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Abstract: The Yangtze River Middle Reaches Megalopolis (YRMRM) is the primary urban cluster in
central China, which is of vital ecological and economic importance over the Yangtze River basin.
To fill the gap on updated evidence needed to support sustainable spatial planning and development
in the YRMRM, we systematically characterise its urban spatial patterns and analyse their changes
from 2000 to 2015 from two levels. At the regional level, landscape indices are used to depict urban
morphology from four aspects, including fragmentation, complexity, contiguity and dispersion. At the
local level, spatial autocorrelation analysis is conducted to detect whether the urban morphological
patterns, as described by the four landscape indices, are clustered locally. The results showed an
increasingly accelerated urban expansion in the YRMRM (approximately 250 km~2/a), contributed
mainly by agricultural land conversion (60-80%, depending on subdivisions). An uneven spatial
development pattern is identified in the three key metropolitan areas in the YRMRM. The Wuhan
Metropolitan Area develops in a continuous and less fragmented fashion, with increased shape
complexity and local dispersion. The spatial pattern of the Changsha-Zhuzhou-Xiangtan Metropolitan
Area seems to be increasingly fragmented, complex and dispersed. The spatial development pattern
in the Poyang Lake Metropolitan Area is overall continuous with an increasingly complex shape
and severe local dispersion. Using landscape indices as indicators of sustainability, we discuss the
potential environmental and climatic challenges in the YRMRM and the three metropolitan areas.
Our results could help to raise awareness and concern for well-targeted management and planning in
specific areas.

Keywords: urban form; urban expansion; landscape indices; spatial autocorrelation analysis; Yangtze
River Middle Reaches Megalopolis

1. Introduction

Exploring the patterns of land-use/cover change (LUCC) is regarded as an efficient way to
understand the earth’s surface change owing to anthropogenic activities [1]. The sustainable
management of LUCC could improve the supply of ecosystem services, such as supporting biodiversity,
regulating global warming, supplying foods stably, purifying air, etc. [2-5]. These potential benefits
have made understanding the evolution of LUCC a core topic for environmental management and
regional planning [6].
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With rapid economic development and population growth, China has experienced dramatic
LUCC over the past few decades [7]. Urbanisation in modern China began after the Reform and
Open-Door Policy in 1978 then accelerated tremendously after Deng Xiaoping’s Southern Tour in
1992 [8]. As of 2017, 8.13 x 10® people live in cities and towns, accounting for 58.52% of the total
population according to China’s Statistical Yearbook of 2018. On the one hand, rapid and uncontrolled
urbanisation is often accompanied by negative environmental impacts, such as habitat destruction
(other land conversions into construction land), biodiversity loss, and change of water cycle (an increase
of impervious surface). On the other hand, it may cause socioeconomic problems like traffic congestion,
inefficient use of energy, and disturbance to rural economic stability and lifestyle. Besides, the urban
area is where climate change challenges the comfort and security of human living. Reasonable spatial
urban planning can avoid these problems and create a more resilient city. Smith et al. [9] argued that
better designed urban spaces could improve sustainability and the quality of life in a warming climate.
Thus, urban morphology must be monitored and controlled for cities striving for their sustainable
development goals [10,11]. A comprehensive understanding of the spatio-temporal changes in urban
land cover is the prerequisite for the next-step analysis of their consequences on the ecosystem and
living environment.

Spatio-temporal dynamics of urban land cover can be depicted by remote sensing images and
characterised by landscape indices [12-14]. Landscape indices quantify various aspects of the spatial
form of land cover (i.e., fragmentation, shape complexity, dispersion, etc.) at three levels, namely, the
patch (each patch in the landscape), class (each class of land cover in the landscape) and landscape
(landscape as a whole) levels [15]. Numerous studies have applied landscape indices to investigate
changes in urban land cover at various scales and details [16,17]. Gao et al. [18] used patch density
and mean patch size indices to measure the rate and fragmentation of urbanisation in Shanghai,
China. Zhang et al. [19] used the mean perimeter-to-area ratio as an indicator to study the association
between the climate and urban land-cover changes in the north USA. Irwin et al. [20] used indices
of contiguity (contrasting edge ratio/proportion) and dispersion (mean dispersion) to investigate the
dynamics and extent of land-use change in a rapidly urbanised region in Maryland, USA. Sometimes,
landscape indices can be viewed as single values of global measures and, thus, cannot adequately
grasp the details on spatial heterogeneity for various parts on the local scale. Local indicators of spatial
association (LISA) have been widely used to examine the extent and intensity of a variable’s spatial
dependence [21]. Compared with global spatial autocorrelation measures that may underrepresent the
spatial clustering nature, which varies locally, LISA measures focus on variations within the patterns of
spatial dependence and, thus, have the potential to uncover discrete and local spatial regimes [22-24].
While the existing studies remain somewhat limited, the local-level characterisation of the dynamics
of urban land-cover change is required to uncover the unevenness of urban development and raise
awareness and concern for the need of better urban management and planning in specific areas.

The region of the Yangtze River Middle Reaches Megalopolis (YRMRM) is an integral part of
China. The study area, the YRMRM, covers three key metropolitan areas in central China, i.e., the
Wuhan Metropolitan Area (WHM), the Changsha-Zhuzhou-Xiangtan Metropolitan Area (CZT) and the
Poyang Lake Metropolitan Area (PLM). As some national policies have been acted and implemented,
such as the strategy of the Rise of Central China and the development of the Yangtze River Economic
Zone, this region has become one of the most important economic growth poles in China, as well as
been accompanied by intense land-use and land-cover change over the past decades [25]. As of 2018,
China committed to protecting ecosystems in the Yangtze River basin. It thus raised challenges to local
governments to design economic development strategies towards a green and sustainable fashion.
Landscape indices, as a tool for sustainability assessment, can reflect the intensity of land use and
the magnitude of the deviation from the potential natural vegetation caused by human activities [26].
A large number of studies on landscape patterns focused on developed Chinese metropolises [27], such
as Shanghai [28] and Beijing [29], however, there has been little empirical evidence on the patterns of
the urban landscape in central China [30].
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The research questions this study aims to address are: (i) What are the land-cover sources of
urban expansion over the YRMRM region and the three local metropolitan areas, i.e., WHM, CZT and
PLM? (ii) What are the spatial characteristics of urban morphological changes, in terms of changes in
fragmentation, complexity, contiguity and dispersion? (iii) Is there any spatial dependency on urban
morphological changes at the local scale? This study could provide detailed information on recent
trends in the spatial development of a region of vital ecological and economic importance in China.
It could also shed light on the extent to which landscape indices and spatial autocorrelation indices
could distinguish the urban morphological changes at the regional and local levels.

2. Materials and Methods

2.1. Study Area

The extent of the YRMRM (Figure 1) is 3.261 x 10° km?, accounting for 3.4% of the total area of
China. The region is composed of 229 county-level divisions (including counties, county-level cities,
prefectural districts and forestry districts) under 28 prefecture-level cities. As of 2017, the region had
1.25 x 108 residents (9.0% of China’s population) and a GDP of 7.9 x 10'2 Chinese Yuan (9.6% of
China’s GDP). It lies in the subtropical monsoon climatic zone of China, and its rural areas are mostly
mountainous and hilly. Moreover, the infrastructure conditions in this region are superior, while the
urbanisation rate of the permanent population exceeded 55% in 2014. The YRMRM consists of three
urban clusters. Wuhan in Hubei province is the central city, which leads the development in central
China. Our study selected the county-level administration units as landscape area, which was the
most suitable unit in the study area, considering the total area and situation of China.
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Figure 1. Study area: the Yangtze River Middle Reaches Megalopolis, China.

2.2. Data Preparation and Processing

The LUCC datasets (30m resolution) used in this study were provided by the Data Centre for
Resources and Environmental Sciences (http://www.resdc.cn), Chinese Academy of Sciences (RESDC).
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Having been produced, quality-controlled, and managed by experienced scientists, the datasets are
one of the most commonly used LUCC data products in China. They included 25 types of land uses
distinguished based on Landsat images. The steps of data processing and reliability checking were
detailed in Xu et al. [31]. The present study analysed the built-up land-use type, which contained
urban land, rural land and industrial land (including factories, large industrial sites, mines, oilfields,
salterns, quarries, etc.). The overall identification accuracy of the 25 land-use types was above 91% [32],
with 98% for the built-up land-use types [33]. The administrative boundary data were acquired from
the National Catalogue Service for Geographic Information (http://www.webmap.cn), Ministry of
Natural Resources, China. The county-level divisions were selected as the analytical unit because they
were at the most suitable administrative level in China where planning decisions were made. All the
data preparation, processing and analytical steps were conducted with ArcGIS (version 10.5).

2.3. Characterisation of Urban Land Expansion

LUCC datasets for the years 2000, 2005, 2010 and 2015 were used to analyse the extent to which
urban areas were expanded over the YRMRM. The RESDC adopts such a five-year interval to update
this data product. A long-term timescale (e.g., five-year, decadal or longer) is often required when
developing adaptive land-use strategies and establishing urban infrastructure projects [34,35]. The
sources of land being converted into the urban areas were further summarised for each county-level
division in the region’s three major metropolitan areas, i.e., WMA, CZT and PLM. By investigating
land-use dynamics in each five-year interval, we analysed the consistency in the rate and origins of
urban land expansion.

2.4. Landscape Indices for Regional Urban Changes

To characterise changes in the spatial patterns of urban development, we used six landscape
indices to depict the size, shape, spatial arrangement and complexities of urban patches at patch
and landscape levels (see definition and equations in Table 1). While these indices are amongst the
most widely applied measures of urban morphological studies [27,31], we further examined their
usefulness in the study area. Patch density (PD, 1/km?) and mean patch size (MPS, km?) could reflect
the fragmentation of urban areas in a county-level division, with higher PD and smaller MPS indicating
a severer fragmented pattern. Mean perimeter-to-area ratio (MPAR, km/km?) depicted the overall
shape complexity of urban patches and a higher value referred to greater complexity. Contrasting
edge ratio and proportion (CER and CEP) were similar indices to measure the interspersion of urban
land use against non-urban land use. With smaller CER and CEP values, the urban area was more
likely to expand in a spatially contiguous manner. Mean dispersion (MD) described the proportion of
non-urban cells within a given neighbourhood (e.g., 1km) of an urban cell. A higher MD indicated
greater urban dispersion or sprawl.

Table 1. Landscape indices used to depict urban morphology.

Indices Definition Unit Explanation Dimension
" . i > ng: number of patches of land use k; .
Patch* density (PD) A 1/km A: total area of landscape area; Fragmentation
Mean patch size S 2 .
(MPS) Mk km aj: area of patch 7 of land use k; Fragmentation
Mean ” Ix: perimeter length of patch i of
perimeter-to-area Ty m/km? land use k; Complexity
ratio (MPAR) "
Contrasting edge ratio ek - e;: length of edge shared between Contiguit
(CER) en J . guity
cells with focal land use k and
) contrasting land use j;
Contras.tmg edge % - ex: length of edge shared between Contiguity
proportion (CEP) TR cells with the same land use k;
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Table 1. Cont.

Indices Definition Unit Explanation Dimension
pjik: proportion of cells of
Mean dispersion Lipijit contrasting land use j that are . .
(MD) I within 1km of cell i with focal land Dispersion
use k.

* A patch is an area of land use (in this study, the urban land use) differing from its surroundings.

2.5. Spatial Autocorrelation Analysis of Local Morphological Changes

Absolute change in each of the six landscape indices between 2000 and 2015 was tested with the
local Moran’s I to examine whether and to which extent spatial autocorrelation existed. The local
Moran’s I statistic was used as the local indicators of spatial association (LISA) to assess the degree
of dependency between each division and its neighbouring divisions [21]. The local Moran’s I was

calculated as: non n
I= (n/So)(ZZwi,jZiZj/Zziz) )
i=1

i=1 j=1

n n
o = Z Z wj,j ()
i=1 j=1
where z; is the deviation of element i from its average value, w; ; is the weight of elements i and j, n is
the number of elements and S is the aggregation of all spatial weights.

LISA could identify four types of spatial clusters based on local Moran’s I statistics. The High-High
(H-H) clusters, or hot spots, referred to the divisions with high levels of change in one landscape index
surrounded by divisions with high levels of change in the same landscape index. The Low-Low (L-L)
clusters, or cold spots, indicated that the divisions with low levels of change in one landscape index
were surrounded by divisions with low levels of change. Spatial outliers, including the Low-High
(L-H) and High-Low (H-L) clusters, represented that divisions with low or high levels of landscape
indices change were found in neighbourhood composites of divisions with high or low levels of change.
Thus, the LISA analysis helped to identify and compare the spatial clustering of the local spatial
development patterns, as measured by the changes in each of the selected landscape indices, over the
YRMRM region between 2000 and 2015.

3. Results

3.1. Land-Use and Land-Cover Change in the Yangtze River Middle Reaches Megalopolis

We found that urban expansion and agricultural shrinkage were the major processes driving
the dynamics of a rapid LUCC between 2000 and 2015 in the YRMRM (Figure 2). An increasingly
accelerated urban expansion was observed, with gained extents of 696.96 km? from 2000 to 2005,
1239.58 km? from 2005 to 2010 and 1811.80 km? from 2010 to 2015. As of 2015, the urban area occupied
2.73% of the whole of the YRMRM, and 4.41%, 1.98% and 0.57% of WHM, CZT and PLM, respectively.
Such an increasing pattern was found to be primarily contributed by local urban expansion in WHM
between 2000 and 2005 (194.82 km?), and between 2005 and 2010 (775.26 km?), and by both WHM
and CZT between 2010 and 2015 (737.55 km? and 705.28 km?). The decrease in agricultural land was
significantly and continuously worsened at the three five-year intervals, with reductions of 820.17 km?,
1239.58 km? and 1325.83 km?, respectively. WHM was found to have severer agricultural shrinkage (by
2134.34 km?) than CZT (by 858.44 km?) and PLM (by 392.81 km?). Deforestation was observed between
2010 and 2015 (by 586.80 km?), which was found to be mostly contributed by CZT (400.66 km?) and
WHM (80.84 km?). The water surface was found to have increased in WHM (by 614.17 km?), CZT (by
180.29 km?) and PLM (by 229.67 km?) from 2000 to 2015, suggesting the successful restoration and
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conservation of water resources (because of the “Returning Farmland to Lake” practices and protection
of wetlands) in this ecologically important region.

(a) Yangtze River Middle Reaches Megalopolis (YRMRM) (b) Wuhan Metropolitan Area (WHM)
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Figure 2. Land-use and -cover change of three key metropolitan areas in the YRMRM between 2000

and 2015.

3.2. Composition of Land Being Converted to Urban Area

Among the three metropolitan areas, WHM had the highest rate of urban expansion consistently
over the three five-year intervals, with the urban area being increased by 7.45% from 2000 to 2005, 23.4%
from 2005 to 2010 and 18.18% from 2010 to 2015 (Figure 3). In CZT and PLM, the urban expansion
was low in the first two five-year intervals (230.97 km?, 249.32 km?), while dramatically amplified in
the third interval to 673.53 km? and 368.97 km?, respectively. From 2000 to 2015, the increase in the
urban area in WHM (1722.77 km?) was primarily converted from agricultural land (67.44%), followed
by rural area (11.59%), forest (10.88%) and water area (8.11%) to a limited extent. In CZT, a similar
extent of agricultural land (5650.25 km?) and forest (475.39 km?) were converted to urban area, which
contributed to the 94.34% of the total urban land conversion. Similarly, in PLM, where urban area
expanded at a relatively slow speed, the majority of the gained urban area (85.47%) originated from
agricultural land (409 km?) and forest (180 km?).
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(a) Wuhan Metropolitan Area (WHM) Units : km?
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(b) Changsha-Zhuzhou-Xiangtan Metropolitan Area (CZT)
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Figure 3. Source of land being converted to urban area in the three metropolitan areas from 2000
to 2015.

3.3. Spatial Characteristics of Regional Urban Developments

The spatial features of the three metropolitan areas were found to have changed towards different
directions from 2000 to 2015 (Figure 4).

(i)  Fragmentation: Urban areas in WHM were expanded in a less fragmented fashion. A slightly
reduced patch density (PD, by 11.56%) with increased mean patch size (MPS, by 128.88%)
suggested the likely expanding and merging of existing urban patches. CZT, however, experienced
increasingly severe urban land fragmentation in which new and small urban patches might have
emerged over the area, leading to increased PD (by 149.66%) and decreased MPS (by 48.16%).
The urban fragmentation pattern in PLM seemed to change only marginally.

(ii)  Complexity: Shape complexity, as measured by the mean perimeter-to-area ratio (MPAR), was
found to have increased in all three metropolitan areas, with CZT having the greatest urban
shape complexity in 2015 (30,076.13 m/km?), followed by WHM (19,480.30 m/km?) and PLM
(16,455.69 m/km?).



Sustainability 2020, 12, 1738

(iii)

(iv)
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Contiguity: Urban expansion in WHM and PLM was found to follow a continuous way by which
both contrasting edge ratio and proportion decreased (i.e., CER and CEP decreased by 30.08%
and 26.96% in WHM and by 16.67% and 9.17% in PLM). This indicated that new urban areas
were often built adjacent to the existing urban developments in these areas. CZT, however, did
not show an obvious change in the contiguity of urban spatial development.

Dispersion: Urban developments were found to be increasingly dispersed in WHM, CZT and
PLM, with mean dispersion (MD) increased by 31.89%, 27.84% and 46.56%, respectively. MD
measured sprawl within a 1km neighbourhood. This indicated that small-scale leapfrogging and
scattered urban developments were occurring more frequently.

(@) Patch density (PD)

(b) Mean patch size (MPS)

(c) Mean perimeter-to-area ratio (MPAR)
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Figure 4. Changes in the urban landscape indices of the three metropolitan areas from 2000 to 2015.

3.4. Spatial Dependency of Local Urban Spatial Development

We identified strong local dependence on changes in the local spatial features of urban morphology

(Figure 5):

(i)

(i1)

Fragmentation: In Wuhan, the local “High-High cluster” of PD was observed in the southern area
together with the “Low-High outlier” of MPS, suggesting fragmentation occurred locally and
was negatively associated with the ongoing spatial integration in the neighbouring divisions and
over the WHM region. While the CTZ region tended to develop in an integrated fashion, its core
city, Changsha, experienced fragmentation. Yichang, a prefectural city in west Hubei, had an
unbalanced fragmentation pattern with fragmentation in the east and integration in the western
divisions. Besides, spatial integration was found in several divisions in Changde, a prefectural
city in north Hunan.

Complexity: Local clusters/outliers of MPAR did not occur near the core cities of the three
metropolitan areas. However, increased complexity was found in south Yichang and
central Changde.
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(iii) Contiguity: It was observed in CZT that new urban patches emerged in a leapfrogging manner
(increased CER and CEP) in the outskirts of Changsha, which was associated with increasing
contiguity in its neighbouring cities. Besides, a local developmental pattern towards contiguity
was observed in several divisions of Yichang.

(iv) Dispersion: The development in the centres of WHM and PLM was highly sprawled (increased
MD) while compact development was still observed in several divisions in the capital cities

(Wuhan and Nanchang).
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Figure 5. Local Moran’s I test of local spatial features of urban morphology.

4. Discussion

4.1. Urban Development Pattern in the Yangtze River Middle Reaches Megalopolis

To provide evidence on recent spatial urban development and indicators for regional sustainability
assessment in central China, we focused on the morphological changes of the urban landscape in the
middle reaches of the Yangtze River between 2000 and 2015. This study attempted to compare the three
metropolitan areas over the Yangtze River Middle Reaches Megalopolis (YRMRM) in a meaningful
way and to introduce measures on spatial structures. We intended to help stakeholders to understand
the effects of urbanisation in terms of type, extent and form.

Urban land occupied 2.73% of the YRMRM, which was less than the 8.03% in the Guangdong-Hong
Kong-Macao Greater Bay Area (GBA), the most highly developed urban agglomeration in China [36,37].
The rate of urban expansion in the YRMRM was about 250 km?/a from 2000 to 2015 and slightly slower
than that of the Yangtze River Delta (YRD) (260 km?/a) [38]. However, it was faster than the GBA,
the Beijing-Tianjin-Hebei Urban Agglomeration (BTH) and the Chengdu-Chongqing City Cluster
(CCQ) [39,40]. The LUCC in the region was mainly driven by the conversion from agricultural to
urban land cover. In general, agricultural land, forest and grassland decreased, while water and urban
areas increased. Such a trend was found consistent with the study by Liu et al. [32,41]. Almost 70%
of the BTH and GBA regions” urban expansion originated from agricultural land conversion [39].
In YRD, such a figure reached 92% [40]. Future studies are required to analyse and compare the driving
forces of urban expansion in these areas, and disclose to which extent the physical and socioeconomic
characteristics could shape the different spatial patterns of urbanisation [42].
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We further found differences between the local development patterns of the three local metropolitan
areas in the YRMRM. The speed of urbanisation also varied in the different five-year periods, with
the most recent one (2010-2015) being the fastest. WHM had the most dramatic LUCC and urban
expansion while PLM had the least. Nearly 67% of the newly developed urban area in WHM was
converted from agricultural land. In CZT, conversion from forest to urban area shared nearly 50% of
the source of urbanisation. The agricultural land conversion was the primary source of the urban area
in PLM until the 2010-2015 period when forest conversion had made a significant contribution. Such
local differences added new evidence to the growing evidence on the increasingly diversified local
development patterns in China [42—44].

4.2. Implications of Changes in Landscape Indices for Sustainable Urban Development

Urban landscape indices, as explored in this study, can be used as indicators of sustainability
from various aspects. They are thus helpful for developing an improved understanding of the change
in urban form, which may aid urban governance [45]. Fragmentation and complexity are widely
used to reflect the discontinuity of landscape and multi-level, interactive phenomenon among urban
social systems [46]. They are indicators of the ecological impact of the urban expansion process [47,48].
It was reported that urbanisation-induced landscape fragmentation could profoundly damage the
provisioning of ecosystem services [19]. Urban contiguity and dispersion are metrics that can be used to
measure the degree of spatial coherence and concentration during the urbanisation process [49]. They
could be helpful when designing strategies for mitigating urban pollution and climatic challenges [50].
Previous empirical evidence suggested that contiguous dense and dispersed urban development could
both enhance the urban heat island effect [51]. Ensuring the continuity of existing and new urban
patches was considered essential to promote energy efficiency in the implementation and maintenance
of infrastructure networks [52].

In this study, the spatial development of WHM tended to be continuous and less fragmented,
suggesting regulated urbanisation and thus a better managed negative impact on the region’s
ecosystem. Recent evidence suggested that the ecosystem services increased after the launching of
China’s Ecological Control Line policy in 2011 [53]. However, the increased shape complexity and
local dispersion raised challenges to some local areas to achieve efficient use of energy and mitigations
of pollution and climatic problems. The spatial pattern of CZT seemed to be increasingly fragmented,
complex and dispersed. Further investigations are therefore needed to explore the likely impacts of
such a developmental trend on the region’s ecosystems and quality of the environment. Previous
findings suggested that urban sprawl in CZT was associated with the PM;( concentration variation
over the region [50]. PLM developed overall continuously, with increasingly complex shape and severe
local dispersion. This was mainly due to the recent emergence of small towns over the region, which
derived ecological land-cover change and was associated with small-scale ecological risks [54,55].
It thus calls for a need to assess and manage their impacts on the biophysical environment, in particular,
the Poyang Lake ecosystem.

Spatial autocorrelation analysis disclosed the local spatial clustering of changes in landscape
indices reflecting the fragmentation, complexity, contiguity and dispersion of urban development
patterns. While the overall level of urban aggregation was found to have lowered in China [56], several
intensified aggregations were identified in our study, i.e., in WHM and PLM. These two metropolitan
areas showed some similarities in local spatial clustering patterns, showing increased aggregation in
the core cities, which were different from CZT. Liu et al. [57] found that the local aggregation level of
urban development in China’s metropolitan areas might have been influenced by a series of factors,
for example, the size of the core city and the overall rate of urbanisation in the metropolitan area. The
regions of WHM and PLM are monocentric and their core cities (Wuhan and Nanchang) are relatively
more abundant in each metropolitan area. It is likely that these core cities had higher externalities
and thus attracted more developments. The rate of urban land cover across the polycentric CZT,
however, was less uneven, with Changsha (the core city), Zhuzhou and Xiangtan all having a relatively
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high level of urbanisation in central China [58]. More attention should be paid to the future land
conversion in CZT, as the polycentric development model could be associated with high per-capita
land consumption [59] and the urban land in CZT was largely converted from forests.

When introducing these results in public participation processes, it would be helpful to bridge
the landscape indices with their implication on sustainability, meanwhile hiding the computational
complexity. Studies have shown that introducing urban morphological parameters in urban modelling
could yield more accurate projections and could facilitate stakeholder discussion on developing future
urban developmental scenarios [34,60]. However, the implications of these indices might remain vague
for the general public, as the scale of the current study was coarse. To further improve the usefulness of
these indices in urban planning practices, future studies are necessary to quantitatively examine how
the change in these indices could relate to a broader range of specific local issues. These could include
residential attractiveness, agricultural land loss, environmental pollution, provisioning, trade-offs and
synergies of water-related ecosystem services, etc.

In the YRMRM, recent planning foci have been put on pursuing both accelerated urbanisation
(according to the YRMRM Developmental Plan, released in 2015) and restoring the hydro-ecosystem of
the Yangtze River basin (according to the Yangtze River Protection Strategy, announced in 2018) [61].
This calls for a comprehensive understanding and assessment of how the past urbanisation development
might have influenced the region’s environment. Our study could help to fill this gap by providing
updated evidence on the changes in the spatial pattern of urban land use. We measured these
spatial changes with landscape indices that have been extensively explored for their implications for
environmental problems. Our results could shed light on the potential challenges to sustainability for
stakeholders and planners, and pinpoint potential areas for future investigation.

4.3. Limitations and Directions for Future Research

This study employed both landscape indices and local spatial autocorrelation measures to
characterise changes in landscape patterns. The landscape indices are increasing in numbers (for
example Jia et al. [27] used 17 different landscape indices in a recent study) and can be regarded as
“discrete” measures of landscape heterogeneity [62]. However, the presence of complex shapes of
urban features has raised concerns regarding the utility of discrete abstraction in characterising urban
spatial patterns. It was from this perspective that local spatial autocorrelation was used to capture
the continuous characteristics of landscape heterogeneity. Readers interested in the benefits of the
continuous methods and a comprehensive comparison between landscape metrics and local spatial
autocorrelation measures are referred to the work by Fan and Myint [63]. In this study, the results of
local Moran’s I suggested local clusters of urban development other than these three local metropolitan
areas, i.e., Yichang and Changde. Their local importance might require further attention, as their
development was locally associated with surrounding areas.

Landscape analysis was commonly used to study urban expansion patterns and urban morphology.
A major limitation of this method is that it is prone to land-cover classification errors resulting from the
coarse spatial resolution of remote sensing data, the misuse of classification methods, the ignorance
of temporal variations, etc. [64,65]. The LUCC datasets used in this study were of a high resolution
(30m resolution) and from a reliable source, by which classification errors were minimised. They
were an outcome of a collaborative national scientific project jointly supported by the Ministry of
Science and Technology (China) and the Chinese Academy of Sciences. As they have been produced
by experienced scientists and cover land-use change patterns in China over the past few decades, the
datasets are also the most commonly used land-use dataset products in China.

In addition to the above-mentioned research prospects, several directions for future research could
be suggested. First, while this study focused on depicting recent changes in urban morphological
patterns, the factors and processes underpinning these observed changes remain mostly unknown.
The rapid development of transportation infrastructures such as the high-speed rail network was
found to have contributed to the changing urban landscape in central China [30]. Future investigations
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are needed to explore whether and how other anthropogenic factors may have shaped the region’s
urban spatial developments. In particular, the factors related to hydroelectricity development, which
has been one of the main driving forces for the region’s economic and demographic development [66].
Second, more empirical studies are required to extend the capability of landscape indices as indicators
of challenges to sustainability. Given the projected shrinking population in China and the YRMRM [67],
it would be useful to examine the links between landscape indices of urban/green/water areas and
residential preference [68] to aid urban designing towards a sustainable population. Moreover, studies
are encouraged to explore the associations between landscape indices and hot spots of provisioning,
trade-offs and synergies of water-related ecosystem services [69]. This could support decision-making
on the spatial planning of local actions under the ambitious Yangtze River Protection Strategy.

5. Conclusions

There were dramatic changes in the spatial pattern of land-use and land-cover in the Yangtze River
Middle Reaches Megalopolis between 2000 and 2015. The conversion of agricultural land contributed
to an increasingly accelerated urban expansion. Landscape indices helped to disclose substantial
differences in urban spatial development between the three key metropolitan areas. The development
in the Wuhan Metropolitan Area was in a continuous and less fragmented fashion, with increased shape
complexity and local dispersion. The Changsha-Zhuzhou-Xiangtan Metropolitan Area seemed to be
increasingly fragmented, complex and dispersed. The Poyang Lake Metropolitan Area’s development
was overall continuous, with increasingly complex shape and severe local dispersion. A local-level
characterisation of landscape patterns by spatial autocorrelation analysis uncovered the unevenness
and revealed new clusters of urban development. Those indices reflected the regional- and local-level
urban patterns that could further serve as indicators of sustainability to infer potential ecological
and climatic challenges. Future studies are encouraged to incorporate region-specific anthropogenic
factors in assessing the underlying processes of the changing patterns of the urban landscape, and to
quantitatively examine how landscape indices could serve as indicators of a more comprehensive set
of the sustainability challenges of local concern, such as population shrinkage, provisioning, trade-offs
and synergies of water-related ecosystem services.
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