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Abstract: Over the past four decades, urban expansions driven by rapid economic development and
climate change have exerted profound impacts on land-use dynamics in the Guangdong-Hong Kong-
Macao Greater Bay Area. However, our understanding of the interplay of different urban landscape
patterns in this rapid urbanization zone remains limited. This study examines remote sensing
data from 1999, 2009, and 2019 to analyze the spatial heterogeneity of the urbanization impact on
landscape patterns, as well as driving forces, in Zhuhai City, in the western part of the Great Bay. The
findings reveal that land-use changes in Zhuhai City are primarily characterized by the conversion of
cultivated land and water areas into construction land and forest land, particularly in the western part
of the city. These changes may result from rapid urbanization, leading to increased fragmentation and
spatial aggregation of landscape patterns. Landscape pattern changes in Zhuhai City were related to
both socio-economic development and natural environment change. The urbanization has promoted
the agricultural transformation with a loss of cultivated land and water areas. Additionally, this
study suggests that the coordination of land use along with the protection and construction of the
ecological environment is urgently needed to achieve sustainable development in the region.

Keywords: land-use change; landscape patterns; principal component analysis; grey relation analysis;
driving factors; Guangdong-Hong Kong-Macao Greater Bay Area (GBA)

1. Introduction

Land is a precious and finite resource that provides essential services for humanity and
the planet [1,2]. With the global industrial and economic development, unreasonable land
use and urban expansion have caused various problems, such as ecosystem degradation,
food crisis, biodiversity loss, and climate change, threatening the sustainability of human
society and the well-being of future generations [3]. Land-use change refers to the change
in landscape, coverage, and utilization caused by changes in the characteristics of the land
itself and changes in the way individuals or groups of people interact with it [4-6]. Changes
in landscape are the most direct manifestation of human activities affecting regional ecosys-
tems, and they are a crucial factor influencing the alteration of ecosystem services [7-11].
The areas where there are sharp contradictions between human and land relationships
have been the recent focus of land-use research, characterized by fragile ecological environ-
ments associated with climate change, rapid industrialization, and urbanization [12-15].
Urbanization since especially the past century has had a significant impact on landscape
and land-use patterns, leading to changes in land use and alterations in the surrounding
environment [16,17]. Recognizing the importance of sustainable landscape variability is
crucial for maintaining the functionality of ecosystems, preserving biodiversity, and en-
suring the long-term well-being of both humans and the environment [18,19]. Landscape
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pattern refers to the types, sizes, numbers, spatial distribution, and configuration of differ-
ent landscape composition units caused by land-use transformation [4,20]. It is not only a
comprehensive expression of landscape heterogeneity in space and time but also the result
of the joint action of various ecological processes at different scales [17,21]. As the most
intuitive expression of land-use change, studying the spatio-temporal dynamic of landscape
patterns caused by land-use change is still an important issue in current landscape-ecology
assessment [17,22,23]. Recent studies in landscape ecology and landscape planning paid
particular attention to the spatial structure of landscapes in examining the relationships
between land uses and urbanization at various scales [17,24-26]. Using the analysis of
regional landscape pattern indices, the state of land-use change can be accurately retrieved,
which has significant implications for the rational planning of future regional land resources
and the protection of the ecological environment [21,27-30].

Over the last four decades, China has witnessed remarkable urbanization and note-
worthy transformations in land use, with the most significant changes in landscape occur-
ring in urban areas and their surrounding regions, particularly in eastern China [31,32].
Numerous studies have paid great attention to quantifying the spatial-temporal pattern
of urbanization with certain general patterns along the urban-rural gradient in some
metropolitan cities [33-35]. The increasing works from China have immensely promoted
land-use research under rapid urbanization. Based on landscape metrics, the change in
land-use types was closely related to the characteristics of human activities, presenting an
ecologically fragile landscape with a complex diffusion—coalescence pattern along the rural—-
urban transect [33,34]. The rapid urbanization has also resulted in significant landscape
transformation and triggered a series of ecological and environmental issues, particularly
in the Pearl River Delta (PRD) region, where the Guangdong-Hong Kong-Macao Greater
Bay Area (GBA) is located [36—41]. With the rapid economic development, industrialization,
and urbanization process, coupled with the adjustment of industrial structure, the excessive
exploitation of land resources has led to the occupation of a large amount of ecological
space and the continuous deterioration of ecological resources, making the PRD region
a hotspot for land-use change research in China [13,42]. The recent progress in land-use
and landscape changes within the PRD and its surroundings gave rise to an improved
understanding of urbanization expansion and its ecological impact with changes in spatial
positions as well as tradeoffs between ecosystem services caused by land-use/land-cover
changes [32,42]. However, the current research on the dynamic changes in land-use and
landscape patterns in the PRD mainly focuses on single landscape structures such as coastal
wetlands, forests, and transportation land or the spatial pattern characteristics of rural and
small towns [28,32,43]. Comparatively, there is still a lack of sufficient attention on the
interplay of different urban landscape patterns in the rapidly developing economic zones
in the PRD [33,34], where such a topic is urgently needed. The urban gradient analysis and
landscape metrics were widely applied to analyze the changes in landscape patterns [44],
and such efforts are expected to improve the understanding of the dynamic changes in
urban and rural land use. Zhuhai City, as one of the core metropolises on the west bank
of the PRD, has certain representativeness of land-use and landscape pattern changes in
the GBA. In recent years, the rapid urbanization has led to prominent issues such as an
increase in demand for construction land and a large-scale loss of ecological land [32,45-49].
Nevertheless, there is still a dearth of spatial heterogeneity of the urbanization impact
on landscape patterns in Zhuhai City in addition to ecological landscape variations. On
account of this, the purpose of this study is to analyze the spatial heterogeneity of the
urbanization impact on landscape patterns in Zhuhai City based on remote sensing data
from 1999 to 2019 with the following main research objectives: (1) to use landscape metrics
to identify the characteristics of landscape patterns in Zhuhai City from 1999 to 2019; (2) to
analyze the landscape change patterns in the context of rapid urbanization; and (3) to
examine the driving factors of landscape pattern changes. This study is expected to pro-
vide a reference for land-use planning and ecological restoration in Zhuhai and achieving
sustainable development in the coastal GBA region.
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2. Materials and Methods
2.1. Study Area

The PRD is one of the three largest river deltas in China formed by fluvial sediments
at the mouth of the Pearl River between 112°45'-113°50" E longitude and 21°31'-23°10' N
latitude [50] (Figure 1). The PRD is geologically located in the transitional zone between
the elevated landscape of the catchment basin and the deposition center of the northern
continental shelf of the South China Sea [51]. Due to the collision between the Indian
plate and the Eurasian plate approximately 34 million years ago, the upland region has
experienced gradual uplift, while the continental shelf has undergone subsidence [52].
As a result, the Pearl River has been depositing sediment onto the subsiding continental
shelf. The composite delta with fertile soil formed by the extensive deposition of material
carried by rivers has nurtured the ancient civilization of Nanyue for thousands of years.
It is also one of the key factors that have contributed to the prosperous development of
the GBA urban agglomeration today [53]. The majority of the PRD lies within the south
subtropical zone and experiences a subtropical marine monsoon climate. The region has an
average annual temperature ranging from 21.4 to 22.4 °C, along with an average annual
precipitation of 1600 to 2300 mm [45]. The PRD region has experienced rapid urbanization
and industrialization, leading to the conversion of agricultural and natural land into urban
and industrial areas over the past four decades [54]. One of the most notable changes
in land use in the PRD has been the expansion of urban areas. This has a significant
impact on the environment, including air and water pollution, as well as on the social and
economic landscape of the region [37-39,54,55]. Another important change in land use in
the PRD was the growth of industrial areas [55]. The region has become one of the largest
manufacturing centers in the world, with many factories and industrial parks located in the
region. This has led to the conversion of agricultural and natural land into industrial areas,
which has significant environmental impacts, including pollution and habitat loss [56,57].
In addition to urbanization and industrialization, the PRD also experienced changes in
agricultural land use with a decline in the amount of agricultural land with a shift from
traditional agriculture to more intensive forms of agriculture, such as aquaculture and
horticulture [30]. Overall, the changes in land use in the PRD have had a significant impact
on the environment, economy, and society in the region. Zhuhai City is in the western
part of the PRD with a total land area of c.1725 km? along with a sea area of c. 5965.2 km?.
Zhuhai City has a maximum horizontal distance of approximately 135 km from east to west
and a maximum vertical distance of approximately 81 km from north to south. The annual
temperature is relatively high, reaching 22.4 °C with monthly average temperatures of
between 15 °C and 28 °C [48]. The rainfall is abundant, with an average annual precipitation
of 1700 mm-2200 mm. The city is topographically characterized by mountains, terraced
fields, hills, and plains with inland areas dominated by hills, followed by plains. The city
is divided into three districts: Xiangzhou, Doumen, and Jinwan, with the study area’s
geographic location shown in Figure 1. Amidst rapid urbanization in the GBA, Zhuhai
has experienced significant shifts in population composition and economic structure. In
this context, the urbanization has brought about substantial changes to Zhuhai, including
construction area expansion and the transformation of natural landscapes. Therefore, in
consideration of these transformations, it is important to recognize the landscape evolution
and driving forces in the rapidly developing area of Zhuhai City to shape the urban
ecological environment.
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Figure 1. Topographic sketch map showing the location of Pearl River Delta and Zhuhai City.
Reprinted /adapted with permission from Ref. [58]. Copyright year 2022, copyright owner U.S.

National Geophysical Data Center.
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The entire research process of this study is divided into three parts. Based on data
preprocessing and landscape classification, ArcGIS 10.2 and Fragstats 4.2 software are
used to analyze the characteristics of land use and landscape pattern changes. Finally,
principal component analysis and grey relation analysis are employed to quantitatively
analyze the driving mechanisms of land use and landscape pattern changes in Zhuhai City
from three aspects: socio-economic factors, agricultural factors, and natural factors. The
methodological framework used in the study is shown in Figure 2.
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Figure 2. Methodological framework diagram.
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with a resolution of 30 m and a cloud cover of less than 1% (https://www.gscloud.cn/,
accessed on 13 January 2023) (Table 1). Considering that Zhuhai is a coastal city with
frequent summer foggy weather, there may be fewer remote sensing images available for
the study area. Fortunately, since Zhuhai belongs to a subtropical climate with evergreen
seasons, remote sensing images from different months in the autumn and winter seasons
can also be selected to achieve enough available images. The non-remote sensing image
data mainly include 16-level Tianditu used to extract and verify accuracy samples, vector
data of Guangdong Province and Zhuhai’s districts and counties, Zhuhai’s DEM eleva-
tion data (http://www.resdc.cn/, accessed on 13 January 2023), and Zhuhai's statistical
yearbooks from 1999 to 2019 (http:/ /stats.gd.gov.cn/gdtjnj, accessed on 20 January 2023).
ENVI5.2 was used to perform preprocessing on the remote sensing images of Zhuhai in
1999, 2009, and 2019, including image stitching, radiometric calibration, and FLAASH
atmospheric correction.

Table 1. List of data used in this study.

Data Types Resolution (m) Acquisition Time Data Sources
Landsat 7 ETM 30 06/12/1999 Geospatial Data Cloud site, Computer Network
Landsat 5 TM 30 11/01/2009 Information Center, Chinese Academy of Sciences
Landsat 8 OSL 30 20/09/2019 (https:/ /www.gscloud.cn/)
DEM 30 - Resource and Environment Science and Data Center,
Administrative Chinese Academy L of Sciences
division - - (http:/ /www.resdc.cn/)

According to the “Classification of Land Use Status” (GB/T 21010-2017) released in
China in 2017, the land-use types in Zhuhai are classified into five categories: cultivated
land (paddy field, irrigated land, dry land), forest land (deciduous forest land, bamboo
forest land, shrub forest land), water area (river surface, lake surface, reservoir surface,
pond surface), built-up land (urban land, compulsory town land, village land, tourism
land), and unused land (mudflat, swamp), as shown in Table 2 [59]. The classification
above was also combined with the resolution assessment of remote sensing images, spectral
characteristics of land cover, and field investigations, referring to the previous classification
standards of land use in Zhuhai. By combining spectral characteristics of different land-
cover types and historical images in the region, five land-cover types were selected for
processing samples, followed by supervised classification performance using the maximum
likelihood method.

To ensure the authenticity and reliability of the data, the classification accuracy was
validated using a confusion matrix and field surveys [60]. In this study, the accuracy of
the classification results was verified by combining field survey data with high-spatial-
resolution remote sensing images obtained from the BIGEMAP map downloader. Partial
high-resolution images within the study area were selected, and 50 random validation
samples were extracted for each land-use type. The error matrix was established using
ENVI 4.2 software, and the overall accuracy and Kappa coefficient of the classified images
for each time period were calculated. The results showed that the classification accuracy
of the three time periods exceeded 85%, and the Kappa coefficients were all above 0.8,
indicating that the classification results can be used for subsequent research [61].

Table 2. Introduction to land-use categories.

Numbers Land-U.s N Contents
Categories
1 Cultivated land Including paddy field, dry land, irrigated land, and so on
Including arbor woodland, bamboo woodland, shrub
2 Forest

woodland, other woodland, and garden land, etc.
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Table 2. Cont.

Numbers Land-U.s € Contents
Categories
3 Water Including rivers, reservoirs, lakes, pits, and so on
4 Construction Land Including u}‘ban land, compul§ory town land, village land,
transportation land, and special land
5 Unused land Including coastal flats, swamps, bare rock, and so on

2.4. Land-Use Dynamic Model

The land-use dynamic model considers the transitions between different land-use
types during the study period, focusing on the process of change. It primarily reflects the
intensity of land-use change in the study area, facilitating the identification of hotspots
of land-use change at different spatial scales [62]. The land-use dynamic model includes
single land-use dynamics and comprehensive land-use dynamics [63].

Single land-use dynamics analyzes the change in the quantity and rates of change in a
specific land-use type within a designated research area over a certain period of time [64].
The formula for single land-use dynamics was described as follows:

u-u, 1

X — x 100% 1)

K=
U, T

In the formula for single land-use dynamics, K represents the dynamic degree of a
certain land-use type during the study period. U, and U}, denote the number of a certain
land-use type at the beginning and end of the study period, respectively. T indicates the
length of the study period. When T is set to a year, K represents the annual change rate of a
certain land-use type.

The comprehensive land-use dynamics can reflect the annual rate of change in all
land within a given region [65]. The formula for comprehensive land-use dynamics was
described as follows [66]:

B Z?:]Wbi - uai| 1 o
Kiota = T um X5 X 100% 2

In the formula, u,; is the area of the ith land-use type at the beginning of the monitoring
period. lup; — u,; | represents the absolute value of the area converted from the ith land-use
type to a non-ith land-use type during the monitoring period. T denotes the length of the
monitoring period. When T is set to a year, K;y;,; represents the annual change rate of a
certain land-use type.

2.5. Land-Use Transfer Matrix

Land-use transfer matrix is a mathematical model that reveals the structural character-
istics of land use along with the transformation situation and direction among different
types. By constructing the transfer matrix, we can not only understand the loss direction
of each type of land at the beginning of the study period but also study the source and
composition of each type of land use at the end of the study period [63]. The transfer
matrix is

S11 S12 S13 -+ S
S21 S» S - Sy

S=8;= [S31 532 Saa cor San) @)
Snl SnZ Sn3 e Snn

S: area. i and j represent land-use types at the beginning and end of the study period,
respectively. n: the number of land-use types.
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2.6. Analysis of Land Landscape Patterns

The landscape index highly concentrates landscape pattern information, which is a
simple quantitative indicator reflecting the characteristics of the landscape pattern structure,
composition, and spatial configuration, including patch level, class level, and landscape
level [67-69].

The selection of landscape indicators is generally based on theoretical analysis, expert
knowledge, and previous published research results, so as to eliminate redundant or re-
dundant indicators [70]. In terms of the urban landscape, the research on urban landscape
pattern characteristics mainly focuses on size, density, shape, edge, connectivity, hetero-
geneity, and diversity. Therefore, based on the research needs and the most commonly
used indicators in urbanization research, this paper aims to characterize and analyze the
landscape pattern of Zhuhai City according to the characteristics of frequent human in-
terference activities and dramatic landscape changes in the Pearl River Delta region. The
landscape pattern is analyzed from the level of type indicators and landscape indicators.
At the type level, we selected the CA, NP, Al, and LPI indicators, which show the spatial
distribution of urban land patches from the perspective of size and quantity [68] and can
indirectly reflect the direction and degree of human activity interference with land use. At
the landscape level, we selected five indicators that can reflect the overall characteristics
to analyze the changes in landscape pattern. The ED, LSI, SHEI, SHDI, and CONTAG
indicators can better reflect the connectivity, heterogeneity, and diversity characteristics of
the landscape pattern. All the indicators selected here are calculated using FRAGSTATS
4.2 software.

2.7. Spatial Centers of Gravity (SCG)

Gravity describes the focal point of the movement or influence of a specific feature
within a region. SCG presents the evolutionary process of landscape types that can effec-
tively mirror the spatial aggregation and migration trends of various landscape types [71].

Y=Y (CuixYi)/Y Ci 4
i=1 i=1

Xi =Y (Ci x X4)/ Y, Cii ®)
izl iz

where X; and Y; indicate the latitude and longitude coordinates of the centroid of a certain
landscape type distribution in year ¢. X;; and Y}; denote the latitude and longitude coordi-
nates of the gravity of the ith patch of a certain landscape type distribution in year ¢. Cti
represents the area of the ith patch of a certain landscape type in year ¢.

2.8. Principal Component Analysis

As a multivariate statistical analysis method, principal component analysis involves
linear transformation of multiple variables based on the idea of “dimension reduction”.
With the premise of minimum information loss, multiple indicators are transformed into
several complementary and correlated comprehensive indicators, which replace the original
indicator information [72]. In this study, the principal component analysis method with
SPSS 26 software was applied to analyze the driving factor regarding regional landscape
evolution by selecting several important and relatively independent comprehensive factors
through principal component analysis.

2.9. Grey Relation Analysis

Grey relational analysis is a scientific method that is based on the macro or micro
geometric approximation between behavioral factors. The closer the array curves are, the
stronger the relationship between the factors. It is commonly used to measure the degree
of similarity or dissimilarity in the development trends among various influencing factors,
in order to determine the level of closeness between the main behavioral factor and the rest
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of the behavioral factors, and thus identify the primary and secondary factors [73]. This
study utilizes the DPS 7.05 software platform to calculate and analyze the grey correlation
between 13 major indicators based on the social, economic, and natural aspects, as well as
the 5 landscape index.

3. Results and Discussion
3.1. Analysis of Inter-Annual Land-Use Shift
3.1.1. Quantity Characteristic Analysis of Land-Use Change

As the core hub of the western GBA, Zhuhai City is divided into two parts, the
eastern and western regions, by the Modaomen Waterway [46]. The eastern region is
mainly composed of Xiangzhou District, while the western region is mainly composed of
Doumen District and Jinwan District. Due to the influence of natural environment and
location conditions, there are significant differences in the distribution of land-use types
in the eastern, central, and western regions of Zhuhai City (Figure 1). Figure 3 shows the
land-use changes and its spatial distribution. Cultivated land is mainly distributed in the
fluvial plain and low-mountainous areas in the west, with concentrated distribution in
patches [74]. Construction land is mainly concentrated in the coastal plain and hilly areas
in the central region. Forest land is mainly composed of mountains, distributed in the
Fenghuang Mountain and Xiaoshan-hengqin Mountain in the east, Huangyang Mountain
in the west, and coastal low-mountainous areas in the north. Water bodies are mainly
composed of river surfaces, lake surfaces, and pond surfaces and are mainly distributed in
various towns in the west, interspersed with cultivated farmland. From 1999 to 2019, the
cultivated land area in Zhuhai City decreased from 74,899.21 hm? to 43,318.23 hm?2, with a
reduction area ratio of up to 19.91%, which is the most significant change among the five
land-use types. At the same time, construction land and forest land increased relatively.
The area of construction land increased by 25,134.79 hm?, with an increment ratio of 15.85%.
The area of water bodies and unused land decreased slightly, although the change is not
significant. This new result is essentially consistent with previous findings from ecological
and forest landscapes in this area [32,40,41,48].

3.1.2. Analysis of Land-Use Dynamics

Based on the single and comprehensive land-use dynamic models [64], the classifica-
tion results of three image phases in the study area were statistically analyzed to evaluate
the changes in land-use types in Zhuhai City. Results show that the land-use changes in the
study area were relatively significant over the past 20 years, with a comprehensive annual
change rate of 1.23% (Table 3). The annual variation rate of construction land was the
highest among the three periods, reaching up to 13.70%, 4.12%, and 11.73%, respectively,
indicating that the spatial transformation of construction land in Zhuhai City was the
most prominent [74]. The water area was relatively stable in the past twenty years, with
the lowest annual change rate of —1.37%, 0.13%, and —0.63%, respectively. Change in
cultivated land was also significant, with an annual change rate of —2.11%. The forest land
with an annual change rate of 2.52% exhibited a relatively active spatial transformation due
to urbanization [35]. In sum, the land-use changes in Zhuhai City over the past 20 years
were significant, mainly manifested as “two increases and three decreases” that were char-
acterized by a continuous growth of construction land and forest land, the decrease in
cultivated land and unused land, and first increasing and then decreasing in water area.
This is consistent with the characteristics of rapid economic development and continuous
urbanization in Zhuhai City [25,33,35].
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Figure 3. Land-use classification map of Zhuhai from 1999 to 2019.

Table 3. Change rate of land-use types in Zhuhai from 1999 to 2019.

1999-2009 2009-2019 1999-2019
Land-Use Type Area o Area o Area o

Change/hm? /% Change/hm? /% Change/hm? /%

Construction land 14,679.10 13.70 10,455.78 4.12 25,134.79 11.73

Forest 8610.59 3.15 5150.68 1.43 13,761.27 2.52
Water 5423.87 -1.37 440.51 0.13 4983.36 —0.63
Cultivated land 16,862.87 —2.25 14,718.11 —2.54 31,580.98 —-2.11
Unused land 1002.85 -1.62 1328.85 —2.56 2331.70 -1.89

Kiotal 1.47 1.01 123

3.1.3. Analysis of Land-Use Type Transfer in Zhuhai City

The land-use transfer map intuitively elucidates the transformation relationship of
various land-use types in spatial locations [24]. In this study, using the spatial analysis
function of GIS, a spatial overlay analysis was conducted on the land-use data for 1999 and
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2019. Based on Equation (3), the land-use spatial distribution map (Figure 4) and land-use
type transition matrix (Tables 4-6) for Zhuhai City from 1999 to 2019 were obtained.

a) 160,000 N
( ) A Legend (b)
140,000 @ Q
Bl Cultivated Land—Construction land
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construction land
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Figure 4. Map of land-use change in Zhuhai from 1999 to 2019. (a) The bar chart shows the area
proportion of five land-use types. (b) Spatial transfer map of main land-use types in Zhuhai from
1999 to 2019. (c) Sankey diagram showing the magnitude and pathways of land-use changes in
1999-2019. The height of the vertical bars denotes the proportional area of a land type.

The increase in construction land in Zhuhai City has shifted from the Xiangzhou
District in the east to the Doumen District and Jinwan District in the west, while the
decrease in cultivated land is concentrated in the Doumen District and Jinwan District
in the west, with sporadic distribution in the Xiangzhou District. From 1999 to 2009, the
conversion of land use in Zhuhai City was concentrated in the western region, prevailingly
characterized by the conversion of cultivated land to construction and forest land in Pingsha
Town, Hongqi Town, and Qianwu Town. The increased construction land was primarily
distributed on the banks of Huangyang River and Zhufeng Avenue in Doumen District
and Zhuhai Avenue and the northwestern Sanjiao Town in Jinwan District. The increased
construction land area during the study period was mainly concentrated in northeastern
Tangjiawan and the northern Hengqin Island in Xiangzhou District, Jing’an Town and
Baijiao Town in Doumen District, and the surrounding areas of Sanjiao Town in Jinwan
District. The above analysis suggests that land-use transformation in Zhuhai has undergone
a shift in the center of gravity in spatial distribution from the east to the west. The Zhuhai
Municipal Committee and Municipal Government in 2004 proposed the urban development
concept of “building the west city and enhancing the east city”. Subsequently, in 2008, the
strategy of “eastern transformation, central adjustment, and western development” was
implemented [33]. This may be largely responsible for the land-use shift before 2009.

There were drastic changes in land-use types in Zhuhai from 1999 to 2019 (Table 6).
The Sankey diagram (Figure 4c) shows that land-use classification generally elucidates the
conversion of cultivated land and water areas to construction land and forest land, with
cultivated land showing the most significant changes among the five land-use types [25].
Among them, 20.75% of cultivated land was converted to construction land, with 21.02% of
cultivated land converted to forest land, resulting in a significant reduction in cultivated
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land. This is essentially in line with another ecological assessment in Zhuhai [25,35]
in relation to urbanization and the national policy of returning farmland to forest [33].
Furthermore, the land-use classification may also be affected by the implementation of the
“industrial westward expansion and urban westward expansion” strategy in Zhuhai City in
2003, which promoted the development of urban construction to the western regions [74].
The implementation of national key construction projects including transportation and
energy aspects resulted in a large demand for construction land, which occupied a large
amount of cultivated land, leading to a reduction in cultivated land area [75]. On the
other hand, to increase income, farmers spontaneously converted some cultivated land
into high-income orchards and aquaculture areas, gradually leading to a conversion of
cultivated land to forest land and water areas [76,77]. Forest land increased by 8.68%, with
original forest land being converted to cultivated land and construction land (Figure 4).
The “three old” renovation project implemented in Zhuhai City from 2010 to 2014 with
the expansion of green spaces may be responsible for the change in forest land. The
unused land area is continuously decreasing, with a reduction of 3.15%, as a result of the
conversion to cultivated land and construction land and some land being converted to
forest land. The urban spatial development pattern of Zhuhai has been recently redefined
by guiding the transformation of the eastern urban area, achieving the westward shift of
the city’s development focus, accelerating the urbanization pace of the western region, and
developing the western region into the second main urban area of Zhuhai [33]. Therefore,
the rapidly urbanizing areas will inevitably consume a large amount of non-construction
land types to meet the expansion of the city, leading to an overall spatial trend of the
land-use pattern transformation from the east to the west in Zhuhai.

Table 4. Land-use transfer matrix of Zhuhai City from 1999 to 2009.

2009
Cultivated Construction Unused
Land Land Forest Water Land Total
Cultivated land 44,309.16 10,500.57 10,809.72 6583.27 2696.50 74,899.21
Construction land 2956.25 6647.88 269.07 586.44 254.46 10,714.10
1999 Forest 2610.29 478.87 23,762.16 216.76 272.35 27,340.44
Water 5098.47 5686.29 988.25 26,659.95 1081.43 39,514.40
Unused land 3062.17 2079.50 121.82 44.10 876.45 6184.04
Total 58,036.34 25,393.11 35,951.03 34,090.53 5181.19 158,652.20
Table 5. Land-use transfer matrix of Zhuhai City from 2009 to 2019.
2019
Cultivated Construction Unused
Land Land Forest Water Land Total
Cultivatednland 29,347.20 11,857.34 9260.80 6177.16 1393.85 58,036.34
Construction land 4951.05 14,275.24 601.13 4923.32 642.37 25,393.11
2009 Forest 3230.46 832.36 30,714.06 999.56 174.60 35,951.03
Water 4011.40 6409.27 426.34 22,333.60 909.92 34,090.53
Unused land 1778.12 2474.68 99.38 97.41 731.60 5181.19
Total 43,318.23 35,848.89 41,101.71 34,531.04 3852.34 158,652.20
Table 6. Land-use transfer matrix of Zhuhai city from 1999 to 2019.
2019
Cultivated Construction Unused
Land Land Forest Water Land Total
Cultivated land 30,969.33 15,540.21 15,747.28 10,815.21 1827.18 74,899.21
Construction land 1942.56 7560.68 317.25 686.97 206.64 10,714.10
1999 Forest 1973.16 744.48 23,945.12 512.08 165.60 27,340.44
Water 6345.54 8763.07 788.04 22,404.82 1212.93 39,514.40
Unused land 2087.64 3240.45 304.02 111.96 439.97 6184.04
Total 43,318.23 35,848.89 41,101.71 34,531.04 3852.34 158,652.20
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3.2. Landscape Change Pattern Analysis
3.2.1. Analysis of Landscape Gravity Center Migration

The spatial migration pattern of five land-use types in Zhuhai in 1999, 2009, and 2019
is illustrated in Figure 5. The analysis of landscape gravity center migration shows that
the gravity center of construction land in Zhuhai shifted to the northwest from 1999 to
2019. During this period, Zhuhai City implemented a strategy of westward expansion
and rapid urbanization development, promoting the increasing expansion of construction
land in the western area [74]. At the same time, the gravity center of cultivated land has
shifted to the southwest. Although the expansion of construction land in the west caused
the occupation of a large area of cultivated land, a large amount of cultivated land was
still distributed in Jinwan and Doumen Districts in western Zhuhai. The gravity center of
forest land has shifted significantly during this period, as Zhuhai City was committed to
building a northern mountainous ecological tourism belt [25]. The ecological condition
in the northern part has been greatly improved with the increased forest land. For water
bodies, the gravity center has essentially shifted to the eastern part which is opposite to
that of construction land. Notably, the urban expansion in the western part of Zhuhai was
also accompanied by large-scale soil erosion during the past 20 years [74]. On the contrary,
protection of the mangrove wetland in the eastern coastal area resulted in the gradual
eastward shift of the gravity center of water bodies [78]. Comparatively, the gravity center
of unused land has shifted relatively slowly, mainly to the northwest. The continuous
industrialization might give rise to an increase in land development intensity and possible
low land-use efficiency [79], resulting in some land being left unused.

3.2.2. Analysis of Landscape Characteristics at the Type Level

Based on the analysis of the type-level landscape characteristic index [80] (Figure 6),
the cultivated area of class area (CA) decreased annually, while the number of patches
(NP) initially decreased and then increased from 1999 to 2019. This indicates a continu-
ous reduction around cultivated land along with an increase in the degree of landscape
fragmentation and human interference [25]. Meanwhile, the largest patch index (LPI)
and aggregation index (Al) of cultivated land continued to decrease. The urbanization
process and changes in land-use strategies in Zhuhai might have a certain impact on the
area of cultivated land [33]. The CA, LPI, and Al indices of construction land increased
annually, while the NP initially increased and then decreased. This indicates that the area of
construction land was relatively small in the early stage followed by an increase in fragmen-
tation. With the improvement in urbanization level, the dominance of construction land
gradually increased with a gradual decrease in fragmentation, while spatial aggregation
gradually increased [74]. For forest land, the CA and Al gradually increased together with
a decreased NP, as the LPI index initially decreased and then increased, implying forest
land has been increasing with a gradually decreased fragmentation and more concentrated
spatial distribution. The variation in landscape indices for forest land is largely attributed
to the management of ecological land use in Zhuhai City in recent years that may have a
certain protective effect on forest land evolution [25]. The CA of water bodies decreased
gradually to be more stable, while the NP and LPI initially decreased and then increased.
Moreover, the Al index exhibited the opposite trend to the NP and LPI, indicating that
water bodies, as the second dominant landscape type after cultivated land, have decreased
due to the occupation of other land-use types, resulting in a decrease in fragmentation and
a gradual decrease in spatial aggregation.
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The annual decrease in the conversion of unused land has led to a decline in the corre-
sponding CA. On the other hand, the NP initially experienced a decrease but eventually
showed an increase. Concurrently, the LPI showed a decreasing trend gradually approach-
ing zero. Similarly, the AI witnessed an initial increase followed by a subsequent decrease.
The type-level landscape index of unused land denotes that the unused land in Zhuhai
is continuously decreasing with the relatively increasing fragmentation. Moreover, the
spatial aggregation has been relatively decreasing during the past twenty years, suggesting
that the spatial development layout of Zhuhai is gradually becoming more rational with a
significantly improved land-use efficiency.

3.2.3. Analysis of Changes in Landscape Characteristics at the Landscape Level

Figure 7 illustrates the edge density (ED) and landscape shape index (LSI), which
increased dramatically with a more significant change from 2009 to 2019, while the patch
segmentation of different landscape types gradually increased. Moreover, the complexity
of boundaries also showed a gradual increase, resulting in landscapes with increasingly ir-
regular shapes. The contagion index (CONTAG) continuously decreased from 1999 to 2019,
indicating that the increased number of small patches enhanced landscape fragmentation,
thereby weakening the spatial aggregation and connectivity of the study area’s landscape.
During the past twenty years, Shannon’s diversity index (SHDI) and Shannon’s evenness
index (SHEI) exhibited a continued increasing trend, indicating continuously enlarged
inferior landscape patches, while the proportion of various landscape types” areas gradu-
ally decreased, indicating diversification and homogenization. Throughout the research
period, the escalating level of human disturbance, positive macroeconomic conditions, and
industrial growth in Zhuhai have contributed to the progressive conversion of scattered
cultivated land, water areas, and unused land into construction sites. Consequently, there
was a rise in the overall level of landscape fragmentation within the study area. The in-
creased segmentation of small patches subsequently diminished the connectivity between
these patches [35].

3.3. Analysis of Landscape Pattern Evolution Driving Forces
3.3.1. Driving Factors

Previous studies have categorized the driving forces in landscape pattern change into
two main groups: natural and social [26,27,81-84]. Natural factors primarily contribute to
alterations in land cover and exert a relatively consistent influence on land-use change as
the environmental background. On the other hand, social systems, including technology,
policies, and economic factors, directly exert an impact on land-use transformations within
the decadal time scale by influencing the decision-making processes and social behavior of
individuals regarding land utilization [85,86].

This study selects driving factor indicators from four aspects: economic development,
population, agricultural level, and natural environment. Based on previous studies, since
the reform and opening-up policy was implemented in China, especially in the densely
populated and economically strong regions of Beijing—-Tianjin-Hebei, Yangtze River Delta,
and Pearl River Delta, population change and socio-economic development have been
regarded as the main driving factors of land-use change due to the rapid increase in ur-
banization level [45,50,87]. As a core city of the Pearl River Delta region, Zhuhai should
select driving factors by combining the findings of previous studies and the characteristics
of this region, such as fast urbanization, large population mobility, and coastal location.
Between 1999 and 2019, Zhuhai’s economy maintained high-speed growth, and the indus-
trial structure was continuously adjusted, which promoted the transfer of rural labor force
to the secondary and tertiary industries. This resulted in rural population migration to
urban areas. A large number of immigrants caused urban construction land expansion and
cultivated land reduction [88,89]. Here, we choose urban population as a percentage of total
resident population (PUP) and end-of-year resident population (RP) as the driving factors
for population. The growth of infrastructure and housing construction will significantly
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increase fixed asset investment in the whole society. Therefore, this paper selects GDP, per
capita GDP (PGDP), gross value of primary industry (PI), gross of secondary industry (SI),
gross of tertiary industry (TI), per capita disposable income of city residents (PCIC), and
per capita income of rural residents (PCIR) as the driving factors for economic development.
Considering that Zhuhai is located in a coastal area with abundant wetland resources and
a favorable hydrological environment that is suitable for various fish farming activities, we
select the total output value of agriculture, forestry, animal husbandry, and fishery (AFAF)
and end-of-year fruit area (FA) as the driving factors for agricultural level. Meanwhile,
we select temperature (T) and precipitation (P) as natural factors. Since Zhuhai’s terrain
is mainly composed of hills and plains, this paper will not consider the impact of basic
resource conditions such as elevation and slope on land-use change in this area. The
socio-economic and agricultural driving factor data selected for this study are sourced from
the Statistical Yearbook of Guangdong Province. (http:/ /stats.gd.gov.cn/gdtjnj, accessed
on 20 January 2023).
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Figure 7. Spatial distribution map of landscape index in Zhuhai City from 1999 to 2019.
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The result presents the extraction of two principal components with eigenvalues
greater than 1, contributing to a cumulative variance of 91.21%. The analysis indicates
that the two principal components can effectively represent the original 13 variables.
Subsequently, the rotated component matrix was obtained using the maximum variance
method. Table 7 highlights the variation of factors including per capita net income of rural
residents (X9), gross value of secondary industry (X6), gross value of tertiary industry
(X7), and GDP (X4). Higher loadings in the first component present socio-economic
development. These factors are then defined as socio-economic development factors. The
second component is predominantly characterized by a larger loading of end-of-year
fruit area (X11) and precipitation (X12), which primarily signifies agricultural structural
adjustments and climatic background (Table 7).

Table 7. Rotational component matrix.

Element
Indicators
1 2
End-of-year resident population 0.979 0.147
Proportion of 1.1rban populat'lon to the total 0.963 0.032
resident population

Per capita GDP 0.989 0.020
Gross domestic product 0.999 —0.035

Gross value of primary industry 0.989 0.016

Gross value of secondary industry 0.998 0.013
Gross value of tertiary industry 0.995 —0.074
Per capita net income of rural residents 0.998 —0.136
Per capita disposable income of city residents 0.995 —0.074

Gross output of agriculture, forestry, animal

husbandry, and fishery 0981 0.014

End-of-year fruit area 0.143 0.797
Precipitation 0.230 -0.728

Temperature 0.889 0.149

In order to conduct a more in-depth study on the driving factors of the constructed
landscape pattern in Zhuhai City, we utilized the analysis method of the grey correlation
degree based on principal component analysis. This further enabled us to identify the
significant driving factors that cause the spatiotemporal evolution of the landscape pattern
in Zhuhai City and analyze their degree of correlation. As shown in Figure 8, the selected
socio-economic factors, agricultural factors, and natural factors are strongly correlated with
the six landscape indices. The change in land-use landscape pattern is the result of the
interaction of multiple influencing factors. In this study, the climatic factors selected have
a more obvious driving effect on the landscape indices than the socio-economic factors.
This suggests that the change in landscape pattern in Zhuhai City is closely related to
both socio-economic development and the natural environment. In terms of landscape
shape and diversity, ED, LSI, SHEI, SHDI, and CONTAG are significantly correlated with
temperature, precipitation, population, and end-of-year fruit area at the end of the year,
with a correlation degree of 0.9. The increase in precipitation, population growth, and
the development of agriculture, industry, and economy in the study area lead to a further
increase in construction land demand, a decrease in cultivated land, and the continuous
desertification of unused land, which further aggravates the landscape fragmentation in
Zhubhai City.
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T 0.9946 0.9951 0.9924 0.9924 0.9868

P 0.9879 0.9884 0.9843 0.9843 0.9949 fis

RP 0.9582 0.9578 0.9619 0.9619 0.9446 .
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Figure 8. Gray correlation degree of indicators between social, economic, and natural indices and
landscape index.

3.3.2. Driving Forces of Landscape Pattern Evolution and Suggestions

Studies have shown that the landscape pattern of Zhuhai City has undergone tremen-
dous changes in the past 20 years, mainly reflecting the impacts of population, economic,
and natural factors. Generally, in areas with high urbanization, the rapid expansion of
built-up land is coupled with many socio-economic factors [90]. Such us in Tabriz metropoli-
tan area of Iran, where GDP and population are considered as the main drivers of land
use change [17]. In the Pearl River Delta region, there is a significant correlation among
built-up area, GDP, and permanent population [50,87]. From 1999 to 2019, Zhuhai City
experienced rapid economic development, with continuous increases in per capita GDP
and regional production value. The secondary and tertiary industries developed rapidly,
and the economic growth was accompanied by industrial structure transformation. The
structure of the three industries changed from 4.4:51.2:40.0 in 1999 to 1.7:44.5:53.8 in 2019,
with the tertiary industry gradually dominating (Figure 9). The permanent population
increased year by year, and the rural population migrated to urban areas continuously. This
development became the main reason for the increase in built-up land and the potential
driving force for the reduction in cultivated land. At the same time, since the reform and
opening-up, foreign investment has become a new driving force for urbanization in the
Pearl River Delta region of South China. As a core city of the Pearl River Delta, adjacent to
Hong Kong and Macao, Zhuhai was influenced by the radiation of Hong Kong and Macao
on the mainland economy. In a short period of time, economic structure adjustment, rural
industrialization, and an export-oriented economy emerged, making Zhuhai and Shenzhen
on the east bank of the Pearl River estuary rapidly develop as a new center of economic
growth [91,92]. This inevitably led to a strong encroachment on cultivated land and a
vigorous development of unused land to meet the demand for built-up land. For a time,
Zhuhai City presented a mixed pattern of cultivated land, built-up land, and residential
land. This further aggravated the fragmentation degree of the landscape pattern in this
area and significantly reduced spatial aggregation.
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Figure 9. Changes in per capita income, GDP, and output value of various industries in Zhuhai City
from 1999 to 2019. (a) Per capita income of Zhuhai City. (b) Industrial structure of Zhuhai City.

Agricultural adjustment is also a major factor driving the landscape pattern change
of Zhuhai City. Zhuhai is located on the west bank of the Pearl River estuary, where
the economic benefits of grain crops are far lower than those of aquaculture and fruit
tree planting. Farmers developed forestry and fishery farming to increase their income,
resulting in a large area of cultivated land being abandoned or converted to other land types,
aggravating landscape fragmentation. Since the 18th National Congress of the Communist
Party of China, following the call for ecological civilization construction such as “controlling
development intensity, adjusting spatial structure”, under the new situation of “adhering
to the red line of cultivated land, saving and intensive land use”, the Zhuhai municipal
government actively implemented the national policy and formulated the “Zhuhai City
Land Use Master Plan (2006-2020)”, strictly protected cultivated land, implemented balance
between the occupation and compensation of cultivated land, and carried out a land
reclamation plan. Therefore, the decline rate of cultivated land slowed down from 2009
to 2019. However, with the implementation of Zhuhai City’s development strategy of
“western transformation, eastern development” in 2008 and the continuous improvement
in urbanization level, built-up land increased significantly, and most of the area came from
cultivated land.

In addition, climatic factors control the overall water and heat resources and further
affect the basic pattern of land use by affecting plant growth, soil nutrient supply, and
water bodies [93,94]. Zhuhai City has a warm and humid climate, with temperature rising
continuously and precipitation fluctuating. Temperature and precipitation changes have
a significant impact on the fragmentation degree and landscape diversity of Zhuhai City.
The overall topography of Zhuhai City is relatively flat, mainly consisting of plains and
hills. The city is crisscrossed by rivers and has abundant wetland resources such as paddy
fields and ponds [95]. However, it is highly susceptible to the influence of temperature
and rainfall. During dry and warm climates, wetlands may degrade and transform into
non-wetlands, resulting in reduced connectivity between wetland patches. Conversely, a
warm and humid climate environment is conducive to the restoration and development of
water bodies and wetlands. During 20 years, SHEI and SHDI indices showed an upward
trend. From 1999 to 2019, the cultivated land area in the study area continued to decrease,
accompanied by the conversion to natural landscapes such as forest land and water area,
which further increased landscape diversity. However, the CONTAG gradually decreases,
and the landscape connectivity deteriorates. This indicates that although the wet and
hot climatic conditions can have a positive regulatory effect on the landscape pattern, the
increasing human activities gradually replace natural factors, leading to an increase in
landscape fragmentation within the study area.
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Since the initiation of the reform and opening-up in China, the GBA region has undergone
a remarkable increase in urbanization and a sustaining rise in development and construction
intensity, resulting in severe ecological damage in recent years [28,30,31]. Zhuhai City, as a
core city in the western GBA, prominently experienced a rapid and extensive expansion of
non-agricultural construction activities [33]. The haphazard mixing of urban and agricultural
areas caused the fragmentation of ecological land use, triggering a range of ecological and
environmental challenges [74]. While the “Coordination Development Plan of the Pearl
River Delta Urban Agglomeration” has been implemented to enhance the protection of
ecological resources, such as forest land and green spaces, across various cities and promote
the coordinated development of urban and rural areas, it is essential to address the issues
arising from the reduction in cultivated land and the loss of coastal mangrove wetlands [78].
This study contributes a new analysis of land-use changes in Zhuhai over the past twenty years
as a case study of suburban landscape changes under recent rapid urbanization in developing
counties. The landscape pattern change in Zhuhai such as encroachment on cultivated land,
water areas, and undeveloped land should be paid great attention. Future efforts should focus
on prudent planning of limited land resources, reinforcing ecological land use. It is crucial to
discontinue the extensive mode of land use, cease the practice of acquiring cultivated land
without proper utilization, and prevent the unchecked expansion of construction land [96].
In order to achieve sustainable development in the region, it is imperative to establish a
harmonious balance between land use and the protection and construction of the ecological
environment [97]. This requires coordinated efforts to promote sustainable practices, strike a
balance between economic development and ecological preservation, and ensure the long-term
well-being of the region.

4. Conclusions

This study employs remote sensing data and relevant landscape indices to analyze
landscape pattern evolution in Zhuhai City, along with the driving factors of landscape
pattern change. Based on the analysis above, we draw the conclusions as follows:

1. From 1999 to 2019, there was a significant change in land use in Zhuhai City, charac-
terized by a decrease in cultivated land, unused land, and water area and an obvious
increase in construction land. The landscape evolution was dominated by a con-
version from cultivated land to construction land and forest land. The decreased
cultivated land was mainly distributed in the western rural area of Zhuhai.

2. Urbanization gradually increased the fragmentation and the spatial aggregation degree
of Zhuhai City overall. The fragmentation degree of landscape patterns increased in
Zhuhai over the twenty years along with the enhancement of inferior landscape patches.
Moreover, urbanization in the rural area brought about an increase in the fragmentation
of the landscape patterns, with a continuous decrease in spatial aggregation.

3. Both socio-economic development and natural environment change factors controlled
the landscape pattern change of Zhuhai City over the past twenty years. The im-
provement in urbanization level has promoted the agricultural transformation with
cultivated land loss corresponding to a continuous increase in the per capita net
income of rural residents. In addition, this study suggests that coordination of land
use along with the protection and construction of the ecological environment is still
urgently needed to achieve sustainable development in the region.
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