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Existing research on urban innovation networks has predominantly focused on high-tech 
and strategic emerging industries, leaving innovation networks in foundational 
industries—particularly fisheries—largely unexamined in terms of their structural 
dynamics and driving forces. This study aims to systematically examine the 
spatiotemporal evolution and mechanisms of formation of China’s fishery industry 
innovation cooperation network across three developmental stages. To this end, an 
inter-city innovation cooperation network is constructed based on cooperative patent 
data (2007–2024), and social network analysis, GIS spatial analysis, and an exponential 
random graph model (ERGM) are employed to analyze the network’s structural 
characteristics, spatiotemporal evolutionary patterns, and formation mechanisms. The 
results show that: (1) the network evolved from a single-core structure centered on the 
Yangtze River Delta to a multi-core configuration led by Beijing and Guangzhou, while 
network density fluctuated downward and the core-periphery structure continuously 
consolidated; (2) social proximity exerts the strongest and persistently increasing 
positive effect on network formation, followed by cognitive and institutional proximity, 
both exerting strong positive effects over time, while geographical proximity’s inhibiting 
effect gradually weakens; (3) the number of higher education institutions is a 
consistently positive driver, the promoting effect of primary industry added value 
emerges with a time lag, and cities preferentially attach to higher administrative-level 
cities; (4) weighted ties exhibit a predominantly significant negative effect reflecting high 
coordination costs, while star structure shows a consistently positive effect indicating 
preferential attachment dynamics that accelerate core-periphery differentiation. These 
findings reveal distinct stage heterogeneity and sectoral specificity in foundational 
industries, contributing new empirical evidence to innovation network theory and 
offering policy guidance for advancing China’s maritime strategy. 

1. INTRODUCTION 

In the era of the knowledge economy, innovation has be
come the core competitiveness of national and regional 
development.1 The report to the 20th National Congress 
of the Communist Party of China emphasizes the need to 
strengthen the forward-looking, strategic, and systematic 
layout of basic research, optimize resource allocation and 
layout structure, and provide fundamental theoretical sup
port and technical source supply for innovative develop
ment. As a key traditional industry in China, fisheries are 
crucial to safeguarding national food security, increasing 
fishermen’s income, and maintaining the marine ecological 

balance.2,3 However, this vital industry is currently trapped 
in dual predicaments: rigid resource constraints and con
tinuous ecological environment deterioration,4 making the 
traditional fisheries development model increasingly in
compatible with the demands of modern society.5,6 Against 
this backdrop, the overlapping implementation of the 
strategies of building a strong maritime nation and rural 
revitalization urgently requires scientific and technological 
innovation to drive the transformation and upgrading of 
the entire fishery industrial chain. In fact, modern indus
trial innovation no longer depends on a single factor; in
stead, it relies on the flow and integration of multiple fac
tors across the innovation chain, industrial chain, and value 
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chain, which further drives the formation of a multi-layered 
innovation network through the flow, networking, and in
terweaving of various factors.7 Against this industrial and 
innovation context, accurately grasping the dynamic evolu
tion and driving mechanisms of the fisheries industry in
novation cooperation network is of great significance for 
an in-depth understanding of the industrial innovation 
process and for promoting sustainable fisheries develop
ment. 
Since Freeman first proposed the concept of the inno

vation network in 1991,8 its research paradigm has gradu
ally expanded from the firm level9 to multiple spatial units, 
including urban agglomerations10 and river basins.11 Re
search on urban innovation networks, in particular, adopts 
a macro urban perspective to explore the spatial organiza
tional patterns of knowledge flows shaped by diverse micro-
agents rooted in cities through cross-regional cooperation 
and collaboration.12 Existing studies on inter-urban inno
vation networks focus on three core dimensions: First, the 
establishment of inter-urban innovation linkages for indus
tries with distinct knowledge bases. Scholars have used a 
variety of indicators to construct innovation networks, such 
as paper co-authorship, talent mobility, and patent coop
eration and transfer,13,14 with patent data being the most 
widely adopted due to its objectivity and quantifiability.15 

Second, the identification of network structures and spa
tial patterns across different hierarchical levels. Based on 
the established innovation linkages, social network analysis 
is applied to examine the overall and individual structural 
characteristics of networks and combined with GIS spatial 
analysis to explore their spatiotemporal evolutionary pat
terns.16 Third, the exploration of the driving mechanisms 
underlying these networks. Current research investigates 
the influencing factors of innovation networks primarily 
from endogenous and exogenous perspectives, including 
endogenous network structure, node attributes, and exoge
nous environmental factors.17 Evidently, significant dispar
ities in the inherent attributes, development foundations, 
and development stages of different industries lead to dis
tinct differences in the evolution of their innovation net
works and the underlying mechanisms.18 

Overall, the academic community has conducted numer
ous case studies of urban innovation networks from diverse 
perspectives, establishing a relatively mature research 
framework and methodological system. However, existing 
research on innovation networks has primarily focused on 
high-tech industries such as semiconductors and strategi
cally emerging industries, with insufficient attention paid 
to fundamental industries. As a type of innovation network 
for fundamental industries, research on fisheries innova
tion networks has so far centered on the integration of 
marine fisheries innovation chains and industrial chains,19 

marine fisheries innovation capacity,20 and sustainable 
fisheries,21 yet there are few targeted discussions on the in
novative relationships within the fisheries industry from a 
spatial perspective. In particular, only the study by Wang 
et al.7 has examined the evolutionary characteristics and 
mechanisms of the innovation network in Yantai’s marine 
ranching industry from a spatial network perspective. Still, 

it failed to conduct an in-depth exploration of the mecha
nisms underlying network formation. Furthermore, the dy
namic evolutionary laws of inter-city fisheries industry in
novation networks remain unclear.7 Two specific 
knowledge gaps therefore remain unaddressed. First, while 
the structural evolution of fishery innovation networks has 
received preliminary attention, the mechanisms underlying 
their formation—particularly the roles of multidimensional 
proximity, urban endowments, and network endogenous 
structure—have not been empirically examined at the inter-
city scale. Second, existing ERGM-based network studies 
have rarely incorporated the temporal heterogeneity of dri
ving effects across network developmental stages. To ad
dress these gaps, this study asks: (1) How has China’s fish
ery industry innovation cooperation network evolved 
spatiotemporally from 2007 to 2024? (2) What proximity 
mechanisms, urban endowment factors, and endogenous 
structural forces drive network tie formation, and how do 
these effects vary across developmental stages? 
Against this backdrop, this paper constructs an innova

tion cooperation network for China’s fishery industry based 
on patent collaboration data from 2007 to 2024. It adopts 
social network analysis to examine the characteristics of 
the inter-urban collaboration network and its core-periph
ery structure, combines GIS spatial analysis to reveal the 
spatiotemporal evolutionary trends of the network, and 
employs the exponential random graph model to explore 
the mechanisms underlying network formation. Compared 
with existing studies, this paper makes two contributions: it 
provides the first systematic empirical analysis of the inter-
city fishery innovation cooperation network at the national 
scale, and it reveals stage-heterogeneous driving effects of 
proximity mechanisms, urban endowments, and network 
endogenous structure specific to a foundational industry 
context. By uncovering the spatial evolutionary logic and 
formation mechanisms of the fisheries industry innovation 
cooperation network, this study provides a scientific ap
proach to addressing such problems as the inefficient trans
formation of scientific and technological achievements and 
the fragmentation of regional innovation, thus facilitating 
the coordinated implementation of China’s strategy of 
building a strong maritime nation and rural revitalization. 

2. RESEARCH METHODS AND DATA SOURCES 

2.1. RESEARCH METHODS 

2.1.1. SOCIAL NETWORK ANALYSIS METHOD 

The spatial network characteristics of the fisheries industry 
innovation cooperation network are analyzed from four di
mensions: overall network characteristics, centrality, core-
periphery structure, and spatiotemporal network evolution. 
Among them, the overall relational structure is used to ex
amine the degree of network correlation and the robustness 
of the network structure, which is mainly measured by net
work size, connection frequency, network density, average 
path length, clustering coefficient, and network centraliza
tion. Centrality is employed to depict the positional roles 
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and power of cities in the social network, including degree 
centrality and betweenness centrality, among other met
rics. The core-periphery structure is applied to analyze the 
distribution and evolutionary characteristics of the core-
periphery structure across different cities in the network, 
which can be measured by each city’s core degree. Spa
tiotemporal network evolution is explored to reveal the net
work’s temporal and spatial evolutionary trends, with this 
dimension analyzed using GIS spatial analysis methods. 

2.1.2. EXPONENTIAL RANDOM GRAPH MODEL 

The exponential random graph model is a mathematical 
model for describing the structure of social networks. Based 
on the interdependence of edges in a network, it compre
hensively considers endogenous structural factors and ex
ogenous attribute factors to calculate the probability that 
existing relationships will influence the formation of future 
ones. Through steps including estimation, diagnosis, simu
lation and comparison, it realizes parameter estimation and 
statistical inference of various influencing factors, thereby 
explaining the formation and evolution mechanisms of the 
network. The formula is as follows: 

Among these,  denotes the realization prob
ability, where  represents the actual network,  denotes 
the simulated network,  is the model statistic,  is 
the fitting parameter,  is the normalization constant 
that ensures the sum of the probability values of the net
work structure falls within the range of 0 to 1,  is the 
reference distribution. 
To ensure model reliability, MCMC diagnostics are per

formed to verify chain convergence by examining whether 
trace plots show stable fluctuation around stationary values 
with no systematic drift across iterations, and whether pos
terior density plots approximate unimodal distributions. 
Goodness-of-fit (GOF) is assessed by simulating 1,000 net
works based on the estimated parameters and comparing 
key simulated network statistics—including degree distri
bution, edge-wise shared partners, dyad-wise shared part
ners, geodesic distance distribution, and triad cen
sus—against those of the observed network. A well-fitted 
model is confirmed when the observed statistics consis
tently fall within the interquartile range of the simulated 
distributions. 

2.1.3. GIS SPATIAL ANALYSIS 

ArcGIS 10.8 is employed to spatially visualize the evolu
tionary characteristics of China’s fishery industry innova
tion cooperation network. First, network structural met
rics—including degree centrality and connection 
frequency—are calculated in Ucinet and Gephi using the 
inter-city patent cooperation data, and the results are ex
ported as attribute tables. Second, city geographic coordi
nates are geocoded and imported into ArcGIS, where the 
calculated network metrics are joined to city point layers. 
Connection lines between cooperating city pairs are gen
erated and scaled in thickness proportional to cooperation 

frequency, while city node sizes are scaled proportional to 
degree centrality, enabling visual identification of domi
nant innovation corridors, spatial diffusion patterns, and 
the evolution of core-periphery structures across the three 
developmental stages. 

2.2. VARIABLE SELECTION 

The variables of the exponential random graph model fall 
into two broad categories: endogenous and exogenous vari
ables, which cover inter-city multi-dimensional proximity, 
urban endowment and network structure variables involved 
in the influencing mechanisms of the fisheries industry in
novation cooperation network. 

2.2.1. INTER-CITY MULTI-DIMENSIONAL PROXIMITY 
VARIABLES 

(1) Geographical Proximity. Geographical proximity is re
flected by the spatial distance between cooperating parties. 
In the study by Sun and Peng,22 the Euclidean distance is 
used to measure the geographical proximity of cooperat
ing entities. First, the latitude and longitude coordinates of 
urban centers are retrieved from the Amap Open Platform 
(https://lbs.amap.com/), then converted to plane rectangu
lar coordinates in ArcMap, and the Euclidean distance be
tween cities is calculated. The calculation formula is as fol
lows: 

Where ，  and ，  represent the plane rectan
gular coordinates of city  and city  respectively. 
(2) Institutional Proximity. Institutional proximity re

flects the similarity of institutional environments between 
organizations. Referring to Hong & Su,23 institutional 
proximity is measured by whether the cooperating parties 
belong to the same province. It takes a value of 1 if the two 
parties are in the same province, and 0 otherwise. 
(3) Social Proximity. Social proximity mainly refers to 

the closeness of cooperative ties between partners. Follow
ing Gui et al.,24 social proximity is measured as the relative 
cooperation intensity between cities using the Jaccard sim
ilarity coefficient. The calculation formula is as follows: 

Where  denotes the number of common partners of city 
 and city , and  and  represent the other partners of 
city  and city , respectively. 
(4) Cognitive Proximity. Cognitive proximity reflects the 

similarity of innovation knowledge in the fisheries sector 
between cities. Referring to the method of Jaffe et al.,25 

cognitive proximity is measured using cosine similarity. 
The calculation formula is as follows: 

where  and  denote the share of class  patents in the 
total cooperative patents of city  and city , respectively, 
and  represents the number of patent classes. To better 
define patent technology fields, the International Patent 
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Classification (IPC) code is used to categorize patent types. 
Cognitive proximity ranges from 0 to 1. A value closer to 
1 indicates a higher similarity in knowledge structures be
tween the two cities, while a value closer to 0 suggests a 
greater divergence in their knowledge bases. 

2.2.2. URBAN ENDOWMENT VARIABLES 

Drawing on the concept of the “regional innovation sys
tem” proposed by Cooke,26 urban endowment variables are 
constructed from three dimensions: innovation actors, in
novation resource factors, and innovation environment. 
Specifically, the number of higher education institutions 
(hedu), added value of primary industry (AGDP), and ad
ministrative level (adm) are selected to reflect innovation 
actors, factors, and environment, respectively. 

2.2.3. NETWORK STRUCTURE VARIABLES 

The stability of the network’s endogenous structure directly 
affects the formation of ties among organizations.27 We in
clude edge structure and geometrically weighted degree to 
control for the average effects and star structures that in
fluence network formation. 

2.3. DATA SOURCES AND PERIOD DIVISION 

2.3.1. DATA SOURCES 

The fisheries patent data used in this study were collected 
from the Patent Search Platform of the China National In
tellectual Property Administration (CNIPA). Due to the di
versity of production targets and the complexity of produc
tion conditions in the fishery sector, the scope of research 
in this field has become increasingly broad as it has devel
oped. Therefore, to define the scope of the fishery sector 
as reasonably and comprehensively as possible, this study 
draws on existing research.28 It integrates the Classification 
of Marine and Related Industries, the Correspondence Table 
between International Patent Classification and National Eco
nomic Industry Categories and the International Patent Clas
sification (2024.01) both issued by the CNIPA, as well as 
expert opinions in relevant fields. By focusing on techno
logical innovations in fishery production and processing, 
we screen and adopt targeted IPC codes to identify fishery 
patents. The IPC classes used, and their corresponding 
technical fields, are presented in Table 1. 
Patent applications are less affected by the examination 

procedures of patent-granting agencies and by human fac
tors, and can more accurately reflect the level of innovation 
output.29 Meanwhile, considering that invention patents 
usually have higher technical value and quality, this study 
focuses on joint invention patent applications. Through 
searching by the IPC codes in the fishery sector, a total 
of 92,138 invention patent applications were obtained. The 
raw patent data were subjected to a multi-step cleaning 
procedure. First, duplicate records were identified and re
moved based on patent application numbers. Second, 
patents with only one applicant and those filed by individ
ual applicants were excluded, as this study focuses on in

ter-organizational collaboration. Third, patents with appli
cant addresses in Hong Kong, Macao, and Taiwan, China 
were excluded. Fourth, patents entirely unrelated to fishery 
technologies were removed based on manual inspection of 
invention titles; excluded items included patents contain
ing terms such as desk lamps, lanterns, kitchen appliances, 
reading lights, bedside lamps, window frame lights, bath
room heaters, decorative lights, clothes rack lights, wa
ter dispenser lights, shoe lights, ornamental lights, light 
fixtures, ambient lights, washing cabinets, and washing 
drums, among others. Following this iterative cleaning 
process, 4,635 valid joint-invention patent records for the 
fishery industry were retained. The addresses of patent ap
plicants were manually retrieved one by one through pro
fessional platforms such as Qichacha. Inter-organizational 
cooperation relationships were then converted into inter-
city cooperation relationships to construct an inter-city 
joint patent database. The city-level statistical data used 
in this study were collected from the China City Statistical 
Yearbook, regional statistical bulletins, and government 
work reports. 

2.3.2. PERIOD DIVISION 

The temporal trend in the number of jointly applied inven
tion patents in the fishery industry is shown in Figure 1. 
Before 2007, the number of fishery invention patent appli
cations was relatively small, and the number of cooperative 
patent applications was mostly single-digit or zero. There
fore, this study sets the research period from 2007 to 2024. 
Since invention patents are generally published 18 months 
after the filing date, the data for 2022–2024 are for refer
ence only. 
Since 2007, the number of fishery invention patent ap

plications has surged rapidly from 574 to 10,685 in 2017, 
representing an increase of approximately 18.61 times, fol
lowed by a fluctuating decline to 5,035 in 2024. In terms of 
jointly applied invention patents, except for fluctuations in 
individual years, the number of fishery cooperative inven
tion patent applications increased from 25 in 2007 to 794 in 
2024, representing a growth of approximately 31.76 times. 
Further observation reveals that the number of fishery 

cooperative invention patent applications grew moderately 
from 2007 to 2011, marking a gradual exploratory stage; 
from 2012 to 2019, it showed a distinct upward trend, with a 
steady and continuous increase in the application volume, 
indicating that fishery cooperative innovation entered a 
stage of active development; from 2020 to 2024, the num
ber of fishery cooperative invention patent applications ex
panded rapidly, and the efficiency of fishery cooperative 
innovation was further unleashed. Accordingly, the devel
opment of fishery innovation cooperation is divided into 
three stages: the initial exploration stage, the steady devel
opment stage, and the accelerated leap stage. 
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Table 1. IPC Distribution of Fisheries Patents      

No. IPC Code Meaning Category 

1 
A01G33, A01H13, A01K61, 

A01K63, A23K50/80 

Cultivation of seaweed; laver; algae; aquaculture of aquatic 
animals; containers for live fish; feed suitable for aquatic 

animals; production methods thereof 
Aquaculture 

2 

A01K65, A01K69, A01K71, 
A01K73, A01K74, A01K75, 
A01K77, A01K79, A01K80, 
A01K81, A01K83, A01K85, 
A01K87, A01K89, A01K91, 
A01K93, A01K95, A01K97, 

A01K99 

Stringing devices for caught fish; fixed fishing gear; floating 
fishing nets; trawling nets; other fishing nets or similar gear; 

accessories for fishing nets; parts of fishing nets; landing nets 
for fishing; dredge nets for fishing; harvesting oysters, 

mussels, sponges, etc.; fishing by projectiles; angling 

Fishing 

3 
A22C25, A22C29, A23L17, 

A23K10/22 

Processing of fish; processing of crustaceans; aquatic food 
products; fish products; fish flesh; substitutes for fish roe; 
preparation or treatment thereof; feed materials from fish 

sources 

Processing 

4 

B63B35/14, B63B35/16, B63B35/
18, B63B35/20, B63B35/24, 

B63B35/26, B63B35/28, B63B35/
30 

Fishing boats; trawlers; vessels suitable for trawling; vessels 
suitable for net winding; fish holds; for live fish; barges or 

lighters; self-discharging 

Fishing 
Vessels 

5 
E02B8/08, F21W131/30, F41B7/

04, F41B11/83, G01G19/60, 
G01S15/96 

Fish passes; water passages for rafts or boats; suitable for 
spear fishing; for spear fishing; combined with fishing gear, 

e.g., with fishing rods; for fish detection 

Other 
Facilities 

Figure 1. Evolution trend of fishery invention patent applications from 1985 to 2024            

3. EVOLUTIONARY CHARACTERISTICS OF 
INNOVATION COOPERATION NETWORKS IN 
CHINA’S FISHERY INDUSTRY 

3.1. OVERALL NETWORK CHARACTERISTICS 

The overall characteristics of the fishery innovation coop
eration network from 2007 to 2024 are presented in Table 
2. First, in terms of network scale, the number of cities 
participating in the fishery innovation cooperation network 

increased from 50 to 227, and the number of cooperative 
edges rose from 68 to 819, while the network diameter de
creased to 6, indicating that the channels for fishery tech
nology cooperation have increased significantly and the 
network coverage has continued to expand. Second, the 
number of connections represents the frequency of tech
nical cooperation between cities. A higher value of this 
indicator indicates closer cooperation; its growth rate is 
far greater than that of network edges, demonstrating that 
technical cooperation between cities has been further 
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Table 2. Overall Structural Characteristics of China’s Fishery Industry Innovation Cooperation Network           

Stages 
Network Scale Connection 

Times 
Density 

Path 
Length 

Clustering 
Coefficient Nodes Edges Diameter 

Initial Exploration 
Stage 

50 68 7 201 0.056 3.575 0.514 

Steady 
Development Stage 

184 484 6 1548 0.029 2.996 0.453 

Accelerated Leap 
Stage 

227 819 6 2988 0.032 2.766 0.526 

strengthened. Third, although the network scale expanded, 
the innovation network density declined, suggesting that 
the expansion of network scale did not lead to efficient con
nections among node cities, and the knowledge spillover 
capacity of cities weakened somewhat. Finally, the average 
path length continued to decline to 2.766, and the cluster
ing coefficient fluctuated to 0.526, indicating that while the 
connectivity of cooperation between cities gradually im
proved, the agglomeration also continued to strengthen, 
reflecting closer and more organized innovation coopera
tion relationships among cities in the fishery sector. 
Overall, during the sample period, the spatial connec

tions of China’s fishery innovation cooperation network 
gradually strengthened, and the network structure tended 
to stabilize. However, due to the relatively low network 
density, the overall network was still at an early stage of de
velopment. 

3.2. INDIVIDUAL NETWORK STRUCTURE 

From 2007 to 2024, eastern cities continuously dominated 
and led the development of the fishery industry innovation 
cooperation network (Table 3). The top two cities in terms 
of degree centrality evolved from Beijing and Shanghai to 
Beijing and Guangzhou. In contrast, betweenness centrality 
shifted from being dominated by Yangtze River Delta cities 
to Beijing, Wuhan and Guangzhou, highlighting the strong 
central position of Beijing in the innovation network. With 
the further maturation of the fishery industry, cities with 
resource or industrial advantages have gradually moved to
ward the center and shown certain intermediary and bridg
ing capabilities. Among them, coastal cities such as Qing
dao and Zhanjiang are prominent, and inland cities such as 
Wuhan and Chengdu, representing the central and western 
regions respectively, occupy important positions in the in
novation network. 

3.3. CORE-PERIPHERY STRUCTURE 

The core-periphery model in Ucinet software was employed 
to calculate the core degree of each city across the three 
stages. Based on the variation in city scores, network nodes 
were classified into core cities, sub-core cities, and periph
eral cities using 0.25 and 0.15 as the division thresholds 
(Table 4). The total number of core and sub-core cities in 
the three stages was 10, 12, and 10, respectively, indicat
ing little overall fluctuation. In contrast, the proportion of 
peripheral nodes increased from 80.00% in the first stage 

to 95.59% in the third stage, indicating that the network’s 
core-periphery structure was continuously strengthening. 
During the sample period, the core cities evolved from 

three cities in the Yangtze River Delta to Beijing and 
Guangzhou, and gradually stabilized. Among them, 
Guangzhou has become a crucial hub for fishery technology 
innovation and cooperation by virtue of its aquatic product 
resources and geographical location advantages. The con
solidation of its core position is closely linked to the matu
rity of the fishery industry cluster in the Pearl River Delta 
region. Although Beijing is not a typical coastal area, it has 
occupied a core position in high-end technological innova
tion such as aquatic breeding and fishery equipment R&D, 
supported by its favorable innovation environment, strong 
industrial foundation, and talent agglomeration effect. 
The evolution of sub-core cities shows a feature of re

gional diffusion. From initially concentrating around the 
Yangtze River Delta, sub-core cities have gradually ex
panded to cities with abundant resource endowments such 
as Qingdao, Wuhan and Chengdu. These cities, either rely
ing on the coastal industrial foundation or the advantages 
of regional scientific research centers, have become impor
tant hubs for technology transfer and resource radiation 
from core cities. 

3.4. SPATIOTEMPORAL PATTERN OF THE NETWORK 

Figure 2 illustrates the dynamic evolution of the fishery in
dustry innovation cooperation network from 2007 to 2024. 
In the Initial Exploration Stage, the network had few 

innovation nodes and low connection intensity. The main 
innovation corridors were Wuxi–Chengdu, Jiaxing–Zhan
jiang, and Shanghai–Beijing, forming a one-core and three-
axis innovation pattern with the Yangtze River Delta as 
the core. Cities such as Chengdu, Zhanjiang, and Jiaxing 
gather leading aquatic feed enterprises including Tongwei 
Co., Ltd. and Guangdong Yuehai Feed Group. Wuxi hosts re
search institutes such as the Freshwater Fisheries Research 
Center of the Chinese Academy of Fishery Sciences. Mean
while, Beijing and Shanghai, as the national political and 
economic centers, jointly served as the initial sources of 
the fishery innovation cooperation network, providing early 
impetus for the innovative development of China’s fishery 
industry. 
In the Steady Development Stage, as the industrial chain 

upgraded, a large number of innovation nodes joined the 
network. Coastal cities in the Bohai Rim and the Pearl River 
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Table 3. Evolution of Centrality in China’s Fishery Industry Innovation Cooperation Network from 2007 to 2024               

Rank 
Degree Centrality Betweenness Centrality 

2007-2011 2012-2019 2020-2024 2007-2011 2012-2019 2020-2024 

1 Shanghai 
(11) 

Guangzhou 
(47) 

Beijing 
(72) 

Shanghai 
(0.345) 

Beijing (0.211) Beijing (0.217) 

2 Beijing 
(9) 

Beijing 
(45) 

Guangzhou 
(66) 

Wuxi 
(0.209) 

Guangzhou 
(0.210) 

Wuhan (0.164) 

3 Zhanjiang 
(8) 

Qingdao (37) Wuhan 
(59) 

Yancheng 
(0.199) 

Wuhan (0.160) Guangzhou 
(0.160) 

4 Wuxi 
(6) 

Wuhan 
(36) 

Chengdu (50) Zhanjiang 
(0.194) 

Shanghai 
(0.159) 

Chengdu 
(0.082) 

5 Suzhou (6) Shanghai (34) Shanghai (48) Beijing (0.174) Qingdao (0.144) Nanning (0.082) 

6 Guangzhou 
(6) 

Chengdu (29) Qingdao (41) Suzhou (0.086) Chengdu 
(0.118) 

Shanghai 
(0.067) 

7 Beihai 
(5) 

Wuxi 
(25) 

Wuxi 
(38) 

Changsha 
(0.067) 

Wuxi 
(0.103) 

Wuxi 
(0.062) 

8 Yangzhou 
(5) 

Zhangzhou 
(20) 

Nanjing (35) Qingdao (0.064) Zhengzhou 
(0.057) 

Qingdao (0.055) 

9 Jiangmen 
(5) 

Shenzhen 
(19) 

Nanning (34) Guangzhou 
(0.060) 

Xiamen (0.056) Hangzhou 
(0.051) 

10 Yancheng 
(4) 

Nanjing (19) Hangzhou 
(30) 

Beihai (0.060) Kunming 
(0.049) 

Changsha 
(0.046) 

Table 4. Core-Periphery Structure of China’s Fishery Industry Innovation Cooperation Network from 2007 to             
2024  

Stage Core Cities Sub-Core Cities 
Peripheral 

Cities 

Initial 
Exploration 

Stage 

Shanghai, 
Suzhou, Wuxi 

Nanjing, Beijing, Yantai, Yangzhou, Urumqi, Qingdao, Chengdu 
The remaining 

40 cities 

Steady 
Development 

Stage 

Beijing, 
Guangzhou 

Chengdu, Qingdao, Shanghai, Wuhan, Zhangzhou, Wuxi, Nanjing, 
Shenzhen, Suzhou, Maoming 

The remaining 
172 cities 

Accelerated Leap 
Stage 

Beijing, 
Guangzhou 

Shanghai, Chengdu, Wuhan, Qingdao, Nanjing, Yantai, Nanning, 
Hangzhou 

The remaining 
217 cities 

Delta, such as Yantai and Guangzhou, became prominent. 
Guangzhou–Zhuhai and Yantai–Shenzhen emerged as ma
jor innovation corridors. Led by coastal cities, the network 
gradually expanded into the central and western regions, 
and a multi-node development pattern began to take shape. 
Among them, Yantai maintained close ties with headquar
ters in Shenzhen through R&D and innovation in marine 
fishery equipment, forming a major innovation corridor in 
the network. 
In the Accelerated Leap Stage, the scope of network co

operation further expanded, and the core status of coastal 
cities in the Bohai Rim and the Pearl River Delta was 
strengthened. Cities such as Wuhan and Sanya became im
portant directions for network expansion due to their re
source and industrial advantages. Yantai–Shenzhen, 
Guangzhou–Sanya, Zhuhai–Guangzhou, and Shang
hai–Qingdao became the main innovation corridors, form
ing a multi-layered core-periphery network pattern led by 
the eastern coastal core and supported by multiple inland 
characteristic cities. 

Overall, the fishery innovation cooperation network has 
evolved from being dominated by a single core in the 
Yangtze River Delta to a multi-core network expanded with 
core nodes in the Bohai Rim, Pearl River Delta and other 
regions, finally forming an evolutionary pattern featuring 
eastern coastal cities and inland cities with distinctive re
source endowments as core hubs. 

4. FORMATION MECHANISM OF CHINA’S 
FISHERY INDUSTRY INNOVATION 
COOPERATION NETWORK 

To comprehensively analyze the formation mechanism of 
the fishery industry innovation cooperation network, in ac
cordance with the ERGM and variable settings in the previ
ous section, Models 1 to 9 are respectively constructed for 
the three stages: Initial Exploration Stage, Steady Devel
opment Stage and Accelerated Leap Stage, and the ERGM 
model fitting is performed sequentially (Table 5). 
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Table 5. Fitting Results of the Exponential Random Graph Model for China’s Fishery Industry Innovation Cooperation Network                

Variable Type Variable Name 
Initial Exploration Stage Steady Development Stage Accelerated Leap Stage 

Model 1 Model 2 Model 3 Model 4 Model 5 Model 6 Model 7 Model 8 Model 9 

Endogenous 
Network Effects 

Weighted Ties -3.936*** -3.634 3.420 -5.334*** -6.258*** 1.035 -6.019*** -18.534*** -11.040*** 

(0.224) (2.435) (4.540) (0.116) (0.803) (1.472) (0.134) (1.107) (1.595) 

Star Structure 1.256*** 1.202*** 0.734*** 1.839*** 1.390*** 0.879*** 2.396*** 1.374*** 0.906*** 

(0.190) (0.194) (0.193) (0.096) (0.096) (0.033) (0.113) (0.103) (0.099) 

Urban Endowment 
Effects 

Added Value of Primary 
Industry 

-0.012 0.013 0.035 -0.037 0.387*** 0.277*** 

(0.087) (0.145) (0.028) (0.038) (0.033) (0.036) 

Administrative Level -0.377 -0.661 -0.257* -0.646*** -0.179 -0.448*** 

(0.301) (0.362) (0.116) (0.139) (0.093) (0.107) 

Number of Higher Education 
Institutions 

0.004 0.018*** 0.013*** 0.022*** 0.008*** 0.018*** 

(0.003) (0.005) (0.001) (0.002) (0.001) (0.002) 

Inter-city Relational 
Effects 

Institutional Proximity 1.030* 1.593*** 1.689*** 

(0.443) (0.165) (0.142) 

Geographical Proximity -0.705*** -0.482*** -0.372*** 

(0.197) (0.073) (0.064) 

Social Proximity 2.929*** 3.070*** 3.722*** 

(0.696) (0.320) (0.318) 

Cognitive Proximity 1.773*** 1.827*** 1.824*** 

(0.385) (0.163) (0.159) 

AIC 477.024 476.349 363.799 3728.222 3515.457 2801.589 6079.733 5467.066 4506.257 

BIC 487.246 501.902 409.795 3743.663 3554.059 2871.072 6096.02 5507.783 4579.549 

Note: *, **, *** indicate significance at the 5%, 1% and 0.1% levels, respectively; robust standard errors are in parentheses. 
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Figure 2. Spatiotemporal Evolution of China’s Fishery Industry Innovation Cooperation Network from 2007 to             
2024  

4.1. PROXIMITY MECHANISM 

Among inter-city relational effects, geographical prox
imity exerts a significant negative impact, while institu
tional proximity, social proximity and cognitive proximity 
all present significant positive effects. 
Among them, geographical distance exerts a significant 

inhibiting effect on innovation cooperation in the fishery 
industry, which supports Qu et al.'s30 view that geograph
ical distance hinders network formation. This finding is 
associated with the inherent characteristics of the fishery 
industry, namely its dependence on on-site technical guid
ance and the transfer of aquaculture experience. An in
crease in spatial distance will increase cooperation costs 
and make knowledge spillovers more difficult. Neverthe

less, the decline in the absolute value of its coefficient in
dicates that geographical constraints have gradually weak
ened as transportation and communication technologies 
have advanced and remote collaboration modes have ma
tured. Institutional proximity has a consistently significant 
positive effect, with its marginal effect continuing to in
crease. Cities within the same province share similar policy 
environments, regulatory frameworks, and resource alloca
tion mechanisms, which reduce institutional barriers and 
uncertainties in cross-regional cooperation. Social prox
imity also exerts a persistently significant positive influ
ence, and its coefficient keeps rising. Trust relationships 
and information-sharing channels built through common 
partners help mitigate opportunistic behavior and lower 
communication costs, consistent with the role of social 
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proximity in facilitating knowledge flow emphasized by Gui 
et al.24 The positive impact of cognitive proximity on the 
formation of innovation networks remains consistently 
strong across all three stages. This indicates that similari
ties in knowledge structures and technological foundations 
across cities in the fishery sector help reduce cognitive bar
riers and promote knowledge absorption and collaborative 
innovation, in line with findings by Sun et al.31 that cogni
tive proximity enhances inter-organizational cooperation. 
Finally, according to the intensity of the effects of dif

ferent dimensions of proximity on cooperation formation, 
social proximity exhibits the strongest impact, followed by 
cognitive proximity and institutional proximity, while geo
graphical proximity has the weakest effect. 

4.2. URBAN ENDOWMENT 

Among urban attribute variables, the number of universi
ties and the added value of the primary industry exert sig
nificant positive effects, while the administrative level pre
sents a significant negative effect. Specifically, the number 
of universities shows a consistently significant positive im
pact across all three stages. As the core carriers of innova
tion, universities enhance a city’s attractiveness for coop
eration through knowledge production and talent supply, 
thereby verifying the key role of innovation actors in the 
regional innovation system theory proposed by Cooke.26 

The administrative level has a significant negative effect, 
evident only in the latter two stages. This indicates that 
cities are more inclined to establish innovation ties with 
cities of higher administrative levels, and this tendency be
comes more pronounced as the network configuration be
comes more complex. The effect of the primary industry’s 
added value is not significant in the Initial Exploration 
Stage but becomes significantly positive in the Accelerated 
Leap Stage. This shift may be related to the transformation 
of the fishery industry chain: as the industrial chain up
grades, the supporting industries and market support pro
vided by the agricultural economic foundation gradually 
come into play. 

4.3. NETWORK ENDOGENOUS STRUCTURE 

Among the network structural variables, the weighted ties 
reflect the self-organizing nature of inter-city cooperation. 
The predominantly significant negative coefficient of 
weighted ties indicates that the establishment of fishery in
novation cooperation relationships entails substantial co
ordination costs, while the expansion of the network scale 
further increases the complexity of collaborative gover
nance. This finding corroborates the non-random and com
plex nature of network formation. The star structure con
sistently exhibits a significant positive effect, reflecting a 
pronounced tendency for preferential attachment within 
the network. Core cities endowed with abundant innovative 
resources (e.g., Beijing and Guangzhou) are more likely 
to attract other cities and forge cooperative ties, thereby 
forming a star-topology core-periphery structure. 

4.4. MODEL DIAGNOSTICS AND GOODNESS-OF-FIT 

To verify the reliability of the estimated models, MCMC 
diagnostics and goodness-of-fit (GOF) tests are conducted 
for the best-fitting models of each developmental 
stage—Model 3, Model 6, and Model 9—selected on the ba
sis of the lowest AIC and BIC values. Due to space con
straints, only the diagnostic results for Model 3 of the Ini
tial Exploration Stage are presented here. 
For MCMC diagnostics, as shown in Figure 3, the trace 

plots of each estimated parameter exhibit stable fluctu
ations around stationary values with no systematic drift 
across iterations, and the corresponding density plots ap
proximate unimodal distributions, confirming that the 
MCMC chains have converged. 
For goodness-of-fit, simulated network statistics are 

compared against observed network values across five di
mensions: degree distribution, edge-wise shared partners, 
dyad-wise shared partners, geodesic distance distribution, 
and triad census. As shown in Figure 4, the observed sta
tistics consistently fall within the interquartile range of 
the simulated distributions across all dimensions. The ROC 
curve approaches the upper-left corner, and the precision-
recall curve performs well, indicating strong predictive ac
curacy. These results confirm that the model specifications 
adequately capture the structural characteristics of the 
fishery innovation cooperation network and that the esti
mated parameters are reliable. 

5. DISCUSSION 

The spatiotemporal evolution of China’s fishery innovation 
cooperation network reveals a center-periphery diffusion 
trajectory, transitioning from a single-core structure dom
inated by the Yangtze River Delta to a multi-core config
uration anchored by Beijing and Guangzhou. This pattern 
is broadly consistent with findings from other industry-
specific innovation network studies in China.16,18 However, 
the active participation of inland resource-endowed cities 
alongside coastal hubs reflects the dual influence of fishery 
resource endowments and geographical location in shaping 
network boundaries—a feature distinctive to foundational 
industries. The persistent downward trend in network den
sity alongside continuous scale expansion suggests that 
this network remains in an extensive growth phase, a devel
opmental characteristic also observed in agricultural eco-
efficiency and green innovation networks.15,30 

The dominance of social proximity across all stages—and 
its continuous strengthening—is the most distinctive find
ing of this study. This is consistent with Gui et al.,24 who 
demonstrate that social proximity strengthens over time in 
knowledge collaboration networks while geographical con
straints gradually diminish. The strengthening of institu
tional proximity is consistent with Hong & Su,23 who find 
that institutional proximity engendered by subordination 
to the same administrative unit significantly enhances the 
probability of collaboration in China. This mechanism op
erates here through shared governance structures across 
cities. The consistently positive effect of cognitive prox
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Figure 3. MCMC diagnostic plots for Model 3       
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Figure 4. Goodness-of-fit diagnostics for Model 3      

imity across all three stages confirms that shared techno
logical knowledge bases constitute a persistent structural 
prerequisite for fishery innovation cooperation. This is con
sistent with Sun and Peng22 and Sun et al.,31 who find 
that cognitive proximity positively drives the formation of 
collaborative ties in Chinese urban innovation and policy 
networks. The weakening inhibiting effect of geographical 
proximity is consistent with Ter Wal,32 who demonstrates 
that as knowledge networks mature, inventors increasingly 
rely on network-based mechanisms such as triadic closure 
while the direct constraining effect of geographic distance 
on tie formation declines, reflecting the gradual substitu
tion of spatial by relational proximity in innovation coop
eration. 
The consistently positive effect of the number of univer

sities confirms the foundational role of knowledge-produc
ing actors at all stages of network development. The pos
itive effect of primary industry added value only becomes 
significant in the Accelerated Leap Stage, suggesting that 
resource advantages require a sufficiently mature network 
environment to translate into cooperative momentum. The 
consistently negative effect of the administrative level re
flects cities’ preference for higher-tier administrative part
ners, consistent with Dai et al.,33 who identify the admin
istrative level as among the strongest exogenous drivers 
of intercity collaboration in China. This indicates that ad

ministrative gradient functions as a structural attractor in 
China’s fishery innovation system. 
The significantly negative effect of weighted ties and the 

significantly positive effect of star structure together re
veal a self-reinforcing hierarchical dynamic: cooperation is 
costly and selective, while resource-rich core cities contin
uously attract new collaborative partners. This implies that 
the fishery innovation network’s core-periphery structure 
is not merely a product of exogenous attribute differences 
among cities, but is actively reproduced through endoge
nous network processes. 

6. CONCLUSIONS AND IMPLICATIONS 

6.1. CONCLUSIONS 

Based on the joint invention patent data of China’s fishery 
industry from 2007 to 2024, this study adopts social net
work analysis, GIS spatial analysis and the ERGM to sys
tematically investigate the evolutionary characteristics and 
formation mechanism of the fishery industry innovation 
cooperation network. The conclusions are as follows: 
(1) The spatial evolution of the fishery industry inno

vation cooperation network reflects the co-driving effects 
of economic foundations and resource endowments. The 
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network has progressively transformed from a single-core 
structure dominated by the Yangtze River Delta to a com
plex configuration featuring dual-core leadership by Beijing 
and Guangzhou, coastal city engagement, and multi-point 
support from inland resource-endowed cities. This evolu
tionary trajectory reflects a broader pattern of innovation 
resource concentration in administratively and economi
cally advantaged cities, with resource-endowed peripheral 
cities gradually integrating into the network as the indus
trial chain matures. Network scale and connectivity have 
continuously improved, while density has fluctuated down
ward, the core-periphery structure has been progressively 
reinforced, indicating that network growth has been exten
sive in scale but limited in depth, and that innovation co
operation resources remain highly concentrated among a 
small number of core cities. 
(2) The proximity mechanism exhibits systematic evolu

tion characterized by the enduring dominance of relational 
trust and the gradual weakening of spatial constraints, with 
pronounced stage heterogeneity. Social proximity consis
tently exerts the strongest positive effect and continues 
to strengthen, indicating that trust built through accumu
lated prior collaborations is the most fundamental bond 
in fishery innovation cooperation—a pattern closely tied 
to the context-specific nature of fishery technical knowl
edge. As cooperative ties accumulate, trust-based network 
mechanisms grow increasingly central while the marginal 
constraint of geographical distance continues to narrow. 
Institutional proximity strengthens over time, while cogni
tive proximity remains consistently strong, indicating that 
knowledge complementarity and shared institutional envi
ronments become increasingly important as the network 
matures, whereas the inhibiting effect of geographical 
proximity progressively weakens as digital collaboration in
frastructure develops. 
(3) The driving effects of urban endowments exhibit 

structural heterogeneity and temporal asymmetry. The 
number of universities is a consistently positive driver 
across all stages, confirming that knowledge-producing ac
tors are indispensable to sustaining fishery innovation co
operation at all stages of network development. The pos
itive effect of primary industry added value only becomes 
significant in the later stage, suggesting that resource ad
vantages require a sufficiently mature network environ
ment to translate into cooperative momentum. The neg
ative coefficient of administrative level reflects cities’ 
tendency to forge cooperative ties with higher-level admin
istrative cities, a pattern that becomes more pronounced as 
the network expands, implying that administrative gradi
ents function as a structural attractor in China’s fishery in
novation system. 
(4) Self-reinforcing endogenous network dynamics con

stitute the fundamental mechanism underlying the consol
idation of the core-periphery structure. The significantly 
negative effect of weighted ties reveals the non-random 
and high-coordination-cost nature of fishery innovation 
cooperation, indicating that network scale expansion does 
not automatically generate increases in cooperation den
sity. The significantly positive effect of the star structure 

reflects preferential attachment characteristics, whereby 
innovation-resource-rich core cities continuously attract 
new nodes, thereby locking in the core-periphery structure 
and widening the innovation gap between core and periph
eral cities over time. 

6.2. IMPLICATIONS 

(1) Reinforce dual-core leadership and promote tiered       
network integration for resource-endowed cities.     The 
fishery innovation cooperation network has evolved into 
a stable dual-core structure anchored by Beijing and 
Guangzhou, with peripheral cities—particularly resource-
endowed inland cities—remaining structurally marginal
ized. Governments should leverage the policy and resource 
concentration advantages of core cities to direct technology 
outputs to sub-core cities such as Qingdao, Wuhan, and 
Chengdu through co-funded joint research programs, form
ing a tiered radiation structure that reduces dependence 
on spontaneous, market-driven network formation. For re
source-endowed cities in central and western regions, local 
governments should prioritize building university and re
search institute capacity as the primary channel through 
which resource advantages can be converted into innova
tion cooperation momentum, given that primary industry 
added value only activates cooperation at mature network 
stages. 
(2) Shift innovation policy from single-project sup     

port to long-term relationship cultivation.     Social prox
imity is the strongest and most persistently increasing dri
ver of network formation, demonstrating that trust 
accumulated through repeated collaboration—rather than 
one-off project funding—is the fundamental mechanism 
sustaining fishery innovation cooperation. Government 
funding agencies should therefore reorient support instru
ments away from short-term project grants toward sus
tained inter-organizational partnership programs, priori
tizing continuity of collaboration over individual output 
metrics. Provincial science and technology departments 
should simultaneously advance intra-provincial fishery 
policy coordination to reduce institutional barriers, and in
vest in digital collaboration infrastructure to lower the ge
ographic cost of maintaining long-distance cooperative re
lationships. 
(3) Strengthen university-enterprise linkages to     

bridge resource endowments and innovation capacity.       
The number of universities is a consistently positive driver 
across all stages, while primary industry added value only 
generates significant positive effects in the final stage. This 
asymmetry reveals that resource advantages alone cannot 
generate cooperative momentum without the activation 
role of knowledge-producing institutions. Universities with 
fishery-related disciplines should be guided by government 
policy to establish stable, long-term collaborative relation
ships with fishery enterprises and research institutions in 
resource-rich cities, thereby deepening industry-univer
sity-research integration and accelerating the conversion of 
regional resource endowments into participation in inno
vation networks. 
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(4) Reduce inter-city cooperation coordination costs      
to drive network quality improvement.     The significantly 
negative effect of weighted ties indicates that high coordi
nation costs constrain cooperation density even as network 
scale expands, reflecting a structural quality gap between 
network breadth and depth. Governments should cultivate 
specialized fishery science and technology intermediary or
ganizations—including technology transfer offices and in
dustry associations—to reduce information asymmetry and 
transaction costs for cities initiating new partnerships. 
Core cities and leading enterprises should also be encour
aged to leverage their preferential attachment position to 
actively broker connections between peripheral cities and 
established cooperation clusters, guiding network evolu
tion from scale expansion toward density and quality im
provement. 
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