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It is of great significance to carry out research on the evolution of urban resilience
and the detection of influencing factors to promote urban safety management and
guide urban planning. This paper constructs urban resilience evaluation indicators
based on Scale-Density-Morphology, adopts the “polyhedron method” to evaluate
the urban resilience of the Chengdu-Deyang-Mianyang Economic Belt from 2010 to
2020, analyzes the temporal and spatial changes in urban resilience, and explores the
impact of natural, social, economic and other factors on urban resilience, to provide
a basis for regional sustainable development. The results show that 1) The overall
level of urban resilience is not high, showing a clear downward trend and imbalance.
Urban resilience decreased from 0.296 in 2010 to 0.213 in 2020. The proportion of
districts and counties with high urban resilience is relatively small and continues to
decline. The differences in urban resilience in the region are significant and gradually
increasing, and there is an obvious imbalance in urban resilience. 2) Urban resilience
presents the spatial distribution characteristics of continuous expansion of low-
resilience and lower-resilience urban, and shrinkage of the distribution of high-
resilience and higher-resilience urban. The types of evolution are mainly manifested
as rapid decline and fluctuation decline. 3) The influencing factors affecting the
spatial differentiation of urban resilience are different. Ecological factors represented
by per capita ecological land area have gradually become the primary factor. The
influence of factor interactions is greater than that of individual factors, including
both non-linear enhancement and two-factor enhancement.
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urban resilience, Scale-Density-Morphological, Chengdu-Deyang-Mianyang Economic Belt,
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Introduction

At present, the uncertainty of urban development has become a common concern of all
countries in the world, and it has also made the study of urban system resilience a key and
difficult issue facing urban management research and practice (Philibert Petit E, 2022; Gao,
2016). A core difficulty of urban safety management is facing unknown uncertainties at all
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times. Resilience disaster management, planning, and community
construction can use and adapt to this uncertainty to help cities
and the external environment achieve dynamic balance (Li and
Zhai.,, 2017),
participation or collaboration of different stakeholders (Zhao and

Achieving this dynamic balance require the
Song., 2010), and better integration of the concept of resilience into
urban planning and management.

Since 1973, Holling CS. (1973) introduced the concept of resilience
in ecosystem research to describe the response of ecosystems to
external disturbances and the ability of ecosystems to reconstruct
themselves after disturbances. Over time, academia has gradually
shifted the focus of resilience from the perspective of natural
ecology to the perspective of human ecology (Shao and Jiang.,
2015). As cities are the socio-ecological systems where most human
activities take place (Shi et al., 2022; Zeng et al., 2022), the concept of
resilience is naturally applied to the study of urban, laying a solid
foundation for the study of urban resilience (Chan et al., 2020). Urban
resilience refers to the ability of urban systems and all socio-ecological
networks and socio-technological networks throughout the temporal
and spatial scales to maintain or rapidly return to the desired
functional state when disturbed and to adapt to this change and
enable rapid change in the system that cannot adapt (Meerow et al.,
2016). The essence of urban resilience is the complex, dynamic, and
inherently uncertain ability formed by the interaction of social,
economic, and ecological factors (Feng et al., 2020a).

Spatial planning is the foundation of urban management, and
scholars have proposed a “Scale-Density-Morphology” urban
resilience assessment framework for urban spatial planning with
the help of the basic theories and analytical tools of landscape
ecology, constantly enriching the research on urban resilience
assessment (Chunliang et al., 2018; Wang. S et al, 2021). Starting
from the basic characteristics of cities, such as scale, density, and
morphology, the evaluation framework integrates the concept of
resilience into urban spatial planning through the area size,
population density, urban development intensity, and distribution
patterns presented by urban entities. Relevant studies have
theoretically analyzed the relationship between urban security risks
and their essential characteristics and consider that the scale, density,
and morphology of cities are the factors affecting the vulnerability of
large cities (Wang. S et al,, 2021). The combination of Scale-Density-
Morphology can better reflect the resilience level of the city. Under the
process of urbanization, different cities are facing the problems of
reduced resilience (Wang. W et al., 2021).

This paper draws on the analysis framework of urban resilience
based on Scale-Density-Morphology constructed by predecessors (Xiu
Chunliang, et al, 2018; Wang. S et al., 2021). Among them, “Urban
scale” refers to the area size and population size of urban development;
“Urban density” is a measure of the intensity of urban development,
population density, building density, etc; “Urban
morphology” mainly refers to the spatial form expressed by the

such as

urban entity (Chunliang and Xhu., 2003). When disasters occur,
excessive urban size and population density are the most direct
causes of increased exposure and risk, and poor urban morphology
exacerbates urban safety problems due to scale and density (Brunetta
and Caldarice., 2020).

Chengdu-Deyang-Mianyang Economic Belt is located in the
transition zone between the hills of the eastern plains and the
mountains of the western plateau in Sichuan Province and is at the
forefront of economic development in western China. This study
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analyzes the resilience level of the Chengdu-Deyang-Mianyang
Belt spatiotemporal and
quantitatively measures the influence of ecological, natural,

Economic and its evolution
social, economic, and other factors on urban resilience. The
results provide a better understanding of the variability of
resilience components inside regional cities and can help to
design targeted policies to increase the resilience level of

vulnerable urban areas.

Research methodology

Scale-Density-Morphology urban resilience
evaluation index

Scale, density, and morphology are the basic characteristics of a
city. This article draws on predecessors (Chunliang et al., 2018;
Wang. S et al., 2021) who proposed the Scale-Density-Morphology
urban resilience evaluation framework, which uses the “polyhedron
method” to evaluate comprehensive urban resilience, the urban
resilience evaluation framework is shown in Figure 1.

The scale resilience

Formula (1) is used to calculate the scale resilience index of each
district and county in the study area:

Rs =L5/Ld (1)

In the formula, Ry is the scale resilience index; L; is the suitable
construction land area, and L, is the built-up land area. A large-
scale resilience index indicates that there will be more construction
land available in the future, hence the urban-scale resilience is high;
a small-scale resilience index indicates that the urban has less room
for future development, hence the urban-scale resilience is low.

The area of built-up land is obtained through the statistics of
MCD12Q1 (MODIS Land Cover Type Products) data. The evaluation
of suitable construction land is based on the suitability of land for
urban expansion (Tian et al., 2020). This is evaluated for the actual
situation of the study area based on three aspects: natural conditions,
location factors, and ecological factors. The eight indicators associated
to the three factors are combined using weights based on AHP
(Table 1).

The density resilience

Urban density resilience is measured in terms of the ecological
footprint and ecological carrying capacity (Chunliang et al., 2018). The
ecological production land is divided into six categories: construction
land, cultivated land, forestland, grassland, water area, and fossil
energy land, by the city hectare model method (Zhao and Song.,
2010), and the corresponding yield is calculated based on the average
productivity of the city land. First select the factor and balance factor
(Liu et al,, 2010), and calculate the ecological footprint and ecological
footprint of each district and county through the ecological footprint
formula (Wackernagel and Rees., 1996) and the ecological carrying
capacity formula (Yang et al., 2015). According to the report of the
World Commission on Environment and Development (WCED.
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FIGURE 1

Scale-density-morphology urban resilience evaluation framework.

TABLE 1 Evaluation index of suitability for spatial expansion of construction land.

Influence factor Evaluating indicator Weight
Natural conditions Slope 0.026
Altitude 0.008
The present situation of land use 0.002
Location factors Distance from main roads 0.177
Distance from the built-up area 0.129
Ecological factors Whether it is located in the basic farmland protection area 0.311
Whether it is located in the ecological protection zone 0.290
Distance from river 0.057

Note: The present situation of land use adopted a grading assignment method.

1987), 12% of the ecological capacity needs to be reserved for the
protection of biodiversity. Therefore, formula (2) is used to calculate
the urban density resilience index.

Ry =E. (1-12%)/E; )

Where R, is the urban density resilience index; E. is the ecological
carrying capacity; Ey is the ecological footprint; the larger R, is, the
higher the density resilience of the city; conversely, the lower R, is, the
lower the density resilience of the city.

The morphology resilience

Based on the “source-sink” landscape theory, this paper uses the
“source-sink” landscape average distance index to describe urban
morphology. Taking MCD12Ql1 as the data source, the built-up
land was used as the “sink” patch, and woodland, grassland, and
water were used as the “source” patch (Zhang. P et al., 2018). Formula
(3) was used to calculate the Morphology resilience index of each
district and county. The greater the distance from the “sink” patch to
the “source” patch, the worse the spatial balance between construction
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land and ecological land, and the lower the resilience. In contrast, the
greater the resilience.

R,=L/L, (3

In the formula, R,, is the urban Morphology resilience index; L, is
the distance from the “sink” patch to the “source” patch in each district
and county; L is a constant, and its value is set as the “source-sink”
landscape of the entire study area in 2010. The average distance value
is 936.97 m.

Urban comprehensive resilience

We referred to the polyhedron method proposed by related
scholars (Xu et al., 2016) to calculate the comprehensive resilience
index of each district and county in the study area. The triangular
pyramid polyhedron is constructed with the three dimensions of
“scale-density-morphology”, and the volume of the polyhedron is
defined as the comprehensive urban resilience index. The larger the
volume of the polyhedron is, the higher the comprehensive urban
resilience. The calculation formula is:
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FIGURE 2
Schematic diagram of urban comprehensive resilience index
polyhedron method

1
Ry = 6 (Rs x Rg X Ry) (4)

In the formula, R, is the comprehensive urban resilience index; R;
is the scale resilience index; R, is the density resilience index, and R,,, is
the Morphology resilience index.

It can be seen from Figure 2 that the urban comprehensive
resilience is a polyhedral volume with the joint action of “scale,
density, and form”. As shown in the figure, the three dimensions
of $M,;D; polyhedron are higher than each dimension of the SMD
polyhedron. Therefore, the volume of the S;M;D; polyhedron is also
larger than that of the SMD polyhedron, indicating that the urban
comprehensive resilience is high and the city is safer in this state. The
dimensions of S,M,D, are higher and lower than those of SMD. The
urban comprehensive resilience is determined by the volume of the
polyhedron formed by the joint action of the three.

Geographical detector

The geographical detector is a quantitative statistical analysis
method to test the spatial heterogeneity of univariate variables and
to detect the causal relationship between two variables by testing the
consistency of the spatial distribution of two variables (Wang and XU.,
2017). In this paper, the factor detector and the interaction detector are
used for analysis.
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Selection of impact factors

Based on a review of relevant studies (Zhang. Y et al., 2018; Sun
and Zhen., 2021; Shi LY, et al., 2022), and on the actual characteristics
of urban in the Chengdu-Deyang-Mianyang Economic Belt,
8 influencing factors were selected from the aspects of the natural
environment, ecology, population, transportation, industries, and
social economy to analyze their impact on the urban resilience
(Table 2).

Factor detection

The factor detector mainly detects the explanatory power of the
influence factor X on the spatial differentiation of urban resilience. The
explanatory power of the influence factor is measured by the q value,
and its expression is:

L
2
—1- hglNhoh 11— SSwW )
1257 "Ner T T ssT
L
SSW =) Ny}, SST = No® (6)
h=1

where L represents the number of classifications of the urban resilience
index Y or influencing factors X; N and Nj, represent the 34 spatial
units and the number of research units in each classification,
respectively; o2 and ¢ are the variances of the entire study area
and layer h, respectively; SSW and SST are the sum of the variance
within the layer and the total variance of the entire study area. The g
value range is [0, 1], indicating the impact of the factor on the urban
resilience level. The larger g value is, the greater the effect of the factor
on the urban resilience level. A value of 0 means the factor is irrelevant
in the spatial differentiation of urban resilience, and a value of
1 indicates that the spatial differentiation of urban resilience levels
is completely controlled by this factor.

Interaction detection

It is used to identify the interaction between different influencing
factors. By comparing the g value when two single factors X1 and X2 act
on Yand the q value when X1 and X2 interact, we evaluate whether factors
X1 and X2 work together to increase or decrease the explanatory power of
urban resilience or whether these factors have independent effects on
urban resilience. The relationship between the two factors can be divided
into the following categories (Table 3).

Overview of the study area and data
sources

Overview of the research area

The Chengdu-Deyang-Mianyang Economic Belt is located in the
central and western parts of Sichuan Province in the transition zone
between the plains and hills to the east of Sichuan and the plateau and
mountains in the west (Figure 3). The study area is dominated by
mountains, accounting for 46.18%, plains 27.99%, hills 25.61%, and
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TABLE 2 Geographic Detection factor indicators.

10.3389/fenvs.2023.1042264

Factor Index Calculation method Representative type
X1 Terrain Level Index ArcGIS Raster Statistics natural environment factors
X2 Ecological land area per capita Ecological land area/resident population ecological factor
X3 Population density/km Permanent population/land area population factor
X4 Road network density/(km/km?) ArcGIS Density Analysis traffic condition factor
X5 The output value of the primary industry as a proportion Statistical Yearbook Industrial structure factor

of GDP
X6 Urbanization rate/% Statistical Yearbook Social economic factors
X7 Public finance spending as a share of GDP Statistical Yearbook
X8 Total retail sales of social consumer goods per capita Statistical Yearbook
(10,000 yuan/person)

TABLE 3 Types of the interaction of two independent variables corresponding to variables.

Icon Judgments based Interaction
y . — . - q(X1n X2)<Min(q(X1),q(X2)) Non-linear weakening
— . y .. —> Min(gq(X1),q(X2)) <q(X1n X2) < Max(q(X1),q(X2)) One-Factor Non-linear Attenuation
[} oY — q(X1 N X2)>Max(q(X1),q(X2)) two-factor enhancement
—— O '_> q(X1 N X2) =q(X1)+q(X2) independent
. - . 1} q(X1nX2)>q(X1)+q(X2) non-linear enhancement

Note: @Min (q (X1).q (X2)); (g (X1)+q (X2); @Max (q (X1),q (X2 Vg (X1nX2).

plateaus 0.22%. The climate of the region varies greatly. The northern part
has a subtropical mountain humid climate, the eastern part and the
southern part mostly have a mid-subtropical humid monsoon climate, the
western mountainous area has a large altitude difference, and the climate
is vertically zonal. Terrain and geomorphic conditions and climate types
lead to dangers of natural disasters in the region, such as earthquake,
collapse, landslide, debris flow, rainstorm, flood, etc.

The Chengdu-Deyang-Mianyang Economic Belt is the Frontier area of
economic development in western China and the important economic
development area in the Chengdu-Chongqing double-city economic circle
in China. As of 2020, the GDP of the Chengdu-Deyang-Mianyang
Economic Belt was 2313.088 billion yuan, accounting for 47.60% of the
GDP of Sichuan Province; the total GDP of the tertiary industry accounted
for more than 50% of the GDP of the tertiary industry in Sichuan Province.
The resident population of the study area is 29.26 million, and the urban
population is 20.02 million. The urbanization rate is 68.43%, which is
14.43% higher than the average level of Sichuan Province.

Data sources and processing

The socioeconomic data used in this study are mainly from the
“Sichuan Statistical Yearbook”, the text and planning data are from the
“Overall Plan for Land Use (2006-2020)” of Chengdu, Deyang, and
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Mianyang, and the current land use data are from MODIS satellite
data products; DEM data come from Geospatial Data Cloud (http://
gscloud.cn); administrative division data come from the national 1:
1 million basic geographic databases published by the National Basic
Information Center (www.wedmap.cn). This paper uses the
MCDI12Q1 data (from NASA’s official website https://ladsweb.
modaps.eosdis.nasa.gov) to obtain the land cover types in the study
area in 2010, 2015, and 2020 and classifies the land cover types in the
study area into six categories. They are construction land, cultivated
land, forestland, grassland, water area, and unused land. The data of
basic farmland and nature reserves are based on the basic farmland
protection data and the results of ecological red line delineation in the
“Overall Land Use Plan” of each region and are combined with the
land use data.

Results

Spatiotemporal changes in the urban
resilience

According to the polyhedron method and formula above, the
results of the urban resilience index in the study area from 2010 to
2020 were calculated (Table 4).
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FIGURE 3
Schematic diagram of the scope and location of the study area.

Variation characteristics of Scale-Density-
Morphology resilience

From 2010 to 2020, the urban resilience level of the study area
based on Scale-Density-Morphology” showed obvious changes, which
was more consistent with the actual development of the study area.

The scale resilience

The overall urban-scale resilience index showed a downward
trend. It dropped from an average of 1.49 in 2010 to 1.26 in 2020,
indicating that the future development of this region will face the
constraints of scale security. From 2010 to 2015, the scale resilience
declined rapidly, mainly due to the rapid urbanization development,
the rapid expansion of construction land, and the increasing shortage
of land resources; the downward trend slowed down from 2015 to
2020, during which time the overall land-use plan was strictly
implemented to delineate urban development boundaries, the
expansion rate of construction land slowed down significantly so
that the decline in scale resilience was effectively controlled.

The density resilience

The urban density resilience index showed a slight growth trend.
The increase from an average of 0.80 in 2010 to 0.83 in 2020 indicates
that the regional ecological footprint continues to be higher than the
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ecological carrying capacity, the ecological deficit is relatively serious,
and there are still hidden ecological dangers such as high population
density, uneconomical utilization of fossil energy, and food insecurity
in the region. From 2015 to 2020, as the national and local
governments paid more attention to ecological environmental
protection, the density resilience index of each county and urban
area rebounded, but the differences between counties were significant
and gradually increased.

The Morphology resilience

The overall urban Morphology resilience index also showed a
downward trend, it dropped from an average of 1.28 in 2010 to
1.08 in 2020. The Morphology resilience of 25 districts and counties
declined from 2010 to 2015. This is because urban expansion was
mainly infill or marginal expansion during the period, ignoring
urban ecology. From 2015 to 2020, the change in the Morphology
resilience index of each district and county was relatively small, and
15 districts and counties showed a rebounding trend of
Morphology resilience. The Morphology resilience of five
districts and counties, including Jinjiang District, has always
remained at a low level.

The changing characteristics of urban
comprehensive resilience

The change features

From 2010 to 2020, the overall urban comprehensive resilience of
the study area was not high and showed a clear downward trend. The
average values of the comprehensive urban resilience index in 2010,
2015, and 2020 were 0.296, 0.240, and 0.213 (Table 3), with declines of
23.33% and 12.68%, respectively. Among them, urban resilience
dropped sharply from 2010 to 2015, which was related to the rapid
economic development of the study area and the continuous
occupation of cultivated land and ecological land for construction
land. Although comprehensive urban resilience decreased slightly
from 2015 to 2020, the decline has slowed down. From the
perspective of the three cities, the overall resilience index of the
districts and counties in Chengdu is the lowest, the overall
resilience index of the counties in Deyang is the highest, and the
overall resilience of the districts and counties in Mianyang is in the
middle.

The descriptive statistics

We calculated the maximum, minimum, variation coefficient,
skewness coefficient, kurtosis coefficient, and other descriptive
statistical index values of the comprehensive urban resilience index
in the study area (Table 5).

From the skewness coefficient, it can be seen that the urban
comprehensive resilience index of the Chengdu-Deyang-Mianyang
Economic Belt exhibits a right-skewed distribution and continues to
decrease, that is, the mean value is on the right side of the kurtosis,
indicating that the proportion of districts and counties with high
comprehensive urban resilience is relatively small and decreasing. The
kurtosis coefficients are all positive, indicating that the distribution is
steeper than the standard normal distribution, and the counties with
tend to be
concentrated in space. The coefficient of variation has always been

similar urban comprehensive resilience indices

at a high level and has increased, indicating that the differences
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TABLE 4 Urban resilience level of chengdu-deyang-mianyang economic belt from 2010 to 2020.

District name Scale resilience index Density resilience index Morphology resilience Composite resilience
index index

2010 2015 2020 2010 2015 2010 2015 2020
Jinjiang District 221 2.00 1.91 0.08 0.02 0.02 0.79 0.84 0.89 0.023 0.006 0.006
Qingyang District 218 2.04 1.97 0.16 0.07 0.04 0.74 0.56 0.46 0.043 0.013 0.006
Jinniu District 2.15 2.03 1.97 0.25 0.14 0.04 0.49 045 0.41 0.044 0.021 0.005
Wuhou District 2.02 1.88 1.84 0.09 0.04 0.01 0.58 0.5 043 0.018 0.006 0.001
Chenghua District 22 211 2.08 025 0.12 0.09 1.02 1.02 1.01 0.094 0.043 0.032
Longquanyi District 211 1.77 1.63 0.67 0.42 03 147 1.34 1.22 0.346 0.166 0.099
Qingbaijiang District 1.48 12 11 0.60 0.67 0.77 1.73 1.62 1.52 0.256 0217 0215
Xindu District 1.42 116 1.07 0.93 1.09 1.22 143 1.38 1.33 0315 0.291 0.289
Wenjiang District 1.67 1.45 135 0.44 0.21 0.13 1.51 1.54 1.56 0.185 0.078 0.046
Jintang County 1.19 1.02 0.95 072 0.79 0.83 1.76 1.85 1.94 0251 0.248 0.255
Shuangliu County 1.52 1.22 1.1 0.77 0.70 0.60 1.47 1.29 1.14 0.287 0.184 0.125
Pidu District 1.6 1.36 1.28 091 0.87 0.87 1.26 1.16 1.07 0.306 0229 0.199
Dayi County 1.22 1.08 1.01 1.08 112 1.08 1.69 1.54 142 0371 031 0.258
Pujiang County 1.29 L11 1.01 1.06 0.93 0.81 223 23 237 0.508 0396 0323
Xinjin County 1.41 12 112 117 132 143 1.67 1.6 1.52 0.459 0.422 0.406
Dujiangyan City 118 1.06 1.02 1.05 116 1.20 1.63 151 141 0.337 0309 0.288
Pengzhou City 12 1.08 1.05 0.82 0.92 097 1.89 1.78 1.69 031 0.295 0.287
Qionglai City 1.34 121 L15 113 118 121 1.68 1.56 146 0.424 0371 0339
Chongzhou City 1.19 1.02 0.96 1.20 1.34 14 1.53 1.41 1.31 0.364 0321 0.293
Jingyang District 1.88 1.62 1.51 0.94 1.09 1.24 12 1.04 091 0353 0.306 0.284
Zhongjiang County 1.13 112 11 091 0.96 097 1.87 1.9 1.93 032 0.34 0.343
Luojiang District 1.54 1.38 13 0.63 0.74 091 1.63 1.35 115 0.264 023 0227
Guanghan City 1.76 1.52 1.4 12 1.26 1.39 145 1.16 0.97 051 037 0315
Shifang City 1.61 1.37 131 091 1.00 113 1.79 1.37 111 0.437 0313 0.274
Mianzhu City 1.46 1.28 1.21 0.90 091 0.92 145 1.28 1.14 0318 0.248 0212
Fucheng District 1.51 1.27 118 2.06 22 2.03 1.89 1.62 142 0.98 0.754 0.567
Youxian District 1.16 1.03 0.98 1.21 135 1.46 2.82 2.06 1.63 0.66 0477 0.389
Santai County 1.09 1.02 1.00 1.10 0.97 0.84 1.87 1.88 1.89 0.374 031 0.265
Yanting County 1.22 119 118 0.86 0.81 0.81 121 1.22 1.23 0212 0.196 0.196
An County 1.04 0.98 0.95 1.00 1.05 1.07 1.1 1.07 1.03 0.191 0.184 0.174
Zitong County 11 1.05 1.02 091 1.05 118 1.24 118 112 0.207 0217 0.225
Beichuan County 1.19 0.98 092 0.28 043 0.53 112 1.07 1.03 0.062 0.075 0.084
Pingwu County 1.14 113 L11 0.11 0.12 0.14 117 113 1.08 0.024 0.026 0.028
Jiangyou City 1.25 1.16 112 0.85 0.88 091 1.14 112 L11 0.202 0.191 0.189
Study area average 149 1.33 1.26 0.80 0.82 0.83 1.28 117 1.08 0.296 0.240 0213

between counties in the study area are significant and differences are  always been high, which also shows the urban resilience of the districts
increasing. Although the range of the districts and counties in different ~ and counties in the Chengdu-Deyang-Mianyang Economic Belt is
stages of the study period has narrowed, the range over the 3 yearshas  unbalanced.
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TABLE 5 Descriptive statistical indicators of urban comprehensive resilience.

Maximum Minimum Average Coefficient of Skewness Kurtosis
value value value variation coefficient coefficient
2010 0.980 0.018 0.296 0.6660 1.1773 3.2916 0.962
2015 0.754 0.006 0.240 0.6577 0.7496 2.0567 0.748
2020 0.567 0.001 0213 0.6310 0.1137 0.0590 0.566

TABLE 6 Classification criteria for urban resilience levels in the study area.

Low urban resilience Lower urban resilience Higher urban resilience High urban resilience

Classification standard 0 <Ry <012 0.12 < Ry £0.28 0.28 < Ry < 0.40 R 4 >0.40

TABLE 7 Types of urban resilience levels in the study area.

2010 2015

Quantity (Districts) = Proportion (%) Quantity (Districts) Proportion (%) Quantity (Districts) Proportion (%)

High urban resilience 7 20.59 3 8.82 2 5.88

Higher urban resilience 12 35.29 12 35.29 10 29.41

Lower urban resilience 8 23.53 11 32.35 13 3824

Low urban resilience 7 20.59 8 23.53 9 26.47
2010 2015 2020

Urban Resilience Level Urban Resilience Level Urban Resilience Level
Low urban resilience | Low urban resilience Low urban resilience
I 1ower urban toughness I Lover urban toughness B Lover urban toughness
I tichor urban toughness [ ticher urban toughness I iiisher urban toughness
- sk [ vich urban resilience o e I b cban cesiience T T I vt orbn resilience

FIGURE 4
Spatial pattern and changes in urban resilience level.
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TABLE 8 Statistics on the types of changes in the level of urban resilience.

Fast descent

Slow descent

10.3389/fenvs.2023.1042264

Type of change

Quantity (Districts) 16

The proportion

Volatility down Gradual rise
11 3 4
8.82% 11.76%

Classification of urban resilience levels

According to the same classification criteria (Table 6), the urban
resilience index of the 34 research units of the Chengdu-Deyang-
Mianyang Economic Belt is divided into four categories: low urban
resilience, lower urban resilience, higher urban resilience, and high
urban resilience (Table 7), and visualized (Figure 4).

The spatial distribution of urban resilience in the Chengdu-
Deyang-Mianyang Economic Belt showed that the areas with low
urban resilience and lower urban resilience gradually expanded, and
areas with higher urban resilience and high urban resilience continued
to shrink. In 2010, the study area was mainly composed of higher
urban resilience districts and counties with relatively higher urban
resilience. High urban resilience districts and counties were mainly
distributed in plain areas, higher urban resilience districts were mainly
distributed around high urban resilience districts, and lower urban
resilience districts were mainly distributed in Chenghua District,
Anzhou District, Jiangyou City, Zitong County, Yanting County,
and other places, low urban resilience districts and counties were
spatially clustered in the central Chengdu Plain and the Plateau area in
the northwest of Mianyang. In 2015, the number of high urban
resilience districts and counties in the study area decreased
significantly, and the number of lower urban resilience and low
urban resilience districts and counties increased. The reduction of
high urban resilience districts and counties is mainly concentrated in
Chengdu, Deyang, and central Mianyang; the number of districts and
counties with high urban resilience remained unchanged, but, there
are certain changes in districts and counties. Some high urban
resilience districts and counties have changed to higher urban
resilience districts and counties, while some higher urban resilience
districts have shifted to lower or low urban resilience districts; In 2020,
the study area was dominated by areas with lower urban resilience and
low urban resilience, and the spread was obvious in the northern and
eastern parts of the study area; the high urban resilience districts and
counties were further reduced and scattered in space; compared with
2015, the number of districts and counties with high urban resilience
has further decreased, shifting from the urban center to the periphery.

Spatial variation in urban resilience levels

We calculated the change rate of urban resilience in each district
and county in the two time periods of 2010-2015 and 2015-2020.
According to the overall change rate of the resilience level, each district
and county are divided into fast descent type, slow descent type,
volatility down type, and Gradual rise type (Table 8).

The fast descent type refers to districts and counties in which the
urban resilience index continues to decline during the period and the
decline exceeds the average level; The slow descent type refers to the
districts and counties in which the urban resilience index continued to
decline during the period, but the decline rate was lower than the
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average level; The volatility down type refers to the districts and
counties where the urban resilience index generally decreases but has
oscillations during the study period; The gradual rise type refers to the
districts and counties in which the urban resilience index rose steadily
during the study period (Figure 5).

From 2010 to 2020, 88.24% of the districts and counties in the
Chengdu-Deyang-Mianyang Economic Belt were in a state of decline, and
only 11.76% of the districts and counties gradually increased their
resilience. There are 16 fast descent type districts and counties,
accounting for 47.06%, which are mainly distributed around the
central urban area of Chengdu, Pujiang County, and Shifang City: the
rapid economic development and rapid urbanization in these areas have
resulted in a fast descent in urban resilience. There are 11 slow descent
type districts and counties, accounting for 32.35%, which were mainly far
from central cities. Due to the weak driving effect of the central urban, the
urban expansion rate is slow, and its economic development is dominated
by agriculture, so urban resilience declines slowly. There is 3 volatility
down type districts and counties, accounting for 8.82% of the total area,
which is spread over the region. These districts are close to regional urban
centers and are subject to the integrated economic development policy of
Chengdu-Deyang-Mianyang. The impact of urban resilience showed a
downward trend from 2010 to 2015, and after 2015, due to the vigorous
promotion of ecological civilization construction, the urban resilience
index rebounded. There are 4 gradual rise type districts and counties,
accounting for 14.71%. These urban can be divided into two categories:
Zhongjiang County, Zitong County, and other large agricultural counties,
where a large number of people go out to work, have an ecological surplus,
the density resilience is gradually improved, and there is a large space for
the expansion of construction land and urban areas, hence, the resilience
is gradually increasing; The other category includes Pingwu County and
Beichuan Qiang Autonomous County, these counties are rich in forest
resources and tourism resources, and the urban morphology is constantly
optimized, and the urban resilience is constantly enhanced.

Impact factor detection

The degree of influence of influencing factors
on urban resilience varies significantly

The g-values of the influence of each factor on the urban resilience
index are obtained and ranked by applying the aforementioned factor
detector method (Table 9).

From the changing trend of the q value, it can be seen that the
influence of each factor on the spatial distribution of urban resilience
changes significantly in different periods, and the main factors
affecting the spatial distribution of urban resilience in different
periods are also different. From 2010 to 2020, the role of
topographic location and per capita ecological land area gradually
increased, and per capita ecological land area became the main factor
affecting the spatial pattern of urban resilience in 2015 and 2020; The
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FIGURE 5
Types of the spatial evolution of urban resilience levels.

10.3389/fenvs.2023.1042264

Type of change

Rapidly descending type
‘ ‘l Fluctuating descending type
- Slowly descending type
- Gradual ascending type

effect of population density, road network density and urbanization
rate, which represent social factors, gradually weakens, but the change
in 10 years is relatively small; The trends of the role the output value of
the primary industry in GDP, the public financial expenditure in GDP
and the total retail sales of social consumer goods per capita, which
represent economic factors, are different. Among them, the role of the
output value of the primary industry in GDP first weakens and then
increases, showing a fluctuating and increasing trend; The influence q
value of the proportion of public financial expenditure in GDP and the
total retail sales of social consumer goods per capita increased first and
then decreased. To sum up, during the analyzed period, the main
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factors affecting the spatial distribution of urban resilience have
changed from prevailing social factors to prevailing natural and
economic factors.

The interaction between two factors is
greater than the control effect of a single
factor

An interaction detector was used to evaluate whether the

combined effects of factors X1 and X2 would increase or
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TABLE 9 The intensity of Impact Factors from 2010 to 2020.

10.3389/fenvs.2023.1042264

Impact factor 2010 2015 2020
g-value p-value Sort g-value p-value Sort g-value p-value Sort
X1(Terrain level Index) 0.146 0.248 8 0.175 0.168 8 0.203 0.112 8
X2 (Ecological land area per capita) 0.425 0.034 5 0.567 0.005 1 0.579 0.004 1
X3(Population Density) 0.543 0.012 2 0.509 0.076 4 0.503 0.004 4
X4 (Road network density) 0.624 0.003 1 0.536 0.021 2 0.523 0.014 3
X5(The output value of the primary industry as a proportion 0.519 0.017 4 0.478 0.022 6 0.566 0.004 2
of GDP)
X6(Urbanization rate) 0.532 0.005 3 0.481 0.004 5 0.479 0.099 5
X7(Public finance spending as a share of GDP) 0.396 0.091 7 0.387 0.012 7 0.341 0.012 7
X8 (Total retail sales of social consumer goods per capita) 0.422 0.056 6 0.515 0.003 3 0.397 0.002 6
TABLE 10 Interaction g-values and the interaction types of each factor.
X1 X2 X3 X4 X5 X6 X7
X2 2010 0.813(NE)
2015 0.707(NE)
2020 0.677(NE)
X3 2010 0.816(NE) 0.702(BE)
2015 0.640(BE) 0.742(BE)
2020 0.623(BE) 0.815(BE)
X4 2010 0.837(BE) 0.863(BE) 0.691(BE)
2015 0.705(BE) 0.785(BE) 0.648(BE)
2020 0.654(BE) 0.769(BE) 0.590(BE)
X5 2010 0.812(NE) 0.843(BE) 0.759(BE) 0.773(BE)
2015 0.692(BE) 0.728(BE) 0.681(BE) 0.695(BE)
2020 0.715(BE) 0.734(BE) 0.685(BE) 0.670(BE)
X6 2010 0.843(NE) 0.902(BE) 0.717(BE) 0.719(BE) 0.684(BE)
2015 0.677(NE) 0.727(BE) 0.637(BE) 0.641(BE) 0.645(BE)
2020 0.678(NE) 0.722(BE) 0.628(BE) 0.624(BE) 0.612(BE)
X7 2010 0.636(NE) 0.804(BE) 0.872(BE) 0.799(BE) 0.798(BE) 0.776(BE)
2015 0.734(NE) 0.849(BE) 0.855(BE) 0.877(NE) 0.912(NE) 0.941(NE)
2020 0.389(BE) 0.896(NE) 0.930(NE) 0.805(NE) 0.921(NE) 0.843(NE)
X8 2010 0.626(BE) 0.902(BE) 0.889(BE) 0.880(BE) 0.676(BE) 0.762(BE) 0.771(BE)
2015 0.619(BE) 0.767(BE) 0.642(BE) 0.686(BE) 0.675(BE) 0.691(BE) 0.894(NE)
2020 0.475(BE) 0.872(BE) 0.844(BE) 0.955(NE) 0.915(NE) 0.908(NE) 0.683(BE)

Note: NE (non-linear enhancement) means non-linear enhancement, and BE (bifactor enhancement) means double-factor enhancement.

decrease the control effect of the dependent variable on urban
resilience or play an independent role. The q value on the diagonal
line is the degree of influence of a single detection factor on the
spatial differentiation of urban resilience; the remaining q values
are the explanatory power of the interaction of factors X1 and
X2 on the spatial distribution of urban resilience. Based on the
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results, the type of interaction among each pair of factors is
determined (Table 10).

It can be seen from Table 10 that the interaction between two
factors usually has a greater impact on the spatial pattern of urban
resilience than a single factor. The interaction between the two factors
has greater control over the spatial pattern of urban resilience than
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that of a single factor. The q value of the interaction between the per
capita ecological land area and each factor is the largest, indicating that
the per capita ecological land area is the leading factor affecting the
spatial differentiation of urban resilience.

From the perspective of the types of interactions among factors,
the two-factor enhanced type is the main type, and a few factors show
the non-linear enhanced type, where the effect is greater than the two-
factor enhanced effect. Among them, the terrain level index and road
network density, per capita ecological land area and population
density, population density, road network density, the proportion
of primary industry output value in GDP, and urbanization rate are
always two factors enhanced. The relationship between the
topographic index and per capita ecological land area, and
urbanization rate are always non-linear enhancement. The terrain
level index, population density, and the proportion of public financial
expenditure in GDP have changed from non-linear enhanced type to
two factors enhanced type, and the other factors have changed from
two factors enhanced type to non-linear enhanced type. It can be seen
that when ecological factors, social economy, traffic conditions, and
there will be
enhancement effect, but the effect is not as significant as the non-

industrial structure interact, a double-factor
linear enhancement effect. Therefore, it is necessary to pay attention to
the enhancement effect of the topographic index on ecological factors,

social economy, traffic conditions, and industrial structure.

Discussion

Based on the above results and analysis, several interesting
phenomena were highlighted.

First, urban resilience is a complex system, and there are various
assessment methods based on different perspectives, but the urban
resilience assessment method based on “scale-density-morphology” is
useful for spatial planning. In this assessment method, scale resilience
reflects the relationship between urban built-up land and suitable land
for construction, revealing constraints and pressures on urban spatial
expansion; density resilience reflects the relationship between
ecological footprint and ecological carrying capacity, and reveals
the status of urban ecological carrying; Morphology resilience
reflects the spatial relationship between construction land and
ecological land, and reveals whether the urban form is well
designed (Chunliang et al, 2018; Feng et al, 2020b; Wang and
Han., 2021); The assessment results comprehensively reflect the
spatial the the
environment, effectively identify the resilience characteristics of the

connection between urban and ecological
urban region, and accurately reveal the contradiction between the
pressure of human activities and the supporting capacity of resources
and the environment (Bao et al., 2022; Kong L., et al., 2022). Therefore,
it has a more important guiding significance for spatial planning (Fu
and Wang., 2018; Shi and Qi., 2019).

Second, like other regions in China, the urban resilience of the
study area has also experienced a change process from a rapid decline
to a slow decline, which reflects the changes in China’s increasing
emphasis on ecological construction and environmental governance
in recent years. From 2010 to 2015, the urban resilience of districts in
the study area declined rapidly, and from 2015 to 2020, the downward
trend of urban resilience slowed down. The research results are
consistent with China’s Pearl River Delta region (Wang. S et al,

2021), Yangtze River Delta region (Chen and Xia., 2020), Dalian City
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(Chunliang et al, 2018), Shenyang (Feng et al., 2020a), Lanzhou
(Wang. W et al,, 2021), Hangzhou (Xia CY, et al, 2022) and other
places. These research results show that great attention must be paid to
future urban development. In recent years, China has gradually
attached importance to ecological construction and environmental
governance and has continuously promoted the safe development of
cities through measures included in spatial planning instruments,
which have achieved certain results (Wang. S et al., 2021).

Third, there is a close relationship between urban resilience and
nature. The results confirm that ecological factors are the primary
factors affecting urban resilience (Feng et al., 2020b), and further
support urban ecological protection and green infrastructure
construction as important means to improve urban resilience (Snep
R P, et al., 2020; Vargas-Hernandez and Zdunek-Wielgoaska., 2021).
Future spatial planning should take the natural environment pattern
as the basis, further optimize the urban and rural spatial layout, and
create resilient urban and rural settlements (Bush and Doyon., 2019).
The research results also found that among the factors affecting urban
resilience, there is a significant double-factor enhancement effect
(Meng et al, 2021,). Therefore, strategies to enhance urban
resilience such as ecosystem-based planning and nature-based
solutions should combine different elements (Almenar | B, et al,
2021), and fully consider natural conditions, socio-economic
conditions, urbanization level, and policy factors in an integrated
perspective (Serdar et al., 2022).

There is still room for further improvement in this study. Urban
resilience is affected by many factors, such as sudden natural disasters
and other uncertain factors. How to incorporate these factors into the
assessment methods, to achieve a comprehensive grasp and accurate
evaluation of uncertain risk factors, is worthy of further research in the
future (Kong L., et al,, 2022). At the same time, the study focused on
the selection of indicators related to the scale of urban space. In future
research, the quality of ecological space should be reasonably
quantified and reflected, to obtain more realistic results and
guiding conclusions. Policy factors are an important factor in
urban resilience management, but also an important content that
must be considered in urban planning. This paper is more based on the
analysis of spatial and statistical data, the policy factors are not
considered. This aspect can be improved in the future.

Conclusion

This paper takes the Chengdu-Deyang-Mianyang Economic Belt
as the research object, constructs the Scale-Density-Morphology
urban resilience evaluation index, uses the “polyhedron method” to
calculate the urban comprehensive resilience index from 2010 to 2020,
and analyzes its spatiotemporal evolution. The main findings are the
following.

(1)The urban resilience level of the Chengdu-Deyang-Mianyang
Economic Belt during the study period was not high and showed an
obvious downward trend and imbalance. The urban scale resilience
dropped from an average of 1.49 in 2010 to 1.26 in 2020, and future
regional development will still face the constraints of scale security.
The urban density resilience index showed a weak growth trend,
rising from 0.80 in 2010 to 0.83 in 2020, but the increase is not
large, indicating that the regional ecological footprint continues to
be higher than the ecological carrying capacity, and the ecological
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deficit is relatively serious. The urban morphology resilience index
shows a slight downward trend, from 1.28 in 2010 to 1.08 in 2020.
The comprehensive resilience dropped from 0.296 in 2010 to
0.213 in 2020. Differences in the comprehensive resilience of
cities are significant and gradually increasing, and there is an
obvious imbalance in the development of urban resilience.

(2)The spatial distribution of urban resilience in the Chengdu-
Deyang-Mianyang Economic Belt is characterized by the
continuous expansion of low-resilience and lower resilience
urban and the continuous shrinking of high resilience and
higher resilience urban. The spatial evolution is mainly
characterized by the fast descent and the slow descent types. In
terms of spatial distribution, the low resilience urban in the
Belt
significantly in the north and east of the study area, the lower

Chengdu-Deyang-Mianyang ~ Economic expanded
resilience areas expanded from the center to the periphery, and the
higher resilience areas changed from a block-like distribution to a
flake-like distribution. The high resilience areas changed from
patchy to sporadic distribution. The main trend of spatial
evolution is to decline. The fast descent type and the slow
descent type each account for 47.06% and 32.53%, which are
mainly distributed in rapid economic development, rapid
urbanization, and districts and counties close to regional central
cities; The Volatility down type accounts for 8.82%, mainly
distributed in the districts and counties far from the central
urban; The gradual rise type accounted for 11.76%, mainly
agricultural counties with prominent population loss and
districts and counties rich in forest and tourism resources.

(3)From the perspective of influencing factors, different factors
have different effects on the spatial distribution of urban resilience
in the study area in different periods. With the change in time, the
per capita ecological land area has gradually become the primary
factor affecting the spatial pattern of urban resilience in the study
area. The effect of each factor affecting the spatial distribution of
urban resilience in the study area is as follows: ecological factor >
industrial structure factor > traffic condition factor > population
factor > socioeconomic factor > natural environment factor. The
interaction test results show that the influence of the interaction of
different factors is greater than that of a single factor, and the
interaction types are non-linear enhancement and two-factor
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