[image: image1]Spatial structure and influencing factors of regional city supply networks in manufacturing: A case study of Shandong, China

		ORIGINAL RESEARCH
published: 02 February 2023
doi: 10.3389/fenvs.2023.1107835


[image: image2]
Spatial structure and influencing factors of regional city supply networks in manufacturing: A case study of Shandong, China
Yiran Yan1,2, Xingping Wang1*, Sidong Zhao1 and Yang Zhang1,2
1School of Architecture, Southeast University, Nanjing, China
2Key Laboratory of Spatial Intelligent Planning Technology, Ministry of Natural Resources, Shanghai, China
Edited by:
Alireza Goli, University of Isfahan, Iran
Reviewed by:
Roberto Alonso González-Lezcano, CEU San Pablo University, Spain
Baogui Xin, Shandong University of Science and Technology, China
* Correspondence: Xingping Wang, wxpsx@seu.edu.cn
Specialty section: This article was submitted to Environmental Economics and Management, a section of the journal Frontiers in Environmental Science
Received: 25 November 2022
Accepted: 23 January 2023
Published: 02 February 2023
Citation: Yan Y, Wang X, Zhao S and Zhang Y (2023) Spatial structure and influencing factors of regional city supply networks in manufacturing: A case study of Shandong, China. Front. Environ. Sci. 11:1107835. doi: 10.3389/fenvs.2023.1107835

COVID-19 has driven the formation of regional supply chains. In addition, cities became the basic units of intra-regional supply chain organization under urban administrative economies. Based on the data mining of the buyer-supplier relationship of listed manufacturing firms, this study explores the spatial characteristics of city supply networks within Shandong by the indexes of degree centrality, closeness centrality, betweenness centrality, eigenvector centrality, and a community detection algorithm using the social network analysis (SNA) method and ArcGIS software. It investigates the influencing factors of city supply networks by the correlation and regression of the quadratic assignment procedure (QAP). The results show the following: 1) Shandong has formed a multi-center city supply network with Jinan, Qingdao, Yantai-Weihai, and the distribution pattern of city centrality measured by different centrality indicators shows differences. 2) Cities belonging to the same network community show a coexistence of spatial proximity and “enclave” distribution. 3) Geographic proximity, convenient transportation links, administrative district economy, similarity of business environments represented by development zones, export-oriented or domestic market-oriented division of labor between cities, value chain division of labor between cities, and land price differences between cities promote the formation of regional city supply networks. Conversely, differences in local market size and wage levels between cities hinder the formation of city supply networks. This study attempts to apply the analysis results to regional planning from the perspective of regional industrial synergy development. Additionally, as it is based on typical Chinese provinces, it can provide policy references for national administrative regions and countries/regions at similar spatial scales for manufacturing supply chains, as well as for regional spatial layout decisions of manufacturing enterprises.
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1 INTRODUCTION
1.1 Background
COVID-19 has led to the rise of logistics costs (Liu et al., 2022), stagnation of logistics (Singh et al., 2021), and growing international trade protectionism (Hobbs, 2020), restricting the frequent flow of production factors among cities worldwide and making partial disruptions to the global supply chain. In this context, the importance of regional and local supply chains comes to the fore (Thilmany et al., 2021). Due to cities being where consumer demand, suppliers, and manufacturers converge (Nagurney, 2015), especially in China and other countries with distinctive features of economic operation such as local district economy, cities are the basic unit of organization of regional supply chains. Taking China as an example, due to the difficult situation of the COVID-19 epidemic in April 2022, the lockdown of Shanghai has led to the stagnation of the supply chain of technology and auto industries in the Yangtze River Delta region and even across China (Zhang et al., 2022). Thus, it becomes increasingly important to focus on the organizational characteristics of regional supply chains from the perspective of inter-city network linkages. In addition, the study of supply and sales logistics networks of manufacturing firms in typical development zones in Shandong, based on the context of the widespread COVID-19, provides evidence of the network contraction from the global to the regional scale of manufacturing firms (Yan and Wang, 2021), Considering the importance of the manufacturing sector in the national economy, focusing on the manufacturing sector to study the supply chain cooperation relationship among cities is vital for the region’s sustainable development.
1.2 Literature review
The mainstream path of city network research is to study the linkages between cities in terms of inter-city enterprise cooperation or factor mobility. Earlier studies of city networks through corporate relationships can be traced back to the world city network (WCN) studies of Taylor et al. (2002), which made a shift from corporate linkages to city relations by the inter-locking network model based on the inheritance of Sassen’s emphasis on advanced producer services (APS) (Sassen, 2001). Another group of researchers, based on the theory of Hymer (1982) and Friedmann (1986) that states that cities gathering multinational headquarters have “urban control” of the world economy, focus on industry-wide or industry-specific corporate networks, such as those based on linkages between the financial sector (Zhao et al., 2018), advanced logistics services (Antoine et al., 2017), and the branches of multinational corporations (Alderson and Beckfield, 2004). Some scholars expanded the study of WCN with a focus on inter-enterprise venture capital (VC) (Pan et al., 2016), advanced producer service relationships in corporate public offerings (IPOs) (Pan et al., 2017), and project cooperation between enterprises in the film industry (Hoyler and Watson, 2019). Based on the space of flow theory (Castells, 1996), city network research from the perspective of factor flow has gradually become one of the important paths in city network research, as the availability of data has increased. Related research focuses on studies on city networks in terms of innovation based on patent collaboration (Li and Phelps, 2019), patent licensing (Seo and Sonn, 2019), paper co-authorship (Zhao et al., 2015), taxi travel data (Liu et al., 2015), mobile phone data, and Baidu Migration Data (Zhang et al., 2022). Comparative perspectives of high-speed rail and intercity buses are emerging (Wang et al., 2020), while the perspectives of city network-related studies have been diversified. Admittedly, a few city network studies have focused directly on supply chain cooperation between cities in specific industry sectors. These include the city network research based on the inter-enterprise supply chain of the auto manufacturing industry (Chen et al., 2020) and mobile phone manufacturing industry (Kang et al., 2021), which are of great significance to understanding the geographical characteristics of the cooperation of manufacturing supply chains among cities within a region. Some studies use data from inter-city patent transfer (Duan et al., 2019) and urban innovation networks (Jin et al., 2021) to explore the network pattern of the inter-city technology supply chains. A few studies, based on the results of such analyses, have proposed the optimization of regional planning. One example is the study by Wang et al. (2020a), which proposed the optimization of regional transportation planning based on city network research from the perspective of traffic flow but did not discuss the application path specifically. Luo et al. (2010) emphasized the importance of the city network perspective on the importance of the institutional building of regional planning in China from the perspective of theoretical analysis.
In addition to research on city networks, traditional supply chain management focuses on the linear relationship between buyers and suppliers (Zhu and Sarkis, 2004), which has limitations in understanding the strategies and behaviors of firms (Choi and Kim, 2008), so some scholars have started to introduce a networked perspective to optimize the traditional linear supply chain research. For example, studies on supply network structure based on the social network analysis (SNA) approach (Kim et al., 2011), supply chain relationship between ports (Lee and Ieee, 2006), and marine food supply chain management (Pedroza-Gutiérrez and Hernández, 2020). These studies have expanded the research dimension of linear supply chains and deepened the knowledge of the operational characteristics of the participating subjects in the supply chain through indicators such as centrality in the SNA method. However, the related studies are still relatively few in dissecting the spatial characteristics of supply chains compared with city network studies.
In general, considering its origin, city network research from the perspective of corporate networks mainly focuses on the hierarchical organization within enterprises. Although the network linkage dimension has been expanded in later studies, APS-, TNC-, and enterprise-led studies are still mainstream (Jacobs et al., 2011). It is undeniable that studies have started to focus on the linking role of manufacturing firms in city networks in recent years, but the spatial scale of related studies is still global (Kratke, 2014), lacking attention to the regional spatial scale. The research on city networks from the perspective of factor flow often blurs the microeconomic agents in network formation. For the relevant studies in the field of supply chain management from the network perspective, attention to the spatial dimension is slightly lacking. In addition, both city network studies and supply chain management studies are less concerned with the direct application value of the analysis results to public policies.
Based on the above literature, the study proposes to establish a regional inter-city supply chain partnership based on the buyer-supplier linkage between manufacturing enterprises and their suppliers, using manufacturing enterprises as an entry point. Considering that the supply chain is a linear relationship between purchasers and suppliers, and supply networks of enterprises focus on the flow of raw materials, intermediate products, etc., between multiple enterprises on this basis (Lamming et al., 2000), and the concept of supply networks is the reliance on purchase-supply relationships between multiple enterprises to build up network structure. Therefore, this study adopts Cooper et al.’s (1997) concept of “supply networks” and applies it to the inter-city level. This study focuses on the spatial characteristics and influencing factors of regional city supply networks in the manufacturing sector and examines the possible application of the results to the example of regional planning as an important public policy.
2 MATERIALS AND METHODS
2.1 Research area
China is a major manufacturing country. In the last three decades, a large number of quality manufacturing enterprises have emerged in China. According to southmoney.com, the total operating income of China’s top 500 manufacturing enterprises accounted for 36.84% of the total GDP of the whole nation in 2020. Major manufacturing enterprises represent regional manufacturing industry development. In addition, provinces are relatively independent units in terms of trade flows (Poncet, 2003) due to provincial protectionism (Ding and Niu, 2019). Therefore, China’s typical province is suitable as a case to study regional city supply networks.
Shandong is a representative strong manufacturing province in China. More than 70 of the top 100 companies in Shandong in terms of business revenue are engaged in manufacturing (Zong, 2018). As of the end of 2019, Shandong had 16 prefecture-level cities, including 57 municipal districts, 27 county-level cities, and 53 counties, with a total of 137 county-level administrative units (Figure 1). This study takes county-level administrative units as basic research units.
[image: Figure 1]FIGURE 1 | Study area: (A) the location of Shandong province in China; (B) Distribution of Prefecture-Level Cities in Shandong; (C) Distribution of County-Level Administrative Units (“city/cities” in this study) in Shandong.
2.2 Data and research steps
A supply network is composed of relationships between buyers and suppliers among firms (Cooper et al., 1997), and buyer-supplier linkage is one of the types of the inter-firm formal linkage which received attention from research of cluster network (Turkina et al., 2016). As the use of listed firms is a common practice in city network research (Li and Feng, 2020), this research selected listed firms due to their strong supply chain domination power and the highest degree of supplier information disclosure, and these firms are listed in A Stocks, Chinese stocks listed in the U.S., Hong Kong Stocks, Sci-Tech Innovation Board, and National Equities Exchange and Quotations. Suppliers of listed manufacturing firms since 2016 (including 2016) are selected as the time span includes a complete Five-Year Plan period in China.
The empirical research was conducted in three steps (Figure 2). The first step was data mining of the linkage between manufacturing firms and their suppliers. Setting the query condition “national industry” as “manufacturing industry,” “province” as “Shandong,” and “registration status” as “normal,” a name list of listed manufacturing enterprises registered in Shandong was acquired from the function of advanced query in QCC (https://www.qcc.com/) (Appendix A). Then, we manually identified the dominant business of the enterprises and eliminated the enterprises that do not belong to the manufacturing industry. By screening 379 selected listed manufacturing enterprises in Shandong (Query time was 7 April 2020) and searching suppliers of listed manufacturing enterprises in Shandong by the API interface of QCC (https://openapi.qcc.com/data), we acquired the name list of suppliers and a total of 10,847 connections between manufacturers and their domestic suppliers, including 5,353 connections within Shandong. The second step was data processing. By batch-searching the name list of buyer-supplier linkage in QCC, we acquired the addresses, including the name of county-level administrative units, of these companies. After proofreading and correcting erroneous spatial information, we transformed the relationships between listed manufacturing firms and their suppliers that we acquired in the previous step into a matrix of linkage between cities (Appendix B). The third step was data analysis. Based on the matrix of linkage between cities, we analyzed and visualized the data using software from UCINET, Gephi, and ArcGIS. Specifically, we explored the characteristics of city supply networks in Shandong by indexes of degree centrality, closeness centrality, betweenness centrality, and eigenvector centrality based on the “community detection” algorithm in UCINET; studied the influencing factors of city supply networks by the quadratic assignment procedure (QAP) in UCINET; presented the topological relationship characteristics of the networks by Fruchterman Reingold and Force Atlas layout in Gephi; and visualized the spatial characteristics of node centralities of city supply networks by ArcGIS.
[image: Figure 2]FIGURE 2 | Research steps.
2.3 Research methods
2.3.1 Social network analysis
SNA is a common method in both city network studies and supply chain management studies. This study also adopts the SNA method to study the characteristics of city supply networks. Most WCN studies concluded that cities close to the central location in the network have more influence on the flow of resources (Alderson and Beckfield, 2004).
2.3.1.1 Network centrality
SNA is widely used in city network research, and this study explored the status of nodes in city networks in Shandong based on the indexes of degree centrality, closeness centrality, betweenness centrality, and eigenvector centrality.
a. Degree Centrality
Degree centrality measures the node’s ability to cluster and radiate in the network. For city supply networks, degree centrality represents the number of cities directly associated with the city. Its calculation equation is as follows:
[image: image]
Where: [image: image] represents the degree centrality of node [image: image]; [image: image] represents the number of points directly associated with the node, and [image: image] represents the total number of nodes in the network.
b. Closeness Centrality
Closeness centrality shows the closeness of the linkage between a node and other nodes by the reciprocal of the sum of the shortest distance, and thus reveals their position in the network. For city supply networks, closeness centrality indicates how easy it is for a city to interconnect with others. It is calculated by the following equation:
[image: image]
Where: [image: image] represents the closeness centrality of node [image: image]; [image: image] represents the number of nodes; [image: image] represents the shortcut distance between nodes [image: image] and [image: image].
c. Betweenness Centrality
Betweenness centrality is the proportion of all shortest paths in the network that pass through the point. It is used to measure the degree of control or dependence of a node on others and the criticality of a node acting as an intermediary between other “node pairs.” For city supply networks, the degree of betweenness centrality indicates to what extent the city is at the bridge position of networks, that is, betweenness degree. It is calculated by the equation as follows:
[image: image]
Where: [image: image] represents the betweenness centrality of the node, [image: image] represents the number of nodes, [image: image] represents the number of shortcuts from node [image: image] to node [image: image], and [image: image] represents the number of shortcuts from node [image: image] to node [image: image] through node [image: image].
d. Eigenvector Centrality
Eigenvector centrality measures the magnitude of interactions between different nodes by an iterative algorithm (Newman, 2018), which measures the number of connections and emphasizes the importance of the connected nodes, to show the variability of influence between different nodes more accurately and comprehensively. For a city supply network, the eigenvector centrality takes into account the number and importance of other cities that are in direct association with the city.
[image: image]
Where: [image: image] represents the eigenvector centrality value of the node; in the network adjacency matrix, [image: image] if there is a connection between nodes [image: image] and [image: image]; [image: image] if there is no connection between the two; [image: image] is a constant index in the eigenvector calculation.
2.3.1.2 Community detection
Community detection, a method of network clustering, is a technique used to reveal the aggregation of networks. In a complex network structure, the most important quality of a subset (community) formed by some nodes that have strong ties with each other is characterized by the high density of connections within the community but low with nodes outside the community.
The main current community detection algorithms include Modularity (Girvan and Newman, 2002), Infomap (Rosvall and Bergstrom, 2008), and Fast Unfolding (Blondel et al., 2008). In this paper, the Fast Unfolding clustering algorithm is employed to divide the community of city networks in Shandong, that is, a small group with strong internal ties but few weak inter-regional ties. The principle of Fast Unfolding clustering is to divide the network by iterative operations so that the overall modularity of the divided network continues to increase until the network structure no longer changes. With the help of Gephi software, the modularity is maximized, with a larger modularity value indicating a better result regarding community division (Rosvall and Bergstrom, 2008). We used the Modularity command in Gephi software and set the Resolution to 1.1. The Force Atlas layout was used to show the network topology and the Geo Layout was used to present the spatial characteristics of city supply networks.
2.3.2 Spatial autocorrelation
The spatial aggregation of elements with similar characteristics is known as spatial autocorrelation. A binary symmetric spatial weights matrix was usually used to express the proximity of geospatial objects. For a region with [image: image] geospatial objects, the corresponding spatial weight matrix has the following equation:
[image: image]
There are various methods to measure proximity. In this paper, GeoDa software is used to generate the spatial weight matrix based on the Queen coefficients, i.e., a common edge or point is a spatial neighbor, and the rank of the spatial neighbor is assigned to 1. Spatial autocorrelation includes global and local types.
Global spatial autocorrelation is a description of the characteristics of an attribute over the entire region, reflecting the overall trend of spatial correlation of the observed variables over the entire study area. The most commonly used coefficient is Moran’s I coefficient, which is in the range of [-1,1]. When Moran’s I is greater than zero, the region and its surrounding areas do not have significant spatial differences, i.e., regions with similar characteristic values aggregate, and the more the value tends to 1, the smaller the spatial differences. When Moran’s I is less than zero, the region and its surrounding areas have significant spatial characteristics, and the more the value tends to −1, the larger the overall spatial differences, i.e., regions with non-similar characteristic values aggregate. When the Moran’s I index is zero, there is no spatial aggregation. When Moran’s I is used to analyze the spatial pattern of observed variables, a significance test is used to ensure the correctness of the conclusions with a certain probability. The judgment of accepting or rejecting the null hypothesis at a set significance level is made according to the p-value and Z-test.
Local spatial autocorrelation can specifically measure the degree of local spatial association and spatial differences between each region and its surrounding areas, and the Local Moran’s I is generally used as a local indicator of spatial association (LISA). It is calculated by the following equation:
[image: image]
In the equation, [image: image] is Local Moran’s I; [image: image] is the value of region [image: image]; [image: image] is average value; [image: image] is the variance of attribute value; [image: image] is the spatial relationship of [image: image] and [image: image]; [image: image] and [image: image] are normalized values of the attributes of region [image: image] and region [image: image].
2.3.3 QAP correlation and regression
QAP correlation and regression methods are adopted to analyze the influencing factors of city supply networks. QAP was originally an important method for studying social relationships, a method for comparing the similarity between two matrices. QAP is introduced to study the relationship between the dependent variable matrix and independent variable matrices, while traditional multiple regression statistical tests require the independence of independent variables to avoid multicollinearity and do not work for testing relational data in networks. QAP correlation is used to test the correlation between the independent variable matrices and the dependent variable matrix, and QAP regression analysis is the study of the influence of the independent variable matrices on the dependent variable matrix (Hubert and Schultz, 1976).
We use the matrix of linkage strength between cities in Shandong as the dependent variable matrix [image: image]. The independent variables are selected, and the independent variable matrices are constructed based on the following reasons. The decay effect of distance is tested in city network research from the perspective of phone users’ movements (Gao et al., 2013) and integrated transport networks (Zhang et al., 2020). Considering the inter-city supply chain cooperation in the manufacturing sector consists of multiple production factor flow, so the indicators of geographical proximity are introduced in this study and represented by geographically adjacency between cities ([image: image]) and the convenience of traffic between two cities ([image: image]). Administrative boundaries have an important impact on trade flows (Zhao and Ni, 2018), inter-city transport networks, bussiness networks, and leisure mobility networks (Zhang et al., 2020), so the impact of administrative area economy on city supply networks is introduced and represented by whether two cities are in the same prefecture-level city ([image: image]). Regions with similar economic policies and investment and business environments are more likely to form industrial linkages (Gaulier et al., 2007). Considering that development zones are important spatial carriers of institutional innovation for industrial development in China (Wang et al., 2017), this study presents the similarity of the investment and business environments between two cities in terms of the number of national-level ([image: image]) and provincial-level ([image: image]) development zones respectively. Division of labor impacts city relations (Meyer, 2003), so total exports of cities ([image: image]) and per capita GDP ([image: image]) are introduced to represent the differences between cities in terms of international market-oriented and domestic market-oriented, and the differences in value chain division of labor between cities. Low wages and low plant costs in investment destinations influence international industrial investment decisions, and this study introduces these two influencing factors to the regional scale (Heonsoo, 2021), assuming tighter supply chain cooperation between cities with large differences in production costs and characterized by cities’ industrial land prices ([image: image]) and minimum wages ([image: image]). Since partnering with companies in target market areas is a common behavior for manufacturing companies (Chen et al., 2021), the study introduces independent variables of differences between cities in local consumer market size represented by per capita disposable income of urban residents ([image: image]), and the number of students enrolled in middle and high schools ([image: image]) of cities is introduced to represent the depth of local labor pool.
Based on the above indexes, the independent variable matrices are constructed by the following method and basic assumptions (Table 1). The economic development indexes of cities in Shandong were obtained from the China County Statistical Yearbook (2020); the travel distance between any two cities was acquired in bulk through the API interface of AMAP (https://lbs.amap.com/) based on the coordinates of the city government locations; the minimum price standards for the transfer of industrial land were from the Announcement of National Minimum Price Standards for the Transfer of Land for Industrial Use published on the website of the Ministry of Land and Resources of the People’s Republic of China (Ministry of Land and Resources of the People’s Republic of China, 2017); and the minimum wage standards came from the Notice of the People’s Government of Shandong on the Announcement of the Provincial Minimum Wage Standards (Shandong Provincial Department of Justice, 2021).
TABLE 1 | Research hypothesis, meaning of indexes, and construction of independent variable matrix.
[image: Table 1]Based on the above indexes, the econometric model is as follows:
[image: image]
Where: [image: image] represents the dependent variable matrix, [image: image] represents the independent variable matrix, and [image: image] is a coefficient. The command “Double Dekker Semi-Partialling” in UCINET 6.0 is introduced to complete the calculation.
3 RESULTS
3.1 Characteristics of city supply networks
3.1.1 Nodes’ centralities and geographical distribution
The node degree centrality of city supply networks in Shandong is characterized by grade and spatial cluster. Based on the standardized node degree centrality, the cities in Shandong can be classified into four levels, with seven core nodes at the first level, all municipal districts; 26 critical nodes at the second level, including 17 municipal district units and nine county (county-level city) administrative units; 41 and 63 cities at the third and fourth levels, respectively (Table 2).
TABLE 2 | Node levels of city supply networks in Shandong.
[image: Table 2]There are differences in the grades and spatial distribution of degree centrality, closeness centrality, betweenness centrality, and eigenvector centrality. The study focused on nodes with higher centrality, and we found that degree centrality and closeness centrality were at a similar grade, but both significantly different from betweenness centrality and eigenvector centrality. For example, Huangdao District in Qingdao ranked 10th in degree centrality, 10th in closeness centrality, and sixth in eigenvector centrality, while ranked 34th in betweenness centrality only, indicating that this node had many external connections and maintained close relationships with other important nodes, but had a low criticality as an intermediary; however, Kuiwen District in Weifang ranked eighth in betweenness centrality, while ranked poorly in all other centralities, indicating that this node played an important intermediary role and was in the critical channel of the provincial city supply networks (Figure 3). Dongchangfu District of Liaocheng had a high degree of linkage and importance as an intermediary, but had a low level of eigenvector centrality, indicating that the node connected with it was generally not so important and it lay in the gateway position of the provincial sub-region in the city supply network.
[image: Figure 3]FIGURE 3 | Centrality ranking of core and key nodes of city supply networks in Shandong.
The study further explores the differences in the spatial distribution of cities with different node centralities in networks using spatial autocorrelation methods. The cities in Shandong have significant agglomeration in all four kinds of centralities, and the values of global Moran’s I are positive with all the p-values less than 0.01 and Z-scores greater than 2.58, Moran’s I values are statistically significant (Table 3).
TABLE 3 | Node centralities of cities and the result of global spatial autocorrelation.
[image: Table 3]The natural breaks (Jenks) method is used to classify the four node centrality degrees respectively into five levels and visualize them by ArcGIS, and the spatial distribution of the four node centrality degrees differs in partial areas. For the analysis results of local spatial autocorrelation, the high-high clusters in Shandong are mainly in Qingdao, Yantai, and Weihai in the eastern coastal region, as well as Jinan and its neighboring regions; the low-low clusters are mainly in the northwestern and southern regions of Shandong. By comparing the spatial distribution of four node centrality indexes, it is found that there are differences in the spatial distribution pattern of different centrality indexes. For example, cities in Qingdao belonged to high-high clusters for degree centrality and eigenvector centrality, but not for betweenness centrality. For all four centrality degrees, a spatial association pattern of low-high clusters emerges around Jinan; for degree centrality and betweenness centrality, a spatial association pattern of high-low clusters of cities emerges in Liaocheng and Zaozhuang (Figure 4).
[image: Figure 4]FIGURE 4 | (A) Degree centrality of cities and spatial autocorrelation; (B) closeness centrality of cities and spatial autocorrelation; (C) betweenness centrality of cities and spatial autocorrelation; (D) eigenvector centrality of cities and spatial autocorrelation.
3.1.2 Edge weights and geographical distribution
The edge weights of city supply networks in Shandong show a hierarchical distribution, and cities within the prefecture-level are strongly connected. The edges with high linkage strength mainly fall within the prefecture-level cities and the county-level administrative units with a well-developed manufacturing sector. The edge with the highest linkage strength is Fushan District–Zhifu District, the edges with higher linkage strength are mainly located within the municipalities of Yantai, Weihai, Zibo, Jinan, and other prefecture-level cities. The edge with the highest linkage strength between cross-prefecture-level cities is that of Rencheng District–Yuncheng County, which are in Jining and Heze, respectively. However, the edge weight is 44, at a medium level (Table 4; Figure 5).
TABLE 4 | Edge weights classification of city supply network in Shandong.
[image: Table 4][image: Figure 5]FIGURE 5 | City Supply Network Pattern of Shandong (Fruchterman Reingold Layout).
3.1.3 Characteristics of network communities
Each network community in city supply networks in Shandong has core nodes. The spatial distribution of cities in the same community is characterized by geographical proximity distribution along with “enclave” cities apart from the main plate. For example, the community with an area under Qingdao’s jurisdiction as the core includes some cities of Heze, while some cities of Yantai, Weihai, and Weifang are in the same community (Figure 6). From the perspective of all communities, Community 1 is made up of Zibo, Weifang, and the Zhangqiu District of Jinan. It covers 45 nodes, including some in Dezhou, Dongying, and Binzhou with a large geographical range. Community 2 has core nodes including some municipal districts in Jinan, Jining, Liaocheng, and Dezhou among its 45 network nodes, but these core nodes are scattered in geographical distribution and the “community” is characterized by multiple cores. Community 3 has 18 network nodes, and its core nodes are the Huancui District of Weihai and the Fushan and Laishan Districts of Yantai, which extend their reach into most parts of the Jiaodong Peninsula as well as the Fangzi District and Anqiu of Weifang. Community 4 has 15 network nodes, mainly the cities of Qingdao and Gaomi City of Weifang, and some cities in the west of the province, such as Mudan and Dingtao Districts of Heze, which are the edge nodes of the community. Community 5 has the least number of nodes in Shandong, its main nodes are Rizhao and Linyi, and there is no node with high centrality in the community.
[image: Figure 6]FIGURE 6 | Distribution of Network Community of City Supply Networks in Shandong.
3.2 Influencing factors of city supply networks
The QAP results obtained by UCINET with 5,000 random permutations showed (Table 5) that all independent variables are significant at 90% and above confidence intervals. The independent variable of administrative area economy ([image: image]) has the largest standardized coefficient of 0.14489, slightly higher than geographical proximity ([image: image]) which has the second largest standardized regression coefficient. The travel convenience ([image: image]) has a significant negative effect on the formation of city supply networks with a standardized regression coefficient of 0.08881. Differences in total exports ([image: image]) between cities also has a large impact on the city network with a standardized coefficient of 0.06940, indicating that cities with a different market orientation of international and domestic markets tend to collaborate in the manufacturing supply chain, while differences of value chain division of labor presented by the gaps of GDP per capita ([image: image]) between cities also promote inter-city collaboration in the supply chain. In addition, the influencing factor of the number of provincial-level development zones ([image: image]) has slightly higher impact than the factor of the number difference of national-level development zones ([image: image]). The difference in production costs, represented by the minimum price standards for industrial land ([image: image]), has an impact on city supply networks, with a standardized coefficient of 0.03221. However, the minimum wage standards ([image: image]) and the difference in city market size represented by the revenue in general public budgets ([image: image]) negatively impact the formation of city supply networks.
TABLE 5 | Analysis results of QAP correlation and regression.
[image: Table 5]4 DISCUSSION
4.1 Implications in the optimization of regional planning
Since the COVID-19, global governments have generally strengthened their involvement in the public domain, and regional planning is one of the policy tools of government in organizing local economic development. Regional planning is a public policy tool common to both developed and developing countries (Beloto, 2020; Davis, 2004; Li and Wu, 2013). China’s regional planning aims to achieve a coordinated layout of regional economic and innovation factors based on the geographical location of cities in the region (Xu et al., 2021). As urban system planning is a type of regional planning in China, this study uses the Urban System planning of Shandong Province (2011–2030) case to illustrate the specific application of the results of a city supply network study in optimizing regional planning.
4.1.1 Community division and the optimization of major cities’ hinterland
Network connections among cities are the development trend in urban areas (Wang et al., 2022). With the improvement of information and communication technology and transportation infrastructure, the rigid “major city-hinterland” spatial hierarchy dominated by the central place theory is gradually dissipating. In this study, this phenomenon is also found. Whereas the Urban System Plan of Shandong Province (2011–2030) leads the linkage and division of labor of cities in the region with the designation of a dense area of cities (Figure 7) and divides Shandong into six complete dense areas of cities with no geographical overlapping between each area.
[image: Figure 7]FIGURE 7 | Spatial layout of cities in Urban System Planning of Shandong Province (2011–2030).
The spatial distribution of network communities can provide a basis for the identification of the scope of the hinterland of major cities. According to the research results, in terms of the inter-city factor flow of production, some of the dense areas of cities in the Urban System Plan of Shandong Province (2011–2030) have not been formed, such as the Ji-Zao-He city dense area and Lin-Ri city dense area in southern Shandong, and a relatively complete spatial structure of these dense areas of cities has not been formed due to the lack of leading core cities. At the same time, the industrial factor flow in some of the dense areas of cities has obvious characteristics of cross-regional cooperation, such as the industrial cooperation between Qingdao and cities in western Shandong in Community 4 of city supply networks. The delineation of dense areas of cities in future regional planning should consider “enclave cities” outside the main region of dense areas of cities and promote the synergy of industrial factors in a larger spatial scope through the construction of “partner cities”.
4.1.2 Node centralities and the optimization of city hierarchy
The Urban System Planning of Shandong Province (2011–2030) proposes the construction of a four-level urban system and stipulates the population and land scale of different levels of cities. However, this study finds that different cities differ in the order of different node centralities, with some cities having high degree centrality, while some cities having low degree centrality but strong betweenness centrality, indicating that they act as a “bridge” of connecting cities’ local firms into the flow of regional industrial factors. In addition, the study finds a mismatch between administrative hierarchy and city supply network centrality, as well as inter-city cooperation based on industrial value chain division of labor and export-oriented or domestic market-oriented division of labor. In that, the study applies the results of node centralities in city network research to the optimization of city hierarchy in regional planning, which should not only emphasize the correlation between the administrative level and city scale but also focus on the network position of cities in the regional industrial factor flow and improve the intermediary centers in the network by the construction of logistics bases and transportation infrastructure in specific cities, such as some city nodes in Jinan, Weihai, and Zibo, through which the “bridge” role of cities with high betweenness centrality in city networks can be improved.
4.1.3 Edge weights and the optimization of regional industrial corridors
Reference can be made to the dense areas of the high level of city network edges to guide the formation of industrial corridors and accordingly strengthen the regional transportation system along the industrial corridors, such as strengthening the construction of highways, and increasing the frequency of freight trains, and strengthening the construction of industrial parks and logistics parks in cities along the route.
According to the spatial structure (Figure 8) and the line density analysis of edges in city supply networks (Figure 9), it was found that “Jinan-Zibo-Weifang-Qingdao,” “Jinan-Zibo-Yantai-Weihai,” and “Yantai-Weihai-Qingdao” supply corridors in manufacturing industry have been formed, and the corridor of “Jinan-Tai’an-Jining” has taken shape. As for the optimization of development corridors delineated in the Urban System Planning of Shandong Province (2011–2030), the development corridors along the Bohai Sea in northern Shandong which is the “Jinan-Zibo-Yantai-Weihai” corridor should be highlighted according to the research results; the formation of the east-west development corridor in southern Shandong is still not possible in the short term, due to a lack of support of the core cities.
[image: Figure 8]FIGURE 8 | Spatial Pattern of City Supply Networks in Shandong.
[image: Figure 9]FIGURE 9 | Line Density Analysis of City Supply Network Edges of Shandong.
4.2 Influencing factors of regional production factor flow and industrial cooperation
The “factor flow” in the buyer-supplier linkage between enterprises forms the factor flow between cities, related studies have explored the network characteristics and influencing factors of various factor flows among regional cities.
Innovation factors are an important aspect of factor mobility between cities in the region. The formation mechanisms of city innovation networks differ from city supply networks, with formal innovation collaboration alliance relationships at the region being less influenced by geographic proximity (Cao et al., 2019), social and organizational proximity weigh higher than geographical proximity in the innovation networks from the patent and paper collaboration perspective in China (Li et al., 2015). However, spatial distance is a decisive factor in inter-city technology transfer (Liu et al., 2019), and the city networks from a regional highway traffic flow perspective are also significantly influenced by geographic proximity, which is manifested as the relative integrity of the spatial distribution of the city network communities (Ke et al., 2017). Interregional trade is a more integrated flow of factors that a significant impact of trade complementarity on bilateral trade has been found in the case of West African countries (Osabuohien et al., 2019), which is in line with the results of our study that city supply networks tend to be established between export-oriented cities and internal market-oriented cities, and between cities with a large gap in value chain labor of division, indicating the formation of the industrial division of labor between cities in the region.
The study for the Chengdu-Chongqing urban agglomeration in China finds that administrative boundaries have significant hindering effects on inter-city factor flows, and the degree of hindrance varies for the movement of people, investment, and patent transfer (Zhang et al., 2022). The study for the Yangtze River Delta region of China as a case study finds that inter-city factor flows in three dimensions: infrastructure network, business exchanges of producer service firms, and leisure trips are all influenced by geographical distance and administrative boundaries (Zhang et al., 2020). This study also finds the hindering effects of the ease of transportation links and administrative boundaries of prefecture-level cities on inter-city supply networks. In addition, the case based on the Yangtze River Delta in China differs from the findings of this study, which finds that wage differences between cities are the guiding factor of population flow and migration networks (Wang et al., 2020b). This study, together with those cited, deepens the knowledge of inter-city industrial factor flows.
It has been almost 30 years since the rise of Justin-Time (JIT) techniques and the outsourcing of non-core activities. In this context, geographic proximity between manufacturing firms and suppliers has become increasingly important (Holl et al., 2010). This study also verifies the importance of geographical proximity for manufacturing firms in the establishment of supplier partnerships. International industrial investment studies show that firms’ direct industrial investment is influenced by factors of cheap local labor and local markets of investment destinations (Heonsoo, 2021). However, this study finds that the differences in market size and labor cost between cities at the regional scale have a negative impact on supply chain cooperation instead. The study suggests that the geographical scale of China’s provinces is relatively small and the districts/counties do not have complete urban functions, so the flow of production factors between some districts/counties and neighboring districts/counties is very frequent, and there is the phenomenon of production and life in a different place of factory workers. In that, enterprises can also transfer their production parts in the border area between target market cities and neighboring cities, which in turn makes the impact of these two indicators conflicts with theoretical expectations. Similarly, the difference in the number of junior and senior high school populations between cities does not pass the significance test of the QAP correlation. Development zones, as the major spatial carriers for the development of the manufacturing sector in China (Wang et al., 2017), are often used as a policy tool to promote inter-city industrial cooperation (Luo, 2010). This study verifies the role of similarity in conditions of development zones among cities in promoting inter-city industrial cooperation.
4.3 Policy enlightenments to regional industrial coordinated development
The level of trade barriers between China’s provincial administrative regions are close to the level of sovereign states and significantly higher than the level within sovereign states (Poncet, 2003). Both from the perspective of the spatial scale of China’s provinces and the boundary effects of industrial factor flow, the study of city supply networks in manufacturing industry with typical Chinese provinces can provide policy guidance for other countries at similar geographic scales (e.g., Cambodia, Uruguay, Tunisia, South Korea, Portugal) or administrative regions within large countries.
First, for cities that are marginalized in the regional city supply network, their city governments should reverse the idea of simply attracting investment from outside firms with low-priced industrial land and low-priced labor, and instead integrate into the regional supply system by building standardized industrial parks. Second, higher-level governments in the region should pay attention to establishing more unobstructed channels of logistics, information, and personnel between export-oriented cities and domestic market-oriented cities, to better utilize the industrial synergy effect between cities. Cities with better industrial development in a region should be encouraged to establish “economic enclaves,” such as industrial parks, in other cities of the region. Finally, the differences in local market size and local labor pool between cities have a limited impact on the buyer-supplier relationship between enterprises in different cities, and manufacturing enterprises should focus on balancing the saving of logistics time and costs of local production with the advantage of cross-city production in the regional production layout according to their industrial characteristics. The distribution pattern of the centralities can provide a reference for enterprises to develop markets and choose partners so that enterprises can select partners in cities with high closeness centrality to maintain a “shortcut” to the regional market. Enterprises can also choose cities with high eigenvector centrality to maintain a more convenient supply network relationship with the important cities (nodes) in the network.
5 CONCLUSION
Based on the relationship between listed manufacturing enterprises and their suppliers, this study introduces the centrality index and the community detection algorithm in the SNA method to investigate the spatial characteristics and influencing factors of city supply networks in Shandong. The main findings are as follows.
(1) The node centralities and edge weights of city supply networks within Shandong conform to graded distribution, and nodes with different types of centralities vary in the grade structure and spatial distribution. The geospatial distribution of cities belonging to the same network community is characterized by both geographic proximity and “enclave” distribution.
(2) Geographical proximity, convenient transportation links, administrative district economy, similarity of business environment represented by development zones, export-oriented/domestic market-oriented division of labor between cities, value chain division of labor between cities, and land price differences between cities promote the formation of regional city supply networks, while differences in local market size and wage levels between cities hinder their formation.
(3) This study explores a technical framework for applying the results of characteristics of nodes, edges, and network communities of city supply networks to the optimization of regional planning for regional city hierarchies, industrial corridors, and hinterlands of core cities, respectively.
The main contributions are as follows. Based on the relationship between listed manufacturing enterprises and their suppliers, this study expands the research perspective of city networks. Besides, regional planning as an important policy tool for the government, this study applies the research results to the optimization of regional planning and establishes a technical framework for regional planning optimization.
However, there are limitations to this study. First, the study is based on the context of the manufacturing supply chain crisis brought on by COVID-19 and aims to reveal the general characteristics of regional city supply networks, without involving the comparison of the changes in network characteristics before and after the epidemic. Second, this study does not address the directional characteristics of the city supply networks, directed networks can be introduced to investigate the trade flow of city supply networks in manufacturing in the future study.
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APPENDIX A
QCC is a leading enterprise credit information inquiry platform in China. According to the information provided by the official website of QCC, the list of manufacturers’ suppliers was mainly acquired from the prospectus, bidding announcements, customer announcements, corporate annual reports, semi-annual reports, supplier announcements, and judicial data.
APPENDIX B
The city network established by the partnership of listed manufacturers and their suppliers covered 135 out of 137 county-level administrative units in Shandong, as there were no listed manufacturers and their suppliers in Changdao County, Yantai, or Xiajin County, Dezhou.
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