of sufficient GI.

Keywords: spatial analysis; remote sensing; fragmentation; green infrastructure

1. Introduction

With its urban population increasing from 27 million to 567 million between 1950 and
2015, Africa is currently the world’s most rapidly urbanizing region [1]. The urban popu-
lation of sub-Saharan Africa is the fastest-growing of all developing regions, followed by
South and Central Asia [2]. This accelerating urbanization presents several environmental
challenges, especially in Africa, thereby contributing to the development of urban ecology.

In this region, wars, natural population growth, and mass migration from rural areas
to cities remain significant trends, leading to the expansion of ever-larger cities that are
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often adequately equipped to accommodate new inhabitants [3]. The spatial expansion
of the town of Kampala in Uganda, where the urbanized area has increased fivefold from
71 km2 in 1989 to 386 km2 in 2010, is a striking example [4]. In Mozambique and South
Sudan, high levels of urbanization have also occurred as a consequence of civil wars [5,6].
These new urban residents often move into underprivileged, informal neighborhoods that
are unhealthy and lack basic infrastructure and services within the context of unplanned
urban growth that has prevailed in sub-Saharan cities since the 1950s [4,7].

This lack of planning generally leads to the formation of social ghettos, the reinforce-
ment of social inequalities, and the visual degradation of landscapes [8]. Green elements
and formations in urbanized environments (such as urban trees, green belts, and other
peri-urban forests) are becoming increasingly important for sustainable development [4]
due to their multifunctionality [9]. Consequently, understanding the ecological functioning
of urban ecosystems, particularly in tropical regions, has become a crucial area of research.

Although urban green infrastructure (GI) and its ecosystem services [10] are often
conceptualized from a predominantly Western perspective of cities and their social, eco-
nomic, and environmental challenges [11], studies of urban GI in sub-Saharan cities and
their ecological functions have already been conducted [12]. Examples include the compar-
ison of the GI of the towns of Bahir Dar and Hawassa [13] and the cities of Bamako and
Sikasso [14], as well as the characterization of fruit tree diversity in the cities of Lubum-
bashi and Kolwezi [15]. However, isolated studies of individual cities do not always allow
pertinent comparisons that would enable the development of large-scale regional or even
supranational policies due to the application of different methodological approaches and
non-standardized data sets.

Despite these methodological issues and the differing ecological, social, and economic
contexts, comparative analyses of GI that extend beyond regional and sub-regional scales
are valuable for formulating general conclusions that are not confined to a particular
city [16,17]. In this context, a comparison of the GI of five different urban areas, including
Cape Town, Durban, and Johannesburg in South Africa, and Birmingham and London
in the UK, was undertaken [17]. This study examined how GI concepts were integrated
into the decision-making processes of these cities. The pivotal role of GI in urban planning
was confirmed by [18] for southern and eastern Africa. Similarly, [17] emphasizes the need
for local governments to incorporate GI in development and climate adaptation strategies.
Thus, comparative studies are justified to better understand and theorize the dynamics of
tropical cities and the role of GI within them.

This study compares the GI of the cities of Bujumbura, Kinshasa, and Lubumbashi.
Although these three cities have distinct socio-economic, demographic, morphological, and
political contexts, they share certain commonalities. Firstly, they were all founded during
the colonial era and are characterized by rapid demographic growth, reinforced by rural
exodus and migrations due to political instability [19]. Additionally, their development
is marked by increasing anthropogenic pressure on GI, resulting from a lack of urban
planning [20], and by considerable population densities, estimated in 2023 at 11,686, 1730,
and 3764 inhabitants per square kilometer for Bujumbura, Kinshasa and Lubumbashi,
respectively. These cities were also selected because of the availability of studies on their
ecosystems, which can be illustrated by several examples. For Bujumbura, data on floristic
diversity and ecosystem services are available [21]. The typology, spatial structure, plant
composition, management practices, state of maintenance, and ecosystem services of GI in
the city of Kinshasa have already been analyzed [22]. For Lubumbashi, studies concerning
the spatial pattern of GI along the urban-rural gradient [23], the perception by local experts
of GI and their ecosystem services [24,25], and the diversity of street-lining trees [26] are
available. In addition, peri-urban areas have been intensively described with regard to their
tree and shrub vegetation [27]. Despite these individual studies, no comparative study has
yet been conducted to identify commonalities between the GI of these three cities.

The aim of this study is to provide a spatio-temporal analysis of the GI of the cities
of Bujumbura, Kinshasa, and Lubumbashi from 2000 to 2022, using remote sensing and
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spatial pattern indices. The central hypothesis posits that while the GI in each of these three
cities is undergoing a unique dynamic, it is also characterized by common trends such as
the regression of vegetation, an increasing prevalence of herbaceous vegetation, a rise in the
level of anthropization, and a decrease in the spatial continuity of the GI. This hypothesis
is subdivided into three sub-hypotheses: (i) the GI in all three cities exhibits significant
instability and a regressive surface trend, particularly in favor of built-up areas, (ii) the GI
of all cities shows an increasing level of anthropization and a decreasing level of spatial
continuity over time, (iii) each city demonstrates a specific dynamic in the composition of
the GI in terms of low (herbaceous) and high (tree) vegetation that is specific to it, yet with
a common trend towards the dominance of lower biomass in GI.

2. Materials and Methods

2.1. Study Area

This study was conducted in three cities: Bujumbura, Kinshasa, and Lubumbashi
(Figure 1). The city of Bujumbura was founded in 1897 on the shores of Lake Tanganyika by
the Germans on a site called Kajaga. It is situated in the western part of the Republic of Bu-
rundi, between 3◦30′ and 3◦51′ S and 29◦31′ and 29◦42′ E. Bujumbura covers 10,462 hectares
and comprises three communes (Table 1), which are subdivided into 13 administrative
entities. These entities are set up as urban areas. The city-province of Kinshasa, founded in
1881 by explorer and journalist Henry Morton Stanley on the southern bank of the Pool
Malebo, is located in the western part of the Democratic Republic of Congo, between 4◦ and
5◦ S and 15◦–16◦ E, and covers an area of 9965 km2. Since 1968, it has been administratively
subdivided into 24 communes (Table 1). For this study, the rural commune of Maluku was
excluded from the analyses, not only because of its size (it alone covers an area of 82.8%
of the entire city of Kinshasa) but also because of the lack of cloud-free multi-temporal
images [28]. The city of Lubumbashi and its outskirts are located in the province of Haut-
Katanga in the southeastern part of the Democratic Republic of Congo. It covers an area
of almost 747 km2 and is located between 11◦27′ and 11◦47′ S and 27◦19′ and −27◦40′ E,
and it comprises 7 communes. The town was created in 1910 following the discovery and
development of large copper deposits by the Haut-Katanga Mining Union (HKMU) and is
the capital of Haut-Katanga province (Table 1).

Table 1. Characteristics of the cities of Bujumbura, Kinshasa, and Lubumbashi.

Bujumbura Kinshasa Lubumbashi

Year of creation 1897 1881 1910

Location
Between 3◦30′ and 3◦51′ S and
29◦31′ and 29◦42′ E

Between 4◦ and 5◦ S and 15◦
and 16◦ E

Between 11◦27′ and 11◦47′ S
and 27◦19′ and −27◦40′ E

Area 10,462 hectares 9965 km2 747 km2

Number of communes 3 24 7
Population 1,225,142 residents 170,329,463 residents 2,812,000 residents

2.2. Selection of Satellite Images

The cities of Bujumbura, Kinshasa, and Lubumbashi were each isolated by three
30 m resolution Landsat images acquired and processed on the Google Earth Engine
(GEE) geospatial platform. The median images were obtained by selecting the median
values of each pixel during the dry season from June to August. Landsat 7 Enhanced
Thematic Mapper Plus (ETM+) and Landsat 8 Operational Land Imager (OLI) sensors were
used to obtain images from 2000, 2013, and 2022, respectively. The choice of years and
intervals was guided by three primary factors. Firstly, the city of Bujumbura underwent
urbanization without planning and management tools between 2000 and 2015. It was only
from 2015 to 2023 that an urban master plan was developed, outlining a vision for the
city up to 2045. Secondly, for the cities of Kinshasa and Lubumbashi, the period from
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2000 to 2010 was largely influenced by the liberalization of the mining sector (2002), the
first electoral cycle (2006), infrastructure modernization, and the global financial crisis
(2008). The period from 2010 to 2022 included further electoral cycles (2011 and 2018),
provincial restructuring (2015), and a change in political regime (2019) [29]. Thirdly, the city
of Kinshasa is characterized by persistent heavy cloud cover, which limits the availability
of satellite imagery. This constraint led us to consider only three specific dates, which we
believe are sufficient to understand the phenomenon of urbanization in the cities studied,
considering the availability of imagery for these periods. We used surface reflectance data
from the Level 2 Collection 2 Tier 1 datasets, collected over a time step of 13 and 9 years,
depending on availability, quality, and study objectives. The image acquisition period
corresponds to the dry season when cloud cover is low [30]. The training points collected
on the GEE platform were supplemented by ground truth points collected jointly in the
3 cities in July 2022. For each class, a total of 20 GPS coordinates were collected, yielding
a maximum of 180 GPS points. Additionally, the results for our final year (2022) were
compared with those provided by the ESRI_Global-LULC_10m_TS project in for the three
cities. The consistency in trends across the results provided reassurance of the credibility of
our findings. ArcGIS 10.8.1 software was then used to produce land-use maps.

 
Figure 1. Bujumbura is located in Burundi and Kinshasa, and Lubumbashi is in the Democratic
Republic of the Congo.

2.3. Image Pre-Processing, Processing and Classification

The pre-processing involved applying a cloud mask applied to each data set to create
a synthetic image with an acceptable cloud cover [31]. The mask used the “QA_PIXEL”
band and the Fmask (Function of mask) algorithm to remove clouds and cloud shadows,
thereby generating cloud-free composites [32,33].

A false-color composition was created by combining the near-infrared, red, and green
bands, with the first two channels being used to discriminate vegetation [34]. Three relevant
land cover classes were selected according to the study’s objectives and the composition of
each landscape: vegetation (forests, savannahs, fields, fallow lands, and green spaces), built-
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up and bare soil (built-up and bare soil complexes, including mines) and other (sewage
and decantation plants, flooded areas, ponds, swamps). For each of these land cover
classes, sample polygons representing the training zones (ROIs) were collected on the
same platform (GEE) using Google Earth images of finer resolution (1 m) and completed
with ground truth GPS points. A classification based on the “Random Forest” supervised
classification algorithm was then performed using the training model obtained from the
selected ROIs [35]. Classifications were validated based on the overall accuracy and the
Kappa coefficient derived from six confusion matrices [36]. Kappa values below 50%,
between 50 and 75%, and above 75% indicate poor, acceptable, and excellent classification,
respectively [37]. For each land cover, at least 30% of the total points were used for this
assessment.

2.4. Calculation of Spatial Pattern Indices and Detection of Landscape Dynamics

Pattern metrics for each land use class were calculated using the “landscape metrics”
and “Landscape tools” packages in R studio 4.2.2. The selected indices provide information
on landscape fragmentation [38]. The number of patches belonging to a given class j

(
nj
)
.

This index offers insight into the fragmentation of a class. A high number of patches in a
class may be due to its fragmentation [39]. The total area (atj) occupied by the class j (in
km2) was calculated according to Equation (1) where aij is the area of ith patch of class j:

atj = ∑
nj
i=1 aij (1)

The index of the largest patch of class j or dominance Dj(a) was calculated using the
area of the largest patch (amax,j):

Dj(a) =
amax,j

atj
× 100 (2)

with 0 < Dj(a) ≤ 100. The higher the dominance value, the less fragmented the class.
The average area aj of the patches of class j was calculated as follows:

aj =
atj

nj
(3)

The aggregation index indicates the frequency with which pairs of patches of the same
class are adjacent [40]. Its value is equal to 0 for maximally disaggregated classes and 100
for maximally aggregated classes [41]:[

gii
max − gii

]
× (100) (4)

where gii is the number of similar adjacencies based on the single count method and
max − gii is the maximum number of similar adjacencies per class for this class.

The fractal dimension index, which assesses the relationship between the landscape
transformation process and the geometry of the resulting patches, is calculated as follows
according to [42]:

log P =
D

2 log (A) + log(K)
(5)

where p represents the perimeter, A the class area, and D the fractal dimension. A log-log
surface-perimeter plot for a set of patches, therefore, generates D (slope) and K (intercept).
This technique is based on the analysis of patches of different sizes at a given scale as a
“surrogate” for a change of scale [43].

To quantify the dynamics of conversion between land-use classes over the periods
considered in the study, two transition matrices were created for each city. The transition
matrix, obtained by juxtaposing the land-use maps, provides information on the conversion
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between land uses (row and column proportions) on the one hand and the stability of
land use classes (diagonal) on the other [38]. The stability index was calculated to de-
termine the conversions between the different land-use classes. This index is defined as
the ratio of the sum of the diagonal values and the sum of the off-diagonal values of the
transition matrix [38]. The underlying spatial transformation processes responsible for the
observed changes were identified using the decision tree proposed by [44]. The distinction
between fragmentation and dissection was made using the predefined area decrease value
t = 0.75 [45]. Values less than or equal to 0.75 indicate fragmentation, while values greater
than 0.75 suggest dissection [45].

The aggregation index (AI), which illustrates the spatial organization of patches
corresponding to land use types, was also calculated. A high AI value indicates adjacent
units and, therefore, aggregated patches [46].

The other index calculated is the fractal dimension index (DF), which indicates that the
patches have complex shapes and more tortuous contours when it is higher (approaching
2) and when it is lower (close to 1); this indicates a more regular shape of the patches and
smoother contours (anthropogenic) [43].

2.5. Vegetation Index

A variety of vegetation indices have been developed for the purpose of monitoring
vegetation distribution and phenology [47,48]. The Normalized Difference Vegetation
Index (NDVI) is defined as the normalized difference of spectral reflectance measurements
acquired in the “Near Infrared (NIR)” and “Red (RED)” wavelength zones [47–49].

NDVI =
(NIR − RED)

(NIR + RED)
(6)

The theoretical value of NDVI varies between −1 and 1. Values below 0.1 are indicative
of bodies of water and bare soil, while higher values are associated with high photosynthetic
activity, which is typical of shrublands, temperate forests, rainforests, and agricultural
land [50]. In practice, an open water surface (ocean, lake, etc.) will exhibit NDVI values
close to 0, bare soil will have values of 0.1 to 0.2, while dense vegetation will have values of
0.5 to 0.8 [50].

3. Results

3.1. Satellite Data Analysis: Classification and Mapping (2000 to 2022)

The overall accuracy of supervised classification of Landsat images covering the areas
of Bujumbura, Kinshasa, and Lubumbashi ranges between 89% and 99%, with Kappa
values between 69% and 97% (Table 2). These values indicate that the discrimination
between different land-use classes is statistically reliable [51].

Table 2. Accuracy of supervised classifications of Landsat images from 2000, 2013, and 2022 based on
the Random Forest algorithm.

Year

Bujumbura Kinshasa Lubumbashi

Overall
Accuracy

Kappa
Overall

Accuracy
Kappa

Overall
Accuracy

Kappa

2000 0.89 0.69 0.95 0.86 0.95 0.92
2013 0.93 0.79 0.97 0.88 0.96 0.94
2022 0.97 0.91 0.99 0.94 0.98 0.97

A visual analysis of the land-use maps reveals significant spatial changes in the
landscape of Bujumbura and Lubumbashi between 2000, 2013, and 2022. These changes
are evidenced by a regression of the “vegetation” class and the “other” class, which have
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been replaced by the “built-up” class. In contrast, the city of Kinshasa exhibited minimal
change (Figure 2).

Figure 2. Land use maps of Bujumbura (Burundi), Kinshasa, and Lubumbashi (DRC) from supervised
classification of Landsat images from 2000, 2013, and 2022 based on the Random Forest algorithm.

3.2. Changes in Land Use between 2000 and 2022

Table 3 illustrates the percentage changes between the various land use classes between
the years 2000 and 2022 in the cities of Bujumbura, Kinshasa, and Lubumbashi. In the cities
of Bujumbura and Lubumbashi, the period studied (2000–2022) was characterized by a
transition in which the GI, which constituted the landscape matrix in 2000, was replaced by
built-up areas, which became the dominant matrix in 2022. During the period under review,
the landscape of Kinshasa underwent no significant modifications, and its GI remained the
dominant matrix in 2022 (Table 3).
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Table 3. The following transition matrix describes the changes in land use in the cities of Bujumbura
(Burundi), Kinshasa, and Lubumbashi (DRC) between the periods 2000–2013 and 2013–2022 in
percentages of area (%). The column and row totals correspond to the land-use classes for the
initial and subsequent study periods, respectively. The values in bold represent the proportion of
the urban footprint that has not undergone transformation between the two specified time points.
The remaining values within the matrix provide insight into the nature of the observed changes in
land use.

Bujumbura

Year 2013

Vegetation
Buildings and
Bare Ground

Other Total

Year 2000

Vegetation 9.78 47.51 0.36 57.65
Buildings and
bare ground 30.42 5.01 0.05 35.48

Other 4.38 1.90 0.59 6.87
Total 44.58 54.42 1.00 100

Year 2022

Year 2013

Vegetation 18.17 26.36 0.06 44.58
Buildings and
bare ground 1.69 52.17 0.56 54.42

Other 0.04 0.37 0.58 1.00
Total 19.90 78.90 1.20 100

Kinshasa Year 2013

Year 2000

Vegetation 58.31 6.70 0.46 65.47
Buildings and
bare ground 11.17 21.94 0.03 33.14

Other 1.12 0.06 0.21 0.39
Total 70.60 28.70 0.70 100

Year 2022

Year 2013

Vegetation 60.78 8.28 1.54 70.60
Buildings and
bare ground 3.86 24.80 0.04 28.70

Other 0.28 0.02 0.40 0.71
Total 64.92 33.10 1.99 100

Lubumbashi Year 2013

Year 2000

Vegetation 30.85 17.75 21.65 70.25
Buildings and
bare ground 1.13 12.75 275 16.63

Other 3.46 4.67 4.99 13.12
Total 35.44 35.17 29.39 100

Year 2022

Year 2013

Vegetation 18.91 7.55 8.98 35.44
Buildings and
bare ground 1.89 30.92 2.36 35.17

Other 5.46 15.50 8.43 29.39
Total 26.26 53.97 19.77 100

For the city of Bujumbura, the period from 2000 to 2013 was marked by a 47.52%
increase in built-up and bare soil at the expense of vegetation. The same period was
characterized by the conversion of 30.42% of built-up and bare ground and 4.38% of the
“other” class to vegetation. At the same time, areas in the “other” class decreased by 1.9%
in favor of built-up and bare ground. Between 2013 and 2022, built-up and bare ground
expanded by 26.36% at the expense of vegetation. At the same time, 1.69% of built-up and
bare ground was converted to vegetation.
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The period between 2000 and 2013 was characterized by a significant increase in built-
up and bare soil areas in the city of Bujumbura, with a 47.52% expansion at the expense
of vegetation. The same period was characterized by the conversion of 30.42% of built-up
and bare ground, as well as 4.38% of the “other” category, to vegetation. Concurrently,
the “other” category experienced a 1.9% reduction in area with an increase in built-up and
bare ground. Between 2013 and 2022, built-up and bare ground expanded by 26.36% at
the expense of vegetation. Concurrently, 1.69% of built-up and bare ground was converted
to vegetation.

Regarding the city of Lubumbashi, between the years 2000 and 2013, 1.08% of build-
ings and bare soil and 3.44% of other areas were converted to accommodate vegetation.
Conversely, 17.9% of built-up and bare ground and 21.65% of the “other” category ex-
panded at the expense of vegetation. Concurrently, the “other” category exhibited an
increase of 7.75% at the expense of built-up and bare ground. The period between years
2013 and 2022 is characterized by the conversion of 1.88% of built-up and bare ground,
5.48% of other to vegetation, and 15.5% of the “other” class to built-up and bare ground.
During the same period, 7.54% of the built-up area and soil and 8.97% of the “other” class
were converted to vegetation. Concurrently, 2.36% of the “other” class was converted to
bare ground and buildings.

The preceding data illustrate a notable decline in GI and an accompanying surge in the
surface area of built-up and bare soil within the urban cores of Bujumbura and Lubumbashi
between the years 2000 and 2022. In the case of Kinshasa, there was a slight decrease in
GI but no increase in the surface area of built-up and bare soil. However, there was an
increase in the “other” class. A sequence of progression/regression of vegetated surfaces
was recorded.

Table 4 illustrates the stability index values for land use classes in the cities of Bujum-
bura, Kinshasa, and Lubumbashi between the years 2000 and 2022. This index exhibits
high values in landscapes that have undergone minimal dynamic change.

Table 4. Stability index for the vegetation, built-up, and bare soil classes as well as the “other” class
for the cities of Bujumbura (Burundi), Kinshasa, and Lubumbashi (DRC) over the period 2000 to 2022.

Bujumbura Kinshasa Lubumbashi

2000–2013

Vegetation 0.12 3.00 0.70
Buildings and
bare ground 0.06 1.22 0.41

Other 0.09 0.13 0.13

2013–2022

Vegetation 0.65 4.35 0.79
Buildings and
bare ground 1.80 2.03 1.13

Other 0.56 0.21 0.26

Over the period 2000–2013, the vegetation stability index for Kinshasa is 25 times that
of Bujumbura and 4 times that of Lubumbashi. Over the same period, the value of the
stability index for buildings and bare soil in Kinshasa was 20 times that of Bujumbura and
3 times that of Lubumbashi. Furthermore, the stability index for the “other” category is
identical for the cities of Kinshasa and Lubumbashi and is 1.5 times that of Bujumbura.

From 2013 to 2022, the vegetation stability index for Kinshasa was sevenfold that of
Bujumbura and 5.5 times that of Lubumbashi. Over the same period, the stability index
for buildings and bare soil in Kinshasa was found to be twofold that of Bujumbura and
Lubumbashi. Conversely, the stability index for the “other” class in Bujumbura was three
times that of Kinshasa and Lubumbashi.

From the aforementioned data, it can be observed that vegetation, buildings, and bare
soil in the city of Kinshasa exhibited minimal change over the period 2000–2022. In contrast,
the “other” class demonstrated robust growth in all cities (Table 4).
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3.3. Dynamics of the Spatial Structure of Vegetation

In Bujumbura, between 2000 and 2013, the characteristic spatial transformation process
of vegetation was the dissection of patches, particularly as the increase in the number of
patches was accompanied by a decrease in total area, with a t-value greater than 0.75.

From 2013 to 2022, the characteristic spatial transformation process of vegetation
was identified as suppression, which was observed concurrently with a reduction in the
number of patches and total area. Between 2000 and 2022, the values assigned to vegetation
dominance increased, indicating the presence of undeveloped vegetation areas on the city’s
periphery that had not yet been developed. The Aggregation Index (AI), which reflects the
spatial organization of patches, showed a 6.96% decline over the study period. The fractal
dimension (FD) approached a value of 1, suggesting a reduction in spatial continuity and
an increase in anthropization over time.

Between the years 2000 and 2013, the vegetation in the city of Kinshasa exhibited a
distinctive pattern characterized by patch aggregation. This was evidenced by a significant
increase in the total area of vegetation, which was the result of a simultaneous decrease
in the number of patches. From 2013 to 2022, the process of spatial transformation of
vegetation was suppressed due to a decrease in both the total area and the number of
patches. Over the period 2000 to 2022, the values of vegetated area dominance exhibited a
slight decline. The aggregation index demonstrated an increase of 1.72% over the period
2000 to 2022, and the fractal dimension reached 1.04. This indicates a high level of vegetation
dominance, which is indicative of a slight increase in spatial continuity and a notable rise
in anthropization over time.

In Lubumbashi, the dominant spatial transformation process of vegetation between
2000 and 2013 was suppression, characterized by a simultaneous decrease in both the total
area and the number of patches. From 2013 to 2022, the characteristic spatial transformation
of vegetation was dissection, with a concomitant increase in the number of patches despite
a decrease in total patch area. Between 2000 and 2022, the value of vegetation dominance
declined, indicating its gradual disappearance due to anthropogenic influence. The AI
demonstrated an increase of 7.77% over the study period. The FD is close to 1, which
suggests an increasing level of spatial continuity and anthropization over time (Table 5).

Table 5. Spatial structure indices were calculated in 2000, 2013, and 2022 of the vegetation class
for the cities of Bujumbura (Burundi), Kinshasa, and Lubumbashi (DRC). These indices enable the
identification of the underlying spatial transformation processes that have resulted in the observed
changes. The data were derived from the supervised classification of Landsat images using the
Random Forest algorithm. n: number of patches, at: total area (ha), aj: average area, D: dominance
index of the largest patch (%), FD: fractal dimension, AI: aggregation index.

City Year n at D ¯
aj AI FD

Bujumbura

2000 1246 6032.39 1.55 1.45 92.47 1.04
2013 1349 4665.01 5.15 1.79 91.99 1.04
2022 1007 2081.94 3.36 1.62 86.03 1.04

Kinshasa

2000 7704 652,209.25 57.47 15.36 92.80 1.04
2013 4623 703,429.35 63.49 27.61 95.50 1.04
2022 6685 646,828.15 56.57 17.56 94.40 1.04

Lubumbashi

2000 6925 55,453.28 47.12 8.00 85.46 1.04
2013 5386 28,034.65 10.77 5.20 83.30 1.04
2022 11,173 20,904.10 15.96 1.87 92.10 1.04
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Figure 3 shows the evolution of the spatial structure indices calculated for the vegeta-
tion class of the cities of Bujumbura, Kinshasa, and Lubumbashi for the years 2000, 2013,
and 2022.

 
Figure 3. Trends in number of patches, total area, average patch area, and vegetation class dominance
for the cities of Bujumbura (Burundi), Kinshasa, and Lubumbashi (DRC) for the years 2000, 2013,
and 2022.

3.4. The Normalized Difference Vegetation Index (NDVI)

The maps generated after calculating the Normalized Difference Vegetation Index
(NDVI) for the years 2000, 2013, and 2022 show that the values range from −0.22 to 0.85 for
Bujumbura, from −0.21 to 0.92 for Kinshasa (DRC) and from −0.50 to 0.83 for Lubumbashi
(DRC) (Figure 4).

Figure 5 illustrates the proportions of GI areas across the NDVI intervals identified
for each city under study during the specified time periods of 2000, 2013, and 2022. The
evolution of tall vegetation in Bujumbura shows a sawtooth pattern, whereas in Kinshasa
and Lubumbashi, there is a gradual decline.
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Figure 4. Normalized difference vegetation maps of the cities of Bujumbura (Burundi) (A), Kinshasa
(B), and Lubumbashi (DRC) (C) for the years 2020, 2013, and 2022.
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Figure 5. Proportions of GI areas over NDVI intervals were found for the cities of Bujumbura,
Kinshasa, and Lubumbashi for the years 2000, 2013, and 2022.

4. Discussion

4.1. Methodological Approach

While Landsat images are not optimal for examining urbanized landscapes, where
a single pixel may encompass disparate land uses, they have nonetheless enabled the
fulfillment of the study’s objective through the consolidation of land use classes. It is
also noteworthy that these images are frequently employed for the mapping of urban
landscapes in sub-Saharan Africa [20]. Moreover, any approach to classifying satellite
images must be based on knowledge of the reality of field observations, which helps to
mitigate the degree of confusion between thematically similar pixels [52]. Based on in situ
knowledge acquired during field missions, old maps, Google Earth images, and processing
on the GEE platform, Kappa values are among the classifications deemed acceptable and
excellent in this study [38]. Furthermore, the indices selected in this study, including
the number and area of patches, are considered optimal compromises for characterizing
landscape configuration [52]. The utilization of the R language and its extensions (packages)
was informed by the fact that, since its inception in 1995, it has currently one of the most
prevalent programming languages, particularly within the field of ecology. Additionally, it
is a language exclusively designed for statistical programming [53]. This methodology has
been employed in other countries and contexts. In Rwanda, for instance, the methodology
was employed to quantify the physical degradation of forests and to monitor forest cover
change and fragmentation [54]. Furthermore, it has been employed for the spatial analysis
of urban surface heat islands in four rapidly developing African cities (Ethiopia, Kenya,
Nigeria, and Zambia) [55].

4.2. Spatial Structure Indices

Several indices have been put forth with the aim of quantifying and measuring land-
scape structure [56,57]. The calculation of spatial structure indices serves to elucidate
the spatial configuration of class patches within the landscape [46]. It is thus possible to
calculate a wide range of indices, although this may result in redundant measurements [46].
In this study, we used indices derived directly from fragmentation. In general, ecology and
landscape ecology, in particular, habitat fragmentation, has emerged as a pivotal theme
in conservation research [58]. Indeed, fragmentation results in a reduction in total area
and an increase in the number of patches [39]. Furthermore, we considered the dominance
of the largest patch in the class, as fragmentation implies fragmentation and, therefore, a
decrease in patch size towards smaller patches of similar size [59]. The mean area value was
employed as an indicator of spatial integrity [55]. The shape index was not considered in
this study. Indeed, the quantification of shape is a challenging endeavor, as it can give rise
to multiple interpretations [60]. Furthermore, it is linked to degrees of artificialization [61].
It is also associated with landscape heterogeneity [62]. It can be observed that the value of
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the shape index is inversely proportional to the degree of elongation or irregularity of the
shapes of the patches [63]. In contrast, the fractal dimension index was employed. A higher
index value (approaching 2) indicates more complex shapes and contours that are more tor-
tuous and natural. Conversely, a low index value (close to 1) suggests a more regular shape
and contours that are smoother and anthropogenic [43]. These indices have been used in
various contexts to analyze the degree of anthropization of urban or forest landscapes, such
as the characterization of dense forest islands in the Monts Kouffé classified forest with the
aim of highlighting their spatio-temporal dynamics [59] as well as the quantification of the
degenerating condition of the land cover due to anthropogenic activities in Katanga [64].
They were also employed to assess the anthropogenic impact on the dynamics of landscape
units, including the quality of ecosystem services in the Kinshasa conurbation [22]. The
aggregation index (AI) was also calculated in this study. This index illustrates the spatial
organization of patches corresponding to land use types. A high AI value indicates the
presence of adjacent units and, consequently, aggregated patches [46]. This index has been
employed in other contexts, including the monitoring of landscape anthropization in the
Babagulu forest region (DRC) [65] and the assessment of links between landscape elements,
their reciprocal influences, and the main transformations observed over time and space for
the rational and sustainable management of the Zè commune in Benin [46]. Additionally,
this study utilized the stability index, which enables the evaluation of the permanence of
the initial landscape [38] in diachronic studies. All these indices were used to test the first
two sub-hypotheses of our research.

4.3. Standardized Differential Vegetation Index and Green Infrastructure Composition Dynamics

Spectral vegetation indices are among the most widely used satellite data products for
assessments of vegetation cover, change, and processes [49]. The Normalized Difference
Vegetation Index (NDVI) provides estimated values of forest “green intensity” based on the
analysis of satellite data. The approach is based on the premise that NDVI is an indicator of
plant health insofar as a degradation of an ecosystem’s vegetation or a decrease in green
intensity would result in a decrease in the NDVI value [50]. Consequently, NDVI values
have been employed in a multitude of contexts, including the assessment of vegetation
cover variability across Algeria [47], the observation of forest degradation in Mexico [66],
the monitoring of climatic variability in the Nakambé watershed in Burkina Faso [67] and
the establishment of the link between vegetation NDVI, temperature, and precipitation,
in the upper catchments of the Yellow River in China [68]. In this study, the NDVI was
calculated to facilitate a comparison of the health of GI in the cities of Bujumbura, Kinshasa,
and Lubumbashi and to test our last sub-hypothesis. The NDVI values observed for the
cities under investigation exhibited a range between −1 and 1, indicating that the GI of
these cities is not solely comprised of vegetation at high and low levels but also includes
other elements such as water bodies and soils devoid of water [50]. Indeed, Bujumbura’s
GI comprises a variety of elements, including artificial forests [69], GI adjacent to roads,
playgrounds, green squares, and agricultural areas. Additionally, it encompasses bare soil,
a consequence of land subdivision for new residential developments, particularly in the
southern periphery of the city. Furthermore, since the 2020s, the rising waters of Lake
Tanganyika have resulted in the formation of swamps in the western part of the coastal city
situated on its shores. In addition to the GI that dates back to the pre-independence period,
the city of Kinshasa also encompasses private GI, residential GI, swampy areas, and erosion
expansion at the edge of watercourses [22]. Bare soils resulting from urbanization and slash-
and-burn agriculture [22] are also noted. In addition to GI accompanying roads in the urban
part and buffer zones, fields, abandoned areas, and informal spaces in peri-urban areas [22],
the city of Lubumbashi also features bare surfaces resulting from mining, especially on
the outskirts of the city. This presence can be attributed to the destruction of vegetation
cover near mining sites, probably due to the developments carried out to establish mining
sites [27]. The proportions of the surface areas of the various GI categories on the NDVI
intervals demonstrate variability between cities over the period studied (2000–2023). This
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variability is evidenced by a sawtooth trend in tall vegetation for the city of Bujumbura
and a gradual decrease for the cities of Kinshasa and Lubumbashi.

4.4. Urbanization and Loss of Natural Cover in the Cities of Bujumbura, Kinshasa and Lubumbashi

Urban vegetation plays an instrumental role in the provision of diverse ecosystem
services, including the purification of air and water, the regulation of microclimate, and
the treatment of waste [70]. Moreover, its presence offers people aesthetic pleasures,
recreational opportunities, and physical and psychological well-being [71]. It is regrettable
that the current rate of urbanization in developing countries [72] is accompanied by the
elimination of GI and their replacement by anthropogenic land uses [73,74]. Cities such
as Bujumbura in Burundi, Kinshasa, and Lubumbashi in the Democratic Republic of the
Congo illustrate this phenomenon. Indeed, Bujumbura’s urbanization is characterized
by the conversion of agricultural land for the construction of new neighborhoods [75].
Furthermore, the expansion of the city is marked by the gradual destruction of GI and
other natural ecosystems to make way for new housing and other physical infrastructure,
including roads and monuments. Additionally, the vegetation in buffer zones along rivers
and Lake Tanganyika has been cleared to accommodate residential development [69].
The urban growth of Kinshasa occurs through the aggregation of built-up areas, which
has a detrimental impact on green zones, including residual GI and market gardens [76].
This results in two distinct patterns of urban growth: extreme densification of certain
central districts and low-density peripheral extensions [76]. The city of Lubumbashi has
experienced a similar expansionary trajectory, with the built-up area extending towards the
peri-urban zone, where plot prices are relatively affordable compared to the city center [23].
The regression of GI in all communes has been caused by the combination of strong
demographic pressure and the absence of a program to preserve them [24,26]. Our results
illustrate the regression and fragmentation of urban vegetation as a result of urbanization.
The phenomenon of urban vegetation regression in the wake of rapid and uncontrolled
urban spatial growth has also been observed in other African cities, including Abuja in
Nigeria [77], Kampala in Uganda [4], and in central Togo [78]. The removal of GI from the
city of Bujumbura can be attributed to the emergence of subdivisions, particularly on the
outskirts of the city, which have given rise to new neighborhoods. The increasing evolution
of built-up and bare soil is thought to have contributed to the disappearance of GI in the
city of Kinshasa. This is believed to have originated in the destruction of GI to satisfy the
wood energy needs of artisanal pastry businesses and “nganda ntaba” (various corners
where kebabs, chicken legs, and grilled goat meat are sold) on the one hand, and their use
for various constructions on the other [79]. Additionally, the high consumption of wood
energy by restaurants, brickmakers, bakeries, and blacksmiths is a contributing factor [79].
Regarding to the fragmentation of GI in the city of Lubumbashi, this is attributable to a
combination of factors, including the city’s rapid urbanization and the expansion of energy
production [80]. Additionally, the fragmentation is a consequence of the patchwork nature
of the city’s GI, which comprises GI alongside roads in the urban area and buffer zones,
fields, abandoned areas, and informal spaces in the peri-urban zones [23]. The urban
expansion of the cities of Lubumbashi and Kinshasa and the resulting quest for wood
energy are threatening the protected areas around these cities. In the city of Bujumbura,
specifically, peri-urban agriculture is under threat.

4.5. Implications in Public Policy

In African cities, GI is still considered by the population and certain authorities in
charge of urban planning secondary spaces that are merely decorative or spaces that are
free of all occupation and passage [81]. In reality, however, it needs to be preserved and
developed, hence the need for scientific assistance in the conservation and development
of GI. Our results highlighted the decline in GI in the cities studied and a decrease in tall
vegetation, all in the context of increasing anthropization. Indeed, for all the cities studied,
urbanization is the primary cause of the reduction in their GI following the installation of
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new houses or other infrastructures such as monuments, the densification of neighborhoods,
and peripheral extensions. This situation should attract the attention of municipal planners
and decision-makers and involve a range of policies along the urbanization gradient [82].
These policies concern the legal security of GI and its integration into land use planning, as
well as the planning of their management, maintenance, and control [83]. Law enforcement,
transparency, reliability, and the absence of corruption are crucial elements for sustainable
urbanization that incorporate the conservation of vegetated ecosystems and economic
development in the city [2,84]. The demolition of infrastructure or other facilities built on GI
should also be considered. In the (peri)urban area, avenue trees should be planted along the
main roads running through it and should, above all, be included in the urban development
plan for new neighborhoods. The new occupants of these neighborhoods should be made
aware of planting trees on secondary roads running through their neighborhoods along
their plots, in addition to landscaping them. Priority should be given to preserving and
increasing the connectivity of the GI of the cities studied [85] and, above all, to encouraging
the creation of GI for buildings and roads. All these cities should adopt a master plan for
the sustainable integration of GI into the urban fabric as a matter of urgency. The authorities
responsible for urban planning should devote part of the municipal budget to the creation
of green infrastructure in the peri-urban and rural parts of cities.

5. Conclusions

The present study conducted a comparative analysis of the GI of the cities of Bujum-
bura, Kinshasa, and Lubumbashi. The spatial structure indices revealed that Bujumbura
and Kinshasa’s GI is characterized by the suppression of patches, whereas Lubumbashi
exhibits fragmentation. The mean area of the GI slightly increased in Bujumbura and
Kinshasa but decreased significantly in Lubumbashi. Dominance values rose in Bujumbura,
while they declined in Kinshasa and Lubumbashi. The stability index indicated weak
dynamics in Kinshasa, contrasting with more active changes in Bujumbura and Lubum-
bashi. The aggregation index suggested a decline in patch continuity in Bujumbura, while
Kinshasa and Lubumbashi showed increased patch aggregation. The fractal dimension
index highlighted the human impact on the GI of all three cities. These findings substantiate
our hypothesis that the GI of these three cities exhibits a distinctive dynamic. However,
the NDVI values showed a sawtooth evolution of tall vegetation in Bujumbura, with a
gradual decrease in Kinshasa and Lubumbashi. The findings emphasize the need for urban
planning to ensure adequate, multifunctional, and interconnected GI, which is vital not only
for urban biodiversity but also for the sustainability of ecosystem services. Greening cities
is essential for their social, environmental, and economic benefits, making the preservation
and enhancement of natural capital imperative.
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Abstract: This study aims to scientifically justify the identification of suitable urban properties
for urban green infrastructure (UGI) interventions to optimize its natural regulating functions for
long-term pollution mitigation and secondary dust reduction. This study adheres to the perception
that planning urban transformations to improve ambient air quality (AQ) requires a thorough
understanding of urban structural heterogeneity and its interrelationship with the local microclimate.
We apply an approach in which UGI and its potential multifunctionality are explored as a structural–
functional element of urban local climatic zones. The same (100 × 100 m) spatial framework is used
to develop place-based adapted solutions for intervention in UGI. A complex geospatial analysis of
Burgas City, the second largest city (by area) in Bulgaria, was conducted by integrating 12 indicators
to reveal the spatial disbalance of AQ regulation’ demand and UGI’s potential to supply ecosystem
services. A total of 174 municipally owned properties have been identified, of which 79 are of priority
importance, including for transport landscaping, inner-quarter spaces, and social infrastructure.
Indicators of population density and location of social facilities were applied with the highest weight
in the process of prioritizing sites. The study relies on public data and information from the integrated
city platform of Burgas, in cooperation with the city’s government. The results have been discussed
with stakeholders and implemented by the Municipality of Burgas in immediate greening measures
in support of an ongoing program for Burgas Municipality AQ improvement.

Keywords: air pollution; urban ecosystem services; green infrastructure; local climate zones; sustainable
urban planning; Burgas city

1. Introduction

The growth of urban populations [1] and urban sprawl [2] presents us with some
of the most serious challenges in maintaining our living environment and health. The
degradation of natural ecosystems that accompanies urban densification poses a growing
threat to the long-term provision of many of the ecosystem services that are vital to urban
populations [3] and permanently limits the resilience of cities to climate change [4].

The concept of ecosystem services (ESs) has been attracting growing interest in the
scientific milieu and in the arena of policymaking over the last 20 years [5,6]. ESs are
related to operational concepts such as Green Infrastructure (GI), Nature-based Solutions
(NBSs), and Ecosystem-based Adaptation (EbA). The impact of urban parks on human
well-being and thermal comfort has been investigated by a considerable number of studies
for diverse climatic conditions [7–10]. Managing the desired benefits of urban green
spaces has been the subject of in-depth discussions in urban management and planning
policies [11–14], where interventions in NBSs find a logical place [15]. NBSs are most clearly
oriented towards providing solutions to complex challenges, in terms of urban structure
and functionality, and can be seen as a sufficiently flexible approach to urban planning,
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in building on approaches to urban greening [16]. However, the latter requires a proper
understanding of urban challenges in their local context to find an adequate response by
stimulating the provision of ecosystem services [17,18]. Research in this regard offers an
expanding interdisciplinarity and adheres to a systems perspective that approaches urban
sustainability as a complex phenomenon [14].

Urban green infrastructure (UGI) is part of urban morphology and has an impor-
tant structuring significance for the development of urban spaces in terms of the desired
heterogeneity of the urban environment. This is explained by the main regulating and
supporting ecosystem functions and benefits of UGI in providing a favorable quality of
living environment for people. However, research shows that the relationship between
green spaces and ecosystem services provided is not straightforward and is dependent
on urban typology [19–21]. In their comparative analysis of sets of urban typologies and
associated ecosystem service packages in temperate and tropical climate cities, Adrienne
Grêt-Regamey et al. 2020 [3] find that the supply of urban ESs does not increase linearly
with greenspace coverage, but is strongly dependent on urban form. In built-up neighbor-
hoods, the proportion of trees in the total green cover is essential for maintaining regulating
ESs, but in terms of microclimate, this regulation depends on the size of the built-up area.
The authors emphasize that medium-height open neighborhoods synergistically support
the provision of regulatory services, including microclimate regulation and air pollution
control. Research by Balzan et al. 2021 [22] in the ecological conditions of a Mediterranean
city shows that the capacity of ESs is highest in the urban periphery and lowest in dense
urban cores. Public gardens have low ecosystem service regulation capacity, in contrast
to private gardens and urban trees, which have the highest ecosystem service regulation
capacity per unit area. UGI is an important tool for cities to adapt to climate change, but
there is still a lack of knowledge about the optimal planting design for urban spaces and
its impact on outdoor thermal comfort [10]. With the advent of new and increasingly
precise and accessible geospatial technologies, new opportunities are opening up for UGI
displacements based on their integrated use, and this is one of the main objectives of the
present study. There is an obvious lack of more practical, geodata-driven knowledge in
this field. Another important point that is addressed in this work relates to the use of
already established approaches to study key aspects of the urban environment, as in the
case of LCZs, which are used in urban climatology and also in the present UGI study, in
accordance with the principles of spatial autocorrelation. We see here a strong potential for
the application of a scientific approach in which UGI and its potential multifunctionality
are explored as a structural-functional element of urban local climatic zones. They are a
well-established approach in the analysis of urban morphology-urban microclimate causal
relationships and, in our view, can provide a successful spatial framework for developing a
place-based adapted strategy for intervention in UGI.

The construction and purposeful maintenance of green spaces in Bulgarian cities
have good traditions, resulting from the European cultural influences in park art from the
beginning of the 20th century in architecture and urban planning (Sofia, Ruse, Plovdiv,
Varna, Burgas). Political decisions in the planning and construction of urban spaces,
distinctive for Eastern Europe in the mid and late twentieth century, directly affect the type
and condition of green spaces as part of the urban structure. These include representative
central city parks, preserved natural tree vegetation in the old parts of the cities and
cemetery parks, wide landscaped and mostly grassy expanses in new residential districts,
and often isolated suburban green areas which are usually territorially linked to nearby
protected natural or cultural sites. The serious political changes of the late twentieth century
generated significant changes in the functional specialization of cities, and for some of
them led to uncontrolled sprawl (mostly regional cities), greatly complicating their urban
structure. Losses of green spaces, changes in their condition, or alterations in their use have
been documented.

European policies in the protection and utilization of ecosystem functions through the
construction and maintenance of green infrastructure are reflected in Bulgarian political
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documents [23]. However, the development of a concept for GI in local conditions, and
especially a long-term vision for its targeted maintenance and conservation with the
motivated cooperation of the public, takes time. The reason for this is primarily rooted in
the need to establish an urban planning concept that is adequate to contemporary urban
needs and that plans and integrates the functions of green spaces as an integral part of
the urban system and a form of infrastructure. However, this is a difficult process whose
constraints are rooted in the management conditions on heterogeneous ownership of
urban properties, demographic pressures (in the direction of population influx or outflow)
stimulating new construction and the expansion of the service sector, or vice versa with
issues relating to abandoned buildings and disturbed land. Unfortunately, the fact that the
topic of green spaces and their functions is successfully used for political purposes, but
the actual construction of green spaces is financed by separate municipal, NGO, or private
projects, not always temporally or territorially coordinated, is also relevant here.

For smaller settlements (fewer than 50,000 inhabitants) there is a very general and
wishful style of urban policies in managing green spaces. Still, the financial resources
are sufficient mainly for the seasonal landscaping of urban gardens in widely publicly
accessible urban squares and main pedestrian streets. The Association of Municipalities
in Bulgaria has recognized a practical manual for UGI [24], but we will have to see how
effective its implementation is in the future.

The main challenge in the implementation of European and national policies (top-
down) related to urban greening on a local scale, in our view, is the need to apply an
individual approach (bottom-up) in the construction and maintenance of green infrastruc-
ture concerning the local geography, the inherent urban structure (settlement development
in a historical and geographical context), the demographic profile, and the leading ad-
ministrative, economic, and cultural functions of the city. However, this depends on the
local institutional capacity in solving the current problems of the city, as derivatives of its
complexity. On this basis, we assume that a good spatial analysis of the urban morphology
and the possibilities for its development given the active variables—population, economy,
services, and consumption—enables the construction of green infrastructure, sufficiently
flexibly inscribed in the urban structure so that it fulfills its ecological functions to the full.
The research of Croeser et al., 2021 [25] draws attention to the potential of multi-criteria
decision analysis (MCDA), including the importance of user feedback for the co-creation of
knowledge and the selection of adequate solutions to address various urban challenges.

The focus of the present study is a persistent problem for large Bulgarian cities (over
200,000 people): their high vulnerability to dust pollution. This is derived to a high degree
from inherited problems of urban structures in the course of their territorial expansion, the
change of priority functions under the influence of political changes, demographic variables,
and last but not least, geographical conditions. The procedure “Green infrastructure in
an urban environment” in the direction “Air” under Operational Program “Environment”
2021–2027 of Bulgaria, financed through the European Structural Funds, supports the
greening of urbanized territories, including innovative approaches (NBS). In this regard,
municipalities affected by air quality (AQ) problems have the opportunity to receive
funding for landscaping investments aimed at reducing secondary dust pollution and
improving AQ.

The study presents comprehensive research results in Burgas, the second-largest urban
area city in Bulgaria, with leading economic functions in South-Eastern Bulgaria. The main
objective of the study is to develop and test a model for geospatial analysis of the urbanized
area of Burgas to select locations where the construction of new or the renovation of existing
green infrastructure elements can contribute sustainably to the reduction and mitigation
of air pollution, and in particular secondary dust pollution. The study is based on the
relationship between urban morphology, the green system, and ecosystem services for air
quality regulation. The results support Burgas’s urban planning and greening concepts.

This has been realized in active cooperation with the Municipality of Burgas: we have
approached this with the understanding that the model must be understandable for the
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managers and able to undergo periodic discussion and optimization as a result of effective
feedback from the interested parties. The study was carried out with the following pre-set
requirements: (1) the study should interpret the relationship between GI and ESs in the
context of Burgas’ distinctive urban structural heterogeneity; (2) the study should use local
data (information maintained and integrated by the local authority for city management
purposes, and potentially updatable through regular monitoring programs); and (3) the
results should have a long-term effect on the reduction in PM with successful synergy with
other regulating ecosystem services necessary for the city, such as cooling effects, climate
comfort, and habitat functions. The desired result is a sustainable provision of ESs for PM
reduction in support of the activities laid down in the current “Program for improving the
air quality of the municipality of Burgas for 2021–2027” [26].

2. Materials and Methods

Significant epidemiological studies in the scientific literature find that air pollution
contributes to increased morbidity [27]. Air pollution, mainly caused by nitrogen dioxide
(NO2) and fine particulate matter with an aerodynamic diameter below 2.5 μm (PM2.5), is
today the leading environmental cause of death worldwide, causing over 3 million prema-
ture deaths per year, more than twice the number of deaths from road traffic accidents [1].
Green areas and their ecological functions contribute to ambient AQ by reducing and
removing air pollutants, especially PM. This has been demonstrated in many studies in
recent years, and interest in the topic has increased concerning the increased incidence of
disease in urban populations in densely built settlements [28–31].

Ground-level concentrations of air pollutants in cities are a complex function of
emissions, dispersion, and deposition of pollutants, and chemical processes in the surface
air layer. These processes are largely influenced by the geospatial structure of the city. The
conceptual framework of this study is based on several key assumptions related to the role
of UGI. We assume that UGI will have the most significant impact on AQ by stimulating
natural ventilation; changing the mean aerodynamic roughness (which has a direct impact
on pollutant dispersion); absorbing pollutants from green surfaces (leaves, branches, tree
bark); limiting the formation of secondary pollutants due to cooling effects. Based on these
initial positions, the analysis of the UGI elements of the urban area of Burgas is analyzed as
an integral structural part of the city morphology.

2.1. Study Area

Burgas City is a functional urbanized area center with major industrial, transport, and
tourist functions in South-Eastern Bulgaria. Burgas is located on the coast of Burgas Bay
on the southern Black Sea coast (17 m a.s.l.) and experiences a continental Mediterranean
climate (Cfa). It is the second largest urbanized area (254 km2) after the metropolitan city
of Sofia, and hosts 4% of the country’s urban population [32]. It is distinguished by an
over-concentrated urban core developed around a port, with annexed settlements from the
agricultural periphery that are now important residential districts. The urban structure
is set among three coastal lakes and the Black Sea (the city is surrounded by the largest
complex of seaside lakes in the country) [33] (Figure 1). Its territory is distinguished by a
concentration of protected areas of national and European importance.

The Environment Executive Agency of Bulgaria defines the city of Burgas as a zone/
territorial unit in which atmospheric air pollution with fine dust particles (PM10) exceeds
the permissible number of exceedances (up to 35 days/year of the average day and night
norms of 50 μg/m3). For 2016–2020, exceedances of up to 116 days (2017) were registered
here, with average values for 74 days/year [34]. Since 2013, the territory has been part of
the Autonomous Region for the Assessment and Management of AAQ and is obliged to
develop and implement targeted programs to reduce pollutant levels. Within the scope
of the analyzed area, there are year-round conditions for the retention of pollutants in the
surface air layer: high frequency of maximum temperatures above 30 ◦C during the summer
months; absolute maximum temperatures for the period June–August of up to 40–42 ◦C;
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and high atmospheric humidity but insufficient amount of annual average precipitation
(between 470 and 600 mm). Cases with low wind speeds (up to 1.5 m/s) reach 20–24% in
the period from March to July, while in the remaining months, they vary between 12–15%
(Program for Improvement of Ambient Air Quality in the Municipality of Burgas) [26,35].
The configuration of the city does not allow good ground ventilation, which confirms
the strong influence of the city’s morphology and its economic activity on microclimatic
conditions and AQ.

Figure 1. Study area—Burgas city and municipality.

Although the territory of the municipality is characterized by very good coverage
of green spaces, the trends listed above make it imperative to consider expanding green
spaces in urban environments to increase the cooling effect and aid in the sedimentation
and reduction of air pollutants.

2.2. Approaches and Methods for Geospatial Analysis of Urban Environment Related to Air
Quality Improvement and Reduction in Secondary Dust Pollution

This study proposes an approach for geospatial locational analysis of the urban mor-
phostructure of the city of Burgas, aimed at a scientifically substantiated selection of
sites/objects where the expansion or renovation of green areas can help reduce secondary
dust pollution. The methodology integrates 12 indicators reflecting local conditions, in-
cluding urban heterogeneity, locations with high concentrations of PM, local microclimatic
conditions, conditions of the UGI, population, and social activities. The study is consistent
with the principles of effectiveness and feasibility.

A methodological framework has been developed assuming the sequential implemen-
tation of the following work phases and activities (Figure 2):
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Figure 2. Methodological scheme.

Phase 1: Preliminary geospatial analysis of the urban spaces of Burgas to identify the
main features of urban heterogeneity and functionality. This phase aims to define a basic
working spatial unit (unified working framework) for carrying out spatial assessments
and selecting indicators to reflect the influence of the urban environment on the AQ. For
the preparation of a basic spatial unit, this study uses the concept of local climate zones,
arguments for which are presented in item 2.3. A cell size of 100 × 100 m (area of 1 ha)
is applied.

Phase 2: Unification. This phase includes the organization of the output working data
according to the unified working framework defined in Phase 1 and the development of a
scale consistent with the framework for measuring the selected indicators for territorial
assessment: A three-level scale was chosen to evaluate a total of 12 indicators determined
to be informative for the study.

Phase 3: Integrated spatial location analysis. This stage has three steps, as follows:
1. assessment by 5 indicators of the ‘need’ for regulation of microclimatic conditions
and AQ, and assessment by 5 indicators of the ‘potential’ of UGI to ensure regulation of
microclimatic conditions and AQ; 2. weighting overlay in a GIS by thematic grouping
of the results of the evaluation of the indicated indicators for each cell of the LCZ; and
3. reclassification of the results and the identification of the ‘need/provision potential’ ratio
for each LCZ cell—the aim being to identify cells in which there is a high need for AQ
regulation, but a low available UGI potential.
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Phase 4: Prioritization. This phase envisages prioritization of the cells with the most
unfavorable ‘need/provision potential’ balance—a result of the previous phase. For this,
the introduction of control indicators is foreseen: number of population and number of
social infrastructure objects—for each LCZ cell. A three-level scale was used to rank the
values of both control indicators.

Phase 5: Verification and discussion. This phase includes verification of the results
through a detailed survey of the prioritized territories according to current photogram-
metric data with and field visits; extraction of results for objects of municipal property;
discussion of the results with the responsible persons in the municipality and other in-
terested parties; and measurement of the areas within the properties for which greening
measures are applicable.

Phase 6: Organization of the received information about the selected terrains/objects
in a database: geolocation identifiers, reference to the property cadastre, the purpose of UGI
concerning the type of permanent use of the terrain, and other attributive data obtained in
the course of the research and thematic assessments.

A series of analytical operations were conducted in a GIS environment using ESRI’s
ArcGIS Pro software 3.2.0 to sequentially process the data.

2.3. Unified Working Framework for Spatial Assessments—Local Climate Zones

For the integrated locational analysis, this study applies the Climate Classification
Methodology for Urban Areas [35], which allows the analysis of key features of the urban
space in a system of cells with the meaning of “local climate zones” (LCZs). This decision
is based on the following arguments: LCZs reflect urban morphology in specific spatial
combinations of built area types and adjacent land cover [35]. Among the most important
arguments is the potential of the LCZ to reflect the prerequisites for microclimatic condi-
tions and corresponding AQ in the heterogeneous urban structure against the background
of climate regimes common to the urban space of Burgas. In addition, LCZs determine
important characteristics of urban climate (temperature regime, including the urban heat
island effect (UHI), and surface air circulation), air quality, and dust and pollutant reten-
tion conditions [36,37]. LCZs could facilitate the discussion and mapping of spatial PM
pollution [38]. LCZs are an effective framework for discussing urban sustainability and
climate neutrality. The versatility, simplicity, and objectivity of the LCA framework make
it a promising tool for a wide range of applications in the future, especially in the field of
climate-smart urban planning and design [39]. LCZs are used as the main information unit
in the definition of the typology of urban ecosystems in the Methodology for assessment
and mapping of urban ecosystems and urban ecosystem services in Bulgaria [40]. On this
basis, green urban infrastructure has been assessed as a provider of regulating Ess in terms
of AQ.

The main stages of LCZ definition generally include the following research proce-
dures: (1) grid size selection; (2) zone definition according to the classification scheme
(Stewart and Oke, 2012), (3) visualization of the results; and (3) statistical characteriza-
tion of the respective zones obtained by processing geostatistical data or data from field
measurements [41].

2.4. Indicators

As a result of the preliminary analysis, a total of 12 indicators have been identified for
participation in the integrated geospatial analysis (10 thematic and 2 control indicators).
The selection is in line with the choice of the LCZ as the territorial unit for assessment.
The final decision was made after a discussion with the Burgas Municipality regarding the
provision of up-to-date data: the study uses data from the Smart Burgas integrated city
information platform (https://smartburgas.eu/bg, (accessed on 13 August 2024)) [42], used
by the local administration for the management of Burgas City and direct feedback to the
residents of the city. These are data from regulatory local monitoring (air quality), including
the functioning of urban infrastructure (such as 24 h car traffic); urban planning data
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(locations of social infrastructure sites), or data generated at the request of the municipality
for urban planning purposes (photogrammetric surveys of the actual land cover of the
city, including the extent of green areas); and data from open national data of the National
Statistical Institute (population). A unified three-level scale has been developed to measure
the indicators applied in the study (except for the “water bodies” indicator, where the
actual presence of similar urban elements is taken into consideration). Each level of this
scale assumes in the course of the assessment a corresponding weighting—high, medium,
and low.

Indicators for the air quality assessment/demand to provide air quality regulation.
Five indicators were selected to reflect the relationship between urban heterogeneity

and ambient air quality (Table 1). The sealing of natural surfaces in the process of urban
development and sprawl with artificial or low permeability materials results in the perma-
nent disruption of natural internal landscape processes such as water and air circulation,
soil functions, biological nutrition, and bioproduction. The high concentration of sealing in
Burgas and the compact urban structure (with a population density of 746 people/km2)
contribute to the retention of high concentrations of PM in ground air and resuspension
of PM. The indicator of susceptibility to dust reflects the leading type of land use in the
respective LCZ grid cell. Here, the assumption is made that according to the type of land
use and the functioning of the respective territory (residential, industrial, transport, public
services, sport and recreation, nature conservation, etc.), a certain susceptibility of urban
areas to dusting is formed. The role of the transport arteries of the city in the emission of
resuspended dust is reflected in a separate indicator: the average daily intensity of motor
vehicles on the main transport arteries in Burgas. In the selection of baseline data, a value
of 10,000 vehicles/day was used as a critical threshold.

The indicator for PM pollution reflects aggregated spatial results for annual average
concentrations of PM10 from all sources and the formation of pollution hotspots in the city
of Burgas. The assessment scale is consistent with the World Health Organization’s air
quality guidelines and its reference levels for the allowable annual mean concentration for
PM2.5 and PM10 [43]. The same source states that PM2.5 makes up between 50 and 80% of
the weight of PM10. Current data on the concentration of PM2.5 in Burgas at the time of this
analysis (May–June 2024) show that they are the main pollutant of ambient air in the city of
Burgas [44].

The high percentage of sealed surfaces and the configuration of the built-up area create
the conditions for the occurrence of higher average surface and ground air temperatures in
urban areas. A systematic review of the existing scientific literature on the subject reveals
a complex relationship between air pollution and urban heat islands: on the one hand,
air pollution contributes to the heating of urban areas, and on the other hand, urban heat
island effects influence air quality [45]. The combined effect of these two threats contributes
significantly to climate change and its derivative effects in urban settings. The criterion
chosen here is the mean land surface temperature measured around noon local time (based
on Landsat 8 data from 30 July 2022). The choice of the time range is determined by
the direct influence that the land surface temperature (LST) has on the temperature and
dynamics of the ground air, and with this on the dispersion of the PM in the vertical
air exchange. Comparative analysis with evening temperatures after sunset (based on
data from previous observations [36]) gives us reasons to assume that the LST during
daylight hours has a much more significant influence on the dusting process. Based on the
obtained raster temperature values, an average LST for each LCZ cell was calculated using
zonal statistics.
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Table 1. Air quality indicators, parameters, scores, and data sources for geospatial analysis.

Indicators and Parameters (Calculated for
Each LCZ)

Evaluation Scale Data Used for the Analysis

1. Sealed areas (Area in %)
Low: 0–30%

Medium: 30–60%
High: >60%

Spatial layer of urban green areas
(Geographica Ltd., Sofia, Bulgaria)

2. Susceptibility to dust (Type of LCZ
according to dominant land use)

Low: LCZ A, B, D, G
Medium: LCZ 6, 9, C

High: LCZ 3, 4, 5, 8, 10, E

Orthofoto image of Burgas, 2022
(Geographica Ltd., Sofia, Bulgaria)

3. PM10 concentrations (Annual mean
concentrations, 2019)

Low: <15 μg/m3

Medium: 5–15 μg/m3

High: >15 μg/m3
Municipality air quality report [46]

4. Average land surface temperature (◦C)
Low: Up to 24 ◦C

Medium: Up to 28 ◦C
High: Over 28 ◦C

Landsat 8 Satellite image [47]

5. Traffic (Average daily traffic—number
of vehicles/24 h)

Low: Up to 10,000
Medium: 10,001–25,000

High: Over 25,001

Numbers of daily traffic (Burgas
Municipality, Burgas, Bulgaria)

Indicators for assessing green infrastructure/potential for providing regulation of air
quality and reducing secondary pollution.

To reflect the role of GI on ambient air quality through the reduction in PM, a combi-
nation of indicators has been selected, appropriate to the nature of the available data and
the scale of the study (Table 2). For this purpose, baseline data from the green system of the
city of Burgas (https://greensystem.smartburgas.eu/, accessed on 13 August 2024) [48]
were used. Important spatial factors such as the overall provision of natural environmental
elements (inherited and new) and projective cover—green elements and water bodies—are
taken into account. An indicator is introduced to reflect the spatial extent of the influence
of green elements on their contact environment. This has been implemented by analyzing
an average distance of 50 m from green areas over 1 ha. The connectivity factor increases
the effectiveness of green elements in the regulation of microclimatic conditions and the
improvement of the AQ. Here, the indicator takes into account the connectivity of urban
parks and green areas with a spatial extent of more than 2 ha.

Urban tree vegetation has a leading role in reducing PM compared to other types
of urban vegetation, which is explained by plant morphology [49]. For the conditions of
the city of Burgas, the cooling effect provided by the GI is additionally important, as it
mediates the reduction in PM by favoring microclimatic conditions. The indicator used
here represents the area distribution (%) of the tree canopy for each LCZ grid cell. Cells
with no tree cover are scored as ‘0’. The assessment of the indicator was carried out in
several sequential steps: initial selection of tree vegetation over 3 m in height; selection
of cells with an average tree vegetation height below 5 m and creation of a 25 m2 buffer
for each tree falling within these LCZs. Selection of cells with an average height of tree
vegetation above 10 m and the creation of a buffer of 40 m2 for each tree falling within
these LCZs.

The study also applied additional indicators involved in the final prioritization of sites
for investment in the GI (Table 3). This was implemented by introducing in the assessment
(per each LCZ grid cell) information on the spatial concentration of social infrastructure fa-
cilities (health facilities, social institutions, educational facilities, kindergartens, universities,
sports facilities, and playgrounds) and population number.

226



Land 2024, 13, 1487

Table 2. UGI indicators, parameters, scores, and data sources for geospatial analysis.

Indicators and Parameters (Calculated
for Each LCZ)

Evaluation Scale Data Used for the Analysis

1. Green areas (area in %)
Low: 0–30%

Medium: 30–60%
High: <60% Spatial layer of urban green areas

(Geographica Ltd., Sofia, Bulgaria)
2. Impact of green areas larger than

1 ha (meters)

Low: Over 300 m
Medium: Up to 300 m

High: Up to 100 m

3. Connectivity of green areas larger
than 1 ha (100 m distance between
individual green patches)

Low: No connectivity
Medium: 50–90%

High: 100%

Spatial layer of urban green areas
(Geographica Ltd., Sofia, Bulgaria)

4. Contribution of tree vegetation to
the composition of existing green
areas (% canopy cover)

Low: Up to 25%
Medium: Up to 50%

High: over 50%

Spatial layer of urban trees/point
feature/(Geographica Ltd., Sofia, Bulgaria)

5. Water (presence of water bodies) Low: No
High: Yes

Orthofoto image of Burgas, 2022
(Geographica Ltd., Sofia, Bulgaria)

Table 3. Prioritization indicators, parameters, scores, and data sources for geospatial analysis.

Indicators and Parameters (Calculated
for Each LCZ)

Evaluation Scale Data Used for the Analysis

1. Spatial concentration of public
facilities (Number)

Low: No facilities
Medium: 1–2

High: 3–4

Spatial layer of public facilities/point
features(Burgas Municipality, Burgas, Bulgaria)

2. Population (Number)
Low: Up to 100

Medium: Up to 200
High: Over 200

Number of population by neighborhood
(Burgas Municipality, Burgas, Bulgaria)

3. Results

3.1. Local Climate Zones

Within the urban area of Burgas City, 14 types of LCZ have been identified (Table 4,
Figure 3). They are organized in territorial units of the same size and shape—a uniform
grid with sides 100 m × 100 m with an area of 1 ha, which gives enough area for a site
to be defined as a specific LCZ. Smaller cell sizes imply a risk that separated LCZs could
be wrongly defined based on the absence of a particular element. They number 3789 in
total. The LCZs were determined based on highly detailed digital models of the study area
(2022). Based on these models, parameters such as density of development, percentage
coverage of sealed areas, or presence of vegetation have been accurately extracted. After
the LCZ classification, a field verification was performed.

Table 4. Local climate zones in Burgas.

LCZ Number of Cells in Total Area in %

LCZ_3 Compact low-rise buildings 28 1

LCZ_4 Open high-rise buildings 49 1

LCZ_5 Open midrise buildings 814 21

LCZ_6 Open low-rise buildings 180 5
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Table 4. Cont.

LCZ Number of Cells in Total Area in %

LCZ_8 Large low-rise buildings 882 23

LCZ_9 Sparsely built 122 3

LCZ_10 Heavy industry 50 1

LCZ_A Dense trees 21 1

LCZ_B Scattered trees 246 6

LCZ_C Bush, scrub 69 2

LCZ_D Low plants 491 13

LCZ_E Bare rock or paved 196 5

LCZ_F Bare soil or sand 59 2

LCZ_G Water 582 15

Total 3789 100

 

Figure 3. Local climate zones in the city of Burgas.
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As shown in Table 4, according to the type of construction, the largest area is occu-
pied by open midrise buildings (residential neighborhoods) and large low-rise buildings
(industrial buildings).

3.2. Integrated Geospatial Analysis of the Balance “Air Quality Regulation Demand and Potential
to Reduce Secondary Dust Pollution from the Urban Green Infrastructure” and Prioritization of
Cells through Control Indicators

The spatial results of the thematic assessment of the indicators concerning the unfavor-
able preconditions and existing circumstances for the deterioration of the AQ are presented
in Figure 4. The result is considered as degrees (low, medium, and high) of “demand to
introduce measures to mitigate secondary spraying” (Figure 5). The aggregated results
show a high vulnerability to dust pollution in the over-concentrated urban core and along
major transport links. This is a complex result of the urban structure of Burgas in these
ecological and geographical conditions and its modern functional specialization. However,
with the greatest influence on the concentration of demand for air quality regulation in the
central urban area are the high percentage of sealed surfaces (over 60%), the high values of
pollution with PM (over 15 μg/m3), and the concentration on busy boulevards.

Figure 4. Integrated geospatial analysis of the demand from air quality regulation—overlay analysis.

The spatial results of the implemented indicators for the assessment of UGI, i.e., the
potential to provide air quality regulation and secondary dust pollution reduction, are
presented in Figure 6. The summarized results give a reason to point out that in general
there is a favorable overall structure of the green system of the urban space in the city
of Burgas. This is particularly evident in the northeastern parts of the city as well as on
the periphery. This high potential is mainly because, in the above-mentioned areas, the
percentage of greenery in the grid is high (over 60%), supported by the positive values of
the other important functions of UGI: the impact and connectivity of green areas, and last
but not least, the presence of water bodies (Figure 7).
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The outcome of this phase of the study is the identification of grid cells/LCZs with
high and medium values of “demand for air quality regulation” but with low “potential
for air quality regulation”—cells that are deficient in regulatory mechanisms to mitigate
secondary sputtering and need to upgrade/rebuild air quality elements. The results of the
integrated analysis found that in the central areas of the city of Burgas, there are compact
areas along the main boulevards where it is necessary to implement measures to mitigate
secondary dust pollution through the construction of elements of the UGI. These results
have been used as the basis for the subsequent steps of prioritization of the areas and
spatial definition of the sites/territories for targeted intervention to build the elements of
the UGI (Figure 8).

Figure 5. Integrated geospatial analysis of the demand from air quality regulation.
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Figure 6. Integrated geospatial analysis of the potential for providing air quality regulation and
secondary dust pollution reduction—overlay analysis.

 
Figure 7. Integrated geospatial analysis of the potential for providing air quality regulation and
secondary dust pollution reduction.
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Figure 8. Integrated geospatial analysis of the balance “Air quality regulation demand and potential
to reduce secondary dust pollution from the UGI”.

The data obtained from the assessment of the “demand/potential” balance are sub-
jected to secondary analysis by introducing information on the presence and spatial concen-
tration of public social facilities and population. A total of 79 cells of priority importance
for landscaping have been identified. Their total area is 0.79 km2.
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3.3. Selection of Urban Green Infrastructure Investment Locations

As a result of the complex geolocalization analysis, two groups of priority spatial
locations (a total of 79 grid cells/LCZs) have been identified for investment and construction
of components of the UGI.

1. Group 1 (47 LCZs)—highest priority locations: a high concentration of social facilities
(three to four sites), with a population density of over 200 people per cell (relevant
LCZ), with a ‘high’ need for the introduction of secondary dust mitigation measures,
but a ‘low’ potential of provision from the available UGI structure.

2. Group 2 (32 LCZs)—high priority locations: a high concentration of social facilities
(three to four sites), with a population density of over 200 people per cell (relevant
LCZ), with a ‘medium’ need for the introduction of secondary dust mitigation mea-
sures, but a ‘low’ potential of provision from the available UGI structure (Figure 9).

 

Figure 9. Local climate zone groups for investment and construction of UGI components.

A spatial analysis of potential green areas in the city of Burgas revealed that 112 identified
sites are located within a 100 m radius of social facilities. Among these, 17 sites are situ-
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ated within municipal educational centers, such as schools and kindergartens. Another
41 properties designated for greening fall within 100 m of educational institutions across
the city. Furthermore, 75 playgrounds benefit from this proximity to the identified green
areas. Within the 100 m buffer surrounding eight of the identified green spaces, there are
five or more social infrastructure objects, with the highest concentration being eight near
an identified area along Yanko Komitov Boulevard. This clustering of green spaces near
multiple social infrastructure elements, especially near schools, kindergartens, and play-
grounds, highlights their strategic importance in urban planning, offering opportunities to
enhance accessibility to green areas.

Based on the above-mentioned prioritized LCZs, in close proximity to/around,
174 properties (municipal ownership only) have been identified for future planned in-
vestments in UGI. The total area of the identified areas for landscaping in the mentioned
properties is 15 ha. The results were discussed with the responsible parties from the Munici-
pality of Burgas—emphasis was placed on the disturbed areas identified in the course of the
field verification (bare surfaces without vegetation or disturbed pavements—a permanent
source of dust pollution). Feedback was sought from the Landscaping Directorate regard-
ing the qualitative characterization of the green elements and the health of the vegetation
in the prioritized cells. It is recommended to study the results of targeted research [50] for
the selection of species for afforestation that are drought-tolerant and disease-resistant in
the climatic conditions of Southeastern Bulgaria.

Spatial data for the identified landscaping locations, along with detailed attributive
information, has been provided to the Burgas Municipality in convenient file formats. Some
of the attributive information includes the following data: identifier, cadastral number,
and ownership of the property according to the National Property Register; area of the
property by cadastral map; and the area of identified landscaping areas. Information on
the locations/investment areas on which a new UGI will be built or constructed to address
secondary dust pollution mitigation is organized as follows (Figure 10):

• For roadside landscaping along busy urban streets/boulevards (outside the national
road network).

• For spaces between blocks—public spaces with open access (publicly accessible),
including city parks, gardens, squares, and spaces between city blocks that have a
disturbed structure (mud patches).

• For social infrastructure facilities—outdoor school areas and those on the territory of
kindergartens—municipal property.

Evidence has been collected in geolocation images which have been added to the other
attribute information. In the preparation phase of the landscaping projects, the team of
this study, together with the urban planners of the Burgas Municipality, will discuss the
possibilities of applying innovative NBS to contribute to a reduction in secondary dust.

To extract the maximum amount of practical information to support discussions for
future projects, some of the locations identified with the highest demand for investment in
the construction of GI were mapped with the laser scan system GEOSLAM ZEB Horizon
(Figure 11).
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Figure 10. Example with identified properties for landscaping.

 

Figure 11. Locations mapped with laser scan system GEOSLAM ZEB Horizon.

4. Discussion

The assumption that GI can improve air quality is widely held in the public health [29],
urban planning [51], and ES literature [52]. The UN’s Environmental-Economic Accounting
offers vegetation as an environmentally friendly solution to reduce air pollution [53]. The
main mechanisms by which air pollution can be reduced by vegetation include deposition
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and dispersion. However, depending on vegetation structure (plant height, leaf density),
site context (e.g., street canyon geometry, distance to emission source), and prevailing
meteorological conditions (such as wind speed and direction), the effects of ventilation
and dispersion may be thwarted [54]. This is a serious challenge in the design of park
spaces [10,55].

The effectiveness of UGI in reducing dust pollution can be a controversial topic and
draws attention to the role of urban microclimate on environmental quality. However, urban
climate data are tracked from a limited number of monitoring sites and present a general
picture with a range of variability in the values of urban climate elements. Such information
is unrecognizable by urban planners and landscape architects and is difficult to incorporate
into the planning of specific urban spaces, especially in response to local urban challenges.
Local microclimatic research requires significant financial and time resources. It is justified
when they are conducted for the planning of specialized NBS adapted to a problem location,
or in a private project when the site is of great public importance. However, in developing a
unified framework for city landscaping and discussing its financing, they are inapplicable.

Our response to this challenge is to conduct research that directly links green infrastruc-
ture to local climate zoning. This approach provides a scientific basis for correctly capturing
the causal relationship between urban structures, microclimate, and the ecological environ-
ment. The approach offers information for taking actions whereby influencing elements
of the urban fabric (greening in specific properties in terms of area and configuration)
influences microclimatic conditions and AQ.

In essence, our approach creates an information basis for building a unified city-wide
approach to planning and implementing landscaping interventions in a form that is under-
standable to all parties involved in the process (managers, administration, urban planners,
landscapers, and designers). However, all of this depends on one precondition—precision
in defining the LCZ as the basic urban information unit to reflect urban heterogeneity
(cover types and urban geometry) and its corresponding environmental quality. Specific
arguments in this direction are outlined below.

4.1. The Local Climate Zones and Regulating Ecosystem Services

If urban structure and surface heterogeneity are major determinants of pollutant reten-
tion and secondary dust generation, then microclimatic conditions (in an environment of
high urban heterogeneity) are significant mediating factors of influence on AQ as a general
outcome. The use of LCZ as a unifying framework for tracking spatial and functional rela-
tionships between urban structures, microclimate, and AQ, in our view, brings numerous
advantages in research informing the development of citywide strategies and action plans.
We have approached this research with the understanding that LCZ can provide us with
the much-needed causal link between urban structure and ESs that Marques, 2022 [14]
draws attention to.

Among the important advantages is the possibility of comparability between areas
within the city, as well as an in-depth analysis of a given location in the context of the
characteristics of its contact areas and against the background of the functioning of the
urban structure as a whole. This approach also provides an opportunity to include in the
analyses information concerning local climatic features (in our case through land surface
temperature) which regular urban climate monitoring cannot provide, given the limited
coverage of the network and the different focus of the observations. LCZs can also facilitate
discussion of urban climate change in the context of global climate change. The exclusion of
direct data from local climate observations is one of the main drawbacks of the methodology
proposed here.

The inconvenience, in this case, is due to the fact that all urban planning activities
in Bulgaria are tailored to urban units established for each respective city, which are of
different sizes and purposes. However, the LCZ approach offers a good typology option
that is understandable for urban planners and landscape designers and brings the obvious
advantages of a possible change of scale of the study (when changing the dimensionality of
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the cells). The approach also implies the identification of cells with a higher contribution
to the provision of regulating ESs—this is a good information base that can be combined
with further analyses of vegetation structure types and ratios to built-up area types for the
optimal provision of regulation. This must take into account the potential environmental
“contribution” that the species will be able to make concerning maintenance costs according
to the principle of “the right plant in the right place and with the right management” [28].

However, the dimensionality of the LCZ cells mentioned here is fundamental to the
precision of the geolocalization analysis. The correct conduct of thematic assessments
depends to a large extent on the provision and representativeness of source data at the
spatial extent of the basic unit of information thus defined. Therefore, the verification stage
plays an important role in eliminating possible errors. This requires high-precision pho-
togrammetric information and a longer period of field observations. The high heterogeneity
of the city of Burgas forced a reduction in the cell size to 100 × 100 m to enter the highest
possible detail for surface features.

In the course of processing the data provided, several deficiencies were identified that
impacted the analysis. Some of the properties fall outside the boundaries of designated
LCZs, which has led to their exclusion. In addition, some of the identified areas overlap
with areas that are not municipally owned, limiting their ability to be used within the project.
The spatial limitation of the grid cells resulted in instances where identified properties
fell only partially within their scope, limiting the accuracy of the analysis. These factors
highlight the need for additional data verification and correction to ensure greater accuracy
and reliability of the analysis.

4.2. Demand and Provision of ESs—Selection of Indicators

Our research adopts the concept of Larondelle et al., 2016 [56] for a transferable
methodology for informed planning processes. Our study reveals spatial mismatches in
the need for and supply of regulating ESs from the GI. This approach is well suited for
discussing urban transformations with stakeholders and the local public and forms a clearer
understanding of ESs from the GI. Last but not least, the results of this approach reinforce
the role of GI in ensuring the quality of life and the key need (for Bulgarian cities) for green
elements to be planned and managed as ‘infrastructure’.

However, the specificity we are looking for—the size of areas, locations in the urban
structure, and lasting cause-effect relationships for the AQ in that locality—is dependent
on a proper selection of indicators to reflect urban conditions and sustainable sources
of information. The selection of indicators in the geospatial analysis here is tailored to
the capacity of urban governance to provide available data, to update the information,
and to periodically assess (the LCZ approach further facilitates this) important spatial
dependencies, functional causal relationships, and deficits in the mix of grey and green
infrastructure. This flexibility of the methodology is much needed given the high propensity
to change urban heterogeneity. In a subsequent extension of the study, we find it appropriate
to incorporate information on wind direction and speed, building height and building
orientation relative to wind direction, internal structural features of vegetation cover, and
seasonal changes in vegetation cover.

4.3. Landscaping of Urban Properties—General or Individual Approach

In considering a unified approach to urban greening, the issue of urban land ownership
and the coordination of the allocation of green space in private and public spaces is
essential. The city’s authority for UGI interventions is limited to municipally owned
land. Nevertheless, the database we developed is comprehensive and the city authority
could use it to communicate with the landowners. Local government communication with
stakeholders and private parties is important and can provide the necessary consistency in
the characteristics of adjacent properties to achieve the desired heterogeneity, connectivity,
and overall coverage providing UGI regulation of the AQ.
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5. Conclusions

This study uses the urban local climate zones as a unified framework for geolocation
analysis of Burgas City, selecting sites where UGI interventions can address public needs
for AQ regulation and secondary dust reduction. In six methodological steps, with public
information and in direct consultations with municipal management, 174 municipally
owned sites suitable for UGI intervention were assessed, prioritized, and mapped. The
Burgas Municipality has implemented the results in ongoing landscaping measures in
support of the Burgas Municipality’s AQ Improvement Program. The results provide a
good basis for communication with the municipal leadership, private landowners, and
business entities for cooperation in expanding the connectivity and effectiveness of UGI to
permanently improve AQ.

The proposed methodological approach has a promising potential for discussing local
urban challenges in maintaining a people-friendly living environment. The results are
understandable for a wide range of stakeholders and actors and applicable for immediate
integration into sustainable urban planning activities.
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Abstract: Urban greening is threatened by the concern that street trees increase traffic-related in-
jury/death. Associations between all serious and fatal traffic crashes and street tree percentages were
examined in Sydney, Australia. Associations were adjusted for confounding factors relating to driver
behavior (speeding, fatigue, and use of alcohol) and road infrastructure, including alignment (e.g.,
straight, curved), surface condition (e.g., dry, wet, ice), type (e.g., freeway, roundabout), and speed
limit. Models indicated that 10% more street trees were associated with 3% and 20% higher odds of
serious or fatal injuries and 20% tree collisions on roads of any speed, respectively. However, further
analysis stratified by speed limit revealed contrasting results. Along roads of 70 km/h or greater,
10% more street trees were associated with 8% higher odds of serious or fatal injury and 25% higher
odds of death. Comparable associations were not found between street trees and serious or fatal
injuries along roads below 70 km/h. Reducing speed limits below 70 km/h saves lives and may
mitigate risks of serious or fatal traffic accidents associated with street trees, enabling greener, cooler,
healthier cities.

Keywords: green space; road traffic accidents; road traffic mortality; disability; death

1. Introduction

Ample evidence shows that urban greening is crucial for fighting climate change and
improving population health. Street trees especially mitigate urban heat islands [1,2] and
encourage active transport, including walking [3,4], which studies show are good for our
health and environment [5,6]. Given the benefits of green space and street trees, cities
around the world are making large and durable investments in tree planting in Sydney [7],
Barcelona [8], Vancouver [9], and Seattle [10]. However, the planting and preservation
of street trees face considerable attitudinal and systemic challenges from other sectors,
including transport planning. There is a concern that street trees may increase the risk of
serious injury and death along roads, in part due to the consequences of errant vehicles
crashing into trees and also because of proximal factors (e.g., trees reducing visibility that
could contribute to more serious crashes not necessarily involving collisions with trees).
A literature review [11] identified eight out of ten studies reporting the presence of street
trees as a predictor of crash likelihood or severity.

Evidence is unclear on the extent to which the risk presented by street trees to injury
and death from traffic crashes may be attributable to other factors that are well-known
to affect crash risk and, in some cases, severity, such as wet weather [12], speeding [13],
fatigue [14,15], and driving under the influence of alcohol [16]. Moreover, there is a
counter-argument to the aforementioned concern from other studies that indicate street
trees perform a traffic-calming function, as drivers perceive them as presenting risk and
thereby drive more carefully and slowly, reducing the number of crashes occurring and
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preventing a proportion of the impact on health and disability [17,18]. Furthermore, decades
of evidence point to psychologically restorative benefits of contact with nature, providing
relief from stress and renewing cognitive capacities depleted through adaptation to stressful
experiences such as driving [19,20]. Therefore, street trees may reduce risk-taking behavior
that leads to more serious crashes by helping to ameliorate drivers’ stress and frustration,
with several studies reporting supportive findings [11]. Evidently, these perceptions of risk
and restorative effects on driver psychology may be contingent upon how fast the roads
are on which vehicles travel. Along roads with lower speed limits, drivers have greater
opportunities to appreciate the leafier streetscapes, whereas, along high-speed roads such
as motorways/freeways, a greater focus on traffic is needed due to the reduced time in
which to make key decisions and the far greater danger involved in crashes [13].

The evidence on street trees and risks of injury and death from traffic crashes is there-
fore neither clear nor as well-established as that for mental, physical, and social health
benefits of street trees [3,21–29] and green spaces more generally [19,20]. However, the
transport sector’s public health-related concerns must be treated seriously, transparently,
and subjected to interrogation with the best available data for decision-making in transport
planning if street tree planting and preservation is to be a sustainable policy option. In this
study, we test two hypotheses. We hypothesize that (1) after adjusting for confounding
factors (e.g., behavioral risk factors, adverse weather conditions, road complexity), the
presence of street trees reduces the risk of serious injury and/or death because of psycho-
logically calming influences on traffic speed and driver behavior. We also hypothesize
that (2) these benefits will mainly tend to occur along roads at lower speeds through the
negation of risk-taking behaviors, whereas the risks involved in driving along faster roads
are built-in due to fast-flowing traffic.

2. Methods

2.1. Traffic Crash Data

Center for Road Safety, Transport for NSW (Australia) provided anonymous crash,
traffic unit, and person records from the center crash database for the years 1999 to 2020
in the Sydney Metropolitan area (approximately 5 million residents). For the analysis, we
selected five years of data, from 2016 to 2020, for two reasons: (a) the latest data are more
relevant to the current green space information available to us, and (b) from October 2014,
the reporting of crashes changed, instead of all crashes being investigated by Police, there
were currently investigated by Police and by self-reporting. People involved in crashes
where a vehicle was towed or a person injured are still required, by law, to report the crash
to NSW Police. However, NSW Police are no longer required to attend the crash scene and
investigate for tow away crashes where nobody has been injured or killed.

The crash data for the Sydney Metropolitan area had 61,867 entries between 2016 to
2020. From these, the following were unselected in sequential order: 152 crashes with
parked vehicles running away, as irrelevant to the aim of the study; 3385 crashes with road
area data absent; and another 853 crashed with road area < 800 sq m, as these cases present
challenges in reliably identifying nearby street tree canopy cover. After these exclusions,
the final analytical sample consisted of 57,477 crashes.

The data contained a range of outcome variables describing the degree of crash by
damage to people or vehicles, including a number of fatal, serious, moderate, and minor or
no injuries (tow-away). Two kinds of injury variables are available: first, the total number
of different types of injuries per crash, and second, the degree of crash detailed, only the
most severe type of injury in a crash or none. We chose the second type for the analysis, as
it allows us to assess the percentage of crashes related to an injury with respect to the total
number of crashes. For the modeling, in addition to fatal injury, we created two combined
variables: (1) crashes with fatal or serious injury and (2) crashes with any injury, including
fatal. Multiple combinations of the injuries were used because the raw analysis has shown
different trends for death and serious injuries versus moderate and minor injuries with a
potential for masking each other.
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The last variable for the analysis is the occurrence of a car in crash hitting trees or bush
during the first or the second hit of an object, or hitting some other object, derived from
data on traffic units involved in crash. The latter was expected and proved to be dependent
on percentage of trees in area of crash and served as a quality control for the analysis.

2.2. Street Tree Canopy Cover Within the Road Area Where Crashes Occurred

The main index for the green space—the percentage of trees—is the ratio of tree canopy
area per road area within a buffer around each crash.

The tree canopy area is represented by a layer of Geoscape (Canberra, Australia)
satellite data with 2 m resolution, which covers most of the Sydney Metropolitan area
but not some of the outskirts. The road area layer was sourced from the Department of
Planning and Environment (New South Wales, Australia) polygon dataset. This covers the
actual road area plus 4 m on either side for the nature strip (owned by the local council)
and also another 4 m on adjacent properties. As some roads have different numbers of
lanes, the widths of roads will vary.

Each crash is used as the centroid for the crash buffer. An initial 20-m radius circular
buffer has been used as a balance to allow for varying road widths. In some cases, the
final buffer may be clipped to less than the 20 m radius due to a smaller road width or if
the crash is not geocoded in the center of the road. This is why the buffer road area can
vary from crash to crash. The buffer is spatially joined with the tree canopy layer and the
road area layer, and the percentage of trees is calculated. The theoretical maximum RA
within a 20-m radius is 1257 m2. If the road area is smaller than 800 m2

, it was deemed to
be unreliable with respect to the value of the percentage of trees as it is a ratio. In this case,
the percentage of trees is calculated with the use of a 30-m radius buffer. If the road area is
still less than 800 m2, the 40-m radius buffer is used.

Finally, all remaining crashes with road areas less than 800 m2 were unselected from
the analysis. The optimal threshold of 800 m2 was found using a reduction in deviance for
the models with a threshold varying from 0 to 1200 with the step of 100 m2. Reduction
in deviance was obtained in logistic regression predicting a car hitting a tree or bush
in the first or second hit of the object during the crash. (Details of threshold selection
are in Supplementary Table S1). The final dataset contained buffers of 20 (n = 55,469),
30 (n = 1451), and 40 m radius (n = 557) with mean road area of 1151 m2, coefficient of
variation 9.7%, median = 1166 m2, i.e., almost no skew, with maximum and minimum of
800 and 2347 m2. The mean percentage of tree area was 8.2% (CV = 168%), substantially
right-skewed (Median = 1.9%).

Three versions of the percentage of street tree percentage variable were tested: (1) con-
tinuous variable with a unit value equal to 10%; (2) variable with ten categories from 0–4.9%
with step 5% to 45%+ and (3) variable with five categories: 0–4.9%, 5–9.9%, 10–19.9%,
20–34.5% and 35%+. The last variable structure was motivated by a progressively small
number of crashes in the 10-categories variable and incidentally by joining categories with
similar raw effects. Most modeling was performed with continuous variables, while most
raw analysis was performed with ten category variables.

2.3. Statistical Analysis

Raw data analysis provided frequencies for categorical data and frequencies for dif-
ferent injuries per categorical variable. The calculations and data manipulations were
performed using the SAS Enterprise Guide (Version 8.2 Update 1 (8.2.1.1223 (32 bit) Copy-
right © 2015 by SAS Institute Inc., Cary, NC, USA). Logistic regression for binary crash
outcomes was fitted in MLwiN software Version 3.05 [30] using Markov Chain Monte Carlo
(MCMC) estimation with burn-in/chain of 3000/20,000 iterations [31,32]. Model fits were
compared where needed by the deviance information criterion (DIC), which is an output of
the MCMC procedure. To compare the fits, the change in DIC relative to the smallest DIC
value (which is the indicator of the best model) was calculated (ΔDIC). Original data were
read into Enterprise Guide, exported to Stata/SE (Version 15.1 for Windows StataCorp LLC,
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College Station, TX, USA), and imported into MLwiN from the Stata file. The modeling
went in three steps: two exploratory analyses and the final modeling.

To model the incidence of different injuries or hitting trees during a crash, we would
ideally require offsets describing the risk exposure/traffic volume at the point and time
of the crash. Such information is impossible to obtain. Other indices for traffic volume,
such as vehicle distance traveled, proved to be only indirect measures inadequate for the
analysis at specific locations [33]. We avoided this problem by modeling effects on the
severity of crashes (or crashes against trees) rather than their occurrence.

Models were adjusted for factors that increase the risk of traffic crashes and may
confound an association with street tree canopy. These were initially nine variables, with
the list being narrowed down to six for the final modeling. The final six were:

Alignment of the road originally had three categories: straight, curved and unknown,
but one crash with unknown alignment was added to the straight category.

Surface condition, originally with four categories: dry (86.5%), wet (13.1%), snow or ice
(0.03%), and unknown/not stated (0.3%) was used with only dry and wet/other categories,
the latter combined the last three categories except dry.

Weather, originally with seven categories, was used only with fine (84.6%) and rain-
overcast-other categories, combining in the latter raining (9.2%), overcast (5.2), other (0.1%),
unknown (0.7%), fog/mist (0.2%), and snowing (0.02%). Eventually, the variable was
not included into the final modeling due to high correlation (Spearman’s rank correlation
coefficient, rs = 0.77) with surface conditions.

The Speed limit variable had 11 categories for speed from 10 to 110 km/h with a
10 km/h step and an unknown category. For the final modeling, a five-category variable
was created. Four crashes with unknown speed limits were added to 60 km/h, the most
frequent category; 58 crashes from 10–30 km/h were joined with 40 km/h, and 887 crashes
from 90 to 110 km/h were joined with 3003 crashes from 80 km/h category. This variable
was used as such to create speed limit subsets for modeling.

Type of location variable had originally 13 categories, seven of which with the smallest
size of 1.8% was joined as other. However, for the final modeling another two categories—
roundabout (5.5%) and dual freeway (3.0%)—were added to other, due to lack of the
outcome event of interest.

Speeding, fatigue, and alcohol were three variables related to human behavior that con-
tributed to crashes. Additionally, a combined behavioral count variable was derived by
summing up counts for each of the indices, which were assigned a value of 1 if there was
involvement in a crash and 0 if not or unknown. Speeding and fatigue variables had two
categories related to involvement in a crash: no/unknown and yes, while alcohol had
three: unknown, no, and yes. The behavioral count had values 0, 1, 2, and 3. Alcohol
and behavioral count were dropped from the final modeling due to the following. Raw
frequencies for injuries related to alcohol indicated that they were higher in the no and yes
categories relative to the unknown but also higher in the no category relative to the yes cat-
egory. Speeding and fatigue had more injuries in the yes category relative to no/unknown;
however, in the preliminary modeling with co-variates, speeding was associated with an
increase in injuries, while fatigue decreased. It was deemed inappropriate to sum them up
in a behavioral count variable.

3. Results

3.1. Raw Frequencies of Injuries/Crashes per Category of Variables

Descriptive statistics of the study sample and key variables are reported in Table 1.
The cross-tabulation of the variables used for the final modeling are given in Table 2 and
Figure 1, while the table with full list of variables is in Supplementary Table S2.
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Injuries. Contrary to expectations, different types of injuries were related to street tree
percentage in different ways. Crashes that have fatality were not significantly associated
with street tree percentage, though there is some increase in cases for areas with street tree
percentage of 30% and above. However, the absolute number of cases is very small.

Table 1. Raw frequencies of variables in the study.

Variable/Categories N % Name/Categories N %

Sources for outputs variables

Degree of crash (detailed) Hits (1st or 2nd) of
objects

Non-casualty (tow-away) 17,214 29.9 None 49,895 86.8
Minor/Other Injury 14,645 25.5 Tree/bus 1320 2.3

Moderate Injury 14,422 25.1 Other 6262 10.9
Serious Injury 10,805 18.8

Fatal 391 0.7
Percentage of Street tree percentage categorical variables

Street tree percentage (%, with regular interval) Street tree percentage (5, irregular
area intervals)

0–4.9 35,776 62.2 0–4.9 35,776 62.2
5–9.9 6677 11.6 5–9.9 6677 11.6

10–14.9 4404 7.7 10–19.9 7285 12.7
15–19.9 2881 5.0 20–34.9 4482 7.8
20–24.9 2077 3.6 35+ 3257 5.7
25–29.9 1408 2.4
30–34.9 997 1.7
35–39.9 813 1.4
40–44.9 602 1.0

45+ 1842 3.2
Covariates
Alignment Surface condition

Straight 50,572 88.0 Dry 49,729 86.5
Curved 6905 12.0 Wet/other 7748 13.5
Weather

Fine 48,617 84.6
Rain/overcast/other 8860 15.4

Speed limit Type of location
10–40 km/h 2963 5.2 T-junction 17,697 30.8

50 km/h 21,440 37.3 2-way undivided 14,855 25.8
60 km/h 21,820 38.0 X-intersection 11,801 20.5
70 km/h 7364 12.8 Divided road 7261 12.6

80–110 km/h 3890 6.8 Other 5863 10.2
Behavioural covariates

Speeding Fatigue
No/unknown 52,424 91.2 No/unknown 54,205 94.3

Yes 5053 8.8 Yes 3272 5.7
Alcohol Behavioural count

Unknown 39,986 69.6 0 48,722 84.8
No 15,207 26.5 1 7027 12.2
Yes 2284 4.0 2 1602 2.8

3 126 0.2

245



Land 2024, 13, 1815

Table 2. Distribution of injuries and hits over categorical variables of study.

Injuries (The Severest Injury Type in Crash) Hits of Objects

Fatal Serious Moderate Minor Fatal/Serious
Fatal/All
Injuries

Hits
Tree/Bush Hit Other

Variable/Category
N

Total
N % N % N % N % N % N % N % N %

Total 57,477 391 0.68 10,805 18.8 14,422 25.1 14,645 25.5 11,196 19.5 40,263 70.1 1320 2.3 6262 10.9
Street tree percentage

variable
Street tree percentage (%,

regular intervals)
0–4.9 35,776 239 0.67 6518 18.2 9093 25.4 9554 26.7 6757 18.9 25,404 71.0 533 1.5 3687 10.3
5–9.9 6677 40 0.60 1252 18.8 1732 25.9 1640 24.6 1292 19.4 4664 69.9 150 2.3 738 11.1

10–14.9 4404 32 0.73 906 20.6 1048 23.8 1065 24.2 938 21.3 3051 69.3 112 2.5 518 11.8
15–19.9 2881 18 0.62 575 20.0 704 24.4 693 24.1 593 20.6 1990 69.1 119 4.1 325 11.3
20–24.9 2077 20 0.96 379 18.3 487 23.5 468 22.5 399 19.2 1354 65.2 81 3.9 251 12.1
25–29.9 1408 6 0.43 277 19.7 353 25.1 333 23.7 283 20.1 969 68.8 52 3.7 174 12.4
30–34.9 997 2 0.20 190 19.1 236 23.7 246 24.7 192 19.3 674 67.6 46 4.6 129 12.9
35–39.9 813 7 0.86 184 22.6 199 24.5 170 20.9 191 23.5 560 68.9 49 6.0 104 12.8
40–44.9 602 6 1.00 127 21.1 126 20.9 125 20.8 133 22.1 384 63.8 40 6.6 86 14.3

45+ 1842 21 1.14 397 21.6 444 24.1 351 19.1 418 22.7 1213 65.9 138 7.5 250 13.6
Chi-square (p-value) 15.2 39.7 ≤0.001 19.9 ≤0.05 106.6 ≤0.001 43.2 ≤0.001 72.8 ≤0.001 531 ≤0.001 51 ≤0.001

Co-variates
Alignment

Straight 50,572 307 0.61 9294 18.4 12,785 25.3 13,207 26.1 9601 19.0 35,593 70.4 925 1.8 4838 9.6
Curved 6905 84 1.22 1511 21.9 1637 23.7 1438 20.8 1595 23.1 4670 67.6 395 5.7 1424 20.6

Chi-square (p-value) 33.4 ≤0.001 49 ≤0.001 8 ≤0.01 90 ≤0.001 66 ≤0.001 22 ≤0.001 410 ≤0.001 765 ≤0.001
Surface condition

Dry 49,729 348 0.70 9428 19.0 12,566 25.3 12,913 26.0 9776 19.7 35,255 70.9 1042 2.1 5008 10.1
Wet/other 7748 43 0.55 1377 17.8 1856 24.0 1732 22.4 1420 18.3 5008 64.6 278 3.6 1254 16.2

Chi-square (p-value) 2.1 6 ≤0.05 6 ≤0.05 46 ≤0.001 8 ≤0.01 125 ≤0.001 67 ≤0.001 258 ≤0.001
Speed limit
10–40 km/h 2963 23 0.78 592 20.0 825 27.8 832 28.1 615 20.8 2272 76.7 34 1.2 174 5.9

50 km/h 21,440 135 0.63 4152 19.4 5302 24.7 4654 21.7 4287 20.0 14,243 66.4 711 3.3 2580 12.0
60 km/h 21,820 148 0.68 4124 18.9 5628 25.8 5884 27.0 4272 19.6 15,784 72.3 387 1.8 2174 10.0
70 km/h 7364 46 0.62 1254 17.0 1771 24.1 2228 30.3 1300 17.7 5299 72.0 105 1.4 764 10.4

80–110 km/h 3890 39 1.00 683 17.6 896 23.0 1047 26.9 722 18.6 2665 68.5 83 2.1 570 14.7
Chi-square (p-value) 7.5 26 ≤0.001 32 ≤0.001 289 ≤0.001 25 ≤0.001 267 ≤0.001 169 ≤0.001 184 ≤0.001

Type of location
T-junction 17,697 102 0.58 3342 18.9 4537 25.6 4727 26.7 3444 19.5 12,708 71.8 275 1.6 1541 8.7

2-way undivided 14,855 128 0.86 3015 20.3 3511 23.6 2813 18.9 3143 21.2 9467 63.7 620 4.2 2031 13.7
X-intersection 11,801 60 0.51 2161 18.3 3203 27.1 3456 29.3 2221 18.8 8880 75.3 74 0.6 731 6.2
Divided road 7261 70 0.96 1309 18.0 1720 23.7 2019 27.8 1379 19.0 5118 70.5 213 2.9 1074 14.8

Other 5863 31 0.53 978 16.7 1451 24.8 1630 27.8 1009 17.2 4090 69.8 138 2.4 885 15.1
Chi-square (p-value) 25.9 ≤0.001 44 ≤0.001 54 ≤0.001 477 ≤0.001 50 ≤0.001 462 ≤0.001 437 ≤0.001 694 ≤0.001

Behavioral co-variates
Speeding

No/unknown 52,424 275 0.52 9461 18.1 13,178 25.1 14,207 27.1 9736 18.6 37,121 70.8 803 1.5 4252 8.1
Yes 5053 116 2.30 1344 26.6 1244 24.6 438 8.7 1460 28.9 3142 62.2 517 10.2 2010 39.8

Chi-square (p-value) 214 ≤0.001 221 ≤0.001 1 825 ≤0.001 313 ≤0.001 164 ≤0.001 1555 ≤0.001 4761 ≤0.001
Fatigue

No/unknown 54,205 373 0.69 10,083 18.6 13,610 25.1 14,434 26.6 10,456 19.3 38,500 71.0 1060 2.0 5300 9.8
Yes 3272 18 0.55 722 22.1 812 24.8 211 6.5 740 22.6 1763 53.9 260 8.0 962 29.4

Chi-square (p-value) 0.9 24 ≤0.001 0 662 ≤0.001 22 ≤0.001 432 ≤0.001 494 ≤0.001 1224 ≤0.001

The number of serious injuries is the only type of injuries that can be claimed, increases
slightly with an increase in tree canopy percentage. Moderate injuries decreased slightly,
while minor injuries decreased substantially (from 26.7% to 19.1%). Such diverse results
prompted us to investigate jointly fatal/serious injuries, which increased from 18.9% to
22.7%, and all injuries, including fatal, which decreased from 71.0% to 65.9%. As can be seen
in Figure 1, there are two peaks in fatal/series injuries, around 10–20% and above 30% of
street trees percentage, while there are two troughs at these intervals in all injuries attributed
to moderate and minor injuries. Yet, linear relationships look like a good approximation.

Crashes. As expected, the percentage of hitting trees/bushes increased with an increase
in street trees percentage (from 1.5% to 7.5%). The same occurred to other types of hit
objects (e.g., signposts), from 10.3 to 13.6%.
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Figure 1. Cross-tabulation of injuries by tree area. The boundaries of the intervals are from equal left
boundary to less the right boundary, except 45+, where the right boundary is less/equal to 100.

3.2. Co-Variates and Injuries/Crashes

The details of all injury types and crashes across variables included in the final mod-
eling are in Table 2 and Figure 2. Effects for all described variables are in Supplementary
Table S2.
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Figure 2. Percentage of fatal/serious injuries (panels in odd rows) and all injuries (panels in even
rows) associated with co-variates: raw frequencies. All results are statistically significant by chi-
square criterion (p ≤ 0.001). Type of location categories are: T-junction, 2-way undivided road,
X-intersection, divided road, and others. No/unk is No/unknown.

Alignment. Curved vs. straight road is associated with more fatal and serious injuries
(23.1% vs. 19.0%) but fewer total injuries (67.6% vs. 70.4%).
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Surface condition. In both types of injuries, wet/other conditions are associated with
a smaller percentage of injuries than dry: 18.3% vs. 19.7% and 64.6% vs. 70.9% for
fatal/serious and all injuries, respectively.

Speed limit. Decline in crashes was related to speed limit, 20.8% to 18.6%, 76.7% to
68.5% associated with minimal and maximal speed limit for fatal/serious and all injuries,
respectively.

Type of location. Of the four named locations, ignoring ‘other’, the minimal fatal and
serious injuries are associated with a divided road, while the maximum is with the two-way
undivided road (19.0% and 21.2%). The minimal and maximal percentage of all injuries
were on two-way undivided road and X-intersection (63.7% and 75.3%), respectively.

Speeding and fatigue. The raw effects are similar, higher percentage of crashes with
fatal and serious injuries, but lower percentage of crashes with all injuries. For speeding,
fatal and serious injuries where this behavior is involved was 28.9% vs. 18.6% where it was
not; while for fatigue, percentages were 22.6% vs. 19.3%, respectively. For all injuries, the
related percentages were 62.2% vs. 70.8% and 53.9% vs. 71.0%.

Crashes of objects. Both crashes against trees/bush and other objects increased from
1.5 to 7.5% and 10.3 to 13.6%, respectively, given for the lowest and highest street tree
percentage (0–5% and 45% and above).

3.3. Modeling: Exploratory Analysis 1

The details of the analysis are presented fully in Supplementary Tables S3 and S4.
The analysis was based on logistic regression models to estimate the odds of fatal and

serious injuries in association with street tree percentage.
The first part of the analysis dealt with a comparison of unadjusted model fits using

three types of street tree percentage variables: (1) continuous with a unit of 10%, and
two sets of categorical variables with (2) 10 and (3) five categories (Table S3). All three
models indicated higher odds of fatal and serious injuries associated with a higher street
tree percentage. For both categorical models, the odds ratio with 10–20% and ≥35% street
tree percentage were statistically significant.

The second part of the analysis tested the performance of different co-variates in
addition to the continuous street trees percentage variable (Table S4). The focus on the
continuous street tree percentage variable here was selected due to similar unadjusted
results with the more complex categorical versions. Model 1 contained only the street
tree percentage variable; Model 2 added alcohol (transformed to have two categories,
no/unknown and yes), speeding, and fatigue variables; Model 3 had additional surface
condition, weather, speed limit, and type of location; Model 4 was like Model 3 but
without alcohol, speeding and fatigue variables. All odds ratios (OR) were consistent and
statistically significant across the models.

The odds ratio for street tree percentage (for a 10% increase in the three areas) was
slightly attenuated with the addition of co-variates, from OR = 1.04 (Model 1) to 1.03
(Model 2–4). Behavioral variables in Models 2 and 3 returned consistent, statistically signif-
icant, but also mixed results. Counterintuitively, the presence of alcohol was associated
with lower odds of fatal/serious injuries (OR = 0.88–0.87), whereas these odds were raised
among those who were speeding (OR = 1.78–1.80) or reporting fatigue (OR = 1.19–1.17).

Surface conditions being wet or other reduced the odds of fatal/serious injuries
(OR = 0.83, 086 for Models 3 and 4), though there was no statistically significant association
with weather being rain/other in the same model. Henceforth, the weather was omitted
from the model in favor of the surface variable. A speed limit of 70 km/h was the only
speed that yielded a statistically significant odds ratio, with lower odds of fatal/serious
injuries compared to roads with a speed limit of 10–40 km/h (OR = 0.87–0.86). Type
of location categories with reference to T-junction increased the odds of fatal/serious
injuries in Model 4 for 2-way undivided road, whereas reduced odds were observed for
roundabouts and dual freeways in both Model 3 and 4 (OR = 0.79–0.79 and 0.80–0.81,
respectively).
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3.4. Modeling: Exploratory Analysis 2

Further exploratory analysis focussed on stratified samples denoted by road speeds
of 10–40, 50–70 and 80–110 km/h. Logistic regression models analysed fatal and serious
injuries as the outcome variable and the continuous street tree percentage variable with
10%-area unit-increment. The details of the analysis are presented fully in Supplementary
Tables S5 and S6.

There were seven models fitted for each subset. Model 1 examined the odds of
serious/fatal injuries in association with street tree percentage within each road speed
subset. Model 2 was as Model 1 + the location type. Model 3 was as Model 2 + surface
condition. Models 4 to 6 were based on Model 3 plus one behavioral variable each (speeding,
fatigue, alcohol). Model 7 assessed cumulative behaviors.

The odds ratios for a 10% increase in street tree percentage for all 21 models are in
Table S5. The 10–40 km/h subset indicated no association between street tree percentage
and the odds of serious/fatal injuries at all, before and after adjusting for confounders. For
roads with speed limits of 50–70 kph, a 10% increase in street tree percentage was associated
with a 4% increase in the odds of serious/fatal injury. This was attenuated down to 3%
but remained statistically significant after adjusting for various confounding variables.
Similar was found for roads with speed limits of 80–110 kph, with a 10% increase in street
tree percentage associated with an 11% increase in the odds of serious/fatal injuries in the
unadjusted model. After adjusting for confounders, the association was attenuated to 6%
and remained statistically significant in most models, except for models 4 and 7, which
adjusted for speeding.

Table S6 presents all models fully. The subset with low-speed limits, 10–40 km/h, had
significant odds ratios only in behavioral variables, i.e., increased odds of serious/fatal
injury in the presence of speeding and cumulative behaviors, but also, counterintuitively,
lower odds associated with fatigue.

In the subset 50–70 km/h, the following observations were made: increased odds of
serious/fatal injury were associated with 2-way undivided roads relative to T-junctions,
whereas lower odds were noted for roundabouts and dual freeways. Wet surface conditions
were consistently associated with reduced odds of serious/fatal injuries across these models.
In contrast with the results for 10–40 km/h, increased odds of serious/fatal injury occurred
where speeding or fatigue was reported, while increased odds were also noted where
alcohol was present, though this was not statistically significant.

In the subset 80–110 km/h, there was a substantially stronger increase in the odds of
serious/fatal injury for crashes at 2-way undivided roads compared with T-junctions and
also reduced odds for X-intersections. There were no differences in the odds of serious/fatal
injury with respect to surface conditions. The odds of serious/fatal injury were substantially
higher within the presence of speeding or fatigue, while alcohol was also associated with
higher odds but was not statistically significant.

3.5. Modeling: Final Analysis

There were 84 models in the final analysis. They were applied to a full set and five
subsets associated with the following speed limits: 10–40, 50, 60, 70, 80–110 km/h. As
a result of both the raw frequencies and exploratory analyses, we decided to omit the
alcohol variable (and, consequently, the behavioral count variable) from the co-variate
list. Speeding and fatigue were examined separately instead of cumulatively. Given the
exploratory evidence of potentially increased risk of serious/fatal injury with respect to
higher levels of street tree percentage along roads with higher speed limits, we examined
this in more detail by interrogating more speed limit subsets, namely, 50, 60, and 70 km/h,
while combining types of location (roundabout, dual freeway, others) into a single category
due to similar results from individually small cell counts. In addition to examining fatal and
serious injuries as the primary outcome, the final analyses also examined secondary out-
come variables, including fatal injuries only, all injuries, and crashes specifically involving
collisions with trees/bushes.
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The first set of 24 models was fitted with only an intercept and the continuous street
tree percentage. A second set of 24 models was adjusted for all covariates (type of location,
surface condition, speeding, and fatigue), except for speed limit, because subsets were
already partitioned by this variable.

A third set of 24 models was also fitted with all-covariates on the same subsets by the
speed limit, but this time with the 5-category street tree percentage variable. These models
were used to check if risks of different severities of injury were consistently associated
with street tree percentage, or if peaks noted in raw frequencies at 10–20% and ≥35% that
were present in covariate-adjusted analyses (Table 2 and Figure 1). The last set consisted of
12 models, and these were fitted on the full sample of crashes combining all four outcomes,
with all covariates including speed limit and testing continuous, as well as two categorical
street tree percentage variables.

3.6. A. Street Tree Percentage Variables

A summary of the first, second and third set of models is given in Table 3 and Figure 3
(for second set only) presents the odds ratios for each outcomes variable and a 10% increase
in street tree percentage. Table 4 supplies the raw frequencies of injuries/crashes per
5-category street tree percentage variable per subsets, to inform model presentations. The
fourth set of models are presented in Table S9 (fully) and Figure 4.

Table 3. Final modeling: Association of the incidence of injuries and hits in crashes with a 10%
increase in Street tree percentage using logistic regression.

Output Variables
Full Set and Subsets by Speed

Limits

Full set 10–40 km/h 50 km/h 60 km/h 70 km/h 80–110 km/h
n = 57,477 n = 2963 n = 21,440 n = 21,820 n = 7364 n = 3890

Odds ratio (95% credible Interval)
A. Continuous Street tree percentage variable (unit = 10%).

1 Models with only Street tree percentage as co-variate (without other co-variates)
Fatal injuries 1.05 (0.98, 1.12) 0.85 (0.58, 1.16) 0.99 (0.89, 1.10) 1.03 (0.90, 1.17) 1.40 (1.16, 1.65) x 1.21 (1.02, 1.41) +

Fatal and Serious
Injuries 1.04 (1.03, 1.06) * 1.00 (0.94, 1.06) 1.02 (0.99, 1.04) 1.05 (1.02, 1.08) x 1.14 (1.07, 1.21) * 1.11 (1.05, 1.17) *

All injuries (including
Fatal) 0.95 (0.94, 0.96) * 0.94 (0.89, 0.99) + 0.96 (0.94, 0.97) * 0.97 (0.95, 1.00) + 1.01 (0.95, 1.07) 1.03 (0.98, 1.09)

Hit 1st/2nd of
tree/bush 1.33 (1.29, 1.36) * 1.23 (1.05, 1.42) + 1.23 (1.19, 1.27) * 1.42 (1.35, 1.49) * 1.55 (1.38, 1.73) * 1.31 (1.19, 1.45) *

2 Models with co-variates (without speed limit)
Fatal injuries 1.00 (0.93, 1.07) 0.85 (0.57, 1.17) 0.96 (0.86, 1.07) 0.94 (0.81, 1.08) 1.25 (1.01, 1.53) + 1.04 (0.86, 1.24)

Fatal and Serious
Injuries 1.03 (1.01, 1.04) * 0.99 (0.93, 1.05) 1.02 (0.99, 1.04) 1.02 (0.99, 1.05) 1.08 (1.01, 1.15) + 1.04 (0.98, 1.10)

All injuries (including
Fatal) 1.00 (0.98, 1.01) 0.97 (0.92, 1.03) 0.99 (0.98, 1.01) 1.01 (0.98, 1.03) 1.05 (0.99, 1.12) 1.04 (0.99, 1.10)

Hit 1st/2nd of
tree/bush 1.20 (1.17, 1.24) * 1.14 (0.96, 1.34) 1.19 (1.14, 1.23) * 1.23 (1.17, 1.30) * 1.24 (1.09, 1.41) x 1.13 (0.99, 1.28)

3. Five-category Street tree percentage variable (ref = 0–4.9%)
Fatal injuries

5–9.9 0.86 (0.60, 1.20) 0.91 (0.20, 3.03) 0.59 (0.31, 1.05) 1.00 (0.59, 1.61) 0.40 (0.06, 1.58) 1.84 (0.58, 5.22)
10–19.9 0.94 (0.67, 1.26) 0.51 (0.07, 2.12) 0.80 (0.47, 1.31) 0.85 (0.49, 1.45) 1.64 (0.66, 3.58) 1.31 (0.40, 3.61)
20–34.9 0.78 (0.52, 1.16) 0.27 (0.01, 1.92) 0.77 (0.41, 1.37) 0.62 (0.27, 1.27) 1.64 (0.48, 4.78) 0.51 (0.08, 2.18)

35+ 1.20 (0.81, 1.74) 0.32 (0.01, 2.34) 0.95 (0.52, 1.63) 0.93 (0.38, 2.02) 3.41 (0.92, 10.20) 1.95 (0.67, 5.26)
Fatal and Serious Injuries

5–9.9 1.02 (0.96, 1.09) 0.87 (0.64, 1.17) 0.95 (0.86, 1.06) 1.10 (0.99, 1.23) 0.95 (0.77, 1.17) 1.09 (0.79, 1.48)
10–19.9 1.12 (1.05, 1.19) * 0.96 (0.71, 1.30) 1.08 (0.98, 1.19) 1.14 (1.02, 1.27) + 1.13 (0.92, 1.37) 1.17 (0.89, 1.52)
20–34.9 1.00 (0.92, 1.08) 0.91 (0.66, 1.28) 0.89 (0.79, 1.00) 1.08 (0.94, 1.23) 1.24 (0.92, 1.65) 0.95 (0.69, 1.29)

35+ 1.17 (1.07, 1.28) * 0.99 (0.69, 1.39) 1.17 (1.04, 1.32) x 1.01 (0.84, 1.23) 1.40 (0.92, 2.09) 1.36 (0.96, 1.90)
All injuries (including Fatal)

5–9.9 1.00 (0.94, 1.06) 1.02 (0.77, 1.36) 0.95 (0.87, 1.04) 1.03 (0.94, 1.14) 1.09 (0.91, 1.30) 1.06 (0.82, 1.36)
10–19.9 0.99 (0.94, 1.05) 0.98 (0.74, 1.30) 0.95 (0.87, 1.03) 1.14 (1.03, 1.26) x 0.93 (0.78, 1.10) 0.91 (0.74, 1.14)
20–34.9 0.94 (0.88, 1.01) 0.95 (0.71, 1.31) 0.88 (0.80, 0.97) x 0.96 (0.85, 1.08) 1.08 (0.83, 1.41) 1.23 (0.94, 1.64)

35+ 1.00 (0.92, 1.08) 0.78 (0.56, 1.09) 1.02 (0.92, 1.14) 0.95 (0.81, 1.13) 1.37 (0.92, 2.07) 1.18 (0.86, 1.63)

Hit 1st or hit 2nd of tree/bush during the crash
5–9.9 1.32 (1.09, 1.59) x 0.55 (0.09, 2.33) 0.96 (0.73, 1.25) 1.81 (1.55, 2.38) * 2.02 (1.10, 3.59) + 1.34 (0.51, 3.09)

10–19.9 1.78 (1.52, 2.08) * 1.40 (0.43, 3.91) 1.43 (1.14, 1.78) x 2.30 (1.97, 2.77) * 1.55 (0.82, 2.75) 2.45 (1.28, 4.54) x
20–34.9 1.93 (1.61, 2.31) * 2.11 (0.72, 5.58) 1.49 (1.16, 1.90) x 2.15 (1.57, 2.75) * 1.78 (0.87, 3.45) 2.46 (1.18, 4.92) +

35+ 2.88 (2.43, 3.44) * 2.28 (0.76, 6.13) 2.53 (2.05, 3.13) * 3.41 (2.50, 4.76) * 2.04 (0.83, 4.61) 2.07 (0.94, 4.41)

Models are logistic regressions for injuries or hits of trees and objects. Percentage of trees variable is continuous;
only Street tree percentage is presented. The results for covariates are omitted. * p ≤ 0.001, x p ≤ 0.01, + p ≤ 0.05.
MCMC using MLwiN with 3000–20,000 burn-in and sample iterations.
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Figure 3. Association of the incidence of injuries with 10% increase in trees area using logistic
regression. The percentage of trees variable is continuous. (A) Models with only tree area percentage
and intercept; (B) Models with all co-variates except speed limit. Models are built on a full set and
subsets related to different speed limits. MCMC procedure using MLwiN with 3000–20,000 burn-in
and sample iterations was used. Note different x-ranges, and additional to the ones described in the
text 50–70 km/h subset of data.

A1. Unadjusted models (Models 1, continuous street tree percentage variable, Table 3). As
expected, the size of odds ratios here was the largest, as the variation can be attributed to
co-variates that were not present (but then adjusted in the second set of models; see A2
below). Associations with fatal injuries were increased significantly for subsets with the
following higher speed limits: 70 and 80–110 km/h. The odds of serious/fatal injuries were
increased consistently, except in the subset with the slowest speed limit. However, the odds
of any injuries were significantly reduced with a 10% increase in street tree percentage in
the full sample and in subsets with speed limits up to 60 km/h, while being not statistically
significant for crashes on roads with speed limits at 70 km/h or above. Associations of
crashes into trees/bushes with street tree percentage were higher in all subsets and the
full sample.
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Table 4. Raw frequencies of injuries/hits by Street tree percentage per subsets with different speed
limits.

Injuries

Subsets Fatal Fatal/Serious Injuries all Hitting tree/bush
Street tree percentage % N total N % N % N % N %

Full set
Total 57,477 391 0.7 11,196 19.5 40,263 70.1 1320 2.3

0–4.9 35,776 239 0.7 6757 18.9 25,404 71.0 533 1.5
5–9.9 6677 40 0.6 1292 19.4 4664 69.9 150 2.3

10–19.9 7285 50 0.7 1531 21.0 5041 69.2 231 3.2
20–34.9 4482 28 0.6 874 19.5 2997 66.9 179 4.0
35 plus 3257 34 1.0 742 22.8 2157 66.2 227 7.0

Chi-square (p-value) 7.3 41.7 ≤0.001 62.7 ≤0.001 503.2 ≤0.001
10–40 km/h

Total 2963 23 0.8 615 20.8 2272 76.7 34 1.1

0–4.9 1839 16 0.9 387 21.0 1429 77.7 15 0.8
5–9.9 335 3 0.9 63 18.8 259 77.3 2 0.6

10–19.9 315 2 0.6 66 21.0 239 75.9 5 1.6
20–34.9 259 1 0.4 52 20.1 194 74.9 6 2.3
35 plus 215 1 0.5 47 21.9 151 70.2 6 2.8

Chi-square (p-value) 1.1 1.1 6.7 11.5 ≤0.05
50 km/h

Total 21,440 135 0.6 4287 20.0 14,243 66.4 711 3.3

0–4.9 10,948 76 0.7 2175 19.9 7433 67.9 275 2.5
5–9.9 2920 12 0.4 554 19.0 1938 66.4 71 2.4

10–19.9 3360 19 0.6 708 21.1 2205 65.6 123 3.7
20–34.9 2243 13 0.6 406 18.1 1411 62.9 92 4.1
35 plus 1969 15 0.8 444 22.6 1256 63.8 150 7.6

Chi-square (p-value) 3.8 17.5 ≤0.01 30.1 ≤0.001 148.4 ≤0.001
60 km/h

Total 21,820 148 0.7 4272 19.6 15,784 72.3 387 1.8

0–4.9 14,920 99 0.7 2817 18.9 10,818 72.5 158 1.1
5–9.9 2408 18 0.8 497 20.6 1741 72.3 53 2.2

10–19.9 2413 16 0.7 516 21.4 1786 74.0 70 2.9
20–34.9 1370 8 0.6 290 21.2 955 69.7 56 4.1
35 plus 709 7 1.0 152 21.4 484 68.3 50 7.1

Chi-square (p-value) 1.4 15.1 ≤0.01 14.2 ≤0.01 219.4 ≤0.001
70 km/h

Total 7364 46 0.6 1300 17.7 5299 72.0 105 1.4

0–4.9 5471 28 0.5 928 17.0 3948 72.2 51 0.9
5–9.9 699 2 0.3 117 16.7 511 73.1 17 2.4

10–19.9 753 8 1.1 150 19.9 520 69.1 17 2.3
20–34.9 304 4 1.3 69 22.7 216 71.1 12 4.0
35 plus 137 4 2.9 36 26.3 104 75.9 8 5.8

Chi-square (p-value) 18.7 ≤0.001 17.2 ≤0.01 4.9 51 ≤0.001
80–110 km/h

Total 3890 39 1.0 722 18.6 2665 68.5 83 2.1

0–4.9 2598 20 0.8 450 17.3 1776 68.4 34 1.3
5–9.9 315 5 1.6 61 19.4 215 68.3 7 2.2

10–19.9 444 5 1.1 91 20.5 291 65.5 16 3.6
20–34.9 306 2 0.7 57 18.6 221 72.2 13 4.3
35 plus 227 7 3.1 63 27.8 162 71.4 13 5.7

Chi-square (p-value) 12.9 ≤0.05 16.6 ≤0.01 4.7 33.7 ≤0.001
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Figure 4. Association of the incidence of injuries with 10-category trees area variable using lo-
gistic regression. The reference category is 0–4.9% of the tree area. Models built on the full set,
with all co-variates, including speed limit speed limits. MCMC procedure using MLwiN with
3000–20,000 burn-in and sample iterations was used. Note different x-ranges.

A2. Models adjusted for co-variates (Models 2, continuous street tree percentage variable,
Table 3). The number of significant odds ratios for injuries dropped substantially. Only
the 70-km/h subset had fatal injuries statistically significantly associated with street tree
percentage. However, this needs to be taken carefully, as the total number of fatalities in
this subset was only n = 46, and only n = 8 of them occurred where street tree percentage
≥20% (see Table 4). Serious/fatal injuries were associated with street tree percentage in the
full sample (OR 1.03), 50-km/h (OR 1.02), and 70-km/h (OR 1.08) subsets.

There were no statistically significant associations for all injury outcomes. Associations
of crashes into trees/bushes with street tree percentage were increased in all sample subsets
but less so than in unadjusted models. The peak danger was associated with street tree
percentage, and crashes into trees/bushes were observed for roads at a speed limit of
70 km/h.

A3. Models with co-variates without speed limits (Models 3, 5-category street tree percentage
variable, Table 3). Co-variate adjusted models yielded broadly similar results to those
unadjusted. Associations between street tree canopy and fatal injuries were entirely absent
of statistical significance (i.e., no clear evidence of higher or lower odds of fatal injury with
higher street tree percentage along roads of any speed limit). For serious/fatal injuries
along roads of any speed, there were higher odds where street tree percentage was 10–20%
or 20–35% compared with 0–4.9%. Along roads of 50 km/h, higher odds were reported
only where the street tree percentage was ≥35%. Along roads of 60 km/h, higher odds of
serious/fatal injury were observed only where street tree canopy was 10–19.9%, but not
where tree canopy was greater. No statistically significant odds ratios were reported for
street tree percentage along roads with speed limits ≥70 km/h. The odds of any injury
occurring were higher only along roads of 60 km/h where street tree percentage was
10–19.9% (but not higher) in comparison with 0–4.9%. Injury odds were actually lower,
with a street tree percentage of 20–34.9% along roads of 50 km/h, with no other statistically
significant associations. Odds of crashes involving trees/bushes were almost uniformly
increased along roads of any speed where there were higher percentages of street trees
present. Raw frequencies of injuries and crashes are in Table 4.

A4. Models with all co-variates, including speed limits, using three street tree percentage
variables built on a full set (Table S9 and Figure 4). Analyses of the continuous street tree
percentage variable have shown similar associations as those models with only stratification
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(but not adjustment) for speed limits. In particular, the association with serious/fatal in-
juries was statistically significant (OR = 1.03, 1.01–1.04) and crashes involving trees/bushes
(OR = 1.20, 1.17–1.24). Analysis of street tree percentage in 10 strata provided further sup-
port. There were lower odds of fatal injury for street tree percentage of 25–35%, increased
odds of fatal and serious injuries in 10–20% and ≥35% street tree percentage, and lower
odds of all injuries for street tree percentage 20–25%. Odds of crashes were increased in
all categories relative to the reference street tree percentage of 0–5%. Models with the
five-category street tree percentage variable showed similar associations for the odds of
serious/fatal injuries and crashes involving trees/bushes and no associations for the fatal
and all injury outcome variables.

4. Discussion

The key findings from our assessment of associations between street tree percentage,
injury, and death from a large sample of traffic crashes in Australia’s biggest city are
as follows. First, running counter to our first hypothesis, a 10% increase in street trees
was associated with a 3% increase in the odds of serious/fatal injuries on roads of any
speed limit (OR = 1.03, 95%CI = 1.01–1.04) after adjustment for behavioral and structural
confounders. Second, the odds of any injury occurring or death separate from serious
injury were not associated with a 10% increase in street trees (positively or negatively).
Seemingly protective effects observed in unadjusted models for all injuries were explained
by adjustment for confounding. Third, when considering roads with different speed limits,
a 10% increase in street tree percentage was statistically significantly associated with an
8% (OR = 1.08, 95%CI = 1.01–1.15) increase in the odds of serious/fatal injury and 25%
(OR = 1.25, 95%CI = 1.01–1.53) increased odds of death along roads of ≥70 km/h. Fourth,
we did not observe any similar associations between street tree percentage and any of the
injury/death outcomes for roads with speeds less than 70 km/h. In combination, these
results support our supposition that association size between street trees and injury or
death from traffic accidents is contingent upon road speed. It does not, however, appear to
be the case that street trees confer any protective effect; rather, there is no increased risk of
harm from their presence along roads with speed limits less than 70km/h.

The absence of association between serious or fatal traffic accidents and the percentage
of street trees along roads with speed limits lower than 70 km/h indicates that speed is
the key determinant, rather than street trees promoting more careful driving [17,18] or
promoting psychological restorative processes that ameliorate the stress of driving [11].
Our research also confirms results from previous work on the increased risks of fatal or
serious injuries in crashes where speeding [13] or fatigue [14,15] were reported. Wet surface
conditions were associated with reduced odds of fatal or serious injuries, unlike previous
evidence [12]. This may be due to a selection effect wherein some people may be less
likely to drive in precarious weather conditions, and others may be more vigilant than
normal. Unlike some previous work [16], we found the presence of alcohol was associated
with lower risks of fatal or serious injuries. Some work with similar results speculate
that intoxication may mean drivers are more relaxed at the time of a crash and relatively
less likely to sustain an injury as a result, compared to sober drivers or passengers who
tend to tense up, but the evidence is mixed and not strong enough to draw any firm
conclusions [34–36].

The strengths of this study include the large sample size and the full data on crashes
occurring across the entire jurisdiction of metropolitan Sydney, a city of over 5 million
people with diverse topography and variable infrastructure quality encompassing higher-
density inner city areas and vast urban sprawl. Data available permitted control of a wide
range of behavioral and structural sources of confounding. The comprehensiveness of
the data also permitted the identification of crashes that actually involved collisions into
trees. It is important to emphasize that the majority of crashes (97%) did not. It was no
surprise that the analyses of collisions with trees did indicate consistently greater odds
of occurrence along roads where there is more street tree coverage. Unfortunately, data
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were not available to distinguish between collisions that occurred because of a tree that
had fallen into the road in front of an oncoming vehicle and collisions that resulted from an
errant vehicle veering off-road. The former might be addressed by urban foresters through
monitoring and preventive measures, whereas the latter is a problem with errant vehicles.
A related limitation is that no data were available on how many pedestrian lives were
saved because they were shielded by trees into which vehicles collided. Thus, the analysis
is skewed towards measuring the harms side of the ledger, with prevention unmeasured.

Finally, there are incidents reported of street trees being felled for purposes of road
expansion and due to malicious actions of rogue individuals attempting to boost housing
prices by revealing green or sea vistas. While data to which we had access did not permit
examination of change in tree canopy cover as a predictor of road traffic accidents, neither
is likely to substantially affect the overall results as the former usually occurs during
protracted periods of road closure, and the latter tends to skew towards minor roads
through coastal areas. Nevertheless, the assessment of change in canopy cover as a result
of street tree planting and trajectories, not only in road traffic accidents but also potential
increases in walking and cycling, would be a valuable future avenue for research. Relatedly,
our tree data did not permit an ability to distinguish between different densities of street
tree planting, differences in tree species and trunk diameter, locations on footpaths versus
encroaching onto roads, or differences between proactive and routine tree pruning versus
reactive and proper versus improper pruning; all of these may have localized impacts on
visibility that might be important for determining crash risk and injury severity.

5. Conclusions

These results paint a nuanced picture contingent upon speed. There is a small degree
of support for public health concerns among transport planners, and this is reserved
specifically for street tree provision along roads of 70 km/h and serious/fatal injuries (for
every 10% increase in street tree percentage, the odds of serious/fatal injury rose 8% along
roads of 70 km/h). However, there was no statistically significant risk for injuries, including
those less serious, nor for serious/fatal injuries along roads with speed limits lower than
70 km/h. This gives a strong indication of two potential policy recommendations. Firstly,
to prioritize planting and preservation of street tree canopy cover along roads less than
70 km/h, given that a higher level of street tree provision along roads with speed limits
less than 70 km/h is not statistically associated with increased risk of death or injury of
any severity. Second, consider reducing speed limits on roads currently set at 70 km/h
to less than 70 km/h, which our findings indicate may alleviate the risk of serious/fatal
injury associated with street tree provision. In combination, these measures may alleviate
the residual risk for serious/fatal injuries while maintaining the ecosystem services and
mental, physical, and social health benefits of street trees.

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/land13111815/s1, Table S1. Selection of the best road area threshold
for crash data exclusion and correction; Table S2. Distribution of injuries and hits over categorical
variables of study; Table S3. Selection of street tree variable; Table S4. Testing models with different
complement of co-variates; Table S5. Logistic regression for incidence of crashes with fatal or serious
injuries with 10% increase in street tree; Table S6. Logistic regression for incidence of crashes with fatal
or serious injuries by three subsets of speed limits: full results; Table S7. Final modelling: Association
of the incidence of injuries and hits in crash with continuous street tree and all co-variates in logistic
models.; Table S8. Final modelling: Association of the incidence of injuries and hits in crash with all
co-variates in logistic models: street tree is 5-category variable.; Table S9. Logistic regression on full
set with all covariates including speed limit: different street tree variables.
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