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Abstract: Ecological infrastructure plays a crucial role in strengthening the relationship between
humans and the environment by optimizing ecological space and resource allocation in urban
environments. However, there are few studies on the functional assessment and spatial and temporal
evolution of ecological infrastructure and its layout optimization. In this study, we developed an
ecological infrastructure optimization method based on ecosystem service supply, demand, and flow
in Yantai City as the study area; identified the spatial extent of urban ecological infrastructure and
its spatial and temporal changes based on the spatial quantification of multiple ecosystem services;
assessed whether the existing ecological infrastructure could satisfy the needs of the urban residents
by calculating the ecosystem service supply and demand indexes; and used the spatial quantification
of ecosystem service flows to optimize the spatial layout of urban ecological infrastructure. This
study shows that, from 2010 to 2018, ecological infrastructure in Longkou, Zhaoyuan, and Laiyang
decreased, contrasting with the growth in the existing peripheral areas. The study found a clear spatial
mismatch between the supply and demand of ecosystem services, especially in the central urban
areas, suggesting that the existing infrastructure was unable to satisfy the needs of high-demand
areas. This study assessed the peripheral areas of the city using comparative ecological radiation
force (CERF), including 314.64 km2 of environmentally beautiful village units as key components
of ecological infrastructure in Yantai City. These findings are crucial for sustainable environmental
management and urban development strategies.

Keywords: ecosystem services; ecological infrastructure; supply–demand balance; ecosystem service
flow; comparative ecological radiation force; Yantai

1. Introduction

As urbanization accelerates, ecological issues in cities are becoming increasingly promi-
nent [1]. There is a sharpening conflict between urban development and the preservation
of ecological spaces, with ecosystems enduring continuous impacts from urban expansion.
Statistical data indicate that, in 2019, China’s urbanization rate reached 60.6%, and it is
projected to surpass 75% by 2035 [2]. The urbanization process not only alters land-use
patterns but also leads to an imbalance in ecosystem services supply and demand, affecting
the quality of life and well-being of urban residents. Consequently, the challenge of balanc-
ing environmental protection with economic development in urban planning to achieve
harmony between humans and the land is an urgent and significant issue that needs to be
addressed [3]. In response to this challenge, ecological infrastructure, emphasizing systemic
and comprehensive spatial regulation and construction plans, has been gaining increasing
attention. Ecological infrastructure refers to natural or semi-natural spatial elements capa-
ble of providing various ecosystem services [4]. It optimizes the ecological spatial structure
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and resource allocation within cities, serving as an effective means to improve human–land
relationships and enhance regional environmental quality. In general, urban ecological
infrastructure should have two functions: nature conservation and functional fulfillment.
On the one hand, ecological infrastructures should ensure the connectivity and wholeness
of urban ecosystems in order to maintain and enhance the biodiversity of urban areas. This
reflects the natural attributes of urban ecological infrastructure. On the other hand, urban
ecological infrastructure should satisfy the needs of urban residents regarding diverse
ecosystem services. This is the socio-economic attribute of urban ecological infrastructure
and the motivation for ecological infrastructure planning and construction [4]. However,
most of the current studies focus on the nature protection function of ecological infrastruc-
ture, mostly identifying and evaluating ecological infrastructure from the perspectives of
landscape connectivity and biodiversity, identifying key areas for ecological infrastructure
protection and construction and thus formulating urban ecological infrastructure protection
and construction programs and forming a mature methodological framework [5–8] but ne-
glecting the role of the urban residents’ demand for specific ecosystem services. Therefore,
determining how to accurately portray human needs in the process of urban ecological
infrastructure planning and construction, as well as how to satisfy human needs in this
way, has become a key issue in ecological infrastructure research.

Urban ecological infrastructure research conducted from the perspective of ecosystem
service supply and demand can solve the above problems. It can not only reflect the natu-
ral attributes of ecological infrastructure but also accurately portray human needs [8–11].
Ecosystem services are the ecological characteristics, functions, or processes that directly
or indirectly enhance human well-being [9,10]. Since the concept of ecosystem services
was introduced, their quantification has been a challenging scientific issue and is key in
identifying the spatial elements of ecological infrastructure [10,12]. After years of develop-
ment, more mature computational models, evaluation processes, and technical methods
have been established in the spatial quantification and value assessment of ecosystem
services [10,13–18]. This has provided a solid technical foundation for considering the
effective provision and benefit calculation of ecosystem services in the identification of
ecological infrastructure. Ecosystem service demand is defined as the human consumption
of these products and services [12,19,20]. Research into the supply–demand relationships of
ecosystem services can reveal discrepancies between supply and demand, explore quantita-
tive gaps and spatial mismatches in regional ecosystem service supply and demand, and
provide spatial guidance for the optimized construction of ecological infrastructure [21,22].
To date, various studies have evaluated different types and scales of ecological infrastruc-
ture, such as urban green spaces, forest ecological networks, and water conservation areas,
from the perspective of ecosystem service supply and demand [23–29]. Some studies have
employed diverse assessment methods, including ecological modeling, valuation methods,
participatory approaches, and the use of empirical statistical models, and addressed issues
such as the optimization of ecological infrastructure, ecological compensation mechanisms,
and ecological planning and management [4,25,30–35]. However, current research on
ecosystem service supply and demand suffers from several shortcomings and limitations:
(1) The methods for quantifying ecosystem service supply and demand are varied, lacking
unified standards and norms, making it difficult to compare and validate results across
different studies. (2) Most research on ecosystem service supply and demand relationships
analyzes the balance from a static perspective, neglecting the dynamic changes and spatial
flows between supply and demand, making it challenging to uncover the causes and
mechanisms of imbalances. (3) The optimization methods for ecological infrastructure
often start from a single objective or indicator, ignoring the interactions and synergistic
effects between different ecological infrastructures, which hinders the achievement of the
overall optimization and coordinated development of ecological infrastructures.

The study of ecosystem service flow is a current hotspot and frontier in the field
of ecosystem services research [36]. Ecosystem service flow refers to the spatial trans-
fer process of ecosystem services from supply areas to demand areas and serves as a
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crucial bridge linking ecosystem services with human well-being [37,38]. Research on
ecosystem service flow helps us to understand the entire process of the generation, trans-
mission, and utilization of ecosystem services; assess the balance between the supply and
demand of ecosystem services; and provide a basis for the planning and optimization of
ecological infrastructure [39,40]. In recent years, there has been an increase in application
cases involving ecosystem service flow. The related research mainly focuses on several
aspects: (1) The exploration of the concept and theoretical framework of ecosystem ser-
vice flow, such as its definition, classification, characteristics, and mechanisms [41–44].
(2) The development of methods for quantifying and spatializing ecosystem service flow,
including indicator systems, assessment models, and spatial analysis techniques [36,45–47].
(3) The expansion of interdisciplinary and multi-scale research on ecosystem service flow,
such as the coupled analysis of ecosystem service flow and socio-economic systems, and
the dynamic simulation of ecosystem service flow across multiple temporal and spatial
scales [38,48–50]. (4) Specific applications of ecosystem service flow, such as in ecological
compensation and restoration, and the optimization of ecological security patterns [37,51].
A few scholars have conducted research on ecological infrastructure from the perspective
of ecosystem service flow. For example, Myriam J. Perschke and colleagues used ecological
infrastructure to comprehensively map ecosystem service demands, flows, and capacities
for sports events, recreation, and coastal protection, conducting spatial assessments and
planning to identify locations for the enhanced management and restoration of these partic-
ularly sensitive ecosystems [40]. Francesc Baró analyzed the capacity, flow, and demand for
two types of ecosystem services (air purification and outdoor recreation) in the Barcelona
metropolitan area, finding that the flow of these services mainly occurs in suburban green
spaces, with the highest capacity values often appearing in protected areas in the suburbs of
the metropolitan area [52]. As the study of ecosystem service flow is still in its nascent stage,
the corresponding theories, concepts, and methods are not yet mature [37]. Consequently,
research on optimizing ecological infrastructure from the perspective of ecosystem service
flow is still relatively scarce [4].

Analyzing the supply and demand of ecosystem services and spatial flows is a key
indicator for assessing the functional effectiveness of ecological infrastructure and a funda-
mental task for optimizing ecological infrastructure. By exploring the differences between
the supply and demand of urban ecosystem services and the corresponding flow patterns,
the areas of imbalance and key directions of urban ecosystem services can be identified,
and then optimization methods for ecological infrastructures focusing on balancing and
promoting the flow of services can be proposed. Yantai is a livable city, with a relatively
good natural ecological environment, situated along the northern coast of China. However,
it has also experienced rapid urbanization and a significant trend consisting of ecological
land being occupied by construction land; consequently, its ecological infrastructures still
suffer from typical problems such as insufficient numbers and spatial imbalance [53,54].
Selecting Yantai City as the study area, this study aims to (1) break through the origi-
nal ecological infrastructure identification framework that focuses on nature protection
functions and identify urban ecological infrastructure from the perspective of ecosystem
function satisfaction based on the spatial quantification of a variety of ecosystem services;
(2) assess the balance between the supply and demand of ecosystem services provided by
ecological infrastructure and explore the spatial and temporal evolution characteristics and
influencing factors of this balance, providing information support for the optimization of
the spatial layout of ecological infrastructure; and (3) propose an ecological infrastructure
optimization method oriented toward the balance between the supply and demand of
ecosystem services and put forward a cross-administrative region ecological infrastruc-
ture protection and construction plan based on the spatial quantification of ecosystem
service flows. This study hopes to provide spatial reference and theoretical support for the
construction and optimization of urban ecological infrastructure.
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2. Materials and Methods
2.1. Description of Study Area

Yantai City, located in the southern part of the Bohai Sea and the northeastern part
of the Shandong Peninsula, is an important port city in northern China. The city governs
four districts (Zhifu, Fushan, Muping, and Laishan) and seven counties (Penglai, Longkou,
Qixia, Zhaoyuan, Laizhou, Laiyang, Haiyang, and Changdao). Covering a total area of
13,853.84 km2, Yantai had a permanent population of 7.0894 million people in 2018. Yantai’s
terrain is complex, characterized by high elevations in the central part and lower elevations
around the periphery, making it a typical mountain–hill–plain composite area. The spatial
proportions of these three terrain types are approximately 4:4:2 (Figure 1). In recent years,
with the city’s development, the ecological space in Yantai has been drastically reduced.
The conflict between the development of construction land and the necessary protection
of ecological infrastructure for improving living environments has become a focal issue
in urban land management. This situation underscores the need for sustainable spatial
solutions in order to address these challenges.
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2.2. Basic Data

In this study, we utilized a diverse array of data sources, including a land-use change
survey; socio-economic, soil-type, and natural resource surveys and evaluation; and meteo-
rological and multi-source remote sensing data. These data were primarily categorized into
two forms: spatial data and statistical data. We gathered relevant data from Yantai through
online sources, relevant administrative departments, and scientific research institutions,
resampling them to a resolution of 100 m × 100 m. The details of the data sources are
outlined in Table 1.
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Table 1. Basic data of Yantai.

Data Type Processing Method Data Year Data Format Data Sources

Land-use data Clip 2010/2018 Shapefile Yantai land-use change
survey database

DEM Clip/extract 2010/2018 Raster http://www.gscloud.cn/
(accessed on 2 January 2024)

Normalized difference
vegetation index

(NDVI)
Clip/reclass 2010/2018 Raster https://lpdaac.usgs.gov/

(accessed on 2 January 2024)

Soil data Clip 2017 Shapefile http://webarchive.iiasa.ac.at/
(accessed on 2 January 2024)

Precipitation Kriging
interpolation

1981–2010 Annual
average value Raster http://data.cma.cn/ (accessed on

2 January 2024)

Temperature data Kriging
interpolation

1981–2010 Annual
average value Raster http://data.cma.cn/ (accessed on

2 January 2024)

Solar radiation Kriging
interpolation

1981–2014 Annual
average value Raster https://eosweb.larc.nasa.gov/

(accessed on 2 January 2024)

POI data Clip 2016 Shapefile http://lbs.amap.com/ (accessed
on 2 January 2024)

Population Statistics 2010/2018 - Yantai Statistical Yearbook

Fruit output Statistics 2010/2018 - Yantai Statistical Yearbook

Grain output Statistics 2010/2018 - Yantai Statistical Yearbook

Road traffic data Clip 2018 Shapefile https://www.openstreetmap.org/
(accessed on 2 January 2024)

2.3. Methods
2.3.1. Spatialization of Ecosystem Functions

Yantai boasts a rich variety of landscapes, including forest, agricultural, and wetland
vistas, each offering a diverse range of functions. However, this city faces significant
ecological challenges due to the rapid and disorderly expansion of construction land. This
expansion leads to a continual reduction in green spaces and arable land, coupled with
the degradation of wetland aquatic functions. Consequently, it is experiencing a marked
decline in habitat quality, biodiversity loss, and worsening soil erosion issues. On the
other hand, as a strategic confluence point in the Shandong Peninsula Blue Economic Zone
and the Bohai Economic Rim, Yantai is tasked with provoking a population influx and
enhancing urban functionalities to spur regional economic development. This development
trajectory has led to an escalating demand for water resources, agricultural products, and
carbon sequestration services provided by local ecosystems. Consequently, we selected
five ecosystem functions of particular importance to Yantai for quantification: habitat
maintenance, carbon sequestration, grain production, soil conservation, and water yield.
The habitat maintenance function was quantified using the habitat quality module of
the InVEST model [55]. The carbon sequestration function was assessed with the CASA
model [56]. Grain production was quantified based on the normalized difference vegetation
index and the annual total yield of agricultural and fruit products at the county level [57].
Soil conservation was represented jointly by the soil erosion degree, calculated using
the universal soil loss equation, and soil organic matter content [58]. The water yield
function was quantified using the water yield module of the InVEST model [59]. All
evaluation results were resampled into 100 m × 100 m dimensions and normalized to
facilitate comparative analysis.

http://www.gscloud.cn/
https://lpdaac.usgs.gov/
http://webarchive.iiasa.ac.at/
http://data.cma.cn/
http://data.cma.cn/
https://eosweb.larc.nasa.gov/
http://lbs.amap.com/
https://www.openstreetmap.org/
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2.3.2. Ecological Infrastructure Identification Based on Hotspot Analysis

Building on the spatial quantification of five typical ecosystem functions, this study
identifies Yantai City’s ecological infrastructure, considering spatial adjacency relationships,
based on the hotspot analysis of ecosystem functions. The Getis–Ord Gi* statistic is an
indicator used for performing local spatial autocorrelation. It detects spatial clusters
of each ecosystem function by identifying specific geographic areas where values are
significantly higher than others [60]. In this research, we employed a 1 km × 1 km grid
system, using Getis–Ord Gi* statistics to quantitatively describe the spatial distribution and
spatial correlation of ecosystem functions within neighboring areas: a significantly higher
positive Z-value in a grid indicated that the values of its neighboring grids within a certain
distance were above the average, demonstrating a noticeable spatial concentration [61].
The specific formula is as follows:

G∗
i =

∑n
j=1 wijxi − X∑n

j=1 wij

s

√ [
n∑n

j=1 w2
ij

]
−
(

∑n
j=1 wij

)2

n−1

(1)

Here, xj is the attribute value of element j, wij is the spatial weight between elements i
and j, n is the total number of elements, and

X =
∑n

j=1 Xj

n
(2)

S =

√
∑n

j=1 X2
j

n
−

(
X
)2 (3)

The Gi* statistic returned by each element in the dataset was the Z-score. The higher
the Z-score, the closer the clustering of high values (a hotspot). For statistically signifi-
cant negative Z-scores, the lower the Z-score, the closer the clustering of low values (a
cold spot). Then, the hotspots of each ecosystem function were determined according
to the Z-values. A grid with more than one ecosystem function hotspot indicated that
it could effectively perform at least one ecosystem function and was therefore deemed
ecological infrastructure.

2.3.3. Ecosystem Service Demand Assessment

The assessment of ecosystem functions reflects an ecosystem’s capacity to supply
ecosystem services. In this study, this assessment was utilized to determine the spatial
extent of ecological infrastructure. However, in urban or regional planning, planning
and arranging ecological infrastructure also requires an assessment of ecosystem services
demand. This is particularly important in identifying locations where ecosystem services
demand has not yet been met, as these locations will be the focal areas for ecological
infrastructure planning and construction. This study assessed five typical ecosystem
functions in Yantai, where habitat maintenance and soil conservation were categorized as
supporting services, and their demand was challenging to quantify directly. Therefore, this
section only considers provisioning services (grain; water sources) and regulating services
(carbon sequestration) in terms of supply and demand. Based on quantifying the demand
for grain, water, and carbon sequestration, and combined with the assessment results of
ecosystem functions (ecosystem service supply), an ecosystem services supply–demand
index was constructed to explore ecosystem services’ spatiotemporal evolution patterns
and analyze their natural, social, and economic influencing factors, in order to provide
spatial references for the optimization of ecological infrastructure layout in Yantai.

This study quantified the spatial pattern of ecosystem services demand in Yantai, based
on demographic data and per capita demand for ecosystem services. Initially, population
density data obtained from the Landscan program of the United States Oak Ridge National
Laboratory were tailored using the administrative boundary data of Yantai to obtain
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population density maps for the years 2010 and 2018. Subsequently, total population and
water consumption data for each county and district in Yantai for the years 2010 and 2018
were sourced from the Yantai Statistical Yearbook. This allowed for the calculation of per
capita water consumption in each county and district. Carbon emission data provided by
the National Bureau of Statistics of China were used to compute total carbon emissions for
these regions in 2010 and 2018, leading to the determination of per capita carbon emissions.
Due to a lack of detailed food consumption data at the county and district levels, the per
capita food consumption for Yantai was calculated using this city’s total population and
food consumption. Ultimately, the ecosystem services demand was assessed by combining
data on population density with the calculated per capita water consumption, carbon
emissions, and food consumption. The specific formula is as follows:

Di = Dai × Ppop (4)

Here, Di is the ecosystem services demand, Dai is the per capita demand for ecosystem
services of the ith type, and Ppop is population density.

2.3.4. Proposal of Ecosystem Service Supply and Demand Index

Building upon the clear delineation of the spatial patterns of ecosystem service supply
and demand, this study introduced the ecosystem services supply and demand index
(ESSDI) to reflect the status of ecosystem service supply and demand in the study area.
Specifically, the ESSDI is calculated by determining the ratio between ecosystem services
supply and demand, thereby facilitating an understanding of the coupling between supply
and demand. The specific formula is as follows:

ESSDI =
ESPI
LDI

(5)

Above, ESPI is the ecosystem service supply index, and LDI is the ecosystem service
demand index. On the basis of calculating the supply and demand indexes of grain
production, water yield, and carbon sequestration in this study, we obtained the ESSDI by
calculating the average value to reflect the ecosystem service supply and demand status
and spatial pattern in the study area. The ESSDI results were classified into three categories:
supply is less than demand (ESSDI < 0.9), supply–demand balance (0.9 ≤ ESSDI ≤ 1.1), and
supply is greater than demand (ESSDI > 1.1). Based on these classifications, the study area
was segmented into three types of zones: ecological deficit zones, ecological balance zones,
and ecological surplus zones. Finally, we employed the Z-score normalization method to
standardize the ecosystem services supply and demand. This approach allowed for the
identification of four distinct spatial matching patterns of ecosystem service supply and
demand based on quadrant differentiation.

2.3.5. Optimization of Ecological Infrastructure Based on Ecosystem Service Flow

The First Law of Geography states that distance is a key factor influencing the cor-
relation between geographical objects. Generally, the closer the distance, the stronger
the correlation between objects. Based on this principle, some studies have suggested
that the impact of ecosystem services diminishes with increasing distance [50,62]. The
beneficiaries of ecosystem services experience varying levels of services depending on their
distance from the supply area [37]. In light of the existing research findings, we drew on
the concept of comparative ecological radiation force (CERF) proposed by Chen [63] to
study the transfer of ecosystem services between different regions [37]. Consequently, we
proposed an optimization layout plan for ecological infrastructure (Figure 2). Originating
from the universal gravitation law in physics, CERF utilizes the breaking-point formula



Land 2024, 13, 208 8 of 25

to quantitatively describe the interaction of ecosystem services between two regions. The
specific calculation formula is as follows:

A =
Dij

1+
√

Ni
Nj

(6)

where A represents the CERF between different regions, Dij is the distance between regions,
and Ni and Nj represent the ecosystem services of regions i and j, respectively. Considering
that ecosystem services diminish with increasing distance, an exponential distance decay
function was introduced to adjust Dij. The calculation formula is as follows:

Wij = e
−Dij

H (7)
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Here, Wij represents the exponential decay distance between different regions, and H
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3. Results and Discussion
3.1. The Spatiotemporal Pattern of Ecosystem Functions in Yantai

As depicted in Figures 3 and 4, habitat maintenance and carbon sequestration generally
exhibited a spatial distribution characterized by higher values in the center and lower
values around the periphery. The high-value areas were primarily concentrated in the
contiguous mountain forests in the central part of the study area, including the southern
part of Longkou, the middle and eastern parts of Qixia, the southern part of Penglai, and
the northern part of Haiyang. These areas encompassed the Da Zeshan, Ai Shan, Luo Shan,
and Kunyu Mountains. From 2010 to 2018, this spatial pattern did not undergo significant
changes. However, with the expansion of urban construction land, the encroachment on
and disturbance of natural spaces intensified, leading to a slight overall decline in habitat
maintenance. Most of the new hotspots for carbon sequestration in 2018 were located
around the periphery of the hotspot areas identified in 2010 in Qixia and Muping. This
suggested that implementing forest cultivation measures, such as afforestation, around
the high-value areas can leverage the agglomerative effect of ecosystem functions. Such
measures contribute to the formation of concentrated and contiguous high-value areas of
ecosystem services.
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The grain production in Yantai exhibited significant regional differences. Grain pro-
duction in the western part was notably higher than that in the eastern region, and this
spatial pattern did not undergo significant changes from 2010 to 2018 (Figure 5). These
pronounced regional disparities were related to this area’s topography. The eastern part is
predominantly hilly and mountainous, while the western part consists of extensive coastal
alluvial plains. The plain areas are more conducive to large-scale mechanized agriculture,
resulting in relatively higher crop yields.
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Figure 5. Spatiotemporal pattern and hotspot distribution of grain production function.

As shown in Figure 6, the high-value areas for soil conservation were concentrated
in the hilly and mountainous regions of the central and northern parts, including the Da
Zeshan, Ai Shan, and Kunyu Mountains. The spatial patterns of these areas did not show
significant changes over time. On the one hand, the mountainous and hilly regions, with
their higher elevations and slopes, were more prone to soil erosion compared to the plains.
On the other hand, these areas had contiguous forests and grasslands, resulting in high
vegetation cover that effectively mitigated soil erosion. The disappearing hotspot areas
were mainly concentrated around the central urban area and the edges of the urban areas of
various counties, and this phenomenon is closely related to urban expansion. The growing
areas were concentrated around the periphery of the existing hotspot areas in Qixia and
Muping, a trend consistent with the growth trend of carbon sequestration hotspots. This
indicated that growth in key areas of ecosystem function can be achieved by improving
and restoring the environment around critical areas based on the agglomeration effect of
ecosystem function.
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Figure 6. Spatiotemporal pattern and hotspot distribution of soil conservation function.

As depicted in Figure 7, influenced by the spatial pattern of precipitation, which was
generally higher in the south, water yield displayed a spatial pattern of being higher in
the south and lower in the north. The high-value areas were concentrated in the southern
part of the city, particularly in Laiyang and Haiyang. Additionally, the coastal belt areas
showed weaker water yield capabilities. In terms of the identified hotspot areas, there was
a slight decrease from 1891 km2 in 2010 to 1870 km2 in 2018, indicating a relatively stable
change. The disappearing hotspot areas were mainly around the urban fringes of Laishan,
Muping, and Zhaoyuan, while the growing areas were concentrated on the peripheries of
the existing hotspot areas in Haiyang and Laiyang.
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3.2. The Spatiotemporal Distribution of Ecological Infrastructure in Yantai City

As of 2018, the total area of ecological infrastructure in Yantai was 6386 km2, accounting
for 46.1% of the city’s total area. All 12 counties had areas that served ecosystem functions.
Among them, Laizhou, Qixia, and Haiyang had the highest proportions, accounting for
20.7%, 17.6%, and 16.5% of the total area of ecological infrastructure, respectively. From
2010 to 2018, the trend in ecological infrastructure in Yantai showed a minimal change,
increasing from 6378 km2 in 2010 to 6386 km2 in 2018. Despite the slight change in total
area, significant spatial changes occurred. As shown in Figure 8, the areas that experienced
a reduction were mainly concentrated around the urban peripheries of Longkou, Zhaoyuan,
and Laiyang. This reduction was primarily due to urban spatial expansion and urban
function development, leading to a decrease in ecological land and changes in regional
land-use structure [64,65]. Consequently, these developments impaired local ecosystem
functions, resulting in the disappearance of ecological infrastructure in certain areas. This
spatial change offers valuable lessons regarding the protection of ecological infrastructure
to maintain ecosystem functions.
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During urbanization, it is crucial to safeguard ecological infrastructure, avoiding
encroachment upon and damage to key areas as much as possible [66]. The areas that
saw an increase were primarily concentrated around the peripheries of existing ecological
infrastructures. The hotspot analysis results also indicated that ecosystem functions had an
agglomerative effect, and there were transitional areas between ecological infrastructure
and cold spots of ecosystem functions. Developing ecological infrastructure in the transi-
tional areas on the periphery of existing infrastructure can be highly effective [67,68]. By
leveraging the already favorable ecological conditions in these areas, it is possible to adopt
more cost-efficient construction measures [69]. This approach not only quickly enhances
the functionality of regional ecosystems but also expands the scope of ecological infrastruc-
ture [70]. Such a strategy provides valuable spatial references for constructing ecological
infrastructure aimed at improving ecosystem functions. This method is particularly advan-
tageous as it builds upon and amplifies existing ecological assets, making it a sustainable
and efficient way in which to enhance overall ecological health and resilience [71].

3.3. The Supply–Demand Balance of Ecosystem Services in Ecological Infrastructure

As illustrated in Figure 9, the ESSDI values increased in concentric layers when
moving outward from the core urban area. In the central urban areas of Zhifu, Fushan,
and Laishan, as well as the core areas of the counties, the ESSDI values were all below
0.5. On the periphery of the core urban areas, most ESSDI values fell within the range
of 0.5 to 0.9. Moving further outward, the ESSDI increased to around 1 and then rose
above 1.1. This pattern indicated a gradient in the balance of ecosystem service supply and
demand, moving from a state of higher demand and lower supply in the urban cores to a
more balanced or supply-rich condition in the outer areas [72,73]. The spatial distribution
of the ESSDI values did not show significant changes over time. In terms of values, the
average ESSDI decreased from 1.02 in 2010 to 0.98 in 2018, indicating a minor decline. Areas
with more pronounced changes were concentrated in the northern part of Fushan, the
southern part of Longkou, and Laizhou, all of which were located around urban areas. This
suggested that, during the urbanization process, the increased ecosystem service demand
due to population concentration in urban areas led to a deteriorating state of ecosystem
service supply and demand in some regions of the study area. Consequently, more areas
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are experiencing situations where the ecosystem services supply cannot meet the demand,
leading to a gradual expansion of ecological deficits [74,75].
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As depicted in Figure 10, the spatial matching pattern of ecosystem service supply
and demand based on a quadrant distribution was categorized into four distinct types:
high supply–high demand (the high–high type), high supply–low demand (the high–low
type), low supply–high demand (the low-high type), and low supply–low demand (the
low–low type). The pattern in Yantai exhibited clear regional variations, predominantly
characterized by the high–low type. The spatial proportion of the high–low type was 40.9%
in 2010 and slightly decreased to 40.2% in 2018. The high–low type was concentrated in the
central hilly and mountainous regions of the study area. The high–low type’s dominance
suggested that there were areas where the supply of ecosystem services exceeded the
demand, potentially indicating regions with robust ecological resources but lower human-
induced demand [64]. The high–high type was the second most common, with proportions
of 28.7% in 2010 and 27.5% in 2018. The high–high type was primarily distributed around
the periphery of the central urban area and various counties, as well as in the southern parts
of Laiyang and Qixia and the region stretching from Longkou to Penglai. This category’s
range was shrinking. The low–high type followed behind, with proportions of 19.4% and
21.3% in 2010 and 2018, respectively. The low–high type was mainly located in various
urban areas and industrial zones along the coastal belt. The low–high type, with increasing
proportions, suggested that there were areas where the demand for ecosystem services was
not adequately met by the current supply, possibly due to higher urbanization or ecological
degradation. The low–low type accounted for the smallest spatial proportion, which was
also scattered. Overall, the areas with high ecosystem service supply showed a decreasing
trend, while the areas with high demand were expanding alongside urbanization. This
expansion exacerbates the imbalance in ecosystem service supply and demand, making the
spatial mismatch of ecosystem services in the study area more pronounced [64,76,77]. This
trend highlights the need for strategic urban and ecological planning to address the growing
demand for ecosystem services in urban and industrialized areas, while conserving and
enhancing supply in ecologically rich regions [78,79].
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Ecological infrastructure, as the spatial carrier providing ecosystem services, inherently
represents areas of high ecosystem service supply. However, ecosystem service demand
corresponding to the ecological infrastructure varies significantly across different regions.
Therefore, whether the ecosystem services provided by ecological infrastructure can meet
the demands of their respective regions becomes a crucial indicator for measuring the
functionality of ecological infrastructure. This consideration is not only pivotal in assessing
the effectiveness of existing ecological infrastructure but also provides spatial references
and guidance for the future planning and construction of such infrastructure.

The average value of the ESSDI for ecological infrastructure within the study area
decreased from 1.12 in 2010 to 1.08 in 2018. Specifically, the proportion of ecological
infrastructure with an ESSDI exceeding 1.1 decreased from approximately 65% in 2010
to about 60% in 2018 (Figure 11). Conversely, the proportion of ecological infrastructure
between 0.9 and 1.1 rose from 25% in 2010 to around 30% in 2018. The proportion below
0.9 remained stable at about 10%. This category predominantly included infrastructures
located in high-demand areas such as urban and coastal industrial zones, where the
provided ecosystem services were insufficient to meet the regional demands. Overall,
the ESSDI of ecological infrastructure also followed a spatial pattern of increasing in a
circle in the center of the core urban area. In and around urban areas, the ESSDI was
generally below 0.9, gradually increasing with distance from the urban centers. The
spatial distribution and changing trends of ecological infrastructure with different ESSDIs
provided several key insights: (1) The majority of ecological infrastructure areas were in
a state of balance or surplus concerning the supply and demand of ecosystem services,
aligning with their role as high-supply areas for ecosystem services. (2) With increasing
ecosystem services demand, some ecological infrastructures saw their surpluses diminish,
but they still maintained a balanced situation. (3) Ecological infrastructures in high-demand
areas were generally well preserved, with their spatial proportion remaining stable at
around 10%, showing no significant decreases. This trend underscores the increasing
challenge of meeting the growing demand for ecosystem services in rapidly urbanizing and
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industrializing areas [37,57,64]. It also highlights the need for a more nuanced approach to
the development and management of ecological infrastructure, ensuring it is responsive
to the specific demands and conditions of different regions [4,68]. This could involve
enhancing the capacity of existing ecological infrastructures or strategically developing new
infrastructures in areas where demand outstrips supply, thus achieving a more balanced
and sustainable ecological outcome [80,81].
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The spatial matching pattern of ecosystem service supply and demand indicated that
most ecological infrastructures in the study area were located in high supply–low demand
zones. In 2010 and 2018, the areas of ecological infrastructure in these zones were 3464 km2

and 3472 km2, respectively, accounting for about 55% of the total ecological infrastructure
area in those years (Figure 11). In contrast, the area of ecological infrastructure within low
supply–high demand areas was much smaller, spanning 366 km2 and 436 km2, respectively,
which only constituted about 6% of the total ecological infrastructure area in these years
and about 13.5% and 14.7% of the total area of this region. This distribution suggests that
ecological infrastructure in the study area was predominantly concentrated in areas with
relatively lower demand. In high-demand areas like urban and surrounding areas, as well
as coastal industrial zones, the ecological infrastructure’s total area and spatial proportion
were comparatively low. Despite an increasing trend, with the area and proportion of
ecological infrastructure in low supply–high demand areas showing some growth, this
increase was still limited in terms of overall volume and extent. Overall, there was a
noticeable spatial mismatch in the supply and demand of ecosystem services within the
study area, with some regions experiencing significant imbalances. The existing ecological
infrastructure was not yet sufficient to satisfy the actual needs of these areas. This situation
highlights the need for a more strategically targeted approach to developing and enhancing
ecological infrastructure, particularly in high-demand areas, to better align with the local
and regional ecological service requirements [22,25,72].

4. Discussion
4.1. Optimization of Ecological Infrastructure Layout for Ecosystem Service Supply and
Demand Balance

Based on the CERF formula, we calculated the CERFs of 35 townships in Yantai
with a surplus in ecosystem service supply, compared to 66 townships with a deficit in
ecosystem service supply (excluding islands). Daxindian Town in Penglai and Songshan
Street, Cuiping Street, Tingkou Town, and Miao Hou Town in Qixia exerted a significant
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CERF on Gaotong Town, Dongting Street, and Guxian Street in Fushan District. Moreover,
Taocun Town, Miaohou Town in Qixia, and Yuangezhuang Street in Fushan exerted a high
CERF with respect to Laishan Street in Laishan, Jiejiazhuang Street, and Huangwu Street in
Zhifu District (Figure 12). Generally, the townships and streets in the counties surrounding
the urban areas had a higher CERF with respect to the townships and streets within the
urban areas. The CERF in other regions was gradually lowering, with a trend of decreasing
circles. This pattern was related to the inherently higher value of ecosystem services
in areas outside urban centers. This insight is crucial for urban and regional planning,
highlighting the importance of considering the ecological influence of surrounding rural or
less urbanized areas on urban centers and the need for integrating ecological considerations
in urban development strategies [82,83].
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This study employed the concept of CERF to spatially depict the spillover effect of
ecosystem services. By identifying areas with a strong CERF, ecological infrastructure can be
strategically planned and constructed in these areas to meet the demands of regions where
ecosystem service supply falls short. Thus, this study incorporated village-level manage-
ment units (such as administrative villages, communities, and neighborhood committees)
with relatively better environments (higher average ecosystem function) from townships
with the strongest CERF into Yantai’s key ecological infrastructure construction areas
(Figure 13). Excluding core habitats that already had good ecological baselines, the total
area for this targeted ecological infrastructure development was 314.64 km2. This included
186.22 km2 of existing ecological infrastructure, with an additional 128.42 km2 needing
cultivation and development. For the designated key construction areas of ecological
infrastructure, the approach should involve enhancing ecological function and the capacity
to provide ecosystem services through various means. These processes include creating
additional ecological spaces, restoring vegetation, and improving the quality of existing
ecological spaces. Creating new ecological spaces involves identifying and developing
new areas that can be converted into ecological spaces such as parks, green belts, or urban
forests [84,85]. These spaces not only provide recreational areas for residents but also con-
tribute to biodiversity conservation, air and water purification, and climate regulation [86].
Restoring vegetation should focus on rehabilitating degraded lands, reforesting areas, and
enhancing green cover [87,88]. Planting native trees, shrubs, and other vegetation helps in
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restoring the natural habitat, supporting local wildlife, and improving the overall ecolog-
ical health of an area. Upgrading current green spaces to enhance their ecological value
is crucial. This process could involve measures like diversifying plant species, creating
water bodies for aquatic habitats, and implementing sustainable management practices to
maintain these spaces. The objective in this regard is to enhance the effectiveness of these
areas’ ecological functions and increase their ability to supply ecosystem services [4,89]. By
implementing these strategies, the key construction areas of ecological infrastructure will
not only meet the immediate ecological needs of urban areas but also provide long-term
benefits such as improved environmental quality, enhanced resilience to climate change,
and increased recreational and aesthetic values for communities. This holistic approach
to ecological infrastructure development is integral to sustainable urban planning and
contributes to the overall well-being and sustainability of the urban environment.
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4.2. Importance of Cross-Regional Ecological Infrastructure Development

Traditional ecological infrastructure studies are usually conducted only within in-
herent administrative boundaries or natural geographical units, ignoring the importance
of spatial flows and the spillover effects of ecosystem services for the spatial layout of
ecological infrastructure [4]. Based on the results of this paper, in view of the serious
imbalance between the supply and demand of ecosystem services in the central city of
Yantai and urban residents’ unmet demand for ecosystem services, this study proposes
adding new ecological infrastructures in Qixia, Penglai, and other suburbs with better
ecological backgrounds, based on the concept of comparative ecological radiation force, to
improve the supply and demand of ecosystem services of the central city of Yantai. Based
on the spillover effect and flow characteristics of ecosystem services, this study proposes a
new methodological framework and presents a useful attempt at cross-regional ecological
protection and construction, ranging from traditional passive ecological compensation
to the proactive and targeted construction of extraterritorial ecological infrastructure. In
essence, this is also an issue of inter-regional development rights. Enhancing ecological in-
frastructure construction in the suburbs will inevitably limit these areas’ urban construction
space and affect their economic development. Determining how to establish an efficient and
fair inter-regional right-to-development trading mechanism around the flow of ecosystem
services and ecological infrastructure construction has become a key issue that needs to be
further studied. This is similar to traditional ecological compensation, which is essentially
an inter-regional financial payment for ecosystem services [35–37], but involves the active
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trading of ecosystem services between regions, which puts forward new requirements
for ecological infrastructure planning, price negotiation, and implementation. Therefore,
further research is needed in the areas of the accurate accounting of the value of ecosystem
services and the precise quantification of the spatial flow of ecosystem services.

4.3. Methodological Limitations and Challenges for Future Research

This study simplified the computational process by setting parameters based on ex-
isting models, relevant research findings, and manual recommendations. This approach,
however, might result in issues like insufficient precision in the results and discrepancies
between the parameter settings and the actual conditions of the study area. The process of
parameterizing ecosystem function models to suit local conditions, as attempted in Yantai,
is fraught with challenges. One of the primary difficulties lies in the accuracy of data.
Ecosystem modeling heavily relies on the quality of input data, which includes soil compo-
sition, vegetation types, and land use [90]. In many cases, especially in rapidly developing
urban areas like Yantai, such data can be dynamic and complex, making it challenging
to maintain up-to-date and precise datasets. Furthermore, the heterogeneity of urban
landscapes poses another challenge. Cities are not monolithic [91,92]. They encompass a
range of micro-environments, each with unique ecological characteristics. This diversity
necessitates a granular approach to data collection and model parameterization, recogniz-
ing the specific ecological dynamics of different urban sectors. Therefore, determining how
to combine the various ecosystem function calculation and assessment models with the
actual situation of local areas by collecting more accurate and timely data on soil, weather,
vegetation, and land use, as well as how to realize the localization of model parameters, is
the key to improving calculation accuracy.

The methodology employed in this study for calculating ecosystem service demand
reveals the need for more nuanced and sophisticated approaches, especially in complex
urban environments. This study’s reliance on per capita demand and population data, while
useful for broader administrative regions, causes it to fall short of capturing the intricate
variations within a city. Urban areas are characterized by diverse populations, multifarious
industries, and varied recreational and residential spaces, each with unique ecological
demands [93,94]. One of the key challenges in urban ecological assessment is capturing this
diversity in demand. Different urban zones—whether commercial, residential, industrial,
or recreational—have distinct ecological footprints and service requirements. For instance,
green spaces in residential areas not only address recreational needs but also contribute
to local air quality and biodiversity, whereas industrial areas might prioritize pollution
mitigation and waste management services [95,96]. Addressing this challenge requires a
more detailed and localized approach to data collection and analysis. Integrating spatial
big data, such as mobile signal data and points of interest, can provide a more dynamic
and detailed picture of how different urban populations interact with and impact their
ecological surroundings [97,98]. This approach can help in accurately mapping out the
varying demands for ecosystem services across different urban areas.

Moreover, the evolving nature of urban landscapes necessitates a dynamic approach to
ecological planning. As cities grow and change, so, too, do their ecological needs [99]. Reg-
ularly updated data and flexible modeling approaches are essential to keep pace with these
changes. In addition to technological solutions, engaging with local communities and stake-
holders is vital. Public participation in ecological planning can provide valuable insights
into the needs and preferences of different urban populations [100]. Community-driven
data collection and analysis can complement more formal scientific methods, leading to a
more holistic understanding of urban ecosystem service demand. Ultimately, enhancing the
accuracy and relevance of ecosystem service demand calculations in urban environments is
not just a technical challenge [101]. It is a multi-faceted endeavor that requires technological
innovation, collaborative approaches, and a deep understanding of the complex interplay
between urban development and ecological systems.
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5. Conclusions

This study investigates the spatial and temporal evolution characteristics and spatial
matching status of supply and demand based on identifying the spatial scope of Yantai
City’s ecological infrastructure in 2010 and 2018, respectively, and proposes a spatial
optimization scheme oriented toward the balance of ecosystem service supply and demand.
This study shows that the matching pattern of ecosystem services supply and demand in
Yantai exhibited pronounced regional differences, with approximately forty percent of the
land characterized as high supply–low demand. There was a significant imbalance in the
central urban areas. The increased demand for ecosystem services, driven by population
concentration in urban areas, led to a worsening trend in the supply–demand situation
in certain areas. The existing ecological infrastructure was insufficient to meet the actual
needs of the region. The CERF of the towns and streets in the counties surrounding
the urban area was higher than that within the urban area. Accordingly, a 314.64 km2

area of village-level management units with relatively better environmental conditions in
towns with the strongest CERF was incorporated into Yantai’s key ecological infrastructure
construction areas. By creating additional ecological spaces, restoring vegetation, and
enhancing the quality of existing ecological spaces, it is possible to improve the ecological
functions of these areas. This enhancement strengthens their ability to provide ecosystem
services, thereby improving the supply and demand conditions of ecosystem services
in urban regions. Such initiatives contribute to a more sustainable and environmentally
balanced urban development, aligning with broader goals of ecological conservation and
urban resilience.
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