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Abstract: As the main carbon sink in the carbon cycle process, vegetation is an important support
for achieving “carbon peaking” and “carbon neutrality. How does the vegetation coverage of urban
built-up areas change in the process of urbanization in China? Taking advantage of Landsat remote
sensing data, we extract urban built-up areas, calculate the Normalized Difference Vegetation Index
(NDVI), estimate fractional vegetation cover (FVC), and analyze the temporal and spatial dynamics of
vegetation coverage in built-up areas of provincial capitals from the national and individual city levels
in China. Major conclusions are as follows: (1) The FVC in the urban built-up areas has increased by
7.97%, and the urban green space has gradually changed from the “green core” distribution model to
the “green vein” distribution mode. (2) The disparities in FVC of built-up areas of provincial capitals
are notable, presumably due to a variety of factors that include the natural geographic environment,
economic development level, built-up area expansion, land type conversion, afforestation of greening
policy, etc. (3) Not just simply raise or lower, the FVC curves in the built-up areas of provincial
capital cities present oscillating patterns with gradually weakening amplitude. Our study is expected
to provide scientific references of an important theoretical basis for urban ecological construction
and practical support for promoting the harmonious development of urban residents and urban
environments in China.

Keywords: urban vegetation coverage; remote sensing; green space; urban built-up area; urbanization

1. Introduction

In the past 30 years, China’s urbanization process has been characterized by its unprece-
dented speed and scale, and it has been at the forefront of global urbanization growth [1].
At the end of 2020, the urbanization rate of China’s permanent population exceeded 60%.
However, rapid urbanization led to a series of ecological and environmental pollution prob-
lems [2], e.g., air pollution, soil pollution, water resource pollution, white pollution, and
heat island effect [3–5]. The growing severity of “urban disease” poses great challenges to
the physical and mental health of urban residents, restricting the sustainable development
of the social economy. As an important part of the urban composite ecosystem [6], urban
vegetation has significant ecological service functions in the construction of the urban
ecological environment [7,8]. These functions include purifying the environment [9,10],
conserving water and soil [4], regulating the urban microclimate [11], alleviating the “heat
island effect” [6,12,13], storing carbon confluence [14,15], and maintenance of biodiver-
sity [16], landscape appreciation, leisure and entertainment [8], cultural education, social
interaction [17], ecological protection [18], drought and disaster reduction [19]. The positive
functions of urban greenness greatly benefit urban residents, as they enhance residents’
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sense of happiness, relieve psychological pressure, and maintain physical and mental
health [20–23]. Thus, understanding the spatiotemporal changes of the urban greenspace is
a critical requirement for supporting urban planning and maintaining the function of ur-
banities [24]. Strengthening the construction of urban ecological greenspace and improving
the quality of the living environment play an important role in urban development. At the
same time, the urban vegetation ecosystem is highly affected by human factors [25], and
the rapid urbanization process brings huge challenges on urban vegetation planning [10].
Better knowledge of temporal and spatial dynamics of vegetation coverage under the
context of rapid urbanization is able to provide a theoretical basis and practical support for
promoting the construction of urban ecological civilization and promoting the harmonious
coexistence of urban residents and urban environments.

Remote sensing-based vegetation coverage estimation has become a popular approach
to monitoring the quality of ecological environments [26–28]. Remote sensing data with
medium spatial resolution have been widely used in monitoring the spatiotemporal dy-
namics of urban greenspace in response to rapid urbanization [29–31]. Numeral efforts
have been made to investigate the temporal and spatial dynamics of China’s long-term
vegetation coverage at nationwide scale [32–35], provincial scale [36], certain urban ag-
glomerations [37,38], and urban scales [39–41]. Studies have shown that the vegetation
coverage in various regions of China presents notable spatial heterogeneity [34], and most
regions have shown considerable vegetation improvement [15,32,33,35]. The impact of
urbanization on vegetation differs spatially. In some regions, urbanization dominates the
changes in vegetation coverage due to regional expansion [3]. Major factors that affect veg-
etation coverage include geographic environment, natural climate [27,32], gross domestic
product (GDP) [37], human land-use changes [25,42], natural disaster such as flood, fire,
etc. [43–45], afforestation of greening policy [33].

However, urban vegetation and environmental monitoring are quite different from
grassland, forest, and other regional ecosystems [4]. Different vegetation environments
in urban landscapes may cause slight changes, as the characteristics of vegetation land-
scapes in urban areas are highly heterogeneous [10]. In the existing research, the scale of
world-wide and nationwide vegetation changes in time and space is too large, and the
spatial resolution is too low to represent the complex process of vegetation cover changes
within the city. Meanwhile, for the long-term study of urban vegetation coverage, urban
administrative division maps and remote sensing data are mainly used to extract remote
sensing images of the entire urban administrative area to calculate vegetation coverage [4].
The study area includes not only urban built-up areas but also other non-built-up areas,
e.g., farmland, villages, and woodland, leading to large random errors and overestimated
vegetation coverage. Moreover, in existing studies, the time span of remote sensing data is
relatively short, and the study area is not extensive, as static data based on small samples
may not accurately reflect dynamic changes to illustrate a more comprehensive under-
standing spatio-temporal dynamics of vegetation coverage in urban built-up areas. Finally,
provincial capital cities are the political, economic, and cultural centres of the province
where they are located, as the urbanization process is complete. Research on the temporal
and spatial dynamics of vegetation coverage in provincial capital cities is highly represen-
tative, but in previous studies, there are few studies on the vegetation coverage of urban
built-up areas at the same time for 31 provincial capital cities in mainland China.

In this study, we use urban boundary mapping of the artificial impervious surface
from the global artificial impervious area, extract remote sensing images of built-up areas
of provincial capital cities, calculate the normalized differential vegetation index (NDVI),
estimate the fractional vegetation coverage (FVC), and evaluate the vegetation coverage
and ecological environment quality of the built-up areas of provincial capitals in China.
Main realizations: (1) The Spearman’s rank correlation coefficient is utilized to determine
the elements that influence vegetation coverage in urban built-up areas, and kernel density
estimation is used to investigate the geographical distribution of vegetation coverage.
(2) Making Grading maps of vegetation coverage in built-up areas of 31 provincial capital
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cities from 1990 to 2020. (3) We examined the spatio-temporal dynamic of vegetation
coverage in built-up areas of 31 provincial capital cities from 1990 to 2020. This study
analyses the temporal and spatial evolution characteristics of vegetation coverage in built-
up areas in the process of urbanization from the national and individual city levels. Our
study is expected to provide scientific references of an important theoretical basis for urban
ecological construction and practical support for promoting the harmonious development
of urban residents and urban environments in China.

2. Materials and Methods
2.1. Study Area

We selected the built-up areas of provincial capital cities in mainland China (includ-
ing municipalities and autonomous region capitals and excluding Hong Kong, Macao,
and Taiwan regions) as our study area (Figure 1). In addition, it includes seven natural
geographic regions divided by geographic location and climatic conditions. On the one
hand, the process of urbanization is closely related to the economic foundation, industrial
structure, social transformation, resources, and environment, etc. Therefore, the process of
urbanization in China has significant regional differences at the provincial scale [46]. In
addition, provincial capital cities are the political, economic, and cultural centers of the
region, usually with high urbanization levels. The investigation of the temporal and spatial
dynamics of vegetation coverage in provincial capital cities has important implications
for the ecological environment construction of other cities. Provincial capital cities are
geographically distributed across China in a scattered manner, basically including all types
of natural endowment conditions, with varying scales, levels, and degrees of development.
Such diversity benefits our understanding of different characteristics of the spatiotemporal
dynamics of urban vegetation coverage throughout China in the process of urbanization.
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2.2. Data and Pre-Processing

In this study, we use Landsat Thematic Mapper (TM) and Operational Land Imager
(OLI) images with a spatial resolution of 30 m and a time resolution of 16 days as the
main data sources (Data source: Geospatial Data Cloud, https://www.gscloud.cn/home,
accessed on 1 January 2022). There are 263 remote sensing images and the images span

http://bzdt.ch.mnr.gov.cn/index.html
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from 1990–2020 and cover 31 provincial capital cities. In order to avoid cloud interference,
we choose remote sensing images with no or few clouds in the study area. At the same time,
radiometric correction and atmospheric correction using ENVI software are performed
on the acquired remote sensing satellite images, and image clipping and mosaicking are
performed for situations where a single image fails to fully cover the urban built-up area.

We refer to an automatic delineation framework to generate a multi-temporal dataset
of global urban boundaries (GUB) using 30 m global artificial impervious area (GAIA)
data in seven representative years (i.e., 1990, 1995, 2000, 2005, 2010, 2015, and 2018). This
dataset provides a physical boundary of urban areas that can be used to study the impact
of urbanization on biodiversity, climate change, and urban health. The GUB dataset
can be accessed from (http://data.ess.tsinghua.edu.cn, accessed on 1 January 2022) [47].
Furthermore, we used the global urban boundary dataset and satellite remote sensing
images to manually interpret the boundary lines of the built-up areas of 31 provincial
capital cities in 2020.

2.3. Methods

As shown in Figure 2, our study relies on remote sensing images of provincial capital
cities in mainland China from 1990–2020 and the urban boundary dataset from the global
artificial impervious surface (GAIA). We further clip remote sensing images of built-up
areas in provincial capital cities and calculate the NDVI. With reference to previous research,
national soil classification maps, and land use maps, we derive the NDVI confidence
interval and use the dimidiate pixel model to extract the FVC in the built-up areas of
provincial capital cities. Based on grading and classified statistical data, we quantitatively
and visually evaluate the vegetation coverage and ecological environment quality in the
built-up areas of provincial capital cities and analyze the characteristics of temporal and
spatial changes and influencing factors.
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2.3.1. Fractional Vegetation Cover (FVC)

FVC refers to the percentage of the vertical projection area of vegetation (e.g., stems
and leaves) on the ground to the total ground area [48]. FVC can be used to express the
true vegetation coverage, greening level, and ecological environment quality of the study
area (Jiang et al., 2017). In this study, we used NDVI, which is one of the most widely used

http://data.ess.tsinghua.edu.cn
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spectral vegetation indices in assessing vegetation greenness and its changes from local to
global scales to approximate vegetation coverage [48]. The calculation of FVC based on
NDVI follows:

FVC =
NDVI−NDVIsoil

NDVIveg−NDVIsoil
(1)

where NDVIsoil is the NDVI value of bare soil, i.e., the NDVI value of areas without any
vegetation coverage (equivalent to the minimum value of NDVI). NDVIveg is the NDVI
value of pure vegetation pixels (equivalent to the maximum value of NDVI) [49,50]. Given
the FVC values, we further classify different levels of vegetation containment, as shown in
Table 1.

Table 1. Classification of vegetation coverage given FVC values in built-up areas of provincial capital
cities.

Classification FVC Interval Features

Very Low FVC 0 ≤ FVC ≤ 0.2 No vegetation, soil, roads, lake, etc.

Low FVC 0.2 < FVC ≤ 0.4 There is a small amount of vegetation, grass, etc.

Medium FVC 0.4 < FVC ≤ 0.6 There is some vegetation, shrubs, etc.

High FVC 0.6 < FVC ≤ 0.8 There is more vegetation, gardens. etc.

Very High FVC 0.8 < FVC ≤ 1.0 There are a lot of vegetation, forests, etc.

Due to the influence of various factors, the value of NDVIsoil can differ spatially and
temporally [51]. Given the differences in imaging time, vegetation type, and study areas, the
values of NDVIveg can fluctuate as well. For the determination of NDVIsoil and NDVIveg,
in order to prevent the interference of atmospheric radiations while removing noises, we
refer to the national soil classification map and land-use map and field measurement data
according to the actual vegetation coverage of the provincial capital. In addition, we refer
to the national soil classification map and land-use map and field measurement data. We
determine NDVIsoil as NDVI values between 2% and 5% and NDVIveg as NDVI values
between 95% and 98%. The final FVC value range is normalized to a range of [0,1] [52].

2.3.2. Kernel Density Estimation

The kernel density estimation is based on the first law of geography that explores the
spatial distribution of points and calculates the density of element points in the neighbor-
hood [53,54]. In density analysis, points that fall into the search area have different weights.
Points that are close to the search center are assigned larger weights [55]. The kernel density
estimation follows:

f(s) =
1

nh

n

∑
i=1

k
(

x− xi
h

)
(2)

where xi represents the position coordinates of point i (i =1, 2, . . . , n); n is the number of
element points; h is the search bandwidth of the kernel density calculation; the k function
represents the spatial weight function [56–58]. The size of the output unit is the minimum
width of the output range divided by 250. The search radius (i.e., bandwidth) is determined
by the Silverman empirical rule [54] that can effectively avoid spatial outliers.

2.3.3. Spearman’s Rank Correlation Coefficient

We calculate Spearman’s rank correlation coefficient to quantitatively describe the
relationship between the FVC of the built-up area of each provincial capital city and the
regional GDP and the expansion speed of the built-up area (Tables S1–S3). Spearman’s rank
correlation coefficient test, a non-parametric test, measures the strength of the association
between two variables [59]. The two elements are ranked in numerical order, and the rank
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of the sample value of each element is used to replace the actual data [60]. Spearman’s rank
correlation coefficient can be calculated as:

R′xy = 1−
6 ∑n

i=1 d2
i

n(n2 − 1)
(3)

where R′xy is the Spearman rank correlation coefficient; n is the total number of sample
squares; Ri and Rj are the ranks of element i and element j in the sample squares, respectively,
di = Ri − Rj [59].

We calculate the rank correlation coefficient between FVC and regional GDP in 2020
and find that their rank correlation is 0.7056. While the rank correlation coefficient between
FVC and the expansion speed of built-up areas in 2020 is 0.7643. Both correlations are at the
significance level of α = 0.01, suggesting that FVC is strongly correlated with both regional
GDP and the expansion rate of the built-up area of China’s provincial capital cities in 2020.

3. Results
3.1. Differences in the Geographical Distribution of FVC

The study uses seven natural geographic regions divided by geographic location and
climatic conditions. Compared with the four geographic regions divided by climate, the
seven geographic regions comprehensively consider geographic location factors. In 1990,
the average FVC of the built-up areas of capital cities in South China, East China, and
Central China were 41.86%, 39.11%, and 36.35%. Much higher than the average FVC of
31.44%, 31.94%, 27.25%, and 27.53% in the built-up areas of capital cities in North China,
South-west, North-west, and North-east China (Figure 3). Thirty years later, the average
FVC in the built-up areas of capital cities in South China, East China, Central China reached
43.73%, 45.43%, 41.83%, while the average FVC in North China, South-west, North-west,
and North-east China reached 44.10%, 39.00%, 35.21%, 41.99%.
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From 1990 to 2020, the FVC in the built-up areas of the capital cities of the seven
geographic regions has shown an upward trend, with the FVC in the capital cities in North
China having the highest increase by 12.66%. The above results show that the natural
geographic environment is one of the main reasons for the difference in urban vegetation
coverage, but with the continuous development of urbanization, the image of vegetation
coverage has weakened. However, it still presents the spatial distribution characteristics
of low vegetation coverage in the built-up areas of capital cities in the South-west and
North-west China and high vegetation coverage in the built-up areas of capital cities in
South China, East China, and North China.

3.2. Changes in the Spatial Pattern of FVC

Taking several cities as examples (Figure 4), we can observe that in 1990, areas with low-
FVC were mainly concentrated in the center of urban built-up areas, showing a contiguous
distribution pattern, occupying a considerable part of the total built-up area. The areas
with high-FVC are mainly concentrated on the edge of the urban built-up area, presenting
a patchy distribution pattern, while the proportion of the area of high-FVC in the total
area of the built-up area is considerably low. This shows that in the early stage of urban
construction, urban built-up areas have very low-FVC, indicating that urban greenness
planning is a disordered state and the distribution is unreasonable [18]. With the continuous
advancement of urbanization, by 2020, low-FVC areas and high-FVC areas in the built-up
areas of provincial capital cities have evolved from a centralized distribution pattern to a
uniform distribution pattern, showing notable vegetation patches [61]. Areas with high-
FVC are no longer confined to the urban fringe areas but more evenly distributed within
urban built-up areas, with low-FVC areas scattered in between. Comparing with the FVC
classification maps of other provincial capitals, we notice that such phenomena exist in
31 provincial capitals, demonstrating the great universality of the above conclusion that
summarizes the changing spatial patterns of vegetation coverage in urban built-up areas.

Based on the analysis of the kernel density of the vegetation in the built-up areas
of Beijing, Guangzhou, and Zhengzhou from 1990 to 2020, we noticed that the central
vegetation in the built-up areas of provincial capital cities had increased year by year. The
“hollowing” phenomenon of the vegetation in the built-up areas has gradually disappeared.
In addition, a wider “Urban Green Belt” has been formed at the periphery of urban built-up
areas with improved connectivity of areas with high-FVC (Figure 5).

This shows that in the middle and late stages of urban construction, urban public
green spaces, residential green spaces, traffic green spaces, and scenic green spaces have
been well organized [62], evidenced by their evenly distributed patterns within the urban
built-up areas. Urban green space has gradually changed from a relatively concentrated
“green heart” distribution pattern to a relatively scattered “green pulse” distribution pattern
(Figure 6) [63]. Such a layout of green space in urban built-up areas tends to be reasonable
and can meet the needs of urban residents.



Land 2023, 12, 235 8 of 17
Land 2023, 12, x FOR PEER REVIEW 8 of 18 
 

 
Figure 4. FVC hierarchical chart in built-up areas of provincial capital cities from 1990 to 2020. 
(VLFVC: very low FVC; LFVC: low FVC; MFVC: medium FVC; HFVC: high FVC; VFVC: very High 
FVC). 

Figure 4. FVC hierarchical chart in built-up areas of provincial capital cities from 1990 to 2020. (VLFVC:
very low FVC; LFVC: low FVC; MFVC: medium FVC; HFVC: high FVC; VFVC: very High FVC).



Land 2023, 12, 235 9 of 17

Land 2023, 12, x FOR PEER REVIEW 9 of 18 
 

Based on the analysis of the kernel density of the vegetation in the built-up areas of 
Beijing, Guangzhou, and Zhengzhou from 1990 to 2020, we noticed that the central vege-
tation in the built-up areas of provincial capital cities had increased year by year. The 
“hollowing” phenomenon of the vegetation in the built-up areas has gradually disap-
peared. In addition, a wider “Urban Green Belt” has been formed at the periphery of ur-
ban built-up areas with improved connectivity of areas with high-FVC (Figure 5). 

 
Figure 5. Distribution map of kernel density of vegetation in Beijing’s (a), Guangzhou’s (b), Zheng-
zhou’s (c), built-up area from 1990 to 2020. 

This shows that in the middle and late stages of urban construction, urban public 
green spaces, residential green spaces, traffic green spaces, and scenic green spaces have 
been well organized [62], evidenced by their evenly distributed patterns within the urban 
built-up areas. Urban green space has gradually changed from a relatively concentrated 
“green heart” distribution pattern to a relatively scattered “green pulse” distribution pat-
tern (Figure 6) [63]. Such a layout of green space in urban built-up areas tends to be rea-
sonable and can meet the needs of urban residents. 

Figure 5. Distribution map of kernel density of vegetation in Beijing’s (a), Guangzhou’s (b),
Zhengzhou’s (c), built-up area from 1990 to 2020.

Land 2023, 12, x FOR PEER REVIEW 10 of 18 
 

 
Figure 6. The evolution model of green space in urban built-up areas. 

3.3. The Overall Trend of FVC in the Past Three Decades 
Figure 7 shows the change of the overall average FVC in the built-up areas of provin-

cial capital cities in mainland China from 1990 to 2020. It can be clearly seen that the over-
all average FVC in the built-up areas of 31 provincial capital cities has shown an upward 
trend in the past 30 years. In 1990, the overall FVC in the built-up areas of provincial cap-
ital cities was 33.59%. By 2020, the overall average FVC in the built-up areas of provincial 
capital cities reached 41.56%, an increase of 7.97% compared to 1990. The above results 
suggest that in the past 30 years, the vegetation coverage in urban built-up areas has con-
siderably increased. The urban ecological environments have undergone a notable transi-
tion, leading to the improved sustainable development of urban ecology. 

 
Figure 7. Changes in average FVC of provincial capital cities from 1990 to 2020. 

Figure 6. The evolution model of green space in urban built-up areas.



Land 2023, 12, 235 10 of 17

3.3. The Overall Trend of FVC in the Past Three Decades

Figure 7 shows the change of the overall average FVC in the built-up areas of provincial
capital cities in mainland China from 1990 to 2020. It can be clearly seen that the overall
average FVC in the built-up areas of 31 provincial capital cities has shown an upward trend
in the past 30 years. In 1990, the overall FVC in the built-up areas of provincial capital cities
was 33.59%. By 2020, the overall average FVC in the built-up areas of provincial capital
cities reached 41.56%, an increase of 7.97% compared to 1990. The above results suggest
that in the past 30 years, the vegetation coverage in urban built-up areas has considerably
increased. The urban ecological environments have undergone a notable transition, leading
to the improved sustainable development of urban ecology.
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As shown in Table S1, from 1990 to 2020, 28 cities (out of 31) have a positive change in
the average FVC in built-up areas; 22 cities have an average FVC growth rate of more than
5% in the built-up areas of provincial capitals, accounting for 70.97% of the total number of
cities. In addition, 12 cities have a growth rate of more than 10%. The FVC of the built-up
area of Beijing increased from 37.62% to 50.30%. The 50.30% FVC of Beijing ranks the first
among all provincial capital cities in 2020; the FVC of the built-up area of Tianjin is 48.74%
in 2020, ranking second; the FVC in the built-up area of Shanghai increased from 33.01%
to 47.96% from 1990 to 2020. Its FVC in 2020 ranks third. Notably, the FVC in Hohhot
City increased from 15.54% to 33.94%, with a change rate of 18.4%; the FVC in the built-up
area of Changchun City increased from 17.71% in 1990 to 38.61%, with a change rate of
more than 20%. Cities with negative changes in FVC include Chengdu (−2.43%), Fuzhou
(−0.77%), and Haikou (−0.71%). In general, the FVC reduction values in these three cities
are relatively small, within the normal fluctuation range. Our results coincide with existing
efforts that also documented the increase of FVC in built-up areas of provincial capital
cities in mainland China [15,32–35].

In this study, pixels with 0 ≤ FVC ≤ 0.4 are deemed to have no vegetation coverage.
The vegetation coverage ratio denotes the ratio of the vegetation area to the total area of
the built-up area. In this study, we use statistical data to calculate the yearly vegetation
coverage rate in the built-up area of the provincial capital city, as shown in Tables S2 and S3.
The results show that between 1990 and 2020, the vegetation coverage rate of built-up areas
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in most provincial capital cities has increased in a significant manner, with only several
provincial capital cities having slightly decreased vegetation coverage rate in the built-up
areas. The vegetation coverage in the built-up areas of provincial capital cities has been
significantly improved during the investigated period. As shown in Figure 8, in 1990,
there were only nine cities with medium, high, and very high FVC areas, accounting for
more than 40%. In 2020, this number increased to 27 cities. As of 2020, 25 cities have
increased the proportion of medium, high, and very high FVC in urban built-up areas,
accounting for 87.10% of the total number of cities. There is a total of 22 cities with the
proportion of medium, high, and very high FVC increased by more than 10%. Beijing,
Shanghai, Tianjin, Shenyang, Changchun, Guiyang, Hohhot, among others, have increased
the proportion of medium, high, and very high FVC areas by more than 20%. Despite that,
our results suggest, in the past 30 years, the medium, high, and very high FVC areas in the
built-up areas of provincial capital cities have increased significantly, and areas with high
and very high FVC in the total urban area are still low, indicating the potential of further
improvement to urban ecological green space.
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1990 to 2020.

3.4. The FVC Temporal Dynamic Curve

Figure 9 shows the temporal dynamics of the FVC in the built-up areas of provincial
capital cities in mainland China from 1990 to 2020. A positive value indicates that the
vegetation coverage has increased compared with the previous stage, and a negative value
indicates that the vegetation coverage has decreased compared with the previous stage. In
general, the FVC change curves in the urban built-up areas are in complex patterns, with
strong dynamics, continuous undulating, and oscillating rising (Figure 9a). In addition,
we notice that the amplitude of the oscillation is gradually weakening. In 1990, there
were only six provincial capital cities with FVC between 40%–50% in built-up areas. By
2020, this number increased to 21, accounting for about 67.74% of the total number of
provincial capital cities. The FVC in the built-up areas of most provincial capital cities
showed an increasing trend, with several exceptions. Numerous studies have shown that
in the process of urbanization, the FVC in the built-up areas of most provincial capital cities
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is expected to increase but within a limited range [15,32–35]. The FVC tends to keep in the
range of 40%–50%, an optimal range that balances the development and urban ecological
environment quality (Figure 9b–d).
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At the city-level, the temporal dynamics of the FVC in urban built-up areas can be mainly
expressed as “W” type (decrease-increase-decrease-increase) curve (Figure 9b), a “V” type
(decrease-increase) curve (Figure 9c), and “N” type (increase-decrease-increase) (Figure 9d).
Cities represented by the “W”-shaped change curve include Chengdu, Hangzhou, Wuhan,
Nanjing, Jinan, among others. In those cities, the FVC of built-up areas of provincial capital
cities first decreased from 1990 to 1995, increased from 1995 to 2005, decreased again from
2005 to 2010, and then increased from 2010 to 2020. The cities represented by the “V”-shaped
changing curves include Beijing, Shanghai, Guangzhou, Changsha, Hefei, among others. For
those cities, FVC fluctuated during 1990–1995, decreased from 2000 to 2010, and began to
increase after 2010. Cities represented by the “N”-shaped changing curves include Chongqing,
Tianjin, Zhengzhou, Xi’an, Kunming, among others. In those cities, FVC experienced a
decreasing trend from 1990 to 2000, and an increasing trend occurred from 2005 to 2020.

4. Discussion
4.1. Influencing Factors of Spatial Disparity in Vegetation Coverage

Numerous factors can lead to the disparity in FVC of the built-up areas of provincial
capital cities. Those factors include the natural geographic environment, climate change,
economic development level, built-up area expansion, ecological green space construction,
and land type conversion [39,64,65]. Among them, the economic development level of
provincial capitals can be represented by the regional GDP. As shown in Table S1, for
the top ten provincial capital cities in terms of regional GDP in 2020, the FVC of built-up
areas of them are all greater than 40%. In addition, the rank correlation coefficient of FVC
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in provincial capital city built-up areas and regional GDP is 0.7056, indicating that the
vegetation coverage of the provincial capital city’s built-up area has a substantial positive
link with the level of economic development, which is consistent with previous studies [37].
While the rank correlation coefficient between FVC and the expansion speed of built-up
areas in 2020 is 0.7643. This further illustrates that the expansion of built-up areas has
led to an increase in urban vegetation coverage, but this increase mainly comes from the
periphery of the built-up area, because a large amount of undeveloped green space is still
reserved on the periphery of the built-up area.

At the same time, the vegetation coverage of cities such as Guiyang, Nanning, Haikou,
etc., is still greater than 40% despite their lagging regional GDP ranking in 2020. This
shows that the natural geographical environment is one of the main factors that affect
FVC in the built-up areas of provincial capitals, and due to the influence of the natural
geographical environment, provincial capital cities of mainland China present the spatial
distribution characteristics of low vegetation coverage in the built-up areas of capital cities
in southwest, northwest regions, and high vegetation coverage in the built-up areas of
capital cities in South China, East China, and North China. For other cities, such as Harbin
and Shenyang, where the natural geographical environment and economic development
level are relatively weak, their FVC of the built-up area is also greater than 40%, presumably
due to their long history of city construction, the longtime urban development, and the
complete urbanization process. On the contrary, Kunming, known as the “Spring City” as
well as a famous scenic tourist city in China, has superior natural geographic environments
with a high level of economic development. However, the FVC of Kunming’s built-up area
in 2020 is only 35.64%. The example of Kunming shows that the FVC in urban built-up
areas can be subject to policies and the greening policies issued by the government can
motivate or dampen the restoration of vegetation and the construction of ecological green
spaces in urban built-up areas.

4.2. Reasons for the Evolution of the Spatial Pattern of Vegetation Coverage

The reasons for the evolution of the FVC spatial pattern of provincial capitals are multi-
faceted. On the one hand, due to the continuous outward expansion of cities, urban built-up
areas have greatly increased [66], while the edge of the built-up area has not been developed
in a timely and effective manner, e.g., farmland, villages, and woodland. In this process, FVC
is expected to follow an increasing pattern. With the progress of continuous development,
land cover types at the edge of the built-up area begin to change, with a large number of
urban green spaces transforming into non-green space, such as residential, commercial and
business facilities, industrial, road, street, and transportation, resulting in a decrease in FVC
in the built-up area. The reason why our conclusions differ from previous ones is that we
consider both urban expansion and FVC changes [35].

Furthermore, in the early stage of urban construction, the low vegetation coverage
area in the center of the built-up area tends to present a concentrated flaky distribution.
The reason is that the layout of the built-up area in urban centers is relatively concentrated.
With the improvement of socio-economic levels and the expectation of boosted living
conditions, urban residents start to pay more attention to the quality of the urban ecological
environment, pushing local governments to increase the construction of urban green space.
Thus, the overall greening levels of urban built-up areas begin to improve in the later
developing stage, with a more reasonable distribution of urban green spaces.

4.3. Causes of the Evolution Model of FVC

The main reasons for the “oscillating function” change pattern of vegetation coverage in
built-up areas of provincial capital cities are built-up area expansion, ecological green space
construction, land type conversion, etc. The expansion of built-up areas and the construction
of ecological green spaces will lead to an increase in FVC, while the transformation of land
types will lead to a decrease in FVC. The decrease or increase of the average FVC in the
built-up area of the provincial capital city in that year depends on the positive factor and
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the negative factor among the three influencing factors, of which the type of factor plays a
leading role. This is also the reason why the evolution of urban vegetation coverage presents
a dynamic, continuous, oscillating, and rising “oscillating function” change pattern.

However, because cities must retain a large amount of residential, public, commercial,
industrial, road, etc., the increase in vegetation coverage is not endless, but there is a certain
limit. With the implementation of the new urbanization development concept centered
on people and the sustainable development of ecologically civilized cities, eventually, the
vegetation coverage change curve in the built-up areas of provincial capital cities will tend to
stabilize. It can be speculated that in the later stage of urban construction, the urban vegetation
coverage will tend to a range between 40–50%. It is the optimal interval that comprehensively
considers economic construction, social development, and ecological environment quality.

5. Conclusions

In this study, we use urban boundary mapping of the artificial impervious surface from
GAIA, extract remote sensing images of built-up areas of provincial capital cities, calculate
the NDVI, estimate the FVC, and evaluate the FVC spatiotemporal changing dynamics of the
built-up areas in 31 provincial capitals in the mainland China. We further use Spearman’s
rank correlation coefficient to identify the influencing factors of vegetation coverage in urban
built-up areas and kernel density estimation to explore the spatial distribution of vegetation
coverage. Our results suggest that (1) From 1990 to 2020, the average FVC of the built-up areas
of 31 provincial capital cities increased by 7.97%, and the proportion of medium, high, and very
high vegetation coverage areas increased by 12.45%. In addition, we observe that the urban
green space has gradually changed from the “green heart” distribution model to the “green
vein” distribution model. (2) Due to the influence of various factors, such as natural geographic
environment, economic development level, built-up area expansion, land type transformation,
afforestation of greening policy, etc., provincial capital cities present great disparity in FVC
changing curves, which can be mainly divided into the “W” type (decrease-increase-decrease-
increase), the “V” type (decrease-increase), and the “N” type (increase-decrease-increase); (3) The
FVC of the built-up area of provincial capital cities is significantly correlated with the regional
GDP and the expansion speed of the built-up area. The expansion of the built-up area and
the construction of ecological green space are positively correlated with the increase of FVC.
The initial value of FVC in built-up areas and the level of economic development drive the
disparity in FVC changing patterns. The FVC curves of the built-up area of the provincial capital
city present an “oscillation function” changing pattern, with weakening amplitudes. The FVC
eventually falls in the range of 40%–50%, which is considered an optimal value that balances
the economic/social development and ecological environment quality. The study is expected to
provide scientific references of an important theoretical basis for urban ecological construction
and practical support for promoting the harmonious development of urban residents and urban
environments in China.
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