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Collaborative environmental governance (CEG) is increasingly advocated to
address the environmental risk issues in the integrated development of urban
agglomerations. Constructing an effective CEG network from the perspective of
interdependent multilevel network plays a vital role in promoting the
environmental governance of urban agglomerations. To investigate the
structure characteristics and formation mechanism of CEG network, this
paper takes the Yangtze River Delta urban agglomeration as the research area,
and employes the social network analysis and Exponential Random Graph Model
(ERGM)methods to analyze the CEG network, which consists of the collaborative
network of cities, relationship network of topics, and affiliation network
connecting cities to topics. Research results show that the CEG level in the
Yangtze River Delta urban agglomeration continues to improve, while the CEG
network is still not in a tightly connected state. For the collaborative network of
cities, it presents the small world characteristics and forms a cooperative trend of
“central-subcentral-peripheral city.“For the relationship network of topics, the
evolution of environmental governance topics is characterized by “from aspect to
point.” For the affiliation network connecting cities to topics, as the diversity of
environmental governance topics increases among cities, cities within the
Yangtze River Delta urban agglomeration tend to share the similar topics. In
addition, the interactive triangular structures, star structures, open triangular
structures and closed triangular structures in the network can promote the
formation of new cooperative relationships in CEG network.
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1 Introduction

Reform and Opening Up have dramatically facilitated the
process of industrialization and urbanization in China, which
leads to the rising pollution problems (Duan et al., 2020).
Chinese governments have attached great importance to
environmental governance to achieve the sustainable and healthy
development of economy. Environmental governance refers to the
regulatory process that influence environmental management
actions and results through different stakeholders (Candace,
2016). Due to the indivisibility of regional environment and the
diffusion of environmental pollution, the traditional governance
mode where a single government controls the local pollution does
not play a significant role in environmental governance. Since the
governance theory advocates multi-center governance and
emphasizes cooperation (Mason et al., 2007; Sun and Wen,
2018), it is necessary to overcome the administrative boundaries
and establish a collaborative governance mechanism with high
participation of cities with respect to the environmental
governance (Gunningham, 2009; Ulibarri, 2015).

Urban agglomeration is a highly developed spatial form of
integrated cities (Fang and Yu, 2017). In 2006, China proposed
the urban agglomeration as the main form of urbanization in the
11th Five-Year Plan. The Government Work Report in 2015 has
emphasized the importance of constructing urban agglomeration for
the regional harmonious development. In 2018, the Communist
Party of China and the state council placed the construction of urban
agglomeration to the national regional strategy. Currently, urban
agglomerations in China have accounted for 22% of the total land
area, 79% of the total economic output and 49% of the total
population (Han et al., 2019). Urban agglomeration is
characterized by strong radiation effect and plays a vital role in
promoting the development of cities within the urban
agglomeration. The spatial spillover and transferability of
environmental pollution enable the urban agglomeration to
become an important supporter and subject of environmental
governance (Xu et al., 2020). Hence, considering the mobile and
trans-regional characteristics of ecological pollution in urban
agglomerations (Zhang G. et al., 2022), collaborative
environmental governance (CEG) is increasingly advocated to
address the environmental risk issues in the integrated
development of urban agglomerations.

Since multiple governance subjects and stakeholders are
involved in CEG of the urban agglomeration, together with the
interconnected environmental issues across the cities, CEG of the
urban agglomeration presents a complex network structure rather
than a simple chain form. Figuring out the structure characteristics
and formation mechanism of CEG network is conducive to the
overall optimization of CEG network and the environment
improvement in urban agglomerations, which contributes to a
sustainable path for the green development. The Yangtze River
Delta urban agglomeration is the fifth-largest urban agglomeration
in the world, and is one of the urban agglomerations with the most
dynamic economy and the strongest innovation capacity in China
(Miao and Sun, 2020). On November 2018, the integrated
development of the Yangtze River Delta has become a national
strategy. With the advent of great economic accomplishments in the
Yangtze River Delta, CEG has become one of the important ways to

realize the integrated development of the Yangtze River Delta urban
agglomeration. Therefore, this study selects the Yangtze River Delta
as the research area, and investigates the CEG network of the urban
agglomeration.

The existing research on regional CEG mainly focuses on
three aspects, which are summarizing the current development
status of CEG (Fu et al., 2023; Avoyan, 2023), exploring the
governance modes of CEG (Olvera-Garcia and Nei, 2020;
Koebele, 2020), and evaluating the effect of CEG (Ge et al.,
2023; Ulibarri et al., 2023), respectively. However, the research
on CEG network of urban agglomerations has rarely been carried
out before. The relevant literature just place emphasis on the
actor network of CEG. For example, Wu and Feng (2021) take
11 cities in Guangdong-Hong Kong-Macao Greater Bay Area
(GBA) as the research area, and analyze the structure, internal
characteristics and evolution relationship of the actor network of
CEG with UCINET analysis. Yu and Zou (2022) construct an
actor network of the water environmental governance
cooperation in the Yangtze River Delta and propose that the
constructed actor network is currently at the initial stage. In
addition, many researchers have investigated the actor network
of regional collaboration in different fields, including the studies
of network structure and dynamic evolution of network, etc.,
which provides the reference for the current research on CEG
network of the urban agglomeration. For example, Zhang w. et al.
(2022) construct the public health emergency collaboration
network (ECN) based on the joint publishing subject of
emergency policies to investigate the evolution of ECN and
optimize the emergency information collaboration. Pan et al.,
2022 focus on the collaborative innovation network, and
compare the network structure and spatial characteristics of
synergy innovation among three urban agglomerations in
China. Xie, Tai and Li (2022) take the Belt and Road as the
research object, and explore the characteristics of transnational
patent cooperation network and network evolution in the field of
digital communication with the social network analysis,
providing strategies for strengthening transnational patent
cooperation among regions in the Belt and Road. Liu et al.,
2021 apply the social network analysis to analyze the structure
of medical service cooperation network in Beijing-Tianjin-Hebei
urban agglomeration, and measure the structural attributes of the
cooperation network.

The previous studies yield valuable information and insights for
investigating the CEG network of the urban agglomeration.
Nevertheless, there are two aspects that can be substantially
improved. Firstly, the existing literature on regional CEG mainly
focuses on the analysis of current situation, governance modes, and
governance effects with the application of qualitative methods. It is
generally believed that the inter-regional cooperation within the
urban agglomerations has a positive effect on the environmental
governance. However, there is a gap that exists in the related
literature regarding the quantitative and empirical analysis
methodologies applied to CEG in urban agglomerations. In
particular, the systematic research on the overall structure,
evolutionary logic and formation mechanism of CEG network in
the urban agglomeration is very lacking. Secondly, existing literature
on CEG network and the collaborative network in other fields place
emphasis on the single-level network composed of actors, ignoring
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the impact of elements other than actors on the effectiveness of
collaboration. Specifically, the effect of CEG in the urban
agglomerations does not solely depend on the cooperation
between governance actors, which are the cities within the urban
agglomeration. The specific topics of environmental governance are
also the crucial factors influencing the results of CEG in the urban
agglomerations. The network of cities reflects the collaborations
between environmental governance actors, while the network of
topics explains the relationships of environmental governance
issues. The network of cities in conjunction with the network of
topics jointly determine the results of CEG in urban agglomerations.

In sum, research on the CEG network in urban agglomerations
should not be confined to the cooperation between cities. Through
incorporating the relationships between environmental governance
topics, and taking into account the affiliation relationships between
environmental governance cities and topics, together with the
collaborative relationships between cities, the structural
characteristics of CEG network in urban agglomerations can be
explained comprehensively. Specifically, this research takes the
Yangtze River Delta urban agglomeration as the research area,
and focuses on the questions as follow:

(1) What entities are included in the CEG network of the Yangtze
River Delta urban agglomeration?

(2) What are the structural characteristics of the CEG network of
the Yangtze River Delta urban agglomeration?

(3) What is the formation mechanism of the CEG network of the
Yangtze River Delta urban agglomeration? And which
structures can promote the formation of new cooperative
relationships in CEG network?

In view of above questions, drawing on the multilevel network
structure proposed by Wang et al. (2013), the current paper
integrates the collaborative network of cities, relationship
network of topics, and affiliation network connecting cities to
topics, to construct an interdependent multilevel network of CEG
in the Yangtze River Delta urban agglomeration. Firstly, we take the
multilevel network of CEG in the Yangtze River Delta urban
agglomeration as the research object, and figure out the structure
characteristics of the CEG network from multiple dimensions based
on the social network analysis method. It is worth investigating the
cooperative relationships between cities within the urban
agglomeration, co-occurrence relationships between
environmental governance topics, and the affiliation relationships
between cities and topics, to clarify the structural characteristics of
the CEG network in the Yangtze River Delta urban agglomeration.
Secondly, this paper strives to analyze the formation mechanism of
the multilevel network of CEG, aiming to further promote the
improvement of CEG network and collaborative governance
efficiency. Given the advantages of Exponential Random Graph
Model (ERGM) in analyzing the formation mechanism of network
(Van der Pol, 2019), the current research employs the ERGM
method to investigate the effect of network structure and node or
edge-level attributes on the connection probability between nodes in
the CEG network. From the perspective of interdependent multilevel
network, we analyze the structural characteristics and formation
mechanism of CEG network in the Yangtze River Delta urban
agglomeration, facilitating the optimization of CEG network in

urban agglomerations and sustainable development of
regional economic.

The contribution of this study is reflected in the following
three aspects.

(1) From the perspective of interdependent multilevel network,
the current research constructs the CEG network in the
Yangtze River Delta urban agglomeration, which includes
collaborative network of cities, relationship network of topics,
and affiliation network connecting cities to topics.

(2) With the application of social network analysis methods, the
structural characteristics of CEG network in the Yangtze
River Delta urban agglomeration are analyzed.
Additionally, the formation mechanism of the multilevel
CEG network is obtained through employing ERGMmethod.

(3) In terms of constructing the network, the current research
adopts the text mining technology to construct the
relationship network of topics. To our best of knowledge,
this paper is the first attempt to combine social network
analysis, ERGM method and text mining technology, which
offers insights for network analysis.

This paper is organized as follows. Framework of network, data
collection, and research methodologies are given in Section 2.
Section 3 is dedicated to constructing the multilevel CEG
networks and analyzing the networks through social network
analysis and ERGM methods. Section 4 presents the research
conclusions and policy implications.

2 Materials and methods

2.1 Framework of network

The interdependent multilevel network consists of multiple
single-layer networks, overcoming the limitation in the single-
layer network where nodes and edges must be homogeneous.
Therefore, the current research constructs an interdependent
multilevel CEG network, which can reflect the cooperative

FIGURE 1
The framework of the multilevel CEG network.
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relationships between cities, co-occurrence relationships between
environmental governance topics, and the affiliation relationships
between cities and topics in the Yangtze River Delta urban
agglomeration. Based on the constructed network, a
comprehensive analysis of the overall structure, internal
characteristics, and evolution of the CEG network can be
conducted. The framework of the multilevel CEG network is
illustrated in Figure 1.

The specific steps for constructing the multilevel CEG network
in the urban agglomeration are as follows:

Step 1: According to the theory of public goods and spillover
effect (Lin et al., 2023; Huhe, et al., 2022), it can be learned
that the environmental pollution exhibits distinct negative
externalities, necessitating trans-regional collaborative
governance among governments. Scholars and
practitioners agree that collaboration among
governments play a vital role in environmental
governance. The collaborative matrix of cities is firstly
constructed based on whether there are joint documents
or joint actions between two local governments regarding
the environmental governance issues. Then taking the
cities within the Yangtze River Delta urban
agglomeration as the nodes, and the collaboration
relationships between two cities as the edges, a
collaborative network of cities is finally built.

Step 2: In addition to the intergovernmental collaboration
network, scholars regarding the social network analysis
also pay attention to other network construction, such as
knowledge network (Zhao et al., 2022; Chandra and Dong,
2022), patent network (Wang, et al., 2023; Akçomak et al.,
2023) and topic network (Wang and Zhang, 2023).
Previous studies have proved the significance of the
role played by policy collaboration networks. Recently,
the value of policy topic networks has gradually been
revealed (Pan et al., 2018). According to the social network
theory and complex network theory, topic network can
reflect the interaction relationship between two topic
nodes. Firstly, keywords with regards to the
environmental governance are extracted from the
relevant policy texts to serve as the topic nodes in the
network. Secondly, With the application of word2vec
algorithm, the associations between keywords are
calculated, and the edges can be constructed between
two keywords with the association greater than 0.8.
Hence, a relationship network of topics regarding the
environmental governance obtained.

Step 3: With reference to the research of Caschili, Medda and
Wilson (2015) and Ahangar, Sullivan and Nurre (2020),
we explore the affiliation relationship between
environmental governance topics and cities from the
perspective of interdependent multilayer network. The
affiliation network connecting cities to topics is
constructed as follows. Firstly, both the cities within the
Yangtze River Delta urban agglomeration and the topics of
environmental governance are taken as network nodes.
Then the edges of the network are constructed through
judging whether there is an affiliation relationship

between the cities and topics. Thus, the affiliation
network connecting cities to topics is finally obtained.

In sum, the multilevel CEG network in the Yangtze River Delta
urban agglomeration which consists of the collaborative network of
cities, relationship network of topics, and affiliation network
connecting cities to topics, is constructed.

2.2 Data collection

Based on the multilevel CEG network in the Yangtze River Delta
urban agglomeration, we will collect the data according to three sub-
networks, which are the collaborative network of cities, relationship
network of topics, and affiliation network connecting cities to topics.

2.2.1 Collaborative network of cities
In terms of the collaborative network of cities, we take 27 cities in

the Yangtze River Delta urban agglomeration as network nodes,
which are Shanghai, Nanjing, Hangzhou, Suzhou, Yangzhou,
Jiaxing, Wuxi, Ningbo, Shaoxing, Changzhou, Huzhou,
Zhenjiang, Nantong, Yancheng, Ma’anshan, Hefei, Jinhua,
Zhoushan, Wenzhou, Wuhu, Taizhou, Taizhou, Xuancheng,
Chuzhou, Tongling, Anqing, Chizhou. The data collection
method, primarily based on document retrieving and web
searches, is employed to extract information about CEG among
the 27 cities, and the collaborative information can serve as the basis
for determining whether two nodes are connected. Specifically, the
collection of collaborative information can be conducted from the
following two aspects: firstly, collaborative information between
governments can be retrieved from the legal regulations, policy
texts, and other documents related to environmental governance on
the official government websites of 27 cities. Secondly, taking
authoritative news portals, China Environmental News,
Ecological Journal, and city daily newspaper as the search objects
and data sources, we conduct the information retrieval with the
keywords of environmental governance, ecology, green, etc. along
with the keywords of 27 city names, and the data pertaining to CEG
among 27 cities in the Yangtze River Delta urban agglomeration is
extracted. In 2020, the State Council officially approved the
implementation of the ”Regional Plan for the Yangtze River
Delta Region”, which clarified the division and layout of the
Yangtze River Delta urban agglomeration. The issue of the
document indicates that the development of the Yangtze River
Delta urban agglomeration has been elevated to a national
strategy. Hence, the data collection period for the collaborative
network of cities spans from 2010 to 2019.

To ensure the reliability and validity of the data, the data
collection is carried out by two independent groups, and each
group consists of one PhD candidate and one graduate. Through
judging whether the policy texts, news reports or specific actions
involve CEG among two cities, a total of 112 policy texts and
collaborative actions are collected. Then the pre-processing of
data is performed, and the duplicate policy texts and reports, or
actions that do not involve the CEG are removed. After the pre-
processing, 61 policy texts and 41 collaborative actions pertaining to
CEG in the Yangtze River Delta urban agglomeration are finally
generated. According to the collected data, if there are joint

Frontiers in Environmental Science frontiersin.org04

Zhang et al. 10.3389/fenvs.2024.1478864

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1478864


documents or collaborative actions on environmental governance
between two cities, the value of the cooperation relationship between
two cities is assigned to 1. If there is no cooperation relationship
established between two cities in terms of environmental
governance, the value is assigned to 0. Thus, a collaborative
matrix of cities is obtained, which can be employed to construct
a collaborative network of cities in the Yangtze River Delta urban
agglomeration.

2.2.2 Relationship network of topics
In terms of relationship network of topics, we use text mining

technology to collect data regarding environmental governance and
construct the network. Text mining combines information retrieval
and machine learning technology (Jung and Lee, 2020). Its main
purpose is extracting information from large amounts of text data to
satisfy users’ needs. Given that policy texts of environmental
governance are lengthy and complex, relying solely on human
labor to peruse such texts and extract the topics of
environmental governance comes with a huge workload and is
susceptible to subjectivity. Text mining technology can overcome
these deficiencies, and assist in the collection of comprehensive
topics and the construction of relationship network of topics.
Therefore, the specific process of data collection and processing
with the application of text mining technology is as follows:

(1) Constructing the original corpus to be mined. The annual
National Conference on Ecological and Environmental
Protection is held to outline key tasks of environmental
governance for the year, reflecting the central government’s
core ideas on the environmental governance. Additionally,
proposals related to environmental protection from the
annual Two Sessions (National People’s Congress and
Chinese People’s Political Consultative Conference) also
highlight key areas for environmental governance.
Therefore, the content of the National Ecological and
Environmental Protection Work Conference and the
ecological and environmental protection proposals from
the Two Sessions from 2010 to 2019 are separately
incorporated into the corpus, aiming to extract the key
topics with regards of environmental governance for each
year by means of text mining.

(2) Conducting the text pre-processing. Text preprocessing is the
first step in text mining. This study utilizes Python and the
third-party library jieba to perform word segmentation and
generate word frequency statistics for the texts in corpus.
Firstly, Harbin Institute of Technology’s stopword dictionary
is loaded to filter the common Chinese stopwords from the
original corpus, which constitute large proportion in texts.
Secondly, to improve the accuracy of text mining and
eliminate the interference of irrelevant words that
commonly used in the environmental governance field, we
incorporate the irrelevant words such as “Development,”
“Implementation,” “Country,” etc. Into the self-defined
stopwords dictionary. Thirdly, we construct a customized
dictionary pertaining to environmental governance to
facilitate the efficiency of subsequent word frequency
statistics. Finally, the precise mode of jieba utility is
applied to segment words.

(3) Extracting keywords regarding environmental governance.
The current research uses Term Frequency-Inverse
Document Frequency (TF-IDF) algorithm to extract
keywords from the constructed original corpus regarding
the environmental governance. Compared to word
frequency statistics, TF-IDF value can better reveal the
distinction and importance of the words (Wan et al.,
2024). Firstly, jieba. analysis library is imported in Python.
Then, the TF-IDF value of each term can be calculated
through applying the command of jieba. analyse.extract_
tags. As a result of the above operations, the top
30 keywords sorted by TF-IDF value can be obtained, and
these keywords are taken as the nodes of relationship network
of topics.

(4) Constructing the relationship network of topics. Based on the
extracted topic keywords, the word2vec algorithm is applied
to calculate the correlation between two topic keywords. Pairs
of nodes, that is, two topic keywords with a correlation greater
than 0.8, are connected with edges (Zhu and Zhang, 2020).
We firstly import Word2Vec from the genism library. Then
the Word2Vec model can be trained and applied to calculate
the correlation between two terms. Thus, the relationship
networks of topics from 2010 to 2019 can be constructed.

2.2.3 Affiliation network connecting cities to topics
The relationship networks of topics from 2010 to

2019 represents the key issues in the field of environmental
governance at the national level, while the affiliation network
connecting cities to topics can deeply explore the specific
environmental governance activities in different cities. To
construct the affiliation network connecting cities to topics, this
study pairs the names of 27 cities with 30 topic keywords in each
year, together with the theme of “Environmental governance” to
serve as the retrieve keywords in the software PKULAW, aiming to
collect the policy texts and legal documents pertaining to the
environmental governance in different cities. The 27 cities in the
Yangtze River Delta urban agglomeration and extracted topic
keywords are taken as the nodes. Then affiliation networks
connecting cities to topics from 2010 to 2019 can be constructed
by judging whether the city has issued the environmental
governance policies with regards to the corresponding topics.

2.3 Research methodologies

2.3.1 Social network analysis
The current research investigates the CEG network in the

Yangtze River Delta urban agglomeration from the perspective of
interdependent multilevel network. As shown in Figure 1, the CEG
network is constructed by stacking different network layers to form a
multilevel network. Hence, the traditional social network analysis
method is still applicable for analyzing the interdependent multilevel
network of CEG. Social network analysis is defined as a perspective
that “includes theories, models, and applications that are expressed
in terms of relationship concepts or process (Kothari et al., 2014).”
Different from the traditional individualistic social theory, social
network analysis method prioritizes the relationships between actors
and focuses on the relational data. It is employed to characterize the
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structures of networks, where networks are composed of a variety of
individual units that are linked by ties to one another (Hayat et al.,
2017). Hence, social network analysis is an effective method for
measuring and analyzing the characteristics of collaborative network
of cities in the CEG network. It can not only clearly describe the
overall structural features of the collaborative network of cities, but
also can reveal the microstructure and internal relationships of
the network.

For the collaborative network of cities in the CEG network, we
select the number of nodes, the number of connections, the density
of the network, the average network distance between nodes, and the
average cluster coefficient (Leng et al., 2021; Parnell and Robinson,
2018) to depict the overall structure of the network. In terms of
measuring the individual characteristics of one node in the
collaborative network of cities, centrality is used to reflect the
importance of one node within the entire network (Tanhapour
et al., 2022). The current paper adopts three indicators which are
degree centrality, betweenness centrality, and closeness centrality
(Lu et al., 2010; Chong et al., 2017), to measure the position and role
of each node in the collaborative network of cities.

For the relationship network of topics in the CEG network, the
number of connections, the density of the network, the average
network distance between nodes are selected as indicators to
measure the overall structure of the relationship network of
topics. Additionally, topic keywords in each year can be
categorized into several clusters through K-means cluster
analysis. K-means cluster analysis is an unsupervised machine
learning method that does not require pre-training or the pre-
categorization (Li and Wang, 2022). It can be adopted to
characterize the clustering degree of the topic keywords, and
further analyze the key focus areas in environmental governance
for that year.

To describe the structural characteristics of the affiliation
network connecting cities to topics in the CEG network, and
explore the specific efforts that various cities make in the field of
environmental governance, the current paper adopts the diversity
and uniqueness of topics as indicators to measure the structural
characteristics and evolutionary logic of the affiliation network in
the CEG network.

2.3.2 Exponential random graph models
In order to ascertain the motivations for the entities (nodes) to

create links and identify the global network structure, a more in-
depth analysis is required. Exponential random graph model
(ERGM) has increasingly become one of primary statistical
methods for analyzing the social networks (Wasserman and
Faust, 1994; Stewart et al., 2019). The dominant aim of an
ERGM is to identify the process that influences link connection
and figure out the formation mechanism of a network. ERGM treats
the network structure as endogenous (Stewart et al., 2019). It is
fundamentally a modified logistic regression that allows the
connections between nodes to take into account the presence of
other connections within the network, as well as other variables.

The researchers in the ERGM academia have incorporated
various explanatory variables into the model that are
hypothesized to explain the observed network, and the ERGM
can provide the information pertaining to the statistical
significance of the explanatory variables, much like a standard

linear regression (Van der Pol, 2019). There are two types of
explanatory variables in the ERGM, which are structural variables
(endogenous variables) and node or edge-level variables (exogenous
variables). ERGM method has been applied to a variety of fields,
such as intellectual property protection network (Cao et al., 2019),
collaborative innovation network (Guo and Xie, 2021), adolescent
social network (Goodreau et al., 2009), political discussion network
(Song, 2015), etc. The applications of ERGM in the field of CEG has
rarely been carried out before. Hence, we adopt ERGM to further
analyze the impact of network structure and node or edge-level
variables on the probability of links creation in the CEG network,
and investigate the formation mechanism of CEG network in urban
agglomeration.

Generally, Equation 1 is the general formula for the ERGM.

Pr Y � y( ) �
exp ∑

t
θtZt y( ){ }
k

(1)

Where Y represents the random network set for CEG in urban
agglomeration, while y is a real CEG network instance. Zt(y) is the
network statistics for the CEG network, which includes the network
structure and node or edge-level attributes. θt is the parameter
associated with Zt(y). During the subsequent analysis of formation
mechanism of CEG network, we can assess the impact of different
explanatory variables on the formation of CEG network by judging
the significance and value of θt. k is a normalizing constant, and it is
used to make sure that the probability of the formation of CEG
network remains between 0 and 1.

In sum, based on the perspective of interdependent multilevel
network, this paper explores the structural characteristics and
formation mechanism of CEG network in the Yangtze River
Delta urban agglomeration with the application of social network
analysis and ERGM method. The overall research framework is
illustrated as Figure 2.

3 Results and discussions

3.1 Collaborative network of cities

In accordance to the above data collection steps, the
collaboration relationships between 27 cities in terms of
environmental governance are achieved. Then the collaborative
matrixes of cities from 2010 to 2019 are imported into the Gephi
software, which leads to the construction of 10 collaborative
networks of cities. The nodes in the network represents the cities
within the Yangtze River Delta urban agglomeration, and the link
connecting two nodes indicate that there is a cooperative
relationship between cities in terms of CEG. The collaborative
networks of cities in 2010 and 2019 are shown in Figures 3, 4.

3.1.1 Characteristic of network structure
Based on the constructed networks, Gephi software is employed

to calculate various indicators which can reflect the overall structural
characteristics of the collaborative network of cities. As introduced
in the above section, five indicators are adopted. Specifically, the
number of nodes represents the number of cities within the Yangtze
River Delta urban agglomeration who participate in the CEG in that
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FIGURE 2
The overall research framework.

FIGURE 3
Collaborative network of cities in 2010.

FIGURE 4
Collaborative network of cities in 2019.
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year. The larger value of the number of nodes indicates more cities
are involved in CEG in that year. The number of connections reflects
the number of links between nodes in the network. The greater value
reflects that more cooperative relationships have been established
among cities in terms of environmental governance. The density of
the network and the average network distance between nodes can
both be adopted to measure the cohesion of the overall network. The
density of the network can reflect the closeness of relationships
among nodes in the collaborative network of cities. It is equal to the
ratio of the actual number of connections in the network to the total
number of theoretical connections in the network. The greater the
density of the network, the more frequent the connection among the
nodes, the better the sustainability of the collaborative relationships
between cities. The average network distance between nodes refers
to the mean of the shortest path required to connect any two nodes
in the network. It is an important indicator to measure the
transmission efficiency and cohesion of the collaborative network
of cities. The average cluster coefficient is the mean of the cluster
coefficients of all nodes in the network. A node’s cluster coefficient is
the ratio of its actual number of connections with its neighboring
nodes to the theoretical connections with its neighboring nodes. The
results of the indicators that measure the overall structural
characteristics of the collaborative network of cities are listed
in Table 1.

As shown in Table 1, the number of nodes and the number of
connections in the collaborative network of CEG in the Yangtze
River Delta urban agglomeration both continue to raise from 2010 to
2019. The results suggest that the cooperative relationships between
cities within the Yangtze River Delta urban agglomeration are
gradually established with regards to the environmental
governance from 2010 to 2019, and the collaborative network of
cities is expanding and becoming more stable. It is worth stating that
overcoming the fragmented administrative boundaries and
strengthening collaboration between cities have become one of
the prominent ways to address the environmental pollution.

The density of the network characterizes the closeness of
cooperation between cities in terms of CEG, and it can reflect the
overall development level of the collaborative network of cities.
Generally, a greater density of the collaborative network of cities

indicates more interactions between cities. It can be learned from
Table 1 that the density of the collaborative networks of cities
regarding CEG within the Yangtze River Delta urban
agglomeration shows an increasing trend annually. However, the
density of the network in each year remains relatively low with a
maximum value of only 0.349. The results indicate that the
cooperation in terms of environmental governance among the
cities of the Yangtze River Delta urban agglomeration is still not
close and has not formed a mature cooperative relationship from an
overall perspective. The results also reflect that, although the CEG in
the Yangtze River Delta urban agglomeration has improved, great
efforts should be made to facilitate the further collaboration in
environmental governance.

In the collaborative network of cities, the greater the average
network distance, the more intermediate nodes are required for
communication between nodes, which makes the information
communication more difficult. As shown in Table 1, the average
network distance of the collaborative network of cities is 2.583 in
2010 and 2.971 in 2011, respectively. It indicates that the during
2010–2011, the node cities in the CEG network of the Yangtze River
Delta urban agglomeration have to pass through nearly three
intermediate node cities on average to achieve cooperation, and
the information transmission is inconvenient. From 2012 to 2019,
the decreasing trend in the average network distance indicates that
the accessibility between cities has improved in terms of
environmental governance, facilitating the efficiency of
information transmission and cooperation among cities within
the network. Furthermore, the average clustering coefficient of
the collaborative network remains between 0.627 and 0.805 from
2010 to 2019, which is relatively high. The high clustering
coefficients of the networks suggest that the cities are relatively
close-knit and clustered during this period. According to the social
network theory, small world networks are characterized by the
shorter average network distance and greater average clustering
coefficient. In the collaborative network of cities in the Yangtze River
Delta urban agglomeration, the maximum average network distance
is 2.917, and the maximum average clustering coefficient is 0.805,
suggesting that the collaborative network of cities has the
characteristics of small world.

TABLE 1 Indicators for measuring the structural characteristics of the collaborative network of cities from 2010 to 2019.

Year The number of
nodes

The number of
connections

The density of the
network

The average network
distance

The average cluster
coefficient

2010 22 77 0.245 2.583 0.627

2011 22 82 0.247 2.971 0.642

2012 23 85 0.249 1.923 0.665

2013 24 89 0.251 1.822 0.679

2014 24 93 0.262 1.780 0.682

2015 26 97 0.275 1.763 0.671

2016 27 112 0.287 1.712 0.677

2017 27 116 0.301 1.665 0.733

2018 27 120 0.315 1.625 0.767

2019 27 123 0.349 1.521 0.805
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3.1.2 Characteristic of individual node
In terms of measuring individual characteristics of a certain

node, several centrality indicators are adopted to reflect the position
and role of node cities in the collaborative network of cities, which
mainly includes degree centrality, betweenness centrality, and
closeness centrality. The results of centrality indicators of cities
within the network in 2010 and 2019 are shown in Figures 5, 6,
respectively. It can be found that the centrality of each city generally
shows an upward trend from 2010 to 2019. However, there are
significant differences between cities in terms of the centrality
indicators, forming a gradient distribution among cities and
leading to a cooperative trend of “central-subcentral-
peripheral city.”

Specifically, degree centrality is mainly used to explore the extent
to which a city is at the central position of the collaborative network
of cities. The greater the degree centrality of the city, the more
resources of environmental governance the city has, and the greater
its influence in the CEG among cities. The collaborative network of
city tends to concentrate on a node city with a high degree centrality.
It can be seen from Figures 5, 6 that the degree centrality of
Shanghai, Nanjing, Hangzhou, and Suzhou is relatively high,
indicating that these four cities are at the core position of the
network and dominate the CEG in the Yangtze River Delta
urban agglomeration. Yangzhou, Jiaxing, Wuxi, Ningbo,
Shaoxing, Changzhou, Nantong, Huzhou, Zhenjiang, Yancheng,
and Hefei are located in the subcentral positions of the network.

FIGURE 5
Results of centrality indicators of cities in 2010.

FIGURE 6
Results of centrality indicators of cities in 2019.
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Cities such as Ma’anshan, Wuhu, Xuancheng, Chizhou, Tongling,
etc. have low degree centrality and are in a peripheral position in the
collaborative network of cities, indicating that they are not active in
the environmental governance.

Betweenness centrality can be used to measure the position and
power of a certain city. If the connection between other cities has to
go through a city, the betweenness centrality of this city is high. The
higher the value of betweenness centrality of a city, the more the city
can control the interaction between other cites, and it is in the
central position of the collaborative network and has greater power.
Different from the degree centrality, betweenness centrality places
emphasis on measuring a city’s ability to achieve information and
resources. Hence, it can be learned from Figures 5, 6 that the
betweenness centrality of Shanghai, Nanjing and Hangzhou is
much greater than that of other cities, indicating that Shanghai,
Nanjing and Hangzhou occupy a dominant position in the whole
collaborative network of cities, and serve as crucial intermediaries
for connecting various cities in CEG. The betweenness centrality of
Suzhou, Jiaxing, Changzhou, Yangzhou, etc. Is slightly lower than
that of Shanghai, Nanjing and Hangzhou, indicating that these cities
are also important intermediaries in the collaborative network of
cities. The betweenness centrality of the remaining cities are zero,
thus these cities just play a supporting and auxiliary role in the
collaborative network, and the cooperation with other cities in terms
of CEG needs to be further improved.

Closeness centrality is adopted to measure the ability of a city not
being controlled by other cities, reflecting the accessibility of the city in
the collaborative network. If the distance between a certain city and all
other cities in the collaborative network is very short, the city can be
considered to have a high closeness centrality. In 2019, the closeness
centrality of Shanghai, Hangzhou, andNanjing reaches 100, significantly
higher than other cities within the collaborative network. The results
suggest that, as national central cities and provincial capitals, Shanghai,
Nanjing and Hangzhou have much more synergistic associations with
other cities, and higher efficiency in information transmission. The
closeness centrality of Suzhou, Yangzhou, Shaoxing, Ningbo, etc. Is
relatively high, indicating that they can quickly establish cooperation
relationships with other cities. Due to the geographical limitations, the
closeness centrality of Chizhou, Anqing, Tongling, etc. Is relatively low,
resulting in their poor performance in resourcing sharing and
cooperation efficiency in terms of CEG.

3.2 Relationship network of topics

The current paper constructs the relationship network of topics
in the Yangtze River Delta urban agglomeration with the application
of text mining technology, investigating the key focus and evolution
of the topics of environmental governance for each year. Taking the
content of the National Ecological and Environmental Protection
Work Conference and the ecological and environmental protection
proposals in the Two Sessions from 2010 to 2019 as the corpus to be
mined, we aim to extract the key topics about environmental
governance in each year with TF-IDF algorithm. Then the
correlation between two topic keywords can be calculated, and
the links between two keywords with the correlation greater than
0.8 are established. Thus, the relationship networks of topics from
2010 to 2019 are constructed. To analyze the structural

characteristics of the relationship network of topics in the
Yangtze River Delta urban agglomeration, we take the number of
connections, the density of the network, and the average network
distance as the indicators to measure the relationship network of
topics from 2010 to 2019, and the results of indicators are listed
in Table 2.

Since the current paper selects the top 30 keywords by TF-IDF value
as the nodes of relationship network of topics, the number of the nodes,
that is, the size of the network remains stable from 2010 to 2019. In
addition, as shown in Table 2, the number of connections in the
relationship network of topics increases from 80 to 171, indicating that
the relationships of different topics about environmental governance is
becoming closer and the combinations between different measures of
environmental governance is more coordinated. The density of the
relationship network of topics increases from 0.184 to 0.393, which
shows an upward trend. However, the overall value of the density of
network from 2010 to 2019 remains low, indicating that the relationship
network of topics in terms of environmental governance is still a low-
density network. The further configuration and integration of different
topics will be beneficial for the environmental governance. The average
network distance of the relationship network of topics shows a
decreasing trend from 2010 to 2019. Therefore, the communication
efficiency and the accessibility between topics of environmental
governance improves constantly, but there is a great demand for
further enhancement.

To clarify the cluster of topic keywords and further refine the theme
of environmental governance in each year, the current paper adopts the
K-means cluster analysis of the keywords in the relationship network of
topics from 2010 to 2019. Due to the limitation of manuscript length,
the current paper selects 2010 and 2019 as the representative years, and
conduct the cluster analysis of topic keywords in the network of
2010 and 2019, aiming to figure out the evolution of environmental
governance topics from 2010 to 2019. Specifically, the elbow method is
firstly employed to determine the optimal number k of clusters. The
core indicator of the elbowmethod is the sum of squares of errors (SSE)
(Sinaga andYang, 2020).When the value of k is close to the real number
of clusters, the SSE will decrease to a much lesser extent, and its value
tends to be flat with the continuous increase in k. Therefore, the graph
depicting the relationship between SSE and k is elbow-shaped, and the k
value that corresponds to the position of the elbow joint is the final
number k of clusters in the K-means clustering analysis (Wang et al.,
2019). With the help of Python software and the application of the
elbow method, the number of clusters of topic keywords is five in both
2010 and 2019. Then, the K-means cluster analysis is adopted to cluster
the topic keywords. Results of the K-means cluster analysis in 2010 and
2019 is listed is Tables 3, 4, respectively.

According to the clustering results of topic keywords in
2010 and 2019, it can be concluded that the evolution of
environmental governance topics is characterized by optimization
and integration, and the theme of environmental governance shows
a development trend of “from aspect to point”. The specific
explanation is as follows. As shown in Table 4, which is the
clustering results of keywords in 2019, keywords in Cluster one
include “atmosphere,” “haze,” “air,” etc. Hence, Cluster one is
summarized as air pollution. Cluster two includes the keywords
such as “water pollution,” “water resources,” “black and odorous
water,” etc., thus Cluster two is classified as water resource pollution.
Keywords such as “soil,” “land,” “heavy metal,” etc. are in the Cluster
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3, which should be labelled as land pollution. The keywords in
Cluster four include “inspection,” “review,” “supervision,” etc., thus
Cluster four is categorized as inspection in environmental
governance. Based on the keywords in Cluster 5, support in
environmental governance is used to label Cluster 5. According
to the keywords of relationship network of topics in 2010, which is
listed in Table 3, Cluster one is summarized as pollution reduction,
Cluster 2 as ecological protection, Cluster 3 as PM2.5 monitoring
and information disclosure, Cluster 4 as regulation of nuclear and

radiation, and the theme of Cluster five is not clearly defined.
Through comparing the clustering results of topic keywords in
the relationship network and the summarized theme of clusters
in 2010 and 2019, it can be found that the themes of environmental
governance in 2019 are more specific and detailed, clarifying the
objects of environmental governance and emphasizing the
inspection and law-enforcement of ecological protection.
Improving the support and guarantee capabilities of
environmental governance is also a crucial theme in 2019.

TABLE 2 Indicators for measuring the structural characteristics of the relationship network of topics from 2010 to 2019.

Year The number of connections The density of the network The average network distance

2010 80 0.184 3.218

2011 85 0.194 3.145

2012 89 0.210 2.983

2013 101 0.221 2.861

2014 107 0.228 2.657

2015 115 0.236 2.332

2016 126 0.240 2.105

2017 137 0.263 1.862

2018 154 0.359 1.653

2019 171 0.393 1.520

TABLE 3 Clustering results of topic keywords in 2010.

Cluster1 Cluster2 Cluster3 Cluster4 Cluster5

Energy conservation Biology PM2.5 Nuclear Basin

Emission reduction Ecology Monitoring Radiation Emergency

Pollutants Protection Information Security Informed

Emission volume Environment Disclosure Radioactivity Policy

SO₂ Compensation Qualify Supervise Anti-corruption

Nitrogen oxides Diversity Assessment

Rural Coordination

TABLE 4 Clustering results of topic keywords in 2019.

Cluster1 Cluster2 Cluster3 Cluster4 Cluster5

Atmosphere Water pollution Soil Ecology Laws and regulations

New energy Rural Land Inspection Standard

Haze Water resources Heavy metal Review Technology

Green Yangtze River Solid waste Supervision Big data

Air Sea Chemicals Law-enforcement Internet

Emission Black and odorous water Prevention Evaluate

Environment
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However, the themes of environmental governance in 2010 are very
broad, without specifying the particular areas of environmental
governance or the concrete measures for environmental
protection. Therefore, the evolution of environmental governance
topics from 2010 to 2019 is characterized by optimization and
integration, exhibiting a development pattern of “from aspect
to point”.

3.3 Affiliation network connecting cities
to topics

The collaborative network of cities in CEG network reflects the
cooperation of 27 cities in terms of environmental governance, while

the relationship network of topics in CEG network can clarify the
configurations between different topics of environmental
governance. Since the collaboration of cities and the relevant
topics can jointly affect the results of CEG in the Yangtze River
Delta urban agglomeration, exploring the affiliation network
connecting cities to topics and analyzing the specific
environmental governance measures adopted by cities is of vital
significance, which provides a comprehensive analysis of CEG
network of Yangtze River Delta urban agglomeration.

Through taking the environmental governance topics and cities
in the Yangtze River Delta urban agglomeration as the keywords, we
can retrieve the relevant policies or laws with PUKLAW software,
and determine whether a certain city has issued the environmental
governance policies or laws pertaining to the topic keywords in a

TABLE 5 Indicators for measuring the structural characteristics of the affiliation network connecting cities to topics in 2010 and 2019.

City 2010 2019

Diversity of topics Uniqueness of topics Diversity of topics Uniqueness of topics

Shanghai 20 0.65 28 0.28

Nanjing 10 0.50 16 0.12

Hangzhou 13 0.46 18 0.11

Suzhou 9 0.56 14 0.14

Yangzhou 6 0.33 12 0.16

Jiaxing 4 0.50 7 0.29

Wuxi 5 0.60 10 0.30

Ningbo 3 0.00 7 0.14

Shaoxing 4 0.25 5 0.00

Changzhou 6 0.33 11 0.09

Huzhou 5 0.20 7 0.14

Zhenjiang 6 0.17 10 0.20

Nantong 7 0.29 12 0.17

Yancheng 3 0.00 6 0.00

Ma’anshan 0 0.00 3 0.00

Hefei 4 0.25 13 0.23

Jinhua 2 0.00 4 0.00

Zhoushan 3 0.00 7 0.29

Wenzhou 5 0.40 9 0.22

Wuhu 0 0.00 4 0.00

Taizhou 0 0.00 3 0.00

Taizhou 3 0.00 6 0.00

Xuancheng 0 0.00 3 0.00

Chuzhou 0 0.00 3 0.00

Tongling 0 0.00 2 0.00

Anqing 0 0.00 3 0.00

Chizhou 0 0.00 3 0.00
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certain year. Then the affiliation networks connecting cities to topics
from 2010 to 2019 are constructed by means of judging the
affiliation relationships between cities and environmental
governance topics. The results of indicators for measuring the
structure of affiliation network connecting cities to topics are
listed in Table 5.

Diversity of topics refers to the number of environmental
governance topics that the city involves. The greater the diversity
of topics, the richer the topics regarding environmental governance
that a city concerns, which is conducive to the effect of
environmental governance. Uniqueness of topics refers to the
ratio of the number of topics a city engages in that differ from
those of its connected cities to the total number of environmental
governance topics that the city involves. The uniqueness of topics
measures the exclusivity of environmental governance issues that a
city concerns. A higher value of uniqueness of topics represents that
the city adopts more unique and exclusive environmental
governance measures. It can be learned from Table 5 that the
value of diversity of topics in 27 cities has raised from 2010 to
2019, indicating that the cities within the Yangtze River Delta urban
agglomeration diversifies their focus on the environmental
governance issues, and the capabilities of environmental
governance of each city continue to strengthen. In addition, the
uniqueness of topics in the affiliation network is relatively low in
both 2010 and 2019. The possible reason for the result is as follows.
In the early stage of CEG in the Yangtze River Delta urban
agglomeration, policies for CEG are very scarce, and the cities
lack the proactive awareness to take the environmental
governance measure. In this context, local governments tend to
imitate the environmental governance measures of their
neighboring cities. Hence, there is little innovative and unique
environmental governance measures, and the value of uniqueness
of topics is relatively low. With the improvement of economy and
the advent of integrated development of urban agglomerations, cities
within the Yangtze River Delta urban agglomeration tend to engage
in the in-depth cooperation in terms of environmental governance.
Since the promotion of integrated development of CEG in the
Yangtze River Delta urban agglomeration, the diversity of
environmental governance topics has improved while the topics
among cities become more similar. Therefore, the diversity of topics
in the affiliation network connecting cities to topics remains
relatively low from 2010 to 2019.

3.4 Formation mechanism of the
CEG network

After constructing the CEG network of Yangtze River Delta
urban agglomeration from the perspective of multilevel network and
analyzing its structure characteristics, it can be found that the CEG
network is a complex system that involves the participation of
different entities and the interaction of multiple elements. During
the process of CEG in the urban agglomerations, the CEG network,
composed of collaborative network of cities, relationship network of
topics, and affiliation network connecting cities to topics, is
influenced by various factors such as the endogenous network
structure and the exogenous node-level attributes, making it
difficult to achieve the desired collaborative effect. Identifying the

formation mechanism of the CEG network and figuring out the
factors affecting the formation of new cooperative relationships play
an important role in facilitating the CEG efficiency. In view of this,
the connection probability between nodes in the CEG network is
taken as the dependent variable, and the structural variables
(endogenous variables) and edge-level variables (exogenous
variables) are taken as the independent variables, the formation
mechanism of the CEG network is analyzed with ERGM method.

With reference to the research of Song (2015) and Wang et al.
(2013), we select edge, interaction triangles, alternating k-stars
(GWdegree), alternating k-2 path (GWDSP), and alternating
k-triangle (GWESP) as the structural variables. Additionally,
considering the feature of nodes themselves and their interaction
characteristics, we select the uniqueness of topics (Nodecov) and
matching of regions (Nodematch) as the exogenous variables to
measure their influence on the formation of CEG network. Specific
explanations of variables are listed in Table 6.

Based on the selected ERGM variables for the CEG network, the
current paper constructs four models to empirically analyze the
formation mechanism of the CEG network in Yangtze River Delta
urban agglomeration. Specifically, Model one is a basic ERGM
model that only includes the variable of edges. The endogenous
variables are added in Model two on the basis of Model 1, examining
the influence of the star and triangle structures formed between
nodes on the formation of CEG network. Model three is constructed
based on Model 1, taking into account the exogenous variables to
investigate whether uniqueness of topics and matching of regions
affect the probability of relationship formation in CEG network.
Model four is a comprehensive model that incorporates both
endogenous structural variables and exogenous variables into the
ERGM model.

This paper uses the Statenet package in R to construct the ERGM
model, Monte Carlo maximum likelihood estimates for four models
are shown in Table 7.

As shown in Table 7, the value of AIC and BIC, which are the
model fit indicators, is the lowest in Model four compared with
Model 1, Model 2, and Model 3, indicating that the model fitting
degree of Model four is the highest. This suggests that the network,
which takes into account both structural variables and node-level
variables, is closer to the actual CEG network. In addition, compared
with Model one that only considers edges, the decrease of AIC and
BIC in Model three is greater than that in Model 2, suggesting that
the influence of exogenous node-level variables on the formation of
CEG network is more significant. Since the model fitting degree is
the highest in Model 4, the specific formation mechanism of CEG
network is analyzed with Model 4.

(1) The research results indicate that the formation of cooperative
relationship in the CEG network is influenced by both
endogenous variables and exogenous variables. Hence, in
the practice of CEG among urban agglomerations, we
should not only pay attention to the effect of structural
variables on the formation of new cooperative relationship,
but also the effect of node-level variables on CEG network.

(2) In terms of endogenous variables, the value of Monte Carlo
maximum likelihood estimates of “Edges” is negative,
indicating that an increase in the number of edges does
not promote the establishment of new cooperative
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relationships in CEG network. Hence, the formation of CEG
network exhibits the sparse effects (Yan and Ding, 2012). The
possible reason for this phenomenon is as follows. The
collaborative relationships in the CEG network such as the
cooperation between cities are sporadic. Stable and trusting
collaborative relationship have not been established in the
CEG network, which cannot attract new partners to
cooperative with them. Therefore, the occasional
cooperation should be avoided during the process of
establishing collaborative relationships in CEG network.

Long-term and stable cooperative relationships are
advocated to diminish the sparse effects in CEG network.

(3) While the values of Monte Carlo maximum likelihood
estimates of “Interaction triangles,” “GWdegree,”
“GWDSP,” “GWESP,” “GWESP” are all significantly
positive, indicating that the interactive triangular
structures, star structures, open triangular structures and
closed triangular structures tend to emerge in the CEG
network. The existence of these structures can promote the
formation of new cooperative relationships in CEG network.

TABLE 6 Explanation of variables in ERGM.

Variables Corresponding
graphics

Effect Explanations

Endogenous
variables

Edges — Basic effect

Interaction triangles Closure Tendency to form interactive triangles

GWdegree Expansion Tendency to form star structures

GWDSP Intermediation Tendency to form open triangular structures

GWESP Transitivity Tendency to form closed triangular structures

Exogenous variables Nodecov (“Project”) Matthew Effect Do the increase in uniqueness of topics promote network
formation?

Nodematch
(“Province”)

Assortative Effect Do nodes from the same province tend to connect?

Note: represents nodes of the same or different types; represents nodes of the same types.

TABLE 7 Monte Carlo maximum likelihood estimates.

Model 1 Model 2 Model 3 Model 4

Edges −3.224*** −5.241*** −6.254*** −9.325***

Interaction triangles 1.245*** 0.565***

GWdegree 3.042*** 2.318***

GWDSP 1.675*** 2.646***

GWESP 0.652*** 1.525**

Nodecov (“Project”) −0.165*** −0.086**

Nodematch (“Province”) 2.341*** 1.674***

AIC 965.2 923.7 907.2 887.1

BIC 973.4 945.8 934.6 903.3

Note: ** represents significance at level 1%, *** represents significance at level 0.1%.

Frontiers in Environmental Science frontiersin.org14

Zhang et al. 10.3389/fenvs.2024.1478864

https://www.frontiersin.org/journals/environmental-science
https://www.frontiersin.org
https://doi.org/10.3389/fenvs.2024.1478864


The star structures in CEG network represent the network
scalability and the center-edge characteristic, which can
enable the central nodes to obtain more resources. The
triangular structures in CEG network can promote the
information exchange between cooperative nodes (Guan
et al., 2015). Hence, the cities in the Yangtze River Delta
urban agglomeration who are involved in the environmental
governance should focus on constructing the star-shaped and
triangular-shaped cooperation relationship.

(4) In terms of exogenous variables, the value of Monte Carlo
maximum likelihood estimates of “Nodecov” is significantly
negative, indicating that the uniqueness of topics has a
negative effect on the formation of cooperative relationships
in the CEGnetwork. In other words, the cities within the Yangtze
River Delta urban agglomeration with the unique environmental
governance issues are less likely to collaborate with other cities in
terms of environmental governance. The possible reason for the
results is as follows. The unique environmental governance
topics are not universal and applicable for all cities whose
natural or economic conditions are diverse. Hence, the cities
with unique environmental governance topics tend to pay
attention to themselves, rather than cooperate with other cities.

(5) In addition, the value of Monte Carlo maximum likelihood
estimates of “Nodematch” is significantly positive. Hence, it is
easier for cities within the same province to establish
collaborative relationships in terms of environmental
governance. Cities within the same province are more
likely to establish cooperative relationships due to their
closer geographical distance, lower cooperation costs, and
lower risks. Therefore, relevant departments should take
measures to provide a platform for cooperation between
cities in different provinces, break the limitations caused
by excessive matching effects, and promote technology
exchange and knowledge sharing among different regions
(Sun, 2016). Cities in the same province are encouraged to
cooperate in terms of the environmental governance.

4 Conclusion and policy implications

4.1 Research conclusion

Investigating the structural characteristics and formation
mechanism of the CEG network in the urban agglomerations
plays a significant role in improving the CEG network and
facilitating the sustainable development in the urban
agglomerations. The existing research on CEG network aims to
analyze the single-layer network which is composed of actors,
neglecting the influence of other elements such as environmental
governance topics on the effect of CEG. Hence, to depict the
characteristics of the CEG network comprehensively, the current
paper accounts for the collaborative network of cities, relationship
network of topics, and affiliation network connecting cities to topics
from the perspective of multilevel network. With the information
retrieval and text mining technology, the CEG network which
consists of several sub-networks in the Yangtze River Delta urban
agglomeration is constructed. Then the social network analysis
method and ERGM method are applied to investigate the

structural characteristics, evolution logics and formation
mechanism of the CEG network. The research results are
concluded as follows.

(1) From the overall perspective, the CEG level in the Yangtze River
Delta urban agglomeration continues to improve. However, the
CEG network is still not in a tightly connected state. Specifically,
the scale of the collaborative network of cities of CEG in the
Yangtze River Delta urban agglomeration expands continuously,
and the network density raise from 2010 to 2019. For the
relationship network of topics of CEG, both the number of
connections and network density show an upward trend. From
the analysis results of affiliation network connecting cities to
topics, it can be learned that the environmental governance
topics are gradually diversifying, and the coordination between
different topics is becoming closer from 2010 to 2019, which
indicates the improvement of CEG level in the Yangtze River
Delta urban agglomeration. However, the maximum value of
network density of collaborative network of cities and
relationship network of topics is only 0.349 and 0.393,
suggesting that the networks are not closely connected, and
the integration degree in the Yangtze River Delta urban
agglomeration should be enhanced.

(2) The collaborative network of cities of CEG in the Yangtze
River Delta urban agglomeration presents the characteristics
of small world and the cooperation trend of “central-
subcentral-peripheral city.” In terms of relationship
network of topics, the evolution of environmental
governance topics from 2010 to 2019 is characterized by
optimization and integration, exhibiting a development
pattern of “from aspect to point”. From the perspective of
affiliation network connecting cities to topics, as the trend of
regional integration in the Yangtze River Delta urban
agglomeration becomes pronounced, the diversity of
environmental governance topics is increasing while the
cities within the Yangtze River Delta urban agglomeration
tend to share the similar environmental governance topics.

(3) The formation of the CEG network in the Yangtze River Delta
urban agglomeration is influenced by both endogenous structural
variables and exogenous edge-level variables. In terms of
endogenous structural variables, triangle and star structures
among nodes play a vital role in the CEG network. In terms of
Mathew effect, the uniqueness of environmental governance
topics of a certain city within the Yangtze River Delta urban
agglomeration has a restraining effect on the formation of theCEG
network. In terms of the matching of regions, geographical
proximity promotes the collaborative relationships in the CEG.

4.2 Policy implications

Based on the above research conclusions, the current paper
proposes the following policy suggestions.

(1) Local governments should pay attention to promoting the
development of CEG network in the Yangtze River Delta
urban agglomeration by means of enhancing the cooperation
efforts among cities and increasing network density. The
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locational advantages of central cities such as Shanghai,
Nanjing, and Hangzhou should be fully exploited. Cities
with high degree centrality, betweenness centrality, and
closeness centrality are supposed to strengthen the CEG
with surrounding cities, radiating and guiding the
environmental governance of the edge cities. Meanwhile, it
is important to take advantage of the small world
characteristics of the collaborative network of cities in the
CEG. Breaking down the cooperation barriers between cities
and strengthening the exchange of technology, information
and knowledge in terms of environmental governance play a
vital role in facilitating the flow of environmental governance
resources and promoting the CEG in the Yangtze River Delta
urban agglomeration.

(2) It is notable that governments should strengthen the
construction of relationship network of topics in CEG and
diversify the environmental governance topics. The cities
within the Yangtze River Delta urban agglomeration need to
explore the scientific combinations of diverse environmental
governance topics taking into account their actual conditions of
ecological pollution. In addition, governments need to facilitate
the cooperation and learning among cities regarding
environmental governance measures, and emphasize the dual
role of city collaboration and environmental governance topics in
the CEG results, leading to the positive development of affiliation
network connecting cities to topics in CEG.

(3) In the research and related practices of constructing CEG
network, it is crucial to not only emphasize the effect of
endogenous structural characteristics on the network
formation, but also to focus on the role of matching of
regions and uniqueness of topics in the formation of
cooperative relationships in CEG. In the CEG network,
establishing triangular and star-shaped structures should be
prioritized, fully leveraging the advantages of two structures
in the resource acquisition for environmental governance.
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