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Abstract 12 

Urban resilience efficiency is an important indicator to explore the relationship between 13 

resource consumption and urban resilience, shedding new light on the study of urban sustainable 14 

development. Based on the panel data of 2008, 2012, and 2017, this paper makes a spatiotemporal 15 

assessment on the urban resilience efficiency of 126 cities in the Yangtze River Economic Belt in 16 

China by applying an entropy weight-TOPSIS method and a slack-based measure (SBM) model. 17 

Combined with the analysis of a geographically weighted regression model (GWR), the influencing 18 

factors on resilience efficiency are also investigated. The results show that both the resource 19 

consumption index (RC, inputs) and the urban resilience index (UR, outputs) presented a steady 20 

upward trend, and their spatial distribution characteristics were similar, showing a gradual decrease 21 

from the eastern coastal cities to the central and western inland cities. Derived from inputs and 22 

outputs, the mean values of resilience efficiency index (RE) in three periods were 0.3149, 0.2906 23 

and 0.1625, respectively, revealing that there had been a noticeable decline. Spatially, its spatial 24 

distribution has evolved from a relatively balanced pattern to an unbalanced one, showing a gradual 25 

decrease from west to east. The results of the GWR model analysis indicate that the total electricity 26 

consumption and area of construction land had a considerable correlation with the overall urban 27 

resilience of the YREB. Furthermore, total quantity of water supply and science and technology 28 

(S&T) expenditure continued to be the main driving factors on urban resilience of the upstream 29 

cities. The midstream regions mainly depended on the scale of construction land, and the influencing 30 

factors are relatively single. The influencing factors in the downstream areas have changed from 31 

dominance of resources and capital factors to the single dominance of resource factors, and total 32 

electricity consumption had a strong explanatory power. Based on these findings, we had put 33 

forward the overall and local regional policy implications. 34 
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1. Introduction 40 

The development of cities is accompanied by continuous external and internal shocks, which 41 

include chronic stress and sudden disturbances, such as sea level rise, hurricanes, accidents, public 42 

health emergencies, and social security events (Berkes, 2007; Meerow et al. 2019; Liu et al. 2020). 43 

Responding to the various threats and risks in urban areas, the term of urban resilience has attracted 44 

wide attention and gradually become a new paradigm for planning management and urban 45 

construction. It aims to improve the urban system diversity, functional redundancy, and autonomous 46 

adaptability through the optimization of social economy, infrastructure, ecological environment, or 47 

management strategy (Godschalk, 2003), so as to ensure that the city can maintain and enhance the 48 

primary characteristics and essential functions in the face of uncertain shocks (Alberti et al., 2003; 49 

Ribeiro & Pena Jardim Gonçalves, 2019).  50 

As a result of reform and opening up policy, China has achieved rapid economic growth and 51 

urbanization over the past four decades (Qin and Zhang 2014; Yu 2021). According to the data from 52 

China Statistical Yearbook, between 1978 and 2019, China’s urbanization rate increased from 17.92% 53 

to 60.60%. Undoubtedly, the rapid urbanization in China has given rise to the booming construction 54 

of the resilient city(Deng and Bai 2014; Zhu et al. 2019a). However, some cities have consumed 55 

large amount of energy and resources for rapid growth of resilience, which has ultimately resulted 56 

in insufficient resource utilization and sensitive urban environment, with extensive economic 57 

growth in the meantime (Wang et al. 2014). Furthermore, due to the concentration of various 58 

elements such as resources, labor, capital and industries in big cities, the level of resilience 59 

development in big cities is higher than that of small and medium-sized cities (Bai et al. 2019). But 60 

the fact that big cities consume more resources cannot be ignored (Kuang et al. 2018; Wang et al. 61 

2020). Therefore, whether the resilience efficiency of big cities is higher or not remains a question, 62 

it is interesting to explore the performance of urban resilience efficiency and its disparity among 63 

big, medium and small cities. During the past decade, China has been committed to promoting 64 

changes in the quality, efficiency, and driving force of economic development, intensifying efforts 65 

in ecological and environmental protection, which is known colloquially as “green development” 66 

and “high-quality development” (Fang et al. 2017). These efforts have made urban resilience 67 

efficiency an issue worthy of further consideration. The basic concept of resilience efficiency refers 68 

to the ratio of urban resilience and resource consumption, with highlights on the importance of 69 

achieving optimal resilience based on limited resource consumption (Mickwitz et al. 2006). In other 70 

words, the assessment of resilience efficiency is an effective way to investigate the extent of 71 

coordination between resilience and resources, which would positively contribute to regional 72 

economic planning, industrial cooperation, and ecological conservation. Therefore, exploring the 73 

spatiotemporal evolution of resilience efficiency and its influencing factors have significant 74 

implications for the theory of urban resilience and practical actions. 75 

Urban resilience assessment is an effective way to investigate the ability of cities to cope with 76 

disturbances, which is a necessary prelude for the evaluation of resilience efficiency. Resilience 77 

efficiency assessment is rooted in the exploration of urban resilience assessment. Some studies have 78 

focused on the quantitative assessment of the subsystems of urban resilience, such as social 79 

economy resilience (Bastaminia et al., 2017), natural disaster resilience (Zhang et al., 2019), 80 

infrastructure resilience (Ouyang & Dueñas-Osorio, 2012; Bruneau et al., 2003), spatial form 81 

resilience (Lu et al., 2020；Feng et al., 2020), and ecosystem resilience (Xiao et al., 2020), and 82 
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thereby examined the driving factors or policy implications based on the assessment results. 83 

Moreover, due to the complexity and diversity of urban resilience (Folke et al., 2002 ；Berkes, 84 

2007；Elmqvist et al., 2019), some other studies have developed a comprehensive assessment 85 

framework to quantify urban resilience. Different from the perspective of subsystems, the 86 

comprehensive assessment framework integrates multiple dimensions of city, including urban 87 

economy, society, ecology, infrastructure, and management (Khazai et al., 2018; Sharifi & Yamagata, 88 

2016). Recently, urban resilience studies are turning from theoretical exploration to practice actions 89 

with paying enthusiastic attention to the local resilience policies. Since 2010, UN-Habitat, United 90 

Nations Development Progamme (UNDP), and United Nations International Strategy for Disaster 91 

Reduction (ISDR) have established strategic cooperation with many international organizations or 92 

institutions. They have successfully launched a range of campaigns on building resilient cities 93 

around the world to cope with risks and disasters. Besides, the Rockefeller Foundation has 94 

advocated the Urban Resilience Movement and proposed the “100 Resilient Cities” project, which 95 

aimed to promote the resilience of specific cities or regions through quantitative assessment and 96 

practical strategies (Trends in Urban Resilience 2017). The studies mentioned above provide 97 

sufficient theoretical evidence for our study in terms of conceptualization and indicator selection of 98 

urban resilience. As to the evaluation methods, technique for order preference by similarity to ideal 99 

solution (TOPSIS), fuzzy comprehensive evaluation method (FCEM), analytic hierarchy process 100 

(AHP), and principal component analysis (PCA) are commonly used in the previous scholarly works 101 

(Asadzadeh et al., 2015; Fu et al., 2020; Lamichhane et al., 2020; Orencio & Fujii, 2013; Xun & 102 

Yuan, 2020).  103 

A growing number of studies have attempted to examine the relationship between urban 104 

resilience and resource consumption. However, there is few literature that directly measures the 105 

urban resilience efficiency. Related studies mainly focused on the following three aspects: 106 

urbanization efficiency, land use efficiency, and eco-efficiency. For example, Jin et al., (2018) 107 

selected urban built-up area, fiscal expenditure, non-agricultural employment, and capital stock as 108 

input indicators, and non-agricultural output value as output indicators to reveal the spatial 109 

characteristics of urbanization efficiency in the YREB. Yu et al., (2019) explored the land use 110 

efficiency (LUE) of 12 urban agglomerations in China. They found that the mean value of LUE is 111 

low. Furthermore, it presented a certain fluctuation during the research period. Using the data of 283 112 

cities, Y. Zhang et al., (2019) made a comprehensive analysis of urban environmental efficiency 113 

from 2003 to 2016 in China. The study pointed out that the overall environmental efficiency was 114 

not very high, and the situations vary across cities. Although the above studies have different output 115 

indicators when discussing efficiency, capital, labor, energy, water resources, and land are mostly 116 

chosen as input indicators. Among the preceding studies on efficiency evaluation, Stochastic 117 

Frontier Approach (SFA), Data Envelopment Analysis (DEA), and Slack-based Measure (SBM) 118 

models are all popular methods.  119 

Further analysis of driving factors on urban development efficiency is constructive for the 120 

proposal of effective resilience strategies.  Recently, a considerable literature has grown up around 121 

the theme. For instance, Zhu et al., (2019) have investigated the main driving factors of eco-122 

efficiency using a Tobit regression analysis, suggesting that the development scale and structure of 123 

economy, population, market and industry have a positive impact on eco-efficiency in the Western 124 

Taiwan Strait Economic Zone. C. Wu et al., (2017) utilized OLS GWR model to explore the major 125 

influencing factors of land use efficiency in the Yangtze River Delta during 2004-2012. The results 126 
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revealed that foreign direct investment, labor flow, innovation, and land finance played key roles in 127 

improving LUE. Qian et al., (2021) adopted a geographical detector model to determine the driving 128 

factors of urbanization efficiency in China. They found that urbanization rate and GDP per capita 129 

were the leading cause of the increase in UE. In general, several methods, such as panel data model, 130 

logistics regression model, ordinary least squares method (OLS), geographical detector method 131 

(GDM), and Tobit model, have been used to identify the influencing factors on urban efficiency.  132 

To date, much progress has been made in examining urban resilience, both theoretically and 133 

empirically. However, the more relevant studies have tended to focus on the resilience efficiency 134 

based on partial subsystem perspective, such as urbanization efficiency, eco-efficiency, and land use 135 

efficiency. Moreover, most studies have used cross-sectional rather than longitudinal data when 136 

identifying the spatial characteristics and driving forces of urban efficiency, which indeed ignored 137 

evolutionary trends. Responding to the deficiency, choosing the Yangtze River Economic Belt 138 

(YREB) as the study area, based on our previous research on quantitative framework of urban 139 

resilience efficiency (Peng et al., 2021), we first investigated the evolution of input and output 140 

indicators through the TOPSIS method. In particular, the framework of output indicators system 141 

highlighted a comprehensive understanding of urban resilience which reflected main aspects from 142 

four subsystems. Then, with the help of the SBM model and ESDA methods, we revealed the 143 

spatiotemporal patterns of urban resilience efficiency of 126 cities in 2008, 2012, and 2017. Finally, 144 

we applied the GWR model to study the trend of driving factors. The motive of doing so is not only 145 

to trace the spatial changes of YREB urban resilience efficiency from a dynamic perspective, but 146 

also to explore the changes of potential driving factors to provide some implications for the local 147 

sustainable development and policymaking of urban resilience.  148 

The remaining part of this paper proceeds in the following way. Section Two describes the 149 

study area, methodology, data, and indicators. The third section provides the evaluation of resource 150 

consumption (inputs) and urban resilience(outputs). Then, we illustrate the results of the resilience 151 

efficiency of 126 cities from the perspective of temporal evolution, spatial distribution, and spatial 152 

correlation. Further, we analyze the influencing factors on resilience efficiency at two levels: a 153 

global level and a local level (upstream, midstream and downstream of the Yangtze River). The 154 

fourth section focus on detailed discussion and policy implications. The last section concludes the 155 

paper. 156 

 157 

2. Methodology 158 

2.1 Study area 159 

The YREB spans the eastern, central, and western regions in China, covering 9 provinces and 160 

2 municipalities (Fig.1). According to the Guidelines for Development Along the Yangtze Economic 161 

Belt (2016), Yunnan, Sichuan, Guizhou, and Chongqing are located in the upstream of the YREB; 162 

Hubei, Hunan, Jiangxi are located in the midstream regions ; Anhui, Jiangsu, Zhejiang, Shanghai 163 

are located in the downstream regions. YREB was chosen as the study area for the following reasons. 164 

Firstly, it covers about 21% of China’s territorial area and accounts for more than 40% in population 165 

and GDP. Thus, YREB is one of the regions with the strongest comprehensive strength and strategic 166 

support in China. Due to its unique natural conditions and urbanization potential, YREB is the 167 

primary pioneer region of pursuing urban resilience. Secondly, since the Guidelines was issued to 168 
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promote the development of YREB in 2016, the region has accelerated its urbanization through 169 

more capital investment, energy utilization, and resource consumption. However, there is not yet a 170 

comprehensive framework for exploring urban resilience and its efficiency in the YREB. Thirdly, 171 

due to the faster urbanization rate in the YREB, the pressure on the balance between economic 172 

growth and environmental protection gradually increases. 173 

 174 

Fig. 1. General view of the YREB 175 

2.2 Methods 176 

2.2.1 Entropy Weight-TOPSIS model 177 

Here, the entropy weight-TOPSIS model are used to assess the inputs (resource consumption 178 

index) and outputs (urban resilience index) of the cities in the YREB. Among all the methods 179 

mentioned in the literature review, the entropy weighted-TOPSIS model is a multi-objective 180 

decision-making method where weighting coefficients are improved by the entropy weight method 181 

to minimize the influence of subjective factors. Moreover, it is efficient to be calculated, with little 182 

restrictions on the sample size (Wang et al., 2019). 183 

To establish the decision matrix: 184 

𝑋 = (𝑥𝑖𝑗)
𝑚×𝑛

(1) 185 

where 𝑥𝑖𝑗 is the value of city 𝑖 on indicator 𝑗; 𝑚, 𝑛 are the total number of assessed cities and 186 

indicators respectively. 187 

To normalize the decision matrix with the deviation maximization method: 188 

𝑟𝑖𝑗(𝑥) =
𝑥𝑖𝑗 − 𝑚𝑖𝑛(𝑥𝑗)

𝑚𝑎𝑥(𝑥𝑗) − 𝑚𝑖𝑛(𝑥𝑗)
 (Positive indicators) (2) 189 

𝑟𝑖𝑗(𝑥) =
𝑚𝑎𝑥(𝑥𝑗) − 𝑥𝑖𝑗

𝑚𝑎𝑥(𝑥𝑗) − 𝑚𝑖𝑛(𝑥𝑗)
 (Negative indicators) (3) 190 

To calculate the entropy: 191 
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𝑒𝑗 = −𝑘 ∑ 𝑝𝑖𝑗 ln 𝑝𝑖𝑗

𝑚

𝑖=1

(4) 192 

where 𝑝𝑖𝑗 =
𝑥𝑖𝑗

∑ 𝑥𝑖𝑗
𝑚
𝑖=1

, 𝑘 =
1

ln 𝑚
. 193 

To calculate the weight of the index 𝑗: 194 

𝑤𝑗 =
1 − 𝑒𝑗

∑ (1 − 𝑒𝑗)𝑛
𝑗=1

(5) 195 

To establish the weighted normalized decision matrix: 196 

𝑍 = (𝑧𝑖𝑗)
𝑚×𝑛

, 𝑧𝑖𝑗 = 𝑤𝑖𝑗 × 𝑟𝑖𝑗 (6) 197 

To determine the ideal solution: 198 

{
𝑧𝑖

+ = max
𝑗

(𝑧𝑖𝑗) (Positive)

𝑧𝑖
− = min

𝑗
(𝑧𝑖𝑗) (Negative)

(7) 199 

To calculate the comprehensive index:  200 

𝑄𝑖
+ = √∑(𝑧𝑖

+ − 𝑧𝑖𝑗)
2

𝑚

𝑖=1

，𝑄𝑖
− = √∑(𝑧𝑖

− − 𝑧𝑖𝑗)
2

𝑚

𝑖=1

(8) 201 

𝑌𝑖 =
𝑄𝑖

−

𝑄𝑖
+ + 𝑄𝑖

− (9) 202 

where the higher 𝑌𝑖 is, the better the city is. 203 

2.2.2 SBM model 204 

We use SBM model to measure urban resilience efficiency (RE index). DEA is a sophisticated 205 

approach for estimating productive efficiency of a system (Charnes et al.,1978). The traditional DEA 206 

ignores the input excesses and output shortages (called slacks) in a Decision-Making Unit (DMU), 207 

and does not consider the significant influence of undesirable outputs on the efficiency of the DMU. 208 

As such, SBM model was proposed by (Tone, 2001) to avoid potential errors caused by slacks and 209 

undesirable outputs. In contrast to the traditional model, it can better reflect the real efficiency of 210 

the evaluation object. 211 

ρ = min

1 −
1
𝑁

∑
𝑆𝑛

𝑥

𝑥𝑘′𝑛
′

𝑁
𝑛=1

1 +
1

𝑀 + 𝐼 (∑
𝑆𝑚

𝑦

𝑦𝑘′𝑚
𝑡′

𝑀
𝑚=1 + ∑

𝑆𝑖
𝑏

𝑏𝑘′𝑖
𝑡′

𝐼
𝑖=1 )

(10) 212 

𝑠. 𝑡. ∑ ∑ 𝑧𝑘
𝑡𝑥𝑘𝑛

𝑡 + 𝑆𝑚
𝑦

= 𝑥𝑘′𝑛
𝑡′

𝐾

𝑘=1

𝑇

𝑡=1

 213 
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          ∑ ∑ 𝑧𝑘
𝑡𝑦𝑘𝑚

𝑡 − 𝑆𝑚
𝑦

= 𝑦𝑘′𝑚
𝑡′

𝐾

𝑘=1

𝑇

𝑡=1

 (11) 214 

  ∑ ∑ 𝑧𝑘
𝑡𝑏𝑘𝑖

𝑡 + 𝑆𝑖
𝑏 = 𝑏𝑘′𝑖

𝑡′

𝐾

𝑘=1

𝑇

𝑡=1

  215 

𝑧𝑘
𝑡 ≥ 0, 𝑆𝑛

𝑥 ≥ 0, 𝑆𝑚
𝑦

≥ 0, 𝑆𝑖
𝑏 ≥ 0, (𝑘 = 1, ⋯ , 𝐾) 216 

where ρ  refers to RE index, 𝑁, 𝑀, 𝐼  are the numbers of the input resource elements, desirable 217 
outputs, and undesirable outputs (since the negative indicator has been processed, as in Eq. (3), the 218 

undesired output is not set) respectively.  𝑆𝑛
𝑥、𝑆𝑚

𝑦、𝑆𝑖
𝑏 refer to slack vectors of input, desirable and 219 

undesirable outputs respectively.  𝑥𝑘′𝑛
′ 、𝑦𝑘′𝑚

𝑡′
、𝑏𝑘′𝑖

𝑡′
 refer to the outputs of DMUs 𝑘′ at period 𝑡′.  220 

𝑧𝑘
𝑡  stands for the weight of DMUs. The target function ρ is decreasing with respect to 𝑆𝑛

𝑥、𝑆𝑚
𝑦、𝑆𝑖

𝑏 221 
monotonically, taking values in the range of (0,1]. If ρ = 1, the DMU is SBM-efficient. If ρ < 1, 222 
the DMU is inefficient. 223 

2.2.3 GWR model 224 

GWR is an improved spatial linear regression model based on spatial non-stationary data. It 225 

offers an effective and reliable way for analyzing non-stationary spatial characteristics. GWR model 226 

gives the fitting coefficients of a local model based on the function variable coefficient of each 227 

geographical location and perform a parameter estimation on studied factors. Therefore, GWR is 228 

widely adopted to address spatial heterogeneity issue across geography (Li et al., 2010; D. Wu, 229 

2020). 230 

𝑦𝑖 = 𝛽0(𝑢𝑖，𝑣𝑖) + ∑ 𝛽𝑘(𝑢𝑖，𝑣𝑖)𝑥𝑖𝑘 +

𝑘

𝑖=1

𝜃𝑖 (12) 231 

where 𝑦𝑖 represents the observed value，(𝑢𝑖，𝑣𝑖) represents the coordinates of sample 𝑖; 𝛽0(𝑢𝑖，232 

𝑣𝑖)  represents the regression constant of sample 𝑖 ; 𝛽𝑘(𝑢𝑖，𝑣𝑖)  is the regression coefficient of  233 

variable 𝑘  at sample 𝑖 , 𝑘  refers to the number of independent variables; 𝑥𝑖𝑘  is the value of 𝑥𝑘  at 234 

sample 𝑖; 𝜃𝑖 is a random error coefficient. 235 

𝛽𝑘(𝑢𝑖，𝑣𝑖) is assessed by the weight matrix and Ordinary Least Squares Regression, and the 236 

formula is as follows: 237 

𝛽(𝑢𝑖，𝑣𝑖) = [𝑋𝑇𝑊(𝑢𝑖，𝑣𝑖)𝑋]
−1

𝑋𝑇𝑊(𝑢𝑖，𝑣𝑖)𝑌 (13) 238 

where 𝛽 is the estimated value of 𝛽, 𝑊 is spatial weights matrix. The selection of spatial weight 239 

function is crucial to the accurate estimation of model parameters. Gauss function is most commonly 240 

used among the weight functions and its function formula is: 241 

𝑊𝑖𝑗 = 𝑒𝑥𝑝 (−
𝑑𝑖𝑗

2

𝑏2
) (14) 242 

where 𝑑𝑖𝑗 refers to the Euclidean distance between 𝑖 and 𝑗, 𝑏 stands for the bandwidth. 243 

2.3 Data and indicators 244 

Firstly, using the entropy weight-TOPSIS method, input and output indicators were integrated 245 

into two indexes: a resource consumption index (RC) and an urban resilience index (UR). Secondly, 246 

selecting input indicators and UR index as output indicators, we undertook an evaluation of urban 247 
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resilience efficiency (RE) using an SBM model and capture the spatiotemporal characteristics of 248 

126 cities in YREB by applying exploratory spatial data analysis methods (Fig. 2). Thus, we 249 

explored the relationship between resource consumption and urban resilience through these three 250 

indexes: RC, UR, and RE. Finally, the GWR model was employed to investigate the influencing 251 

factors on RE with input indicators selected as independent variables and UR index as the dependent 252 

variable. 253 

2.3.1 Input indicators 254 

In the literature related to resilience efficiency, capital, labor force, energy resource, water 255 

resource, and land resource are the input elements that are widely adopted (Oh, 2010; Chiu et al., 256 

2012; Ren et al., 2018). Further, as the investment in technology and education is crucial to the 257 

resilience of a city (Peng et al., 2021; Mou et al., 2021), we took technology input and education 258 

input into consideration. As for input indicators (Fig. 2), total electricity consumption, total quantity 259 

of water supply, area of construction land, fixed asset investment, number of employed persons in 260 

urban non-private units (NEPUNU), S&T expenditure, and education expenditure were selected to 261 

represent the above elements, respectively (Zhou et al., 2018; Huang et al., 2018). 262 

2.3.2 Output indicators 263 

We considered the urban resilience index (UR) as desirable outputs. The concept of urban 264 

resilience refers to the ability of a city to recover from disturbances. In a review of studies 265 

surrounding urban resilience assessment, we found that it is necessary to understand the properties 266 

and dimensions of urban resilience, which is closely related to the further selection of indicators. 267 

According to several systematic reviews of urban resilience (Sharifi & Yamagata, 2016; Meerow et 268 

al., 2016; X Sanchez et al., 2018; Peng et al., 2021), the most suggested dimensions are economic 269 

resilience, social resilience, infrastructure resilience, and ecological resilience. Specifically, (1) 270 

Economic resilience focuses on strong economic scale, diversified economic structure, and 271 

innovation-driven economic model, so as to enhance city’s ability to deal with external economic 272 

turmoil (Simmie and Martin 2010; Spaans and Waterhout 2017). Therefore, indicators were selected 273 

considering three subdimensions: economic growth, economic structure, and economic vitality. 274 

Economic growth reflects the strength and stability of a city, which can provide basic support to 275 

resist or absorb the impacts resulting from economic crisis. Economic structure emphasizes multiple 276 

rather than single structure, which helps to maintain the functionally economic elements to adapt to 277 

different risks. Economic vitality provides power for economic innovation. (2) Social resilience 278 

aims to improve the ability of urban communities to reduce the uncertainty caused by demographic, 279 

political, and environmental changes (Allan and Bryant 2012; Adger 2016). Social equity and social 280 

service guarantee were taken into account when measuring social resilience with paying attention 281 

to the integration and exchange of social resources across the city. (3) The purpose of infrastructure 282 

resilience is to make urban infrastructure show characteristics of sufficient, redundant, and 283 

diversified through reasonable construction and planning, reducing the vulnerability of 284 

infrastructure to sudden disasters such as earthquakes, hurricanes, and floods (McDaniels et al. 2008; 285 

Heinimann et al. 2017). Thus, this dimension includes ICT infrastructure and disaster prevention to 286 

measure the robustness and redundancy of critical infrastructure. (4) Ecological resilience is related 287 

to the quality and capacity of urban ecosystems, together with the pressure from environmental 288 

pollution, resource scarcity, and climate change (Alberti and Marzluff 2004; Pickett et al. 2014). 289 
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Multifunctional blue and green spaces in the city promotes robustness and adaptation which are 290 

vital for attacks resisting and absorbing. Hence, indicators selection mainly emphasizes livable 291 

environment, environmental pollution, and ecological carrying capacity. As for the indicators, we 292 

selected indicators that can transform dimensions of urban resilience into a measurable property. 293 

Considering the data correlation as well as data availability, a final 29 indicators covered in the four 294 

dimensions were selected for UR index (Fig. 2). 295 

 296 

Fig. 2. Input and output indicators 297 

2.3.3 Data sources 298 

We collected data on the above indicators for 126 cities in the YREB of 2008, 2012, and 2017, 299 

among which, the data for input indicators were collected from the China City Statistical Yearbook 300 

and China Urban Construction Statistical Yearbook, and the data for output indicators were collected 301 

from China City Statistical Yearbook, China Urban Construction Statistical Yearbook, and the 302 

statistical bulletins of national economic and social development of each city. As Shennongjia, 303 

Tianmen, Xiantao, and Qianjiang cannot provide relevant data, they were not selected as sample 304 

cities. 305 
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3. Results 306 

Based on the values of the RC, UR, and RE in 2017, the 126 assessed cities were classified 307 

into five groups using the natural breaks method (Jenks). In order to make the classification 308 

standards of the selected three years on urban resilience efficiency consistent, we processed the 309 

results of the other two years according to the classification of 2017, as illustrated in Fig. 3, Fig. 4, 310 

and Fig. 6. ARCGIS10.2 was used for all the visualization of the results in this paper. 311 

 312 

 313 

Fig. 3. Resource consumption distribution in the YREB 314 

 315 

 316 

Fig. 4. Urban resilience distribution in the YREB 317 

3.1 The spatiotemporal characteristics of resilience efficiency 318 

3.1.1 The temporal evolution characteristics 319 
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In 2008, 2012, and 2017, the mean RE values were 0.3149, 0.2906, and 0.1625, presenting a 320 

steady decline trend. Furthermore, the mean values of the upper, middle and downstream regions 321 

decreased from 0.4050, 0.2931, and 0.2292 in 2008 to 0.2356, 0.1194, and 0.1158 in 2017, from 322 

which we can infer that the RE values dropped both at a global or local level. According to the 323 

classification of RE index in these three periods (Table 1), we can see that: (1) the numbers of cities 324 

in the range of 0.00~0.09 were 5, 4, and 57 respectively, and their proportion of the total sharply 325 

increased  4% in 2008 to 45% in 2017; (2) the numbers of cities in the range of 0.10~0.17 were 35, 326 

42 and 43, accounting for 28%, 33% and 34% of the total, with a relatively small change range; (3) 327 

the numbers of cities in the range of 0.18~0.31 were 46, 45 and 17, accounting for 37%, 36% and 328 

13% of the total, presenting a steeply decline; (4) the numbers of cities between 0.32 and 0.46 was 329 

17, 16 and 3, accounting for 13%, 13% and 2% of the total, showing a sharply downward trend; (5) 330 

the numbers of cities in the range of 0.47~1.00 were 23, 19, and 6 respectively, accounting for 18%, 331 

15%, and 5% of the total, also showing an obvious change range. It can be seen in Table 1 that there 332 

were few cities with RE values of 1, and the numbers of low-value cities with RE values below 0.17 333 

increased rapidly, while the numbers of high-value cities showed a trend of rapid loss. Moreover, 334 

by calculating the rank-size distribution of RE index of 126 cities (Fig. 5), we found that the absolute 335 

value of the slope coefficient of the rank-size distribution increased from 0.6551 in 2008 to 0.7492 336 

in 2017, indicating that the hierarchical gaps among high-value, medium-value, and low-value cities 337 

are further enlarged, together with a rising trend of unbalanced spatial distribution on resilience 338 

efficiency.  339 

Table 1 340 

Hierarchical division of urban resilience efficiency 341 
Hierarchy 0.00~0.09 0.10~0.17 0.18~0.31 0.32~0.46 0.47~1.00 

Number 

of cities 

2008 5 35 46 17 23 

2012 4 42 45 16 19 

2017 57 43 17 3 6 

 342 

   343 
Fig. 5. Double logarithm fitting of rank-size distribution of resilience efficiency in the YREB 344 

3.1.2 The spatial distribution characteristics 345 

The spatial distribution pattern of RE index in the YREB changed from obvious urban 346 

agglomeration to single city isolation, and from relatively balanced spatial distribution to an 347 

unbalanced pattern. Further, the mean RE value in the upstream region ranked first, the midstream 348 

regions ranked second, and the downstream regions ranked last, decreasing from west to east. Fig.6 349 

is quite revealing in several ways. Firstly,  the cities with low RE values below 0.17 are mainly 350 

provincial capitals, municipalities, and their neighboring cities. These cities always have a high level 351 

of economy and urbanization, which is the agglomeration clusters of resource consumption. We can 352 

see that their resilience efficiency is relatively low due to the large gap between resource input level 353 

and urban resilience output. Secondly, the cities with median RE values ranging from 0.18 to 0.31 354 

are mainly distributed in the west of the upstream regions, the periphery of the midstream regions, 355 
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and the northwest of the downstream regions. These cities are comparatively far away from the 356 

regional core cities and have a low scale of economic development. As a result, they presented a 357 

certain level of resilience due to less resource consumption, thus, showing a low RE value. Thirdly, 358 

the cities with high RE index values above 0.31 are mainly distributed in the western part of the 359 

upstream, midstream, and downstream regions. Most of them are located around the region, with 360 

limited exposure to the radiation from regional core cites and a low level of industrialization. 361 

However, thanks to the excellent ecological environment, these cities had shown higher urban 362 

resilience with little resource input. Therefore, the coordinated relationship between resource 363 

consumption and urban resilience leads to a high RE value in these cities. 364 

 365 

 366 

Fig. 6. Resilience efficiency distribution in the YREB 367 

3.1.3 The spatial correlation characteristics 368 

we applied Global and Local Moran's I to examine the spatial heterogeneity of resilience 369 

efficiency. The global Moran's I values of RE index in 2008, 2012, and 2017 were 0.256, 0.275, and 370 

0.337 respectively with the significance level test of 5%(Fig. 8), indicating a relatively positive 371 

spatial autocorrelation, together with an upward trend of homogenous spatial agglomeration. 372 

Apparently, cities distributed in quadrants High- High and Low-Low were the majority, suggesting 373 

that a decreasing disparity in RE between one city and its neighbors. From the results of Local 374 

Moran’s I (Fig. 7), we can see that the upstream, midstream, and downstream regions showed 375 

diversified types of spatial agglomeration. Spatially, the upstream regions were dominated by High- 376 

High and Low-High clusters, the High- High clusters generally appeared in Garze, Diqing, Nujiang, 377 

Lijiang, and Baoshan, and the Low-High clusters were located in Chengdu and Liangshan; The 378 

midstream regions mainly showed Low-Low clusters, and the areas of that presented an expanding 379 

trend. By 2017, the clusters were situated in the west and east of Hubei Province and the south and 380 

north of Hunan Province. The Low-Low clusters appeared in the downstream regions with most of 381 

the cities located in Jiangsu Province. Further, the numbers of Low-Low clusters gradually declined, 382 

from 14 cities in 2008 to 3 cities in 2017. 383 
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 384 

 385 
Fig. 7. Local Moran’s I clusters of RE 386 

 387 
Fig. 8. Moran scatterplots of RE 388 

3.2 Influencing factors on resilience efficiency 389 

Based on GWR4.0.9 software for geographically weighted regression analysis, we took RC as 390 

independent variable and UR as dependent variable to reveal the relationship between resource 391 

consumption and urban resilience, which determines RE. The purpose of doing so is to provide 392 

mechanism analysis and optimization strategies for RE from the perspective of input and output 393 

according to the results. Thus, as mentioned above, the RC indicators, including total electricity 394 

consumption, total quantity of water supply, area of construction land, fixed asset investment, 395 

NEPUNU, S&T expenditure, and education expenditure were selected as independent variables and 396 

UR index as the dependent variable. From Table 2 to Table 4, we can see that the R sqaure values 397 

of GWR model in 2008, 2012, and 2017 were 0.9226, 0.9185, and 0.8968 respectively, which were 398 

higher than the OLS models. Moreover, the AICc value was significantly smaller in contrast to the 399 

OLS model with their difference more than 3, suggesting a statistically better fit. 400 

 401 

Table 2 402 

The regression coefficients of GWR model in 2008 403 

Variables 
Significance

（%） 
The coefficient of interval Mean of coefficient 
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Intercept 100 0.0632~ 0.1045 0.0832 

Total electricity consumption 35.71 -0.5526~ 1.0311 0.3733 

Total quantity of water supply 53.17 -0.5433~ 3.0086 1.6855 

Area of construction land 3.97 0.2238~ 0.2721 0.2506 

Fixed asset investment 48.41 0.2545~ 0.5458 0.3648 

NEPUNU 34.92 -0.5662~ 0.4847 0.3180 
S&T expenditure 48.41 0.4743~ 3.0550 1.6212 

Education expenditure 77.78 -1.2679~ -0.5218 -0.8599 

Local R2 0.8108~ 0.9482 

R2 0.9226 

Adjust R2 0.8890 

AICc -464.2944 

 404 

Table 3 405 

The regression coefficients of GWR model in 2012 406 
Variables Significance（%） The coefficient of interval Mean of coefficient 

Intercept 100 0.0662~ 0.1220 0.0880 

Total electricity consumption 37.30 0.5796~ 0.9963 0.7807 
Total quantity of water supply 37.30 0.6448~ 2.7584 1.8577 

Area of construction land 13.49 -0.4158~ -0.3296 -0.3718 

Fixed asset investment 48.41 -0.6000~ 0.6394 0.2958 

NEPUNU 34.13 0.3365~ 0.5391 0.4371 

S&T expenditure 28.57 1.0341~ 1.9655 1.4034 

Education expenditure 51.59 -0.8446~ -0.4427 -0.7087 

Local R2 0.7974~0.9599 

R2 0.9185 
Adjust R2 0.8838 

AICc -464.9874 

 407 

Table 4 408 

The regression coefficients of GWR model in 2017 409 
Variables Significance（%） The coefficient of interval Mean of coefficient 

Intercept 100 0.0817~ 0.1434 0.1132 

Total electricity consumption 41.27 0.2797~ 0.4292 0.3087 

Total quantity of water supply 30.16 1.6085~ 4.5834 3.1027 

Area of construction land 50.00 -1.5467~ 1.0244 -0.1160 

Fixed asset investment 12.70 -0.6922~ -0.3715 -0.5519 

NEPUNU 31.75 -0.6654~ 0.1865 -0.4361 

S&T expenditure 32.54 1.4098~ 2.9907 2.4998 

Education expenditure 28.57 -0.4614~ 0.4484 -0.2860 

Local R2 0.7056~0.9515 

R2 0.8968 

Adjust R2 0.8617 
AICc -457.1438 

Notes: The values of regression coefficients in the above Tables are those that pass the 5% significance level test. 410 

 411 

a. Total electricity consumption 412 
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 413 
b. Total quantity of water supply                                       c. Area of construction land 414 

 415 

d. Fixed asset investment                                                         e. NEPUNU  416 

 417 

f. S&T expenditure                                                              g. Education expenditure  418 

Fig. 9. Regression coefficients distribution of GWR model in 2008  419 

 420 

a. Total electricity consumption 421 
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 422 

b. Total quantity of water supply                                       c. Area of construction land 423 

 424 
                       d. Fixed asset investment                                                         e. NEPUNU 425 

 426 

f. S&T expenditure                                                              g. Education expenditure  427 

Fig. 10. Regression coefficients distribution of GWR model in 2012 428 

  429 

a. Total electricity consumption 430 
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  431 
b. Total quantity of water supply                                       c. Area of construction land 432 

  433 
                           d. Fixed asset investment                                                         e. NEPUNU 434 

  435 

f. S&T expenditure                                                              g. Education expenditure  436 

Fig. 11. Regression coefficients distribution of GWR model in 2017 437 

Notes: The values of regression coefficients in Fig.9 to Fig. 11 are those that pass the 5% significance level test. 438 

3.2.1 Overall influencing factors of the YREB 439 

We used t value to test the significance of the regression coefficients of each city, and regarded 440 

the indicators with significance proportion over 40% as influencing factors with certain explanatory 441 

power (Fig.8 to Fig.10). Among the significant unit, the tables above showed some main results. 442 

Firstly, in 2008, the average regression coefficients of total quantity of water supply, fixed asset 443 

investment, and S&T expenditure were 1.6855, 0.3648, and 1.6212 respectively, suggesting that 444 

these three variables were the main factors affecting urban resilience, and had a significant positive 445 

correlation with urban resilience. Among them, total quantity of water supply and S&T expenditure 446 

had the strongest effects, followed by fixed asset investment. Secondly, in 2012, the significant 447 

proportions of total quantity of water supply and S&T expenditure were 37.3% and 28.57%, falling 448 

below 40%, indicating insufficient explanatory power for urban resilience, while fixed asset 449 

investment was the main driving factor. Further, the mean regression coefficient of fixed asset 450 



18 

 

investment decreased from 0.3648 in 2008 to 0.2958 in 2012, revealing that the positive promotion 451 

effect of fixed asset investment on urban resilience had shown a gradual downward trend. Thirdly, 452 

in 2017, total electricity consumption and area of construction land were considered as two main 453 

influencing factors on urban resilience. Among them, total electricity consumption had a positive 454 

effect on urban resilience, while the other one showed a negative correlation with that. Their average 455 

regression coefficients were 0.3087 and -0.1160 respectively. 456 

In general, the overall influencing factors of urban resilience in the YREB had changed from 457 

total quantity of water supply, fixed asset investment, and S&T expenditure in 2008 to total 458 

electricity consumption and area of construction land in 2017, showing a trend from a multiple 459 

dominance of resources and capital factors to the single dominance of resource factors. Interestingly, 460 

we found that S&T expenditure does not show a strong positive promoting effect on urban resilience. 461 

As a result, it can be seen that the efficient use of resources as well as the intensive development of 462 

land significantly affect the improvement of resilience efficiency. 463 

3.2.2 Local influencing factors of the YREB 464 

We made statistical analysis on the significance proportion and regression coefficient of the 465 

upstream, middle and downstream cities, and the results presented remarkable regional 466 

differentiation characteristics. (1) Urban resilience was continuously affected by total quantity of 467 

water supply and S&T expenditure in the upstream regions with a high degree of positive correlation, 468 

and the mean value of their regression coefficient showed a gradually increasing trend (Table.5). 469 

While area of construction land and education expenditure presented a weak negative correlation 470 

with urban resilience index. (2) The influencing factors in the midstream regions were relatively 471 

single. In 2008, the main driving factor was fixed asset investment, and its average regression 472 

coefficient reached 0.4623; By 2017, as shown that the development of urban resilience is highly 473 

dependent on the scale of land use with its mean regression coefficient of 0.7244 among the 474 

significant units, which means that the improvement of resilience of most midstream cities was still 475 

closely related to the extensive use of land. (3) The influencing factors in downstream regions have 476 

changed from diversification to simplification. In 2008, total electricity consumption, S&T 477 

expenditure, NEPUNU, and fixed asset investment were the main influencing factors on urban 478 

resilience. According to their average regression coefficients, total electricity consumption and S&T 479 

expenditure had the strongest influence, followed by NEPUNU and fixed asset investment. In 2012, 480 

the influence of S&T expenditure became weaker, and the dominant factors were total electricity 481 

consumption, fixed asset investment, and NEPUNU. The average regression coefficients of these 482 

three factors showed an increasing trend. In 2017, the influencing factors of the downstream regions 483 

were gradually becoming single, and total electricity consumption became the main driving factor. 484 

For the cities in downstream regions, area of construction land and education expenditure had a 485 

strong inhibiting effect on urban resilience. 486 

Table 5 487 

Statistics on the mean values of regression coefficients of influencing factors 488 

 2008 2012 2017 

 Upstrea

m 

Midstrea

m 

Downstr

eam 
Upstream 

Mids

trea

m 

Downstr

eam 

Upstrea

m 

Midstre

am 

Downst

ream 

Total electricity 

consumption 
—— —— 0.7533 —— —— 0.7672 —— —— 0.2919 

Total quantity of water 

supply 
2.3332 —— —— 1.9107 —— —— 3.1027 —— —— 
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Area of construction 

land 
—— —— —— —— —— -0.3718 -1.1311 0.7244 —— 

Fixed asset investment —— 0.4623 0.3137 —— —— 0.5030 —— —— —— 

NEPUNU —— —— 0.4292 —— —— 0.4418 -0.4344 —— —— 

S&T expenditure 2.3079 —— 0.5761 1.4011 —— —— 2.4998 —— —— 

Education expenditure -0.7215 -0.7870 -1.0205 -0.6887 —— -0.7390 —— —— -0.3847 

Notes: "--" indicates that the significance proportion of influencing factors in this kind of cities is less than 40%. 489 

The values of regression coefficients in the above Table are those that have passed the 5% significance level test; 490 

There are 48 cities in the upstream region, 37 cities in the midstream region, and 41 cities in the downstream region. 491 

4. Discussion and policy implications 492 

The results of this study indicated that, with the increase of RC and UR index in the YREB, 493 

the RE index was found to show a gradual decline in the past decade. This finding supports the work 494 

of other studies in this area linking resource consumption and urban development. Several previous 495 

studies have shown that the efficiency of land use and ecosystem was low or not very high, 496 

presenting significantly regional differences which is related to city size and economic development 497 

(Yu et al. 2019; Zhang et al. 2019b). A possible explanation for this result may be the extensive 498 

resource utilization mode and the pursuit of GDP growth (Zhou et al. 2018), which has overlooked 499 

the optimization of economic structure, the fairness of social welfare, and the protection of 500 

environment. Specifically, cities in the upstream regions are mostly located in mountainous areas, 501 

with generally a low level of economies and community service. Their industrial structure is 502 

generally dominated by agriculture, accompanying relatively weak secondary and tertiary industries. 503 

Since 2006, the Communist Party of China (CPC) Central Committee and the State Council had 504 

released a series of policies on boosting the rise of the central region, such as Several Opinions on 505 

Promoting the Rising of the Central Region of China (2006), Several Opinions on Implementing the 506 

Plan for Promoting the Rise of the Central Region (2012), and Plan on the Rise of Central China 507 

2016-2025 (2016). Under these policies, Hubei, Hunan, and Jiangxi province, as a connection 508 

linking the east and the west, has made efforts to reach the goal of modern equipment manufacturing 509 

and high-tech industrial base. Consequently, the middle reaches of the YREB became an industrial 510 

cluster area of equipment manufacturing, petrochemical industry, aviation, and metallurgy, of which 511 

required huge land utilization, resource consumption and resulted in damage to urban ecosystem. 512 

Due to the advantages of developed economy, convenient transportation, and strong industry, the 513 

downstream regions had formed Yangtze River Delta urban agglomeration with global influence 514 

and economic vitality. Rapid industrialization has driven the resources and labor to gather in the 515 

core cities such as Shanghai, Hangzhou, Suzhou, and Ningbo, which has brought about faster and 516 

lager economic growth as well as increasing resource demand and environmental damage. These 517 

factors may be the explanation for continuous decline of RE. Fortunately, since the release of the 518 

Guidelines for Development Along the Yangtze Economic Belt (2016), China has put forward the 519 

development goal of “to step up conservation of the Yangtze River and stop its overdevelopment”. 520 

The implementation of a series of measures, such as shutting down chemical enterprises along the 521 

river, restoring the ecology of the riverbank, and adding public recreational green space, had 522 

effectively alleviated the ecological problems in the cities along the Yangtze River.  523 

We found that main influencing factors had changed from total quantity of water supply, fixed 524 
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asset investment, and S&T expenditure to total electricity consumption and area of construction 525 

land during the past decade, which means that energy and land elements play a more sensitive and 526 

leading role on promoting urban resilience. This finding is partly in consistent with the results of 527 

other earlier studies (Wu et al. 2017). The trend of influencing factors showed a relationship with 528 

the policy guidance and development path of the YREB. After the outbreak of the global financial 529 

crisis in 2008, China adopted a series of measures such as industrial revitalization, economic 530 

restructuring, and increased investment to keep economic stability and boost domestic demand. 531 

Thus, financial investment and S&T innovation played an important role in economic recovery. It 532 

is probably the reason that fixed asset investment and S&T expenditure present more sensitive in 533 

promoting urban resilience at the beginning of the study period. In 2014, National New-type 534 

Urbanization Plan (2014~2020) was released to promote the quality and standard of urbanization, 535 

together with the YREB put forward as a region for national strategic development in China, 536 

resulting in rapid urbanization and industrialization of the cites along the Yangtze River. This may 537 

contribute to the dependence on energy and land elements for urban resilience.  538 

These findings provide important implications for sustainable development. In terms of inputs, 539 

it is necessary to accelerate the structural optimization of both energy production and energy 540 

consumption by upgrading new technologies. Meanwhile, strict control and management on the 541 

scale of new urban construction land should be carried out to avoid the low utilization of land. It is 542 

clear that more attention should be paid to the relationship between the actual demand for 543 

construction land and population size, ecological protection, and industrial development. In terms 544 

of outputs, urban resilience is a complex concept which integrates urban economy, society, ecology, 545 

infrastructure, and management. Further, regarding the concept itself, urban resilience is not simply 546 

decided by single dimension. Thus, we have to consider a comprehensive strategy for improving 547 

urban resilience rather than partial optimization of its subsystems. For example, we should continue 548 

to promote the improvement of the economic structure, the optimization of the social security 549 

mechanism, and the efficient planning of urban infrastructures. 550 

In addition, this paper explored the regional differences of the influencing factors in YREB, 551 

which is helpful for the dedicated practical action of resilience efficiency of the upstream, midstream, 552 

and downstream cities. (1) The results unravel that total quantity of water supply and S&T 553 

expenditure had a significant positive effect on urban resilience. Taking into account the fact that 554 

the upstream area is an important water source protection and ecological conservation land due to 555 

its unique natural resource endowment, more attention should be paid to the protection of aquatic 556 

ecology and water security in the river basin. On this basis, the government should actively develop 557 

industries such as mountain tourism, health preservation, and high-efficiency agriculture in order to 558 

tap the potential space for resource utilization. Also, some measures, such as improving the 559 

allocation of scientific and technological resources, completing the transformation mechanism of 560 

achievements, must be implemented to increase the efficiency of scientific and technological 561 

innovation. Externally, the upstream cities can further take advantage of the driving effect of the 562 

industrial chain in the midstream and downstream regions. Internally, it is essentially necessary to 563 

continue optimizing the allocation of capital, labor, technology, and other elements in the upstream 564 

regions. (2) According to our analysis of the influencing factors, we found that the area of 565 

construction land correlated positively with the urban resilience of the midstream cities. In other 566 

words, the development of urban resilience in the midstream regions still heavily depends on the 567 

booming expansion of construction land and the local fiscal revenue generated from land transfer. 568 
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Therefore, cities in the middle reaches of YREB could improve the efficiency of land use through 569 

measures such as reducing the cost of resources and environment, changing the way of land use, 570 

and promoting the reform of industrial technology on the basis of maintaining a steady increase in 571 

the urbanization rate. (3) In the downstream regions, the spillover effect of core cities and the 572 

industrial cooperation between general cities are constantly strengthened. According to the 573 

spatiotemporal distribution of the RC index (Fig. 3), not only the UR index but also the RC index 574 

presented a trend of agglomeration and spread. Total electricity consumption was found to 575 

significantly impact on urban resilience in the downstream regions at the end of the study period. 576 

Therefore, optimizing energy utilization efficiency through the adjustment of the industrial structure 577 

in urban agglomeration is the key to improve urban resilience efficiency in downstream regions. 578 

To develop a full picture of comprehensive study on urban resilience, further research should 579 

be undertaken to investigate the coupling relationship among inner dimensions of urban resilience, 580 

which will help to explore the mutual promotion or inhibition of economic, social, engineering, and 581 

ecological efficiency. Besides, it is a pity that, in order to investigate the performance of urban 582 

resilience efficiency in the past decade after the global economic crisis in 2008, this paper takes the 583 

year of 2008 as a starting point of study period and selects three years instead of continuous 584 

longitudinal data of ten years to track the evolutionary trend due to the limitation of data collection, 585 

which limited our more refined analysis to a certain extent. Finally, further research needs to expand 586 

the size of the sample cities and provide an overall profile on the performance of urban resilience 587 

of the whole country at a city level. 588 

5. Conclusion 589 

The findings from this study mentioned previously make contribution to the current literature 590 

and put forward a series of targeted policy implications for the YREB. Main findings are as follows: 591 

(1) Both the RC index and the UR index presented an upward trend, and their spatial distribution 592 

characteristics were similar, showing a gradual decrease from the eastern coastal cities to the central 593 

and western inland cities. (2) we found that the RE index gradually decreased, and the hierarchy 594 

gap between cities continued to increase. Different from the RC and UR index, the RE index showed 595 

a spatial characteristic of gradually decreasing from west to east, and its spatial aggregation pattern 596 

changed from equilibrium to disequilibrium. Combined with spatial autocorrelation analysis, 597 

findings revealed that RE index presented a strong spatial positive correlation, and the 598 

agglomeration of the homogenous spatial unit showed a gradually increasing trend. (3) In terms of 599 

driving factors, the results of GWR showed that the influencing factors of urban resilience have 600 

changed from multiple dominance of resources and capital factors to the single dominance of 601 

resource factors. By the end of the study period, total electricity consumption and area of 602 

construction land had a significant impact on the development of urban resilience. Furthermore, we 603 

found that total quantity of water supply and S&T expenditure have always been the main driving 604 

factors for cities in the upstream regions. While the midstream regions mainly depended on the scale 605 

of construction land. As to the downstream regions, the influencing factors have changed from 606 

diversified to single one, and the total electricity consumption has a strong influence.  607 

 608 

Declarations 609 



22 

 

Ethics approval and consent to participate    Not applicable 610 

Consent for publication    Not applicable 611 

Availability of data    All data generated or analysed during this study are included in this published 612 

article. 613 

Competing interests    The authors declare that they have no competing interests. 614 

Funding    This work was supported by the National Natural Science Foundation of China 615 

(51778253). 616 

Authors' contributions    Yingzi Lin: conceptualization, formal analysis, methodology, writing – 617 

original draft, writing – review and editing. Chong Peng: conceptualization, funding acquisition, 618 

writing – review and editing. Jianfeng Shu: methodology. Wei Zhai: writing – review and editing. 619 

Chen Jianquan: writing – review and editing. 620 

 621 

References 622 

Adger WN (2016) Social and ecological resilience: are they related?: 623 

http://dx.doi.org/101191/030913200701540465 24:347–364. 624 

https://doi.org/10.1191/030913200701540465 625 

Alberti M, Marzluff JM (2004) Ecological resilience in urban ecosystems: Linking urban 626 

patterns to human and ecological functions. Urban Ecosystems 2004 7:3 7:241–265. 627 

https://doi.org/10.1023/B:UECO.0000044038.90173.C6 628 

Alberti M, Marzluff JM, Shulenberger E, et al (2003) Integrating Humans into Ecology: 629 

Opportunities and Challenges for Studying Urban Ecosystems. Oxford Academic 630 

Allan P, Bryant M (2012) Resilience as a framework for urbanism and recovery. 631 

http://dx.doi.org/101080/1862603320119723453 6:34–45. 632 

https://doi.org/10.1080/18626033.2011.9723453 633 

Asadzadeh A, Kötter T, Zebardast E (2015) An augmented approach for measurement of 634 

disaster resilience using connective factor analysis and analytic network process (F’ANP) 635 

model. International Journal of Disaster Risk Reduction 14:504–518. 636 

https://doi.org/10.1016/j.ijdrr.2015.10.002 637 

Bastaminia A, Rezaei MR, Dastoorpoor M (2017) Identification and evaluation of the 638 

components and factors affecting social and economic resilience in city of Rudbar, Iran. 639 

International Journal of Disaster Risk Reduction 22:269–280. 640 

https://doi.org/10.1016/j.ijdrr.2017.01.020 641 

Berkes F (2007) Understanding uncertainty and reducing vulnerability: Lessons from 642 

resilience thinking. Natural Hazards 41:283–295. https://doi.org/10.1007/s11069-006-643 

9036-7 644 

Bruneau M, Chang SE, Eguchi RT, et al (2003) A Framework to Quantitatively Assess and 645 

Enhance the Seismic Resilience of Communities. Earthquake Spectra 19:733–752. 646 

https://doi.org/10.1193/1.1623497 647 

Bai L, Xiu C, Feng X, et al (2019). A comprehensive assessment of urban resilience and its 648 

spatial differentiation in China. World Regional Studies 28(06): 77-87. http:// 649 

doi.org/10.3969/j.issn.1004-9479.2019.06.2018403 650 

Chiu CR, Liou JL, Wu PI, Fang CL (2012) Decomposition of the environmental inefficiency 651 

https://doi.org/10.1193/1.1623497


23 

 

of the meta-frontier with undesirable output. Energy Economics 34:1392–1399. 652 

https://doi.org/10.1016/j.eneco.2012.06.003 653 

Charnes, A., Cooper, W. W., & Rhodes, E. (1978). Measuring the efficiency of decision 654 

making units. European Journal of Operational Research, 2(6), 429–444. 655 

https://doi.org/10.1016/0377-2217(78)90138-8 656 

Deng X, Bai X (2014) Sustainable Urbanization in Western China. 657 

https://doi.org/101080/001391572014901836 56:12–24. 658 

https://doi.org/10.1080/00139157.2014.901836 659 

Elmqvist T, Andersson E, Frantzeskaki N, et al Sustainability and resilience for transformation 660 

in the urban century. Nature Sustainability. https://doi.org/10.1038/s41893-019-0250-1 661 

Fang C, Zhou C, Gu C, et al (2017) A proposal for the theoretical analysis of the interactive 662 

coupled effects between urbanization and the eco-environment in mega-urban 663 

agglomerations. Journal of Geographical Sciences 27:1431–1449. 664 

https://doi.org/10.1007/s11442-017-1445-x 665 

Feng X, Xiu C, Bai L, et al (2020) Comprehensive evaluation of urban resilience based on the 666 

perspective of landscape pattern: A case study of Shenyang city. Cities 104:102722. 667 

https://doi.org/10.1016/j.cities.2020.102722 668 

Folke C, Carpenter S, Elmqvist T, et al (2002) Resilience and Sustainable Development: 669 

Building Adaptive Capacity in a World of Transformations. AMBIO: A Journal of the 670 

Human Environment 31:437–440. https://doi.org/10.1579/0044-7447-31.5.437 671 

Fu X, Hopton ME, Wang X (2020) Assessment of green infrastructure performance through 672 

an urban resilience lens. Journal of Cleaner Production 289:125146. 673 

https://doi.org/10.1016/j.jclepro.2020.125146 674 

Godschalk DR (2003) Urban Hazard Mitigation: Creating Resilient Cities. Natural Hazards 675 

Review 4:136–143. https://doi.org/10.1061/(asce)1527-6988(2003)4:3(136) 676 

Heinimann HR, Hatfield K, Heinimann HR, et al (2017) Infrastructure Resilience Assessment, 677 

Management and Governance – State and Perspectives. NATO Science for Peace and 678 

Security Series C: Environmental Security PartF1:147–187. 679 

https://doi.org/10.1007/978-94-024-1123-2_5 680 

Huang J, Xia J, Yu Y, Zhang N (2018) Composite eco-efficiency indicators for China based 681 

on data envelopment analysis. Ecological Indicators 85:674–697. 682 

https://doi.org/10.1016/j.ecolind.2017.10.040 683 

Jin G, Deng X, Zhao X, et al (2018) Spatiotemporal patterns in urbanization efficiency within 684 

the Yangtze River Economic Belt between 2005 and 2014. Journal of Geographical 685 

Sciences 28:1113–1126. https://doi.org/10.1007/s11442-018-1545-2 686 

Khazai B, Anhorn J, Burton CG (2018) Resilience Performance Scorecard: Measuring urban 687 

disaster resilience at multiple levels of geography with case study application to Lalitpur, 688 

Nepal. International Journal of Disaster Risk Reduction 31:604–616. 689 

https://doi.org/10.1016/j.ijdrr.2018.06.012 690 

Kuang W, PROFILE Xinliang xu S, Jia N, et al (2018) Spatiotemporal patterns and 691 

characteristics of land-use change Spatiotemporal patterns and characteristics of land-692 

use change in China during 2010-2015. Article in Journal of Geographical Sciences 693 

2018:547–562. https://doi.org/10.1007/s11442-018-1490-0 694 

Lamichhane S, Eğilmez G, Gedik R, et al (2020) Benchmarking OECD countries’ sustainable 695 

https://doi.org/10.1016/j.eneco.2012.06.003


24 

 

development performance: A goal-specific principal component analysis approach. 696 

Journal of Cleaner Production 287:125040. 697 

https://doi.org/10.1016/j.jclepro.2020.125040 698 

Li S, Zhao Z, Miaomiao X, Wang Y (2010) Investigating spatial non-stationary and scale-699 

dependent relationships between urban surface temperature and environmental factors 700 

using geographically weighted regression. Environmental Modelling and Software 701 

25:1789–1800. https://doi.org/10.1016/j.envsoft.2010.06.011 702 

Liu B, Han S, Gong H, et al (2020) Disaster resilience assessment based on the spatial and 703 

temporal aggregation effects of earthquake-induced hazards. Environmental Science and 704 

Pollution Research 2020 27:23 27:29055–29067. https://doi.org/10.1007/S11356-020-705 

09281-3 706 

Lu Y, Zhai G, Zhou S, Shi Y (2020) Risk reduction through urban spatial resilience: A 707 

theoretical framework. Human and Ecological Risk Assessment: An International 708 

Journal 1–17. https://doi.org/10.1080/10807039.2020.1788918 709 

McDaniels T, Chang S, Cole D, et al (2008) Fostering resilience to extreme events within 710 

infrastructure systems: Characterizing decision contexts for mitigation and adaptation. 711 

Global Environmental Change 18:310–318. 712 

https://doi.org/10.1016/J.GLOENVCHA.2008.03.001 713 

Meerow S, Newell JP (2019) Urban resilience for whom, what, when, where, and why? Urban 714 

Geography 40:309–329. https://doi.org/10.1080/02723638.2016.1206395 715 

Meerow S, Newell JP, Stults M (2016) Defining urban resilience: A review. Landscape and 716 

Urban Planning 147:38–49 717 

Mickwitz P, Melanen M, Rosenström U, Seppälä J (2006) Regional eco-efficiency indicators 718 

– a participatory approach. Journal of Cleaner Production 14:1603–1611. 719 

https://doi.org/10.1016/J.JCLEPRO.2005.05.025 720 

Mou Y, Luo Y, Su Z, et al (2021) Evaluating the dynamic sustainability and resilience of a 721 

hybrid urban system: case of Chengdu, China. Journal of Cleaner Production 291:. 722 

https://doi.org/10.1016/j.jclepro.2020.125719 723 

Oh D hyun (2010) A metafrontier approach for measuring an environmentally sensitive 724 

productivity growth index. Energy Economics 32:146–157. 725 

https://doi.org/10.1016/j.eneco.2009.07.006 726 

Orencio PM, Fujii M (2013) A localized disaster-resilience index to assess coastal 727 

communities based on an analytic hierarchy process (AHP). International Journal of 728 

Disaster Risk Reduction 3:62–75. https://doi.org/10.1016/j.ijdrr.2012.11.006 729 

Ouyang M, Dueñas-Osorio L (2012) Time-dependent resilience assessment and improvement 730 

of urban infrastructure systems. Chaos 22:033122. https://doi.org/10.1063/1.4737204 731 

Pickett STA, McGrath B, Cadenasso ML, Felson AJ (2014) Ecological resilience and resilient 732 

cities. https://doi.org/101080/096132182014850600 42:143–157. 733 

https://doi.org/10.1080/09613218.2014.850600 734 

Peng, C., Lin, Y., Wu, Y., & Peng, Z. (2021). Urban Resilience Evaluation of the Yangtze River 735 

Economic Belt Based on "Cost-Capacity-Efficiency". Resources and Environment in the 736 

Yangtze Basin 30(08):1795-1808. http:// doi.org/10. 11870 /cjlyzyyhj202108002 737 

Qian X, Wang D, Nie R (2021) Assessing urbanization efficiency and its influencing factors 738 

in China based on Super-SBM and geographical detector models. Environmental 739 

https://doi.org/10.1080/09613218.2014.850600


25 

 

Science and Pollution Research 1–15. https://doi.org/10.1007/s11356-021-12763-7 740 

Qin B, Zhang Y (2014) Note on urbanization in China: Urban definitions and census data. 741 

China Economic Review 30:495–502. https://doi.org/10.1016/J.CHIECO.2014.07.008 742 

Ren S, Li X, Yuan B, et al (2018) The effects of three types of environmental regulation on 743 

eco-efficiency: A cross-region analysis in China. Journal of Cleaner Production 744 

173:245–255. https://doi.org/10.1016/j.jclepro.2016.08.113 745 

Ribeiro PJG, Pena Jardim Gonçalves LA (2019) Urban resilience: A conceptual framework. 746 

Sustainable Cities and Society 50 747 

Sharifi A, Yamagata Y (2016) Urban Resilience Assessment: Multiple Dimensions, Criteria, 748 

and Indicators. In: Advanced Sciences and Technologies for Security Applications. 749 

Springer, pp 259–276 750 

Simmie J, Martin R (2010) The economic resilience of regions: towards an evolutionary 751 

approach. Cambridge Journal of Regions, Economy and Society 3:27–43. 752 

https://doi.org/10.1093/CJRES/RSP029 753 

Spaans M, Waterhout B (2017) Building up resilience in cities worldwide – Rotterdam as 754 

participant in the 100 Resilient Cities Programme. Cities 61:109–116. 755 

https://doi.org/10.1016/J.CITIES.2016.05.011 756 

Tone K (2001) Slacks-based measure of efficiency in data envelopment analysis. European 757 

Journal of Operational Research 130:498–509. https://doi.org/10.1016/S0377-758 

2217(99)00407-5 759 

Wang M, Zhao X, Gong Q, Ji Z Measurement of Regional Green Economy Sustainable 760 

Development Ability Based on Entropy Weight-Topsis-Coupling Coordination Degree-761 

A Case Study in Shandong Province, China. https://doi.org/10.3390/su11010280 762 

Wang S, Fang C, Guan X, et al (2014) Urbanisation, energy consumption, and carbon dioxide 763 

emissions in China: A panel data analysis of China’s provinces. Applied Energy 764 

136:738–749. https://doi.org/10.1016/J.APENERGY.2014.09.059 765 

Wang S, Liu H, Pu H, Yang H (2020) Spatial disparity and hierarchical cluster analysis of final 766 

energy consumption in China. Energy 197:117195. 767 

https://doi.org/10.1016/J.ENERGY.2020.117195 768 

Wu C, Wei YD, Huang X, Chen B (2017) Economic transition, spatial development and urban 769 

land use efficiency in the Yangtze River Delta, China. Habitat International 63:67–78. 770 

https://doi.org/10.1016/j.habitatint.2017.03.012 771 

Wu D (2020) Spatially and temporally varying relationships between ecological footprint and 772 

influencing factors in China’s provinces Using Geographically Weighted Regression 773 

(GWR). Journal of Cleaner Production 261:121089. 774 

https://doi.org/10.1016/j.jclepro.2020.121089 775 

X Sanchez A, van der Heijden J, Osmond P (2018) The city politics of an urban age: urban 776 

resilience conceptualisations and policies. Palgrave Communications 4:1–12. 777 

https://doi.org/10.1057/s41599-018-0074-z 778 

Xiao W, Lv X, Zhao Y, et al (2020) Ecological resilience assessment of an arid coal mining 779 

area using index of entropy and linear weighted analysis: A case study of Shendong 780 

Coalfield, China. Ecological Indicators 109:105843. 781 

https://doi.org/10.1016/j.ecolind.2019.105843 782 

Xun X, Yuan Y (2020) Research on the urban resilience evaluation with hybrid multiple 783 



26 

 

attribute TOPSIS method: an example in China. Natural Hazards 103:557–577. 784 

https://doi.org/10.1007/s11069-020-04000-0 785 

Yu B (2021) Ecological effects of new-type urbanization in China. Renewable and Sustainable 786 

Energy Reviews 135:110239. https://doi.org/10.1016/J.RSER.2020.110239 787 

Yu J, Zhou K, Yang S (2019) Land use efficiency and influencing factors of urban 788 

agglomerations in China. Land Use Policy 88:. 789 

https://doi.org/10.1016/j.landusepol.2019.104143 790 

Zhang X, Song J, Peng J, Wu J (2019a) Landslides-oriented urban disaster resilience 791 

assessment—A case study in ShenZhen, China. Science of the Total Environment 792 

661:95–106. https://doi.org/10.1016/j.scitotenv.2018.12.074 793 

Zhang Y, Shen L, Shuai C, et al (2019b) How is the environmental efficiency in the process 794 

of dramatic economic development in the Chinese cities? Ecological Indicators 98:349–795 

362. https://doi.org/10.1016/j.ecolind.2018.11.006 796 

Zhou C, Shi C, Wang S, Zhang G (2018) Estimation of eco-efficiency and its influencing 797 

factors in Guangdong province based on Super-SBM and panel regression models. 798 

Ecological Indicators 86:67–80. https://doi.org/10.1016/j.ecolind.2017.12.011 799 

Zhu S, Li D, Feng H (2019a) Is smart city resilient? Evidence from China. Sustainable Cities 800 

and Society 50:101636. https://doi.org/10.1016/J.SCS.2019.101636 801 

Zhu W, Xu L, Tang L, Xiang X (2019b) Eco-efficiency of the Western Taiwan Straits 802 

Economic Zone: An evaluation based on a novel eco-efficiency model and empirical 803 

analysis of influencing factors. Journal of Cleaner Production 234:638–652. 804 

https://doi.org/10.1016/j.jclepro.2019.06.157 805 

Trends in Urban Resilience 2017 | UN-Habitat. https://unhabitat.org/trends-in-urban-806 

resilience-2017. Accessed 25 Jun 2021 807 

  808 

 809 


