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Abstract: Urban green space (UGS) is a crucial physical area that supports the functioning of urban
ecosystems, and its changes affect urban ecological balance. In order to accurately analyze the
dynamic processes and transfer targets of UGS during urbanization, this study proposes a new
method of UGS assessment based on multi-temporal Landsat remote sensing data. This method is
integrated with intensity analysis and landscape pattern indices so as to explore the spatio-temporal
dynamics of the evolution process, landscape pattern, and driving forces of UGS from 2000 to 2022
in the resource-based city of Taiyuan in central China. The results of the case study show that
rapid urbanization brought about a continuous reduction in UGS in the study area, but the trend of
decreasing gradually slowed down; UGS patches have become more dispersed and isolated, bare
land has been targeted for both gains and losses of UGS, and ecological restoration of bare land
mitigated the rapid reduction of UGS. The results of this study not only confirm the applicability of
this methodology for monitoring and assessing the evolution of UGS, but also reveal the identification
of the targeting or avoidance of other categories during the conversion of UGS. Thus, the potential
factors influencing changes in UGS can be analyzed to guide and safeguard sustainable development.

Keywords: urban green space; intensity analysis; landscape pattern; driving forces; Taiyuan

1. Introduction

The term urban green space (UGS) refers to all types of green spaces found in urban
areas [1-3] and is the principal form of green infrastructure (GI) [4]. UGS is a permeable
space covered with vegetation [5] that provides social, health, environmental, and economic
benefits to people and communities [6,7]. In addition to being a crucial physical area that
supports the functioning of urban ecosystems, UGS preserves the ecological equilibrium of
cities and improves human well-being [8] both directly and indirectly [9]. At the same time,
UGS is a significant element of cities [10] and is greatly impacted by urban development
throughout its evolution and development process [8,11].

With the acceleration of urbanization, urban areas are expanding, and according to
the UN Habitat (2020) report, between 2000 and 2015, urban areas expanded by 1.5% per
year [12]. This fundamentally changes the pattern of land use, allowing UGS to rapidly
evolve and be replaced by other types of land use [13], leading to significant reductions in
UGS and severe fragmentation [14], and provoking the emergence of inter-related ecological
issues in cities, such as the urban heat island effect [15], deteriorating air quality [16], urban
flash floods [17], and loss of biodiversity [18]. Furthermore, optimal mitigation measures for
extreme hazards will also be affected [19]. This trend is particularly evident in developing
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countries [20,21], especially in China, which has experienced an unprecedented scale and
rate of urban expansion since 2000 [22]. The widespread extinction of UGS is a result of the
predatory exploitation of the natural world combined with rapid urbanization.

Due to the serious issues related to the urban ecological environment, Chinese local
governments have progressively implemented a number of policies to enhance and restore
UGS. It is dedicated to harmonizing the interaction between humans and nature [23] and
putting forth scientific urban planning principles. Therefore, a timely and accurate under-
standing of the types of changes that have occurred in UGS in the process of rapid urban
development and ecological urban construction, and an assessment of the evolution process
of UGS, can provide scientific support and a basis for the government and urban planners,
and promote the balance between urban development and the ecological environment.

Thus far, it is relatively common and intuitive to use multi-temporal remote sensing
data to monitor UGS changes, thus analyzing the number and direction of transformations
between UGS and different land categories [22-24]. However, the research process directly
utilizes the changes in the area of each land category in a conversion matrix, which can
easily make the researcher focus on spurious or transient conversion processes, causing
some limitations to the analysis of results [4,22,24-26]. However, intensity analysis can
overcome these limitations and provide more systematic and comprehensive information
for quantitatively measuring land use/cover changes [25-27]. Specifically, intensity analysis
quantitatively analyzes the changes in the spatio-temporal dynamics of the conversion
of land at three levels—the time interval level, category level, and transition level—and
proposes targeting or avoidance in the process of changing land categories [26]. Therefore,
taking advantage of intensity analysis will help to gain insight into the stage characteristics
of UGS changes.

Landscape patterns refer to the characteristics of the spatial structure of the landscape,
and landscape pattern indices are widely used to quantify changes in complex landscape
patterns to numerically compare and evaluate ecological processes that potentially change
in different regions or in the same region at different times [22,23,28,29]. Therefore, the
detection of changes in landscape pattern indices can provide a detailed analysis of the
spatial change patterns of UGS. As a result, combining intensity analysis with landscape
pattern indices can be used as a new method to assess the spatial and temporal changes in
UGS to more comprehensively analyze and identify the potential impacts of urbanization
on its evolutionary process.

In summary, in the case of the urban areas of Taiyuan, a resource-based city in central
China, this study presents a detailed method to quantitatively monitor the evolutionary
process of the spatio-temporal dynamics of UGS using GIS and remote sensing data, com-
bined with intensity analysis and landscape pattern analysis. Firstly, the spatio-temporal
dynamics of UGS are analyzed using GIS with land use/cover change data from 2000
to 2022. Secondly, based on intensity analysis, a three-level organizational framework is
applied to UGS to explain the stage characteristics of the UGS conversion process. Then,
the ecosystem characteristics of UGS changes are analyzed and assessed through landscape
pattern indices [29]. Finally, the driving forces affecting UGS changes are explored from a
comprehensive perspective.

Many cities like Taiyuan in China, as well as in other developing countries, are experi-
encing serious environmental problems, struggling to achieve sustainable development,
and seeking effective governance methods. However, most related studies have focused on
central cities (Beijing, Shanghai, Guangzhou, etc.), and few studies have been conducted
on resource-based cities [3,23]. Therefore, this study of Taiyuan’s UGS can be used as a
reference when making decisions about the construction of an ecological environment in
these cities.
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2. Materials and Methods
2.1. Case Study

Taiyuan (111°30-113°09" E, 37°27'~38°25' N) is the capital of Shanxi Province and
is an important industrial city in central China for coal energy and heavy industry; coal
production once accounted for 2.5% of China’s coal output [30]. In this study, the urban
areas of Taiyuan were chosen as the study area, consisting of the Jiancaoping, Xinghualing,
Yingze, Xiaodian, Wanbailin, and Jinyuan zones, with an area of about 1460 km? (Figure 1).
The study area is located in the Fen River Impact Plain at an altitude of 760 m and is
surrounded by mountains to the east, west, and north. The Fen River passes through the
city from north to south, with high terrain in the north and low terrain in the south [31].

13 !
o 1
b R RN
e TRy
LT
)‘b jsk.ﬂ;/,.f{ /I
China o /

112°10' 112°20' 112°30" 112°40" 112°50"

T T T T T
-

N

Legend
DEM (m)
1840

38°
38°

B ] 1300
758

‘: Built-up area

Lo

Shouzhou

Xinzhou

mgqua
Lvliang

Jinzhong

Changzhi

Linfen

Jincheng

Yuncheng

Shanxi Province

C -| Urban area

37°50"
37°50'

37°40
37°40'

Urban area

0 10

) Taiyuan City
112°40'

L | I
112°20'

112°10'

112°30' 112°50'"

Figure 1. Location of the study area.

After China joined the WTO (World Trade Organization) in 2001, the increased demand
for energy and raw resources led to the rapid economic development of Taiyuan and an
accelerated process of urbanization and industrialization, which resulted in a fundamental
change in urban land use/cover, increasing environmental pollution, drying up of the
river, and a rapid occupation of UGS [32]. Taiyuan was once listed among the top ten most
polluted cities in the world and the most seriously air-polluted city in China [33,34]. Serious
environmental problems have gradually been recognized by governments at the municipal,
provincial, and national levels, and long-term ecological restoration and governance of
UGS have been carried out. In February 2018, Taiyuan became the first national innovation
demonstration zone for the sustainable development agenda in China with the theme
of transforming and upgrading resource-based cities; it is known as the China Urban
Sustainable Development Laboratory [33]. Therefore, the selection of this study area to
explore UGS changes could provide practical knowledge for UGS construction in other
resource-based cities.
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2.2. Data and Classification

In this study, Landsat remote sensing image data from 2000, 2011, and 2022 were
selected; they had an overall cloud cover of less than 1%, and data for months with dense
vegetation were selected, as shown in Table 1. Data preprocessing included radiometric
calibration, atmospheric correction, geometric correction, and image clipping, which were
carried out using the ENVI software (version 5.3). Subsequently, visual interpretation
was used to perform maximum likelihood supervised classification of remote sensing
images from various periods to categorize urban areas into non-green space and green
space [34]. Non-green space was further divided into built-up areas, water bodies, and
bare land. Considering the complexity of the actual geography of urban areas in Taiyuan,
where a variety of vegetation is interspersed and difficult to differentiate [32], in order
to accurately quantify the area of green space, vegetation such as woodland, grassland,
cropland, and wetland are classified as green space, called UGS [6,7,35]. Therefore, the land
use/cover types in this study were divided into four categories: built-up areas, UGS, water
bodies, and bare land. The advantage of this classification is that it can easily distinguish
between built-up areas and green spaces in urban areas, thus improving the accuracy
and consistency of UGS identification, which allows direct observation of changes in the
distribution and extent of UGS [7,35]. The other data used in this study included DEM
elevation data sourced from the China Geospatial Data Cloud and socio-economic data
sourced from the Taiyuan Statistical Yearbook, including regional GDP, population, and
urbanization rate.

Table 1. Data sources and description of remote sensing data.

Cloud Spatial Date . Sensor
Path Row Cover (%)  Resolution (m) Acquired Satellite Identifier
125 034 0 30 1 July 2000 Landsat 7 ET™M
125 034 0 30 9 August2011  Landsat 5 ™
10 October
125 034 1 30 2022 Landsat 8 OLI

2.3. Spatio-Temporal Data Overlay Analysis

This study used ArcGIS spatial overlay analysis to perform spatial calculations on
classified land use/cover data from different years in the study area, creating a land use
conversion matrix for different time periods to analyze the structural characteristics of land
use changes and the number and direction of conversions between different land use types.
Therefore, in this study, the map from 2000 was overlaid with the map from 2011 in order
to generate a conversion matrix, as shown in Table 2; following which the map from 2011
was overlaid with the map from 2022 to generate a conversion matrix, as shown in Table 3.
Each matrix (Tables 2 and 3) provides a specific transition flow for each land category at a
given time interval. The rows show the categories for the initial year of the time interval,
and the total stock and gross loss columns for each land category in the initial year of the
time interval are shown on the right. The columns show the categories for the final year of
the time interval with the total stock and gross gain rows for each land category in the final
year of the time interval at the bottom. Entries on the diagonal in the matrix represent the
portion of each land category that was not changed, and entries off the diagonal represent
the portion of land that was changed [23,26,28,36].



Sustainability 2024, 16, 8363

50f 20

Table 2. Land use conversion matrix from 2000 to 2011 (in hectares).

2011 eps
Final Year of Time Interval Initial Total Gross Loss
Built-Up UGS Water Bare Land
2000 Built-up 21,239 2356 130 962 24,687 3448
Initial year of time UGS 10,065 91,434 559 6093 108,151 16,717
interval Water 181 135 646 35 997 351
Bare land 1423 4330 250 1641 7644 6003
Final total 32,908 98,255 1585 8731 141,479 26,519
Gross gain 11,669 6821 939 7090 26,519
Table 3. Land use conversion matrix from 2011 to 2022 (in hectares).
2022 eps
Final Year of Time Interval Initial Total Gross Loss
Built-Up UGS Water Bare Land
2011 Built-up 27,687 4898 92 231 32,908 5221
Initial year of time UGS 10,653 86,273 396 933 98,255 11,982
interval Water 356 125 1100 4 1585 485
Bare land 4376 3812 107 436 8731 8295
Final total 43,072 95,108 1695 1604 141,479 25,983
Gross gain 15,385 8835 595 1168 25,983

2.4. Change Intensity Analysis

This study was based on the creation of a land use conversion matrix for each time
interval (Tables 2 and 3). The three-level framework of intensity analysis was used to
analyze changes in terms of the size and intensity of UGS. Each of the three levels was used
to explore the progression in an increasingly detailed way [26].

The first level was the time interval level, which examined the size and annual rate of
change in UGS at each time interval to determine the time intervals in which the overall
annual rate of UGS changes was relatively rapid or slow.

Equation (1) defines the annual change intensity percentage for UGS, GClIr,, for any
time interval T;, and Equation (2) defines the annual uniform intensity percentage for UGS,
U], for the entire time period, Ty [37]. GCr;, is the change area of UGS for T;, and LA is the
area of the entire study region. If GCI < UI for any given T;, then the change intensity of
UGS for T; is relatively slow, while the opposite means that the change in T; is relatively
rapid [26].

Gy = SCT o L 100u a
L=TA T ’ )
— Z:l GCTi 1 [o}

Three time points (i.e., the years 2000, 2011, and 2022) were transformed into two
subsequent time intervals (i.e., T1 = 2000-2011, T, = 2011-2022). This means that GCr, is
the change area of UGS for T7, and GCr, is the change area of UGS for T5.

The second level is the metric level, which examines changes in the size and intensity
of the gross loss or gross gain of UGS for each time interval. Equation (3) defines the annual
intensity of the gross gain of UGS, Gr;, for T;. Equation (4) defines the annual intensity of
the gross loss of UGS, Lr,, for T;.

GRr. 1
= ol 100%
=K (T 00% 3)
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where GRr, is the area of the gross gain of UGS during T;, and GKj, is the area of UGS at

the end of T;.

Ly = (é?(:f x % % 100% (4)
where GDr, is the area of the gross loss of UGS during the time interval T;, and GK, is the
area of UGS at the beginning of T;.

The third level is the transition level, which examines how the size and intensity of
transitions in each land category change when UGS is gained or lost in each time interval
in order to identify which transitions are targeted or avoided.

Equation (5) defines the annual intensity of the transition, Rr,y, from the land category
N to UGS during T;. Equation (6) gives the annual uniform intensity of transition, Wr,,
from all non-UGS categories to UGS during T;. Wr, in Equation (6) is the average of the
annual intensity of the transition R,y produced by Equation (5). If Rty < Wr;, then the
gain of UGS avoids the category N, meaning that the gain of UGS during T; avoids the
takeover of category N. If Rty > Wr,, then the gain of UGS targets category N, meaning
that the gain of UGS during T; targets the takeover of category N.

NG 1
Ry = —— X — X 100%
T;N NK, X Ti x 100% (5)
where NG is the area of transition from the land category N to UGS, and NK, is the area of
the land category N at the beginning of T;.

GRr, 1 o

Wr, = m X f x 100% (6)
where all the notations are the same as those described in the previous equations. LA — GK,
represents the sum of the areas of all the non-UGS categories at the beginning of T;.

Equation (7) defines the annual intensity of the transition, Qr,x, from UGS to the land
category N during T;. Meanwhile, Equation (8) expresses the annual uniform intensity
of the transition from UGS to all non-UGS categories, Vr,, during T;. V7, in Equation (8)
is the average of the annual intensity of the transition Qr,n5 produced by Equation (7). If
Qr,n < Vr, then the loss of UGS avoids category N, meaning that the loss of UGS during
T; avoids the transition to category N. If Q1. > V7, then the loss of UGS targets category
N, meaning that the loss of UGS during T; targets the transition to category N.

GN 1 o
where GN is the area of transition from UGS to land category N, and NK}, is the area of
land category N, at the end of T;.

vp = CP1 1 00% (8)
T—ILTA-GK, T ’

where all the notations are the same as those described in the previous equations. LA — GKj
represents the sum of the areas of all the non-UGS categories at the end of T;.

2.5. Landscape Pattern Analysis

In this study, landscape pattern indices were used to identify changes in the landscape
patterns of UGS in the same region at different time intervals and to analyze the changes in
the distribution and combinations of UGS. FRAGSTATS version 4.2 was used to calculate
the spatial indices for UGS, and nine indices were selected [22,23], as shown in Table 4. The
nine indices were categorized into five types representing the size, proportion, number,
shape, and spatial combination of landscape patches. Among them, PLAND was the index
of the patch size of UGS; if PLAND decreased, it indicated that the area of the study area
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occupied by UGS decreased. LPI and MPS were the indices for the proportion of patches
of UGS; if LPI and MPS decreased, this indicated that many small patches of UGS were
produced, and the degree of fragmentation increased. NP and PD were the indices for
the number of patches of UGS; if NP and PD increased, this indicated that there was an
increased number of patches of UGS and a higher degree of UGS fragmentation. ED and
LSI were the measures of the shape of UGS patches; if ED and LSI increased, it meant
that more complex patches of UGS were produced. Al and SPLIT were the measures
of the spatial combination of UGS patches; if Al decreased, it meant that the degree of
aggregation of UGS patches decreased and the degree of fragmentation increased; if SPLIT
increased, it meant that the degree of aggregation of UGS patches decreased and the degree
of fragmentation increased.

Table 4. Landscape pattern indices selected in this study.

Types

Indices

Abbreviation

Description

Unit

Size

Proportion

Number

Shape

Spatial combination

Percentage of
landscape

Largest patch index
Mean patch size
Number of patches

Patch density

Landscape shape index

Edge density

Aggregation index

Splitting index

PLAND

LPI

MPS

NP

PD

LSI

ED

Al

SPLIT

The proportion of UGS area to the
study’s total area

The proportion of the largest patch
of UGS in the entire landscape
The ratio of the area of UGS
patches to the number of patches
The total number of UGS patches
in the landscape

The ratio of the number of UGS
patches to the total area

The ratio of the total length of
edges of UGS patches to the
possible minimum total length

of edges

The sum of the lengths of all edge
segments of UGS patches divided
by the UGS area and multiplied
by 1000

Measure of the connectivity of
UGS patches representing the
degree of aggregation among
certain patches

The sum of the square of the UGS
area divided by the square of the
patch area indicates the degree of
clustering of the landscape

Percent
Percent
hectare
None

Number per 100 ha

None

Meter per hectare

Percent

None

3. Results

3.1. Analysis of Spatio-Temporal Changes in UGS

From 2000 to 2022, Taiyuan experienced rapid urbanization, with significant changes
in the spatial pattern and quantity of land use types in the urban areas, as shown in Figure 2;
the quantitative characteristics are shown in Table 5. Throughout the study period, the area
of UGS showed a continuous decreasing trend, from 108,151 ha in 2000 to 98,255 ha in 2011,
and further decreasing to 95,108 ha in 2022. The UGS decreased by a total of 13,043 ha, or
12.1% in area. The proportion decreased from 76.44% in 2000 to 67.22% in 2022.

In contrast, the built-up area continued to grow throughout the study period, increas-
ing from 24,687 ha in 2000 to 32,908 ha in 2011 and continued to expand to 43,072 ha in 2022.
The proportion increased from 17.45% in 2000 to 30.44% in 2022. The area of water bodies
continued to increase, and bare land showed an increase, followed by a rapid decrease.
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Figure 2. Land use/cover changes in the study area in 2000, 2011, and 2022.

Table 5. Land use changes from 2000 to 2022.

Land Use/Cover

2000 2011 2022
Types

Area (ha) Percent (%) Area (ha) Percent (%) Area (ha) Percent (%)

Built-up 24,687 17.45 32,908 23.26 43,072 30.44
UGS 108,151 76.44 98,255 69.45 95,108 67.22
Water 997 0.70 1585 1.12 1695 1.20
Bare land 7644 5.40 8731 6.17 1604 1.13

Based on the DEM elevation map of Taiyuan (Figure 1), it was found that the landform
of Taiyuan, which is surrounded by mountains on three sides, determined land use, with
an obvious vertical distribution. In mountainous areas above an elevation of 1300 m, the
land use structure was simple and dominated by UGS. Low mountains and plains below
an elevation of 1300 m had numerous land use types and complex structures, and were
areas of concentrated built-up development and continuous expansion, thus leading to a
serious loss of UGS in the region. In addition, differences in the changes in UGS among the
different zones within the urban areas of Taiyuan were identified. Table 6 shows that the
most significant decrease in UGS throughout the study period was in Xiaodian, located in
the southeast, with a total decrease of 9441 ha, accounting for 72.4% of the total decrease in
UGS in the study area. It is worth noting that the area of UGS in Wanbailin continued to
increase throughout the study period, with a total increase of 1080 ha. In addition, the UGS
of the other zones showed a significant decrease from 2000 to 2011, and a slight increase
from 2011 to 2022.

Table 6. Measuring UGS changes in different zones.

Periods

Indexes

Zones

jcp JY WBL XD XHL YZ

2000-2011

2011-2022

20002022

Area (ha)
Rate (%)
Area (ha)
Rate (%)
Area (ha)
Rate (%)

—1614 —1348 468 —4949 —1537 —912
—7.14 -5.92 224 —21.35 —13.90 —12.70
2 315 612 —4492 135 275
0.01 1.47 2.86 —24.65 1.42 413
—1612 —1032 1080 —9441 —1401 —637
-7.13 —4.54 5.16 —40.74 —12.68 —8.44

JCP: Jiancaoping; JY: Jinyuan; WBL: Wanbailin; XD: Xiaodian; XHL: Xinghualing; YZ: Yingze.



Sustainability 2024, 16, 8363

9 of 20

3.2. Analysis of the Intensity of Changes in UGS
3.2.1. Intensity of UGS Changes at the Time Interval Level

Figure 3 shows the results of the intensity analysis of UGS in the study area for each
time interval. The bars on the left show that the percentage of UGS change in 2000-2011
(6.99%) was larger than the percentage of UGS change in 2011-2022 (2.22%). The bars on the
right side indicate that GCIt, was 0.64% in 2000-2011, and GCI, was 0.2% in 2011-2022.
Relative to the uniform temporal intensity, UI, the value of GCIt, was greater, while that of
GClIrt, was smaller. Therefore, the UGS in the study area showed a relatively rapid annual
rate of change from 2000 to 2011.

UI= 0.42%
Slow i Fast

2000-2011

Time Interval

2011-2022

8 7 6 5 4 3 2 1 0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
Interval Change Area (%) | Annual Change Intensity (%)

Figure 3. Time intensity analysis of UGS for two time intervals: 2000-2011 and 2011-2022. The
bars on the left indicate the area of UGS that changed as a percentage of the study area at each time
interval. The bars on the right indicate the annual change intensity, GCIt,, of UGS in each time
interval. The vertical dashed line on the right indicates the uniform temporal intensity (UT).

3.2.2. Intensity of UGS at the Metric Level

Figure 4 shows the results of changes in the size and intensity of the total loss and
gain of UGS for each time interval. The bars on the left show that from 2000 to 2011, the
annual loss area of UGS was the highest during the entire study period, while the annual
gain of UGS area was the lowest throughout the study period, and the difference between
the values, i.e., the net annual change in the area of UGS, was 900 ha. From 2011 to 2022,
the annual loss of the area of UGS decreased, while the annual gain of the area of UGS
increased, and the net annual change in the area decreased to 286 ha. The bars on the right
show that from 2000 to 2011, the annual intensity of UGS loss, Lt,, was greater than the
annual gain intensity, Gr,. From 2011 to 2022, L1, was still greater than Gr,. However, the
annual loss intensity from L7, to Lt, slowed down, while the annual gain intensity from
Gr, to Gr, increased. From this point of view, the rate of change in UGS from a drastic
decrease to a gentle decrease in the study area indicates that the development of UGS
underwent a gradual transition from blind encroachment to rational planning.

B8 Loss Arca B Loss Intensity
Gain Arca 3 Gain Intensity

2000-2011

2011-2022

1600 1400 1200 1000 800 600 400 200 0 02 04 0.6 0.8 1 12 14 1.6
Annual Change Area (ha) | Annual Change Intensity (%)

Figure 4. Metric intensity analysis of UGS for two time intervals: 2000-2011 and 2011-2022. Each
time interval has a pair of bars, where the purple bars indicate losses and the yellow bars show the
gains. The bars on the left represent the area of annual gains and losses of UGS during each time
interval, and the bars on the right represent the annual gain intensity, Gr,, and annual loss intensity,
Lt,, during each time interval.
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3.2.3. Intensity of UGS Changes at the Transition Level

Figure 5a shows the size of UGS gains and the intensity of the transitions. The bars on
the left side show that the first UGS gains were from bare land, then from built-up areas,
and finally from water bodies during 2000-2011. However, observing the bars on the right
side, the intensity of UGS gains from bare land is much larger than that of the UGS gains
from built-up areas and water bodies. The bar for bare land extends to the right of the
uniform line, and the other categories extend to the left of the uniform line. This indicates
that the gains in UGS targeted the takeover of the bare land.

The change in the area of UGS gains from 2011 to 2022 (Figure 6) shows that the areas
of transition from bare land to UGS were situated in the shallow mountainous area to
the west of Wanbailin, Jiancaoping, and Jinyuan. Apart from that, the areas of transition
from built-up areas to UGS were situated in an area characterized by the convergence of
built-up areas and UGS in Wanbailin and Jinyuan, as well as in the northern part of the two
sides of the Fen River. From 2000 to 2011, severe pollution required extensive ecological
management in the western mountains of Taiyuan, focusing on the management of areas
characterized by subsidence through coal mining, a damaged surface of the mountain, and
bare land formed by mineral waste and large-scale garbage dumping to generate UGS. In
addition, the completion of the Fen River ecological corridor involved the conversion of
built-up areas along the river banks into UGS.

The bars on the left of Figure 5a show that, from 2011 to 2022, more UGS was gained
from built-up areas than from bare land and water bodies. However, the bars on the right
in Figure 5a show that only the bar for bare land extends to the right of the uniform line.
This indicates that the gains in UGS still targeted the takeover of bare land.

The change in the area of UGS gains from 2011 to 2022 (Figure 7) shows that the areas
of transition from built-up areas to UGS were situated in the internal areas of the city and
the areas around Jinyang Lake in Jinyuan. The areas in which bare land was converted into
UGS were mainly situated in the eastern mountainous areas of Xinghualing, Yingze, and
Wanbailin, part of the western mountainous areas of Jiancaoping, and the northern areas of
Jiancaoping. From 2011 to 2022, the transition to UGS from built-up areas was influenced
by the plan of Taiyuan to create a national ecological garden city and comprehensively
improve the level of urban gardening and greening [38], thus adding many new urban
parks and green spaces within the city and increasing the areas of UGS [39]. Bare land that
was converted into UGS was mostly situated in the surplus space after the completion of
construction for urbanization, as well as on destroyed mountain surfaces and mining areas.

Figure 5b shows the size of the UGS losses and intensity of the transition. The bars
on the left side show that when UGS was lost from 2000 to 2011, the largest transition
was to built-up areas, followed by a transition to bare land, and lastly, to water bodies.
Examination of the right side of Figure 5b reveals that the greatest intensity of loss of UGS
was when it was converted into bare land; only the bar for bare land extends to the right
of the uniform line, while the other categories extend to the left of the uniform line. This
indicates that the losses of UGS targeted the transition to bare land. Although the area of
UGS that was converted into built-up areas was the largest, the intensity of the transition
was relatively low due to the large distribution of built-up areas.
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Figure 5. (a). Analysis of the intensity of transitions to UGS for two time intervals: 2000-2011
and 2011-2022. The bars on the left indicate the annual size of areas that transitioned to each non-
UGS category to UGS in each time interval, while the bars on the right indicate the intensity of the
transition of each non-UGS category to UGS in each time interval, Rr,5. Each dashed line is the
annual uniform intensity of the transition, Wr,, from all non-UGS categories to UGS during each time
interval. (b). Analysis of the transition from UGS for two time intervals: 2000-2011 and 2011-2022.
The bars on the left indicate the size of the annual transition from UGS to non-UGS categories at each
time interval, and the bars on the right indicate the intensity of the transfer from UGS to non-UGS
categories at each time interval, Qr,n. Each dashed line represents the annual uniform intensity of
the transition, V7, from UGS to all non-UGS categories during each time interval.
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Figure 7. Spatial evolution of land use/cover changes from 2011 to 2022.

Figure 6 shows that from 2000 to 2011, the UGS converted into bare land was situated
in the eastern mountainous areas of Xinghualing and Yingze and the northern part of
Jiancaoping. The UGS converted into water bodies was situated around the Fen River in
the center of the urban areas. The UGS converted into built-up areas was situated in the
southern part of Xiaodian and Jinyuan, the inner part of Wanbailin, the northern part of
Jiancaoping, and the urban fringes of other zones. The built-up areas had an overlapping
pattern of internal infilling and external expansion. From 2000 to 2011, the expansion
of the urban center to the south took up the small UGS in the plain areas of the urban
areas, which were mainly cropland. However, with the promulgation of regulations for the
protection of basic cropland in China and opinions on strengthening the balance of cropland
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occupation and compensation [40,41], the cost of occupying cropland for built-up areas
gradually increased [42]. Thus, urban development had to be partially shifted to the gently
hilly mountains to the east. As a result, during the process of urban development, a large
amount of UGS in the eastern hilly mountainous areas was expropriated and developed.
Nevertheless, the development of hilly areas is difficult, and the process of land leveling is
extremely prone to concentration and the long-term presence of large areas of bare land,
thus alleviating the occupation of cropland on plains, causing great damage to the natural
landform of the mountains, and increasing the risk of geological and flooding hazards [17].

The bars on the left side of Figure 5b show that from 2011 to 2022, when UGS was lost,
the largest amount was converted into built-up areas, which made up significantly greater
proportions than those of bare land and water bodies. However, an examination of the
right side of Figure 5b reveals that the intensity of the loss of UGS when it was converted
into bare land was the most intensive, with only the bar for bare land extending to the right
of the uniform line. This indicates that the UGS losses still targeted the transition to bare
land. It is worth noting that the area converted from UGS into built-up areas increased
compared with that from 2000 to 2011, while the loss intensity of the transition decreased
due to the fact that built-up areas increased as a percentage of the overall study area.

Figure 7 shows that the area of UGS converted into bare land was drastically reduced
and only sporadically appeared in the eastern mountainous area, western mountainous
area, and southern part of the urban areas. The scope of UGS converted into built-up areas
was situated in most parts of Xiaodian, the inner parts of Jinyuan and Wanbailin, and the
periphery of Jiancaoping. From 2011 to 2022, as the shallow mountainous areas in the east
were exhausted by development, urban expansion had to take place on the plains in the
southeast. Constrained by policies and regulations [43], urban development has shown a
tendency to expand in a decentralized manner.

3.3. Analysis of the Landscape Patterns of UGS

Table 7 shows the results of the analysis of the landscape indices of UGS, which
allowed us to understand the structural characteristics of its spatio-temporal evolution. The
percentage of UGS in the landscape (PLAND) indicates a continuous decrease in the area
of UGS from 2000 to 2022. However, the trend in UGS reduction decreased after 2011. The
number of patches (NP) and the patch density (PD) showed a trend of decreasing and then
significantly increasing, while the edge density (ED) and landscape shape indicator (LSI)
showed a similar trend, which can be explained by the patches first showing a compact
and regular development pattern and then a severely fragmented development pattern.
The percentage of the largest patch index (LPI) and mean patch size (MPS) in the landscape
area continued to decline and showed a sharp downward trend after 2011, indicating that
many small, fragmented patches of UGS were produced. The continuous decrease in the
aggregation index (Al) and the sharp increase in the splitting index (SPLIT) indicated that
the fragmentation of UGS increased, the distribution range gradually decreased, and the
UGS was divided into smaller patches.

Table 7. Analysis of the landscape indices of UGS from 2000 to 2022.

Year PLAND NP PD LPI MPS LSI ED Al SPILT
2000 76.44 1133 0.80 74.13 95.46 31.48 29.28 97.22 1.82
2011 69.45 1054 0.74 66.84 93.23 30.95 27.42 97.13 224
2022 67.22 1957 1.38 46.51 48.60 40.36 35.20 96.17 4.28

4. Discussion

UGS maintains the overall balance of urban ecosystems and is also influenced by
the drivers of urban spatio-temporal dynamics [23]. Therefore, this section identifies the
factors influencing the evolution of the spatio-temporal dynamics of UGS in terms of urban
expansion, policies, economy, and population.
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4.1. Impact of Urban Expansion on UGS

The evolution of UGS is intimately associated with the pattern of urban spatial ex-
pansion and phases of change [42]. Due to severe topographical constraints, the urban
development of Taiyuan City has shown a trend of belt-shaped development over the last
two decades, and its expansion has shown a pattern of southward development. Through-
out the study period, the area of UGS showed a trend of continuous decrease as well as
serious fragmentation. Xiaodian, located in the southeastern part of the study area, experi-
enced the most serious loss of UGS. In Wanbailin, the area of UGS continued to increase
throughout the study period, which was mainly attributed to the ecological management of
the western mountainous areas by the municipal government of Taiyuan. In addition, the
UGS in other zones showed a significant decrease from 2000 to 2011 and a slight increase
from 2011 to 2022, which proves that Taiyuan has achieved some milestones in the process
of optimizing the development of UGS.

The stages of change in UGS were analyzed using three levels of intensity. At the time
interval level, the area of UGS in the study area continued to decrease throughout the study
period, and the annual rate of change in UGS was higher from 2000 to 2011 than from
2011 to 2022. Analyzing the metric level, UGS gain and loss coexisted in the study area
throughout the time period, and the intensity of the annual gain gradually increased while
the intensity of the annual loss gradually decreased. This indicates that in the process of
urban development and management, the rate of UGS reduction decreased and the intensity
of change gradually slowed down. This trend of UGS change has been found in different
large cities in China, such as Shanghai, Jinan, Changchun, and Guangzhou [3,13,23,34].
Analyzing the transition level throughout the study period, the UGS that was lost was
mainly converted into built-up areas (20,718 ha), and the greatest gains in UGS came from
bare land (8142 ha).

Specifically, when UGS was lost, the largest transition was to built-up areas during the
entire study period, which was consistent with the findings of Luo [44] and Hou [45] on
UGS in Taiyuan. They proposed methods for optimizing the layout of roads and controlling
the expansion of built-up areas so as to protect UGS based on the observation that the
largest transition was from UGS to built-up areas. However, by analyzing the transition
intensity in greater depth phases, we found that the loss of UGS targeted the transition
to bare land in two time intervals. This indicates that when UGS was lost, it tended to be
intensively lost to the transition to bare land, more so than built-up areas, which was related
to Taiyuan’s rapid urbanization and the development pattern of its industrial structure.
The excessive development of construction, industry, urban infrastructure, mining of coal
resources, and hilly areas due to land shortages directly led to the loss of vegetation cover,
forming long-term unused bare land surfaces in the study area. This phenomenon is also
present in the world’s cities with rapid urbanization [46,47] and in areas where mineral
resources are exploited [48,49]. Therefore, we propose the hypothesis that detecting and
controlling the rate of expansion of bare land and ecologically restoring it can promote the
optimal development of UGS in this type of city. This is consistent with the conclusions
presented by Wang [3] regarding the ecological restoration of bare land as the key to solving
the contradiction between the development and protection of UGS.

However, when observing the gain in UGS in the study area, it was found that the
largest transition thereof was from bare land during the entire study period. By analyzing
the transition intensity, we found that UGS transitioned much more intensively from
bare land than from other categories. This indicated that the UGS gains targeted the
takeover of bare land. This reflects the fact that the Taiyuan government has continuously
promoted the implementation of urban ecological restoration and greening policies for
bare land, effectively curbing the rapid decrease in UGS. This result is consistent with our
previous hypothesis. As a result, the intensity analysis not only studied the applicability
and effectiveness of UGS in the urban areas of Taiyuan, but also has a certain guiding
significance for the optimization and development of UGS.
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4.2. Impact of Policies on UGS

The implementation of government policies is the main driver of changes in UGS [50].
In the case of Taiyuan urban areas, the area of UGS continued to decrease throughout
the study period, but this decreasing trend gradually slowed down, as evidenced by
the indicator percentage of landscape in UGS (PLAND). This result proved that some
achievements were made in the process of optimization and development, while the
policies formulated by the Taiyuan government played a significant role in the evolution
of UGS.

Before 2000, Taiyuan lacked regulated and specific policies for UGS development, as it
only focused on basic urban greening, such as road greening and urban parks [23]. Mean-
while, its urban economic development relied on coal mining and heavy industry, while
crude production methods and disorderly urban expansion caused UGS to be sacrificed
for urban economic development [20]. Driven by economic interests, a large number of
small-scale industrial and mining enterprises (reaching 2000 at one point), such as coal
mines, quarries, cement factories, and factories for building materials, concentrated in the
western mountainous areas of urban areas in Taiyuan, formed a coal mining area of about
112 square kilometers and a destroyed mountain surface of about 10 square kilometers [51].
Long-term production by industrial and mining enterprises generates a large amount of
industrial, mining, and bare land, resulting in the destruction of large areas of UGS [52]. Ur-
ban ecosystems are overwhelmed, causing serious problems in air and water environments,
and air quality is among the worst in China [33,53].

From 2000 to 2011, rapid economic development promoted the rapid expansion of ur-
ban construction and rapid deterioration of UGS, which was centrally encroached upon and
divided to form compact and regular patches. To cope with the aggravation of the urban
ecological environment, Taiyuan proposed a sustainable development strategy and intro-
duced urban planning and policies to transform traditional industries, optimize industrial
structure, govern and improve the urban environment, and control the development of pol-
luting enterprises [54]. Urban ecological construction has gradually been incorporated into
the realm of urban infrastructure, and the pollution problem in the western mountainous
area of Taiyuan has been included in the provincial key renovation project [55].

In 2011, the greening coverage rate in the western mountainous areas increased from
less than 20% to 80%, and large areas of bare land were ecologically restored to form
UGS, which led to originally fragmented UGS patches gathering and connecting to form
large patches, driving the continuous growth of UGS in Wanbailin. In the same year,
Taiyuan issued the “Implementing Opinions on Promoting the Construction of Western
Mountainous Suburban Forest Park” to further improve the ecological management and
restoration of the western mountains. As a result, the Western Mountain model of ecological
restoration of UGS in urban areas of Taiyuan was gradually formed, and the “Western
Mountains Model” became a typical case in the “Report on China’s Implementation of
the 2030 Agenda for Sustainable Development (2021)”, which was included in the policy
declaration document for the 50th anniversary of China’s resumption of its legal seat in the
United Nations [51].

Between 2011 and 2022, the approach to urban construction and management in
Taiyuan improved and the UGS rate of change drastically decreased. The “low-carbon city

concept”, “the construction of national sustainable innovation development demonstration
s

zones”, “sponge city construction management regulations”, “the implementation plan for
creating a national ecological garden city”, and “the implementation plan for implementing
the new development concept to comprehensively improve the level of urban landscap-
ing” were successively proposed for the urban areas. These policies and strategies have
promoted the development of UGS in Taiyuan, with a significant increase in the number of
patches (NP) and density of patches (PD) in UGS, and UGS has been explicitly incorporated
into planning policies for urban land use and development. Government administrators
have progressively realized the importance of the urban ecological environment. Urban

development does not simply occupy UGS but strives to compensate for the losses caused
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by occupying it. Administrators are exploring opportunities to expand UGS within a city,
which also allows urban residents to experience its benefits.

In 2022, Taiyuan ranked fourth among Chinese cities, with 439 urban parks [39].
The UGS within the city was increased to a certain extent to meet the development of
urbanization and residents” demand for green space, and to improve the quality of the
urban habitat [34]. In the game of urbanization expansion and protection of the ecological
environment, the overall growth of UGS cannot be achieved as a whole, but the rapid loss
of UGS has slowed. During 2011-2022, all zones, except Xiaodian, had already achieved
the growth of UGS. This shows that policy formulation is crucial for the development of
UGS. However, the increasing fragmentation and decreasing distribution range of UGS are
still a cause for concern.

4.3. Impact of the Economy and Population on UGS

Economic development is an important driver of urban land use/cover change [22].
In 2001, China’s accession to the WTO stimulated energy demand. The economy of Taiyuan
is driven by both coal resources and the fact that it is the capital of Shanxi Province, and its
increased economic development led to a dramatic expansion of the city [33], with the GDP
growing from 37.92 billion yuan (CNY) in 2000 to 557.12 billion yuan (CNY) in 2022 [54,56].
UGS is continuously eroded by urban development, thus providing a huge economic
benefit that far exceeds the economic benefit of UGS [8]. The construction of government-
led economic development zones, industrial parks, and real estate development constitute
the driving force for the rapid and concentrated erosion of UGS. From 2000 to 2022, the
average output value of cropland in the study area increased from 28,200 yuan/ha (CNY)
to 210,700 yuan/ha (CNY), while the average output value of industrial land increased
from 1,870,500 yuan/ha (CNY) to 14,596,400 yuan/ha (CNY). The average sales price of
commercial housing increased from 2000 yuan/m? (CNY) to 11,000 yuan/m? (CNY) (data
sourced from the Taiyuan Statistical Yearbook), and the huge gap in economic returns
brought about a continuous reduction in UGS.

The continuous growth of the urban population constitutes a direct driving force for
the expansion of urban space in Taiyuan [57]. The population of the urban areas of Taiyuan
has increased from 2,267,000 in 2000 to 4,743,000 in 2022 (data sourced from the Taiyuan
Statistical Yearbook). This rapid increase in the urban population has led to an increase in
the demand for housing, infrastructure, and road transportation. The dramatic increase in
demand for land resources has led to the continued expansion of urban areas, resulting
in a rapid loss of UGS outside built-up areas. Analyzing the urban-rural structure of the
population, the population of the study area shows a trend of concentration from rural to
urban, and the urbanization rate continued to increase from 79.20% in 2000 to 89.34% in 2022.
The increase in urban residents increases the demand for urban green infrastructure [8,34],
forming a driving force for the growth of green space within built-up areas, which results
in the generation of many small and fragmented UGS patches. The superposition of these
bidirectional dynamics weakens the trend of overall UGS degradation.

4.4. Limitations

Land use/cover change monitoring using multi-temporal remote sensing data is the
basis of this study. The main limitations of the study were the following: firstly, the study
was limited to the utilization of available data; the data for the three time points were
obtained from different Landsat images, and the months of data acquisition were July,
August, and October. Secondly, the data used in the study were all collected at a resolution
of 30 m, which is of low quality. All of these factors may impact the accuracy of the results
of the land use/cover data simulation [3,4,22,45]. Future studies should consider the use of
high-precision remote sensing satellite data and shorter time intervals for testing to further
analyze and clarify the processes of UGS dynamics.
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5. Conclusions

Taiyuan is engaged in a long-term struggle for sustainable development [33] and a
series of response policies have been formulated to promote the development of UGS.
By integrating intensity analysis and landscape pattern indices, this study analyzed the
process of UGS changes and transitions in the urban areas of Taiyuan from 2000 to 2022.
The results showed that, during the study period, although rapid urbanization led to a
continuous decrease in UGS, the trend of this decrease gradually slowed. Moreover, both
the gains and losses of UGS targeted bare land, and the ecological restoration of bare
land mitigated the rapid loss of UGS and promoted the optimal development of UGS in
Taiyuan. However, the overall reduction in the area of UGS, the serious fragmentation, and
the uneven distribution are still urgent problems for the current government to intervene
in and solve. This study also emphasizes the impacts of urban expansion, policies, the
economy, and population on UGS, with policies playing a decisive role in the development
of UGS.

This study provides a new method for monitoring the evolution of UGS, which can
contribute to the assessment and analysis of the potential factors in its conversion process
in order to help the government and urban planners formulate urban development plans.
This research on Taiyuan’s UGS will provide perspectives on the optimal development of
UGS for resource-based cities in China and other developing countries around the world,
which should focus on the ecological restoration of bare land, protection of large existing
patches of UGS, promotion of interconnections between patches, control of urban boundary
expansion, and optimization of the layout of built-up areas in future development plans.
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