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Abstract

:

The rapid development of the urban network has led to the fact that cities are no longer single individuals, and the network has changed the urban development environment. The interaction between cities has gradually become an important factor for the high-quality development (HQD) of cities. From the perspective of externalities, it is of great significance to explore the impact of agglomeration externalities and network externalities on the HQD of cities to promote the high-quality and sustainable development of the region. Taking the urban agglomeration in the middle reaches of the Yangtze River as an example, this study constructs a theoretical framework to empirically study the influence of agglomeration externalities and network externalities on the HQD of the city. The results show that the integrated network of the urban agglomeration from 2011 to 2020 had a high clustering coefficient and a small average path length with the characteristics of a “small world”. The centrality of urban nodes was hierarchical and had a “pyramid” structure. From 2011 to 2020, the high-quality development level (HQDL) of the urban agglomeration steadily improved and the regional “development gap” gradually narrowed. Wuhan, Changsha, and Nanchang were in a relatively advantageous position in the urban agglomeration. Furthermore, there was a spatial agglomeration effect and a spatial spillover effect in the HQD of urban agglomeration. Network externalities presented difference in different cities, and the influence of agglomeration externalities on HQD presented a u-shaped nonlinear relationship. Network externalities could significantly promote HQD, and the indirect effect of HQD was greater than its direct effect. In addition, factors such as government capacity and level of opening to the outside world also had a significant impact on the HQD of the region.
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1. Introduction


With the development of industrial division and trade globalization, industry has gradually gathered on the geographical space and it has become a common economic geographical phenomenon [1,2] in developing countries and developed countries. As a form of spatial organization, industrial agglomeration can also produce external economy, which will affect the urban development [3], and this effect is considered to agglomerate externalities. In addition, under the background of informatization, globalization, and regional integration trends, the relationship between cities has become increasingly close. “Place space” has been replaced with “flow space”, the network trend of regional spatial relations has grown significantly, the effect of geospatial proximity has been reduced, and the urban network and its spatial spillover effect have significantly influenced the development of cities [4]. As a node in the network space, the development of a city depends more on the interaction and spillover effect between cities than on its own functions and characteristics [5]. Relevant studies have provided that the production efficiency of a city is closely related to its connectivity in the network [6]. By participating in the urban network and co-operating with other cities in the network, cities make use of economies of scale to promote their own development through a “complementary relationship” and “synergistic effect” [7,8,9,10]. As cities become more connected, the importance of “externalities” is gradually highlighted [11,12]. Therefore, it is of great theoretical and practical significance to analyze the impact of agglomeration externalities and network externalities on the high-quality development (HQD) of cities from the perspective of externalities under increasingly close urban connections.



1.1. Urban High-Quality Development


China first proposed HQD at the 19th National Congress of the Communist Party of China in October 2017, calling for more efficient, equitable, open, and sustainable development [13]. Scholars have carried out several exploratory studies on HQD, including its connotation, motivation, and index systems [14,15,16]. It is widely believed that HQD includes five dimensions: innovation, co-ordination, green, opening, and sharing. Among them, the influencing mechanism of HQD is an important research field in urban geography [17]. By analyzing the factors affecting the HQD of cities, it has gradually become a key topic of research to provide scientific reference for the scientific and effective formulation of relevant policies. At present, most of the relevant studies on the influence of HQD focus on the “endogenous power” of cities, ignoring the influence of “external” factors on regional HQD. Currently, with the development of urban integration, there is a relatively obvious external effect of urban spatial connection, and the influence of external factors on urban development must be considered when exploring the driving force of HQD. In addition, urban agglomeration is an important place to promote regional sustainable development [18], so the study of the HQD of urban agglomeration has certain guiding value for urban development [19].




1.2. Agglomeration Externalities and Network Externalities


As a product of the agglomeration of economic entities and their economic activities within a certain geographical space [20], the spatial agglomeration of urban elements generates agglomeration externalities [21], which has obvious spatial spillover effects, and thus has an impact on urban development [22,23]. With the improvement of transportation and technology, cities are becoming more connected, and the agglomeration economy is no longer limited to a specific physical space. Urban networks can cross the geographical space boundary to some extent and expand the spatial flow range of urban elements. Cities in the network can benefit from the interaction with other cities, and the benefit degree is even greater than the size of the city itself [6]. Capello put forward the concept of “network externalities” and believed that externality, as an essential attribute of an urban network, is of great significance for the development of cities and regions [8]. In the urban network, the city realizes sharing, matching, and learning through participating in the urban network and develops its own economy through co-operative activities [9,10]. The borrowing scale effect produced by the co-operation of cities in the network can effectively improve the urban production efficiency [24,25,26]. It was found that the externalities of urban networks can influence urban development [27,28,29], including a positive borrowing scale effect and a negative gathering shadow effect [21,30]. Discussing the relationship between externalities and HQD has become a hot topic in urban geography [31]. Some scholars believed that agglomeration externalities had a more important effect on urban development than network externalities [32,33,34], whereas other scholars thought that network externalities could partly replace agglomeration externalities [4,6,35]. In fact, there is a complementary relationship between agglomeration externalities and network externalities, and they can work together for urban development [28].



To sum up, existing studies have laid a good foundation for analyzing the relationship among agglomeration externalities, network externalities, and HQD. However, most studies on urban network externalities were theoretical, lacking empirical studies. In an urban system, how do agglomeration externalities and network externalities jointly affect HQD, and what is their relative importance? In addition, there have been few empirical studies on the impact of externalities on HQD based on an urban agglomeration scale, and its internal formation mechanism still needs to be further explored. From the perspective of agglomeration externalities and network externalities, it is of great significance to discuss the transmission mechanism of agglomeration externalities affecting HQD. In fact, it is necessary to discuss the influence of agglomeration externalities and network externalities on HQD. Empirical research is more conducive to promoting HQD under the background of regional integration and networks. On this basis, 28 cities at the prefectural level in urban agglomeration of the middle reaches of the Yangtze River from 2011 to 2020 were taken as the research units. On the basis of multisource data, social network analysis and a spatial econometric model were used to examine and explain the relationship among agglomeration externalities, network externalities, and HQD in order to deepen the understanding of the mechanism of HQD and provide a theoretical understanding for HQD.



The research objectives of this paper are as follows: (1) to clarify the influence mechanism of agglomeration externalities and network externalities on HQD; (2) using a spatial econometric model to empirically study how agglomeration externalities and network externalities affect HQD; and (3) to put forward suggestions on promoting the HQD of urban agglomerations, so as to provide reference for regional development plans.



The marginal contributions of this study are mainly reflected in the following points: (1) by constructing a theoretical framework, the theoretical mechanism between agglomeration externalities, network externalities, and HQD is clarified. (2) Using multisource data, an urban integrated network is constructed, which can more accurately reflect the element connections between cities and better measure the externalities of urban networks. (3) On the basis of existing research, the spatial econometric model is used to explore the influence mechanism of agglomeration externalities and network externalities on HQD, as well as to enrich and expand the empirical research on agglomeration externalities, network externalities, and HQD.



The remainder of the article is organized as follows: Section 2 introduces the theoretical framework and research hypothesis. Section 3 describes the study area, data sources, and research methods. Section 4 analyzes the empirical results, including an analysis of the spatiotemporal evolution characteristics of urban networks and HQD and an analysis of the impacts of agglomeration externalities and network externalities on HQD by constructing spatial econometric models. Section 5 discusses the research results, policy recommendations, and future research directions. Section 6 summarizes the content of this article.





2. Theoretical Framework and Research Hypothesis


2.1. Agglomeration Externalities and the Impact of HQD


Agglomeration, as an economic phenomenon, produces environmental effects because of the existence of externalities. Studies have provided that agglomeration externalities play a role in urban development through three mechanisms: resource sharing, element matching, and mutual learning [26]. Many scholars have found that industrial agglomeration has positive environmental externalities [36], the agglomeration of population, enterprises, and other factors in urban space can reduce the cost of inter-regional exchange and provide a powerful driving force for urban development, which has a significantly positive impact on the overall development of the city [37]. However, the influence of agglomeration externalities on urban development is limited by geographical space, and its influence degree decreases with the increase in distance [4]. In addition, some studies believe that, when cities are in different development processes, agglomeration externalities will have different degrees of impact on cities [38]. When a city is in the initial stage of development, agglomeration externalities can have a positive impact. However, the gradual agglomeration of elements in space leads to the increase in agglomeration cost, accompanied by the increase in transportation costs, the increase in rent, and the aggravation of air pollution. This effect is called agglomeration diseconomy. When a city develops to a certain extent, agglomeration diseconomy may exceed agglomeration economy, and agglomeration externalities may inhibit urban development [38]. Therefore, the relationship between agglomeration externalities and HQD may be nonlinear.



On the basis of the above analysis, this study proposes the following hypothesis:



H1: 

The impact of agglomeration externalities on HQD is heterogeneous and likely to be nonlinear.






2.2. Network Externalities and the Impact of HQD


As nodes in the network, cities interact with each other to produce externalities [39]. Empirical studies show that the spatial spillover effects of urban network externalities include “borrowed size” and “agglomeration shadow” [11], and the existing research on network externalities also focus on these two aspects [40]. Borrowed size indicates a small city benefitting from the development of big cities through the network with the aid of the radiation effect, thus promoting its development. Specifically, the urban network enables elements to have larger geographical spatial range flows, resulting in a spillover effect that can promote the development of the city itself and its surrounding cities. Agglomeration shadow indicates that a small city is affected by the siphoning effect of neighboring big cities, which limits their own development. Thanks to network externalities, cities can co-operate with other cities and borrow the services or functions of other cities to promote their own development [29]. Of course, cities cannot always benefit from network externalities, which also include negative externalities. Small and medium-sized cities may suffer from competition effects due to their proximity to big cities, leading to worse development [11,41]. Therefore, the externalities of urban networks can have a positive impact on HQD through the “borrowed size” effect or a negative impact on HQD through the “agglomeration shadow” effect.



On the basis of the above analysis, this study proposes the following hypotheses:



H2: 

When the “borrowing size” effect is stronger than the “agglomeration shadow” effect, urban network externalities can promote HQD to a certain extent.





H3: 

When the “agglomeration shadow” effect is stronger than the “borrowing size” effect, urban network externalities can inhibit HQD to a certain extent.





In summary, the theoretical framework constructed in this study is shown in Figure 1. Cities are interconnected and interact with each other to generate externalities. Among them, agglomeration externalities generated by urban internal connections are limited by geographical space, whereas network externalities generated by urban external connections are not. Among them, agglomeration externalities are mainly measured by the density of urban economic activity, while network externalities are determined by complex networks. In addition, the entropy method is adopted to measure the high-quality development level (HQDL) of the cities. On this basis, the spatial econometric model is used to explore the impact of externalities on HQD, which requires empirical research at the scale of urban agglomeration. Therefore, this study takes the urban agglomeration in the middle reaches of the Yangtze River as the case area for empirical analysis.





3. Research Area and Methods


3.1. Study Area


The urban agglomeration in the middle reaches of the Yangtze River is in the central region of China, with the role of bearing the east, enlightening the west, and connecting the north and the south. It is an important area for the rising strategy of central China and the industrial transfer of the east [42]. With the Wuhan Metropolitan circle, the Changzhou–Zhuzhou–Xiangtan urban agglomeration, and the Poyang Lake urban agglomeration as the main body, it comprises 31 cities in three provinces. Among them, Xiantao, Qianjiang, and Tianmen are county-level cities under direct jurisdiction, where some data are difficult to obtain. In order to ensure the consistency and scientific nature of the research, we eliminated these cities. Therefore, the basic regional unit of the study involved 28 prefecture-level cities (Figure 2). In 2020, the total population of these cities in the urban agglomeration in the middle reaches of the Yangtze River reached 123 million, the GDP of the region exceeded CNY 9 trillion, and the per capita GDP reached CNY 69,800. This is a huge region with a dense population, extensive transportation, and substantial economic activities [43].




3.2. Variable Measures and Descriptions


3.2.1. Explained Variables


The explanatory variable was the level of HQD. At present, there are abundant studies on the connotations and measurements of HQD, and it is believed that HQD includes five dimensions: innovation, co-ordination, green, opening, and sharing [44,45,46]. These five dimensions form the outline of HQD, which meets the self-needs of the people for comprehensive development in the new era and the requirements for comprehensive and sustainable social development [47]. Therefore, following the scientific research principle, as well as China’s “13th Five-Year Plan for National Economic and Social Development Compendium” (http://www.xinhuanet.com//politics/2016lh/2016-03/17/c_1118366322.htm, accessed on 30 April 2022), and starting from the five development concepts, the evaluation index system of HQD was constructed (Table 1). The innovation is the primary driving force for HQD [48], including innovation environment and innovation output. Co-ordination is an inherent requirement for sound regional development [49]. Co-ordinated development between cities and integrated development between urban and rural areas are essential for HQD and include urban–rural co-ordination, industrial structure co-ordination, economic stability, and inflation degree. The green is an inevitable condition for maintaining HQD [50] and includes resource consumption and green environmental protection. The opening is the only way for a country to prosper and develop [51] and includes foreign investment, foreign trade, transportation, and communication. The sharing is the fundamental purpose of HQD [52] and the essential requirement of socialism with Chinese characteristics. It emphasizes “putting people first” and includes seven aspects: people’s livelihood, cultural welfare, medical welfare, educational welfare, transportation facilities, infrastructure, and living conditions. The index of advanced industrial structure is measured by the ratio between the secondary industry and the tertiary industry, while the Theil index is used to measure the rationalization level of industrial structure [53].




3.2.2. Explanatory Variables


The explanatory variables were agglomeration externalities and network externalities.



(1) Agglomeration Externalities



In this study, economic activity density was used to measure the economic level of urban agglomeration [54], and the total urban passenger transport density (annual total bus passenger transport/built-up area/annual number of days) was used to represent the density of economic activities (Density). In addition, the square term of density of economic activities (Density2) was introduced to explore whether agglomeration externalities had nonlinear effects on HQD.



(2) Network Externalities



Because an urban network is a complex system, it is difficult to fully reflect the relationship between cities using a single element. Therefore, urban information, innovation, and economic ties mediating the construction of the information network, innovation network, and economic network were considered [55]. As the main transportation modes within an urban agglomeration are highways and railways, the sum of the road distance and railway distance was used to replace the straight-line distance. On this basis, the entropy method was used to determine the weight of each network to construct an undirected weighted integrated network. The weighted degree centrality (Degree) was selected to represent network externalities; the calculation formula is shown in Table 2.




3.2.3. Control Variables


(1) Government capacity (Gov). This variable encompasses fiscal expenditure to provide financial support for regional development, promote the improvement of infrastructure, and siphon multiple factors to promote HQD [56]. The ratio of fiscal expenditure to GDP (%) was selected as a proxy variable.



(2) Innovation efficiency (Innovation). Scientific and technological innovation helps optimize resource allocation, improve resource utilization efficiency, and promote industrial optimization and upgrading, thus promoting HQD of the region [56]. The ratio of the number of patent grants to the number of patent applications (%) was selected as a proxy variable.



(3) Level of digital economy development (Digital). The digital economy has gradually become a new driving force of social and economic development. The digital economy is conducive to improving factor productivity, as well as the quality of regional development [17]. The per capita telecom traffic (CNY) was selected as a proxy variable.



(4) Level of opening to the outside world (Opening). The introduction of science and technology and foreign investment has changed the conditions of capital formation, promoted a change in regional technology and trade structure, and promoted the HQD of cities. In addition, introducing technology and trade has provided good opportunities for China’s development and more job opportunities for its residents [57,58]. The proportion of actual utilized foreign investment in GDP (%) was selected as a proxy variable.



In order to reduce the impact of heteroscedasticity on the regression results, the control variables were processed logarithmically on the basis of determining variables. The statistical characteristics of the variables are shown in Table 3.





3.3. Data Sources


The data in this paper mainly came from four sources. Firstly, Baidu index data were obtained from the official website of the Baidu index (http://index.baidu.com; collected on 10–15 January 2022), using 28 prefecture-level cities in the urban agglomeration in the middle reaches of the Yangtze River as search keywords. The average daily attention data of two cities in the middle reaches of Yangtze River urban agglomeration from 1 January 2011 to 31 December 2020 were retrieved, and the urban information network was constructed. Secondly, mileage data constituted expressway mileage and railway mileage data. The expressway mileage data between the 28 cities in the middle reaches of the Yangtze River urban agglomeration were mainly obtained through the Baidu map official website (https://map.baidu.com; collected on 13 January 2022). The railway mileage data between two cities were obtained from the train network (http://www.huochepiao.com/licheng/; collected on 19 January 2022). Thirdly, coauthored papers were retrieved from the Web of Science database (http://webofscience.com; collected on 11–13 February 2022). The number of coauthored papers involving the two cities from 2011 to 2020 was retrieved to characterize the urban innovation network. Lastly, socioeconomic statistical data were mainly sourced from the Statistical Yearbook of Jiangxi Province, the Statistical Yearbook of Hubei Province, the Statistical Yearbook of Hunan Province from 2012 to 2021, the Statistical Yearbook of China’s Urban Construction from 2011 to 2020, and the Statistical Bulletin of the 28 prefecture-level cities in the middle reaches of the Yangtze River urban agglomeration.




3.4. Research Methods


3.4.1. Social Network Analysis


Social network analysis can be used to effectively explore the structural characteristics of urban networks, and it has been widely used in urban network research in recent years. This study mainly selected statistical indices such as network density, clustering coefficient, average path length, and degree centrality to explore the complexity of the integrated network of the urban agglomeration in the middle reaches of the Yangtze River [59] (Table 2).




3.4.2. Entropy Method


The entropy method can calculate the objective weight of each index and avoid the deviation caused by subjective weight assignment to a certain extent [60]. It is widely used in scientific research [61,62]. In this study, the entropy method was used to calculate the weight of each indicator of urban high-quality development and the weight of each subnetwork of the urban integrated network. The HQDL and the integrated network of the urban agglomeration in the middle reaches of the Yangtze River were obtained according to the weight and standardized value. Please refer to the relevant literature for calculation steps [63].




3.4.3. Spatial Econometric Model


Spatial econometric models can fully consider the spatial correlation of variables, and common spatial econometric models include the spatial lag model (SLM), spatial error model (SEM), and spatial Durbin model (SDM) [56]. SDM can consider the spatial correlation of explanatory variables and the spatial correlation of explained variables. It can be considered that SDM is an improvement of the SLM and the SEM [64].



First, the benchmark regression model was constructed as follows:


   H Q  D  i t   =  β 0  +  β 1  × D e n s i t  y  i t   +  β 2  × D e n s i t  y 2     i t   +  β 3  × D e g r e  e  i t   +  β 4  ×  ln    G o  v  i t   +  β 5  × ln   I n n o v a t i o  n  i t      +  β 6  × ln   D i g i t a  l  i t   +  β 7  × ln   O p e n i n  g  i t   + ε .   



(1)







With the development of regional integration, The HQD has a certain degree of spatial correlation; that is, HQD can be affected by the development status of surrounding cities. Therefore, the spatial spillover effect of HQD should be considered when considering the impact of agglomeration externalities and network externalities on HQD. To summarize, the SLM, SEM, and SDM were constructed in order to select the best regression model.



Spatial lag model (SLM):


   H Q  D  i t   = ρ W H Q  D  i t   +  β 0  +  β 1  × D e n s i t  y  i t   +  β 2  × D e n s i t  y 2     i t   +  β 3  × D e g r e  e  i t   +  β 4  ×  ln    G o  v  i t   +  β 5     × ln   I n n o v a t i o  n  i t   +  β 6  × ln   D i g i t a  l  i t   +  β 7  × ln   O p e n i n  g  i t   + ε .   



(2)







Spatial error model (SEM):


   H Q  D  i t   =  β 0  +  β 1  × D e n s i t  y  i t   +  β 2  × D e n s i t  y 2     i t   +  β 3  × D e g r e  e  i t   +  β 4  ×  ln    G o  v  i t   +  β 5  × ln   I n n o v a t i o  n  i t      +  β 6  × ln   D i g i t a  l  i t   +  β 7  × ln   O p e n i n  g  i t   + μ                     μ = λ W × μ + ε .   



(3)







Spatial Durbin model (SDM):




      H Q  D  i t   = ρ W H Q  D  i t     +  β 0  +  β 1  × D e n s i t  y  i t   +  β 2  × D e n s i t  y 2     i t   +  β 3  × D e g r e  e  i t   +  β 4  ×  ln    G o  v  i t        +  β 5  × ln   I n n o v a t i o  n  i t   +  β 6  × ln   D i g i t a  l  i t   +  β 7  × ln   O p e n i n  g  i t   +  ρ 1  × W D e n s i t  y  i t         +  ρ 2  × W D e n s i t  y 2     i t   +  ρ 3  × W D e g r e  e  i t   +  ρ 4  × W ln   G o  v  i t   +  ρ 5  × W ln   I n n o v a t i o  n  i t          +  ρ 6  × W ln   D i g i t a  l  i t   +  ρ 7  × W ln   O p e n i n  g  i t   +  ε  i t   .       



(4)





Above, β0 is the constant term, β1–β7 are the parameters to be estimated, ρ and ρ1–ρ7 are the spatial lag coefficients, λ is the spatial error term coefficient, μ and ε are disturbance terms, i is the city, t is the time, and W is the spatial weight matrix. The commonly used spatial weight matrices include the adjacency matrix (W1), economic geographic matrix (W2), and population geographic matrix (W3). The calculation formula is as follows:



Adjacency matrix (W1):


  W 1 =  {     1    c i t y   i   i s   a d j a c e n t   t o   c i t y   j      0    c i t y   i   i s   n o t   a d j a c e n t   t o   c i t y   j       ,  



(5)







Economic geographical distance matrix (W2):


  W 2 =  {       (   P i  ×  P j   )  /  d  i j  2      i ≠ j      0    i = j       ,  



(6)







Population geographical distance matrix (W3):


  W 3 =  {       (   Q i  ×  Q j   )  /  d  i j  2      i ≠ j      0    i = j       ,  



(7)







Here, Pi and Pj, respectively, represent the average per capita GDP of city i and city j after the GDP deflator was subtracted from 2011 to 2020; Qi and Qj, respectively, represent the average population of city i and city j at the end of 2011–2020. Dij is the sum of the road distance and railway distance between city i and city j. In the empirical analysis, considering that the adjacency matrix is the most concise and widely used compared with other matrices, it was selected as the reference matrix for relevant tests and introduced into the spatial econometric model. The economic geographic matrix and population geographic matrix were used in the robustness test of the model.




3.4.4. Spatial Effect Decomposition


Since the point estimation method has some defects in explaining the spatial effects, this study used a partial differential method [65] to decompose the total effects of agglomeration externalities and network externalities on HQD [66]. The above spatial econometric model can be rewritten as:


  Y =    (  I − k W  )    − 1    (  X β + W X θ  )  + R ,  



(8)







Here, R is the remaining term, including the intercept and error term. For the explanatory variable and the control variable X, the partial derivative matrix of the expected value of the corresponding explained variable Y can be written as:


   [    ∂ E  ( Y )    ∂  x  1 k     ⋯   ∂  ( Y )    ∂  x  N k      ]  =  [        ∂ E  (   y 1   )    ∂  x  1 k        ⋯      ∂ E  (   y 1   )    ∂  x  N k          ⋮   ⋮   ⋮        ∂ E  (   y N   )    ∂  x  i k        ⋯      ∂ E  (   y N   )    ∂  x  N k          ]  =     (  I − k W  )    − 1    [       β k       w  12    θ k     ⋯     w  1 N    θ k         w  21    θ k       β k     ⋯     w  2 N    θ k       ⋮   ⋮   ⋮   ⋮       w  N 1    θ k       w  N 2    θ 2     ⋯      β  k       ]  ,   



(9)







Here, the elements on the diagonal of the matrix at the right end represent the average influence of the explanatory variable and the control variable X on explained variable Y in this region, i.e., the direct effect; the elements on the nondiagonal line represent the average influence of the explanatory variable and the control variable X on the explanatory variable and control variable X in the neighboring region, i.e., the indirect effect.






4. Results


4.1. Spatial and Temporal Pattern of Urban Network and HQD


4.1.1. Spatial and Temporal Patterns of Urban Network


(1) Overall Characteristics of Urban Network



According to Gephi software, the average path length of the integrated network in urban agglomeration decreased from 2.331 in 2011 to 1.950 in 2020, and the connectivity of the urban integrated network improved, along with the spatial organization performance and efficiency of the network. The clustering coefficient increased from 0.699 in 2011 to 0.804 in 2020, the connection between cities was gradually tightened, and the degree of agglomeration increased to some extent. Compared with the China and Japan airline port shipping network in 2015 (with average path length of 2.769, clustering coefficient of 0.330) [67] and the innovation network in China’s coastal areas in 2017 (with average path length of 4.733, clustering coefficient of 0.233) [68], the average path length was smaller and the clustering coefficient was larger. This shows that the small-world characteristics of the urban agglomeration integrated network were more significant and had better agglomeration and connectivity performance.



(2) Temporal Evolution of Urban Network



In order to better analyze the change in association between cities, the Origin software was used to draw the loop diagram of the integrated network of urban agglomeration in the middle reaches of the Yangtze River according to the flow direction and flow relationship of the elements among urban nodes (Figure 3). Among them, the radian proportion represents the importance of the degree of urban nodes, and the connection direction and width represent the connection intensity between urban nodes. In terms of radians, from 2011 to 2020, the radians of Wuhan and Changsha were both greater than 10%, occupying the top two positions across the time period. This indicated that Wuhan and Changsha occupied the absolute core position in the urban agglomeration, with Wuhan and Changsha as the core radiating outward. In addition, Nanchang’s radian proportion gradually increased to third place in 2020. In terms of connection flow, the flow of urban elements from 2011 to 2020 mainly flowed out from Wuhan, Changsha, and Nanchang, while the number of inflow cities increased, indicating that the integrated urban network was developed in a balanced way. In addition, the geographical relationship was biased significantly, and the connection between cities in the province was closer. In terms of the connection width, the connections between Wuhan and Huanggang and between Changsha and Zhuzhou were relatively close in 2011 and 2020, once again proving that Wuhan and Changsha were important connection hubs of the urban agglomeration.



(3) Urban Network Spatial Distribution Pattern



The integrated network of the urban agglomeration from 2011 to 2020 gradually highlighted a multicore spatial distribution structure with hierarchical nesting characteristics (Figure 4). The network density of the urban integrated network increased from 0.161 in 2011 to 0.233 in 2020, indicating that 23.3% of cities had realized direct connection without transit by 2020, and the connection between urban nodes became gradually closer. However, on the whole, the network density was low, the connection between cities was not close enough, and the connection was relatively weak. In order to better analyze the spatial structure characteristics of the integrated network of the urban agglomeration, the natural breakpoint method was used to divide it into five levels and ArcGIS was used to visually display the integrated network, as shown in Figure 4. From 2011 to 2020, the core framework of the integrated network was gradually formed, presenting a triangular spatial structure with Wuhan, Changsha, and Nanchang as the core, while the connection among the peripheral cities of the urban agglomeration was weak. In addition, the western region of the urban agglomeration was more densely connected, while the eastern region was sparsely connected.



(4) Centrality Characteristics of Urban Nodes



The node centrality in the integrated network of the urban agglomeration from 2011 to 2020 has a hierarchical structure. The weighted degree centrality of each city node was calculated using Matlab software, and the natural breakpoint method was used to classify the weighted degree centrality of urban nodes into four levels. It was found that the city level changed from “4 + 6 + 8 + 10” to “1 + 2 + 13 + 12”, presenting a “pyramid” structure (Figure 5). Specifically, the urban hub of the urban agglomeration changed from Changsha, Wuhan, Zhuzhou, and Xiangtan in 2011 to Wuhan in 2020. Wuhan remained at the top of the pyramid structure throughout the time period, holding a relatively advantageous position in the urban agglomeration.




4.1.2. Spatial and Temporal Pattern of HQD


The HQDL of cities in the urban agglomeration from 2011 to 2020 was calculated using the entropy method (Table 4) and divided into five categories by SPSS cluster analysis: very low (0.281–0.352), low (0.353–0.429), medium (0.430–0.536), high (0.527–0.621), and very high (0.622–0.734).



(1) Time-Series Change of HQDL



The HQDL in the urban agglomeration steadily improved, while the “development gap” between the regions gradually narrowed (Figure 6). From 2011 to 2020, the HQDL of urban agglomerations showed a gradual upward trend, rising from 0.350 in 2011 to 0.480 in 2020, with an average annual growth of 3.57%. The gap between cities in the HQDL gradually narrowed and the coefficient of variation decreased from 0.188 in 2011 to 0.147 in 2020. Yiyang’s HQDL increased the most from 2011 to 2020, increasing by 52.82% in 10 years.



In order to further analyze the variation characteristics of the HQDL of each city from 2011 to 2020, the Origin software was used to draw a high-quality development boxplot of urban agglomeration. Longer boxes and line segments indicated a higher level of HQD and greater growth. As shown in Figure 7, there was a large gap in the HQDL among cities. Wuhan, Changsha, and Nanchang were in an advantageous position in terms of the HQD of the urban agglomeration, while Jingzhou, Huanggang, and Xiaogan were in an inferior position. Among them, Wuhan showed a significant advantage with respect to the score of HQD, showing the clustering characteristics of a “high-value cluster”. Changsha showed a comparative advantage with respect to the score of HQD, and its median was close to the lower quartile, indicating that Changsha’s HQDL was unbalanced, with the characteristics of a “low-value cluster”. The median of Nanchang’s HQDL was close to the upper and lower quartiles, indicating that the HQDL of Nanchang presented relatively balanced distribution characteristics.



(2) Spatial Variation of HQD



From 2011 to 2020, the HQDL of the urban agglomeration presented a patchy spatial distribution pattern, and a three-pillar rivalry trend was obvious. According to the classification results of cluster analysis, the spatial distribution pattern of the HQDL of the urban agglomeration was drawn using the data from 2011 and 2020. As can be seen from Figure 8, the HQDL of the urban agglomeration formed a spatial distribution pattern with provincial capital cities at the center, spreading to surrounding areas, whereas cities with low levels of HQD in 2020 disappeared. Cities with HQD were gradually concentrated in the areas around Poyang Lake and along the Beijing–Guangzhou line. These cities typically had a high level of social and economic development, carried out urban construction earlier, and had relatively perfect basic public service facilities.



(3) Spatial Agglomeration Characteristics



The Moran’s I values of the HQD of the urban agglomeration from 2011 to 2020 were all below −0.1, less than the expected value (−0.037). Most of them passed the 5% significance level test (Table 5), indicating that the urban agglomeration level was not completely independent of high quality. Negative correlation existed in the global space, perhaps due to the Wuhan, Changsha–Zhuzhou–Xiangtan, and Poyang Lake urban agglomeration, which was relatively competitive. This resulted in unbalanced regional development, leading to obvious spatial negative correlation characteristics. Therefore, a spatial econometric model was selected to explore the impact of agglomeration externalities and network externalities on the level of HQD. However, it should be noted that the Moran’s I value of the HQDL of the middle reaches of Yangtze River urban agglomeration in 2020 did not pass the significance test; however, significant correlation characteristics may still exist locally or positive and negative correlations may have canceled each other out.





4.2. Impact of Agglomeration Externalities and Network Externalities on HQD


4.2.1. Baseline Regression Result


The OLS regression results are shown in Table 6. The influence of agglomeration externalities and network externalities on HQD both passed the 1% significance level test, which preliminarily verified the research hypothesis of this paper. For every 1 unit increase in agglomeration externalities, the HQDL decreased by 0.206 units. When the square term of agglomeration externalities increased by 1 unit, the level of HQD increased by 0.306 units, indicating that there may be a u-shaped nonlinear relationship between agglomeration externalities and HQD. Thus, hypothesis H1 was verified. For every increase in network externality by one unit, the city’s HQDL increased by 0.052 units, indicating that the “borrowing size” effect of the city’s HQDL within the region was obvious, thus verifying hypothesis H2. In addition, the development level of the digital economy and the level of opening to the outside world also had a significantly positive impact on the HQD of cities.



However, according to the analysis of spatial agglomeration, there were spatial spillover effects; therefore, simple OLS regression could not be used to determine the agglomeration externalities and their influence on HQD. Accordingly, a spatial econometric model was needed for further regression analysis.




4.2.2. Check before Model Estimation


(1) Multicollinearity Test and Stationary Test



A multicollinearity test and stationarity test were conducted for each variable before regression analysis of the spatial econometric model, and the test results are shown in Table 7. Firstly, in the multicollinearity test, the highest variance inflation factor (VIF) was recorded for variable ln Gov, whose value was 1.349 (<5), indicating no multicollinearity between variables; thus, a spatial econometric model could be constructed. Secondly, in the stationarity test, the LLC test of all variables rejected the null hypothesis at the 1% level, indicating that all variables were stable and there was no false regression; thus, parameter estimation could be conducted.



(2) Selection of Spatial Econometric Model



This study established the best spatial econometric model to explore the impact of agglomeration externalities and network externalities on HQD. The results (Table 8) show that the LM statistics of the spatial error model did not pass the significance test, while the LM and robust LM of the spatial lag model both passed the significance test, indicating a form of spatial lag in the influence model of agglomeration externalities and network externalities on HQD. The Wald and LR statistics also indicated that the spatial Durbin model could not degenerate into a spatial lag model or spatial error model. In addition, the Hausman test was significantly negative at the 1% level, indicating that the spatial random effects model was more efficient than the spatial fixed effects model. Therefore, the random effects model was selected for regression analysis.




4.2.3. Regression Analysis


In summary, a random effects model was selected to analyze the impact of agglomeration externalities and network externalities on HQD. In order to be able to choose the right model, the SLM, SEM, and SDM were applied to the regression results (Table 9).



It can be seen from Table 9 that the spatial lag coefficient of SDM ρ was 0.646, significant at the 1% level, showing that the HQD of urban agglomerations had the spatial spillover effect. The HQDL of each city was affected not only by factors within the region, but also by factors in adjacent cities. This spatial spillover effect could shorten the gap of HQDL between cities to a certain extent and further promote the HQD of the urban agglomeration. At the same time, the SLM (ρ = 0.762) and SEM (λ= 0.870) also provide evidence for spatial dependence on HQD.



Among agglomeration externalities, the density of economic activity coefficient was significantly negative at the 5% level, while the squared coefficient was significantly positive at the 10% level, indicating that a low density of economic activity hinders HQD to some extent. The gradual concentration of economic activity density can promote HQD to a certain extent, indicating that agglomeration externalities have heterogeneous nonlinear effects on regional HQD.



In terms of network externalities, it can be seen from Table 9 that the urban agglomeration has network externalities, which can promote HQD. The impact of centrality on HQD was significant at the 1% level. The regression results of variables were similar to the spatial lag model, indicating that network externalities can promote HQD. In addition, the spatial regression coefficient of network externalities was significantly positive at the 1% level (0.019), indicating that network externalities have a certain spatial spillover effect and can promote the HQDL of surrounding areas to a certain extent.



In terms of control variables, government capacity and level of opening to the outside world had positive effects on HQD at the 10% and 5% levels, respectively. Therefore, the HQD of urban agglomerations is not only affected by external factors, but also by the internal government capacity and the level of opening to the outside world.




4.2.4. Spatial Effect Decomposition


The estimated coefficients of the SDM could not directly reflect the influence of independent variables on dependent variables; thus, the spatial effects generated by each variable were further decomposed into direct effects, indirect effects, and total effects with the partial differential method [65]. Furthermore, the marginal effects of explanatory variables and control variables on HQD were analyzed, in addition to the impact of each variable on the HQD of the region and neighboring regions (Table 10).



As can be seen from Table 10, the regression coefficients of all effects of economic activity density were negative, indicating that agglomeration externalities have an inhibitory effect on HQD. The regression coefficients of the effects of the square term of economic activity density and the weighted degree centrality were significantly positive, indicating that the excessive concentration of economic activity density and network externalities can promote the regional HQDL as well as the corresponding spatial spillover effect. Both government capacity and level of opening to the outside world had a positive impact on regional HQD, but the spatial spillover effect was not obvious. Lastly, the impact of innovation efficiency and digital economy level on regional HQD did not pass the significance test.




4.2.5. Robustness Test


In this paper, the two most prominent urban attributes, population attribute and economic attribute, were combined with geographical distance to construct the urban economic geographic matrix and urban population geographic matrix, respectively. Meanwhile, the spatial econometric test was conducted again to test whether the results were stable. The results show (Table 11) that the values of R2 and ρ were larger using the newly constructed matrices, indicating that the fitting effect of the geographical distance matrix was better. Both the density of economic activity and its square term had an effect on the quality of urban development, maintaining a nonlinear relationship. The regression coefficients and spatial lag terms of weighted degree centrality were significantly positive, consistent with the estimated results. The regression results of the control variables were slightly different but there was no obvious overall change, verifying the robustness and reliability of the research results to a certain extent.






5. Discussion


5.1. Findings and Contributions


With the transition from geographical space to network space, urban development and construction are no longer limited to a specific physical space but more influenced by other cities in the regional network. However, from the perspective of externalities, there have been few studies on the impact of agglomeration externalities and network externalities on HQD. Multivariate data were used to construct an integrated network. Social network analysis was used to evaluate the complexity of the urban agglomeration in the middle reach of Yangtze River through integrated network characteristics. The entropy value method and GIS spatial analysis were applied to explore the spatial and temporal differentiation of the HQD of the urban agglomeration. The application of a spatial econometric model to explore the influence of agglomeration externalities and network externalities on HQD provides a new theoretical basis and policy perspective for local urban construction and development. The main conclusions are as follows:



(1) From 2011 to 2020, the integrated network of urban agglomerations has the characteristics of “small world”, showing a balanced development trend, and the connection within the province was closer. In space, Wuhan, Changsha, and Nanchang are in a leading position and presented a multicore spatial distribution structure [69]. The centrality of urban nodes is a “pyramid” structure. Therefore, in order to promote regional integration, trans-regional co-operation should be realized with provincial capital cities as the core to drive the development of surrounding regions.



(2) From 2011 to 2020, the HQDL of urban agglomerations steadily improved and the regional “development gap” gradually narrowed. Wuhan took a dominant position in the urban agglomeration, while Changsha and Nanchang were in a relatively dominant position, which indicates that there is a positive correlation between the degree of factor agglomeration and the status of cities in the urban agglomeration [70]. The HQDL of cities showed a clustered spatial distribution pattern with a negative correlation in space [71]. Therefore, it is necessary to give full play to the leading role of core cities and accelerate the HQD of marginal cities.



(3) The HQD had a spatial agglomeration effect and positive spillover effect, with network externalities presenting differences in different cities. Both the agglomeration externalities and the network externalities can affect the HQD [72]. Agglomeration externalities influenced HQD through a u-shaped nonlinear relationship, whereas network externalities significantly promoted HQD, indicating that other urban elements’ agglomeration-influenced urban high-quality development “borrowed size” effect is stronger than the “agglomeration shadow” effect. The indirect effect of these externalities was greater than their direct effect. In addition, the regional government capacity and level of opening to the outside world also promoted the HQD of the region. According to the research results of the influence mechanism, the corresponding improvement is proposed, trying to provide a targeted reference for improving the HQDL of the research area.




5.2. Optimization Measures


This research provides evidence that agglomeration externalities and network externalities could significantly affect the HQD of cities, indicating that, in the network era, urban development no longer depends on its own construction but depends more on that of the region. Therefore, in the formulation of an HQD strategy of urban agglomeration in the middle reaches of the Yangtze River, the influence of externalities and network elements on HQD should be fully considered, and the positive role of agglomeration externalities and network externalities in promoting HQD of regional should be fully brought into play.



(1) The connection between cities in the urban agglomeration should be strengthened. To promote the HQD of cities, we should pay attention to the connection intensity between cities, enhance the circulation of elements between cities, and expand the space of urban connection, especially in the middle part of the urban agglomeration. Furthermore, we should strengthen the connection between the central region and provincial capital cities, promoting the realization of a cross-regional connection. In addition, for cities with low centrality, it is possible to strengthen policy support, improve infrastructure construction, enhance the agglomeration and radiation capacity, and enhance the communication and interaction of internal elements.



(2) The siphon effect between city clusters should be reasonably avoided. Due to the siphon effect of provincial capitals, economic activity density has a negative effect on the HQD of cities, which is not conducive to the HQD of surrounding cities. Therefore, cities with low centrality can make use of the positive spillover effect brought by surrounding cities. Meanwhile, they can continuously improve their own level of agglomeration economy and centrality, increasing the density of regional economic activities, and shorten the gap between regions.




5.3. Limitations


This study used the density of economic activity in the characterization of agglomeration externalities according to the information, innovation, and economic relationships between city construction of urban integrated network. Furthermore, the weighted degree centrality was used to characterize network externalities and the spatial Dubin model was used to explore the influence of agglomeration externalities and network externalities on the HQD of urban agglomerations. Although this study deepened and expanded the existing research to some extent, there were still some limitations, which need to be addressed in the future. Firstly, the heterogeneous results generated by elements in different periods may be different [72], which can be extended in time and scale in the future to enrich the spatiotemporal scale of the research. Secondly, the influence path of agglomeration externalities and network externalities on HQD were not investigated in detail in the empirical study. In the future, the influence path of agglomeration externalities and network externalities in local space can be subdivided to obtain more detailed research conclusions. Lastly, the study mainly analyzed the one-way influence of agglomeration externalities and network externalities on HQD. The reverse interaction, i.e., whether HQD can promote agglomeration externalities and network externalities, needs to be further discussed by building relevant models in the future.





6. Conclusions


With the development of regional integration, urban networks have gradually become a new form of urban spatial structure, and strengthening the connection between cities has gradually become an important issue for optimizing regional spatial structure. Urban networks and their externalities play an important role in promoting regional HQD [4,73]. The current urban network theory considers the formation of an urban network and its economic effects [7], but the environmental effects are less considered. Based on the new development concept, this paper constructs an HQD evaluation index system and empirically analyzes the effects of agglomeration externalities and network externalities on HQD by using a spatial econometric model. It was found that agglomeration externalities, network externalities, population size, government capacity, innovation efficiency, digital economy development level, and openness level had different direct or indirect effects on HQD in different directions and via different paths. This study is helpful to understand the impact of externalities on HQD. The HQD is not only influenced by the endogenous dynamics of a city itself, but also by external factors. Therefore, it is necessary to attach importance to regional co-operative governance and realize cross-regional co-ordinated management. Although the empirical study takes the urban agglomeration in the middle reaches of the Yangtze River as the case area, the theoretical framework constructed by the study and the conclusions drawn are universal and applicable to the research in other regions. At present, networking and integration have become the inevitable trend of urban development, and other regions are also facing similar development opportunities and challenges with the urban agglomeration in the middle reaches of the Yangtze River. Therefore, the study has reference significance for the development of other regions.
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Figure 1. Analysis framework of agglomeration externalities, network externalities, and HQD. 
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Figure 2. Study area. 
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Figure 3. Ring diagram of integrated network of the urban agglomeration in the middle reaches of Yangtze River in 2011 and 2020. 
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Figure 4. Integrated network distribution of the urban agglomeration in the middle reaches of the Yangtze River: (a) 2011; (b) 2020. 
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Figure 5. Urban node hierarchy distribution of the urban agglomeration in the middle reaches of Yangtze River: (a) 2011; (b) 2020. 
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Figure 6. Average quality development level and variation coefficient of the urban agglomeration in the middle reaches of the Yangtze River from 2011 to 2020. 
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Figure 7. Box chart of HQD in the middle reaches of the Yangtze River from 2011 to 2020. 
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Figure 8. Spatial and temporal distribution of HQDL of the urban agglomeration in the middle reaches of the Yangtze River: (a) 2011; (b) 2020. 
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Table 1. The index system of HQD.
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Target Layer

	
Criterion Layer

	
Index Layer






	
Innovative development

	
Innovation environment

	
Share of expenditure on science and technology; share of expenditure on education; number of colleges per 10,000 people; number of college teachers per 10,000 people




	
Innovation output

	
Number of patent applications per 10,000 people; number of college students per 10,000 people; percentage of tertiary industry employees; percentage of science and technology employees




	
Co-ordinated development

	
Urban–rural co-ordination

	
Index of disposable income difference between urban and rural residents; the proportion of primary industry in GDP




	
Industrial structure co-ordination

	
Share of tertiary industry in GDP; index of rationalization of industrial structure; index of advanced industrial structure




	
Economic stability

	
Urban registered unemployment rate; economic growth rate; GDP per capita




	
Inflation level

	
Consumer price index




	
Green development

	
Resource consumption

	
Electricity consumption per unit of GDP; water consumption per unit of GDP




	
Greening and environmental protection

	
Green area per capita; green coverage rate of built-up areas; harmless treatment rate of domestic garbage; treatment rate of domestic sewage; comprehensive utilization rate of industrial solid waste; industrial wastewater emissions per 10,000 people; sulfur dioxide emissions per 10,000 people; industrial smoke and dust emissions per 10,000 people




	
Opening development

	
Foreign trade

	
Import and export trade per capita; the number of foreign invested enterprises as a percentage; the actual amount of foreign capital utilized per capita




	
Shipping

	
Road passenger volume; road cargo volume




	
Communication situation

	
Number of cell phone subscribers per 10,000 people; number of postal and telecommunications services per 10,000 people; number of Internet users per 10,000 people




	
Sharing development

	
People’s livelihood

	
Disposable income per capita; average wage of employees on the job; total social consumer goods per capita




	
Cultural benefits

	
Number of books in libraries per 100 people; number of museums per 10,000 people




	
Medical benefits

	
Number of physicians per 100 people; number of medical beds per 100 people




	
Education benefits

	
Elementary school teacher–student ratio; secondary school teacher–student ratio




	
Transportation facilities

	
Road area per capita; number of public vehicles per 10,000 people




	
Infrastructure

	
Gas penetration rate; water penetration rate




	
Living situation

	
Living space per capita; real estate development investment per capita; residential development investment per capita
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Table 2. Indicators and meanings of undirected weighted symmetric networks.
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	Indicators
	Calculation Formula
	Variable Explanation
	Practical Significance





	Network density
	   D =   ∑   i = 1  N    ∑   j = 1  n    d  (   n i  ,  n j   )    N  (  N − 1  )      
	D is the information network density, N is the number of city nodes in the integrated network, and d(ni, nj) is the number of links between city node i and city node j
	The closeness of the city network as a whole and its individual connections



	Clustering coefficient
	   C =   2  e i     k i   (   k i  − 1  )      
	C is the information network clustering coefficient, ei is the number of neighboring edges of city node i, and ki is the number of edges connected to city node i
	Clustering of urban nodes in urban networks



	Average path length
	   L =  1  1 / 2 N  (  N − 1  )      ∑   i ≠ j    d  i j     
	L is the average path length, and dij is the shortest path between city node i and city node j
	Overall transmission performance of urban networks



	Weighted degree centrality
	   W D  C i  =  k i α     (     S i     k i     )     (  1 − α  )      
	WDCi is the weighted degree centrality, Si is the weighted degree, and α is the assignment parameter with a value of 0.5
	Weighting the importance of city nodes in the network
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Table 3. Descriptive statistical results.
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Variable Type

	
Variable

	
Obs

	
Mean

	
Std. Dev.

	
Min

	
Max






	
Explained variables

	
HQD

	
280

	
0.419

	
0.081

	
0.281

	
0.733




	
Explanatory variables

	
Density

	
280

	
0.336

	
0.177

	
0.005

	
0.882




	
Density2

	
280

	
0.144

	
0.145

	
0.000

	
0.777




	
Degree

	
280

	
0.765

	
0.959

	
0.036

	
7.295




	
Control variables

	
ln Gov

	
280

	
2.835

	
0.293

	
1.901

	
4.200




	
ln Innovation

	
280

	
3.955

	
0.325

	
1.590

	
4.780




	
ln Digital

	
280

	
6.670

	
0.908

	
5.325

	
10.085




	
ln Opening

	
280

	
−1.360

	
0.901

	
−5.301

	
−0.118
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Table 4. The HQD of the urban agglomeration in the middle reaches of the Yangtze River from 2011 to 2020.
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	2011
	2012
	2013
	2014
	2015
	2016
	2017
	2018
	2019
	2020





	Nanchang
	0.465
	0.494
	0.500
	0.516
	0.523
	0.541
	0.569
	0.577
	0.589
	0.603



	Jingdezhen
	0.361
	0.378
	0.383
	0.388
	0.395
	0.426
	0.442
	0.469
	0.506
	0.526



	Pingxiang
	0.330
	0.362
	0.364
	0.373
	0.380
	0.403
	0.437
	0.446
	0.456
	0.496



	Jiujiang
	0.381
	0.409
	0.411
	0.416
	0.421
	0.436
	0.461
	0.449
	0.467
	0.490



	Xinyu
	0.375
	0.398
	0.395
	0.412
	0.415
	0.445
	0.456
	0.467
	0.494
	0.500



	Yingtan
	0.334
	0.377
	0.370
	0.383
	0.390
	0.413
	0.456
	0.431
	0.466
	0.496



	Ji’an
	0.323
	0.349
	0.358
	0.380
	0.385
	0.394
	0.406
	0.403
	0.416
	0.437



	Yichun
	0.317
	0.318
	0.347
	0.362
	0.359
	0.362
	0.387
	0.401
	0.419
	0.458



	Fuzhou
	0.323
	0.355
	0.373
	0.371
	0.378
	0.391
	0.405
	0.413
	0.420
	0.461



	Shangrao
	0.352
	0.363
	0.367
	0.379
	0.372
	0.379
	0.401
	0.396
	0.437
	0.442



	Wuhan
	0.558
	0.601
	0.621
	0.650
	0.686
	0.689
	0.693
	0.715
	0.733
	0.671



	Huangshi
	0.314
	0.355
	0.376
	0.370
	0.389
	0.412
	0.429
	0.420
	0.444
	0.444



	Yichang
	0.354
	0.398
	0.394
	0.406
	0.409
	0.457
	0.455
	0.469
	0.479
	0.467



	Xiangyang
	0.352
	0.370
	0.381
	0.404
	0.416
	0.419
	0.451
	0.450
	0.465
	0.459



	Ezhou
	0.325
	0.357
	0.373
	0.383
	0.378
	0.405
	0.417
	0.420
	0.443
	0.452



	Jingmen
	0.322
	0.341
	0.363
	0.380
	0.384
	0.394
	0.413
	0.406
	0.409
	0.415



	Xiaogan
	0.288
	0.360
	0.335
	0.343
	0.361
	0.370
	0.390
	0.383
	0.395
	0.423



	Jingzhou
	0.281
	0.309
	0.298
	0.329
	0.342
	0.370
	0.385
	0.386
	0.399
	0.394



	Huanggang
	0.290
	0.319
	0.341
	0.389
	0.370
	0.381
	0.403
	0.383
	0.386
	0.376



	Xianning
	0.313
	0.346
	0.344
	0.363
	0.358
	0.392
	0.392
	0.397
	0.421
	0.411



	Changsha
	0.524
	0.557
	0.571
	0.573
	0.583
	0.611
	0.642
	0.656
	0.671
	0.668



	Zhuzhou
	0.385
	0.407
	0.400
	0.435
	0.424
	0.440
	0.473
	0.487
	0.488
	0.512



	Xiangtan
	0.354
	0.381
	0.404
	0.418
	0.425
	0.439
	0.463
	0.481
	0.485
	0.522



	Hengyang
	0.323
	0.329
	0.340
	0.357
	0.373
	0.374
	0.408
	0.414
	0.430
	0.469



	Yueyang
	0.346
	0.369
	0.373
	0.390
	0.393
	0.402
	0.430
	0.413
	0.429
	0.471



	Changde
	0.336
	0.354
	0.382
	0.398
	0.394
	0.412
	0.448
	0.446
	0.458
	0.491



	Yiyang
	0.289
	0.352
	0.339
	0.352
	0.364
	0.378
	0.398
	0.412
	0.408
	0.439



	Loudi
	0.296
	0.349
	0.336
	0.338
	0.335
	0.355
	0.395
	0.408
	0.403
	0.437
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Table 5. Moran’s I index of HQDL of the urban agglomeration in the middle reaches of the Yangtze River.
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	Year
	Moran’s I
	Z-Value
	p-Value
	Year
	Moran’s I
	Z-Value
	p-Value





	2011
	−0.196 *
	−1.375
	0.084
	2016
	−0.215 *
	−1.619
	0.053



	2012
	−0.194 *
	−1.394
	0.082
	2017
	−0.224 **
	−1.665
	0.048



	2013
	−0.202 *
	−1.473
	0.070
	2018
	−0.197 *
	−1.421
	0.078



	2014
	−0.198 *
	−1.463
	0.072
	2019
	−0.208 *
	−1.509
	0.066



	2015
	−0.209 *
	−1.608
	0.054
	2020
	−0.143
	−0.886
	0.188







Note: the expected value of Moran’s I is −0.037; * and ** mean passing the significance level test of 10% and 5%.
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Table 6. OLS regression results.






Table 6. OLS regression results.










	Variables
	Coefficient
	Std. Dev.





	Density
	−0.206 ***
	0.050



	Density2
	0.306 ***
	0.060



	Degree
	0.052 ***
	0.003



	ln Gov
	−0.014
	0.009



	ln Innovation
	−0.006
	0.007



	ln Digital
	0.020 ***
	0.003



	ln Opening
	0.019 ***
	0.003



	R2
	0.773
	







Note: *** mean passing the significance level test of 1%.
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Table 7. Multivariate collinearity test and stationarity test.
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Variables

	
Multicollinearity Test

	
Stationarity Test




	
VIF

	
1/VIF

	
Statistic

	
Prob

	
Stationarity






	
Density

	
1.346

	
0.742942

	
−3.326

	
0.000

	
Stability




	
Density2

	
1.349

	
0.741290

	
−3.236

	
0.000

	
Stability




	
Degree

	
1.196

	
0.836120

	
−16.825

	
0.000

	
Stability




	
ln Gov

	
1.256

	
0.796178

	
−2.8588

	
0.002

	
Stability




	
ln Innovation

	
1.039

	
0.962464

	
−7.6985

	
0.000

	
Stability




	
ln Digital

	
1.326

	
0.754148

	
−5.6471

	
0.000

	
Stability




	
ln Opening

	
1.061

	
0.942507

	
−8.5396

	
0.000

	
Stability




	
Mean

	
1.225
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Table 8. Test of spatial econometric model.
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	Test Items
	Coefficient
	p-Value
	Test Items
	Coefficient
	p-Value





	LM_lag
	16.248
	0.000
	Wald_spatial_lag
	24.000
	0.001



	Robust LM_lag
	19.648
	0.000
	LR_spatial_Lag
	23.200
	0.002



	LM_error
	1.041
	0.307
	Wald_spatial_error
	24.940
	<0.001



	Robust LM_error
	4.441
	0.035
	LR_spatial_error
	24.290
	0.001



	Hausman
	−7.770
	<0.001
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Table 9. Regression results of spatial econometric model.
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Variables

	
SLM

	
SEM

	
SDM




	
Coefficient

	
Std. Dev.

	
Coefficient

	
Std. Dev.

	
Coefficient

	
Std. Dev.






	
Constant

	
0.070 **

	
0.028

	
0.362 ***

	
0.036

	
0.129 ***

	
0.050




	
Density

	
−0.080 ***

	
0.028

	
−0.060 **

	
0.028

	
−0.057 **

	
0.029




	
Density2

	
0.084 **

	
0.033

	
0.052

	
0.032

	
0.062 *

	
0.034




	
Degree

	
0.010 ***

	
0.002

	
0.003

	
0.002

	
0.009 ***

	
0.002




	
ln Gov

	
0.015 ***

	
0.005

	
0.012 **

	
0.005

	
0.010 *

	
0.006




	
ln Innovation

	
−0.006 *

	
0.003

	
−0.006 *

	
0.003

	
−0.005

	
0.003




	
ln Digital

	
0.003 **

	
0.001

	
0.009 **

	
0.004

	
0.005

	
0.004




	
ln Opening

	
0.002

	
0.002

	
0.003

	
0.002

	
0.005 **

	
0.003




	
W × Density

	

	

	

	

	
−0.074

	
0.066




	
W × Density2

	

	

	

	

	
0.105

	
0.073




	
W × Degree

	

	

	

	

	
0.019 ***

	
0.004




	
W × ln Gov

	

	

	

	

	
0.006

	
0.009




	
W × ln Innovation

	

	

	

	

	
0.000

	
0.006




	
W × ln Digital

	

	

	

	

	
−0.006

	
0.004




	
W × ln Opening

	

	

	

	

	
0.001

	
0.004




	
Ρ/λ

	
0.762 ***

	
0.030

	
0.870 ***

	
0.025

	
0.646 ***

	
0.045




	
R2

	
0.747

	
0.493

	
0.817




	
Log likelihood

	
679.017

	
669.387

	
692.253








Note: *, **, and *** mean passing the significance level test of 10%, 5%, and 1%, respectively.
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Table 10. Spatial effect decomposition.
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Direct Effect

	
Indirect Effect

	
Total Effect




	

	
Coefficient

	
Std. Dev.

	
Coefficient

	
Std. Dev.

	
Coefficient

	
Std. Dev.






	
Density

	
−0.085 **

	
0.037

	
−0.281

	
0.180

	
−0.366 *

	
0.207




	
Density2

	
0.099 **

	
0.043

	
0.371 *

	
0.207

	
0.470 **

	
0.239




	
Degree

	
0.015 ***

	
0.003

	
0.063 ***

	
0.008

	
0.078 ***

	
0.010




	
ln Gov

	
0.013 **

	
0.006

	
0.034

	
0.025

	
0.047 *

	
0.029




	
ln Innovation

	
−0.006

	
0.004

	
−0.009

	
0.015

	
−0.015

	
0.017




	
ln Digital

	
0.005

	
0.003

	
−0.005

	
0.007

	
−0.000

	
0.006




	
ln Opening

	
0.006 **

	
0.003

	
0.011

	
0.011

	
0.017

	
0.013








Note: *, **, and *** mean passing the significance level test of 10%, 5%, and 1%, respectively.
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Table 11. Robustness test.






Table 11. Robustness test.





	

	
Economic Geographic Matrix

	
Population Geographic Matrix




	

	
Coefficient

	
Std. Dev.

	
Coefficient

	
Std. Dev.






	
Constant

	
0.285 ***

	
0.055

	
0.272 ***

	
0.068




	
Density

	
−0.046 *

	
0.026

	
−0.048 *

	
0.027




	
Density2

	
0.055 *

	
0.030

	
0.059 *

	
0.032




	
Degree

	
0.014 ***

	
0.002

	
0.010 ***

	
0.002




	
ln Gov

	
0.009 *

	
0.005

	
0.008

	
0.005




	
ln Innovation

	
−0.005 *

	
0.003

	
−0.005 *

	
0.003




	
ln Digital

	
0.005 *

	
0.003

	
0.005

	
0.004




	
ln Opening

	
0.007 ***

	
0.002

	
0.007 ***

	
0.002




	
W × Density

	
−0.121 **

	
0.063

	
−0.193 ***

	
0.074




	
W × Density2

	
0.062

	
0.070

	
0.151 *

	
0.080




	
W × Degree

	
0.008 **

	
0.004

	
0.011 **

	
0.005




	
W × ln Gov

	
−0.031 ***

	
0.010

	
−0.008

	
0.014




	
W × ln Innovation

	
−0.000

	
0.007

	
−0.005

	
0.009




	
W × ln Digital

	
−0.008 **

	
0.004

	
−0.010 **

	
0.004




	
W × ln Opening

	
0.020 ***

	
0.006

	
0.022 ***

	
0.008




	
ρ

	
0.661 ***

	
0.048

	
0.668 ***

	
0.053




	
R2

	
0.860

	
0.846




	
Log likelihood

	
725.972

	
710.703








Note: *, **, and *** mean passing the significance level test of 10%, 5%, and 1%, respectively.
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