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Abstract: Land urbanization is a comprehensive mapping of the relationship between urban produc-
tion, life and ecology in urban space and a spatial carrier for promoting the modernization of cities.
Based on the remote sensing monitoring data of the land use status of the Yangtze River Delta urban
agglomeration collected in 2010 and 2020, the spatial differentiation characteristics and influencing
factors of land urbanization in the area were analyzed comprehensively using hot spot analysis,
kernel density estimation, the multi-scale geographically weighted regression (MGWR) model and
other methods. The results indicated the following: (1) From 2010 to 2020, the average annual growth
rate of land urbanization in the Yangtze River Delta urban agglomeration was 0.50%, and nearly
64.28% of the counties had an average annual growth rate that lagged behind the overall growth rate.
It exhibited dynamic convergence characteristics. (2) The differentiation pattern of land urbanization
in the Yangtze River Delta urban agglomeration was obvious from the southeast to the northwest.
The hot spots of land urbanization were consistently concentrated in the southeastern coastal areas
and showed a trend of spreading, while the cold spots were concentrated in the northwest of Anhui
Province, showing a shrinking trend. (3) Compared with the GWR model and the OLS model, the
MGWR model has a better fitting effect and is more suitable for studying the influencing factors of
land urbanization. In addition, there were significant spatial differences in the scale and degree of
influence of different influencing factors. Analyzing and revealing the spatiotemporal characteristics
and driving mechanism of land urbanization in the Yangtze River Delta urban agglomeration has
important theoretical value and practical significance for the scientific understanding of new-type
urbanization and the implementation of regional integration and rural revitalization strategies.

Keywords: land urbanization; new-type urbanization; rural revitalization; multi-scale geographically
weighted regression (MGWR); Yangtze River Delta urban agglomeration

1. Introduction

Urbanization is a product of the industrialization era, including major changes in eco-
nomic structure, production methods, lifestyles and land use methods. It is also the result
of the long-term accumulation of population aggregation and urban construction [1-5].
Unlike the urbanization development of developed countries in Europe and America,
China’s urbanization realized the 200-year development process experienced by developed
countries in Europe and America in more than 40 years [6,7]. China’s urbanization is based
on the top-level design under the growth model. Especially after entering the 1990s, due
to the expectation of China’s rapid development and the eagerness to achieve success
in the actual command process, the decision-making level often excessively promoted
urbanization, with a focus on the digital and physical dimensions of economic growth
and spatial expansion [6,8,9]. The urban built-up area caused by the rapid expansion of
urban space will become larger and larger, leading to incurable urban diseases, and some
“empty cities” and “ghost towns” are likely to appear in the future. Urban planning should
gradually shift from expansionary planning to limiting urban development boundaries
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and optimize the planning of the space structure [8,9]. Land urbanization, as the concrete
manifestation of urbanization in space, is mainly manifested in the transformation of agri-
cultural land into urban construction land, which has become the focus of both scholars
and the government [10-12]. According to the statistics of the China Urban Construction
Statistical Yearbook, from 2010 to 2020, the area of urban construction land in China increased
from 39,758.4 km? to 58,355.3 km?, an increase of 46.77%. However, the rapid development
of urbanization and the disorderly spread of urban land have been criticized, and they
have been repeatedly banned in various places. As a result, the conflict between urban
production space (it is a specific functional area where people engage in production ac-
tivities), living space (it is the space for people’s daily life activities) and ecological space
(it is a regional space with an ecological protection function that can provide ecological
products and ecological services) [13] has become increasingly intensified, posing a threat
to the sustainable development of cities [14-16]. China’s urbanization problem is more
complicated. On the one hand, the leverage force caused by the difference in land rent
makes the relatively low suburban prices the main attraction of urban spatial development,
which leads to the disorderly extension of urban boundaries without an effective control
mechanism [17]. On the other hand, the deep reasons are the financial decentralization and
the performance appraisal system aiming at economic growth under China’s long-term
urban-rural dual system [18]. Under the influence of multiple internal and external factors,
the long-term unequal exchange of capital, land, labor and other elements between urban
and rural areas makes the urban land expansion rate ahead of the urban population growth
rate a common disease in most cities [19]. In November 2019, the General Office of the
Central Committee and the General Office of the State Council issued the “Guiding Opin-
ions on the Overall Delineation and Implementation of Three Control Lines in National
Land and Spatial Planning”, which clearly stated that the three control lines of urban
development boundaries, permanent basic farmland and ecological protection red lines
should be adjusting the economic structure, planning the development of the industry and
promoting the insurmountable red line of urbanization [20]. Under the strong control of
the three major land and space red lines, the urban development path that traditionally
relies on the disorderly expansion of extension space will be well controlled [21].

With the advent of the era of global cities, the development of each city does not exist
in isolation. The flow of people, logistics, information and capital connects different cities
in the process of spatial flow [22]. Urban agglomeration has become the main form of
urbanization development, with a high level of land urbanization [23,24]. Scholars from
home and abroad have conducted much research on the pattern of land use change in urban
agglomerations and metropolitan areas. Bosch et al. [25] explored the spatial and tempo-
ral patterns of land use change in three Swiss urban agglomerations through landscape
indicators and growth patterns; Wu et al. [26] performed a comparative analysis of the
metropolitan regions of Phoenix and Las Vegas and revealed that, throughout the twentieth
century, the two agglomerations showed a strikingly similar trend towards a landscape that
is more diverse in land use, fragmented in structure and complex in shape; Dutta et al. [27]
used geospatial indices to explore the dynamics of urban expansion in the English Bazar
Urban Agglomeration, revealing that the northwest and southwest parts of the English
Bazar UA are experiencing a rapid increase in sprawl. Li et al. [28] used mathematical statis-
tics and spatial analysis methods to analyze the change process of urbanization, coupling
co-scheduling and ecological risk response pattern in the Yangtze River Delta, and found
that the coupling coordination degree of population, land and economic urbanization in
the Yangtze River Delta is increasing, and the ecological risk is weakening. Niu et al. [29]
studied the evolution of the interactive relationship between urbanization and land use
transformation in the Yangtze River Delta and found that rapid urbanization exacerbates
the trend of land fragmentation, promotes the rapid expansion of construction land and
hinders the further development of urbanization. The Yangtze River Delta urban agglomer-
ation is one of the regions with the most active economic development, the highest level of
urbanization and the greatest degree of land development in China. It has consistently been
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a major focus among academics both domestically and internationally [30,31]. Revealing
the spatial and temporal evolution patterns and influencing factors of land urbanization in
the Yangtze River Delta urban agglomeration is of great significance in guiding the healthy
development of urbanization in other urban agglomerations and similar regions in China
and the world and in promoting the sustainable development and utilization of urban
land resources.

Among the relevant research progress at home and abroad, scholars” attention and
discussion regarding land urbanization mainly focus on three aspects. The first aspect is
the concept definition and measurement evaluation of the land urbanization level. Scholars
have interpreted the concept of land urbanization from the perspectives of land use form
transformation [32] and the nature of rights [33]. Li et al. [34] pointed out that the definition
of the connotation of land urbanization should serve the coordination and matching rela-
tionship between land urbanization and population urbanization. For the calculation of the
level of land urbanization, the single index method (the proportion of construction land or
built-up area to the total area) [35,36] and the other composite index method (the quality of
land urbanization) [37] are widely used. Some scholars also measured the process of land
urbanization from the aspects of land structure, input and output [29,38,39]. The second
aspect is the research on the coordination relationship between land urbanization and
population urbanization and its regional differences [40]. There is a consensus that land
urbanization is ahead of population urbanization on a national scale, but this unbalanced re-
lationship appears in different regions or cities [41]. Some scholars found that the coupling
relationship between land and population urbanization has periodic characteristics [42,43].
In recent years, the imbalance between the two has eased, and some areas have even
developed land. Urbanization lags behind the trend of population urbanization [44]. The
third aspect is research on the driving mechanism of land urbanization. China’s specific
fiscal decentralization and dual urban-rural land management system are recognized as
the fundamental driving forces of land urbanization [45,46]. However, from the perspective
of “human-land coordination”, factors such as natural geographical conditions (includ-
ing terrain conditions and annual precipitation) and social and economic development
(including economic development and social basic conditions) [47] can also explain the
changes in the spatial pattern of land urbanization to a certain extent. Zhou et al. [48]
addressed the impact of population, economy, social public services and space on rural in
situ urbanization in the Beijing-Tianjin—Hebei region. Gao et al. [49] revealed the impact
of six major influencing factors, foreign direct investment (FDI), labor force, government
competition, system, population and the employment housing relationship, on urban land
expansion in the Yangtze River Delta. Traditional correlation analysis [50], multiple regres-
sion analysis [51] and principal component analysis [52] have often been used in the study
of driving factors, but they ignore the regional differences between research units, and it is
difficult to characterize the spatiality of the data fully.

Academic research has expanded the multi-dimensional perspective of land urban-
ization analysis, which is of great significance for profoundly understanding the pattern
of land urbanization and its driving forces and then optimizing the pattern of urban and
rural land use [53-55]. Most of the existing studies established global models based on
statistical data and failed to consider the spatial heterogeneity and non-stationarity within
the study area [47,56,57]. Furthermore, the spatial variation characteristics and spatial
distribution rules of the research objects cannot be reflected, resulting in strong universality
and insufficient pertinence of the policy recommendations proposed by the research. Urban
agglomerations are the main body of urbanization [58]. They play an important role in
optimizing the urban spatial structure, promoting the construction of new urbanization
and promoting the development of regional integration [59,60]. However, according to the
current research progress, the systematic research on the development dynamics, spatial
pattern and formation mechanism of land urbanization in urban agglomerations is still
insufficient [36,48,49]. The 19th National Congress of the Communist Party of China also
clearly proposed that the urban agglomeration should be the main body with which to
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build an urban pattern of coordinated development for large, medium and small cities
and small towns [61]. Therefore, based on the remote sensing monitoring data of China’s
land use status, this paper quantitatively analyzes the spatiotemporal characteristics and
formation mechanism of land urbanization in the Yangtze River Delta urban agglomeration
in order to deepen the theoretical research on rural geography and land use and to promote
urban-rural integration and provide a new scientific basis for strategic decisions such as
those regarding urbanization.

This study aims to reveal the spatiotemporal dynamics of land urbanization in the
Yangtze River Delta urban agglomeration and explore its driving mechanism. This article
is divided into five sections. Section 2 presents the study area, study methodology and data
sources. The Section 3 introduces the spatiotemporal dynamics of land urbanization in the
Yangtze River Delta urban agglomeration from 2010 to 2020, and the Section 4 discusses
the multi-scale effects and spatial heterogeneity of different influencing factors based on
the MGWR model. Section 5 compares key findings with previous research, makes policy
recommendations and provides a brief conclusion.

2. Materials and Methods
2.1. Study Area

The Yangtze River Delta urban agglomeration is an important intersection between
the “Belt and Road” and the Yangtze River Economic Belt. It has a pivotal strategic
position in the overall situation of China’s national modernization and development. It
is an important platform allowing China to participate in international competition, an
important engine for economic and social development. The center of the Yangtze River
Economic Belt is also one of the regions with the best urbanization foundation in China.
The study area falls within the scope of the central area delineated by the “Outline of
the Yangtze River Delta Regional Integrated Development Plan” issued by the Central
Committee of the Communist Party of China and the State Council in December 2019,
including 9 cities in Jiangsu Province (Nanjing, Suzhou, Wuxi, Changzhou, Zhenjiang,
Yancheng, Nantong, Yangzhou, Taizhou), 9 cities in Zhejiang Province (Hangzhou, Jiaxing,
Shaoxing, Ningbo, Jinhua, Huzhou, Zhoushan, Taizhou, Wenzhou), 8 cities in Anhui
Province (Hefei, Maanshan, Wuhu, Tongling, Anqing, Chuzhou, Xuancheng and Chizhou)
and Shanghai. The Yangtze River Delta urban agglomeration has a total area of 223,800 km?
and a population of approximately 225 million. The topographic features of the Yangtze
River Delta urban agglomeration are high in the southwest and low in the northeast, with
an elevation range of —83.31~1736.98 m (Figure 1), including a total of 127 counties. Due to
the incompleteness of the land use remote sensing monitoring data of Shengsi County; it
was omitted from the study, and the study area thus included 126 counties.

2.2. Data Sources

The research used the urban and rural construction land (including towns, industrial
and mining areas, rural settlements, transportation and other construction land) in the
remote sensing monitoring data of China’s land use status collected in 2010 and 2020, mainly
from the Resource and Environment Data Center of the Chinese Academy of Sciences,
covering 30 m across the country. We constructed a spatial distribution map of land use
types with high resolution. The socioeconomic data required for the analysis of influencing
factors came from the 2011 and 2021 China Counties Statistical Yearbook (County and Cities
volume). The population density data came from the WorldPop population dataset (https:
/ /www.worldpop.org/ accessed on 10 January 2022); the average annual precipitation,
DEM and other data were also from the Resource and Environmental Science Data Center
of the Chinese Academy of Sciences (http://www.resdc.cn accessed on 10 January 2022),
and density of roads data came from OpenStreetMap.
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Figure 1. Location of the study area.

2.3. Methods

(1) Land Urbanization Evaluation Index

With reference to the land non-agriculturalization index [62] and the quality of land
urbanization [37], the index of land urbanization rate (LUR) in the counties of the Yangtze
River Delta urban agglomeration was constructed, i.e., the ratio of urban industrial and
mining land and transportation land to the total scale of urban and rural construction
land. The indicators not only describe the level of land urbanization, but also reflect the
changes in the land use structure in the process of county urbanization [57]. The formula is

as follows:
ul +1il +tl

PUR = i+ @
where ul is the scale of urban land, i/ is the scale of industrial and mining land, #! is
the scale of transportation land and 7/ is the scale of rural residential land. Based on
the spatial analysis function of ArcGIS Pro 2.8 software (https:/ /www.esri.com/zh-cn/
arcgis/products/arcgis-pro/trial (accessed on 10 January 2022)), the land urbanization
pattern of each county in the Yangtze River Delta urban agglomeration from 2010 to 2020
was visualized.

(2) Spatial Autocorrelation Analysis

Spatial autocorrelation analysis can reveal the spatial distribution of a single attribute
of the research object and quantitatively measure its correlation degree [63]. The global
spatial autocorrelation, which uses Moran'’s I index [64], was used to identify whether the
spatial distribution of land urbanization in the Yangtze River Delta urban agglomeration
had spatial agglomeration; the local correlation analysis used the “local Getis-Ord’s in-
dex” [65]. The cold spots and hot spots of land urbanization in the Yangtze River Delta
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urban agglomeration were identified, and the conceptualization of spatial relationships
was set with CONTIGUITY_EDGES_CORNERS.

(8) Kernel density estimation

Kernel density estimation is a non-parametric estimation method [66,67] that uses
continuous density function curves to describe the distribution of random variables. Kernel
density estimation uses a smooth peak function to fit the sample data and uses a continuous
density curve to describe the distribution of random variables, which has the advantages of
weak model dependence and strong robustness. In this study, epanechnikov was selected
as the kernel function, and the bandwidth was 0.0749.

(4) Index selection and model construction of influencing factors

Considering the particularity of land urbanization in the Yangtze River Delta urban
agglomeration in the process of development and the availability of data, LUR was used
as a dependent variable, and the population size, economic level, social basic conditions
and natural environment were analyzed separately. We selected variables to build a
model to explore the main influencing factors of land urbanization in the counties of the
Yangtze River Delta urban agglomeration (Table 1, Figure 2). The selection of variables
was mainly based on the following assumptions. (1) Economic development can effectively
increase the income of urban residents, improve urban living conditions and stimulate
the transfer of agricultural populations to urban areas, thereby increasing the demand for
urban residential, industrial, transportation and other construction land and increasing
the demand for land urbanization. It leads to positive promotion [68,69]. (2) Social basic
conditions, the soft infrastructure of urbanization, are closely related to the lives of urban
residents. Social public service mainly guides the development of urban land space by
attracting the population, thereby promoting the expansion of urban residential land [48,70].
(® Population growth in counties is the main source of demand for urban land [71,72],
and the larger the population scale, the higher the level of land urbanization [49,71-73].
® A good natural environment should be able to better meet the expansion needs of
urban construction land and contribute to the process of land urbanization [74,75]. Due
to the stability of the model and the difficulty of data collection, the year 2020, with better
timeliness, was used to study the influencing factors of land urbanization.

Table 1. Indicators to analyze the driving factors of LUR.

Type Symbol Variable Definition

Gross domestic production

X1 Per capita GDP (GDP)/permanent population

The proportional relationship
to indicate the industrial
structure of a region

Economy X2 Proportion of secondary
and tertiary industry in GDP

X3 Fiscal revenue Budget revenue/GDP

. . X4 Number of healthcare beds An 1r'1d1cat0r to mdlcgte the
Social basic medical level of a region

conditions

Total road mileage/area of

X5 Density of roads district or county

Permanent population/area of

Population X6 Population density district or county
X7 Topographic relief Stemming from Feng et al. [76]
Natural In this study, it was believed
environment X8 Annual precipitation that the higher the annual

average precipitation, the
better the natural environment
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Figure 2. Analysis framework of land urbanization in Yangtze River Delta urban agglomeration.

All independent variables were standardized and tested for multicollinearity using
the variance inflation factor (VIF) before running the MGWR model. The larger the VIF
value, the greater the multicollinearity [77]. It is generally believed that if the VIF value
is greater than 7.5 or the tolerance (the reciprocal of VIF) is closer to 0, it indicates that
the multicollinearity is stronger. The VIF value of each index was less than 7.5 (Table 2),
indicating no multicollinearity problem among the selected indexes.

Table 2. Influencing factors multicollinearity test.

Variable X1 X2 X3 X4 X5 X6 X7 X8

VIF 4.776 1.892 2.552 1.704 4.210 4.817 1.110 1.189
Tolerance  0.209 0.529 0.392 0.587 0.238 0.208 0.901 0.841

The greatest difference between the MGWR model and the classical GWR model is the
heterogeneity of bandwidth. This improvement is achieved by redefining GWR as in the
definition of the generalized additive model (GAM) [78]. Compared with the GWR model,
the MGWR model allows each variable to have different spatial smoothing levels. This
model is expressed as follows:

Yi = Bo(ui, v;) + ) Bowj (1, 0i)Xij + € )
=1

where y; is the LUR of i county, x;; is the nth predictor variable, By, is the optimal bandwidth
used by the nth variable regression coefficient, (;, v;) is the geographic coordinate of the
ith spatial unit centroid, Bo(u;, v;) is the intercept of the model at i, B;(u; v;) is the regression
coefficient corresponding to the jth variable of the i space unit, ¢; is the random error term
and k is the number of units. The kernel function and bandwidth selection criteria of
the MGWR model use the Gaussian function and AICc, respectively, and GAM uses a
backward-fitting algorithm to fit each smooth term. We used SOC-f [79] as a convergence
criterion with a convergence threshold of 1 x 107°.
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3. Spatial and Temporal Evolution Pattern of Land Urbanization in Yangtze River
Delta Urban Agglomeration

3.1. Land Urbanization Pattern of Yangtze River Delta Urban Agglomeration in 2010

In 2010, the land urbanization rate of the Yangtze River Delta urban agglomeration
was 50.49%. According to the stage characteristics of population urbanization and the
comprehensive measurement results of China’s urbanization level [80-82], the land urban-
ization level can be divided into five types: low (<0.1), medium low (0.1~0.3), medium
(0.3~0.5), medium high (0.5~0.7) and high (>0.7). As shown in Figure 3, most of the counties
in the Yangtze River Delta had a land urbanization level of medium or above, accounting
for about 76.19%. Specifically, among the 126 counties in the Yangtze River Delta urban
agglomeration, less than 20% had a land urbanization rate greater than 0.7; however, there
were medium-low-level and low-level counties, accounting for 20.64% and 3.17%, respec-
tively. The counties with a high land urbanization level were mainly distributed in Zhejiang
Province and Jiangsu Province, while the land urbanization rate of most counties in Anhui
Province was relatively low, showing a pattern of high in the southeast and low in the
northwest. Using the spatial analysis module in ArcGIS Pro 2.8 software, the Moran’s I
index of the land urbanization rate of the Yangtze River Delta urban agglomeration was
calculated to be 0.579, and the z-score was 9.95, p < 0.01. After passing the significance
test, the hot spot analysis tool was further used to analyze the cold and hot spots of the
land urbanization of the Yangtze River Delta urban agglomeration. It showed that the
land urbanization of the Yangtze River Delta urban agglomeration presented a significant
positive spatial correlation feature, and the hot spots were concentrated in the Shanghai
metropolitan area. The areas near Hangzhou, Jinhua and Wenzhou had a high land urban-
ization level and were surrounded by counties with a high land urbanization level. The
cold spot areas were concentrated in Hefei, Chuzhou, Wuhu, Tongling, Chizhou and other
cities in Anhui Province. These areas had a relatively low land urbanization level and were
surrounded by counties with a low land urbanization level.

N

", Legend

Legend
0.06-0.10 (4) } = M Cold Spot95%—Confidence (24)
[70.11-0.30 (26) 71 Cold Spot—90% Confidence (7)

m0.31-0.50 (35)
m0.51-0.70 (41)

Not Significant (65)
71 Cold Spot—90% Confidence (8)

0.71-1.00 (20) M Cold Spot—95% Confidence (22)

_Ino data no data
0 200km
|

Figure 3. Analysis of land urbanization pattern and hot spots in Yangtze River Delta urban agglomer-
ation in 2010.
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3.2. Land Urbanization Pattern of Yangtze River Delta Urban Agglomeration in 2020

In 2020, the land urbanization rate of the Yangtze River Delta urban agglomeration
was 55.41%. In 2020, the number of counties with a low or medium low level of land
urbanization was reduced from 30 in 2010 to 25; however, the number of counties with a
medium or above level reached 81.16%, and those with a land urbanization rate greater
than 0.7 accounted for more than 1/4, an increase of 60% compared with 2010 (Figure 4).
With the further acceleration of population urbanization, the level of land urbanization also
increased correspondingly. Most of the counties in Zhejiang Province and the counties in the
south of Jiangsu Province were still high-level areas. The level of land urbanization in some
counties in Anhui Province increased significantly, such as in Feixi County, Lujiang County,
Anging City, Chizhou City, Dangtu County and other counties. During this period, for the
development of the Yangtze River Delta region, the state proposed a new-type urbanization
strategy and regional integration strategy of “coordinating urban and rural development,
actively and steadily promoting urbanization”, which narrowed the difference in the level
of land urbanization between counties to a certain extent. The coefficient of variation for
the land urbanization rate dropped from 0.458 in 2010 to 0.423 in 2020. In 2020, Moran’s I
index was 0.602, and the z-score was 10.32, p < 0.01. After passing the significance test and
further using the hot spot analysis tool, it was found that the positive spatial correlation
characteristics of the urbanization rate of the counties in the Yangtze River Delta urban
agglomeration had improved, and the hot spots had further expanded and connected in
the southwest of Zhejiang Province; it is worth noting that the hot spots near the Shanghai
metropolitan area had reduced, indicating that the land development in this area had
gradually become saturated; the number of counties in the cold spot area was reduced from
31 in 2010 to 27 in 2020. The cold spot area in Anhui Province shrank slightly, while Binhai
County and Funing County in the north of Jiangsu Province were transformed into cold
spots, indicating that the land urbanization rate of these two counties and surrounding
counties was growing slowly, lagging behind the land structure adjustment in other regions.

N

Legend

£10.06-0.10 (2)

£70.11-0.30 (23)
0.31-0.50 (31)
0.51-0.70 (38)

", Legend
> M Cold Spot—95% Confidence (24)
- mICold Spot—90% Confidence (3)
~INot Significant (65)

1 Cold Spot—90% Confidence (8)

m0.71-1.00 (32) B Cold Spot—95% Confidence (26)

__Ino data _no data
0 200km
[ |

Figure 4. Analysis of land urbanization pattern and hot spots in Yangtze River Delta urban agglomer-
ation in 2020.
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3.3. Evolution of Land Urbanization Pattern in Yangtze River Delta Urban Agglomeration
3.3.1. Time Evolution Characteristics

From 2010 to 2020, the overall land urbanization rate of the Yangtze River Delta urban
agglomeration increased from 50.49% to 55.41%, with an average annual growth rate of
0.50%. In developed areas, land development takes place earlier than in other, less devel-
oped areas, and the potential space for land expansion is limited. Figure 5 is a graph of the
urbanization kernel density curve of the Yangtze River Delta urban agglomeration created
using the Stata 15 software in order to describe the temporal evolution characteristics of
the land urbanization of the Yangtze River Delta urban agglomeration. From the change
of the nuclear density curve position, the curve position as a whole shows a trend of
rightward migration. From the change of the peak height of the main peak of the curve, it
gradually evolves from the broad peak shape to the peak shape; according to the change
in the number of peaks in the curve, there is a transition from one main peak and one
secondary peak on the left side to a single main peak; according to the curve tailing change,
the tailing on the left side and the right side is shortened and raised. A series of changes in
the nuclear density curve show that the urbanization rate of urban agglomeration in the
Yangtze River Delta showed a continuous upward evolution during the study period; the
difference in the level of land urbanization between counties showed a narrowing trend,
and the polarization characteristics were weakening. On the whole, the land urbanization
rate among the counties of the Yangtze River Delta urban agglomeration was characterized
by dynamic convergence.
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Figure 5. Estimation curve of land urbanization kernel density in Yangtze River Delta urban agglom-
eration from 2010 to 2020.

3.3.2. Spatial Evolution Characteristics

Referring to the average annual growth of the land urbanization rate in the overall
urban agglomeration in the Yangtze River Delta, the growth in the counties was in the
range of <0, 0~0.5%, 0.5%~1%, 1~2% and >2%. It was divided into five levels of negative
growth, low speed, medium speed, high speed and ultra-high speed, and we carried out
spatial statistics and Kriging interpolation simulation (Figure 6). The results showed that
64.28% of the counties had an average annual growth rate of land urbanization below
0.5%, which was lower than the regional average growth rate. Among them, the average
annual growth rate of 17.46% of the counties was negative. These counties were mainly
distributed in Jiangsu Province, and a small number were distributed in the coastal areas of
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Zhejiang Province, such as Yuhuan City, Wenling City, etc. The average annual growth rate
of land urbanization was between 0.5% and 1% in 18.42% of counties, while only 11.11% of
counties had an average annual growth rate of >1%. From the perspective of provincial
divisions, the land urbanization rate of counties in Zhejiang Province grew the fastest, with
22 counties with a medium speed and above, followed by Anhui Province, with 20 counties
with a medium speed of growth and above. The land urbanization rate of counties in
Jiangsu Province grew the slowest, and there were only two counties with a medium speed
and above, indicating that the land urbanization in Anhui and Zhejiang Provinces had
great potential for development. Specifically, most counties in Anhui Province with a low
level of land urbanization grew faster during the study period; Shanghai and the counties
near Taizhou City in Zhejiang Province also grew faster, and most of the counties in Jiangsu
Province and the counties in the southeast coastal areas of Zhejiang Province had a low
average annual growth rate of land urbanization.
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Figure 6. Change in land urbanization growth rate in Yangtze River Delta urban agglomeration from
2010 to 2020.

4. Influencing Factors of Land Urbanization in the Yangtze River Delta
Urban Agglomeration

4.1. Identification of Influencing Factors and the Comparative Analysis of Models

The spatial autocorrelation analysis showed that the land urbanization levels of the
counties of the Yangtze River Delta urban agglomeration were not randomly distributed
in space but had significant spatial agglomeration characteristics. Therefore, a regression
model with spatial effects was used, and the factors affecting land urbanization had
different scales in the spatial process. Therefore, this paper used the MGWR model to
explore the driving mechanism of land urbanization in the Yangtze River Delta urban
agglomeration. The OLS, GWR and MGWR models were used to perform regression
analysis on the influencing factors of the land urbanization level of the Yangtze River Delta
urban agglomeration. Table 3 shows that the correction coefficient of determination of the
MGWR model was higher than that of the OLS and GWR models, and the AICc value
and the residual sum of squares were both obviously smaller than those of the GWR and
OLS models. The standardized residuals calculated by the MGWR model were tested by
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Moran’s I and were randomly distributed in the study area, which further indicates that
the MGWR model had a better fitting effect. The local R? calculated by the MGWR model
represented the actual explanatory power of the selected variables in different spaces. The
natural fracture method in the ArcGIS Pro 2.8 software was used to classify and visualize
the local R? (Figure 7). It was found that the goodness of fit was satisfactory. There was an
obvious clustering trend, and the local R? increased from southeast to northwest in general;
all of the values were greater than 0.58, and the fitting effect was good. It can be seen that
the eight variables selected in the study had specific explanatory power for the spatial
pattern of land urbanization in the Yangtze River Delta urban agglomeration without
considering the interference of other factors. In addition to the influencing factors selected
in this paper, it also included technological innovation, social culture, policy background,
etc. Limited by the difficulty of data acquisition and the model stability, these were not
explored in this paper. Because of the different selection of indicators, the conclusions
are different.

Table 3. Comparison of OLS, GWR and MGWR fitting results.

Model OLS GWR MGWR
AlCc 256.327 226.605 199.571
Adjusted R? 0.598 0.757 0.801
Residual sum of squares 47.410 0.880 19.508
Moran’s I for residual 0.208 (p < 0.01) 0.138 (p < 0.05) 0.088 (p > 0.1)

150 km

Legend
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9 0.62-0.66
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Figure 7. Local R? of MGWR model fitting results.

4.2. Scale Analysis of Influencing Factors Based on the MGWR Model

The variable bandwidth calculated in the MGWR model measured the spatial scale
of each variable [83], which reflected the difference in the scale of land urbanization in
the Yangtze River Delta urban agglomeration caused by different influencing factors. The
larger the bandwidth, the larger the effect of the factor on the urbanization of the Yangtze
River Delta urban agglomeration, and the smaller the spatial heterogeneity. From Table 4, it
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can be seen that the bandwidth of each variable in the GWR model was 78, and the optimal
bandwidth of each variable was found to be different through the MGWR model. Among
them, the proportions of secondary and tertiary industries, density of roads, topographic
relief and annual precipitation were 122, 125, 125 and 120, respectively, which are close to
the total number of counties and are global variables. In addition, the regression coefficient
was relatively more stable in space. The bandwidths of per capita GDP and number of
healthcare beds in medical institutions were 95 and 82, respectively, and the regression
coefficient varied greatly in space. The bandwidth of fiscal revenue and population density
was 43, and the effect scale was the smallest, indicating that land urbanization in the
Yangtze River Delta urban agglomeration had a significant impact on fiscal revenue and
population density. Moreover, the regression coefficients of these two factors varied the
most in space, indicating higher sensitivity.

Table 4. Bandwidth comparison between GWR and MGWR.

Variables Bandwidth of Bandwidth of

GWR Model MGWR Model
Intercept 78 43
X1 78 95
X2 78 122
X3 78 43
X4 78 82
X5 78 125
X6 78 43
X7 78 125
X8 78 120

4.3. Regression Coefficient Analysis of Influencing Factors Based on the MGWR Model

We used the ArcGIS Pro 2.8 software to display the regression coefficients of each
variable calculated by the MGWR model (Figure 8). From the median of the regression
coefficients of the influencing factors, per capita GDP > fiscal revenue > density of roads >
annual precipitation > population density > number of healthcare beds > topographic relief
> proportion of secondary and tertiary industries in GDP, in which the regression coeffi-
cients of per capita GDP, fiscal revenue, population density and annual precipitation were
all positive values, the regression coefficient of population density was mainly positive and
the positive and negative regression coefficients of number of healthcare beds accounted
for half, respectively; the regression coefficient of topographic relief was mainly negative,
and the regression coefficient of the proportion of secondary and tertiary industries to GDP
was negative.

The standardized residual classification standard and natural breakpoint method
were used to visually express the regression coefficients of the standardized residual and
variables, respectively (Figure 9). The results showed that the range of the standardized
residual values was —2.5 to 2.5, and the local regression models of all counties passed
the residual test (Figure 9a). From the spatial distribution of the regression coefficient
of the influencing factors, the influence degree of the eight independent variables on the
land urbanization level of the Yangtze River Delta urban agglomeration showed obvious
spatial differences (Figure 9a—i). Among the influencing factors with positive regression
coefficients, the per capita GDP, road network density and precipitation showed a pattern of
increasing from southeast to northwest, indicating that these three factors had a significant
impact on the southeast area of the Yangtze River Delta urban agglomeration. This is
because the southeast county of the Yangtze River Delta urban agglomeration was relatively
developed, and the land development was early and had superior natural conditions and
infrastructure construction level, while the northwest county was relatively backward;
therefore, these factors were more likely to promote the urbanization level of the relatively
backward counties in the northwest. The proportion of fiscal revenue to GDP was high
in the middle and low in the east and west. Moreover, high-value areas were mainly
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distributed in the vicinity of provincial capital cities and large cities, such as Nanjing,
Hangzhou, Hefei, Shanghai and other cities. The general fiscal revenue of the government
was closely related to the government’s regulation and control ability, which indirectly
indicated that cities with high administrative levels play a stronger role in promoting land
urbanization. Under China’s land use right system, land supply is a powerful tool to
intervene in the land market. Land finance is the main source of government financial
revenue. The government’s revenue from land leasing and land development accounts for
a large part of the financial revenue. The macro-control ability of urban governments with
high administrative levels is more prominent and has a greater impact on the development
of land urbanization; the influence of population density showed that the northern region
was larger than the southern region, and the high-value regions were concentrated along
the Yangtze River Basin, indicating that the population agglomeration effect of the economic
belt along the Yangtze River had an obvious role in promoting land urbanization, and
the population scale growth is still the leading factor in promoting the development of
land urbanization in developed counties. Only the proportion of secondary and tertiary
industries in GDP was negatively affected by the regression coefficient, showing a spatial
pattern in which the negative effect on land urbanization in the Yangtze River Delta
was weakening from southeast to northwest. This is because, with the increase of the
proportion of secondary and tertiary industries, the industrial structure was transformed
into non-agricultural and advanced, and the development of service-oriented industries
and the improvement of industrial intensification level promoted the improvement of land
use efficiency, thus reducing the external expansion of land; however, due to the better
industrial base in the southeast region, the effect of industrial structure improvement was
better than that in the northwest region. The number of medical beds and the topographic
relief had a negative effect on the developed counties in the east and a positive effect on the
less developed counties in the west, indicating that these two factors are more conducive
to the improvement of the land urbanization level of the less developed counties. This
is because the land development degree of the western counties was relatively low, and
good natural conditions and perfect public facilities configuration have a certain role in
promoting land development; however, the more developed counties in the east shifted
from the external expansion of the city to internal renovation and transformation due to
the early land development and economic development, and their dependence on natural
conditions and public facilities was further weakened.

0.7

0.6

0.4

X1 X2 X3 X4 X5 X6 X7 X8

Figure 8. Regression coefficient and significance of spatial distribution of influencing factors of county
economic development in Jiangsu Province.



Land 2022, 11, 1365

15 of 21

Legend
<25 Il 0.5~1.5
N -2.5~-1.5 Hl1.5-25 ¢
-1.5~-0.5 1l > 2.5
—0.5~0.5 [ nodata

(d)

Legend
I 0.085~0.145
[ 0.146~0.234
[710.235~0.356
[ 0.357~0.480
I 0.481~0.611
[""Ino data

Legend
Il -0.212~ -0.070
0 -0.069~0.101
[10.102~0.243
I 0.244~0.373
I 0.374~0.491

[ Ino data

Legend Legend

I 0.503~0.544 B -0.130~-0.117

fﬁ‘ [ 0.545~0.604 [ -0.116~ —0.099

e [10.605~0.658 [1-0.098~-0.073
" [ 0.659~0.697 I —0.072~ —0.049

I 0.698~0.727 I -0.048~ —0.027

[Ino data [Tno data

(f)

Legend Legend

Bl -0.240~-0.184 T I 0.136~0.155
[ -0.183~-0.112 [ 0.156~0.181
[1-0.111~-0.018 [710.182~0.202
B -0.017~0.049 [ 0.203~0.216
. 0.050~0.097 N 0.217~0.233
["Ino data [ Ino data

(h)

Legend Legend

B -0.051~-0.035 I 0.155~0.177

[ -0.034~-0.011 [ 0.178~0.200

[7-0.010~0.013 [70.201~0.230

[ 0.014~0.048 N 0.231~0.275

I 0.049-0.080 I 0.276-0.308 0 200 km
[Tno data ["Tno data L —

Figure 9. Spatial distribution of standardized residual and regression coefficients of driving factors
for LUR based on the MGWR model in the Yangtze River Delta urban agglomeration in 2020.
(a) Standardized residual; (b) per capita GDP; (c) proportion of secondary industry in GDP; (d) fiscal
revenue; (e) number of healthcare beds; (f) density of roads; (g) population density; (h) topographic
relief; (i) annual precipitation.

5. Discussion
5.1. Research Significance

In previous studies, the ratio of urban construction land to total urban area was mostly
selected to reflect the urbanization level of urban land. This method is limited by the
urban administrative area and cannot reflect changes in urban land use structure. Differing
from previous studies, the land urbanization measurement index selected in this study
corresponds to the urbanization of the population in a spatial entity through the ratio of
urban construction land to urban and rural construction land and reflects the changes in
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land use in the urbanization process. The Yangtze River Delta urban agglomeration is an
important engine for China’s economic development and an important platform for its
participation in international competition. The urbanization of land has reached a relatively
high level, and the growth has been relatively slow in the past ten years. The difference in
the level of land urbanization between counties has shown a dynamic convergence. Due to
the implementation of the strategies of regional integration and new urbanization in the
Yangtze River Delta, the developed counties and regions in the east have been transformed
from the incremental expansion stage to the stage of stock renewal. Therefore, these regions
need to pursue the improvement of the quality of land urbanization and the high-quality
development of urbanization. However, the less developed counties and regions in the
west and the counties and regions in the south that are greatly affected by the terrain have
a high demand for urban construction land and are still in the stage of rapid improvement
of land urbanization; such areas need to avoid the negative effects (such as the imbalance
between population urbanization and land urbanization) caused by the rapid expansion of
construction land. In the process of promoting urban—rural integration and performing
spatial planning of national land, it is necessary to comprehensively consider the differences
in the level of land urbanization in different counties. Previous studies have insufficiently
explored the influencing factors of land urbanization in urban agglomerations, and the
methods used have been relatively simple. The influencing factors are not only different
in terms of influence intensity, but also different in spatial scale. The MGWR model used
in this paper revealed the difference in the impact intensity and impact scale of different
variables on land urbanization. The research results showed that the MGWR model yielded
a great improvement in the goodness of fit compared with the GWR and OLS models, and
the regression results were more reliable. This provides a theoretical and empirical basis
for the further application of the MGWR model in land urbanization.

5.2. Policy Implications

Combined with the spatial and temporal evolution characteristics of land urbanization
in the Yangtze River Delta urban agglomeration, we found that the speed of land urbaniza-
tion in most counties slowed down, and many counties even had negative growth. This
shows that, as one of the most economically developed areas in China, the level of land
urbanization has entered a mature stage. Against the current background of promoting
the urbanization construction with the county as an important carrier, it is particularly
important to improve the development level of land urbanization and its coordination with
population urbanization in the Yangtze River Delta urban agglomeration. We found that
economic development is the main factor in promoting the land urbanization of the Yangtze
River Delta urban agglomeration. The macro control of the government also plays a very
important role in the process of land urbanization. The higher the administrative level, the
stronger the macro-control role of the urban government. Under the land use right system
of China, land supply is a powerful tool with which the government can intervene in the
land market; the income from land supply contributes greatly to local income and infras-
tructure construction [84]. In response to the development trend of land urbanization and
the challenges of sustainable development in the Yangtze River Delta urban agglomeration,
we put forward some policy suggestions. (D) First, the existence of regional differences
in land urbanization in the Yangtze River Delta urban agglomeration determines that all
counties need to be based on the regional perspective in the development and utilization
of land resources. The government departments need to comprehensively consider the
spatial interaction between the county and neighboring counties, strengthen the linkage
control role of cities in land urbanization, continue to reduce the regional differences in
land urbanization and promote the coordinated and integrated development of urban
agglomeration. (2) Second, we need to promote the construction of a people-oriented,
new type of urbanization. In urban development, we need to promote people-oriented
connotative population urbanization to replace the extensional land urbanization based
on urban space expansion, strengthen the tapping of the existing land stock in developed
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areas led by the Shanghai metropolitan area, focus on the population growth and the
improvement of social basic conditions in less developed areas in Anhui Province and
promote the coordinated development of population urbanization and land urbanization.
® Third, we should promote the transformation of kinetic energy of urban development
and the transformation and upgrading of industrial structure. The analysis results show
that the upgrading of industrial structure and intensive development can promote the
renewal of land stock in developed counties in the east and also help to slow down the
land expansion in less developed counties in the west and can strengthen the dynamic
convergence trend of regional land urbanization level. @ Fourth, according to the actual
development needs of the county, we should implement the differentiated construction
land allocation policy, promote the structural reform of the land supply side and release the
local fiscal revenue from the real estate market [85], gradually getting rid of the dependence
on land finance. The counties with lagging land urbanization should make use of the
advanced management technology and development experience of the counties with a
high land urbanization level in the east to avoid negative effects in the process of rapid
urbanization. () Finally, it is necessary to give full play to the key role of the market and the
government in resource allocation. The government’s supervision of land development is
aimed at avoiding the destructive impact of externality on the market operation efficiency.
In the process of rationally promoting land urbanization, it is necessary to comprehensively
consider the coordination and unification of economic benefits, social benefits, ecological
benefits and urban space carrying capacity [86] and promote new-type urbanization and
rural revitalization through urban—rural integration and rural revitalization strategy.

6. Conclusions

Based on the remote sensing monitoring data of China’s land use status, this study
calculated the LUR of each county in the Yangtze River Delta urban agglomeration and used
spatial autocorrelation and kernel density estimation curves to reveal the spatiotemporal
land urbanization of 126 counties in the Yangtze River Delta urban agglomeration from
2010 to 2020. We evaluated the dynamic evolution pattern and further applied the MGWR
model to explore the scale effect and spatial heterogeneity of various influencing factors.
The main conclusions reached are as follows:

(1)  From 2010 to 2020, the overall land urbanization rate of the Yangtze River Delta urban
agglomeration increased from 50.49% to 55.41%, with an average annual growth rate
of 0.50%. As the region with the most active economic development and the most
concentrated cities in the country, its land urbanization gradually increased to create a
saturated state. Among the counties, the average annual growth rate of nearly 64.28%
lagged behind the overall growth rate, mainly distributed in Jiangsu Province and
Zhejiang Province. Overall, the level of land urbanization in each county showed
dynamic convergence characteristics;

(2) The differentiation pattern of land urbanization in the Yangtze River Delta urban
agglomeration from southeast to northwest was more obvious. The hot spots of land
urbanization were consistently mainly distributed in the Shanghai metropolitan area,
Hangzhou, Jinhua, Wenzhou and nearby counties and showed a trend of diffusion.
The cold spots were concentrated in Hefei, Chuzhou, Wuhu, Tongling, Chizhou and
other cities, where there was a shrinking trend;

(8) Compared with the GWR model and the OLS model, the MGWR model has a bet-
ter fitting effect and is better suited to the study of the influencing factors of land
urbanization. On the impact scale, the proportion of secondary and tertiary industries
in GDP, density of roads, topographic relief and annual precipitation have larger
bandwidths, which are close to global variables, while fiscal revenue and population
density have the smallest bandwidths and the strongest spatial heterogeneity. In
terms of impact intensity, economic factors have the greatest impact, while natural
environment factors have the least impact.
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Our empirical research revealed the spatiotemporal dynamics of land urbanization in
the Yangtze River Delta urban agglomeration and verified the spatiotemporal heterogeneity
effects of the economy, social basic conditions, population and natural environment. These
findings are helpful for formulating urban and regional planning for specific regions
with different spatial dependencies and the co-evolution of urban expansion. The spatial
difference in land urbanization is the result of a combination of factors. In future research,
we will compare and analyze the spatiotemporal evolution and driving factors of land
urbanization in other urban agglomerations.

Author Contributions: Conceptualization, H.Z. and Z.Y.; methodology, X.O., L.T. and H.Z; software,
H.Z.; validation, Z.Y. and X.O.; formal analysis, Z.Y. and X.O.; investigation, L.T.; data curation, Y.Y.,
H.R. and H.Z.; writing—original draft preparation, H.Z.; writing—review and editing, X.O., Z.Y.,
Y.Y.,, HR. and L.T,; visualization, H.Z.; supervision, Z.Y. and X.O.; project administration, H.Z. and
7.Y; funding acquisition, X.O. and H.Z. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Key Project of Philosophy and Social Sciences in Col-
leges and Universities of Jiangsu Provincial Department of Education (2018SJZDI091), the Social
Science Foundation Project of Jiangsu Normal University (20XWRX004), the Jiangsu Graduate
Research and Practice Innovation Program (KYCX21_2631), the Jiangsu Graduate Research and
Practice Innovation Program (KYCX22_2852) and the Jiangsu Graduate Research and Practice In-
novation Program (KYCX22_2790). Priority Academic Program Development of Jiangsu Higher
Education Institutions.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.
Data Availability Statement: The data presented in this study are available on request from the author.

Acknowledgments: The authors are grateful to the editor and reviewers for their valuable comments
and suggestions.

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

References

1.

10.

11.

12.

13.

14.
15.

Hersperger, A.M.; Franscini, M.-P.G.; Kiibler, D. Actors, decisions and policy changes in local urbanization. Eur. Plan. Stud. 2014,
22,1301-1319. [CrossRef]

Antrop, M. Landscape change and the urbanization process in Europe. Landsc. Urban Plan. 2004, 67, 9-26. [CrossRef]
Pridmore, P.; Thomas, L.; Havemann, K.; Sapag, J.; Wood, L. Social capital and healthy urbanization in a globalized world.
J. Urban Health 2007, 84, 130-143. [CrossRef] [PubMed]

Deng, X.; Huang, J.; Rozelle, S.; Uchida, E. Growth, population and industrialization, and urban land expansion of China. . Urban
Econ. 2008, 63, 96-115. [CrossRef]

Yang, Z.; Lei, J.; Li, ].-G. Identifying the Determinants of Urbanization in Prefecture-Level Cities in China: A Quantitative Analysis
Based on Spatial Production Theory. Sustainability 2019, 11, 1204. [CrossRef]

Chaolin, G.; Liya, W.; Cook, I. Progress in research on Chinese urbanization. Front. Archit. Res. 2012, 1, 101-149. [CrossRef]
Yang, X.J. China’s rapid urbanization. Science 2013, 342, 310. [CrossRef]

Guan, X.; Wei, H; Lu, S; Dai, Q.; Su, H. Assessment on the urbanization strategy in China: Achievements, challenges and
reflections. Habitat Int. 2018, 71, 97-109. [CrossRef]

Chen, J. Rapid urbanization in China: A real challenge to soil protection and food security. Catena 2007, 69, 1-15. [CrossRef]

Yu, K. Ecological Restoration: A Movement to Improve Chinese Cities and Realize the Beautiful China Dream. Landsc. Archit.
Front. 2017, 5, 6-9. [CrossRef]

Taylor, J.R. The China dream is an urban dream: Assessing the CPC’s national new-type urbanization plan. J. Chin. Political Sci.
2015, 20, 107-120. [CrossRef]

Wei, Y.D.; Ye, X. Urbanization, urban land expansion and environmental change in China. Stoch. Environ. Res. Risk Assess. 2014,
28,757-765. [CrossRef]

Feng, W,; Liu, Y,; Qu, L. Effect of land-centered urbanization on rural development: A regional analysis in China. Land Use Policy
2019, 87, 104072. [CrossRef]

Romano, B.; Zullo, FE. Land urbanization in Central Italy: 50 years of evolution. ]. Land Use Sci. 2014, 9, 143-164. [CrossRef]

Lin, G; Jiang, D.; Fu, ].; Zhao, Y. A Review on the Overall Optimization of Production-Living—Ecological Space: Theoretical Basis
and Conceptual Framework. Land 2022, 11, 345. [CrossRef]


http://doi.org/10.1080/09654313.2013.783557
http://doi.org/10.1016/S0169-2046(03)00026-4
http://doi.org/10.1007/s11524-007-9172-8
http://www.ncbi.nlm.nih.gov/pubmed/17401692
http://doi.org/10.1016/j.jue.2006.12.006
http://doi.org/10.3390/su11041204
http://doi.org/10.1016/j.foar.2012.02.013
http://doi.org/10.1126/science.342.6156.310-a
http://doi.org/10.1016/j.habitatint.2017.11.009
http://doi.org/10.1016/j.catena.2006.04.019
http://doi.org/10.15302/J-LAF-20170501
http://doi.org/10.1007/s11366-015-9341-7
http://doi.org/10.1007/s00477-013-0840-9
http://doi.org/10.1016/j.landusepol.2019.104072
http://doi.org/10.1080/1747423X.2012.754963
http://doi.org/10.3390/land11030345

Land 2022, 11, 1365 19 of 21

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Krueger, E.H.; Constantino, S.M.; Centeno, M. A ; Elmqvist, T.; Weber, E.U.; Levin, S.A. Governing sustainable transformations of
urban social-ecological-technological systems. npj Urban Sustain. 2022, 2, 10. [CrossRef]

Frantzeskaki, N. Seven lessons for planning nature-based solutions in cities. Environ. Sci. Policy 2019, 93, 101-111. [CrossRef]
Zhou, G.; He, Y. Characteristics and influencing factors of urban land expansion in Changsha. Acta Geogr Sin.-Chin. Ed.- 2006, 61, 1180.
Ye, L.; Wu, A.M. Urbanization, land development, and land financing: Evidence from Chinese cities. |. Urban Aff. 2014, 36
(Suppl. 1), 354-368. [CrossRef]

Wu, Y;; Liu, Y,; Li, Y. Spatio-temporal coupling of demographic-landscape urbanization and its driving forces in China. Acta Geogr.
Sin 2018, 73, 1865-1879.

Tan, R.; Liu, P,; Zhou, K.; He, Q. Evaluating the effectiveness of development-limiting boundary control policy: Spatial difference-
in-difference analysis. Land Use Policy 2022, 120, 106229. [CrossRef]

Zhou, L.; Dang, X.; Sun, Q.; Wang, S. Multi-scenario simulation of urban land change in Shanghai by random forest and
CA-Markov model. Sustain. Cities Soc. 2020, 55, 102045. [CrossRef]

Zhen, F,; Qin, X.; Ye, X; Sun, H.; Luosang, Z. Analyzing urban development patterns based on the flow analysis method. Cities
2019, 86, 178-197. [CrossRef]

Yang, J.; Jin, G.; Huang, X.; Chen, K.; Meng, H. How to measure urban land use intensity? A perspective of multi-objective
decision in Wuhan urban agglomeration, China. Sustainability 2018, 10, 3874. [CrossRef]

Bosch, M.; Jaligot, R.; Chenal, J. Spatiotemporal patterns of urbanization in three Swiss urban agglomerations: Insights from
landscape metrics, growth modes and fractal analysis. Landsc. Ecol. 2020, 35, 879-891. [CrossRef]

Wu, J.; Jenerette, G.D.; Buyantuyev, A.; Redman, C.L. Quantifying spatiotemporal patterns of urbanization: The case of the
two fastest growing metropolitan regions in the United States. Ecol. Complex. 2011, 8, 1-8. [CrossRef]

Dutta, I; Das, A. Exploring the dynamics of urban sprawl using geo-spatial indices: A study of English Bazar Urban Agglomera-
tion, West Bengal. Appl. Geomat. 2019, 11, 259-276. [CrossRef]

Li, X,; Fang, B.; Yin, M; Jin, T.; Xu, X. Multi-Dimensional Urbanization Coordinated Evolution Process and Ecological Risk
Response in the Yangtze River Delta. Land 2022, 11, 723. [CrossRef]

Niu, B.; Ge, D.; Yan, R.; Ma, Y.; Sun, D.; Lu, M,; Lu, Y. The evolution of the interactive relationship between urbanization and
land-use transition: A case study of the Yangtze River Delta. Land 2021, 10, 804. [CrossRef]

Yue, W.; Zhang, L.; Liu, Y. Measuring sprawl in large Chinese cities along the Yangtze River via combined single and multidimen-
sional metrics. Habitat Int. 2016, 57, 43-52. [CrossRef]

Wu, C.; Wei, Y.D.; Huang, X.; Chen, B. Economic transition, spatial development and urban land use efficiency in the Yangtze
River Delta, China. Habitat Int. 2017, 63, 67-78. [CrossRef]

Chen, Y,; Chen, Z; Xu, G.; Tian, Z. Built-up land efficiency in urban China: Insights from the general land use plan (2006-2020).
Habitat Int. 2016, 51, 31-38. [CrossRef]

Sorice, M.G.; Kreuter, U.P.; Wilcox, B.P.; Fox, WE., III. Classifying land-ownership motivations in central, Texas, USA: A first step
in understanding drivers of large-scale land cover change. J. Arid Environ. 2012, 80, 56—64. [CrossRef]

LI, X.; Wen, J.; Lin, J. Review of research on land urbanization and related studies. Prog. Geogr. 2012, 30, 1042-1049.

Ning, J.; Liu, J.; Kuang, W.; Xu, X.; Zhang, S.; Yan, C,; Li, R;; Wu, S.; Hu, Y,; Du, G; et al. Spatiotemporal patterns and characteristics
of land-use change in China during 2010-2015. J. Geogr. Sci. 2018, 28, 547-562. [CrossRef]

Lin, X.; Wang, Y.; Wang, S.; Wang, D. Spatial differences and driving forces of land urbanization in China. J. Geogr. Sci. 2015, 25,
545-558. [CrossRef]

Zhang, W.; Wang, M.Y. Spatial-temporal characteristics and determinants of land urbanization quality in China: Evidence from
285 prefecture-level cities. Sustain. Cities Soc. 2018, 38, 70-79. [CrossRef]

Zhu, X.; Zhang, P.; Wei, Y.; Li, Y.; Zhao, H. Measuring the efficiency and driving factors of urban land use based on the DEA
method and the PLS-SEM model—A case study of 35 large and medium-sized cities in China. Sustain. Cities Soc. 2019, 50, 101646.
[CrossRef]

Xie, H.; Chen, Q.; Lu, E; Wu, Q.; Wang, W. Spatial-temporal disparities, saving potential and influential factors of industrial land
use efficiency: A case study in urban agglomeration in the middle reaches of the Yangtze River. Land Use Policy 2018, 75, 518-529.
[CrossRef]

Chen, F; Zhang, H.; Wu, Q.; Chen, W. A study on coordinate development between population urbanization and land urbanization
in China. Hum. Geogr. 2010, 25, 53-58.

Han, H.; Li, H. Coupling coordination evaluation between population and land urbanization in Ha-Chang urban agglomeration.
Sustainability 2020, 12, 357. [CrossRef]

Liu, Y;; Zhou, G,; Liu, D.; Yu, H.; Zhu, L.; Zhang, ]. The interaction of population, industry and land in process of urbanization in
China: A case study in Jilin Province. Chin. Geogr. Sci. 2018, 28, 529-542. [CrossRef]

Wang, X. Relationship between population urbanization and urban sprawl across different city sizes in China. Environ. Urban.
ASIA 2021, 12, 202-219. [CrossRef]

Zhou, Y,; Kong, Y.; Wang, H.; Luo, F. The impact of population urbanization lag on eco-efficiency: A panel quantile approach.
J. Clean. Prod. 2020, 244, 118664. [CrossRef]

He, C.; Zhou, Y.,; Huang, Z. Fiscal decentralization, political centralization, and land urbanization in China. Urban Geogr. 2016, 37,
436-457. [CrossRef]


http://doi.org/10.1038/s42949-022-00053-1
http://doi.org/10.1016/j.envsci.2018.12.033
http://doi.org/10.1111/juaf.12105
http://doi.org/10.1016/j.landusepol.2022.106229
http://doi.org/10.1016/j.scs.2020.102045
http://doi.org/10.1016/j.cities.2018.09.015
http://doi.org/10.3390/su10113874
http://doi.org/10.1007/s10980-020-00985-y
http://doi.org/10.1016/j.ecocom.2010.03.002
http://doi.org/10.1007/s12518-019-00257-8
http://doi.org/10.3390/land11050723
http://doi.org/10.3390/land10080804
http://doi.org/10.1016/j.habitatint.2016.06.009
http://doi.org/10.1016/j.habitatint.2017.03.012
http://doi.org/10.1016/j.habitatint.2015.10.014
http://doi.org/10.1016/j.jaridenv.2012.01.004
http://doi.org/10.1007/s11442-018-1490-0
http://doi.org/10.1007/s11442-015-1186-7
http://doi.org/10.1016/j.scs.2017.12.011
http://doi.org/10.1016/j.scs.2019.101646
http://doi.org/10.1016/j.landusepol.2018.04.027
http://doi.org/10.3390/su12010357
http://doi.org/10.1007/s11769-018-0964-4
http://doi.org/10.1177/09754253211040196
http://doi.org/10.1016/j.jclepro.2019.118664
http://doi.org/10.1080/02723638.2015.1063242

Land 2022, 11, 1365 20 of 21

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.
60.

61.
62.
63.
64.
65.

66.
67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Li, Z.; Zou, F; Tan, Y.; Zhu, J. Does financial excess support land urbanization—An empirical study of cities in China. Land 2021,
10, 635. [CrossRef]

Jing, S.; Yan, Y.; Niu, F; Song, W. Urban Expansion in China: Spatiotemporal Dynamics and Determinants. Land 2022, 11, 356.
[CrossRef]

Zhou, T,; Jiang, G.; Zhang, R.; Zheng, Q.; Ma, W.; Zhao, Q.; Li, Y. Addressing the rural in situ urbanization (RISU) in the
Beijing-Tianjin-Hebei region: Spatio-temporal pattern and driving mechanism. Cities 2018, 75, 59-71. [CrossRef]

Gao, J.; Wei, Y.D.; Chen, W.; Yenneti, K. Urban land expansion and structural change in the Yangtze River Delta, China.
Sustainability 2015, 7, 10281-10307. [CrossRef]

Bujang, M.A.; Baharum, N. Sample size guideline for correlation analysis. World 2016, 3, 37-46. [CrossRef]

Muller, A. Education, income inequality, and mortality: A multiple regression analysis. BMJ 2002, 324, 23. [CrossRef] [PubMed]
Abdi, H.; Williams, L.J. Principal component analysis. Wiley Interdiscip. Rev. Comput. Stat. 2010, 2, 433—459. [CrossRef]

Ma, L.; Chen, M.; Fang, F.; Che, X. Research on the spatiotemporal variation of rural-urban transformation and its driving
mechanisms in underdeveloped regions: Gansu Province in western China as an example. Sustain. Cities Soc. 2019, 50, 101675.
[CrossRef]

Zhang, X.; Li, H. The evolving process of the land urbanization bubble: Evidence from Hangzhou, China. Cities 2020, 102, 102724.
[CrossRef]

Yang, Y.; Liu, Y,; Li, Y,; Li, J. Measure of urban-rural transformation in Beijing-Tianjin-Hebei region in the new millennium:
Population-land-industry perspective. Land Use Policy 2018, 79, 595-608. [CrossRef]

Wu, R;; Li, Z.; Wang, S. The varying driving forces of urban land expansion in China: Insights from a spatial-temporal analysis.
Sci. Total Environ. 2021, 766, 142591. [CrossRef]

Gao, J.; Chen, J. Demystifying the Inequality in Urbanization in China Through the Lens of Land Use. In Spatial Synthesis:
Computational Social Science and Humanities; Ye, X., Lin, H., Eds.; Springer International Publishing: Berlin/Heidelberg, Germany,
2020; pp. 257-283.

Zhang, C.; Li, Y;; Xiong, S.; Lu, X.; Zhu, X. Regional environmental risk assessment and management guide for rapid urbanization
process of a city cluster in China. Hum. Ecol. Risk Assess. Int. |. 2016, 22, 283-301. [CrossRef]

Fang, C.; Yu, D. China’s Urban Agglomerations; Springer: Berlin/Heidelberg, Germany, 2020.

Tang, D.; Mao, M.; Shi, J.; Hua, W. The Spatio-Temporal Analysis of Urban-Rural Coordinated Development and Its Driving
Forces in Yangtze River Delta. Land 2021, 10, 495. [CrossRef]

Fang, C. Important progress and future direction of studies on China’s urban agglomerations. J. Geogr. Sci. 2015, 25, 1003-1024.
[CrossRef]

Lin, Y;; Li, Y.; Ma, Z. Exploring the interactive development between population urbanization and land urbanization: Evidence
from Chongqing, China (1998-2016). Sustainability 2018, 10, 1741. [CrossRef]

Getis, A. A history of the concept of spatial autocorrelation: A geographer’s perspective. Geogr. Anal. 2008, 40, 297-309. [CrossRef]
Moran, P.A. Notes on continuous stochastic phenomena. Biometrika 1950, 37, 17-23. [CrossRef] [PubMed]

Getis, A.; Ord, J. The Analysis of Spatial Association by Use of Distance Statistics. In Perspectives on Spatial Data Analysis; Springer:
Berlin/Heidelberg, Germany, 2010.

Parzen, E. On estimation of a probability density function and mode. Ann. Math. Stat. 1962, 33, 1065-1076. [CrossRef]

Shi, X. Selection of bandwidth type and adjustment side in kernel density estimation over inhomogeneous backgrounds. Int. J.
Geogr. Inf. Sci. 2010, 24, 643-660. [CrossRef]

Deng, X.; Huang, J.; Rozelle, S.; Uchida, E. Economic growth and the expansion of urban land in China. Urban Stud. 2010, 47,
813-843. [CrossRef]

Li, G,; Sun, S.; Fang, C. The varying driving forces of urban expansion in China: Insights from a spatial-temporal analysis.
Landsc. Urban Plan. 2018, 174, 63-77. [CrossRef]

Lu, J.; Li, B.; Li, H. The influence of land finance and public service supply on peri-urbanization: Evidence from the counties in
China. Habitat Int. 2019, 92, 102039. [CrossRef]

Wu, W.; Zhao, S.; Zhu, C,; Jiang, ]. A comparative study of urban expansion in Beijing, Tianjin and Shijiazhuang over the past
three decades. Landsc. Urban Plan. 2015, 134, 93-106. [CrossRef]

Chen, J.; Gao, J.; Chen, W. Urban land expansion and the transitional mechanisms in Nanjing, China. Habitat Int. 2016, 53, 274-283.
[CrossRef]

Wu, K.-y;; Zhang, H. Land use dynamics, built-up land expansion patterns, and driving forces analysis of the fast-growing
Hangzhou metropolitan area, eastern China (1978-2008). Appl. Geogr. 2012, 34, 137-145. [CrossRef]

Liao, EH.; Wei, Y. Modeling determinants of urban growth in Dongguan, China: A spatial logistic approach. Stoch. Environ. Res.
Risk Assess. 2014, 28, 801-816. [CrossRef]

Chen, J.; Gao, J.; Yuan, E; Wei, Y.D. Spatial determinants of urban land expansion in globalizing Nanjing, China. Sustainability
2016, 8, 868. [CrossRef]

Feng, Z.; Tang, Y.; Yang, Y. The relief degree of land surface in China and its correlation with population distribution. Acta Geogr
Sin.-Chin. Ed.- 2007, 62, 1073.

Geng, T.; Chen, H.; Zhang, H.; Shi, Q.; Liu, D. Spatiotemporal evolution of land ecosystem service value and its influencing
factors in Shaanxi province based on GWR. J. Nat. Resour. 2020, 35, 1714-1727.


http://doi.org/10.3390/land10060635
http://doi.org/10.3390/land11030356
http://doi.org/10.1016/j.cities.2018.01.001
http://doi.org/10.3390/su70810281
http://doi.org/10.22158/wjssr.v3n1p37
http://doi.org/10.1136/bmj.324.7328.23
http://www.ncbi.nlm.nih.gov/pubmed/11777800
http://doi.org/10.1002/wics.101
http://doi.org/10.1016/j.scs.2019.101675
http://doi.org/10.1016/j.cities.2020.102724
http://doi.org/10.1016/j.landusepol.2018.08.005
http://doi.org/10.1016/j.scitotenv.2020.142591
http://doi.org/10.1080/10807039.2015.1063040
http://doi.org/10.3390/land10050495
http://doi.org/10.1007/s11442-015-1216-5
http://doi.org/10.3390/su10061741
http://doi.org/10.1111/j.1538-4632.2008.00727.x
http://doi.org/10.1093/biomet/37.1-2.17
http://www.ncbi.nlm.nih.gov/pubmed/15420245
http://doi.org/10.1214/aoms/1177704472
http://doi.org/10.1080/13658810902950625
http://doi.org/10.1177/0042098009349770
http://doi.org/10.1016/j.landurbplan.2018.03.004
http://doi.org/10.1016/j.habitatint.2019.102039
http://doi.org/10.1016/j.landurbplan.2014.10.010
http://doi.org/10.1016/j.habitatint.2015.11.040
http://doi.org/10.1016/j.apgeog.2011.11.006
http://doi.org/10.1007/s00477-012-0620-y
http://doi.org/10.3390/su8090868

Land 2022, 11, 1365 21 of 21

78.

79.

80.

81.

82.
83.

84.

85.

86.

Fotheringham, A.S.; Yang, W.; Kang, W. Multiscale geographically weighted regression (MGWR). Ann. Am. Assoc. Geogr. 2017,
107, 1247-1265. [CrossRef]

Yu, H,; Fotheringham, A.S.; Li, Z.; Oshan, T.; Kang, W.; Wolf, L.J. Inference in multiscale geographically weighted regression.
Geogr. Anal. 2020, 52, 87-106. [CrossRef]

Sun, D.; Zhou, L,; Li, Y,; Liu, H.; Shen, X.; Wang, Z.; Wang, X. New-type urbanization in China: Predicted trends and investment
demand for 2015-2030. J. Geogr. Sci. 2017, 27, 943-966. [CrossRef]

Lin, W.; Wu, M,; Zhang, Y.; Zeng, R.; Zheng, X.; Shao, L.; Zhao, L.; Li, S.; Tang, Y. Regional differences of urbanization in China
and its driving factors. Sci. China Earth Sci. 2018, 61, 778-791. [CrossRef]

Shin, H.B. Urbanization in China. Int. Encycl. Soc. Behav. Sci. 2015, 2015, 973-979.

Oshan, T.M.; Smith, J.P.; Fotheringham, A.S. Targeting the spatial context of obesity determinants via multiscale geographically
weighted regression. Int. J. Health Geogr. 2020, 19, 11. [CrossRef]

Tian, L.; Ma, W. Government intervention in city development of China: A tool of land supply. Land Use Policy 2009, 26, 599—-609.
[CrossRef]

Cai, Z.; Liu, Q.; Cao, S. Real estate supports rapid development of China’s urbanization. Land Use Policy 2020, 95, 104582.
[CrossRef]

Sun, M.; Wang, J.; He, K. Analysis on the urban land resources carrying capacity during urbanization—A case study of Chinese
YRD. Appl. Geogr. 2020, 116, 102170. [CrossRef]


http://doi.org/10.1080/24694452.2017.1352480
http://doi.org/10.1111/gean.12189
http://doi.org/10.1007/s11442-017-1414-4
http://doi.org/10.1007/s11430-016-9163-3
http://doi.org/10.1186/s12942-020-00204-6
http://doi.org/10.1016/j.landusepol.2008.08.012
http://doi.org/10.1016/j.landusepol.2020.104582
http://doi.org/10.1016/j.apgeog.2020.102170

	Introduction 
	Materials and Methods 
	Study Area 
	Data Sources 
	Methods 

	Spatial and Temporal Evolution Pattern of Land Urbanization in Yangtze River Delta Urban Agglomeration 
	Land Urbanization Pattern of Yangtze River Delta Urban Agglomeration in 2010 
	Land Urbanization Pattern of Yangtze River Delta Urban Agglomeration in 2020 
	Evolution of Land Urbanization Pattern in Yangtze River Delta Urban Agglomeration 
	Time Evolution Characteristics 
	Spatial Evolution Characteristics 


	Influencing Factors of Land Urbanization in the Yangtze River Delta Urban Agglomeration 
	Identification of Influencing Factors and the Comparative Analysis of Models 
	Scale Analysis of Influencing Factors Based on the MGWR Model 
	Regression Coefficient Analysis of Influencing Factors Based on the MGWR Model 

	Discussion 
	Research Significance 
	Policy Implications 

	Conclusions 
	References

