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Abstract: Urban resilience, the combinational characteristic of nature and society, that reflects the
dynamic accumulation process that is multi-level and multi-dimensional. Particularly, the rational
spatial distribution structure of land mixture and compactness is an effective way to improve urban
resilience because the evolution of morphology and density of the urban land blocks in the process
of land spatial conversion reflect the performance characteristics of complexity, diversity, stability,
compactness, and connectivity. Therefore, we evaluated the relationship between urban resilience
and land use and land cover (LULC) change, to find the keys to resilient urban development for urban
land and space planning. In this study, taking the Chinese hilly city of Mianyang as an example, the
results show: (1) the complexity of homogeneous patch shape and heterogeneous patch combination
leads to the decrease of urban morphology resilience. (2) the development trend of LULC spatial
layout and structure ratio were more rational with the increased of land mixing degree. (3) the
speed and intensity of urban expansion were basically coordinated with the development of urban
resilience. The research provides the new ideas, approaches, and toolkits for solving the intractable
problems of urban spatial planning based on coordinating conflicts between urban resilience and
urban land evolution.

Keywords: urban resilience; land conversion; morphology resilience; density resilience; coupling
coordinated development

1. Introduction

As an important material basis of an urban system, the land, is one of the most
promising factors to observe and develop interventions in service to urban resilience [1].
Land resilience has increasingly common usage among landscape ecologists, landscape
planners, geographers, as an important strategy for buffering risks and helping urban
system recover quickly from disturbances [2]. Excessive urban size and population were
the most direct reasons for the increase of urban risk when sudden disasters occur [3,4].
The responses of different urban systems differ greatly when facing the same disasters
and urban problems. Some cities will recession after the crisis, while others will overcome
the adverse effects gradually even improve long-term development taking this as an
opportunity. The fundamental reason for the difference lies in the level of urban resilience.
The level of urban resilience is closely related to the spatial pattern of urban land landscape.
Therefore, poor urban LULC patterns will significantly increase urban risks, reduce urban
resilience, and become a serious threat to urban survival and sustainable development [5].

Urban landscape patches are the stem cells of cities, which reflects the social and
economic activities of human beings in the urban space. They are the basis for the emer-
gence and development of cities and guide the growth and development of cities. Their
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structural characteristics and transposition information are likely to lock the urban system
on a negative or positive path, leading to major changes in the structure, process, and
function of the urban ecosystem. If it falls into a negative path, it will weaken the city’s
ability to adapt to change. Therefore, research into the dynamic evolution of urban capacity,
density, diversity, and green infrastructure construction (these factors that can significantly
improve urban resilience and sustainability) has gradually become the focus of resilient
urban planning [1]. Generally, the urban land involves two types: social land (referring to
the human environment represented by the built-up areas), which reflects the potential of
economic and social abilities to address uncertainties. And ecological land (referring to the
natural environment including natural and semi-artificial land), which contributes to the
conservation of ecological functions and services. Thus, the overall performance of urban
areas relies on the carrying capacity of these two land types. Optimizing the distribution
of ecological land and social land could improve the urban system’s ability to deal with
disturbances, thus enhance urban resilience [2].

“Scale-Density-Morphology” was the basic feature of dynamic urban development
making, it a clear indicator to measure urban development. Although many scholars have
discussed the relationship between urban resilience and scale, density and morphology,
their perspectives mostly start from a single urban dynamic attribute. This approach fails
to fully understand that urban scale, density, and morphology exist in the dynamic urban
development process. Neglecting this understanding causes the dynamic and coupling
relationship between urban resilience and scale, density, and morphology to be ignored [6].
Although it is important to determine the threshold of urban density and morphology, the
urban system are nested in an interconnected cyberspace of a social ecosystem constantly
evolving under the inflence of changing social, economic and environmental conditions.
Therefore, the threshold may vary in different environments [7,8]. The basis of urban spatial
planning based on the concept of resilience has to find balance between the developmental
inertia of the urban physical structure and the dynamics and complexity of the urban
system [9].

In short, there is no integrated research framework for the study of the conflict between
urban resilience and urban expansion, so we advocate focusing on this relationship to
study urban development rather than blindly controlling urban area as the most effective
means. The achievement of study is to propose the idea clearly, namely, the crux of the
research of urban resilience development is the dynamic relationship between morphology-
density of landscape patch during land use conversion and urban expansion. Therefore,
we summarized the coupled development relationship between urban land use and urban
land patch morphology and density based on the concept of resilient by dynamically
judging the coupling and coordinated development relationship. It is hope that improve
the ability of urban resilience development effectively by combining the idea with urban
land planning and urban spatial planning, etc.

2. Literature Review

The concept of resilience has been a hot topic in urban planning since it was introduced
in the 1990s. Because people realize that the urban system is a huge complex system, facing
a lot of uncertainty, it is difficult to deal with the complicated and various urban problems
with the former “One-sided” governance mode [10]. How to improve the response and
adaptability of urban system to uncertain factors has become a hot and important topic
in the current academic research. Meerow, Newell, and Stults (2016) argue [11] that
urban resilience refers to the resilience and resilience of urban systems and their socio-
ecological and technological networks to maintain or rapidly recover to an ideal state
in the face of disturbances. according to the SPAANS and Waterhout (2017) [12], urban
Resilience is the ability of cities to mitigate and prevent disaster risks, mitigate potential
risks and respond in a manner that minimizes loss or damage to life, livelihoods, property,
infrastructure, economic activities and the environment. The key characteristics of resilient
cities, populations, neighborhoods, and systems include: diversity, flexibility, adaptive
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governance, and capacity for learning and innovation [13–16]. These characteristics are also
hallmarks of cities and urban industries that are at the forefront of technological innovation
and efforts to develop sustainable urban infrastructure [17].

The urban morphology and landscape pattern are significant driving factors impacted
on urban resilience. The urban morphology mainly refers to the specific spatial material
morphology shown by the urban entity. In a narrow sense, the urban morphology refers to
the geometric features of the outer contours of the entire urban built-up area or its clusters.
Broadly speaking, the physical space composition of a city, the spatial configuration of
various land types, the spatial organization of transportation, water systems, and green
space systems can all belong to the characteristics of urban morphology. Urban morphology
is a comprehensive representation of human activities on a spatiotemporal scale [5]. The
evolution of urban morphology is the evolution process of adapting to the changing
requirements of urban functions. Landscape pattern is one of the important influencing
factors to alleviate the urban heat island (UHI) effect. The most important influencing factor
is the area and shape of the landscape [18–20], which are related to a certain degree [21,22],
effecting the cooling efficiency of the green space on the surrounding environment [21].
The integration of the built environment and the ecological space is conducive to dissolving
the unfavorable landscape pattern, improving the self-organization and independence of
the city, and increasing the city’s resilience. However, if only considering the suitability of
the urban ecological environment and the amount of high-quality farmland, urban land is
likely to be fragmented, and this excessive fragmentation will reduce urban resilience.

Currently, “Urban resilience” has been used to address urban issues such as climate
change and disaster impacts, with an emphasis on prevention and mitigation actions [23–25],
including: (1) enhancing urban resilience from a resilience perspective; (2) applying re-
silience to urban climate change(sea level rise, extreme weather phenomena)and disas-
ters(hurricanes, tsunamis, earthquakes, floods, forest fires, etc.); (3) application of resilience
in regional, urban planning layout and morphology studies; (4) application of resilience in
building community resilience and enhancing community safety and cohesion [23,24,26]. In
conclusion, the concept of urban resilience emphasizes three important capabilities: (1) the
ability to absorb shocks and maintain a particular state, (2) the ability to self-organize,
and (3) the ability to adapt and learn. Ahern proposed that resilient cities should have
five characteristics (the characteristics of urban resilience): (1) biodiversity, (2) versatility,
(3) multi-scale network, (4) modularity, and (5) adaptability [27].

China’s urbanization has attracted the attention of the world with its speed and scale.
China is the largest of all Asian countries and has the largest population of any country
in the world. Occupying nearly the entire East Asian landmass, it covers approximately
one-fourteenth of the land area of Earth. The mountainous and hilly terrain accounts for
69% of the total land area of China, and the mountain and hilly cities account for nearly
50% of the total number of Chinese cities. Therefore, the study of urban resilience in these
countries its terrain dominated by mountains, such as China, is critical to sustainable
urban development. Based on the previous literature review and background of urban
resilience studies, the goal of the present study is to explored the coordinated development
relationship between urban evolution and urban resilience changes from the cellular level
firstly. Then provide perspectives and ideas for judging and evaluating urban resilience
under the view of Landscape ecology. Finally, give recommendations on the focus and
direction of land and space planning and urban resilience construction combined with
local conditions to provide a scientific basis of strategy and path for urban spatial planning.

3. Research Design

Developing resilience requires cities to grasp the complexity and interaction of urban
and disturbance factors using systematic methods to more fully understand how an ur-
ban system’s components respond to threats and their interactions in different temporal
and spatial scales [9]. This requirement coincides with landscape spatial configurations,
dynamic evolution, and multi-scale ecological processes that are the focus of landscape ecol-
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ogy. In the process of rapid urbanization, urban expansion is mainly carried out through
transformation, fragmentation, and occupation, which shows that rapid urbanization will
greatly reduce the natural landscape and make it highly fragmented. The resulting evolu-
tion of the landscape pattern will lead to significant changes in the structure, process, and
function of the urban ecosystem, thereby affecting urban resilience [28,29].

Landscape ecology research reveals the relationship between the spatial pattern and
ecological process at the landscape level [30,31], and explores the environmental disputes
and ecological complexity of urbanized landscapes. Involving land use and biodiversity,
landscape security patterns, earthquake disaster mitigation, and rural housing construction,
etc. The analysis results of landscape index between landscape spatial pattern and process
can provide planners or researchers with information about landscape functions [32].
Moreover, the landscape index can also be used to describe the impact of urbanization on
the landscape structure, and to explore social-ecological resilience [33–35]. Therefore, the
thesis design uses the density and morphological changes of different land use landscape
patches to reflect the process of urban resilience development.

3.1. Dynamic Analysis of Urban Resilience Based on LULC Change
3.1.1. Urban Morphology Resilience

Urban morphology mainly refers to the specific spatial material morphology shown
by the urban entity. In a narrow sense, the urban morphology refers to the geometric
features of the outer contours of the entire urban built-up area or its clusters. Broadly
speaking, the physical space composition of a city, the spatial configuration of various land
types, the spatial organization of transportation, water systems, and green space systems
can all belong to the characteristics of urban morphology. In short, urban morphology is a
comprehensive representation of human activities on a spatiotemporal scale. The evolution
of urban morphology is the evolution process of adapting to the changing requirements of
urban functions.

In this study, the indexes of urban morphology resilience include neighborhood factors
and average patch fractal dimension index. Neighborhood factors, such as the proportion
of urban land in the neighborhood, are important because the built-up area can be re-
garded as a self-organizing system where neighboring interaction strongly influences new
developments [36]. Many developers tend to develop land near to existing built-up areas
because of the lower development risk for their investment [37]. Therefore, a reasonable
and moderate urban form is most conducive to the development of urban resilience. In
order to regularize the urban patches, this paper adopts the average compactness index [38],
which is expressed as:

MaxRMor =

(
N

∑
N=1

2π
√

αn/π

pn

)
/N (1)

where RMor is the urban morphology resilience, N is the total number of patches, αn and pn
are the area and perimeter of patch n.

The weighted average of urban morphological resilience and urban density resilience
is the urban land resilience level value. Because morphology and density are equally
important, the weights of this study are chosen to be 0.5.

3.1.2. Urban Density Resilience

Urban density resilience is determined by the space ratio between different types of
land, such as the layout of open spaces, residential land and green space, to maintain and
promote the diverse function, especially the promotion of species diversity. It is referenced
repeatedly in specific structural planning or more detailed land use planning.

This paper introduces the “source-sink” landscape theory to measure the character-
istics of urban density resilience from the perspective of land landscape ecology. The
“source-sink” landscape theory can better reflect the mutual feedback between landscape
patterns and processes [39,40], and reflect the dynamics of ecological processes [41]. The
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“source” landscape of UHI refers to the type of urban landscape that strengthens the effect
of UHI. The “sink” landscape is a landscape that has a mitigating effect on the UHI. The
connotation of the “source-sink” landscape theory in UHI research has been widely recog-
nized [18,40,42]. (The theory believes that the negative effects produced by the “source”
landscape can be absorbed and offset by the “sink” landscape. From the perspective of
supply and demand, the balance of spatial allocation of the “source” and “sink” landscape
can be measured by the accessibility of the “source-sink” landscape.)

Combined with the LULC classification of this study, gray landscapes such as urban
impervious surfaces, urban bare land and other land are classified as “sources”, and agri-
cultural land, forest land and water bodies are classified as “sinks”, the specific calculation
process is as follows:

(1) Rasterize the surface of the study area indicating both “source” and “sink” patches
employing a consistent grids.

(2) Calculate the distance from each grid inside a certain “source” patch to the nearest
grid inside the nearest “sink” patch. The greater the adjacency of “source” and “sink”
patches. The more resilient the urban condition vice versa, if the “source” patch
and the “sink” patch are severely separated in space, the possibility of offsetting
the negative effects is significatantly reduced resulting in a lower resilience in the
urban condition.

(3) Through the standardized operation of negative indicators, the urban density re-
silience index can be obtained. The higher the index value, the higher the urban
density and resilience. Conversely, the lower the index value, the lower the urban
density and resilience.

3.2. Coupling and Coordination Development Index

There is a dynamic coupling process of the changes of land spatial layout and LULC,
especially with the expansion of urban impervious surface. Therefore, it can more effectively
judge whether the city is sustainable development through analysis of the coupling coordi-
nation degree (CCD) between urban resilience and LULC in the process of urbanization.

CCD =
√

C×U (2)

C = {[E(x)× R(y)× . . .× N(n)]/
[

E(x) + R(y) + . . . + N(n)
n

]n} 1
n

(3)

U = αE(x) + βR(y) + . . . + nN(n) (4)

In the formulas, C is the coupling degree. D is the comprehensive coordination
evaluation index. α, β, . . . , n are the undetermined coefficient. Due to the equal importance
of sub-system in this research, the value of α, β, . . . , n were one-nth respectively. CCD
belong to [0, 1]. Then, we divided the grade of CCD. See Table 1 for details.

Table 1. The classification criteria of coupling coordination degree.

Scope Coupling Coordination Level (D) Rank

Coordination development
(Acceptable scope)

0.90–1.00 Excellent coupling
0.80–0.89 Good coupling
0.70–0.79 Satisfactory coupling
0.60–0.69 Primary coupling

Transformation development
(Transitional scope)

0.50–0.59 Reluctant coupling
0.40–0.49 Near disorder

Disorder development
(Unacceptable scope)

0.30–0.39 Mild disorder
0.20–0.29 Moderate disorder
0.10–0.19 Serious disorder
0.00–0.09 Extreme disorder
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4. Study Area and Data Processing
4.1. Study Area

Chinese city of Mianyang is located between 30◦42′–33◦03′ north latitude and
103◦45′–105◦43′ east longitude. It governs 3 districts, 5 counties and 1 escrow city. In
this study, our research area is the build-up area of Mianyang, which includes 3 main
and central districts, called Fucheng, Youxian, and Anzhou, respectively. It has a total
administrative area of 1134.33 km2 and a population of 2.23 million by the end of 2020.
Mianyang is a typical hilly type and inland city in southwest of China. It has undulating
topography surrounded by mountains on three sides and crossed by the Upper Middle
Fujiang River, Anchang River and Furong River. The city has a ‘Y’ shape corresponding
to the Fujiang reiver aluvial plain. Mianyang is an important base for national defense
research and electronic industry production in China. It is the only science and technology
city ap-proved by the State Council of China. It has been designated as the regional central
city in the northwest of Chengdu-Chongqing Economic Zone in the “Regional Planning of
Chengdu-Chongqing Economic Zone”. The combination of the city’s special geographical
location and important human activities control the urban spatial form and the expansion
characteristics of the urban area boundary, and influence the development and change law
of urban resilience.

4.2. LULC Remote Sensing Interpretation Method

The main data sources are shown in Table 2. Remote sensing data from Landsat TM
and OLI were downloaded from USGS website (https://earthexplorer.usgs.gov (accessed
on 20 March 2018), Path = 130, Row = 38). Landsat TM bands 1–5 and Landsat OLI bands
1–7 are used for LUCC interpretation. LULC information was interpreted by hierarchical
classification [43] of four batches of Landsat TM/OLI series remote sensing images (1999,
2005, 2011 and 2017). The procedure was used to divide LULC types into six categories:
urban bare lots, urban impervious surface, cultivated land, forest land, surface water,
and others (Figure 1). First, the urban bare lots were extracted, and then the urban
impervious surfaces were extracted after processing the urban bare lot mask. Similarly,
after extracting the urban impervious surface, the two types of land (urban bare lots
and urban impervious surface) extracted are masked before extracting the third type
of land. The procedure was repeated until all land use types were extracted. Among
them, urban impervious surface and urban bare lot extraction was based on Normalized
Difference Impervious Surface Index (NDISI) [44–46] and Normalized Difference Soil Index
(NDSI) [47,48] indices. Vegetation and surface water are relatively easy to extract because
of obvious differences in spectral characteristics. Forest land and cultivated land were
discriminated from one another based on an NDVI (Normalized Difference Vegetation
Index) [49] threshold.

Table 2. The growth intensity index of different types of LULC.

Growing
Intensity/%

Impervious
Surface Bare Land Forest Water

Body
Agriculture

Land
Others
Land

1999–2005 18.9 11.6 −3.0 0.3 −0.6 9.9
2005–2011 164.7 50.2 −11.6 3.6 −4.0 −19.6
2011–2017 36.5 9.7 −5.3 −0.1 −11.7 75.9

The land use types assigned to the others categories were obtained by erasing the area
of the above five types of land from the whole study area using the erase tool in ArcMap
10.2 (ESRI, Redlands, CA, USA), after verifying the accuracy of the lands assigned to the
five types. Based on reference to historical HD images of the study area from Google Earth
(Alphabet Inc., Mountain View, CA, USA) in 2010–2017, interpretation accuracy verification
selected the purest ROI (region of interest, ROI) as possible using Landsat TM and OLI
data. The number of ROI for each land use type was not less than 100. Subsequently, the

https://earthexplorer.usgs.gov


Remote Sens. 2021, 13, 4887 7 of 15

extracted information was compared with the ROI to ensure that the accuracy of each type
of land was maintained at 90% or greater. The specific process see reference [50].

Remote Sens. 2021, 13, x FOR PEER REVIEW 7 of 16 
 

 

 
Figure 1. Land use and land cover change in 1999–2017. 

Table 2. The growth intensity index of different types of LULC. 

Growing 
Intensity/% 

Impervious 
Surface 

Bare Land Forest Water 
Body 

Agriculture 
Land 

Others 
Land 

1999–2005 18.9 11.6 −3.0 0.3 −0.6 9.9 
2005–2011 164.7 50.2 −11.6 3.6 −4.0 −19.6 
2011–2017 36.5 9.7 −5.3 −0.1 −11.7 75.9 

The land use types assigned to the others categories were obtained by erasing the 
area of the above five types of land from the whole study area using the erase tool in 
ArcMap 10.2 (ESRI, Redlands, CA, USA), after verifying the accuracy of the lands assigned 
to the five types. Based on reference to historical HD images of the study area from Google 
Earth (Alphabet Inc., Mountain View, CA, USA) in 2010–2017, interpretation accuracy 
verification selected the purest ROI (region of interest, ROI) as possible using Landsat TM 
and OLI data. The number of ROI for each land use type was not less than 100. Subse-
quently, the extracted information was compared with the ROI to ensure that the accuracy 
of each type of land was maintained at 90% or greater. The specific process see reference 
[50]. 

5. Results 
5.1. LULC Variation Characteristics 
5.1.1. Changes of Direction and Intensity 

The forest and the agriculture land in built-up area of Mianyang were reduced, while 
the urban impervious surface and urban bare land were increased in 1999–2017 (See in 
Figure 1). The forest was 230.1 km2 in 1999 but reduced to 187.0 km2 in 2017, which drop-
ping 18.72%; The cultivated land was 742.9 km2 and 625.8 km2 in 1999 and 2017 respec-
tively, dropping 15.76%; While, the area of urban impervious surface was increased 
sharply from 27.3 km2 in 1999 to 117.2 km2 in 2017, an increase of 329.3%. 

The urban impervious surface, an important part of the urban built-up area, exhib-
ited the highest expansion intensity in 2005–2011. The increase was highest (164.7 per 
cent). Its expansion in 2005–2011 was nearly nine times stronger than in 1999–2005 and 
more than four times higher than in 2011–2017. Therefore it reflects 2005–2011 as a period 
of rapid urbanization. 

In addition, if we pay more attention to the expansion intensity of bare land, the 
growth rate of urban bare land also reached a peak in 2005–2011. Its expansion strength is 
second only to urban impervious surface in all urban land types. 

5.1.2. Land Conversion of Different LULC 
The agricultural land was the most active land use type in terms of absolute area in 

1999–2005 (See in Figure 2). It is shown as the land use type with the most transfer-out 
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5. Results
5.1. LULC Variation Characteristics
5.1.1. Changes of Direction and Intensity

The forest and the agriculture land in built-up area of Mianyang were reduced, while
the urban impervious surface and urban bare land were increased in 1999–2017 (See in
Figure 1). The forest was 230.1 km2 in 1999 but reduced to 187.0 km2 in 2017, which
dropping 18.72%; The cultivated land was 742.9 km2 and 625.8 km2 in 1999 and 2017
respectively, dropping 15.76%; While, the area of urban impervious surface was increased
sharply from 27.3 km2 in 1999 to 117.2 km2 in 2017, an increase of 329.3%.

The urban impervious surface, an important part of the urban built-up area, exhibited
the highest expansion intensity in 2005–2011. The increase was highest (164.7 per cent).
Its expansion in 2005–2011 was nearly nine times stronger than in 1999–2005 and more
than four times higher than in 2011–2017. Therefore it reflects 2005–2011 as a period of
rapid urbanization.

In addition, if we pay more attention to the expansion intensity of bare land, the
growth rate of urban bare land also reached a peak in 2005–2011. Its expansion strength is
second only to urban impervious surface in all urban land types.

5.1.2. Land Conversion of Different LULC

The agricultural land was the most active land use type in terms of absolute area in
1999–2005 (See in Figure 2). It is shown as the land use type with the most transfer-out
area (419.72 km2), with most of that has been converted to forest land (217 km2). The
change makes forest land the most transferred land type during this period (217 km2). The
changes can be described as “plain and unusual” in 2005–2011. The agriculture land was
still the land use type with the largest total conversion during this period even though the
total conversion area has declined. It because the land use type with the most transferred
into area (227 km2), and most of it was converted from forest (166.39 km2). This type
of agricultural and forest land is transferred and transferred to the largest land types by
each other.

In 2011–2017, the flow of land types tended to level off (See in Table 2). The type of
land where activity has increased significantly is “other”. During this period, the “other”
types of land were transferred to agricultural land (83.303 km2), while agricultural land
was transferred to “other” land types (77 km2). The activity of “Other“ land use types is
increasing, which indicates that the complexity and mixture of land use are increasing.
This also poses new challenges to the traditional classification and extraction methods of
LULC based on remote sensing images.
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5.1.3. Expansion and Transpose of Urban Impervious Surface

The urban impervious surface defines as artificial surface cover form which contains
architecture system including roof and square, etc. and traffic system including road
and park, etc. The characteristics of LULC conversion of urban impervious surface were
continuous transfer-in but less transfer-out, and the source and whereabouts were complex
and diverse. The largest change regarding urban impervious surface was converted from
agricultural land (27.36 km2) in 1999–2005, at the same time, the urban impervious surface
with area of 1.09 km2 was transferred-out to the water body.

From 2005 to 2011, the total area of patches transferred to the urban impervious surface
increased obviously (See in Figure 3), and the transfer sources were mainly “Other” land
(22.55 km2) and agricultural land (21.89 km2). The increasing of the urban impervious
surface makes this period as the development period of rapid urbanization.
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Figure 3. Conversation-into urban impervious surface in 1999–2017.

The transfer-in and transfer-out of urban impervious surface decreased in 2011–2017
compared with 2005–2011. The LULC converted to urban impervious surface are mainly
agricultural land (13.8 km2) and bare land (12.0 km2). Although with the small amount
(1.38 km2), the most of the land of transferred-out from the urban impervious surface was
converted to agricultural land (See in Figure 4). Up to now, the urban impervious surfaces
were still a type of “only enter but no exit”.
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5.2. Dynamic Evolution of Urban Resilience
5.2.1. Urban Morphology Resilience

From 1999 to 2017, The highest morphology resilience of LULC were agriculture land
and others land, followed by forest, bare land, water body, and the lowest was impervious
surface (See in Table 3). Dynamic analysis of urban morphology from 1999 to 2017 shows a
decreasing trend. From the viewpoint of patch level, the complexity of homogeneous patch
shape and heterogeneous patch combination leads to the decrease of urban morphology
resilience. With some exceptions, the morphological resilience of forest land is enhanced
because the near-circularity and compactness of shape of forest were improved both single
patch and the combination among patches. However, the development trend of all other
land is opposite to that of forest land, so the resilience of urban morphology has not
improved during the 20 years of urban development.

Table 3. Urban morphology resilience index of each landscape of Mianyang.

Impervious
Surface

Bare
Land Forest Water Arable

Land
Other
Land Average

1999 0.505 0.637 0.641 0.668 0.903 0.935 0.715
2005 0.460 0.701 0.728 0.677 0.897 0.902 0.728
2011 0.502 0.614 0.715 0.458 0.887 0.925 0.684
2017 0.351 0.617 0.713 0.454 0.883 0.896 0.652

5.2.2. Urban Density Resilience

In general, the urban density resilience of urban system was improved (See in Table 4).
It shows that, the development trend of LULC spatial layout and structure ratio were
more rational with the increased of land mixing degree. It was conducive to the urban
system from the land use structure on the reduce of risks caused by uncertain factors. In
addition, depending on the type of LULC, the density resilience of urban gray landscape
(urban impervious surface and urban bare land) was less than that of urban green and blue
landscape (agriculture land and forest). For example, the index of urban density resilience
of urban impervious surface had gradually increased from 0.527 in 1999 to 0.650 in 2011,
and then basically stabilized at 0.610 in 2017. While that of agricultural land was between
0.957–0.984, with an average of 0.973. The urban bare land was the land use/cover type
with the fastest change of spatial layout and conversion. The water body was the land use
type with the lowest value of density resilience, which was the key points to be considered
in the study area to improve the whole resilience of urban land use structures.
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Table 4. Urban density resilience index of each landscape of Mianyang.

Impervious
Surface

Bare
Land Forest Water Arable

Land
Other
Land Average

1999 0.527 0.661 0.5 0.321 0.967 0.6 0.596
2005 0.601 0.615 0.589 0.251 0.957 0.581 0.599
2011 0.650 0.724 0.751 0.231 0.984 0.591 0.655
2017 0.610 0.607 0.79 0.083 0.983 0.64 0.619

5.3. Coordination Analysis of Urban Resilience and LULC

The CCD between urban morphological resilience and LULC were between 0.590–0.819.
And the grade of CCD was from reluctant coupling to good coupling (See in Figure 5 and
Table 5). Each of the LULC got the highest CCD with the morphology resilience of urban
impervious surface. While the morphological resilience of each LULC also had the highest
CCD with the agricultural land. Among them, it was highest (0.819) between the size change
of agriculture land and the morphology resilience of impervious surface, and the grade of
coupling coordination is good coupling.
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Table 5. The CCD between urban growth and urban morphology resilience of Mianyang.

Urban Morphology Resilience

Impervious
Surface

Bare
Land Forest Water Agriculture

Land
Other
Land

Area
change

Impervious surface 0.732 0.610 0.731 0.678 0.671 0.671
Bare land 0.756 0.630 0.756 0.700 0.693 0.693

Forest 0.769 0.641 0.768 0.712 0.705 0.705
Water 0.766 0.638 0.765 0.709 0.702 0.702

Agriculture land 0.819 0.682 0.818 0.758 0.751 0.750
Others land 0.708 0.590 0.707 0.656 0.649 0.649

The CCD between density resilience and LULC were between 0.611–0.790 belong to
primary coupling and satisfactory coupling. And the density resilience of agricultural land
got the highest degree of CCD with any other LULC (See in Figure 6 and Table 6), which
reflects the land patch density of agricultural land was highly unified with the layout
structure and spatial conversion of each LULC.

The CCD was 0.672 between patch change of morphology-density and area change
of urban impervious surface (Table 7). It shows that the speed and intensity of urban
expansion were primary coupling with the development of urban resilience. The spatial
structure of LULC basically met the needs of the urban development direction. It was
worth noting that the CCD between the morphology-density resilience and the urban
impervious surface was the lowest (0.672) compared with that with any other LULC.
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Table 6. The CCD between urban growth and urban density resilience of Mianyang.

Urban Density Resilience

Impervious
Surface

Bare
Land Forest Water Agriculture

Land
Other
Land

Area
change

Impervious surface 0.702 0.636 0.694 0.706 0.707 0.632
Bare land 0.725 0.657 0.717 0.706 0.730 0.653

Forest 0.738 0.668 0.729 0.742 0.742 0.664
Water 0.734 0.665 0.726 0.739 0.739 0.661

Agriculture land 0.785 0.711 0.776 0.790 0.790 0.706
Others land 0.679 0.615 0.671 0.683 0.683 0.611

Table 7. The CCD between urban growth and urban morphology-density resilience of Mianyang.

Urban Morphology-Density Resilience

Impervious
Surface

Bare
Land Forest Water Agriculture

Land
Other
Land

Area
change

Impervious surface 0.672 0.716 0.710 0.696 0.736 0.726
Bare land 0.694 0.739 0.734 0.719 0.761 0.749

Forest 0.706 0.752 0.746 0.731 0.773 0.762
Water 0.703 0.749 0.743 0.728 0.770 0.759

Agriculture land 0.751 0.800 0.794 0.779 0.823 0.811
Others land 0.746 0.794 0.788 0.773 0.817 0.805

6. Discussions
6.1. Morphological and Density Characteristics of Urban Resilience

From the study area, urban morphology resilience was at 0.652–0.728, see in Table 4,
and urban density resilience at 0.596–0.655, see in Table 4. From the perspective of
dynamic changes, urban morphology resilience decreased showing a downward trend
from 1999 to 2017, while urban density resilience was gradually increasing. The morphol-
ogy and density resilience of agricultural land were the highest. The urban impervious
surface and water body had the lowest value of morphology resilience and density re-
silience, respectively. This is mainly caused by the ecological characteristics of landscape
patches.The more obvious the difference and irregularity of the patch shape, density, and
size of urban land types, the lower the connectivity and compactness, and the lower the
urban resilience. The complex shape and structure of the urban impervious surface patches
are high, which reduces urban resilience. This is in line with the conclusions of existing
studies, Mianyang has the strongest UHI effect on urban impervious surfaces than other
land use type [51].

On the contrary, Mixed evidence is reported on the association between compactness
and the effect of UHI [5]. A county level cross-sectional study shows that the UHI effect is
more intense in compact counties. Increase in the UHI effect (due to increase in density)
not only increases energy demand for cooling in hot climates, but also may cause higher
mortality in compact urban areas as observed during Europe’s 2003 heat wave [52]. There-
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fore, an important issue to note is that the impact of compact/decentralized urban scenes
may vary from location to location.

The morphological and density characteristics of urban land patches are closely
related to urban ecological environment such as UHI effect and biodiversity. Urban form
would affect UHI intensity to the extent that it alters the thermal properties of urban
surfaces [53]. Regular land landscapes are more advantageous in terms of connectivity
and absorbing capacity of urban resilience [54]. For example, the park cold island (PCI)
effect of an irregularly shaped park has a lower intensity, while regular-shaped land has
more advantages in terms of PCI [46] and biodiversity of protection of monkey [54]. Urban
density resilience is determined by whether the space ratio between different types of
land is reasonable. Regarding to urban ecological security, its spatial configuration is
particularly important when the area of blue landscape and green landscape is constant.
This is consistent with the following research conclusions. The more irregular the boundary
of the patch and the more severe the fragmentation of the landscape, the more likely the
lake water quality is to be polluted [55]. And Jakarta’s patches of impervious surface
were larger, more complex, and more aggregated than those of Bangkok and Manila. This
helps explain why Jakarta’s impervious surface had the highest mean LST among the
three cities [56].

6.2. Coupling Relationships between Urban Expansion and the Urban Resilience

The expansion of urban impervious surface in Mianyang during 2011–2017 was mainly
based on the utilization of bare land, and the damage to the connectivity of the landscape
during the expansion was lower than that of 1999–2011. Therefore, the satisfactory coordi-
nated coupling and primary coordinated coupling are the final summary of the relationship
between urban expansion and urban resilience in the study area, which belong to accept-
able scope (see in Table 7). If the urban impervious surface comes from the encroachment
of agriculture land and forest, it will bring about a decline in urban resilience, while if
urban growth means the internal revitalization of the old slum and the external exploration
of bare land and tidal flats, then the urban resilience will not reduce. “Where did the
land resource come from for urban expansion” is something that needs to be focused
on in research on the coordinated development of urban expansion and urban resilience.
Changes in LULC and conversion patterns are the main reasons that determine whether
urban expansion will be accompanied by a decrease in urban resilience.

There are many research methods on urban resilience and coupling coordinated
development. Undeniably, A notable limitation of the present analysis is that our urban
form measures focus only on the macro spatial structure at the urbanized area level [57],
leaving out other urban form dimensions such as street connectivity. The advantage of
our research framework is that it is easy to operate and implement, and the required data
is easy to obtain, which is very important for hilly cities. Due to affect by water vapor,
clouds, and topography, etc., high-definition remote sensing images are difficult to obtain
for hilly cities.

7. Conclusions

We studied the characteristics of urban morphology and density resilience in terms
of urban land use at the patch scale in Chinese hilly city of Mianyang from the landscape-
ecology perspective, and found that it can well reflect the urban resilience during urban
expansion. We advocate that the resilience approach, instead of focusing on the resources
consumed by cities, deeper analyses the interdependencies along the chain of supply and
demand. The dynamic relationship between urban land transfer mode and urban resilience
development level is the crux of urban resilience development research. Based on the land
use maps, we effectively estimated the urban resilience through the urban morphology
and density, and further revealed the coupling relationships between the urban resilience
and LULC. The urban morphology can characterize the UHI effect, and the urban density
can evaluate biodiversity. The coupling relationships can be used to characterize whether
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the city is sustainable, healthy, and resilient development. In the future, we should pay
more attention to the integrated research of the integration of multiple resources such as
population density, transportation network, and land attributes, as well as increase the
horizontal comparison and verification experiment in the method.
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