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Practice of Landscape Design Teaching Reform from the Perspective of Curriculum
Ideology and Politics

Lin Wei, Liu Weidong, She Meixuan
(College of Forestry and Landscape Architecture, South China Agricultural University, Guangzhou Guangdong 510642, China)

Abstract: Integrating the values of ecological civilization into the professional training system and exerting the effect of collaborative
education is an important practical direction of curriculum ideology. Based on the landscape design II course of urban and rural
planning major in agricultural and forestry colleges, this paper discusses the ecological concept and the breakthrough point of technical
analysis content contained in the course, which carries out the practice of integrated teaching reform. The GIS-based site quantitative
analysis and evaluation, road system design optimization, as well as rain garden area design model has been constructed, which initially
realizes the reform goal of combining the concept of ecological civilization with professional education practice. It makes a useful exploration
for the organic integration of ecological civilization education and professional courses.

Key words: curriculum ideology and politics; ecological civilization; integration way; planning and design; technical analysis
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Evaluation of urban-water coupling coordination relationship and its influencing factors in lower reaches of the
Dongjiang River Basin / LIN Wei' CHEN Zilin> LI Hui' (1. College of Forestry and Landscape Architecture ~South
China Agricultural University — Guangzhou 510642  China; 2. School of Architecture & Urban Planning  Shenzhen
University Shenzhen 518060 China)

Abstract: In view of the increasing interference of urbanization on the water resources system the evaluation system of
water resources and environment was built based on water resources water environment and water ecology subsystems and
the urbanization quality evaluation system was built based on space population and socio-economic subsystems. The urban—
water coupling coordinated degree of 14 districts and counties in the lower reaches of the Dongjiang River Basin was
calculated and the main influencing factors of the urban-water dynamic coupling relationship were analyzed by using the
grey correlation model. The results showed that from 2010 to 2020 the urbanization level of the east bank of the Greater
Bay Area continued to improve and the level of water resources environment was fluctuating upward. The urban-water
coupling degree had increased significantly from running-in stage to high-evel coupling stage. The coupling coordination
degree increased significantly from 2010 to 2015 and declined slightly from 2016 to 2020. The coupling coordination
degree of Huangpu District Longhua District and other urban fringe areas decreased significantly with significant spatial
differentiation. Under the high-level urban-water coupling relationship population growth and construction land expansion
were the main factors that stress the water resources environment. The shortage of water resources the low efficiency of
water use and the deterioration of water ecosystem services are the main reasons that restrict the development of
urbanization.

Key words: urbanization; water resources environment; coupling coordination degree; grey correlation model; lower

reaches of the Dongjiang River Basin; Guangdong-Hong Kong-Macao Greater Bay Area
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1 2010—2020

Table 1 Comprehensive evaluation index of urbanization

quality of each district and county from 2010 to 2020

2010  0.011 0.068 0.183 0.065 0.142 0.330 0.162
2015 0.018 0.127 0.235 0.082 0.178 0.485 0.211
2020 0.037 0.179 0.286 0.125 0.192 0.538 0.315
2010 0.519 0.493 0.492 0.399 0.783 0.543 0.508
2015 0.554 0.617 0.574 0.444 0.805 0.583 0.571
2020 0.593 0.673 0.646 0.516 0.849 0.629 0.651

2010—2015
0.38 0.42 2016—2020 0.40

. 2010—2015
( 2

2015—2020
2015

2 2010—2020

Table 2 Comprehensive evaluation index of water resources

environment of each district and county from 2010 to 2020

2010 0.443 0.321 0.364 0.344 0.305 0.394 0.432
2015 0.490 0.385 0.392 0.373 0.331 0.394 0.452
2020 0.464 0.358 0.401 0.318 0.317 0.346 0.424
2010  0.471 0.375 0.344 0.361 0.401 0.423 0.526
2015 0.491 0.373 0.335 0.378 0.364 0.420 0.492
2020 0.521 0.377 0.365 0.404 0.402 0.433 0.529
3.2

3.2.1

2010—2020
0.702

0. 813

0700

2010—2015
0. 837 0. 695
; 0.8
N 2016—2020
2010—2020
78.3%;
3 2010—2020

Table 3 Coupling degree of urbanization quality and

water resources environment in each district and
county from 2010 to 2020

2010  0.250 0.426 0.546 0.345 0.439 0.923 0.808
2015 0.325 0.689 0.702 0.518 0.593 0.862 0.893
2020 0.404 0.721 0.792 0.540 0.642 0.978 0.954
2010  0.898 0.815 0.837 0.845 0.821 0.802 0.878
2015 0.982 0.837 0.695 0.930 0.909 0.981 0.993
2020  0.998 0.892 0.847 0.984 0.906 0.990 0.991
3.2.2
4

- 2010—2020
2010—2015 0. 557 0.612

o 2016—2020
0.584



2010—2020

. 2010—2015

2016—2020

4 2010—2020

Table 4 Coupling coordination degree of urbanization

quality and water resources environment in each district

and county from 2010 to 2020

2010 0.281 0.295 0.454 0.358 0.208 0.543 0.590
2015 0.406 0.510 0.506 0.416 0.486 0.669 0.638
2020 0.373 0.478 0.592 0.385 0.373 0.442 0.586
2010 0.837 0.571 0.582 0.602 0.810 0.779 0.89%
2015 0.905 0.641 0.489 0.606 0.642 0.766 0.887
2020 0.950 0.593 0.642 0.801 0.833 0.812 0.929
3.3
30
( 3)

2020

0.776) .

(0.713) .

3
Fig.3 Urban-water coupling mechanism
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Research on Eco-hydrological Regions of Upper Reaches of the Tingjiang River
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(1. College of Forestry and Landscape Architecture, South China Agricultural University » Guangzhou 510640,
China; 2. School of Architecture and Urban Planning . Nanjing University, Nanjing 210093, China;
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Abstract ; The similarities and differences of eco-hydrological system and the influences of anthropogenic activ-
ities on eco-hydrological system were investigated in order to provide scientific basis for resources develop-
ment, disaster prevention and ecological regulation of basin. Taking the upper reach of the Tingjiang River
(URTR) as the study area, based on the dataset of terrain, soils, vegetation, hydrology, water resources
and population statistics, according to ecological status, hydrology condition, ecological background and an-
thropogenic activities of the URTR, we constructed the indicator system including 10 indexes of region
alization. Using principal component analysis and cluster analysis, 35 sub-catchments of the URTR were
assigned to 5 eco-hydrological regions (EHR), the characteristics of each EHR were analyzed and corre-
sponding ecological regulation measures were proposed. The similarities and differences as well as the influ-
ences of anthropogenic activities on the URTR were revealed by regionalization results, which could provide
fundamental basis for sustainable development for different EHR.

Keywords: eco-hydrological regions; principal component analysis; cluster analysis; ecological regulation;

upper reach of the Tingjiang River
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Urbanizing Landscape
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The rapid process of urbanization has been accompanied by a disordered expansion of
construction land, which has resulted in the degradation of ecosystem services. The
identification of ecological security patterns (ESPs) is an important means to coordinating
human-land relationships and carrying out ecological restoration strategies, which are of
great significance to protecting ecological sustainability. However, previous studies have
ignored the mutual impact of urbanization and ecological protection, which leads to the
contradiction between them and useless of ESPs. This paper takes a rapidly urbanizing
metropolitan area as an example. Ecological sources were identified based on the
integration of ecosystem services and socioeconomic indicators by the Ordered
Weighted Averaging (OWA) method, which considers the trade-off between
ecosystems and socioeconomic systems. The Linkage Mapper tool was used to
extract ecological corridors, and thus ecological barrier points and pinch points were
identified to implement ecological restoration. ESPs included 158 ecological sources
according to the results. In more detail, the ecological sources and corridors were mainly
distributed in the area dominated by ecosystem indicators, whereas the central urban area
contributed less ecological sources, which indicates that the trade-off between
ecosystems and socioeconomic systems has a significant impact on the construction
of ESPs. Specifically, 406 ecological corridors were classified into different resistance
levels to extract 433.26 km? barrier points and 458.51 km? pinch points. The study also
proposed primary and secondary ecological restoration strategies for medium-, high- and
low-resistance corridors based on the optimization of ESPs, which could not only improve
ecosystem quality, but also fulfil the demands of human well-being. The integration of
ecosystems and socioeconomic systems improves the existing methods for identifying
ecological sources and restoration priority areas, and provides a scientific basis for
balancing the development of urbanization and ecological protection in metropolitan
regions.

Keywords: ecological security pattern, ecosystem services, socioeconomic system, trade-off, OWA method,
Guangzhou
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1 INTRODUCTION

Along with the continuous urbanization of recent decades,
disorderly expansion of wurban construction land and
significant loss of ecological land have restricted the
sustainability of urban development (Feist et al., 2017; Peng
et al,, 2018; Zhai and Huang, 2022). Within a coupled human
and natural system, the quantity and quality of the ecosystem
services are impacted by anthropogenic disturbances, which
affects regional landscape patterns and ecological security
(Peng et al, 2017b). As a result, how to ensure the structural
stability and functional security of natural ecosystems for
sustainable urban development is an urgent issue (Li et al,
2015; Cumming and Allen, 2017; Serra-Llobet and Hermida,
2017). The construction of ecological security patterns (ESPs) was
proposed to develop a method for improving ecological security.
The ESPs, an interconnected ecological network composed of
different ecosystems, is an effective approach to support
biological species, maintain natural ecological processes and
promote ecosystem services, as well as to achieve regional
ecological sustainability (Su et al., 2016; Peng et al, 2018; Fu
et al., 2020).The concept of ESPs was derived from landscape
ecological planning in the 1990s (Yu, 1996). Many scholars have
studied ESPs on different scales from the perspective of landscape
ecology and urban planning (Peng et al., 2017b; Peng et al., 2018).

Landscape elements of key significance for ensuring regional
ecological processes and ecosystem services, such as ecological
sources, ecological corridors and strategic points, are all focused
on ESPs (Dong et al., 2021; Gao et al., 2021). Therefore, the basic
research paradigm of “identification of ecological sources,
construction of resistance surfaces, and extraction of ecological
corridors” has been gradually formed (Zhang et al., 2017). The
strategy for selecting ecological source areas is fundamental to the
construction of an ESPs, which is mainly conducted through
assessing the ecological sensitivity, ecological importance or
connectivity (Su et al., 2016) (Zhang et al., 2017). The method
of identification of ecological sources has changed from the direct
selection of nature reserves to the evaluation of ecosystem services
that affect regional ecological security (Peng et al.,, 2017a; Wu
et al., 2018). The integration of multiple ecosystem services, such
as water yield and biodiversity protection, has been applied to
source identification (Peng et al., 2018; Fu et al,, 2020).

Integrating various components of coupled human and
natural  systems is necessary to address complex
interconnections and to identify effective solutions to
sustainability challenges (Liu et al, 2015). However,
ecosystem services and human activities are seldom
considered jointly in the assessment of ESPs (Wang et al.,
2019); most studies have not adequately considered the ability
to fulfill people’s demand for ecosystem services when
identifying sources of ESPs, which still focus on ecological
patches as the supplier of ecosystem services, ignoring the
interaction between ecosystems and human socioeconomic
systems (Zhang et al., 2017). These ecological patches with
the ability to fulfill human demand (e.g., cultural ecosystem
services) is essential to consider when evaluating their capacity
to form part of the source area.

Identify Ecological Security Pattern of Guangzhou

It is worth noting that previous studies that considered an
integrated valuation approach weighting various overlapping
types of ecosystem services, may have overlooked the
relationships (trade-offs or synergies) between these services.
This may have either induced space competition among
multiple ecosystem services or undermined the causal
interrelationship among multiple ecosystem services (Dai
et al,, 2017; Zhao et al., 2020; Pan and Li, 2021). There is thus
an urgent need to study and balance the trade-offs among
multiple ecosystem services in decision-making processes
(Zhang et al., 2015). One of the multicriteria evaluation
methods, the ordered weighted averaging (OWA) operator,
was first developed in the context of fuzzy set theory (Yager,
1988). The use of the OWA method has proven to be an effective
approach in decision-making processes, and proposed a set of
scientific and flexible planning methods to balance multiple
conflicting ecosystem services in ESPs construction processes
(Zhao et al, 2020; Pan and Li, 2021). Moreover, increasing
economic development has led to urbanization in previous
undeveloped areas (Deng et al, 2021), and caused many
ecological and environmental problems in the meanwhile. The
increasing ecosystem services may lead to the control of the
development of urbanization (Li et al., 2022). These are issues
needed to be discussed, the mutual impact of urbanization and
ecological protection has not been considered and the trade-off
between ecosystems and the socioeconomic system is still unclear.
To address this gap, socioeconomic indicators should be
considered to integrate with ecosystem services in order to
construct the ESPs. Therefore, the OWA method was
introduced to resolve the contradiction between ecological
protection and urbanization decisions in this study. The
optimization of ESPs in most of the current studies focused
on the improvement of the evaluation process (Peng et al,
2018; Wang et al., 2019). However, there was little research on
optimization after the establishment of ESPs (Fu et al., 2020).
ESPs can provide a practicable way for ecological restoration to
spatially identify key landscape elements; existing studies have
identified key restoration areas in ecological corridors, pinch
points, break and barrier points (Wang et al, 2018; Fang
et al., 2020), and put forward zoning ecological restoration
solutions (Ying et al, 2019; Ni et al., 2020). In addition, the
ecological restoration of a coupled ecosystem and socioeconomic
system based on ESPs is still in its infancy.

In recent years, Guangzhou has grown rapidly and has spread
in a disorderly manner (Fan et al., 2018), and the ecological land
has been seriously damaged, which seriously affects the welfare of
the residents (Zhang et al, 2020). Hence, the Municipality
government of Guangzhou proposed a framework of
ecological networks and corridors in the metropolitan area
and municipal administrative area according to ecological
civilization construction planning (2016-2020). There have
been similar approaches to constructing an ecological network
of Guangzhou and to improving environmental protection under
rapid urbanization (Zhao et al., 2017; Yang et al., 2018). However,
previous approaches focused solely on ecological elements, such
as forest land, natural reserves and the habitats of crucial species,
without using an ecosystem service importance evaluation. The
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FIGURE 1 | (A)is the site of the study area, (B) is the elevation of the study area, (C) is land cover types of the study area.

studies mentioned above only assessed the landscape
connectivity, failing to consider both the importance of
ecosystem services and socioeconomic indicators, as well as
restoration strategies. Therefore, it is urgent to move the
process of ecological protection and restoration forward in
order to identify key restoration regions for Guangzhou based
on the optimization of the ESPs.

Based on the above considerations, the research objectives
were to identify ecological sources by comprehensively evaluating
the integration between ecosystem and socioeconomic indicators,
to build ESPs based on the lowest cost path and identify the
barrier point and pinch point for the corridors and to propose the
optimization of the ecological restoration regions on the basis
of ESPs.

2 MATERIALS AND METHODS

2.1 Study Area

Guangzhou is the central city in the Guangdong-Hong Kong-
Macao Greater Bay Area, with a total area of 7434.4 km®. There
are eleven municipal districts in Guangzhou (Figure 1). Having a
topographical structure of densely forested mountains, the
northern area is the ecological supporting area of Guangzhou.
The central area, with its topography of hilly and basins, is the
location of the socioeconomic center. Besides, the southern area is

also a potential area for the future development of construction
land due to the plain topography. With the rapid socioeconomic
development of Guangzhou in the past decade, the construction
land has expanded rapidly and the population has grown about
500,000 people per year. Therefore, Guangzhou has become one
of the cities where the conflict between urban development and
the ecological environment is most prominent in the Greater Bay
Area (Li et al.,, 2021).

2.2 Data

The basic data in this study mainly include: 1) the 2020 Globe
Land 30M surface coverage dataset from Globe Land http://www.
globallandcover.com/; 2) the 2020 GDEMV2 30M resolution
digital elevation data from NASA https://search.earthdata.nasa.
gov/search/; 3) Guangdong Province 30M resolution soil
erodibility factor dataset from National Science and
Technology Infrastructure Platform - National Earth System
Science Data Center http://www.geodata.cn; 4) 2020 MODIS
MODI13Q1 NDVI 16-days data from NASA https://modis.gsfc.
nasa.gov/data/; 5) 2020 monthly values of basic elements of
China’s international exchange station for meteorological
radiation and monthly values of China’s ground climate data
from the National Meteorological Science Data Center http://
data.cma.cn/; 6) 2020 national urban road dataset from Gaode
Map https://www.amap.com; 7) 2020 Guangzhou city POI data
from Gaode Map https://www.amap.com; 8) NPP/VIIRS annual
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TABLE 1 | Assessment methods.

Indicator

Carbon Fixation

Water Yield

Soil Conservation

Habitat Quality
Cultural Ecosystem
Service

Landuse Development
Degree

Population Density

Nighttime Lighting

To study the metabolic capacity of the ecosystem, the net primary
productivity is used to characterize the Carbon fixation Yang et al.

Method

(2016). Carnegie Ames Stanford (CASA) model

The Water Balance Method Casagrande et al. (2021)

RUSLE Erosion Model Ye and Shi (2021)

Habitat Quality module of the INVEST model Liu et al. (2021)

Recreation services, accessibility, and historical heritage services Yu
et al. (2018); Marina et al. (2020) demonstrate the level of cultural
resources in the study area, so the study identifies the potential for

sustainable cultural development through this index

Worldpop 100 m population density raster dataset

NPP/VIIRS annual nighttime lighting index

Identify Ecological Security Pattern of Guangzhou

Calculation

NPP(,t) = APAR(,t) x &(i, ); NPP(,1) is the net primary productivity on-grid i in
time period t; APAR(it) is the photosynthetically active radiation index on-
grid i in time period t, and &, t) is the light energy conversion rate on-grid i in
time period t

WY = P-ET-D; WY is the annual water yield; P is annual precipitation; ET
indicates the annual evapotranspiration; D is the surface runoff, which is the
product of surface runoff coefficient and precipitation Wang et al. (2020)
A = Rx Kx LSx Cx P; A'is the erosion amount of soil; PA is the erosion
amount of soil; R is the rainfall erosion factor; Kis the soil erodibility factor; LS
is the slope length slope factor; C is the vegetation cover and management
factor, and P is the soil conservation measure factor. Among them, the
rainfall erosion factor (R) is set as a constant due to the small difference of
precipitation in the study area, and the P and C coefficients will refer to the
research results of related literature

CS = 0.9L+0.1CH; L = 0.2LU+0.5P+0.15RD+0.15 PT; CS is the value of
cultural services; L is the value of recreation and leisure; CH is the value of
spiritual and cultural resources, calculated by estimation of historical and
cultural facilities in the study area. LU is the type of land use coverage; P is
the service of the parks in the study area, which is quantified with reference
to the evaluation of Guangzhou city parks in “Guangzhou City Park
Directory” “Guangzhou City Green Space System Plan (2020-2035)". RD is
road density, and PT is public transport station distribution density, which is
quantified by kernel density estimation to POI data of public transport
stations Yang and Li (2021); Bing et al. (2021)

The ratio of construction land to the total land area in the study unit. This
study quantifies the degree of land use development by the ratio of built-up
land to total land area within a 100 m grid Peng et al. (2017a)

There are significant differences in population density and nighttime lighting
index between different areas. Therefore, the study will take the logarithm of
the two indicators PD and NL Gong et al. (2019)

Comprehensive
indicator assessment

R

Priority area determination using
Order Weight Averaging(OWA)
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FIGURE 2 | The research framework.

nighttime lighting index sourced from National Oceanic and
Atmospheric Administration https://ncc.nesdis.noaa.gov/VIIRS/;
9) 100 m population density raster dataset for 2020 sourced from

worldpop https://www.worldpop.org/; (10) Guangzhou City Park
Directory
7295517.pdf

http://lyylj.gz.gov.cn/attachment/6/6806/6806818/
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3 METHODOLOGY

3.1 Indicator Assessment

As shown in Table 1 and Figure 2, The assessment of the
importance of ecosystem services is the basis for the
construction of ESPs. In terms of the topography and land
cover types of Guangzhou, the study area is facing some
ecological problems of soil erosion, massive destruction of
native vegetation, habitat fragmentation and the decline of
water yield. Therefore, ecosystem services of Soil Conservation
(SC), Habitat Quality (HQ) and Water Yield (WY) were selected
as indicators and Carbon Fixation (CF) was also selected because
it is a quantitative approach to the delineation of ecological
redline for ecological protection in planning. In the
meanwhile, due to the incomplete parks and recreation system
and increasing demands of cultural ecosystem service in the study
area, Cultural Service (CS) was also selected as ecosystem
indicators. On the other hand, the degree of Land-use
Development (LD), Population Density (PD) and Nighttime
Data (NT) were selected to represent the socioeconomic
system (Ding et al., 2019).

3.2 Correlation Analysis

According to the previous study, ecosystem and socioeconomic
indicator trade-offs and synergies were based on linear data
fitting, which can show the direction and intensity of
interactions between each of the two indicators (Li et al,
2020). In this study, we first used Pearson correlation analysis
to form a correlation matrix by using the GGally package in R,
version 4.1.1 The values of eight types of indicators were
randomly extracted from a total of 50,000 locations at the
scale of the study area. The Pearson correlation coefficients
between two indicators were calculated and tested for
significance. When the correlation coefficient between two
indicators is positive, there was synergy between them. When
the correlation coefficient is negative, there were trade-offs
between the indicators (Chen et al, 2021). The magnitude of
its absolute value reflects the degree of trade-offs or synergy
between the indicators. Complex trade-offs may exist among
different indicators of the same factor, while specific trade-offs
may exist between the ecosystem and socioeconomic system.

3.3 Multicriteria Evaluation

Multicriteria evaluation (MCE) can measure and evaluate
regional suitability by weighing multiple relationships
(Valente and Vettorazzi, 2008). The OWA method can
weigh different decision objectives to determine the optimal
decision by performing spatial operations on each evaluation
metric. OWA method presents different decision sets by
considering the trade-off relationships between different
criteria (Chen et al, 2021). OWA method can weigh
different decision objectives to determine the optimal
decision by controlling each evaluation indicator for spatial
operations and balance multiple conflicting indicators in the
decision-making process. By considering the trade-offs
between different criteria, different decision scenarios were

Identify Ecological Security Pattern of Guangzhou

simulated and different decision sets were presented. The
formula is as follows (Zhao et al., 2020):

OWA(x,-j) = iwis,-j, (wi € [O,l],iwi =liand j= 1,2,3,...,n> (1)
i=1 i

where x;; is the standardized comprehensive evaluation index
value; s;; is the sequence value arranged in descending order by x;;
through the size of the attribute value; w; is the order weight
arranged in descending order by x; through the size of the
attribute value; n is the number of indicators.

According to different decision risks, the bit-order weights
generated and the trade-offs obtained based on the bit-order
weights under various decision risks were calculated as follows:

i i—1

wi:QRIM(*)—QR1M<7),i= 1,2,3,...,n 2)
n n
Qrum (1) =%, € (0, ) (3)
2

ny(w; — 1%

trade-off = 1 — LI"), 0 <trade-off <1 (4)
n—

In the formula, Qg is the monotonical rule function; w; is the
number of the bit order; n is the number of indicators; « is the
decision risk coefficient under different decisions.

In this study, seven decision scenarios (a of
0.001,0.1,0.5,1,2,10,1000)were presented, It shows that under
the decision scenario of o < 1, ecology space will be restricted
protected or even reach the scenario of Complete Protection. On
the other hand, changes in decision making from a« = 1 to «a =
1,000 gradually shows the scenario of developing with the risk of
ecological destruction (Li et al., 2022). In the process of OWA
method, eight evaluation indicators were min-max normalized
from 0 to 1 and ranked in descending order by the mean size of
the normalized values to obtain the rank order weights of each
indicator. The decision risk level was ordered into seven types,
and a total of eight decision scenarios were dynamically generated
for different decision levels. By multiplying the rank order
weights of each indicator with the weighted weight values of
the eight assessment indicators and their indicator values,
comprehensive ecosystem and socioeconomic evaluation maps
can be obtained under different scenarios. The top 20% of each
scenario were identified as ecological priority areas based on the
comprehensive evaluation map (Chen et al., 2021). By comparing
the degree of trade-off in different scenarios, the scenario with the
highest degree of trade-off was selected as the optimal scenario. In
this scenario, ecological conservation and socioeconomic
development will be in dynamic balance, and the city will be
in a state of effective conservation while developing (Li et al,
2022).

3.4 Building the Ecological Security Pattern
3.4.1 Ecological Source

In this study, ecological sources were identified by combining
ecosystem and socioeconomic system. Ecological priority areas of
a certain size are essential for the material and energy connection
of the ecological network (Cui et al., 2020). Referring to previous
studies and the actual situation of Guangzhou (Long et al., 2018),
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our study integrated and screened all >1km? areas from
ecological priority areas as ecological sources (Mao et al., 2020).

3.4.2 Ecological Corridor

Urban ecological corridors connect ecological sources in the urban
system network (Mao et al., 2020). The resistance surface is the key
to influencing material and energy flow between ecological sources.
Therefore, the resistance surface value was determined based on the
comprehensive  evaluation value of the ecosystem and
socioeconomic system. In particular, we normalized the
integrated assessment value raster to calculate the resistance of
the raster with the following equation (Peng et al., 2018).

R; = 1000 x (1 — A (5)

where R; is the surface value of resistance in grid i; A; is the
comprehensive evaluation value in grid i.

In the next step, the least-cost path was calculated by the
Linkage Mapper tool and set the maximum cost-weight distance
as 20,000 (Xu et al., 2021a). Linkage Mapper filters the optimal
corridors from the source to the neighboring source to map the
optimal paths by simulating the minimum cost distance
accumulated by ecosystem services (Song and Qin, 2016). This
study identifies each ecological corridor’s average resistance level
by the ratio of the cost-weighted distance of each least-cost path to
the Euclidean distance between sources. The corridor ratios were
separated by the natural breakpoint method into extremely high
resistance, high resistance, medium resistance, low resistance, and
extremely low resistance (Su et al,, 2021).

3.4.3 Barrier Point Analysis

Barrier points are high-resistance areas that prevent ecological
corridors from connecting to the ecological source (Pan and
Wang, 2021). In this study, the Barriers Mapper function in the
Linkage Mapper tool was used to identify ecological barriers by
setting 250, 500, 750 and 1000 m as the search radius. Five
intervals were set based on the identification results by the
natural breakpoint method, and the highest-value interval was
selected as the barrier point (Wang et al., 2022).

3.4.4 Pinch Point Analysis

Ecological pinch point is a high-flow, key node in the ecological
process, that should be protected as a priority. Pinch points play an
important role in ecological connectivity, being in areas of high
resistance and making a large contribution to connecting ecological
corridors (Peng et al., 2018). Pinch points can be identified using the
Pinch point Mapper function in the Linkage Mapper tool. In this
study, the analysis results were divided by the natural breakpoint
method. The category with the highest current values (which means
the least average resistance distance) is extracted as the ecological
pinch point (Zhu et al., 2020).

4 RESULTS

4.1 Indicator Assessment
The normalization result of each indicator value was shown in
Figure 3. The high values of HQ and SC were located in the
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northern area and river around the southern area, and therefore
would be rich in biodiversity and high soil retention. Besides, the
high value of CF was concentrated in the northern area due to the
high vegetation cover and woodland there. What’s more, there
was a relatively low WY capacity due to the effects of high
urbanization in the central area. By contrast WY was generally
at high value in the northern and southern areas because of
abundant precipitation and the impact of rivers in the study area.
However, compared with other ecosystem indicators, the high
value areas of the CS are situated sporadically in the large forest
parks and landscape areas from northern and central area in hilly.
In addition, the indicators from the socioeconomic system
including LD, PD and NL were highly similar. Their high
value was concentrated in the highly urbanized areas in the
central area and the southern area under rapid development
(Ding et al., 2019).

4.2 Correlation Analysis
The study calculated the correlation coefficients among the
comprehensive  evaluation  indicators  (Figure 4).The
correlation coefficients between ecosystem indicators generally
showed a positive correlation. Most indicators’ correlation indices
were concentrated in the range of 0.1-0.5. The correlation
between CF-WY (0.544) and CF-HQ (0.705) showed a
significantly positive correlation, indicating synergies between
these two relationships, while CS weakly correlated with WY and
SC at 0.012 and 0.037, respectively. On the other hand, the data
revealed significant positive correlations between the
socioeconomic indicators.

Overall, all indicators show negative correlation between
ecosystem and socioeconomic system, which indicates that
there was an apparent trade-off relationship between them.

4.3 OWA Method for Different Scenarios

As shown from Table 2, with the increase in the decision risk
coefficient, the rank order weight of high-level comprehensive
evaluation indexes decreases continuously. In contrast, the rank
order weight of low-level comprehensive evaluation indicators
increases continuously.

Under different the top 20% of the
comprehensive evaluation value was selected as the
ecological priority area. Consequently, the map of ecological
priority areas under different scenarios was shown (Figure 5).
From the seven different types of scenarios (Table 3), it can be
seen that the decision result was optimistic at « = 0.001,0.1,0.5.
The high-value areas were mainly concentrated in the north
and south of the study area, and most of the land types in the
ecological priority protection areas were woodlands.
Obviously, this type of scenario makes it difficult to develop
construction land and maybe not easy to meet the growing
population needs of megacities. Meanwhile, the criterion
weights of all indicators in this study were 0.125 when «a =
1. The high-value areas were evenly distributed throughout the
study area, and the ecological priority areas were mainly forest
land at that time. Moreover, farmland, water area and
construction area occupy part of the ecological priority
area. The comprehensive evaluation weighting value was the

scenarios,
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FIGURE 3 | Spatial pattern of ecosystem and socioeconomic system indicators in Guangzhou.

largest when a = 1. However, when « = 2,10,1000, the decision =~ mainly dominated by construction land. The indicator of the
result was pessimistic. The high-value area was concentratedin ~ socioeconomic system currently dominates the comprehensive
the central area, and the ecological priority protection area was  evaluation indicator, and the area was at a high-risk level. As
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TABLE 2 | Bit order weight operators under different decision risk scenarios.
Scenario 1 2 3 4 5 6 7
o 0.0001 0.1 0.5 1 2 10 1,000
Wi 0.9998 0.8123 0.3536 0.1250 0.0156 0.0000 0.0000
Wo 0.0001 0.0583 0.1464 0.1250 0.0469 0.0000 0.0000
w3 0.0000 0.0360 0.1124 0.1250 0.0781 0.0001 0.0000
Wy 0.0000 0.0265 0.0947 0.1250 0.1094 0.0009 0.0000
Ws 0.0000 0.0211 0.0835 0.1250 0.1406 0.0081 0.0000
We 0.0000 0.0176 0.0755 0.1250 01719 0.0472 0.0000
wo 0.0000 0.0151 0.0694 0.1250 0.2031 0.2068 0.0000
wg 0.0000 0.0133 0.0646 0.1250 0.2344 0.7369 1.0000
trade-off 0.0002 0.2134 0.7280 1.0000 0.7835 0.2723 0.0000

the ecological risk gradually increases, the ecological priority
area changes from green space, woodland and grassland, to
farmland and construction areas.

4.4 The Ecological Security Pattern of

Guangzhou

4.4.1 Ecological Source

By simulating the decision risk of each scenario in the OWA
method, the result (¢ = 1), with the highest trade-off was
selected as the final scenario. Therefore, the comprehensive
evaluation was shown in Figure 6A and resistance surface was
shown in Figure 6B based on the final scenario. In this study,
spots of more than 1 km* were selected as ecological sources of
the study area.

According to Figure 7, the number of ecological sources
was 158 and the total area of ecological sources was
1,085.34km>, accounting for 15.03% of the total area of
Guangzhou.

From the spatial layout, most ecological sources were
distributed in the northern area, accounting for 84.91% of the
total area of ecological sources.

The ecological sources in the central area account for
8.88% of the total area of ecological sources. This revealed
the fragmentation of green space caused by the expansion of
urban construction areas in the central area of Guangzhou, as
there were relatively few ecological sources with eligible area
and high comprehensive evaluation values.

Moreover, the area of ecological sources in the southern
part accounts for 6.21% of the total area of ecological sources.
The ecosystem values were much lower than those of the
northern part of the study area, where woodland was the
main land cover type. The socioeconomic system indicators
were lower than those of the central area due to the lack of
urbanization activities and population density, which results in
a low overall evaluation value. Ecological sources were
spatially scattered, and the area of individual sources
was small.
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FIGURE 5 | Ecological priority area of different scenarios in Guangzhou.

Most of the ecological sources were woodland, accounting
for 85.58% of the total area of ecological sources, with a small
proportion of water land and construction land. Due to the

trade-offs between ecosystem and socioeconomic system, the
sources in the northern and southern area were mostly
dominated by ecosystem indicators. Moreover, the
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TABLE 3 | Changes in the proportion of land use in ecological priority areas under different scenarios.

« Farmland (%) Woodland (%)
0.0001 21.73 52.90
0.1 0.00 93.36
0.5 0.05 93.05
1 1.23 85.58
2 2.00 5.76
10 0.33 0.22
1,000 0.77 0.30

Grassland (%)

Waterland (%) Constructionland (%)

3.29 17.24 4.85
0.15 6.49 0.00
0.70 6.20 0.00
1.16 6.29 5.73
0.48 1.52 90.25
0.05 0.10 99.30
0.08 0.13 98.71

FIGURE 6 | (A) is comprehensive evaluation, (B) is resistance surface.

ecological sources in the central urban area were generally
dominated by economic indicators.

4.4.2 Ecological Corridor

In total, 406 major ecological corridors with a total length of
1520 km and an average length of 3.3 km were identified in
Guangzhou. As shown in Figure 7, the ecological corridor in
Guangzhou was uniformly distributed, changing from dense in
the northern area to sparse in the southern area.

The northern area in Guangzhou has the largest number of
ecological corridors, with 334 in total. There was a short average
corridor length due to the dense and continuous distribution of
ecological sources. Some of the smaller ecological sources connect
the northern area through dense, low-cost-distance corridors,
occupying most of the area. Therefore, most of the northern
corridor could maintain the connectedness of the whole area.
There was the lowest number of ecological corridors in the central

area, at 30. The spatial layout of corridors in this area was in a
circular radial shape. The socioeconomic system index-driven
ecological sources link the northern and southern parts,
increasing ecological space connectedness in the central zone.
However, the average cost distance of corridors in the region was
much higher. There were 41 ecological corridors in the southern
area. Due to the remote distance between ecological sources, the
average distance of corridors was relatively long, and they have a
higher cost distance. The southern area was in its initial
development stage, and the socioeconomic conditions were far
lower than the central area.

Overall, 30 extremely high-, 65 high-, 161 medium-, 147 low-
and 2 extremely low-resistance corridors were identified.
Extremely high- and high-resistance corridors were normally
distributed in the north area, at extremely close distances
among the ecological sources. However, the intervening
patches of extremely low ecological value significantly reduce
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FIGURE 7 | Ecological source and corridor.
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the connectedness of the corridor between two sources.
Furthermore, medium-resistance corridors were generally
located in two ecological sources with longer cost-weighted
distances. The complex and various land-use types have an
impact on the overall resistance of the corridor.

4.4.3 Barrier Point Analysis

Comparing the results of the different radii, the four different
radii have a similar range of barriers. The search results from a
smaller radius can accurately search for a higher barrier score in
the fine area in the corridor. Therefore, a 250 m radius was
selected to identify ecological barrier point and the total area was
433.26 km” (Figure 8A).

Most of the ecological barrier points were located in the
farmland and construction land. When it comes to the spatial
layout, there were a large number of scattered barrier points in the
northern part of the study area, and it would be very difficult to

completely remove them in the future. In the central and
southern areas, there were large-scale barrier points. Corridor
connectivity can be significantly improved by removing barrier
points in this area. Ecological restoration measures should be
recommended for optimization.

4.4.4 Pinch Point Analysis

The results (Figure 8B) show that the ecological pinch points
were mainly located in the northern area. Pinch points were
mostly situated in woodland, with a small amount in farmland
and construction land. On the other hand, in the southern area,
the proportion of pinch points in farmland and construction land
was significantly higher.

The narrow pinch point area acts as a catalyst for corridor
connectively when the relatively high-resistance patches spread
around the area. However, the analysis of ecological corridors
with different resistance types shows that although the study
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identifies high-value pinch points, they were mostly in low-
resistance corridors. Medium- and high-resistance corridors
were impeded by the disorderly encroachment of construction
land in the northern and southern areas, resulting in the
fragmentation of green space and farmland patches. The
fragmented areas were highly mixed with various land-use
types, and therefore contribute less to connectivity.

5 DISCUSSION

5.1 Significance for Integration of

Ecosystem and Socioeconomic System

Previous studies directly select forest patches or habitat areas of
wild animals as source areas, but the subjective interference in this
selection method was large. Although good accessibility was
considered in this selection method, the results only identified
ecological patches as the sources of Guangzhou (Yang et al,
2018). Therefore, the high comprehensive value areas in other
land-use types tend to be ignored. Furthermore, by changing the
selection criteria of sources, the importance of core patches could
also be quantitatively evaluated based on the structure of
ecosystem and ecological sensitivity (Peng et al., 2017a; Su
et al., 2022). The ecosystem services-based ESPs were regarded
as an effective method for strengthening the integrity of
ecosystems and socioeconomic systems (Fan et al., 2021). It is
reasonable to rank patches based on their multifunction of

providing key ecosystem services, however, the interaction
between the ecosystem and human socioeconomic system
cannot be neglected due to the role of ESPs in figuring out the
contradiction between ecological land protection and urban
development.

We proposed a comprehensive selection method containing
five crucial ecosystem services in Guangzhou; aside from
regulation and provision ecosystem services, cultural services
were also included to quantify the importance of ecological
areas. To understand the relationship between ecosystem and
socioeconomic system, several scenarios based on the OWA
method were compared to identify the ecological sources. Our
approach identified the demand for human well-being and the
ability to provide effective services (Peng et al., 2017a). Green
space and parks in the central part of Guangzhou were also
extracted, although the patches were fragmented due to the
expansion of construction land. Specifically, a small proportion
of construction land also extracted due to the trade-offs between
ecosystem and socioeconomic system, which can be identified as
the strategic points in the ESPs. Our selection method, therefore,
is more conducive to the identification of ecological sources.

In the context of global climate change and anthropogenic
disturbances, socioeconomic development will lead to more
prominent eco-environmental problems (Liu, 2016). Aiming to
solve problems of ecological security,the Guangzhou government
has carried out a series of projects and plans such as ecological
protection redline, however, these “bottom-line” policies mainly
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concerned ecological space while neglected the human-land
contradiction in metropolitan area (Xu et al, 2021b), or
neglect the potential crucial patches outside the ecological
protection redline (Ye et al, 2018). To address this gap, this
study considered both the ecosystem and socioeconomic system
to construct the ESPs. It is worth noting that the most ecological
sources were distributed in the hilly area with woodland, which
tend to be threatened by unforeseeable human activities. It should
be of great concern to integrate ecosystem and socioeconomic
system to deal with future climate changes and sustainable
development.

5.2 Limitations and Challenges

Previous studies mostly used the artificial discrimination method
to eliminate results directly, but it was not easy to determine the
ecological sources (Fu et al., 2020). In this study, the ecological
sources were selected under the specified threshold, and as a
result, ecological sources in the southern and central areas of
Guangzhou were much less abundant than in the northern area.
Several important “green core” areas such as Dafu Mountain,
Seagull Island, and Huang Shan lu forest park were identified.
Some important patches such as Nansha wetland in the southern
area were eliminated due to their small area, though they may
have potential value in other ecosystem services. Future study is
still needed to determine the rationality of the threshold, and the
assessment indexes need to be enhanced to make sure that the
ecological sources are in their best state.

Referring to related studies, the selection of ecosystem
indicators is mainly based on support, cultural and regulating
services. However, the farmland is usually contributed to the
provision of ecosystem services and may be underestimated when
the study does not select food production as an indicator (Xu
et al, 2014). As a result, high-quality farmland in the southern
area may not be highly valued, leading to a reduction in ecological
sources in the south. Therefore, the range of evaluation indicators
could be expanded in future studies, which could add into the
integration of ecosystem and socioeconomic system relationships
in comparison with the results of current studies.

The connectivity of heterogeneous landscapes can be
effectively identified by the least-cost path. However, the
identification of corridor importance merits further discussion
(Song and Qin, 2016). Circuit theory can provide multiple
potential corridors and contribute to identifying corridors of
priority importance (Liu et al., 2021; Pan and Wang, 2021),
but it is not possible to intuitively investigate corridor
movement pathways and connectivity because of random-walk
(LaPoint et al., 2013). Therefore, we use the intuitive least-cost
path to describe the priority of each corridor and ratio of cost-
weighted distance to length to determine the relative resistance.
This could be more flexible in researching corridor connectivity.
However, compared with circuit theory it is still insufficient in
identifying the importance of multiple pathways (McRae et al,
2008).

Different ecological corridor widths have an impact on the
identification of ecological barrier points and pinch points.
Consequently, they can provide the scientific basis for the
definition of ecological restoration and protection areas in

Identify Ecological Security Pattern of Guangzhou

ecological corridors (Hou et al, 2021). An agreement
regarding the widths of different ecological corridors has not
yet been reached (Peng et al., 2017c). Therefore, determining the
widths of corridors is an essential point in the implementation of
ESPs (Zhai and Huang, 2022). However, this has not been
discussed due to the constraints of the study, but should be
considered in future research.

5.3 Optimization and Restoration

Different strategies should be proposed depending on the land-
use types of different areas. For the northern areas dominated by
the ecosystems, it is necessary to consider this area as the role of
the ecological supporting area and focus on ecological
conservation strategy. Ecological protection areas such as
forest parks should be strictly protected, while appropriate
recreational services should be provided as rationally direct
ecological resources. For the central area, which is dominated
by socioeconomic systems, small green spaces should be
constructed and distributed throughout the area. Moreover,
green spaces should be designed to deliver recreational and
cultural characteristics, balancing ecosystem values with
socioeconomic system values. In addition, in the southern
area, which is a potential area for urban construction in
Guangzhou according to Territorial Spatial Planning, the
expansion of construction land should be rationally restricted
to prevent the shrinkage of ecological space. Strategies such as
exposure to green space and ecological greenways (Zhang et al.,
2021), which can deliver different kinds of ecosystem services and
enhance the multifunctionality of corridors, are recommended to
integrate complementary ecosystem connectivity (Carlier and
Moran, 2019).

Corridors play an important role in the maintenance of
ecological processes (Peng et al, 2018). Furthermore, in order
to implement ecological restoration in ecological corridors, the
areas of barriers points and pinch points should be given more
priority (Peng et al., 2018). Medium-to-high-resistance ecological
corridors should be set as priority areas for future ecological
restoration. Ecological restoration should start by prioritizing
the removal of ecological barriers. In urban spaces, corridors
should be connected by road green belts and greenways. It is
possible to improve the corridor barrier points by enriching the
green space with various types, vegetation species and vertical
structures. Furthermore, the barrier point can be also improved by
combining green and blue spaces to form an ecological network
and green infrastructure (Yu et al,, 2020), which simultaneously
contribute to human well-being and sustainable climate adaption
planning (Ignatieva et al., 2011; Monteiro et al., 2020; Yang et al.,
2020; Yu et al, 2021). When it comes to the connectedness of
farmland, high-standard farmland should be interpenetrated by
building connecting channels within the space which could
interfere with the corridor’s connectivity.

Ecological pinch points should be a conservation priority,
including strategies to maintain and recover the areas (Castilho
et al,, 2015). It is necessary to integrate the fragmented patches
through land consolidation, which can integrate different spaces
with various land-use types in a unified way and carry out spatial
reconfiguration. Low-resistance ecological corridors should
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be flexibly maintained. These scattered barrier points can be
set as secondary areas for ecological restoration and can be
gradually improved by nature-based solutions (Bush and
Doyon, 2019). In the future, the area needs to avoid being
divided into fragmented spaces. Throughout the stages of
development, these areas should be centrally classified by a
unified authority, which will also facilitate maintenance at a
later stage.

6 CONCLUSION

Although previous studies have identified ecological security
patterns based on multiple ecosystem services, traditional
methods only identified what were considered “ecological
patches” as the suppliers, and lacked integration between
ecosystems and the socioeconomic systems. This study selected
comprehensive evaluation indicators including ecosystems and
socioeconomic systems to identify ecological sources, introducing
the OWA method from the perspective of trade-off. The highest
trade-off scenario was selected and, finally, the ecological sources
and resistance surfaces were identified.

There were 158 ecological sources with an area of 1,085.34 km?
and 406 ecological corridors with a total length of 1506 km in
Guangzhou. The pattern of ecological sources and corridors from
various areas were influenced by the dominant ecosystem or
socioeconomic system, which indicates that the trade-off between
ecosystem and socioeconomic system has a significant impact on
the construction of ESPs. Moreover, ecological barrier points and
pinch points with total areas of 43326 and 458.51 km?,
respectively, were recognized to implement ecological
restoration. This study also proposed primary ecological
restoration strategies for medium- and high-resistance
corridors. A large number of scattered barrier points were
located in the northern area and large-scale barrier points
were generally situated in the central and southern areas.
Therefore, restoration strategies including enriching vegetation
types and vertical structures and building green belts and
greenways should be proposed to restore large-scale barriers
points. When it comes to pinch points, land consolidation
strategies such as construction land reclamation and farmland
preservation should be implemented in medium- and high-
resistance corridors, while buffer zones should be constructed
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Abstract: The Guangdong-Hong Kong-Macao Greater Bay Area (GBA) is rich in natural and marine
resources, and it is scientifically valuable to study the evolution patterns and driving mechanisms of
the ecosystem service values (ESVs) of the GBA for the governance and conservation of its ecosystems.
Based on the land use changes in the GBA from 2000 to 2020, the ESVs in the GBA were measured at
the grid scale, and the Markov model was used to predict the ESVs in 2030; the calculated results were
used to analyze the spatial and temporal variation characteristics of the ESVs during the 30-year period,
while the driving role of the topographic factors on the ESVs is revealed through the construction of
the geographically weighted regression model (GWR). The results show the following: (1) During the
20-year period, the area of arable land and water in the GBA fluctuated greatly, with the area decreasing
year by year and shifting mainly into construction land; in terms of shifting the center of gravity of the
land, and the center of gravity of the grassland and unused land shifted the greatest distance due to
the expansion of construction land, with the center of gravity shifting westward as a whole. (2) The
ecosystem services (ESs) in the GBA show obvious aggregation in the spatial distribution, with the total
ESVs decreasing year by year. Among them, the areas with an increasing total value are mainly located
in the cities of Zhaoging and Huizhou in the GBA, accounting for 27%, and the areas with a decreasing
total value year by year are mainly located in the dense urban areas in the central part of the GBA,
accounting for 35%, and the area is increasing, indicating that the habitat quality is deteriorating, and the
model prediction shows that the value of ecosystem services in 2030 have a decreasing trend under the
development of the natural state. (3) Topographic factors have a significant influence on the ESVs, and
in terms of spatial distribution, the areas with the strongest effect are distributed in the northwestern
and northeastern parts of the GBA, and the main uses for the land are wood land, arable land, water
and the area of the water—land intersection near the sea.

Keywords: The Guangdong-Hong Kong—Macao Greater Bay Area; ecosystem service value; temporal
and spatial evolution; topographic factors; geographically weighted regression model

1. Introduction

As a strategic national development region, the Guangdong-Hong Kong-Macao
Greater Bay Area (GBA) has a key geographical location and a wealth of natural resources.
The sustainable development of the GBA plays a crucial role in the enhancement of regional
ESVs as well as the construction and optimization of ecological patterns [1]. For the
coastal areas with complex and fragile environments, impaired habitat quality will lead
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to a decline in the ESVs and negatively affect environmental security and socioeconomic
development [2]. Therefore, strengthening the accounting of the ESVs and analyzing the
influencing factors that affect the evolution of the ESVs will help with the governance and
protection of ecosystems in the GBA [3].

The concept of ecosystems was first proposed by Tasley in the 1930s, marking the grad-
ual refinement of the study of ecosystems; on this basis, SCEP first proposed the concept of
ESs in the 1970s [4], and listed a number of ESs provided by the natural environment. Sub-
sequently, Costanza deepened his research on ESVs and classified them into 17 categories,
including gas regulation, climate regulation, water regulation, soil formation, nutrient
cycling and recreation, based on four dimensions including production, basic functions,
environmental benefits and recreation, which became the basis for the classification of
subsequent scholars and greatly enriched the research results in this field. At the beginning
of the 21st century, the UN Millennium Ecosystem Assessment redefined the concept of ESs
and classified them as provisioning, regulating, cultural and supporting services in relation
to human benefits, leading to a boom in research on the value of ecosystem services. In
China, the study of ESs began in the 1990s when Liu Xiaodi introduced the concept of ESs
to the country based on the research results of Daily [5]; subsequently, Ouyang Zhiyun
conducted in-depth research on this concept, continuously enriching the theoretical find-
ings on ecosystem services [6]. In the same era, Xie Gaoqi defined ES functions as products
and services obtained directly or indirectly through ecosystem functions and classified
them into three major categories, namely, production functions, ecological functions and
recreational and leisure functions [7]; since then, domestic research on ES functions has
been gradually enriched and diversified [8,9].

Early research on ESs at home and abroad focused on the valuation of ecosystem
services. There are two main approaches to accounting; the first is the physical quality
assessment method, which, in turn, includes the functional volume assessment method and
the energy value assessment method. The material quality refers to the value of the final
products or services obtained by humans directly or indirectly from the ecosystem [10]. Its
principle is to obtain the total value of an ecosystem service from its functional volume
and the unit price of that volume [11,12]; the functional volume of the relevant indicator
is usually calculated using models such as InVEST and ARIES, which are commonly
used. The advantages of the physical quality assessment method are that the results can
objectively reflect the structural functions and ecological processes of the ecosystem, but the
limitations are that there are uncertainties in the data acquisition and the calculation process
is cumbersome, and there are differences in the units of measurement for the individual
functional indicators, which makes it difficult to measure the value of ecosystem services
with multiple functions. The second approach is the value-volume approach, which
includes the monetary and value-equivalent approaches. The principle of this approach
is to quantify ecosystem services using economic algorithms, including the direct market
approach, the substitution market approach and the simulated market approach [13]. The
analysis of the different ecosystem service valuation methods shows that each method has
its own advantages and limitations, so the appropriate method can be weighed according
to the purpose and focus of the study [1]. Based on changes in the social environment and
the different methods of accounting for value, scholars measured the ESVs at different
environmental scales and gradually built up a systematic research method for quantifying
ESs [14-17], of which a highly representative research result was the principle and method
of valuing ESs proposed by Costanza et al. in 1997 [18]; Costanza first accounted the ESVs
at the global scale using this method. Subsequently, Chinese scholars such as Xie Gaodi
combined the actual situation of ESs in China and, after a series of revisions, developed a
table of value equivalent factors applicable to terrestrial ecosystems in China [19]. Later
research directions integrate spatial techniques in value assessment to explore the coupling
between the land use types and the ESVs. The number and rate of land type changes can
directly reflect the intensity of the land type conversion [20-22], thus exploring the temporal
and spatial evolution and variation of ESVs in the region from multiple dimensions.
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At present, research on the factors influencing the evolution of ESVs has made great
progress, mainly focusing on the relevance of physical geographic factors to ESVs [23-26],
while regional topography, as one of the determinants of landscape patterns, has an important
influence on the evolution of ESVs [27,28]. There are two main methods for coupling ESVs
with topographic factors. The first is the direct coupling method, which is mainly calculated
through the topographic position index; this index is a composite analysis of the elevation and
slope, and is often used to quantify the spatial effects of land use on topographic gradients.
The second is the model coupling method, which is mainly carried out through a spatial
autocorrelation analysis, such as the Moran index and the geographically weighted models,
among which the GWR is more advantageous in the analysis of coupling relationships,
because it can express the data characteristics of spatial data at different locations and can
reflect the weight size of local areas in the data [29,30]. Therefore, it is important to use spatial
autocorrelation analysis to study the driving effect of ESVs in order to optimize the regional
ESVs and build an ecological security pattern [31,32].

From the current research results, it can be seen that studies on ESVs in the GBA
mostly focus on the relationship between urbanization and ESVs, but the depth of the
studies are still insufficient [33-35], mainly in two aspects. Firstly, current studies on the
spatial and temporal variation of regional ESVs seldom involve future-year scenarios, and
at the same time, when analyzing the spatial and temporal variation of ESVs in regions with
rapid urbanization, the coupling study of ESVs and land use changes is seldom involved;
secondly, studies of the driving effects of ESVs within the GBA are less likely to involve
topographic factors. Therefore, based on the remote sensing image interpretation maps of
the GBA from 2000 to 2020, this study measures and predicts ESVs in the GBA in 2030 at
the grid scale, analyzes its spatial and temporal variation characteristics, and introduces a
model called GWR to reveal the driving effect of topographic factors on ESVs. The aim is
to explore the following issues: (1) the spatial and temporal evolutionary characteristics of
ESVs in the GBA; (2) the impact of land use on changes in the ESVs; and (3) the relationship
between topographic factors and ESVs. These issues are explored to deepen the content of
the study and to provide theoretical guidance for the GBA ecosystem to achieve regional
ecological governance and integrated urban development.

2. Materials and Methods
2.1. Study Area Overview

The GBA belongs to one of the four major bay areas in the world, with a total surface
area of about 56,000 square kilometers. In terms of administrative area, it mainly consists of
the nine cities of Guangzhou, Shenzhen, Zhuhai, Foshan, Huizhou, Dongguan, Zhongshan,
Jiangmen and Zhaoqing in the Guangdong Province and the special administrative regions
of Hong Kong and Macau (Figure 1). The study area has a mild and humid climate, with a
dense network of rivers and water, and is distributed in the mountainous forests of Mafeng
Mountain-Baiyun Mountain, Gudou Mountain—-Wuguishan Mountain—Phoenix Mountain,
Daling Mountain-Yangtai Mountain-Tanglang Mountain, etc., which form an inter-urban
ecological transition zone. The study area also has a wide distribution of forests and
agricultural land, with arable land scattered throughout the bay area; wetland resources
are abundant, with water entering the rivers located in the four cities of Foshan, Zhuhai,
Shenzhen and Zhongshan [36,37].
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Figure 1. Map of the Guangdong-Hong Kong-Macao Greater Bay Area, China.

2.2. Data Sources and Initial Data Processing

The remote sensing image source data selected for this study were obtained from the
Resource and Environment Science and Data Centre of the Chinese Academy of Sciences
(http:/ /www.resdc.cn/, accessed on 1 July 2021), with three periods including 2000, 2010
and 2020, and the spatial resolution of the data is 30 m. The topographic data were obtained
from the geospatial data cloud database (http://www.gscloud.cn/, accessed on 1 July
2021), with the type ASTER GDEM. The relevant statistical data were mainly obtained
from the Guangdong Statistical Yearbook, the Hong Kong Statistical Yearbook and the
Macao Statistical Yearbook during the study period. The collected remote sensing data
were corrected and classified using ArcGIS software, and according to the previous research
results, the land types were classified into six categories, such as construction land, arable
land, grassland, woodland, water and unused land [38]; the relevant yearbook data were
collated, summarized and analyzed, and processed using SPSS software.

2.3. Research Methods
The research idea and process are shown in Figure 2.
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Figure 2. Article flow chart.
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2.3.1. Analysis of Land Use Change

The land use transfer matrix can concretely reflect the characteristics of the land
use structure. It reflects the transition relationship between a certain land type within a
certain time interval, and calculates the transition process of land state from moment ¢ to
moment ¢ + 1 using Equation (1) [39,40]; the direction and distance of the land center of
gravity shift can reflect the natural economic conditions as well as the quality of land in
the region [41,42], and the coordinate change of the land use type center of gravity can be
calculated using Equation (2) as follows:

S11 S12 -+ Sin
Sy1 S» -+ 5o

Sab=| . : : : @
Snl SnZ e Snn

In the equation, S, represents the land use status at the beginning and end of the
study, and n represents the number of land use types.

n n
L (Cai X X;) L (Cai X Y7)
Xa = = n Ya = = n (2)
Z Cai Z Caz
i=1 i=1

In the equation, X, and Y, represent the latitude and longitude coordinates of the
center of gravity of a land type in year a, C,; represents the area of the i patch in a land type
in year a, and X; and Y; represent the latitude and longitude coordinates of the center of
gravity of the i patch in a land type.

2.3.2. Ecosystem Service Value at the Grid Scale

The grid scale can quantify the spatial heterogeneity of the land use types in the study
area and express their information adequately, which is an effective evaluation unit for
quantifying the spatial and temporal evolution of the land use [43]. In this study, 1 km x 1 km,
3km x 3km, 5km x 5km, 10 km x 10 km, 15 km x 15 km and 20 km x 20 km grids were
constructed as pre-selected evaluation units based on previous research results. Considering
the scale and shape characteristics of the study area, in order to make the grid cells not only
have certain regional characteristics, but also contain sufficient research information, and at
the same time, be able to reflect the spatial variation of ESVs in the study area more freshly,
we referred to a large amount of the literature relevant to our study and compared the spatial
variation effect of different grid calculation results, and finally chose 3 km x 3 km as the base
measurement cell (Figure 3). The calculation of ESVs referred to the equivalence factor table
modified by Xie Gaodi according to the actual situation in China; in addition, considering
the differences in grain prices in different regions, the average grain price of farmland in
the Guangdong Province was chosen as the average grain price in this study, while the ESV
coefficients for construction land referred to the coefficients proposed in the table for the value
of each ecosystem service per unit area of the different types of terrestrial ecosystems in China
to make corrections [44,45]. In terms of the value per unit area, ESVs at the grid scale were
corrected using the coefficient proposed by Xie Gaodi (1.40 for Guangdong Province) and
using the vegetation cover [46], resulting in ESVs per unit area in the GBA (Table 1), with the

following revised equation:
IV — _NDVI-NDVIyy,
NDVImax—NDV i

Fa:fai/f (3)
E=E,xXF,

In the equation, FV is the vegetation index, NDVI is the standard value of vegetation
cover, f; denotes the sum of the FV values of the ath grid cell, f is the mean value of FV,
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E; and E refer to ESVs before and after the revision and F, denotes the vegetation cover
revision factor of the ath grid cell.
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Figure 3. Schematic diagram of grid scale in the research area.

Table 1. Ecosystem service values (1 x 108 CNY) per unit area in the Guangdong-Hong Kong-Macao

Greater Bay Area.
Ecosystem Services Arable Land Woodland  Grassland Water Unused Land  Construction Land
Food production 1833.63 605.10 788.46 971.82 36.67 -
Raw material production 715.12 5464.22 660.11 641.77 73.35 -
Atmospheric regulation 1320.21 7921.28 2750.44 935.15 110.02 -
Climate regulation 1778.62 7462.87 2860.46 3777.28 238.37 -
Hydrological regulation 1411.90 7499.55 2805.45 34,417.24 128.35 —6678.00
Waste disposal 2548.75 3153.84 2420.39 27,229.41 476.74 —2174.10
Soil maintenance 2695.44 7371.19 4107.33 751.79 311.72 3480.00
Biodiversity maintenance 1870.30 8269.67 3428.89 6289.35 733.45 -
Recreation 311.72 3813.95 1595.26 8141.32 440.07 -
Total 14,485.68 51,561.68 21,416.80  83,155.12 2548.75 —5372.10

2.3.3. Markov Model

Markov chain represents the sequential state of the development process of things,
which is discrete in time and state, and the development process of things is only linked to
adjacent things. Markov model can be used on this basis to predict the future state of things
in the same time interval according to the development process and state of things [47-49].
In this study, the Markov model is used to predict and analyze the change in land use types
in the GBA in 2030 and estimate the ESVs in the study area based on the prediction results.
The relevant calculation equation is as follows:

S(a+1) = Py x S(a) )

In the equation, 5(a), S(a + 1) represent the states of the ground class at moments a,
a +1; P;; represents the state transfer matrix.
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2.3.4. Geographically Weighted Regression Model

Geographically weighted regression model (GWR) is a local regression model that
assists the original spatial data in determining the coordinate location parameters [50],
which is based on the principle of independent linear regression calculations at all point
locations, thereby allowing for the expression of data characteristics of spatial data at
different locations, perfectly compensating for the shortcomings of the global regression
model, while reflecting the magnitude of the weights of local areas in the data [51,52].
In this study, the relationship between topography and slope data and ESVs is analyzed
comprehensively by constructing a GWR model, in which topography and slope data are
used as independent variables, and the ESVs are used as dependent variables, from which
the corresponding explanatory variable coefficients (predicted) and local R? data can be
calculated. The Y value represents the predicted estimate of the dependent variable, and
the closer the Y value is to the ESVs, the better the fit between the two; the local R means
the fit of the local regression model to the Y value, with larger values indicating a higher
model accuracy [53]. The relevant calculation equation is as follows:

k
Y; = ﬁO(,ua/ Va) + Z ,Bk(]/la/ Va)Xak + €a ®)

a=1

In the equation, (u,, v,) represents the spatial coordinate point a; Ya and K are the
dependent variable Y and the set of sub variables X of the measured values of the spatial
position; k is the number of independent variables; By (1, v,) is the spatial position of the
constant term (u,, v); B (Ua, U,) is the value of the continuous function By (14, v,) at point a
and ¢, represents the random error term.

3. Results
3.1. Analysis of Spatial and Temporal Land Use Change Characteristics
3.1.1. Land Use Transfer Matrix

From the land use transfer matrix of the study area (Table 2), the urban boundaries
within the GBA expanded continuously from 2000 to 2010, encroaching on the surrounding
arable land, woodland and water. The areas of arable land, water and woodland trans-
ferred out of the GBA during the 10-year period were 2636 km?, 1098 km? and 992 km?,
respectively, while the largest amount of construction land was transferred in, accounting
for 43% of the original area, which is mainly due to the fact that the urban master plan
expanded the use of reserve land resources such as mudflats and coastal zones, while the
construction of infrastructure also accelerated the change in the construction land. From
2010 to 2020, arable land, waters and woodland remained the largest land types transferred
out, with areas of 3459 km?2, 2141 km? and 1937 km?, respectively, while construction land
was transferred in at 4205 km?. In general, the area of arable land in the GBA fluctuated
due to the national policy of returning farmland to forests and the continuous reduction
in the primary industry over the past 20 years; the area of woodland changed less, while
the area of land transferred for construction reached 51% of the original area over the past
20 years, which shows that the rapid development of the GBA has put the ecological land
under pressure (Figure 4).
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Figure 4. Schematic diagram of grid scale in the research area.

Table 2. Land Use Transfer Matrix for the Greater Bay Area of Guangdong, Hong Kong and Macau (km?).

2010
2000 Arable Land Woodland Grassland Water Construction Land Unused Land
Arable land 11,794.79 200.47 6.57 640.16 1788.17 0.14
Woodland 146.54 29,617.05 23.74 65.25 755.93 0.39
Grassland 10.14 76.23 1063.23 11.52 64.40 0.03
Water 542.56 39.28 4.26 3152.38 511.80 0.03
Construction land 130.03 92.71 3.79 71.54 4135.00 0.05
Unused land 2.10 0.91 0.02 3.23 6.61 10.63
2020
2010
Arable Land Woodland Grassland Water Construction Land Unused Land
Arable land 10,971.15 760.73 36.61 244.38 2407.70 9.73
Woodland 617.77 28,671.65 221.40 115.43 973.95 8.69
Grassland 42.13 270.49 820.73 11.59 79.91 0.71
Water 1169.43 144.25 11.69 2108.89 736.71 79.34
Construction land 232.96 122.17 5.63 34.43 4026.30 11.63
Unused land 3.44 1.85 0.14 0.18 6.74 11.17

3.1.2. Shift in Land Use Focus

From 2000 to 2020, the center of gravity of the grassland, unused land and water areas
in the GBA shifted significantly. The main reason for this is the expansion of the urban
land area and the excessive artificial reclamation, which led to the occupation of ecological
land such as ponds, dike-ponds and lakes; the center of gravity of the grassland moved
22,897 m to the northwest, and the center of gravity of the urban construction land moved
3602 m to the north and then 936 m to the southeast. The results of the analysis show the
impact of the reorientation of urban development in different periods on various types
of land, and that the shift in the center of gravity of the land use indicates a change in
the structure of the land use in the region, as the environmental carrying capacity and
self-regulating ability of the GBA are affected, resulting in a change in the ESVs (Table 3).
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Table 3. Land use focus shift in the Guangdong, Hong Kong and Macao Greater Bay Area (m).

2000-2010 2010-2020

Type of Land Use - — - —
Transfer Distance Transfer Direction Transfer Distance Transfer Direction
Arable land 3733 Northwest 3625 West

Woodland 1171 Northwest 591 Southeast
Grassland 2935 Northwest 19,962 Northwest
Water 3448 South 4276 Southeast
Construction land 3602 North 936 Southeast
Unused land 11,086 East 24,404 Southwest

3.2. Analysis of the Spatial and Temporal Evolution of Ecosystem Service Values
3.2.1. Time Series Changes in Ecosystem Service Values

In terms of the changes in the total ESVs, there is an overall decreasing trend from
2000 to 2020; in terms of the magnitude of change, there is a greater change in the waters,
woodlands and croplands, thus indicating a continuous decline in the environmental
quality of the region (Table 4).

In terms of the change in the ESVs of the different land types, hydrological regulation,
biodiversity and soil conservation have the highest contribution ratings, with all three
contributing more than 44.8%, while the least contribution is made by recreation and
food production, which account for less than 10%. Specifically, soil conservation, food
production and biodiversity maintenance are the main service functions of arable land; the
main service function of woodland is biodiversity; the main service function of grassland
is soil conservation, but the overall contribution of grassland is low due to its small
footprint and the main service function of the watershed area is hydrological regulation
and waste disposal. It is worth mentioning that the ESVs of the watershed area declined
significantly by 139.37 x 108 CNY from 2010 to 2020, which is mainly due to the destruction
of watershed habitats as a result of the dike-pond reclamation project and urban expansion,
with the watershed area decreasing year by year. Overall, the ESVs in the study area show
a decreasing trend due to the expansion of urban construction sites and the increasing
negative impacts of human disturbances such as industrial waste emissions, domestic
waste and vehicle exhaust (Figure 5).

2000 ====2010 2020 | | Arable land 2000 ===2010 2020 | | Water

(1x10°CNY)

Woodland

2000 ====2010 2020

J o
Food production Food production (X103 CNY) Food production (1x10°CNY)

Raw materials
production

Raw materials Recreation
production

Recreation Raw materials Recreation

Atmospheric
conditioning

Atmospheric Biodiversity-
conditioning Maintenance

Atmospheric Biodiversity-
conditioning Maintenance

Biodiversity-
Maintenance

Soil Maintenances Climate regulation | |Soil Maintenance Climate regulation| |Soil Maintenance! Climate regulation

Waste disposal Hydrological regulation Waste disposal Hydrological regulation Waste disposal Hydrological regulation
Grassland 2000 ===2010 2020 Unused land —2000 ===2010 2020 Construction Land —2000 =—2010 2020
: 1x10° CNY) 6 o
Food production £ ) Food production (105CNY) Food production (X10°CNY)
Recreation Raw materials Recreation Raw materials Recreation Raw materials
production production production
Biodiversity- Atmospheric Biodiversity- Atmospheric Biodiversity- Atmospheric
Maintenance c i conditioning Maintenance conditioning

Soil Maintenances' Climate regulation | | Soil Maintenance Climate regulation| | Soil Maintenance! Climate regulation

Waste disposal Hydrological regulation Waste disposal Hydrological regulation Waste disposal Hydrological regulation

Figure 5. Land use interpretation map of Guangdong, Hong Kong and Macao Greater Bay Area in
2000 (a), 2010 (b) and 2020 (c).
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Table 4. Changes of ecosystem service values (1 X 108 CNY) in the Guangdong-Hong Kong-Macao Greater Bay Area.

2000 2010 2020
Ecosystem Service Functions Contribution Contribution Contribution
ESV Rate (%) Class ESV Rate (%) Class ESV Rate (%) Class
Supplv Services Food production 50.55 2.33 9 46.69 2.25 9 45.29 2.36 9
PP Raw material production 182.23 8.41 7 177.95 8.56 7 175.06 9.12 7
R it Atmospheric regulation 270.50 12.48 5 263.59 12.68 5 259.44 13.52 4
mnmo:e. lation Climate regulation 275.75 12.72 4 267.60 12.87 4 258.97 13.50 5
crvices Hydrological regulation 377.05 17.40 1 344.90 16.59 1 277.16 14.44 3
Waste disposal 247.68 11.43 6 229.28 11.03 6 180.65 9.41 6
Support Services Soil maintenance 289.92 13.38 3 289.89 13.94 3 290.58 15.14 2
Biodiversity maintenance 313.71 14.48 2 304.34 14.64 2 291.28 15.18 1
Cultural Services Recreation 159.83 7.37 8 155.27 7.47 8 140.34 7.31 8
Total 2167.22 100 - 2079.50 100 - 1918.76 100 -
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3.2.2. Spatial Changes in Ecosystem Service Values

The results of ESVs in the GBA are classified into the following five standard classes:
very low(ESV < 15 x 10 CNY/hm?), low (ESV of 15 x 10°-30 x 10® CNY/hm?), medium
(ESV of 30 x 10°~45 x 10° CNY/hm?), high (ESV of 40 x 10°-60 x 10® CNY/hm?) and very
high (ESV > 60 x 10° CNY/hm?). In terms of the spatial distribution of the regional ESV class
(Figure 6), the areas with a very high ESV class in the GBA are mainly located in the northeast-
ern part of Zhaoging, the northeastern part of Huizhou and the western and southern part of
Jiangmen, which is mainly due to the rich woodland resources and good ecological substrate
in the area. The very low ESV classes are found in the central part of the region, which is
mainly due to the concentration of urban agglomerations in the region and the high level
of disturbance from human activities, which accelerated changes in vegetation, climate and
other related factors and led to a continuous decrease in the quality of water areas and water
resources, with a large number of ponds and other water areas being encroached upon, as well
as the negative impact of urban sewage on rivers and marine ecosystems, ultimately leading
to a continuous decrease in the quality of habitats in the central urban agglomerations. Specifi-
cally, from 2000 to 2010, the area of low ESVs in the GBA expanded significantly. By 2020, low
ESV areas became the dominant class type, accounting for 27.24% of the area, and still show
an increasing trend, indicating that the ESVs in the GBA have been decreasing over the past
20 years. From the grid cells, the ESV cells in the GBA are mainly medium and low grade,
and the high ESV area shows a small increase between 2000 and 2020, from 1534 cells to
1740 cells, which is mainly due to the related cities in the northwest of the GBA to increase the
protection and restoration of forest land, slowing down the trend of reducing the forest land
area. Among them, the proportion of high-grade cells in the Hong Kong and Macao special
administrative regions is 3%, and it shows a small increase over 20 years, which is mainly
due to the fact that the forest area in the Hong Kong and Macao special administrative region
has increased by about 85 km? in 20 years, which contributed to the rebound of ESVs to a
certain extent (Table 5).
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Figure 6. Individual ecosystem service values in the Guangdong-Hong Kong-Macao Greater Bay Area.

Table 5. Area statistics for different classes of ecosystem service values (number of cells).

Year Very Low Low Medium High Very High
2000 1092 1577 1091 1157 1534
2010 1543 1159 933 1055 1761
2020 1757 992 916 1046 1740

In terms of the spatial changes in the ESV class, the overall ESV rank in the GBA
remained stable from 2000 to 2010, with 34% of the regional ranks increasing, and 29% of
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them decreasing, mainly because the economic growth in the GBA was still slow at the
beginning of the 21st century, with less disturbance to the ecological environment and land.
Among them, the nine cities in the Pearl River Delta have a high proportion of areas with no
significant changes and small increases in the ES levels, while the Hong Kong and Macao
special administrative regions have an increasing trend in the ES function levels, mainly
because the ecological restoration of Mai Po Nature Reserve in Hong Kong was effective,
and the restored mangrove and mudflat ecosystems can provide a better ecological benefit.
During 2010-2020, the overall ES level of the GBA declined significantly, among which
the ES level of nine cities in the Pearl River Delta declined significantly, which is mainly
due to the continuous adjustment in urban construction and industrial structure, and the
accelerated growth rate of economic development in Zhaoqing, Huizhou, Zhongshan and
other cities. A total of 33% of the regional ESV levels in the Hong Kong and Macau special
administrative regions showed a declining trend, among which the level in the coastal areas
declined significantly, which is mainly due to the prosperity of land reclamation projects in
coastal areas, the decline of the retention rate of the natural shoreline, and the large changes
in the regional ecological environment quality and ecological pattern (Table 6). Overall,
38% of the regional ESV class in the GBA did not change significantly over the 20-year
period, the proportion of decreasing regional cells was 35%, the proportion of increasing
regional cells was 27% and the number of decreasing regional cells continuously increased,
indicating that the regional habitat quality is deteriorating (Figure 7).

Table 6. Area statistics on changes in ecosystem service value class (number of cells).

Year ESV Reduction Zone ESV No Significant Change ESV Increase Zone
(<—2.4 x 10 CNY/hm?) Zone (—2.4-2.4 x 10° CNY/hm?) (>2.4 x 10° CNY/hm?)
2000-2010 1875 2387 2189
Proportion 29 37 34
2010-2020 2098 3373 980
Proportion 33 52 15
2000-2020 2286 2436 1729
Proportion 35 38 27

2000-2010
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Figure 7. Ecosystem service values class for the Guangdong-Hong Kong-Macao Greater Bay Area in
2000 (a), 2010 (b) and 2020 (c).

In terms of the regional spatial correlation, the ESVs in the GBA show significant
spatial aggregation, with “high-high” and “low-low” indicating the proximity of high-
value and low-value areas of ESVs. The global Moran index of the study area shows
an increasing trend from 2000 to 2020, indicating the increasing aggregation of ESVs
in the GBA. Specifically, from 2000 to 2010, the “high-high” area continued to expand
southward, which is mainly due to the obvious transfer of woodland to the south of the
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GBA, the high vegetation cover of wetlands and river corridors, the better maintained
landscape pattern and the more stable ecological land function structure. The “low-low”
region is shifting from scattered distribution to patchy development, such as in Foshan,
Zhongshan, Jiangmen and other cities, mainly because the concentrated development
of construction land increased the intensity of land use and increased pressure on the
ecological environment within the city. The Hong Kong and Macao special administrative
regions also belong to the “low-low” region, mainly because of the limited space for urban
development in the region, so a large number of land reclamation projects were carried out,
encroaching on natural ecological land such as coastal shorelines and water areas, and the
increase in the proportion of human-made land surface reduced the ESVs. From 2010 to
2020, the “high-high” zone continued to develop to the south, and the “low-low” zone is
dominated by areas of concentrated urban agglomerations, which generate low ESVs due
to a low intra-urban landscape diversity (Figure 8).
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Figure 8. Areas of change in ecosystem service values class in 2000 (a), 2010 (b) and 2020 (c).

3.2.3. Forecasting the Ecosystem Service Values

By running the Markov model under the natural development scenario, the predicted
ESV in 2030 reaches 1853.921 x 108 CNY, a decrease of 64.839 x 108 CNY compared to 2020,
which is mainly due to the decreasing areas of watershed, woodland and grassland from
2000 to 2020, while the area of arable land shows stability in the context of policy protection.
According to this pattern of development, the areas of watershed, woodland and grassland
will keep decreasing in the future, resulting in a decreasing ESV in the forecast year 2030.
At the same time, it can be observed that the future decline of water resources will remain
a serious problem, and therefore, scientific and rational planning are needed to reduce
damage to water resources and the near-coastal environment (Table 7).

Table 7. Projections of ecosystem service values (1 x 108 CNY) in the Guangdong-Hong Kong-Macao
Greater Bay Area in 2030.

Ecosystem Service
Types

Ecosystem Services

Arable Land Woodland Grassland Water Unused Land Construction Land Total

Supply Services

Food production
Raw material production

23.930
9.333

18.121
163.641

0.861
0.721

1.697
1121

0.006
0.012

0.000
0.000

44.616
174.828

Reconciliation
Services

Atmospheric regulation
Climate regulation
Hydrological regulation

17.230
23.212
18.426

237.224
223.496
224.594

3.005
3.125
3.065

1.633
6.598
60.115

0.018
0.039
0.021

0.000
0.000
—60.090

259.110
256.470
246.131

Support Services

Waste disposal
Soil maintenance
Biodiversity maintenance

33.263
35.177
24.409

94.450
220.750
247.658

2.644
4.487
3.746

47.560
1313
10.985

0.078
0.051
0.121

—19.563
31314
0.000

158.433
293.093
286.918

Cultural Services

Recreation

4.068 114.219 1.743 14.220 0.072 0.000 134.322

Total

189.048 1544.154 23.395 145.244 0.419 —48.339 1853.921
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3.3. Analysis of the Topographic Factor-Driven Effects of Ecosystem Service Value

The elevation and slope were selected as the topographic characterization factors of
the study area with reference to the relevant literature. The results of the geographically
weighted regression model (GWR) show that R? > 0.8 and local R? > 0.8, indicating that the
model operation results meet the accuracy requirements. The results show that the local R?
of the data from 2000 to 2020 changed significantly, showing a decreasing trend and then
an increasing trend, indicating that the influence of topographic factors on ESVs generally
show an increasing trend. The regression parameters of the topographic factors (Table 8)
show that the local R? values are above 0.85 in all years, indicating a significant correlation
between the topographic factors and the ESVs.

Table 8. Topographic Factor Regression Parameter Table for Guangdong, Hong Kong and Macau

Greater Bay Area.
Year 2000 2010 2020
Local R? 0-0.8541 0-0.8532 0-0.8584
R? 0.8022 0.8267 0.8317
Adjusted R? 0.7883 0.8146 0.8200
AICC 256,353.8 256,973.8 256,797.1

In terms of spatial distribution, the strongest influence of topography on ESV is found
in the northwestern and northeastern parts of the GBA, where the correlation with the land
use data shows that woodland, arable land and water are the main land types, while the
influence of the land-water interface in the south is also evident. Elevation and slope have
a direct influence on plant growth, which determines the vegetation cover of the area and,
thus, has a further influence on the ESVs provided (Figure 9).

From the perspective of construction land, apart from parks and green belts within the
city, most areas have poor green infrastructure, and grey infrastructure, human housing
and other construction land directly change the ecological landscape pattern of the land,
which shows that human factors have a very strong influence on the ESVs. From 2000 to
2020, the trend of the overall pattern of the GBA clusters into patches, which shows that
the influence of topographic factors on ESVs is gradually increasing.
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Figure 9. Local spatial autocorrelation of ecosystem service values in the Guangdong-Hong Kong-
Macao Greater Bay Area in 2000 (a), 2010 (b) and 2020 (c).
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4. Discussion and Conclusions
4.1. Discussion
4.1.1. Land Use Change Significantly Affects Ecosystem Service Values

Land is fundamental; the state and structure of the ecosystem are dependent on the
land use approach, and the excessive repurposing of ecological land areas will cause the
center of gravity of the land to continuously migrate, changing the landscape pattern of
the region to a large extent, while affecting the supply of ESs. To achieve the sustainable
development of the regional ecosystem, we must first pay attention to the adjustment of the
land use structure; the regulation capacity and carrying capacity of the natural environment
need reasonable planning of land use [54]. For example, in the areas around construction
sites, the construction of nature reserves, the ecological restoration of rivers and lakes and
the management of land reclamation projects can be strengthened to safeguard biodiversity,
soil conservation and other ecological functions so as to safeguard the carrying capacity
and self-regulating ability of the natural environment as a whole and enhance ESVs [55,56].

4.1.2. Spatial and Temporal Variation in Ecosystem Service Values and Strategies
for Optimization

The spatial and temporal variations in ESVs in the GBA were significant from 2000 to
2020. Overall, in terms of the spatial distribution, the high-value areas are concentrated in
the northwest, northeast and southwest regions where ecological land is widely distributed,
while the low-value areas are mainly concentrated in the urban contiguous development
areas and some coastal areas in the central part of the GBA, and the area of the low-value
areas is still increasing. Specifically, in order to slow down the rate of diminishing ESVs,
we should take the initiative to find entry points and explore optimization strategies in
terms of human social life [57-59]. In terms of water resources, while the deep treatment
and re-circulation of domestic fecal water and industrial wastewater should be carried out
to achieve less or no discharge and improve the utilization rate of water resources, the
rational use of water resources should be strengthened, water supply and drainage systems
should be improved, land use planning should be carried out scientifically and reasonably
and damage to water resources and the near-shore environment should be reduced [60,61].
In terms of energy use, the characteristics of each city in the GBA should be addressed,
the upgrading of equipment for renewable and clean energy and the development of new
energy sources should be enhanced to provide a reasonable and effective supplement [62].
In terms of solid waste treatment, while improving the harmless treatment of waste, the
whole process of management and control should be implemented from all aspects of waste
generation, collection, transportation, reuse and treatment to avoid causing adverse effects
on the ecological environment and achieve control of waste generation.

4.1.3. Topographic Factors and Ecosystem Service Values

Topography has a direct impact on the growth state and diversity of plants, while the
type, growth and distribution of plants have a critical impact on key regional ESs, such as
soil and water conservation and water harvesting functions. The above analysis shows that
there is a significant correlation between topographic factors and ESVs in the GBA, with an
increase from 2000 to 2020. In the northwestern and northeastern parts of the region, the
influence of topography on ES is particularly significant in areas such as woodland, arable
land and the land-water interface, so that the protection and optimization of these areas is
conducive to the sustainable development of the region, to the optimization of ESVs and to
the construction of ecological security patterns across the region [63].

4.1.4. Sustainability in the Guangdong-Hong Kong-Macao Greater Bay Area

The results of the valuation of ESs in the GBA show that the region is currently facing
significant ecological degradation and intensified resource and environmental constraints.
At the same time, due to the GBA being located in the subtropical monsoon climate zone,
its special geographical location and climatic conditions expose it to ecological risks such
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as flooding, storm surges and sea level rise, which pose challenges to regional ecological
restoration and the construction of ecological security patterns. In the face of the continuous
decline of ecological and environmental quality in the GBA, it is necessary to gradually
promote the formation of green and low-carbon production and lifestyle and urban con-
struction and operation mode to realize the sustainable development of the GBA. Therefore,
the future development planning of the GBA should pay attention to the delineation of
ecological protection zones and the control of urban expansion boundaries, and resist eco-
logical risks such as storm surges and sea level rise by building a resilient multi-objective,
cross-habitat and land—sea integrated regional ecological security pattern, while promoting
the ecological restoration of coastal wetlands and coastal zone maintenance to construct a
coastal security barrier in the GBA to achieve sustainable development [41].

4.2. Conclusions

Based on the land use changes in the GBA from 2000 to 2020, this study measures the
ESVs in the GBA at the grid scale, predicts the ESVs in 2030 and analyzes its spatial and
temporal evolution characteristics and the influence of topographic factors in ESVs. This
will provide scientific guidance for optimizing ESVs.

(1) Over the past 20 years, in terms of the shift in the land area, the most obvious fluctua-
tions are in the areas of water, arable land and construction land; the northwestern
and northeastern areas with high vegetation cover gradually decreased, while the
impervious area of the urban agglomerations in the central area is increasing, and the
ecological land around the urban agglomerations, such as arable land and wetlands,
is decreasing. In terms of the shift in the center of gravity of the land, the center of
gravity of all types of land has shifted to different degrees, with the center of gravity
of construction land shifting northward, while the center of gravity of grassland and
unused land shifted westward, and the center of gravity of forest land has shifted
northwestward, with significant contradictions between the survival of ecological
land and the expansion of urban construction land.

(2) From an overall perspective, the ESVs in the GBA from highest to lowest are the
following: regulating services > supporting services > provisioning services > cultural
services. Hydrological regulation, biodiversity and soil conservation are the three
items that contribute the most to the values of individual ESs. In terms of temporal
changes, the ESs in the GBA showed a decreasing trend in the overall and individual
values over the 20-year period. In terms of the spatial changes in rank, the area with
the lowest ESV rank is located in the dense urban area in the central part of the GBA,
accounting for 35% of the total area and increasing in size, indicating the deteriorating
quality of the habitat; the area with a relatively high ESV rank is located in the city of
Zhaoqing, northeastern Huizhou and Jiangmen in the GBA, accounting for 27% of the
total area. The Markov model predicts that the ecosystem service value in 2030 shows
a decreasing trend under the development of a natural state.

(38) The spatial distribution of ESVs in the GBA is aggregated, and there is a regional
adjacency between the high-value and low-value areas of ESVs. From 2010 to 2020,
the “high” area continues to develop to the south, and the scope of the low-value
aggregation area is also expanding. The construction land in the low-value area is
increasing, and the population and traffic pressure are becoming bigger and bigger,
which has a great impact on the urban green space system and reduces the anti-
disturbance ability of the inner-city green space ecosystem.

(4) There is a significant correlation between topographic factors and ESV, where topo-
graphic factors have a strong influence on ESVs mainly in the northwestern and north-
eastern parts of the GBA, and the coupling analysis with the land use data show that the
main land types in this area are forest land, arable land and water. At the same time, the
influence of the water—land intersection zone in the south is also obvious; the weaker
influence is mainly located in the central part of the study area and the border area, and
the main land types are construction land, dike-ponds and forest land.
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