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Abstract: Understanding the integration process of urban agglomeration is essential for sustainable
regional development and urban planning. However, few studies have analyzed the spatial
integration patterns of metropolitan regions according to the impacts of landscape ecology
along rail transit corridors. This study performed a comprehensive inter-city gradient analysis
using landscape metrics and radar charts in order to determine the integration characteristics
of an urban agglomeration. Specifically, we analyzed the evolution of spatial heterogeneity
and functional landscapes along gradient transects in the Changsha-Zhuzhou—Xiangtan (CZT)
metropolitan region during the period of 1995-2015. Four landscape functional zones (urban
center, urban area, urban-rural fringe, and green core) were identified based on a cluster analysis
of landscape composition, connectivity, and fragmentation. The landscape metric NP/LPI (number
of patches/largest patch index) was proposed to identify the urban-rural fringe, which revealed
that the CZT region exhibited a more aggregated form, characterized by a single-core, continuous
development, and the compression of green space. The integration of cities has resulted in continued
compression and fragmentation of ecological space. Therefore, strategies for controlling urban
expansion should be adopted for sustainable urban development. The proposed method can be used
to quantify the integration characteristics of urban agglomerations, providing scientific support for
urban landscape planning.

Keywords: urban agglomeration; spatial integration; rail transit corridor; landscape metrics; gradient
analysis; landscape functional zone

1. Introduction

Cities are usually the main carriers of capital, labor, and information. A large number of the
world’s population has settled in urban areas; this figure is projected to increase to approximately
6.3 billion by 2050 [1]. Due to city-centered regional development and industrialization, the spatial
evolution of urban land will be characterized by alternating processes of diffusion and coalescence,
which will inevitably lead to urban agglomeration [2,3]. Urban agglomerations, also defined
as megalopolises or metropolitan areas, are an advanced form of spatial organization for cities,
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characterized by contiguous areas of constantly developed urban territories with increasing economic
interconnection [4]. Cities within an urban agglomeration are ordered and have a clear hierarchy and
division of functions. The unprecedented growth of urban agglomerations has resulted in profound
and irreversible changes to socioeconomic system development, as well as various environmental
and ecological challenges, including massive rural-urban migration [5-7], drastic landscape structural
changes [8-10], and intensive anthropogenic activities [11,12]. Therefore, identifying the structures,
inter-city interactions, and impact factors of urban agglomerations is not only a fundamental
societal challenge, but also essential for understanding sustainable regional development trends
and supporting urban planning and decision-making [13].

From the early 20th century, urban studies have proposed various theories to describe the
emerging spatial organization of city clusters, such as the concentric zone model [14], the sector
model [15], and the multiple nuclei model [16]. The geographer Gottmann presented the concept
of a megalopolis [17] and Fang defined an urban agglomeration from six specific perspectives [4].
Many studies have investigated the process of urban development using the dynamics of land use
patterns or urban morphology at the individual prefectural level (e.g., Morelia [18], Hangzhou [19],
Tianjin [20]) or urban agglomeration level (e.g., European Metropolitan Regions [21], the Pearl River
Delta [22,23], Jing-Jin-Ji Metropolitan Region [20], and the Yangtze River Delta [24]). However, some
important gaps remain in current urban agglomeration-level research. For example, the majority
of previous studies focused on the regional network structure or dynamic characteristics of a city;
therefore, the spatial integration patterns and interaction features of urban agglomerations are not
well understood. The spatial integration is a spatial and functional interaction process within and
between cities of urban agglomeration and reflects the level of cooperation between cities [25]. Recently,
remarkable achievements of interaction features have been made by methods in advancing the analysis
of regional interaction [26,27]. But most of these methods simplify cities into points, thus ignoring the
spatio-temporal changes of land use and landscape in the process of urban integration.

Land use is an important parameter for assessing regional and global environmental changes;
thus, numerous studies have conducted empirical investigations on the delineation of urban land use
patterns and changes in urban agglomerations [28-30]. Landscape metrics are widely used to quantify
landscape patterns and their changes, as well as interactions between the natural environment and
human activities [24,31-34]. Within urban areas and urban—rural fringes, landscapes are predominantly
dominated by human activities. Some fundamental approaches can provide an overview of changes
in land use structure, such as the growth rate or a land use transfer matrix [19,35]. However, urban
land is constantly diffusing and coalescing. Landscape patterns and their changes are spatially
heterogeneous and urban expansion has directional characteristics, which cannot be expressed by
existing indicators. Moreover, existing theories mainly focus on the inherent drivers of human land
use variations and the qualitative inner hierarchical structure of functions, rather than interactions
between the ecological environment and human land use, which is a prerequisite for sustainable urban
agglomeration. Thus, integrating landscape ecology with urban integration could provide solutions to
emerging urbanization problems and ensure both environmental and socio-economic sustainability.
From this perspective, it is essential to characterize urban integration and its gradient variations in
order to explore the connections between landscape ecology and urban agglomerations through urban
functional landscapes.

Transportation systems have an important impact on urban forms and expansion processes [36].
Unlike other modes of transportation, rail transit typically connects neighboring cities and makes
urban forms more compact, thereby effectively reflecting the integration characteristics of urban
agglomerations [37-39]. For example, Huang reviewed research on rail transit in the United States
and Canada and revealed that it has a positive impact on land use near railway stations [40].
A study by Pan and Zhang showed that the rail transit system in Shanghai shapes urban expansion
and restructuring by attracting new development or redevelopment to areas covered by the rail
network [37]. These studies analyzed urban structure or changes in land use near transit stations;
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however, research on the integration characteristics of urban agglomeration along an inter-city rail
network are rare. Li et al. analyzed the spatial heterogeneity and urban structural changes along the
Guangzhou-Foshan inter-city rail network, revealing the metropolitan coalescence process and the
significant impact of rail transit on urban expansion at the urban fringes [2]. However, their research
did not consider the interactions between landscape ecology and urban agglomerations along the
inter-city rail transit corridor.

To understand the urban expansion process, the spatio-temporal characteristics of urbanization
are generally evaluated using gradient analysis. The gradient approach can be used to effectively
quantify local spatial landscape patterns using a constant sampling size. For example, Luck et al.
investigated the spatio-temporal characteristics of urbanization in Arizona, USA, by combining the
gradient paradigm with landscape metrics [41,42]. Since then, scholars such as Lin et al. [33], Yu and
Ng [43], Dai et al. [44], and Vizzari et al. [45] have applied this approach to investigate the spatial
patterns of urban landscapes along the urban—rural gradient. Considering that rail transit networks
represent an important connection corridor between cities, this study conducts a comprehensive
analysis of the inter-city gradient using landscape metrics and radar charts, which reflect the direction
of urban expansion. The aim of this study is to identify the spatial variation characteristics of regional
integration and the interactions between urban land expansion and the ecological environment.
Specifically, three key questions are addressed: (a) What are the spatiotemporal heterogeneity
characteristics of urban expansion in an urban agglomeration (using the Changsha—Zhuzhou-Xiantan
metropolitan region as a case study)? (b) What are the differences in urban expansion heterogeneity
and integration between the regional scale and the scale of a prefectural-level city? (c) What is the
dynamic pattern of urban integration in a metropolitan region and the impacts on the ecological
environment? The contribution of this study is to provide a new perspective of the integration process
of urban agglomeration. Furthermore, this analysis will provide insights for urban planning and land
use policy towards more sustainable urban development.

2. Study Area and Data

2.1. Study Area

The case study was conducted in the north-central part of Hunan Province (Figure 1), which is
representative of the developing provinces in central China. The Greater Changsha metropolitan region,
also called the Changsha—Zhuzhou-Xiangtan (CZT) city cluster, consists of three prefecture-level cities:
Changsha, Xiangtan, and Zhuzhou. The CZT is a core area for economic growth in the middle reaches
of the Yangtze River and an important hub of Chinese transportation, with a total area of 28,087 km?
and a population of 14.78 million [24]. Along with rapid economic growth, this area has become a
heavily urbanized region of Hunan and the focal point of intelligent manufacturing, machinery, and
cultural industry in central China. By the end of 2017, the urbanization rate of CZT exceeded 70% and
the gross domestic product (GDP) had increased to 1517.17 billion yuan, accounting for 1.83% of the
GDP of the entire country [46].

Historically, Changsha, Zhuzhou, and Xiangtan have long been closely connected, with frequent
exchanges of residents and materials. In 1997, Hunan established a provincial-level coordinating
agency for the economic integration of CZT and proposed an integration plan for the CZT city
cluster. Under this plan, the governments of all three cities strengthened their cooperation from
the perspective of transportation infrastructure, economic exchange, and cooperation, resulting in
drastic land use/land cover (LULC) changes over the last few decades. Hence, the period from 1997 is
characterized by rapid development of CZT integration. In addition, as one of China’s 13 megalopolises
and the national comprehensive experimental area for resource-saving and environmental-friendly
society construction, the efficient, organized, and high-quality development and integration of CZT is
essential for promoting the development of other metropolitan areas in China.
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Figure 1. Location and administrative divisions of the study area: (a) map of the CZT study area

in China and in Hunan Province; (b) Changsha-Xiangtan and Changsha-Zhuzhou corridors in
Hunan Province.

According to previous studies, city extension typically occurs along important
transportation routes; urban agglomeration integration is no exception [47]. Thus, this study
employed an urban integration transect along the main routes of the CZT inter-city rail network,
which has a total length of 104.36 km and 24 stations. This line, which was opened in 2016, connects the
three urban cores of CZT and overlaps with the routes of the original highways (Furong Avenue, Zhuyi
Highway Interchange, Hurui Expressway, and Shidai Avenue). It describes a typical urban sprawl
gradient, which can facilitate connections between the three cities and promote regional integration.

2.2. Data Pre-Processing

In order to establish land use datasets, we acquired high quality Landsat TM/ETM+ images of
the CZT metropolitan region at a spatial resolution of 30 m for 1995, 2005, and 2015. All images were
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cloud-free (cloud < 10%). The image preprocessing steps included geometric correction, georeference
correction, band composition, image mosaicking, and clipping. Land use types were divided into
six categories using the object-based classification in software ENVI 5.3; i.e., cultivated land, forest
land, grassland, water bodies, urban land, and bare land based on the latest released Chinese land
use standard [48]. Visual interpretation was employed to improve the accuracy of classification and
more than 250 stratified random samples were used to check the accuracy. The overall classification
accuracy of the three images was 96.5%, 97.54%, and 93.6%, respectively, which meets the accuracy
requirements for land cover change evaluation.

Moreover, we extracted CZT inter-city rail data, including the Changsha-Zhuzhou (CZ) line and
Changsha-Xiangtan (CX) line, from Open Street Map (OSM), and made a buffer with a radius of
4 km for each rail line in order to generate the inter-city corridors in the CZT region. Furthermore,
perpendicular lines were constructed along the rails every 6 km. A total of 11 perpendicular lines for
the CZ line and 10 perpendicular lines for the CX line intersected with the buffer. Finally, the buffers of
the CZ and CX line were divided into 12 quadrats and 11 quadrats, respectively (Figure 1).

3. Methodology

3.1. Framework

As illustrated in Figure 2, the inter-city rail transit corridors in CZT were extracted from the land
use data and 4-km buffer zones of the inter-city railways after the data preprocessing described in
Section 2.2. Using the inter-city rail transit corridors, the key research issues were implemented on three
levels based on the obtained land use data. Firstly, we characterized the spatial integration of the urban
agglomeration at the regional level. For this, the regional urban expansion indicators and landscape
changes were calculated to reflect the quantitative changes in overall land use patterns from 1995
to 2015. Secondly, the prefectural-level spatial orientation characteristics were analyzed using radar
graphs to reveal the main integration direction of the three cities during urban expansion. Thirdly, we
analyzed the landscape structure of urban-green core-urban gradient transects to identify the functional
zones and typical patterns. The aim of this was to determine the spatial heterogeneity and similarity
aggregation due to inter-city actions through landscape variation analysis and cluster analysis.
All spatial data processing and analysis steps were performed using software ArcGIS 10.2 and
FRAGSTATS 4.2.

‘ CZT inter-city rail data

¥ v

Interpretation ‘ ‘ Buffer analysis ‘
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Urban expansion
indicators

-
1
|
Radar graph analysis ‘| |
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Figure 2. Flowchart of the research framework.
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3.2. Qualitative Analysis of Urban Expansion

Urban expansion indicators were adopted to measure the characteristics (e.g., speed, extent,
intensity, and direction) of changes in urban form and structure [49]. In this study, we selected two
indicators: the annual urban expansion rate (AER) and the urban expansion intensity (UEI) to quantify
the spatiotemporal dynamics of urban expansion. The AER can be used to depict the magnitude and
speed of urban expansion within a specified period. The UEI can indicate changes in the amount
of urban land per unit time through a comparison with the total study area. The formulas are as
follows [20,35]:

1o Yira — Ui 1
AER = 100% x =" x 5 )
Upg—U; 1
EI = 100% x —=2 =1 = 2
u 00% x =77 . 2)

where AER (%) and UEI (%) are the annual urban expansion rate and urban expansion intensity,
respectively, U; and U | ; represent the urban area at the year i and i + d, respectively, d is the time span,
and TUj is the total land area of the study region in year 7.

3.3. Landscape Metrics

For the objectives of this study, the vector data of the inter-city landscape transect were then
converted to raster form at a pixel size of 30 m using ArcGIS 10.2. software. The resulting landscape
changes together with the urban expansion in CZT were characterized by spatial metrics based on
spatial and complexity criteria. These metrics can reflect the composition, shape of patches, and
aggregation of the landscape. As the urban built-up area is the main research class, five class-level
prominent metrics were carefully chosen to quantify the pattern of urban processes in Section 4.2 [50].
These metrics include the percentage of landscape (PLAND), largest patch index (LPI), landscape
shape index (LSI), patch density (PD), and aggregation index (AI) (Table 1). We used the public
software FRAGSTATS (Version 4.2) to calculate selected class-level landscape metrics with the
eight-neighbor rule.

Table 1. Landscape metrics used to calculate landscape patterns in this study.

Spatial Metric Acronym Description (Unit)

Proportion of the total area occupied by a particular land use type

Percentage of Landscape =~ PLAND (Percent).

Percentage of the landscape comprised by the largest patch

Largest patch index LPI (Percent),
. Total edge length in the landscape divided by the minimum total
Landscape shape index LSt possible edge length. (None).
. Number of patches per 100 ha of the corresponding patch type
Patch density Pb divided by the total landscape area (Number per 100 hectares).
Aggregation index Al Number of adjacent patches of the corresponding patch type

based on the single-count method. (Percent).

The urban-rural fringe has the following characteristics: urban land in this area is fragmented
and presented as many small scattered patches. Therefore, we proposed the metric NP/LPI (number
of patches/largest patch index) to reflect the degree of human disturbance to the landscape. NP/LPI
quantifies the fragmentation and dominance of urban land based on the number of patches and area of
patches. A larger NP/LPI indicates a higher degree of fragmentation and patch diversity as well as a
lower degree of patch connectivity, which can be used to detect the urban—rural fringe.
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Compared to urban areas, the patches of urban land in urban-rural fringe regions increase
sharply whereas the dominance of the largest patch of urban land continues to decrease, which can be
represented by an increase of the NP/LPI. Hence, this variation along the inter-city rail transit can be
used to reveal the boundary between inner city and suburban areas, as well as its movement and the
changes in pattern features over time.

3.4. Radar Graph Analysis

The radar graph expresses the specific orientations of urban expansion at the prefectural level.
Considering economic determinants as one of the most important drivers on urban expansion [51],
the economic center of a city is regarded as the city center. In this research, we defined Changsha Wuyi
square, Zhuzhou center square and Xiangtan railway station as the city center of Changsha, Zhuzhou
and Xiangtan, respectively. To describe the direction of urban expansion, 16 direction rays were drawn
from each city center with a northward orientation and an interval of 22.5°. Radar analysis could be
implemented by measuring the distance from each city center to the edge of the main urban land patch
in each direction. The directions between cities were selected to explore the spatial integration direction
in the region. Considering the locations of the cities in the CZT region (Figure 1), the directions from
the south to southwest in Changsha and from the northeast to east in Xiangtan represent the integration
directions of Changsha-Xiangtan (CX); from the southeast to south in Changsha and from the west to
northwest in Zhuzhou represent the integration directions of Changsha-Zhuzhou (CZ); and from the
east to southeast in Xiangtan and from the southwest to west in Zhuzhou represent the integration
directions of Xiangtan-Zhuzhou (XZ).

3.5. Hierarchical Cluster Analysis

Hierarchical cluster analysis was used with SPSS 19 software to classify the quadrats along
the inter-city rail transects and build a hierarchy of clusters. The results of hierarchical clustering
are typically presented in a dendrogram. In addition to the NP/LPI index, the indices involving
NP/LP], the area percentages, connectivity and fragmentation of urban land, forest land and cultivated
were selected as clustering variables to characterize the functional areas along the gradients more
comprehensively. Before applying the hierarchy cluster analysis, the index values of each quadrat were
normalized so that the scale of each index is the same. Then, the agglomerative hierarchical clustering
with ward method was adopted to measure the similarity between the quadrats.

4. Results

4.1. Dynamic Changes of Urban Expansion at the Regional Level from 1995-2015

The CZT metropolitan region has witnessed rapid urban expansion and changes of land use
structure from 1995-2015 (Figure 3 and Table 2). According to the regional spatial distribution shown
in Figures 3 and 4, forest land and cultivated land have always been the main land use types in this
region, covering more than 90% of the entire CZT metropolitan region. A large area of forest land and
cultivated land was converted to urban land cover, thereby steadily declining by 2.07% and 5.23%,
respectively; this represented the greatest contribution to urban expansion. Urban land cover increased
rapidly from 629.19 to 1389.87 km? over the past two decades, representing an increase of 120.898%.
The average growth was 38.0341 km? per year and the annual growth rate and intensity were 6.0450%
and 0.1357%, respectively. Moreover, the expansion of urban land (AER and UEI) was substantially
faster during the period of 2005-2015 (7.5906% and 0.2139%) than 1995-2005 (2.5578% and 0.0574%)
due to the influence of both policy and socioeconomic factors. The significant growth of urban land in
CZT indicates that urban land will still exhibit rapid expansion in the near future.
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Table 2. Anual urban expansion rate (AER) and expansion intensity (UEI) in CZT from 1995 to 2015.

] , AER (%) UEI (%)
City/Region
1995-2005 2005-2015 1995-2015 1995-2005 2005-2015 1995-2015
Changsha 3.3302 9.4169 7.9415 0.0856 0.3228 0.2042
Zhuzhou 1.7840 4.5936 3.5986 0.0334 0.1012 0.0673
Xiangtan 1.9437 7.6173 5.5207 0.0449 0.2103 0.1276
CZT 2.5578 7.5906 6.0450 0.0574 0.2139 0.1357
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Figure 3. Land use maps of the CZT metropolitan region from 1995-2015.
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Figure 4. Changes in land use types from 1995-2015.

From the perspective of landscape structure, five landscape metrics were selected to elucidate

the overall dynamic pattern of urban agglomeration from 1995 to 2015. Figure 5 demonstrates the
features and trends of urban landscape changes in the CZT metropolitan region. The left vertical axis
in each combo bar chart represented the results of LSI, Al and PLAND and the right vertical axis
indicates the values of LPI and PD. From the perspective of the class level in the entire study region,
the patterns of forest land, grass land, and water bodies revealed minimal changes during the 20-year
study period. The PD, PLAND, and Al of cultivated land and urban land remained relatively stable,
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the LSI of cultivated land and urban land increased, the LPI of cultivated land decreased significantly,

and the LPI of urban land increased markedly.

These results indicate that, due to a constant increase in human activities, the number of
patches for all land use types continued to increase within the study period. Moreover, urban
land expansion caused an increase in landscape fragments and irregularity over the past 20 years.
Landscape connectivity and agglomeration of cultivated land decreased while that of urban land
increased. In addition, urban land exhibited higher patch compactness and a more complex shape

than cultivated land.

9of 21
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Figure 5. Landscape metrics for the CZT metropolitan region from 1995-2015. (a) cultivated land;
(b) urban land; (c) forest land; (d) grass land; and (e) water bodies.
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4.2. Spatial Heterogeneity Characteristics at the Prefectural Level

At the metropolitan level, urban land was predominantly distributed in Changsha (56.4% in
2015) (Figure 6) as a result of the higher level of economic development in this region. Additionally,
Changsha experienced land expansion in almost every direction. During the period 1995-2005,
Changsha mainly extended towards the northeast (NE), northwest (NW), and south, with construction
of an edge city and relocation of the Changsha Municipal Government to the west. Due to construction
of industrial zones and the gradual improvement of traffic conditions between Zhuzhou, Xiangtan,
and Changsha, Xiangtan predominantly spread to the east and NE, whereas Zhuzhou traffic extended
to the southwest (SW). During the period 2005-2015, the speed of urban expansion accelerated, urban
land cover increased by 75.9%, and the annual increase was 59.957 km?. Under the constant influence
of government relocation, establishment of industrial zones, use of the high-speed rail station, and the
integration of Changsha, Zhuzhou, and Xiangtan, Changsha expanded substantially to the east, south,
and northwest (NW), Xiangtan continued to spread to the north and southeast (SE), and Zhuzhou
continued to extend to the SW.

Considering the relative position of the cities (Figure 1), the expansions of Changsha from the
SW to southeast (SE), Xiangtan from the NE to SE and Zhuzhou from the SW to NW were selected to
analyze the spatial integration between the cities in the CZT region. In the CZ directions, Changsha
continued to expand to Zhuzhou, while Zhuzhou had few expansions to Changsha during the period
1995-2015. In the CX direction, Changsha and Xiangtan experienced very low integration rate during
the period 1995-2005 and a great progress in expanding into each other existed during the period
2005-2015. During the period 1995-2015, Xiangtan and Zhuzhou continued to extend to each other in
the XZ direction.

)
e &

TR 7T\

\ E
WSW ESE Units: km
1995
2005
SSW 5 SSE 2015

Figure 6. Spatial orientation of urban expansion during the 1995-2015 period. (a) Changsha;
(b) Zhuzhou; (c) Xiangtan.

4.3. Landscape Variations along Urban-Green Core-Urban Gradient Transects

To further reflect changes in land use patterns and landscape functional zones, we used two
inter-city rail corridors as the two urban-green core-urban gradients; i.e., Changsha—Zhuzhou (CZ)
line and Changsha—Xiangtan (CX) line. To explore the gradient changes along the corridors, the fixed
distance segmentations were employed to generate various quadrats, which could minimize the biases
caused by uneven splitting. Meanwhile, considering the impact of the stations on the urban expansion,
the segmentation distance should be close to the average distance between the 24 stations. The average
distance (D,y.) was evaluated as follows:

Dgye = (LCZ + LCX)/(Nstaions - 1) (3)

where Lcz and Lcy are the lengths of the CZ line (68.3524 km) and the CX line (66.3524 km),
respectively; Nitations is the total number of the stations. Therefore, 6 km distance close to the evaluated
average distance (5.8421 km) was used to generate the quadrats along the rail corridors taking account
into the analysis implementability.
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The influence of the CX and CZ line should be measured to generate the inter-city corridors. First,
the increase rate of the urban land patch number (UNPR) was explored to measure the urban land
change and the fragment of the urban land. UNPR was defined as follows:

NPU;,. 4 — NPU;

. 1
UNPR = 100% x NP x @)

where NPU; and NPU;, ; are the NP of urban land at the year i and i + d, respectively; d is the
time span. Then, we built eight buffer zones from 1 to 8 km at the regular interval of 1 km, and
calculated the UNPR of two periods (1995-2005 and 2005-2015). As shown in Figure 7, the UNPR
reached the peak value at the distance of 4 km during the period 2005-2015, and the fluctuation of
the UNPR index is significantly reduced after 4 km. Hence, the influence of the CZT line should be
within 4 km.

(%)
6
5 — B
4 - ‘ |
3 _
2
1 A R A S e e
0
1 2 3 4 5 6 7 8km)
=== 1995-2005 #=2005-2015

Figure 7. Urban patch number increase rate within different buffer zones.

Based on the above results, the urban-green core-urban gradient transect with 4 km wide (a 4-km
buffer zone in both two sides of the inter-city rail) was generated and divided into various quadrats
by 6 km distance along the CZT line. The landscape metrics were calculated for each quadrat at the
class level and landscape level to detect the spatial heterogeneity characteristics of regional integration
for three different years (1995, 2005, and 2015). In Figure 1, quadrat 1 and 2 cover the northern part
to the city center in Changsha, quadrat 3 represents the city center of Changsha, quadrat 12 is the
Chang-Zhuzhou line in the city center of Zhuzhou, and quadrat 11 is the Changsha—Xiangtan line in
the city center of Xiangtan. The other quadrats represent the buffers from the city center of Changsha
to the city center of Zhuzhou and Xiangtan along the inter-city rail transit network.

Along the transect from urban area to urban-green core to another urban area, changes in
landscape dominance, shape complexity, connectivity, and diversity were observed. Figure 8 shows
the variation in landscape characteristics of cultivated land along Changsha—Xiangtan line and
Changsha-Zhuzhou line. The curves of the total area (TA) and PD along the two gradients exhibited
considerable variations over time and began to diverge from quadrat 7 for the CZ line and CX line
(Figure 9a,c). TA values decreased overall with time, especially from quadrat 1 to 5 during the period
2005-2015. Moreover, the peak value of the TA index moved south from quadrat 6 to quadrat 7. Values
of the PD index increased overall and exhibited a large difference over time, especially during the
period 2005-2015 (Figure 9b,d). The results presented in Figure 9 indicate that the cultivated land was
extensively occupied and the degree of fragmentation increased during the past 20 years, especially in
suburban and green core areas from 2005-2015.
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Figure 8. Landscape characteristics of cultivated land along the urban-green core-urban gradient
transect of the Changsha—Zhuzhou line and Changsha—Xiangtan line. (a) TA of cultivated land along
the CZ line; (b) PD of cultivated land along the CZ line; (c) TA of cultivated land along the CX line; and
(d) PD of cultivated land along the CX line.
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Figure 9. Landscape characteristics of forest land along the urban-green core-urban gradient transect
of the Changsha—Xiangtan line. (a) TA of cultivated land along the CZ line; (b) PD of cultivated land
along the CZ line; (c) TA of forest land along the CX line; (d) and PD of forest land along the CX line.

Unlike cultivated land, forest land along the two lines exhibited minimal decreases over time.
The minimum values appeared in quadrat 4 of the CZ line and quadrat 3 of the CX line, whereas
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the maximum values appeared in quadrat 9 for both lines (Figure 10a,c). Landscape fragmentation
increased markedly over time, especially from 2005-2015, reaching a relatively high level in quadrat
8 along the CZ line and CX line (Figure 10b,d). These results suggest that forest land in the CZT
metropolitan region was predominantly concentrated in the southern part of the green core, with a
minimal distribution in urban areas. Moreover, the area of forest land remained stable while the degree
of fragmentation increased slightly along the two gradients during the past 20 years, especially in
regions between quadrat 6 and the suburban area of Xiangtan and Zhuzhou.

Urban land along these two transects exhibited the opposite pattern to cultivated land and
forest land. Due to mature urban development in the urban area, the innermost buffer of the urban
area possessed the lowest diversity, with the highest values of TA and LPI in quadrat 4 and the
lowest values in quadrat 8 and quadrat 9 of the CZ line and CX line, respectively. Quadrat values
near quadrats with relatively high values of TA exhibited a more rapid increase, and resulting in a
spatial disparity that continued to expand over time. The LPI index quantifies the percentage of the
total landscape area comprised by the largest patch and measures the dominance. Hence, the results
indicate that the urban area continued to aggregate in the largest patch and that remarkable land use
changes occurred in the urban fringe of these three cities during urban expansion and development.
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Figure 10. Landscape characteristics of urban land along the urban-green core-urban gradient transect
of the Changsha—-Zhuzhou line. (a) TA; (b) NP; (c) PD; (d) AL (e) LPIL; and (f) NP/LPIL
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As indicators of fragmentation, the curves of the NP and PD revealed similar trends; the curves
for 2015 differed significantly from the curves of the previous two time periods. Relatively high
values in 1995 and 2005 appeared in quadrat 3 and 6, then moved southward to quadrat 7 and 10
in 2015 along the CZ line, whereas relatively high values in 1995 and 2005 appeared in quadrat 3, 6,
and 11, which moved to quadrat 7 and 10 in 2015 along the CX line. The NP and PD curves decreased
remarkably from quadrat 1 to quadrat 5 in 2015 along both lines. These trends reveal that urban land
in urban and fringe areas of Changsha and Zhuzhou had high connectivity whereas urban land in
Xiangtan and the southern part of the green core exhibited a relatively high degree of fragmentation
and were not spatially concentrated.

Al is measure of similar adjacencies between the same patch type. Al remained relatively stable
over the study period. The curves presented slight decreases in quadrats 4-9 along the CZ line and
quadrats 4-8 along the CX line whereas other parts of the curves remained at a stable and relatively
high value, indicating that the degree of aggregation of urban land in these three cities was relatively
stable but declined along the inter-city rail transit in the green core region.

The NP/LPI index can be applied as a measure of spatial connectivity. As shown in
Figures 10f and 11f, the NP/LPI index between quadrat 1 and 5 along the CZ and CX lines exhibited
relatively low and stable values; however, substantial changes and differences in time were observed
between quadrat 5 and 10 along the CZ line and quadrat 5 and 11 along the CX line. The NP/LPI
index for each quadrat gradually decreased from 1995-2015. The peak value predominantly occurred
within the quadrat 7/9 interval of the CZ line and in quadrat 10 on the CX line. NP/LPI increases
due to ruptures of functional diversity relationships, landscape fragmentation, and a lack of patch
dominance, which are suggested characteristics of the urban fringe. The variation in NP/LPI illustrates
the high connectivity of urban landscape patches in urban centers. Moreover, the urban area patches
progressively extended along the inter-city rail transit network, especially in 2015, which narrowed the
distance between patches over time. Remarkable changes occurred at the urban fringes of these
three cities, and the boundary between the inner city and suburban areas of Changsha moved
southward throughout the urbanization process.
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Figure 11. Cont.



Sustainability 2019, 11, 5000

15 of 21

0.8 105
0.6 100
0.4 / 95 P’“’\._
: el %0 S
0.2 85
| g
0 80
NS X 9 A D9 O N S I A TR IR RN, N SRS
S O S G SN
PP LPELELL ®2> %E) R R R R R R R R ,bb Q}b
FPFFTFTFTFTFF IS FFFTFTFTFTFF IS
=@=—1995 ==@=2005 2015 —=®=—1995 ==@=2005 2015
(c) (d)
120 20
100
80 15
60 10
40
20
0 0
NV LD X D oA D9 O WD NV LD X D 0 A D90 N
N NN
& F G FF &
> “ > “ > > 2 > > 2 > > > “ 2 > > >
FFrFPFFF I FFFFTFFFFIFF
=@==1995 ==@=2005 2015 =@=1995 ==@=2005 2015

(e)

()

Figure 11. Landscape characteristics of urban land along the urban-green core-urban gradient transect
of the Changsha-Xiangtan line. (a) TA; (b) NP; (c) PD; (d) AL (e) LPL and (f) NP/LPL

4.4. Urban Functional Zones along Urban-Green Core-Urban Gradient Transects

The dendrogram produced by the cluster analysis shows similar aggregation of the quadrats
(Figure 12). Based on the relative dominance and difference in the patch area, connectivity, and
fragmentation of urban land, cultivated land, and forest land, the quadrats can be divided into four
categories that represent four landscape functional zones: city center, urban area, urban—rural fringe,
and green core. As shown in Table 3, Quadrats 3, 4, and 2, which was newly converted to an urban
core area in 2015, are the core areas of the city. Quadrat 12 on the CZ line gradually became the urban
area of Zhuzhou from 2005. Because a much greater proportion of land is primarily used for human

habitation and activities, the extent of which can be relatively concentrated, urban areas have are
characterized by a large area, a single land use type, and continuity. According to Figures 10 and 11,
the connectivity of urban land in Zhuzhou and Xiangtan is substantially lower than that of urban
land in Changsha. Among all the urban areas, quadrats 1, 5, 10, and 11 on the CZ line revealed lower
compactness of the urban land, and spillover of urban land caused an increase of the urban fringe area
in quadrat 6 in 2015. Quadrats 6, 7, 8, and 9 were always dominated by cultivated land and forest land
because of the resource-saving and environmentally friendly construction in this region; only quadrat
6 was transformed into urban—rural fringe in 2015. In the CX line, no quadrats became urban core area
except quadrat 2 due to the low conectivity and high fragment of the urban land in Xiangtan. These
results characterize the changing status and dynamic landscape patterns of different functional zones

along the urban-green core-urban gradient transect, which indicate that urban areas are expanding
and the central city of this metropolitan region has a stronger land demand, a well-protected ecological
infrastructure, and urban functional zones that partially conform to the central place theory.
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Table 3. Cluster analysis results.

16 of 21

CX Line

CZ Line
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2005

2015

1995

2005 2015
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3,4

2,3,4
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Urban area 2 2 1,5 2,12 2,12 1,5
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Figure 12. Dendrogram showing the results of the systematic clustering analysis.
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5. Discussion

In this study, we presented a methodological framework for the accurate detection of landscape
changes and urban integration in the Changsha—Zhuzhou-Xiangtan metropolitan region over a
20-year period. By using statistical indices and five landscape metrics, the overall land use change
and urban expansion pattern could be measure at regional. Based on the results, we were able to
identify an exponential increase in the urban area and it caused an increase in landscape fragments.
From the prefectural level, spatio-temporal characteristics of the inter-city were detected by applying
radar graph and gradient analysis. Changes in LULC mainly occurred from 2005 to 2015, especially in
the northeast and northwest of Changsha and along the transit line between the three cities. Similarly,
Zheng [52] verified that rapid growth is the main feature of the CZT metropolitan region. The CZT
metropolitan region is in the urban spatial agglomeration stage of continuous development and exhibits
a single-core spatial structure. The spatial expansion of the central city was less restricted by the overall
development of urban agglomeration and gradually formed two secondary centers in the west and east,
whereas spatial expansion of the other two cities was strongly influenced by the center city; therefore,
they continued to expand towards the central city. The expansion of these two cities was more
concentrated and the range of land use expansion was limited. A large area of urban—rural fringe
exists in both cities, and ecological and urban land are relatively fragmented in this region. Compared
with Zhuzhou, Xiangtan expanded over a smaller range and the integration process between Xiangtan
and the central city was more rapid. In addtion, the integration between Changsha and Zhuzhou
was lowest than others. The results at the regional and prefectural level have answered the first
research question proposed in Section 1. Meanwhile, the findings based on the radar graph analysis
indicated that the spatial integration between Changsha and Zhuzhou needs to be further strengthened
in order to make full use of the resources and manpower advantages of the urban agglomeration
region. From the results of two different scales, it could be found that the spatial heterogeneity at the
regional level mainly paid attention to the overall features and patterns, while the heterogeneity at the
prefectural level characterized the interaction between cities, urban expansion direction, and urban
expansion pattern of each city. They revealed the differences in urban integration between macro and
micro perspective, which was the answer to the second research question.

Further, to answer the third research question of the introduction, landscape metrics and gradient
analysis were employed to identify the integration patterns and the impacts on eco-environment.
The rapid integration of urban agglomerations has a significant impact on green space structures;
cultivated landscapes cover regions within reach of the urban-rural fringes of cities and forest land
is gradually distributed far from urban land. In the green core of the CZT metropolitan region,
more cultivated land is distributed in the vicinity of Changsha and forest land is typically found to the
south of the green core, near the urban-rural fringe of Xiangtan and Zhuzhou. During the study period,
the integration of cities resulted in continued compression and fragmentation of ecological space.
In order to protect the existing natural ecological environment, policy-makers should focus on
effectively controlling the infinite expansion of urban land and the more efficient use of existing
urban land, especially the urban-rural fringe.

Urbanization has resulted in a more compact urban land structure, extension of the urban fringe,
and compression and fragmentation of green space in the study area. These changes predominantly
occurred in the direction of spatial integration and in the fringe areas of the central city during
urban agglomeration. Each landscape functional zone exhibited distinctive spatial characteristics of
landscape composition. The urban area had the lowest patch number due to the single land use type
and substantial extension of patches in this region. The urban-rural fringe revealed an increasing
number of patches and a higher level of fragmentation, as well as more abundant and complex
urban functions compared to other zones. The urban-rural fringe may become a new urban area in
the near future as the population continues to immigrate and industries gradually move outward.
Compared with the green core (forest land), the green core (cultivated land) was distributed closer
to the urban-rural fringe. The four landscape function zones and their spatial changes revealed the



Sustainability 2019, 11, 5000 18 of 21

typical integration pattern of urban agglomeration in China, and perhaps even around the world.
The integration process of the CZT metropolitan region conforms to the diffusion—coalescence theory
of urban evolution [53]. The diversity of the land and human disturbance to the landscape has resulted
in more distinct landscape functional zones over time. Although the delimitation of landscape types
is complicated and unstable because of the dynamism of nature—society interactions, the landscape
functional zones are similar to those found by previous studies [24,54]. This study provides an effective
way to quantify and understand the heterogeneity characteristics of urban integration along the
inter-city gradient, and link these features to ecological changes and division of urban functional zones,
which can offer data support to urban integration process control and ecological protection.

6. Conclusions

An urban agglomeration is the ultimate spatial form for urban development. China is
currently developing a hierarchical urban agglomeration system to enhance its capacity for strong
economic development. Studies have shown that urban expansion with land use/land cover
(LULC) changes is a global issue with extensive impacts on the ecosystem, human wellbeing, and
landscape sustainability [6,47,55]. Although the spatial structure of land use and the impacts of
connection corridors on urban sprawl have long been studied for individual cities, little is known
about the spatial and temporal integration characteristics of urban agglomerations, particularly the
effects of inter-city connection corridors. This paper explored a method to quantitatively measure
the spatial interaction in urban agglomeration based on inter-city communication lines, which could
provide a reference for the studies on the evolution patterns of urban agglomeration.

In this study, based on the complex land use composition and the importance of inter-city
rail transit to urban structure, we combined landscape ecology with urban structure theories and
investigated the integration process and spatial patterns of an urban agglomeration at three scales
(regional, prefectural, and inter-city level) along the inter-city gradient. Four landscape functional
zones (urban center, urban area, urban-rural fringe, and green core) were identified based on the
similarities between landscape characteristics. This study combined landscape metrics with gradient
analysis to analyze spatial dynamics along the inter-city gradient. In addition, due to the landscape
characteristics of high fragmentation and low urban patch connectivity in the urban-rural fringe,
we proposed the NP/LPI metric in order to detect urban fringes. A subsequent characterization of
landscape patterns and classification of landscape functional zones produced deeper insights into the
spatial structure and landscape mechanism along specific portions of the gradient. The results showed
that spatio-temporal characteristics along the inter-city gradient of Changsha—Zhuzhou-Xiangtan
(CZT) can reflect the landscape diversity along the urban-green core-urban gradient transect and the
dynamics of integration patterns.

The discovery and characterization of landscape types, spatial heterogeneity, and functional
zones is crucial for facilitating more sustainable and effective land use planning that considers the
natural environment and maintains an orderly expansion of the urban—rural fringe. The proposed
radar graph analysis based on the distances from city center to main urban land edge could reveal
the integration direction and interaction of cities in urban agglomeration region, which can provide
scientific basis for the potential development of the region. The results showed that the landscape
variation measurements and comprehensive analysis at different scales (regional, prefectural) could
effectively measure the integration process and the damages on the ecological environment produced
by the spatial integration. Furthermore, we explored a hierarchy cluster based method for the detection
of urban rural fringes and other functional types (urban center, urban area, green core), which will be
helpful for the definition of the urban growth boundary in urban planning.

The approach proposed in this study revealed the integration characteristics of urban
agglomeration and the interaction between landscape ecology and urban integration along a
rail transit network, which can help us more fully understand the integration process of urban
agglomerations and its gradient variations. However, the evolution of urban agglomerations can be



Sustainability 2019, 11, 5000 19 of 21

influenced by several other factors, such as regional terrain, regional economic performance, and
population mobility between cities. Thus, further research should be conducted on the impacts
of such factors on the spatial integration patterns of urban agglomerations. This would improve
our understanding of the socio-economic drivers of landscape changes and support policy-makers
and landscape planners in the decision-making process. In addition, although the impact of urban
functional landscapes on urban integration was considered in this study, the functional landscape
classification was relatively coarse. To further describe the connections between landscape ecology and
urban agglomerations, a more detailed classification considering residential, commercial, and industrial
functional landscapes should be employed by integrating population, social media, and human
trajectory data.
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