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The economic linkages between cities within the Yangtze River Economic Belt city cluster are important for precisely implementing the Yangtze River Economic Belt strategy. Accordingly, this study used the revised gravity model, social network method, and spatial Durbin model to analyze the economic linkage strength, spatial-temporal differentiation, and driving factors of the three major city cluster in the Yangtze River Economic Belt from 2006–2020. The results confirm that the Chengdu-Chongqing urban agglomeration has formed a network structure with Chengdu and Chongqing as the two poles; the urban agglomeration in the middle reaches of the Yangtze River has formed a point-axis development pattern of Wuhan, Changsha and Nanchang. The Yangtze River Delta urban agglomeration formed a multi-center radiation and sub-network development pattern. Additionally, the characteristics of network structure significantly affected the flow of factors, the level of economic development was the basis for strengthening communication and cooperation between cities. Meanwhile, the advanced industrial structures played an important role in promoting industrial linkages, and human capital exerts an obvious spatial spillover effect. Therefore, these three major urban agglomerations should implement differentiated development strategies and enhance the synergy of their linkage networks, thus promoting high-quality development.
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1 INTRODUCTION
With the accelerated development of regional integration process, material, energy and information are constantly exchanged between regions, and a regional economic network with interconnection and interaction is formed day by day. As complex social phenomena, the flow and exchange of various elements between cities may affect economic linkages and networks. In addition to reducing the cost of economic activity and promoting effective division of labor pattern, close economic ties between cities enable the rapid diffusion of information, technology, and capital, stimulating potential knowledge innovation and experiencing diffusion. The central place theory is a key building block of economic geography and an empirically plausible description of city systems. It describes how a city hierarchy is formed (Hsu et al., 2014). Scholars of regional science, urban studies, and geography have long been interested in the spatial interactions between cities and regions as they convey the spatial structure of a region (Ye et al., 2021). Regions continuously exchange various materials, personnel, and information with other region. After that, the “geospatial flow” theory enters the field of study of regional economic linkages. The study of regional spatial structure has gradually shifted from internal urban characteristics to external urban relations. An apparent shift toward inter-city relationships can be observed in urban studies literature, producing a spectacular landscape of urban network study in general (Jinliao et al., 2022). Urban network studies have highlighted the importance of the structural advantages of cities in contemporary global and regional economic systems (Martinus and Sigler, 2017). There seems to be general agreement on the fact that the regions have become increasingly integrated and highly complex, with cross-border spatial connections and spatial dependencies (Zhang et al., 2020). Overall, the existing studies on economic linkages have mainly focused on the spatial association of “adjacent” or “nearby” regions.
Although many studies focused on the description and dynamic changes in the city network, only few have analyzed the factors influencing the formation of the city network from the perspective of empirical analysis (Chong and Pan, 2020). The networks paradigm was based on the inter-city network formed by various flows (e.g., people, information, and goods) and showed the presence of horizontal and complementary relationships among cities of similar size, and not the vertical and ‘one-sided’ relationships. Different cities play different roles in the economic linkage network, and geographical proximity brings about the possibility of inter-city factor flow and lower transaction costs. Node location, hierarchical node distribution, network heterogeneity and diversity, network connectivity, and the degree of network aggregation are important factors affecting network function and structure (Wang Z. et al., 2020). Highly influential nodes with special properties are critical to the structure and function of a network (Li and Xiao, 2021). Inter-regional interconnection promotes economic growth, and urban economic growth provides innovative elements for regional innovation, such as technology, capital, talent, and information. The formation of the urban economic network results from the development and improvement of commodity economy, the social division of labor, and professional collaboration (Chen and Jiang, 2022). The level of regional economic development affects the spatial interaction of economic linkages and the evolution of its network structure and is also, the basis for exchange and cooperation of cities within urban clusters. Cities with higher levels of economic development are more capable of gathering economic factors and promoting the interpenetration of economic activity subjects and economic factors. Intra-sectoral linkages will become increasingly crucial in promoting industrial upgrading as industrialization evolves to a higher level (Mao et al., 2020). One of the purposes of inter-city exchanges is to form industrial complementarities; an industrial structure gives rise to industrial linkages. The interactive development between cities relies on industrial linkages, and the improvement and upgrading of industrial structures can deepen inter-city exchanges and cooperation and form inter-regional assemblages based on industrial cooperation. The flow of people determines the development of an urban economic network structure. When people gather, there are more development plans, and the city’s economic level will naturally be higher (Chen and Jiang, 2022). Human capital is an important influencing factor for regional economic growth, and inter-city exchange and cooperation partly rely on the spatial movement of population to achieve knowledge spillover. Urban agglomerations can promote the free flow and efficient comprehensive utilization of resource elements and further promote regional development to form a reasonable development pattern and a sound coordinated development mechanism (Dong and Li, 2022). Factor diffusion and agglomeration in cities are also important factors that cause changes in urban economic linkage networks. Various types of production factors diffuse and agglomerate among different regions through various channels to further enhance inter-regional economic linkages. This highlights the significant impact of these factors on regional economic linkages.
To sum up, the existing studies focused on the economic linkage of urban agglomerations inter-city economic linkage measurement, spatial network structure and effect (Martinus and Sigler, 2017), evolutionary characteristics, functional diffusion variability of central cities, economic linkage impacts on economic efficiency (Chen and Jiang, 2022), economic linkage network structure (Chong and Pan, 2020), etc. However, these researches rarely considered the importance of network structural characteristics on urban economic linkages and the factors influences economic linkages and generate regional spatial spillover effects. In terms of research methodology, QAP analysis methods were mainly applied (Li et al., 2022), without paying attention to the spatial spillover effects of the influencing factors.
The circulation and reorganization of resources in a network promotes agglomeration, and when a city’s network links are located in a way that facilitates resource agglomeration, its centrality is critical (SASSEN, 2010). Combing the topological property (transitivity) with the spatial properties can help people better understand the formation process of economic linkage networks. This study uses spatial measures to clarify the spatial effects of factors influencing economic linkage networks, explores what factors and to what extent these factors influence the formation of economic linkage network, which enriches the theoretical system and research framework of city economic linkage. And the practical contribution is to propose differentiated development strategies and planning for the three major city clusters in the Yangtze River Economic Belt.
Therefore, it is critical to answer the following three questions: 1) How are the economic linkages within the three major city groups, which are in the upper, middle and lower reaches of the Yangtze River Economic Belt? 2) What are the developmental patterns of spatial-temporal divergence? 3) What are the key drivers? This study used a nested matrix of economic and geographical distances to overcome the limitations of traditional spatial association and analyzed the economic linkages, influencing factors, and spatial effects of the three major urban agglomerations in the Yangtze River Economic Belt.
2 BACKGROUND, DATA, AND RESEARCH METHODS
2.1 Background
The Economic Belt is an area with the city as the central point, the Yangtze River as the axis, and the basin as the surface. The Yangtze River Economic Belt, spanning three major regions, eastern, central, and western China (Wang Y. et al., 2022), shoulders the important task of promoting the development of the west, driving the rise of central China, undertaking the integration of the Yangtze River Delta, and accelerating the coordinated development of the country’s regions. As the most crucial urban agglomeration in the upper reaches of the Yangtze River, these cities of the Chengdu-Chongqing Urban Agglomeration are highly connected (Lu et al., 2022). The middle reaches of the Yangtze River urban agglomeration can be further divided into the Wuhan urban agglomeration, the Chang-Zhu-Tan urban agglomeration, and the Poyang Lake urban agglomeration, with a total land area of 32.61 × 104 ha, making it the largest urban agglomeration in China (Ma et al., 2022). Centering on Shanghai, the Yangtze River Delta urban agglomeration is highly developed and interconnected, with an extensive regional division of labour, significant spill-over effects, and synergized urban development (Zhu et al., 2023). On this basis, the outlined development plan for Chengdu-Chongqing urban agglomeration, the middle reaches of the Yangtze River urban agglomeration, and the Yangtze River Delta urban agglomeration released. These three agglomerations played an indispensable role in promoting coordinated regional development. More and more scholars have focused on developing the three urban agglomerations.
2.2 Data sources
According to the “Chengdu-Chongqing City Cluster Development Plan”, “Yangtze River Midstream City Cluster Development Plan,” and “Yangtze River Delta City Cluster Development Plan”, 16 cities are chosen from the Chengdu-Chongqing city cluster, 31 cities are chosen from the middle reaches of the Yangtze River city cluster, and 27 cities are chosen from the Yangtze River Delta city cluster, a total of 74 cities are included in this study. Cities’ details are presented in Appendix A. In 2006, China’s Eleventh Five-Year Plan clearly proposed that “urban agglomerations should be the main form of urbanization, and regions with conditions for urban agglomeration development should strengthen integrated planning, with mega-cities and big cities as leaders, and play the role of central cities”. In 2020, the national 14th Five-Year Plan of China proposed to “smooth the domestic circulation, improve the mechanism of regional cooperation and mutual assistance, and build a modernized urban area”. The rapid growth of China’s cities and changes in regional planning during the period 2006–2020 indicate that urban economic linkages have gradually evolved into networks. Given the starting point of large-scale urbanization in China and the national and regional planning stages, for this reason, the year from 2006–2020 was selected as the research period in this research. The data were mainly obtained from the City Statistical Yearbook of China, the EPS public database, statistical yearbooks of provinces and cities, and the shortest road distance data from Baidu Maps.
2.3 Research methods
2.3.1 Gravity correction model
The gravity model is based on Isaac Newton’s gravitational law (Aydın and Ülengin, 2022) and is one of the methods used to calculate the intensity of economic linkages between regions. The economic linkage intensity indicates the degree of economic and social linkages between two cities (Wu et al., 2017). Based on the classical gravity model, this study referred to the modified gravity model of (Fan and Xiao, 2021) to calculate the economic linkages between cities. To highlight the directivity of economic linkages, G was measured by the proportion of gross domestic product to the sum of gross domestic product of the two linked cities. The calculation formula is as follows:
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where [image: image] represents the degree of the economic link between cities i and j; [image: image] and [image: image] are the resident population of city i and j; [image: image] and [image: image] are the built-up area of city i and j; [image: image] represents the shortest road distance from city i to city j, obtained through the Baidu Maps API tool. In addition, the city’s economic linkage with all cities in its region is added to measure the number of economic linkages in that city.
2.3.2 Social network analysis methods
The SNA method is an interdisciplinary analytical method based on graph theory tools and algebraic models that use relationships as the basic unit for analysis (Huo et al., 2022). Interregional economic links are characterized by a network structure, and the use of social network analysis enables the correct analysis of individuals who are not independent of each other in their relationships. To investigate the evolution of economic linkage network and the factors affecting the formation of the city network, we needed to construct the economic linkage network and then calculate the index reflecting the connectivity degree of the city in the economic linkage network.
First, the network density measures the overall network characteristics of the network, which is the ratio of the sum of the actual number of ties generated between network nodes to the sum of the theoretical maximum number of ties generated by all network nodes. This index reflects the closeness of the association between network nodes. The greater the network density, the closer the connection between network nodes, and the stronger the ability to influence each other (Reza HabibAgahi et al., 2022).
Second, centrality is one of the essential metrics in graph and network theory and is used to asses a node’s relevance, or structural importance, in the network. The centrality measure defines a node’s importance in a network (Camacho et al., 2020). The centrality metric can be used to determine the position of a node in the network and its influence. The centrality of a point measures the influence or position of an individual as a network node in an entire network. The degree centrality potential of the graph is used to study whether the entire network structure graph tends to concentrate at a certain node or nodes. However, point centrality evaluates the local centrality index of a node and measures its connectivity in the network, without considering whether it can control others. In contrast, betweenness centrality quantifies the number of times a node acts as a bridge along the shortest path between two other nodes and is, therefore, a control ability index.
2.3.3 Spatial autocorrelation analysis
Spatial autocorrelation is characterized by a correlation in a signal between nearby locations in space (Cao et al., 2019). One potential application of spatial autocorrelation analysis is to study clusters and dispersion for a given dataset (Kumari et al., 2019). To evaluate the distribution pattern of economic linkage potential, we used global Moran’s I and local Moran’s I to conduct spatial autocorrelation analysis. The z-score and p-value were used to evaluate the significance of the index.
The global Moran index tests whether neighboring areas in the entire study area are similar, dissimilar (spatially positively and negatively correlated), or independent of each other. The calculation formula is as follows.
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where [image: image] is the spatial weight matrix; [image: image] and [image: image] denote the economic linkage potential values of city i and j, respectively; [image: image] is the average value; n is the total number of city units; and [image: image] is the variance. Moran index >0 indicates that the distribution of the elements presents a clustered pattern distribution, and the larger the z-score, the more significant the distribution. In contrast, it shows that it tends to be more discretely distributed in space when the Moran index = 0, the spatial distribution is random.
The local Moran’s index is used to test whether similar or dissimilar observations are clustered in a local area. The local Moran’s index of a region is used to measure the degree of association between the region and its neighboring regions. The calculation formula is as follows.
[image: image]
The symbolic meaning is the same as that of the global Moran index. The results were divided into four categories: non-significant, high-high clustering, low-low clustering, high-low clustering, and low–high clustering.
2.3.4 Measurement model
Based on analyzing the influential factors driving changes in economic linkages, we first developed a panel fixed-effects model. The economic linkage potential value, which represents the strength of a city’s economic linkage with other cities, is defined as the average attractiveness and radiance of the city, and the data were logarithmized. This study used the value of economic linkage potential as the explained variable.
[image: image]
where ln represents the natural logarithm of the variable, rel is the value of the economic linkage potential, Net represents the network structure features, Dev is economic development level, Ind is the industrial structure, Hum is human capital, and Fac is the capability of factor aggregation and diffusion.
Where a is the coefficient of the explanatory variable, u is the individual effect, v is the time effect, and s is the random perturbation term.
The most frequently used spatial econometric models include the spatial lag model (SLM), the spatial error model (SEM), and the SDM (Yang et al., 2022). The spatial Durbin model (SDM) is a combined extended form of the spatial lag model (SLM) and the spatial error model (SEM) that considers both the spatial correlation of the dependent variable and the spatial correlation of the independent variables. This study drew on the ideas of (Ruan and Zhang, 2021) to build the following SDM model:
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where [image: image] and [image: image] represents the explained variable and the observed value of the explanatory variable of unit i at time t, respectively; space lag coefficient [image: image] is the space overflow coefficient of the explanatory variable; [image: image] is the estimated parameter vector of the explanatory variable; [image: image] is the spatial weight matrix, [image: image] and [image: image] are space and time effects, respectively; and [image: image] is the spatial error term subject to independent distribution.
In spatial measurement, the combined effect of explanatory variables on the explained variables is divided into direct and indirect effects, where the direct effect is the change in a city’s independent variables leading to a change in its own dependent variables and the indirect effect is the spatial spillover effect of the explanatory variables. Therefore, [image: image] denotes the influence of the explanatory variables in the neighboring region on the explanatory variables in the local region and [image: image] denotes the influence of the explanatory variables in the neighboring region on the local explanatory variables.
3 EMPIRICAL FINDINGS FOR ECONOMIC NETWORK LINKAGE
3.1 Economic linkage strength analysis
The strength of economic linkages was derived using the modified gravity model. Among the three major city groups in the Yangtze River Economic Belt, each city has links to other cities, resulting in a directed asymmetric city-by-city matrix. A total of 1,872 city pairs were obtained by calculation. Table 1 lists the top 20 city pairs in terms of economic linkage intensity in 2020. From the perspective of the entire city network, the economic linkage values increased along with emerging linkages, and the city network seemed to be more intensive in 2020 than in 2006.
TABLE 1 | Top 20 city pairs in terms of economic linkage intensity in 2020.
[image: Table 1]The comparison shows that most of the top 20 city pairs, belong to the Yangtze River Delta city cluster. In comparison, the Chengdu-Chongqing city cluster and the middle reaches of Yangtze River city cluster have only two pairs of cities selected, indicating that the economic ties between cities in the Yangtze River Delta city cluster are strong and relatively close. In the Chengdu-Chongqing city cluster, Chengdu to Meishan, Chengdu to Deyang, Zigong to Neijiang, and Chongqing to Mianyang were the top city pairs in terms of economic linkage intensity in 2006–2010, 2011–2012, 2013, 2017–2020, and 2014–2016, respectively. Among the cities in the middle reaches of Yangtze River, Huanggang to Ezhou, and Wuhan to Xiaogan were the top cities in terms of economic linkage intensity in 2006–2019 and 2020, respectively. In the Yangtze River Delta urban agglomeration, Suzhou to Wuxi was the top city pair in terms of economic linkage intensity in 2006–2020. They have formed a continuous and stable economic linkage.
From the perspective of a complete city network, some cities stand out as major nodes within the network. We use ArcGIS software to map out the complete city network of economic linkages among cities in the three major city clusters in the Yangtze River Economic Belt in 2020 and normalized it according to the maximum value of economic tie strength. Figures 1–3 show the intensity of economic ties among the Chengdu-Chongqing urban agglomeration, middle reaches of Yangtze River urban agglomeration, and Yangtze River Delta urban agglomeration, respectively, in 2020. Figure 1A, Figure 2A, and Figure 3A show all urban economic linkages, while Figure 1B, Figure 2B, and Figure 3B show the effects presented after excluding urban linkages with economic linkage strength less than or equal to 0.01. The connection values were divided into five ranges, represented by line color and thickness.
[image: Figure 1]FIGURE 1 | Economic linkage intensity of cities in Chengdu-Chongqing city cluster in 2020 (A,B).
[image: Figure 2]FIGURE 2 | Intensity of economic ties in the middle reaches of the Yangtze River urban agglomeration in 2020 (A,B).
[image: Figure 3]FIGURE 3 | Strength of economic ties in the Yangtze River Delta city cluster in 2020 (A,B).
In Figure 1, the Chengdu-Chongqing urban agglomeration in 2020 formed a network of economic links with Chengdu and Chongqing as the two poles, which radiate to influence geographically close cities. Other than these two cities, the economic linkages between other cities are relatively weak, but all have economic interactions with neighboring cities. Figure 2 shows that the midstream Yangtze River urban agglomeration formed an economic linkage network with Wuhan, Changsha, and Nanchang as the three poles in 2020. However, Wuhan and Changsha have a relatively greater ability to radiate and influence neighboring cities, and Nanchang has less ability to radiate and influence neighboring cities. As the middle reaches of Yangtze River city cluster have more cities, relying on the radiation effect of Wuhan, Changsha, and Nanchang, a point-axis economic linkage pattern is formed within the city cluster. As shown in Figure 3, the Yangtze River Delta urban agglomeration is more mature, with several cities closely connected, and the role of polarization pattern is weakened, relying on multi-point development. Some cities with similar geographic locations, but far from the central cities, can also form several small economic networks with neighboring cities to realize network development. The Yangtze River Delta city cluster has stronger economic ties than the Chengdu-Chongqing city cluster and the middle reaches of the Yangtze River city cluster.
3.2 Analysis of economic linkage network characteristics
3.2.1 Network density
The strength of the connectivity between any two inter-linked cities was determined by the number of social ties each city-dyad possessed. Calculating the strength of economic ties, economic linkage intensity matrices of 16 × 16, 31 × 31 and 27 × 27 for the three major urban agglomerations were obtained. Methodologically, we employed the social network software UCINET to undertake a network analysis.
The Chengdu-Chongqing urban agglomeration, the Yangtze River Delta urban agglomeration, and the Yangtze River midstream urban agglomeration, respectively, rank in terms of descending order of network density. The network density of the three major urban agglomerations was relatively flat from 2006–2020 without major fluctuations, among which the cities in the Chengdu-Chongqing urban agglomeration were more closely connected and had a stronger ability to influence each other (Figure 4). In Figure 5, the Chengdu and Chongqing cities have the least number of cluster relationships, the middle Yangtze River urban cluster has the highest, and the difference between the Yangtze River Delta urban cluster and the middle Yangtze River urban cluster is smaller.
[image: Figure 4]FIGURE 4 | Network density of the three major urban agglomerations in the Yangtze River economic belt.
[image: Figure 5]FIGURE 5 | Number of relationships among the three major city groups in the Yangtze River economic belt.
3.2.2 Structure of economic network linkage
UCINET was used to calculate the degree centrality of all cities in the three major urban agglomerations of the Yangtze River Economic Zone, divided into point-out and point-in. Point-in degree is the strength of the ability to receive influence from other cities, and degree centrality potential (divided into point-in and point-out central potentials) measures the overall centrality of the network.
In the Chengdu-Chongqing urban agglomeration, the cities with a higher degree of point-out are Chongqing and Chengdu, and the cities with a higher degree of point-in are Chengdu, Zigong, Nanchong, and Yibin; in the middle reaches of the Yangtze River urban agglomeration, the cities with a higher degree of point-out are Wuhan, Changsha, and Nanchang, and the cities with a higher degree of point-in are Wuhan, Changsha, Jingzhou, Zhuzhou, and Yichun; in the Yangtze River Delta urban agglomeration, the cities with a higher degree of point-out are Shanghai, Nanjing, Wuxi, Suzhou, Hangzhou, Changzhou, and Ningbo, and the cities with a higher degree of point-in are Shanghai, Nanjing, Wuxi, Changzhou, Suzhou, Yangzhou, Taizhou, and Jiaxing. From this, it can be seen that the central cities in the urban agglomeration influence the rest of the cities by radiation, while most of the cities other than the central cities have weak radiation influence and are in the state of being influenced by radiation.
As seen in Table 2, the central point-in potential is highest in the Chengdu-Chongqing urban agglomeration, second highest in the Yangtze River Delta urban agglomeration, and lowest in the Yangtze River midstream urban agglomeration, whereas the central point-out potential is lowest to highest in the Chengdu-Chongqing urban agglomeration, the Yangtze River midstream urban agglomeration, and the Yangtze River Delta urban agglomeration, respectively. The point-in and point-out center potential of the three major urban agglomerations did not change significantly between 2006 and 2020, while the point-in center potential is higher than the point-out center potential. This indicates that most of the cities in the three major urban agglomerations are still under the influence of radiation from regional central cities, among which the Yangtze River Delta urban agglomeration is more mature. In contrast, the Chengdu-Chongqing urban agglomeration and the middle reaches of Yangtze River urban agglomeration have more room for development.
TABLE 2 | Degree central potential of the three major urban agglomerations in the Yangtze River Economic Belt.
[image: Table 2]Furthermore, based on the calculation of betweenness centrality in the three major urban agglomerations of the Yangtze River Economic Belt, we used the natural breakpoint method of ArcGIS software to visualizing them.
In 2006–2020, the betweenness centrality of Chongqing, Chengdu, Zigong, and Nanchong in the Chengdu-Chongqing urban agglomeration decreased, indicating that the control ability of these cities was slowly decreasing, while the betweenness centrality of Luzhou increased, indicating that its economic linkages with other cities in the urban agglomeration gradually increased. The betweenness centrality of the remaining cities remained unchanged. The betweenness centrality of Chengdu, Meishan, and Chongqing forms a high–value area. These cities have a strong control ability and are the “key link” in connecting cities in the city cluster, while the betweenness centrality of Yibin, Zigong, and Nanchong are in the middle, and the betweenness centrality of the other cities forms a low–value area (Figure 6).
[image: Figure 6]FIGURE 6 | The betweenness centrality of 2006 and 2020 in Chengdu-Chongqing urban agglomeration.
The betweenness centrality of cities in the middle reaches of Yangtze River urban agglomeration was relatively more complicated during the period 2006–2020. The betweenness centrality of Wuhan, Xiangyang, Jingmen, Changsha, Hengyang, and Yichun gradually increased over the 15 years, Huangshi, Jingzhou, Xiantao, Zhuzhou, Xiangtan, Yueyang, Loudi, Nanchang, and Pingxiang have declined in betweenness centrality, and the betweenness centrality of Xiaogan, Ezhou, Tianmen, Jingdezhen, Xinyu, Yingtan, and Ji’an has not changed. Notably, the betweenness centrality of Yichang, Qianjiang, and Yiyang showed a rising followed by a falling trend; the betweenness centrality of Huanggang and Xianning fluctuated; the betweenness centrality of Changde fluctuated and was only at a higher position in 2008, 2012 and 2013; the betweenness centrality of Jiujiang gradually rose in 2017, and the betweenness centrality of Fuzhou and Shangrao only increased in 2019–2020. As seen in Figure 7, the northern cities of Wuhan and Xiangyang drive Yichang, Jingmen, and Jingzhou to form a high-value region and achieve block development, while the southern cities of Changsha, Yichun, and Nanchang drive Hengyang and Zhuzhou to form a high-value region and show a strip distribution. The central cities of Yiyang, Yueyang, and Jiujiang serve as bridges to connect the southern and northern cities.
[image: Figure 7]FIGURE 7 | The betweenness centrality of 2006 and 2020 in the middle reaches of Yangtze River urban agglomeration.
From 2006–2020, the betweenness centrality of Shanghai, Changzhou, Nantong, Ningbo, Hefei, and Wuhu in the Yangtze River Delta urban agglomeration showed an increasing trend, while that of Wuxi, Suzhou, and Taizhou showed a slowly decreasing trend, that of Maanshan was higher only in 2006–2010 and then decreases to zero. Yangzhou, Zhenjiang, Taizhou, and Huzhou showed fluctuations. Hangzhou showed a decreasing and then increasing trend, while the rest of the city showed no fluctuations. From Figure 8, it can be seen that the betweenness centrality of the Yangtze River Delta urban agglomeration forms the high-value area of Hangzhou, Shanghai, Suzhou, Wuxi, Changzhou, Nanjing, and Hefei and gradually shows a belt-like distribution pattern.
[image: Figure 8]FIGURE 8 | The betweenness centrality of 2006 and 2020 in Yangtze River Delta city cluster.
4 EXPLANATORY FACTORS FOR THE ECONOMIC LINKAGE
4.1 Index selection and description
On the basis of theoretical discourse, two types of data are involved: economic linkage and explanatory variables. The first type of data for economic linkage was calculated using a gravity correction model. The second type of explanatory data adopted here was based on city-level factors, which are listed in Table 3. The point-out degree, point-in degree, and betweenness centrality of cities were selected in the network structure characteristics to measure the ability of cities to radiate influence on other cities, receive influence from other cities, and control in urban clusters, respectively. The level of economic development was measured by per capita GDP; cities with higher levels of development have a greater ability to aggregate economic factors. Industrial structure was measured by advanced industrial structure, and the ratio of the value-added of tertiary industry to the value-added of secondary industry reflected the service orientation of the economy. Human capital was measured as the number of college students per 10,000 people, which is the basis of regional innovation and continuously promotes regional economic growth. Factor diffusion and agglomeration were measured by per capita fixed asset investment and total retail sales of social consumer goods, respectively. The smooth flow of factors between cities enhances economic ties.
TABLE 3 | Descriptive statistics of variables used in regression analysis.
[image: Table 3]4.2 Spatial association of economic linkages
Before testing the SDM, we analyzed the spatial correlations of the economic linkages. Spatial dependence and correlations of the dependent variables were examined to determine whether it was necessary to use a spatial econometric model. Therefore, the global Moran and local Moran indices were introduced to explore the spatial association of economic linkages. The global Moran index was calculated using Stata15, and the nested matrix of economic and geographical distances was used as the spatial weight matrix. Table 4 shows a more significant spatial global autocorrelation in the economic linkage potential values of cities within the three major urban agglomerations in the Yangtze River Economic Belt from 2006 to 2020 at the 99% confidence level. The Moran index and Z-score are positive, so their distributions are spatially significantly correlated.
TABLE 4 | Analysis results of the Global Moran index.
[image: Table 4]The global Moran index was decomposed to each city in the three major urban agglomerations in the Yangtze River Economic Belt to obtain the local Moran index. This study used Stata15 to plot the local Moran index scatter plots of the potential values of economic linkages in 2006 (Figure 9) and 2020 (Figure 10). It can be seen that the distribution of economic linkage potentials changed less in 2020 compared to 2006.
[image: Figure 9]FIGURE 9 | Local Moran index scatter plot in 2006.
[image: Figure 10]FIGURE 10 | Local Moran index scatter plot in 2020.
Most of the economic linkage potential values of cities in the three major urban agglomerations in the Yangtze River Economic Belt in 2020 were distributed in the first and third quadrants, showing the spatial distribution characteristics of high-high and low-low aggregation, indicating a high spatial aggregation of economic linkage potential values. Some cities were scattered in the second quadrant, such as Zhoushan, Xuancheng, Tongling, Anqing, Chizhou, Shangrao, and Jinhua, showing the spatial distribution of low-high aggregation, whereas others were scattered in the fourth quadrant, such as Chongqing, Chengdu, Wuhan, Changsha, Zhuzhou, Xiangtan, Huanggang, Ezhou, and Xiaogan, showing the spatial distribution characteristics of high-low aggregation. The cities distributed in the first quadrant mostly belong to the Yangtze River Delta city cluster, and cities distributed in the second and third quadrants mostly belong to the middle reaches of Yangtze River city cluster. Most cities in the fourth quadrant are the central cities and edge cities of the Chengdu-Chongqing city cluster and the middle reaches of the Yangtze River city cluster.
4.3 Results
To avoid spurious regression issues in our empirical analysis, the HT unit root test and VIF test were required for each variable. The results indicate that they were all stationary variables that could be used in an empirical analysis. The LM test and HAUSMAN test were first used to select a suitable spatial econometric model; the test results listed in Table 5. The LM lag test and LM error test results indicate the existence of spatial lag or spatial error effects, and reject the mixed OLS model. In addition, the results of the HAUSMAN rejected the hypothesis of random effects; therefore, a fixed model was chosen. Because the spatial Durbin model may include both spatial error and spatial lag effects, model robustness tests were necessary. This study used the LR and Wald tests to further test whether the spatial Durbin model degenerates into a spatial error and spatial lag model. The LR test compared the spatial Durbin model with the spatial lag and spatial error models, with statistics of 25.89 and 31.85, respectively, with p-values all significant at the 1% level. The results of Wald test also showed that the spatial Durbin model did not degenerate into spatial error and spatial lag models, so the spatial Durbin model was chosen.
TABLE 5 | Results of the LM and HAUSMAN tests.
[image: Table 5]To reasonably examine the effects of explained variables on economic linkage, three different types of spatial Durbin model were constructed: time-fixed model, space-fixed model, and space-time fixed model. The spatial Durbin time fixed effects model was selected after comparative analysis using the LR test.
As shown in Table 6, in the traditional OLS model, point-out degree, point-in degree, GDP per capita, number of college students per 10,000 people, fixed asset investment per capita, and total retail sales of consumer goods all significantly and positively affect the value of economic linkage potential at the 1% level. This demonstrates that enhancing the radiating and radiated power of cities helps strengthen economic linkages, while the increase in the level of economic development, the accumulation of human capital, and the enhancement of the diffusion and agglomeration capacity of urban factors also have positive effects on enhancing economic linkages between cities. Moreover, the betweenness centrality is significantly negative at the 1% level, while the increase in urban resource control has a weak negative effect on economic linkage potential, and the advanced industrial structure has a negative but insignificant effect. In the regression results of the spatial Durbin model, the spatial autocorrelation coefficient rho is significantly negative at the 1% level, proving the existence of spatial spillover effects. Compared to the traditional OLS model, only the sign direction of advanced industrial structure and total retail sales of social consumer goods changed in the spatial Durbin model.
TABLE 6 | Estimation results of the spatial Durbin model and spatial effects.
[image: Table 6]This study decomposed the spillover effects into direct and indirect effects. Direct effects represented local effects that measured the impacts of explanatory factors on economic linkages. Indirect effects represented spillover effects, which measured the impacts of explanatory factors on economic linkages in neighboring areas.
From the network structure characteristics, the coefficients of the direct effects of point-out and point-in were all significantly positive at the 1% level, and the indirect effects were all negative. However, only the point-in was significant at the 1% level, and the total effects were all positive. That is, the increase in city point-out and point-in directly increased the city’s economic linkages with other cities, while the increase in point-in of neighboring cities had a negative spillover effect on the city’s economic linkages. Most of the cities in the three major urban agglomerations in the Yangtze River Economic Belt had higher point-in than point-out degrees. They were in a period of radiation influence by the central cities, with the surrounding non-central cities in a situation of seizing economic resources. Meanwhile, the direct effect of intermediate centrality was significantly negative at the 1% level, the indirect effect was positive, and the total effect was negative, all of which were insignificant, indicating that the centrality index had no significant effect on economic ties because the cities with higher centrality were mainly a few central cities in the three major urban agglomerations in the Yangtze River Economic Belt. Non-center cities rely heavily on the center city to develop connectivity to regions outside the city cluster. Such a hub-and-spoke system increases the total connectivity of non-center cities but reduces their direct connectivity to cities outside the city cluster (Wang K. et al., 2020).
The direct, indirect and total effects of GDP per capita on the economic development level were all significantly positive at 1% level. The indirect effect was larger than the direct effect. Cities with higher economic development levels had positive spillover effects on neighboring cities in addition to enhancing their economic ties with the outside world, indicating that cities with higher economic development levels have good comparative advantages. Their ability to radiate influence on neighboring cities was stronger, so they could establish closer economic ties with cities in urban agglomeration.
Moreover, the direct effect of the advanced industrial structure was significantly positive at the 1% level, while the indirect and total effects were negative but not significant, indicating that the higher the degree of the advanced industrial structure of a city, the closer its economic ties with neighboring cities, and the advanced industrial structure releases structural dividends and promotes industrial integration among cities. Industrial functional organization, structural upgrading, and spatial transfer are important driving forces for the growth of city clusters. Promoting the transformation and upgrading of the industrial structure is the core of economic development strategies and industrial policy (Wang C. et al., 2022).
From the perspective of human capital, the direct, indirect and total effects were significantly positive at the 10%, 1%, and 1% levels, respectively. The indirect effect was significantly larger than the direct effect. The knowledge spillover brought about by human capital significantly and positively affects neighboring regional cities and strengthens the economic linkage exchange and cooperation between cities while promoting regional economic growth. Knowledge spillovers and human capital likely affect the total factor productivity (Hu, 2021).
Finally, in the agglomeration and diffusion capacity of factors, the direct effect of per capita fixed asset investment was significantly positive at the 1% level, the indirect effect was significantly negative at the 1% level, and the total effect was negative, but not significant. This indicates that the increase in the city’s own per capita fixed asset investment intensifies the agglomeration of resources, while the negative spatial spillover effect indicates that the increase in per capita fixed assets in neighboring cities attracts the agglomeration of factors and reduces the economic linkage of the city. In addition, the direct effect of total retail sales of consumer goods was significantly negative at the 1% level, while the indirect and total effects were significantly positive at the 1% and 5% levels, respectively. The indirect effect was larger than the direct effect, indicating that the agglomeration and diffusion of factors have positive effects on strengthening inter-city economic ties.
4.4 Robustness tests
This study tested the robustness of the model by replacing the spatial weight matrices. As shown in Table 7, significant changes in the direction of the sign of the spatial effects of the point entry degree and advanced industrial structure occurred, while the sign direction and significance of the direct, indirect, and total effects of the remaining variables did not change significantly. Because the nested matrix is more stringent than the geographic distance matrix, the robustness of the previous findings was verified.
TABLE 7 | Estimation results of the replaced spatial weight matrices.
[image: Table 7]Although panel data can solve the problem of omitted variables to some extent, if the regression model contains endogenous explanatory variables, robustness tests considering the endogeneity of the model are still required, and the explanatory variables and the explained variables here may have the problem of mutual causality. This study adopted a one-period lagged regression of the explanatory variables to eliminate the causal relationship between the explanatory and explained variables and to prove the robustness of the estimation results. The details are presented in Appendix B.
5 CONCLUSION AND RECOMMENDATIONS
5.1 Conclusion
This study calculated the directed economic linkages through a modified gravity model and portrayed the economic linkage network using network density and centrality analysis. We took the three urban agglomerations in the Yangtze River Economic Belt as an example to examine the influence of network structure characteristics, economic development level, industrial structure, human capital, factor diffusion, and agglomeration. This study revealed useful and encouraging findings. First, from the perspective of economic ties within urban agglomerations, the overall economic ties within the three major city clusters of the Yangtze River Economic Belt showed an upward trend each year. The intensity of economic linkages of the Yangtze River Delta city cluster was greater than that of the Chengdu-Chongqing city cluster, and the middle reaches of Yangtze River city cluster. The Yangtze River Delta city cluster had the strongest economic and closer ties, forming multi-center city radiation and regional sub-network response pattern. While the intensity of economic ties between the Chengdu-Chongqing urban agglomeration and the middle reaches of Yangtze River urban agglomeration was relatively sparse compared to the Yangtze River Delta urban agglomeration, the Chengdu-Chongqing urban agglomeration has formed a spatial network pattern with Chengdu and Chongqing as the two poles. The city cluster in the middle reaches of the Yangtze River has formed a point-axis development pattern of Wuhan, Changsha, and Nanchang. A stable and continuous economic connection was formed among the central cities of the Yangtze River Delta city cluster, and the development of the remaining cities was driven by radiation.
Second, in terms of the network structure of urban agglomerations, the network density of the three major urban agglomerations in the Yangtze River Economic Belt developed relatively smoothly from 2006–2020. Owing to the influence of cities, most cities were still in a period of radiation influenced by the central cities. Chengdu and Chongqing had the highest betweenness centrality in the Chengdu-Chongqing urban agglomeration, which attracted the surrounding talents and capital. The northern part of the middle reaches of the Yangtze River urban agglomeration formed the block development of high-value areas with betweenness centrality and the strip distribution in the south, while the central cities in the Yangtze River Delta urban agglomeration played a relatively weaker role and formed a strip distribution of high-value areas.
Third, in the factors affecting the economic linkages of urban agglomerations, the increase in the point-out and point-in degrees of cities directly increased the economic linkages with other cities. Furthermore, the improvement in the level of economic development directly enhanced the radiation-driving ability of cities and had a positive spillover effect on neighboring cities. An advanced industrial structure positively impacted the formation of industrial links between cities and the outside world. Specifically, the improvement and upgrading of industrial structures can deepen exchange and cooperation between cities and promote the formation of effective industrial links between regions. In addition, human capital accelerates intercity factor transfers and generates significant knowledge spillovers to neighboring cities. On the one hand, cities’ factor diffusion and agglomeration ability will promote the flow of economic development factors between cities. On the other hand, neighboring cities’ increased factor agglomeration and diffusion ability will have a “containment” effect, such as the “siphon effect” of the central cities of urban clusters.
5.2 Recommendations
Based on the above analysis, the following recommendations are proposed for developing economic linkage. First, the three major city clusters should implement differentiated development strategies, breakthrough administrative barriers, and spatial distance restrictions. Specifically, the Yangtze River Delta city cluster should further focus on cultivating multi-center node cities within the city cluster based on its geographical location and advantageous development of resource endowment and play the role of a sub-network within the city cluster. We suggest that the Chengdu-Chongqing city cluster should further extend the radiation range of Chengdu and Chongqing poles based on the original economic network pattern to realize the circular flow of economic factors within the city cluster, while preventing the formation of the two poles between “central collapse.” The city cluster in the middle reaches of the Yangtze River should give full play to the radiation-driven role of the central cities of Wuhan, Changsha, and Nanchang, promote the agglomeration of economic factors in a hierarchy, and realize the penetration of economic advantages across the hierarchy.
Second, this study empirically outlined the overall structure of the economic network of three major city clusters and made some suggestions. For example, city clusters should actively function as network clusters of existing economic linkages while improving the uneven development of network structures and enhancing the synergy of the overall network. Central cities should expand the radiation diffusion and demonstration drive effect, node cities should strive to play a bridge role, and edge cities should be integrated into the economic sub-network. As the structure of the economic linkage network within the three major urban agglomerations in the Yangtze River Economic Belt is different, the urban agglomerations should also focus on the development of small- and medium-sized cities and peripheral cities while playing the role of regional central cities as radiation drivers, such as Deyang in the Chengdu-Chongqing city group; Zhuzhou, Huanggang, Huangshi, and Ezhou in the middle reaches of the Yangtze River city group; and Zhoushan, Tongling, Anqing, and Xuancheng in the Yangtze River Delta city group. It should nurture functional small- and medium-sized cities with special features, grow counties’ economic development, and increase their status or power in the economic network.
Third, it is necessary to create a platform to strengthen economic ties between cities by increasing the level of economic development. In terms of industrial policy, it is important to focus on enhancing the advanced degree of industrial structure, constructing inter-city industrial chains by category, exploring new modes of industrial transfer cooperation, and actively encouraging the Yangtze River Delta city cluster to build industrial parks in Chengdu-Chongqing, and the middle reaches of the Yangtze River city cluster to realize benefit sharing. Meanwhile, gives full play to the knowledge spillover effect of human capital to strengthen economic ties within urban agglomerations while improving their innovation capacities. Finally, cities should actively leverage their urban location advantage to accelerate the diffusion and agglomeration of factors, while avoiding the “siphon” effect of central cities such as Chengdu, Chongqing, Wuhan, Changsha, Nanchang, Shanghai, Nanjing, Hangzhou, etc., to reduce the adverse competition among cities for resource factors and form an orderly and stable interactive development situation.
This study analyses the economic linkage network structures of the three major urban agglomerations in the Yangtze River Economic Belt, and explores the relevant spillover effects of network structure characteristics, economic development levels and other influencing factors on economic linkages. But there are some limitations requiring further research. First, measuring city strength through population and GDP and built-up area is not comprehensive. Future research can correct the gravity model by evaluating the comprehensive strength of the city using a multi-indicator evaluation system (Zhang et al., 2022). Second, in the process of measuring the structural characteristics of urban networks, betweenness centrality cannot apply to large networks because of the high time complexity (Zhao et al., 2022). Therefore, future research could look for more effective ways to identify influential nodes in networks of economic linkages. Furthermore, the economic linkage of cities that do not participate in city cluster planning should be further discussed in depth. Future research could compare and contrast the impact of participating in urban cluster planning on urban economic linkage.
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