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The white paper on China’s Arctic Policy, which proposed the joint construction
of the Polar Silk Road (PSR), was officially published in January 2018. As a short
and economically feasible sea route, the PSR will inevitably affect the carrier’s
market choice behaviour, thereby affecting the foreland network structure and
foreland pattern of China’s coastal container ports (CCCP). Grasping the
evolution trend of CCCP foreland under the PSR will help predict the
development trend of the port and shipping market in advance and enable
measures to be taken to adapt to the changing market environment. This paper
constructs the port foreland network evolution (PFNE) model and presents a
complex network delineation method of port foreland to simulate the effects of
PSR on CCCP foreland evolution in different scenarios. Results show that the
PSR’s addition to the CCCP foreland network will improve shipping connectivity,
increase the connection between long-distance ports, reshape the clustering
groups, promote the orderliness of the network and help the development of
small and medium-sized ports. China’s global maritime transport pattern will
change, which is mainly reflected in the enhanced shipping links between CCCP
and Asia, Europe and Africa, while the importance of the Americas for CCCP
weaken. PSR has a more obvious role in promoting the establishment of maritime
links between China’s northern ports and the world ports. In the discussion, we
propose the development policy of CCCP under the PSR.

KEYWORDS

Polar Silk Road, port foreland, port foreland network, complex network theory,
scenario simulation

1 Introduction

The foreland can be regarded as the mirror of the hinterland, that is, the area (port and
overseas market) where the port is connected by shipping (Weigend, 1958; Zohil and
Prijon, 1999; Rodrigue, 2010; Jafari and Khosheghbal, 2013) (Figure 1). According to the
connotation, foreland is related to the foreland network, in which the number of sea routes
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FIGURE 1

Schematic representation of port foreland.

connected with the port node or the freight volume on each sea
route will affect the vastness of the port foreland (Wang and Zhang,
2014). Tt can be considered that the evolution of port foreland is
directly related to the foreland network. Containerisation in
maritime transportation has promoted the strong and direct
integration of port supply chains; increasing attention has been
paid to the maritime spatial connection beyond the port back to the
inland. The importance of the port foreland has become
increasingly prominent. Foreland-based regionalisation can
support export-oriented strategies with better connectivity of
more marginal (or in their early stage of growth) ports to global
shipping networks (Rodrigue and Notteboom, 2010). Improved
foreland port connectivity helps reduce maritime transport costs,
enable the integration of regional economies into the international
transport network and facilitate bilateral trade (Martinez-Moya and
Feo-Valero, 2020).

As a major maritime trading country, the port foreland is
crucial for the development of China’s international container
shipping industry. A related study (Wang and Zhu, 2017) has
shown that the foreland distribution of China’s coastal container
ports (CCCP) shows a concentration trend and distance attenuation
characteristics, and the network hierarchical structure is
remarkable, developing from a dual centre (Hong Kong,
Shanghai) with one main and one auxiliary to four centres
(Shanghai, Ningbo, Shenzhen, Hong Kong). The average value of
the Liner Shipping Connectivity Index increased from 103.1 in 2006
to 174.32 in 2022 (UNCTAD, 2023), indicating that the number of
navigable ports is increasing and the scope of port forelands is
expanding. Although China has numerous container shipping
connections with ports/regions worldwide, the sea freight flow of
CCCP mainly relies on a few core ports in various shipping regions
(Xu, 2016). The foreland network of CCCP is highly sensitive to the
smoothness of the three main shipping channels, with the Strait of
Malacca having the greatest impact, followed by the Suez Canal and
the Panama Canal. When the three shipping channels are attacked,
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the network distance between CCCP and other international ports
increases to varying degrees, and the network efficiency
considerably decreases (Wu et al, 2017). Opening up new
shipping channels and reducing the constraints of major
waterways on China’s maritime transportation is an important
challenge faced by the development of CCCP’s foreland network
and foreland. A potential sea route is currently taking shape, which
may affect CCCP’s foreland network and drive the foreland
evolution of CCCP.

The acceleration of global warming has rapidly melted the
Arctic Ocean ice. Opening the Arctic shipping routes (ASR) and
changing the shipping and trade routes are thus possible. The ASR
include the Northern Sea Route (NSR), Northwest Passage (NWP)
and Middle Passage (Figure 2), of which the NSR is the widely
recognised route that has the best navigation environment and the
highest transportation value. Russia, as the country with the longest
Arctic coastline, has promulgated a series of policies and guidelines
that aim for the development of the Arctic region and the
revitalisation of the NSR. In July 2017, Russia formally invited
China to build the Polar Silk Road (PSR) together. The white paper
on China’s Arctic Policy was officially published in January 2018,
which proposed the joint construction of the PSR to promote
sustainable economic and social development in the Arctic
region. Three main viewpoints emerged to explain the PSR.
Firstly, the PSR is equivalent to the NSR (Wang and Chen, 2018).
Secondly, it covers the entire Arctic waterway (Yang, 2018). Thirdly,
the PSR involves comprehensive development and utilisation of
waterways and resources, as well as infrastructure construction,
tourism, scientific research, and a series of collaborations to jointly
build a blue economic corridor connecting China and western
Russia via the Arctic Ocean (Li and Liu, 2018). In summary, the
PSR and ASR have differences in concept and application. The
concept of PSR emphasises an economic and trade route, covering
the possibility of maritime trade and cooperation through the Arctic
Ocean. The construction of PSR has potential impacts on the global
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FIGURE 2
ASR and PSR.

economy, politics, society, culture and ecology. The ASR focuses
more on specific navigation routes. The opening of ASR
theoretically can considerably shorten the voyage, save shipping
costs and provide a relatively safe sea passage. In this work, we first
consider the PSR as a sea route that connects Asia and Europe via
the Arctic (Figure 2). The “Literature review” section provides a
detailed review on the PSR and port foreland evolution. Despite
their valuable contributions, previous literatures have three gaps.

Firstly, as a short and economically feasible sea route compared
with the traditional route, the ASR/PSR inevitably affects the carrier’s
market choice behaviour (Zhang et al., 2016; Wang et al., 2018; Peng
et al., 2021, 2022a), and their effects on the core and cluster status of
port foreland networks have been elucidated in some research (Ding
and Li, 2020; Ding et al,, 2022; Guo et al., 2022b). However, most
studies are limited to qualitative elaboration, and quantitative
argumentation has a considerable research gap. More importantly,
no specific research on port foreland has been conducted. In
particular, how the PSR can reshape the foreland of CCCP for
China with cost and time advantages has yet to be explored.

Secondly, the topology statistics and temporal trend evolution
of foreland networks based on shipping networks have dominated
the research on port foreland (Ducruet and Wang, 2018; Mou et al.,
2022; Guo et al,, 2022a). Although changes in a foreland network
are the foundation for promoting foreland development, current
research has overlooked an important issue: the foreland is a group
of discontinuous land areas (Guerrero, 2014) rather than a network.
The quantitative division of foreland’s land space requires
specialised exploration.

Finally, most analyses about port foreland networks focus on
the changes in the current status of the networks compared with the
past, lacking predictive analysis of the future evolution. At present,
the generation mechanism considered in the construction of port
foreland network evolution (PFNE) model is relatively simple and
cannot better describe the evolution of the real network.

Thus, this study bridges the research gaps mentioned above.
Firstly, we simulate the potential effects of PSR on the foreland
evolution of CCCP. This study is a preliminary attempt to consider
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the effects of PSR on port foreland, and it helps predict the
development trend of the port and shipping market in advance
and enable measures to be taken to adapt to the changing market
environment. Secondly, given that the port foreland network is the
foundation of foreland delineation, a complex network delineation
method of port foreland, which expands the quantitative methods
in the foreland and facilitates the discovery of different overseas
markets’ importance. is proposed. Finally, we construct the PENE
model, which is closer to the generation law and evolution of the
real foreland network compared with other models.

The relevant literature on this topic is reviewed in the following
section. The methodologies and data are provided in Section 3. The
simulation results are presented in Section 4. The discussion and
conclusion are given in Sections 5 and 6, respectively.

2 Literature review
2.1 Effects of PSR on port evolution

PSR is a proposed trade route based on the NSR, with a focus on
economic and trade activities and international cooperation
projects based on the development and utilisation of ASR (Li
et al,, 2021). The changes in Arctic sea ice provide opportunities
for the ASR to become a world-class strategic channel and a new
corridor for international energy transportation (Zhu et al., 2015;
Ding and Li, 2020). The new shipping routes help to shorten
transportation time, reduce fuel consumption and costs, improve
maritime network connectivity and reduce greenhouse gas
emissions (Melia et al., 2016; Theocharis et al., 2018), reshaping
the global shipping networks and maritime transportation
geography (Theocharis et al., 2018). Related studies have shown
that the opening of ASR will increase the number of global shipping
routes and local route density; cause changes in port status, core and
cluster status of port networks; and promote the formation of a new
global port foreland network (Ding and Li, 2020; Ding et al., 2022;
Guo et al., 2022b). East Asia, Europe and North America will

frontiersin.org


https://doi.org/10.3389/fmars.2024.1436552
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Peng et al.

become the regions that benefit the most (Ha and Seo, 2014;
Bekkers et al., 2018). The open Arctic Ocean has brought special
opportunities for China’s maritime trade (Hong, 2012). Given that
China’s coastal ports are mostly located on the extension line of
ASR, they will disperse the cargo volume of traditional routes, and
the focus of China’s maritime layout may shift northward (Wang
etal,, 2014). The use of ASR will change the status of China’s coastal
ports in the main and branch lines of port foreland networks,
expanding the radiation range and cargo volume of port foreland
(Wang and Zhang, 2014). In particular, ASR are more beneficial for
the development of port industries in the northern and central
coastal areas (Li et al., 2014; Li and Hu, 2015).

Current studies on the PSR are mainly qualitative research that
focuses on the construction issue. Chen (2018) analysed the
feasibility of PSR’s construction through a discussion of the
internal and external environments. Zhu and Zhang (2018)
believed that the construction of the PSR is feasible based on
good development opportunities and geographical conditions.
More scholars have provided relevant countermeasures and
suggestions for the formulation of a scientific and reasonable
development layout of the PSR (Xue, 2018; Li and Peng, 2019).
The potential of the PSR to accelerate the shipping trade is gaining
importance (Wu et al., 2021). PSR will promote economic growth in
countries and regions along the route (Guan et al, 2020; Wang
et al,, 2021) and drive the evolution of transportation and logistics
systems in the Northern Hemisphere (Cai, 2019). For China, PSR
triggers a new round of adjustment in the division of labour and
layout of coastal industries (Hao and Chu, 2021), forming a
reshaping effect on the geographical pattern of China’s ports.
Based on theories and methods such as spatial interaction and
random utility, Peng et al. (2021; 2022a; 2022b) simulated the
evolution of the hinterland, functional structure and spatial pattern
of China’s coastal ports facing the PSR. The overall results showed
significant differences in the evolution trends of ports in the
northern, central and southern coastal regions of China.

As mentioned, the driving role of ASR and PSR in the evolution
of global ports has been widely demonstrated. However, the effects
of ASR and PSR on the evolution of China’s coastal ports remain
limited to qualitative evidence and lack a basis for quantitative
analysis. And no specific research has been conducted on port
foreland. Based on complex network methods, this paper simulates
the global foreland evolution of CCCP under the PSR to provide
more accurate judgments for effectively identifying the potential
effects of PSR on port development.

2.2 Delineation and evolution of
port foreland

In the process of continuous evolution and development, the
hinterland has been subdivided into hinterland and foreland.
Hinterland is the narrative mainstream of the so-called
‘hinterland’ or ‘port hinterland” in the traditional research
context. By contrast, research on the foreland remains scarce. The
foreland was first mentioned by Weigend (1956). For port research,
emphasising only the hinterland and the maritime service system
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where the port is located is far from sufficient. We should pay more
attention to the importance of the foreland, opening up a new
dimension of port research. Weigend (1958) explained the foreland
as the land areas that lie on the seaward side of a port, beyond
maritime space, and with which the port is connected by an ocean
carrier. The later interpretation of the foreland’s concept also
focuses on this basic idea (Barke, 1986; Zohil and Prijon, 1999;
Rodrigue, 2010; Jafari and Khosheghbal, 2013), but some studies
more clearly point out that foreland refers to ports and overseas
markets connected through port shipping services (Zohil and
Prijon, 1999; Rodrigue, 2010). This provides a basis for using port
foreland networks to study the foreland and also indicates that
changes in the port foreland network will lead to the
foreland’s evolution.

The development of containerisation and multimodal
transportation has brought significant changes to the hinterland
network, and the concept of the hinterland—foreland continuum
has been introduced (Elliott, 1969; Robinson, 1970). In this context,
a main trend of later research is to bring the foreland into the analysis
category and qualitatively explore the spatial evolution law of the port
system (Rimmer, 1977; Hayuth, 1981; Notteboom and Rodrigue,
2005; Rodrigue and Notteboom, 2010; Wang and Ducruet, 2011). In
terms of quantitative analysis, some scholars have identified the trade
relationship of some areas to the foreland space by constructing
geographical connectivity indicators (Ducruet and Roussin, 2007;
Wang and Ng, 2011). Seoane et al. (2013) introduced graph theory
techniques additionally with statistical techniques to determine the
foreland for containership and general cargo ports in Europe. This
approach brings useful inspiration to our work, but it lacks the global
vision of delimiting the foreland, and some forelands that have weak
trade relations but have potential are ignored. Related quantitative
analysis remains lacking.

Unlike the of lack research on the delineation of port foreland,
the study of port foreland networks based on shipping networks has
aroused widespread interest among scholars. Research on port
foreland networks often starts from the measurement of its
topological and statistical characteristics, and some scholars
analyse it from a global perspective (Ducruet, 2013; Xu et al,
2015). These studies confirmed the small-world and scale-free
characteristics of the global port foreland networks. Other
scholars focused on the topology evolution of large container
liner companies’ route service networks (Fremont, 2007) and
regional port foreland networks (Ducruet and Wang, 2018; Mou
et al., 2022; Guo et al., 2022a).

The evolution of port foreland networks stems from the economic
mechanism, capacity adjustment and service expansion of the
restructuring of shipping enterprises (Wang, 2008), which are
directly reflected in the changes in the selected ports (Ng et al., 2013;
Ding and Li, 2018). In the constantly changing shipping market,
technology, policies and political environment, some ports have
attracted more shipping companies through functional upgrades,
thereby triggering evolution in the spatial organisation of shipping
routes (Zhao et al., 2014). Port strength (infrastructure, freight volume,
efficiency, economic level), hinterland economic (GDP) and port
location (cost, time) are the key selection elements (Chang et al,
2008; Lam and Dai, 2012; Ng et al, 2013; Ding and Li, 2018). The
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competitive behaviour between ports also leads to dynamic
strengthening or interruption of shipping connections (Zhao et al,
2014). Exploring the evolutionary rules of the port foreland networks
will be of benefit to the delineation of foreland space and the analysis of
foreland evolutionary trend. However, research remains lacking on
quantitative rules governing port foreland networks. Two types of
network evolution models are developed based on the classical BA
model (Barabasi and Albert, 1999) and BBV model (Barrat et al., 2004):
unweighted and weighted network evolution models. These limited
models focus on improving the joining mode of new nodes and the
connection mechanism between nodes. For example, Wang et al.
(2013) improved the BA model by using the attraction model and
then simulated the evolution of a container liner transportation
network; Ding and Li (2020) proposed a new mechanism for adding
new nodes to the shipping network.

In sum, the preference for research on the economic benefits of
shipping services makes quantitative methods on the foreland
delineation insufficient to date. Given that the port foreland
network is the driving force behind the foreland evolution, we
propose a complex network delineation method of port foreland to
define a clearer type of land space for port foreland. In addition, at
present, the generation mechanism considered in the construction
of the PFNE model is relatively simple and cannot better describe
the evolution process of the real network. Thus, we construct the
PENE model, which is closer to the generation law and evolution
process of the real foreland network compared with other models.

3 Materials and methods

This section introduces the analytical framework of the
potential effects of PSR on the CCCP’s global foreland evolution
(Figure 3). It first illustrates the research logic derived from the
literature review and then obtains the evolution results of CCCP
foreland under the PSR by constructing the PFNE model, setting
evolutionary scenarios and proposing a complex network
delineation method. The core idea of the framework is to
indirectly obtain the foreland evolution results based on the
changes in the foreland network under the PSR.

3.1 Complex network indicators

We select the following complex network indicators to
characterise the network characteristics of the port foreland network.

3.1.1 Degree and degree distribution
Degree represents the number of ports connected to a port. This
value is computed according to Equation 1:

k; = 2;':191‘]' (1)

Degree distribution described in Equation 2, where y denotes
the power law index. If the degree distribution of the port foreland
network presents a power law distribution, a scale-free network is
demonstrated (Barabasi and Albert, 1999). The typical feature of
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scale-free networks is that few nodes have many connections. We
estimate the power law exponent of the degree distribution by the
least squares method.

plgg” )

3.1.2 Degree strength

In network analysis, degree strength is defined as the relative
position of a given port regarding other ports in the foreland
network (Ducruet et al, 2010). Degree strength is defined by
Equation 3 (Freeman, 1979), where S; denotes the strength of
port i:

S = e Wy (3)

3.1.3 Average path length and network diameter

The average path length reflects the average number of steps for
each pair of ports that have connectivity. The longest shortcut is the
diameter of the foreland network. The average path length is
defined by Equation 4, where d;; denotes the shortest length
between ports i and j. The weighted average path length shows
the average distance between the ports in the weighted network. The
weighted average path length is defined by Equation 5, where dy
means the weighted shortest length between i and j.

1
L= N oy 2 @
Yo dy (5)
= N1y 2

3.1.4 Clustering coefficient

The clustering coefficient reflects the degree of foreland network
clustering and collectivisation, which is defined by Equation 6
(Watts and Strogatz, 1998):

2E;
Ci=— 6
k-1 ©

where C; is the clustering coefficient of port i; k; is the degree; E;
is the number of edges between the 1st order neighbourhood ports
of port i. The clustering coefficient of a foreland network is defined
as the average clustering coefficient of all its ports, i.e.

1
C=N2&q 7)

The weighted clustering coefficient of port i is defined by
Equation 8.

1
C= mzj,kwijkaijaikajk (8)

where w is the weight of an edge.
3.1.5 The k-core

The k-core can evaluate the core-periphery structure of the
foreland network, which is defined as the unique maximal subgraph

frontiersin.org


https://doi.org/10.3389/fmars.2024.1436552
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Peng et al.

10.3389/fmars.2024.1436552

| Research logic !

/ L

Commercial navigation of PSR:
Feasibility of construction,
Shorten transportation time,

Reduce fuel consumption and
costs, Improve maritime
network connectivity, Reduce
greenhouse gas emissions

—p

Port foreland network
evolution:
Trade relation, Hinterland
economic development, Port |
strength, Port location,
Strengthening or
Interruption

Effects of PSR on port

foreland network:
Number and density of Port
shipping routes change, » foreland
Port status change, Port evolution

network’ s core and
cluster status change

%

v

| Methodologies !

CCCP foreland network:
Small world, Scale-free

PFNE model:
Fitness of node, Attached edge of node, Poisson
distribution of edge weight, Reconnection and
deletion between nodes

\&

»{ Complex network delineation method of port foreland

3 A L 2 ]
L™ =L iy ¥ N :
Evolutionary scenarios: ] |
Scenario 1 - CCCP foreland network, | | —cco - ___ N :
Scenario 2 - Adding 4 Arctic Ocean ports, Country type forela;l/ld. Qlosler, Main, Potential, :
Scenario 3 - Adding 9 Arctic Ocean ports |  —-—————-———————--=% B !

4 Simulation results !

. CoT T T T T T Ta
Evolution of foreland netwo‘rk. Evolution of foreland: : !
Degree, Path length, Clustering . | |

. L Closer foreland, Main foreland, ! Port type foreland; |
coefficient, Density, Structure —»| . AN > I
. Potential foreland, Marginal ! Country type foreland !

entropy, Newman correlation ! !
. foreland I I

coefficient : :

FIGURE 3
Analytical framework.

with a minimum degree of at least k. The max k-core can measure
the hierarchy of the network (Pittel, 1996).

3.1.6 Network structure entropy

The network structure entropy can be an average measure of a
foreland network’s heterogeneity. It is defined by Equation 9, where
N is the total number of ports.

N-1
H = - p(k) log p(k) ©)
K=1

3.1.7 Newman correlation coefficient

The Newman correlation coefficient (Newman, 2002) is used to
measure the matching characteristics of the foreland network. In an
unweighted network, it is defined as Equation 10:

M Skik - [MT'Y % (ki + k;)I*

y- (10)
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where M is the total number of connected edges in the network;
k; and k; is the degree of two connected ports in M.

In an unweighted network, it is defined as Equation 11 (Leung
and Chau, 2007):

2
H S whik, - {H*E%wﬁ (ki + k,-)]

2
H'lgéwij(k? +kj) - {H_lE%WU(ki + kj)}

Y = (11)

where H is the total weight of connections in the foreland
network; w;; is the weight of the edges connecting port i and j.

3.1.8 Graph density

Graph density depicts the extent of the connection among ports.
It equals the “total number of relationships that actually exist”
divided by the “maximum number of relationships that
theoretically exist potentially” (Geng et al., 2014). The definition
of graph density is given by Equation 12, where m is the number of
actual relationships in the foreland network, and the number of
ports is n.
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3.2 Construction of CCCP
foreland network

We build the CCCP foreland network (Figure 4) based on the
container liner routes, commonly used data for building port
foreland networks. The significant linear relationship (R® =
0.8344) between port throughput and port degree strength
indicates that the number of routes can also represent the cargo
connection in foreland. The data of container liner routes are from
the world’s top 30 shipping companies’ (accounting for 94.1% of the
global transport capacity) official websites in 2019, according to the
Alphaliner website. The routes include all routes of CCCP. The
starting, destination and connecting ports are included in the route
information. A total of 900 non duplicate routes and 244 combined
ports (ports belonging to the same port or the same port with
different names) were found. These ports are distributed in 19
shipping regions (Xu et al, 2015) and 84 countries. Complex
network theory provides two classical network building methods
(Sen et al., 2003): L and P space. L space considers the constraints of
geographical space, which is more suitable for describing the
generation process of the foreland network. The L space method
is therefore used to construct the network. The CCCP foreland
network is an undirected weighted network, and the edge weight is
expressed by the number of routes. We are not limited to selecting
container liner routes’ data between China and Europe to build the
CCCP foreland network. This is because the maritime connections
between ports are close and complex, and the shipping network
between China and Europe cannot be completely independent of
the maritime network of China’s coastal ports.

A random network of the same scale is generated by MATLAB
to observe its complex network structure characteristics. The

10.3389/fmars.2024.1436552

topological structure shows that the average path length of CCCP
foreland network is 2.993, which is in line with the ‘six degrees of
separation’ phenomenon in the small-world network. Moreover,
compared with the random network, the clustering coefficient is
higher, indicating that port clusters of different scales are present in
the network. These findings reflect the characteristics of a small-
world network. The degree distribution and degree strength
distribution all show a power-law distribution. Thus, the CCCP
foreland network is a small world and scale-free network.

3.3 Construction of PFNE model

Based on the two basic characteristics of growth and preference
dependence in scale-free networks, Barrat et al. (2004) proposed an
evolutionary model for weighted complex networks: the BBV
model. The basic algorithm of this model is to construct the
initial network, add new nodes, adjust edge weights and generate
the final network. In the real world, the foreland network reflects the
spatial organisation of ports and routes, which is a macroscopic
manifestation of the micro behaviour of shipping enterprises, with
important characteristics of dynamic change and nonlinear growth.
Although the BBV model (Barrat et al, 2004) can be used to
simulate the foreland network’s basic evolution process, the
formation of the foreland network is related to the choice of ports
by shipping companies. Shipping companies design their service
networks to maximise economies of scale by making decisions to
maximise economies of scale (Guy and Urli, 2006; Talley and Ng,
2013). Port strength (infrastructure, freight volume, efficiency,
economic level), hinterland economic (GDP) and port location
(cost, time) are the important selection elements (Chang et al., 2008;
Lam and Dai, 2012; Ng et al, 2013; Ding and Li, 2018). The
competitive behaviour between ports also leads to dynamic
strengthening or interruption of shipping connections (Zhao
et al,, 2014). Thus, we improve the BBV model and propose the
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FIGURE 4
CCCP foreland network.
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PFNE model. Although we first consider the PSR as a sea route via
the Arctic that connects Asia and Europe in this paper. The
potential impact of the PSR on the global economy, policy,
society, culture, and ecology cannot be ignored. Therefore, in
addition to factors (port strength, hinterland economic,
environment and port location) directly related to container
shipping, considering the availability of data, we incorporate trade
and policy factors into the PFNE model to reflect the economic and
political impacts of PSR. The evolution simulation process is
detailed below.

Step 1: Initial network. The initial foreland network G is
composed of 1y (ny=1) port nodes. The node is represented by i,
and the edge weight is set according to the real foreland network.

Step 2: Network growth. Each time step At, a new node j is
added to G, and the edge connection and edge weight attached to j
are set to ¢; and w; that conform to Poisson distribution.

Step 3: Preferential attachment. Roulette algorithm is used to
generate the connecting route between the new node j and ¢; old
nodes 7 in the initial network. The preferential probability for j to
select i is (Yu, 2009)

p, = _Cnl= @S 0
anij(l - )S,
=

wexp (@) + exp (BR) + exp (KY)) +jexp (UE)) +5exp (8G)) + 5 exp (YI) + Gexp (9N) + exp (yO)
i = 0
Dj

(14)

where Pj; is the preferential probability; S; is the node strength of
iy 1y is the fitness of i selected by j; T,-j refers to the trade volume
between the countries of i and j, indicating the strength of trade
relation; R; is the international trade agreements (WTO Agreement,
Free Trade Agreement, Regional Comprehensive Economic
Partnership, China-ASEAN Free Trade Area) that country i has
signed, indicating the trade policy; Y; represents the comprehensive
evaluation value of port 7’s policies, including port development
policy (port development index, Maritime Silk Road port
development policy, development policy for coastal ports along
the ASR), port trade policy (free trade port policy), and port
construction policy in the country; E; is the comprehensive
evaluation value of port 7’s natural environment (channel depth,
anchorage conditions, cargo terminal depth, maximum draft of
ships), logistics environment (logistics performance index), safety
environment (natural limiting factors such as tides, huge waves,
floating ice, and the number of ship piracy accidents), and
sustainable development environment (carbon dioxide emissions),
used to represent the overall environment of the port; G; is the GDP
of port 7’s city, indicating the hinterland economic development; I;
refers to the infrastructure’s quality of the liner shipping
connectivity and efficiency of seaport services of port i, indicating
the quality of port infrastructure; N; is total deadweight tonnage of
ships docked at port i, indicating the port’s economic level; O; is the
container throughput of port i, which is the most direct
manifestation of port’s freight capacity; Dj; is the shipping
distance between i and j, which is directly related to cost and
time, i.e. port location; o, 3, & 1, &, % ¢ and  are parameters that
are calculated by maximum likelihood estimation method; 6 is the
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friction coefficient of shipping distance; and ® is an
adjustment parameter.

Step 4: Dynamic evolution of edge weight. The addition of j will
lead to dynamic change of the node strength in #’s surrounding area.
Here, the edge weight’s dynamic evolution mechanism from the
BBV model (Barrat et al., 2004) is adopted

Wiy = Wiy + Aw;, (15)
Aw,, = 22 (16)
S;

Step 5: Edge reconnection. At each time step At, an old node i
with probability P; is selected, and the connection with any node i*
in the initial network is regenerated. The connection weight
conforms to Poisson distribution. This step is repeated a times.
The preferential probability of connecting i and i* is

* 607’1.1.*(1 - C())Si*

n
; wrx*i(l - (D)Sx*

x =1

(17)

where P’ is the preferential probability; other parameters have
the same mganing as in Equation 13.

Step 6: Edge deletion. At each time step At, an old node i with
probability 1-P; is selected, and the connection with any node i** in
the initial network is deleted. This step is repeated b times. The
inverse preferential probability of deleting the connection of i and i*
is

P*:* _ [(Drii*x»(l - a))siﬂ]’l

ii

(18)

n

E [a)rxui(l - (D)wa]_l
x**zl

where P_*_:* is the inverse preferential probability; other
parameters hléve the same meaning as in Equation 13.

Step 7: End of evolution. n=n+1 is set, and the above process is
repeated until the network scale reaches the set scale.

Compared with the BBV model and other derivative port
network evolution models (Wang et al.,, 2013; Zhao et al., 2014;
Wang and Li, 2013; Ding and Li, 2020), this model comprehensively
considers the fitness of the node to be selected, the attached edge of
the node, the Poisson distribution of edge weight and the
reconnection and deletion between nodes. It is closer to the
generation law and evolution process of the real foreland network.

3.4 Evolutionary scenarios of the CCCP
foreland network under the PSR

The emerging sea route is inevitably accompanied by changes in
port functions and status, which then affect the choice of shipping
companies and ultimately drive the evolution of the foreland
network. At present, the PSR’s disturbance effect on the current
foreland network has not yet appeared. Therefore, we designed
three evolutionary scenarios to predict the possible evolution of the
CCCP foreland network under the PSR.
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Scenario 1 (S1): The network generated by the PFNE model in
Section 3.2 is used as the current CCCP foreland network. Although
the PENE model can simulate the structural characteristics of the
CCCP foreland network, the evolutionary network is still different
from the real network. However, taking the evolution network
rather than the real network as the basic control group, we can
better eliminate irrelevant variables and more accurately evaluate
the effects of PSR on CCCP foreland.

Scenario 2 (S2): The key to ensuring the smooth and normal
operation of PSR lies in the connecting of fulcrum ports (Zhang and
Chen, 2018). Comprehensive consideration of the construction
foundation and natural conditions of the ports along the Arctic
Ocean indicated that nine ports (Zhang and Chen, 2018; Guo et al.,
2022b) (Figure 5) have good development prospects. Among them,
Sabetta, Murmansk, Tiksi and Uelen have outstanding advantages
and are suitable for joining the CCCP foreland network as fulcrum
ports. We assume that the PSR is commercially open from July to
November, which is the most suitable for Arctic navigation.
Compared with the traditional route, its significant maritime
distance advantage will attract shipping companies to choose.
Thus, the shipping distances between some ports and the
countries are set as the distance through the PSR. The trade
volume between some countries will also change. The CCCP
foreland network will be obtained by taking the changed trade
volume and shipping distance into Equation 14.

Scenario 3 (S3): Port construction, especially along the Arctic
Ocean, is important work in the PSR’s development. With the
continuous improvement of the PSR’s navigation capacity, the
Arkhangelsk, Provideniya, Dikson, Pevek and Mezen ports in the
Arctic Ocean region have good development prospects and will be
added to the CCCP foreland network.

The modes of transport between China and Europe include not
only sea transportation but also land transportation (such as
China-Europe freight trains) and air transportation. The
development of these modes will also affect the evolution of
CCCP foreland. However, considering that the aim of this paper
is to predict an evolutionary trend of CCCP foreland under the PSR,
the development and changes of future land and air transportation
will not be considered in the evolutionary scenarios. This can better

10.3389/fmars.2024.1436552

exclude irrelevant variables and more accurately evaluate the
PSR’s effects.

3.5 Complex network delineation method
of port foreland

Based on complex network theory, we propose a method to
delimit the port foreland. The foreland is the area (port and overseas
market) where the port is connected by shipping (Weigend, 1958;
Zohil and Prijon, 1999; Rodrigue, 2010; Jafari and Khosheghbal,
2013). In addition to pointing out other ports and markets
connected with a port, the foreland also represents cargo
connectivity. High connectivity corresponds to easy and frequent
trade interaction between the country markets where the ports are
located. The concept of the shortest path length in complex network
theory can be used to express this meaning.

The shortest path length is used to calculate the minimum
number of edges that two nodes in the network need to pass
through and describes the network’s information transmission
efficiency. For nodes i and j in an unweighted network, if they are
directly connected, then the shortest path length L;; between them is
1. If an intermediary node exists between them, then Lj=2.1In the
weighted network, a large weight between nodes corresponds to
high contact frequency between two nodes.

The determination of foreland in our paper is based on the
shipping network. The node is the port, and the connection is
represented by the routes. A high frequency of routes corresponds
to a high connectivity between a port and the connected ports and
therefore close trade links between the ports’ countries (overseas
markets). We divide the foreland of a port into two categories,
namely, the port type foreland and the country type foreland, which
represent the ports to which a port is connected and its overseas
country markets, respectively. The method consists of three steps. 1)
The Dijkstra algorithm is used to calculate the shortest path length
between a port and other ports. 2) The port type foreland is divided
according to the shortest path length’s size to distinguish the
importance of different ports to the port. 3) Equation 19 is used
to calculate the shortest path length of different countries with a

Wﬁlﬁnans‘q ‘P‘ ﬁ—’salfam])’m‘jjg, c E%:‘; Pevek
g Sa@al ang ——=—()— Provideniya
£ ~ #J\)&fo
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Evaluation of 9 ports along the Arctic Ocean.

4| Port Location | Development potential | Navigation period | Population | Basis of China-Russia cooperation | Score

Sabetta 5 3 3 4 5 4
. | Murmansk | 5 2 5 5 1 3.6
Tiksi 5 4 3 3 1 3.2

; e Uelen 5 5 3 1 1 3
Arctic Ocean ports (Number) Arkh.angélsk 2 2 4 5 ! 28
Provideniya | 4 3 3 3 1 2.8
@ Ports added in S2 (4) Dikson 3 3 3 3 1 26
© Ports added in S3 (5) Pevek 3 3 3 3 1 26
Mezen 2 2 4 3 1 24

FIGURE 5
Ports along the Arctic Ocean (Zhang and Chen, 2018; Guo et al., 2022b).
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TABLE 1 Comparison of characteristic indicators among different networks.

Indicator Real BBV PFNE Indicator Real BBV PFNE
network network network network network network
Average degree 9.270 9.197 9.492 Average degree strength 60.951 48.935 59.477
Average path length 2.993 2.364 2.765 Weighted average path length 0.775 0.470 0.656
Clustering coefficient 0.513 0.264 0.474 Weighted clustering coefficient 0.549 0.288 0.507
k-core 12 6 8 Network structure entropy 1.413 0.068 1.624
Newman correlation coefficient -0.031 -0.247 -0.1276 Weighted Newman correlation coefficient -0.060 -0.232 -0.117
Network diameter 7 4 6 Degree distribution fitting indicator -1.004 -0.759 -0.983
Graph density 0.038 0.038 0.039 R’ / 0.320 0.694

port and then delimit the levels of country type foreland.

countr
L pa

i = (19)

1
where Lf]‘mn 4

is the shortest country path length between port i
and country J, L;; is the average path length between port i and all
ports in country J, N is the total ports’ number except the port of the
country where port i is located, and #; is the number of ports in

country J.

3.6 Data sources

The data on container liner routes are from the world’s top 30
shipping companies’ (accounting for 94.1% of the global transport
capacity) official website in 2019, according to the Alphaliner
website. The routes include all routes of CCCP. The starting,
destination and connecting ports are included in the route
information. In the PFNE model construction, we consider the
impact of trade relation, trade policy, port policy, environment,
hinterland economic, quality of port infrastructure, economic level,
freight capacity and location factors on foreland network evolution.
Trade volume is obtained from UN Comtrade database and the
estimated trade data between countries under the PSR are obtained
from Appendix A. International trade agreements come from
World Trade Organization website, China Free Trade Area
Service Network and China ASEAN Free Trade Network. Port
policies are obtained from Xinhua Baltic International Shipping
Center Development Index, Belt and Road Portal, Arctic policies of
countries and Maritime Database website. Port environmental data
come from National Geospatial-Intelligence Agency, Shipping
Guides Ltd, World Bank, International Maritime Organization,
Global Competitiveness Report 2017-2018 (World Economic
Forum). GDP of port cities come from the official websites of the
national statistics bureaus of each country. Quality of port
infrastructure are from the Global Competitiveness Report 2017-
2018 (World Economic Forum). Total deadweight tonnage of ships
docked at the port are from the BLM-shipping software. Port
container throughputs are obtained from the Maritime Database
website. Shipping distance between ports is calculated by the
Searates website and the Free Map Tools website.
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4 Results

The optimised BBV model, namely the proposed PFNE model,
is used to simulate the evolution of the CCCP foreland network. The
parameter values obtained by the maximum likelihood estimation
method and repeated testing are ny = 8, a= 0.151, = 0.034,
k=0.209, = 0.069, 6= 0.029, y= 0.158, ¢= 0.022, y= 0.032, 6=2.5,
®=0.35, P=0.65, a=4, b=1. A total of 30 independent simulations
are conducted for each evolutionary process, and the complex
network characteristic indicators’ average values are calculated.
Table 1 shows that the PFNE model is closer than the BBV
model to the real network’s indicators. The correlation coefficient
R? reaches 0.694, indicating that the factors selected in the PENE
model affecting foreland network evolution are reasonable and
PFNE model has reliability in predicting CCCP foreland
network’s evolution under the PSR (Wang and Li, 2019; Ding and
Li, 2020; Ding et al., 2022). Then, based on the evolutionary
scenarios set in Section 3.4, we simulate the three-stage evolution
of the CCCP foreland network. Finally, utilising the proposed
complex network delineation method of port foreland, the
foreland evolution of CCCP under the PSR is predicted.

4.1 Evolution of CCCP foreland network
under the PSR

Given that the foreland is driven by changes in the foreland
network, the evolutionary trends of the foreland network must first
be examined. Figure 6 shows that compared with S1, S2 and S3
change significantly. Such changes are mainly manifested in the new
route connection between the added Arctic Ocean ports and the
ports in East Asia, Europe and North America. This shows that the
PSR will change the route connection between China, Europe and
North America. This also proves the necessity of viewing the PSR’s
impact on China from a global perspective rather than just focusing
on China and Europe. The foreland network is also expanding
northward. This may change the radiation range and cargo volume
of CCCP, thereby changing their competitive positions. We further
select a set of complex network indicators to describe and explain
the evolution of the CCCP foreland network.
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FIGURE 6
Evolution of CCCP foreland network.
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Table 2 shows that the average degree and average degree
strength are all increasing in S2. This finding can also explain
why the graph density increases in S2. This network evolution trend
was also presented in the research of Ding and Li (2020) and Guo
et al. (2022b). The shortening of shipping distance brings
opportunities for long-distance port connection and increases the
attraction between the port and other ports within a larger
geographical area, thus increasing the sea route connections. The
increase in the number of sea routes enhances the connectivity of
cargo circulation between ports and expands the geographical scope
of cargo transportation in the foreland network. However, in S3, the
newly added Arctic Ocean ports are in the development stage and
have less connection with the ports in the original network, thereby
lowering the average value of the network node connections. This
situation also leads to a decrease in graph density in S3 and is not
conducive to the efficiency of cargo transportation between ports
and large-scale cargo transportation. Arctic Ocean ports need to
enhance their infrastructure and transportation capacity to increase
their attractiveness to the cargo sources of other ports and thus
increase their sea route connections.

As an important indicator that reflects network connectivity,
the average path length and weighted average path length in S2 and
S3 are smaller than S1, indicating that the addition of PSR
strengthens the broader freight connection between ports and
improves maritime transport efficiency. The same results

TABLE 2 Complex network indicators of the CCCP foreland network.

appeared in the research of Li et al. (2015) and Ding and Li
(2020). The main reason is that the reduction in long-distance
shipping costs is conducive to promoting cross-regional cargo
circulation. However, although the average path length continues
to decrease, the weighted average path length increases in S3. This
increase indicates that the breadth of connections between ports
(the number of connected ports) is increased, but the strength of
connections (the number of routes) is decreased. The weaker overall
strength of Arctic Ocean ports cannot attract more shipping
companies to dock ships. Therefore, port connectivity does not
improve as expected in S3.

The clustering coefficient and weighted clustering coefficient are
decreasing. This result is supported by Li et al. (2015). The
emergence of port clusters is one of the driving forces behind
port networking and clustering. Given the limitation of shipping
costs (shipping distance), the group of foreland networks is
generally composed of ports in adjacent areas. After the addition
of PSR, the reduction in shipping distance and the addition of
Arctic Ocean ports continue to expand port connections within the
region, and long-distance trade connections gradually increase. The
PSR breaks the clustering of current foreland network, which
loosens the structure of foreland network and may promote the
formation of a series of new port groups across regions.

The network structure entropy shows a downward trend,
indicating that the number of a few core ports with numerous

Indicator S1 S2 S3 Indicator S1 S2 S3
Average degree 9.492 9.557 9.498 Average degree strength 59.477 60.294 59.723
Average path length 2.765 2.725 2,674 Weighted average path length 0.656 0.625 0.634
Clustering coefficient 0.474 0.469 0.44 Weighted clustering coefficient 0.507 0.502 0.469
Graph density 0.039 0.040 0.038 Network structure entropy 1.624 1.612 1.603
Newman correlation coefficient -0.128 -0.148 0153 Weighted Newman 0117 -0.147 -0.148
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connections is increasing, and the number of many marginal
ports with a few connections is decreasing. The network is
developing in an orderly direction. The main reason is that
after the opening of PSR, the sea routes to Northern Europe
will become more diverse and flexible. This opening not only
expands the maritime connectivity of some ports but also
enhances the connectivity between ports. More marginal ports
are being absorbed into the port cluster, making the structural
hierarchy of port network clearer.

The Newman correlation coefficient and weighted Newman
correlation coefficient are less than 0, indicating that the foreland
network is heterophilic. Ports with more routes tend to connect
with ports with fewer routes, which is related to the hub-and-spoke
structure of container liner transportation. The hub-and-spoke
structure of containers has promoted the development of the
maritime container transportation network and container hub
ports and the transformation of maritime container
transportation organisation. The Newman correlation coefficient
and weighted Newman correlation coefficient are decreasing
because the connections between small- and medium-sized ports
and large ports are increasing. The PSR is expected to bring
opportunities for the development of some small- and medium-
sized ports. As presented in Li and Li (2014) and Guo et al. (2022b),
the Arctic route will be beneficial in driving the peripheral ports of
the Arctic region, thereby reshaping the shipping pattern in
Northeast Asia.

Overall, the PSR’s addition to the CCCP foreland network will
improve the shipping connectivity, increase the connection between
long-distance ports, reshape the clustering groups, promote the
orderliness of the network and help the development of small and
medium-sized ports. This evolutionary trend will first enable China
to enhance exchanges with other countries in politics, economy,
society, culture and other fields through maritime transportation
and promote China’s economic globalisation process. Secondly, the
restructuring and orderliness of network clusters indicate that PSR
may challenge the position of traditional shipping channels and
have a decentralised effect on the world maritime trade system,
giving rise to new collectivisation groups. Finally, the development
of small and medium-sized ports will encourage peripheral regions
to join global shipping and promote global economic integration.

4.2 Evolution of CCCP foreland under
the PSR

4.2.1 Port type foreland

For detailed analysis, a division of forelands is desirable
(Weigend, 1958). Almost no clear classification has been involved
in the study of port foreland, which is not conducive to identifying
and distinguishing the closeness and importance of the connection
between different ports and China’s maritime trade. On the basis of
the proposed complex network delineation method of port type
foreland and combined with the data layering method, the port type
foreland is divided into four new categories: closer, main, potential
and marginal. Closer foreland indicates the ports that are most
closely connected with CCCP. Main foreland constitutes the
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backbone of CCCP. Potential foreland has the potential to
develop a closer trade relationship. Marginal foreland indicates
that the trade connection between the port and CCCP is weak. The
port foreland relies on the maritime network. The globalisation and
efficient development trend of maritime networks have provided
convenient and smooth channels for the global transportation of
port cargos. By integrating into the global shipping network, the
radiation range of port cargo is no longer limited to directly
connected ports and regions, and the globalisation of cargo
distribution, transit and warehousing has been achieved.
Therefore, the division of the foreland in this study covers global
ports to grasping the changes in the importance of CCCP’s different
overseas markets under the PSR from a global perspective and
developing adjustment strategies.

The basic distinction between hinterland and foreland lies in the
type of carrier in which the merchandise arrives or leaves, such as
coastal craft or seagoing ships (Weigend, 1958). Thus, in the
analysis of port type foreland and country type foreland, we
exclude CCCP. Considering the limitations of page space, Table 3
only shows the quantitative changes of different port type foreland
types of Qingdao, Shanghai and Shenzhen, which are the
representative container ports in the northern, central and
southern coastal areas of China. The three ports have been
amongst the top of China’s container throughput for many years
and have extensive coverage of shipping routes. The results of all
CCCP can be found in Appendix B. According to Table 3 and
Appendix B, under different scenarios, the closer forelands are
mainly concentrated in NEA, SEA, SA and WEA, which are
geographically close to CCCP. A closer shipping distance is
beneficial for reducing shipping costs and establishing
transportation connections between these regions. A few of the
closer forelands are distributed in NAEC and CCA, because these
regions have international transit hub ports, such as Los Angeles
and Manzanillo. The outward expansion of CCCP foreland depends
on the close shipping links with these hub ports. The foreland types
have changed more considerably in NEA, WEA, AP, NE, EM and
CCA. The foreland type of ports in these regions shifts from low
grade to high grade, such as transforming from the main foreland
type to the closer foreland type. However, some ports in the NAEC,
NAMG and NAWC undergo opposite changes, such as
transforming from the main foreland type to the potential
foreland type. This finding shows that the status of global ports
for CCCP will change, and the PSR will break China’s maritime
transport pattern. Notably, as the some ports’ main forelands,
Murmansk and Provideniya along the Arctic Ocean will play an
important role in China’s maritime trade.

The driving forces behind the evolution of foreland types can be
explored from the PFNE model. In this model, the change in fitness
(Equation 14) under different scenarios is the core factor driving
changes in the foreland pattern. The PSR’s addition will cause
changes in distance, trade and other aspects of ports, which will
alter the probability of ports being selected by shipping companies
and lead to the reconstruction of foreland networks and changes in
foreland types. We find that the changes in fitness values between S2
and S3 can be ignored. This change is also the reason that the
pattern of foreland types in S3 does not show differences from that
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TABLE 3 Quantity changes of different foreland types in different shipping regions in S1/S2/S3 scenarios.

Qingdao Shanghai Shenzhen
® ©} ® ©) ® ©)
NEA 7/10/10 6/6/6 7/1/1 5/8/8 6/10/10 5/4/4 9/3/3 5/8/8 3/10/10 8/3/3 8/4/4 6/8/8
SEA 8/6/6 5/6/6 4/5/5 71717 8/6/6 51717 4/4/4 71717 9/6/7 6/7/6 3/4/4 61717
SA 2/1/1 5/2/2 3/5/5 4/6/6 3/1/1 412/2 3/5/5 4/6/6 3/1/1 212/3 5/4/3 41717
WEA 2/1/1 2/6/6 7/6/6 12/10/10 21212 4/5/6 5/6/5 12/10/10 2/3/3 2/5/5 7/4/5 12/11/10
EA 0/0/0 1/0/0 0/2/2 3212 0/0/0 1/0/0 0/2/2 322 0/0/0 1/0/0 1/2/2 2212
NA 0/0/0 3/1/1 2/3/3 2/3/3 0/0/0 3/1/1 2/3/3 2/3/3 1/0/0 21212 212/2 2/3/3
WA 0/0/0 0/1/1 3/3/3 81717 0/0/0 0/1/1 3/3/3 8/717 0/0/0 1/2/2 2/3/3 8/6/6
STA 0/0/0 0/1/1 3/1/1 1/2/2 0/0/0 0/1/1 3/1/1 1/2/2 0/0/0 0/1/1 3/1/1 1/2/2
AP 0/0/1 2/4/3 6/5/5 11/10/10 0/1/1 2/3/3 7/4/4 10/11/11 0/0/0 2/5/5 6/4/4 11/10/10
NE 0/0/0 1173 6/6/4 71717 0/0/0 1/3/3 6/6/6 71515 0/0/0 1/2/3 5/7/6 8/5/5
EM 0/0/0 5/2/2 4/11/11 6/2/2 0/0/0 5/2/2 4/11/11 6/2/2 0/0/0 5/2/2 4/11/10 6/2/3
NAEC 2/1/1 0/2/2 5/1/1 2/5/5 2/1/1 0/2/2 5/1/1 2/5/5 211 1/1/2 4/2/1 2/5/5
NAMG 0/0/0 2/0/0 1/1/1 2/4/4 0/0/0 2/0/0 1/1/1 2/4/4 0/0/0 2/0/0 1/2/2 2/3/3
NAWC 0/0/0 5/4/4 3/3/3 1/2/2 0/0/0 5/5/5 3/2/2 1/2/2 0/0/0 5/3/3 3/4/4 1/2/2
ccA 1/2/2 2/4/4 412/2 5/4/4 1/1/2 2/3/3 3/3/2 6/5/5 1/1/1 2/4/4 412/2 5/5/5
SAEC 0/0/0 4/3/3 3/6/6 412/2 0/0/0 4/3/3 3/6/6 41212 1/0/0 3/3/3 3/6/6 412/2
SANC 0/0/0 0/0/0 2/0/0 01212 0/0/0 0/0/0 2/0/0 0/2/2 0/0/0 0/0/0 2/0/0 0/2/2
SAWC 0/1/1 1/1/1 3/4/4 5/3/3 0/0/0 1/2/2 3/4/4 5/3/3 0/0/0 1/2/2 3/3/3 5/4/4
AO 0/0/0 0/0/1 0/1/3 0/3/5 0/0/0 0/0/1 0/1/3 0/3/5 0/0/0 0/0/0 0/1/4 0/3/5

@ Closer foreland; @ Main foreland; @ Potential foreland; @ Marginal foreland; NEA, Northeast Asia; SEA, Southeast Asia; SA, South Asia; WEA, West Asia; EA, East Africa; NA, North Africa;
WA, West Africa; STA, Southern Africa; AP, Australasia and the Pacific; NE, Northwest Europe; EM, Europe Mediterranean; NAEC, North America East Coast; NAMG, North, American
Mexico Gulf; NAWC, North America West Coast; CCA, Caribbean/Central America; SAEC, South America East Coast; SANC, South America North Coast; SAWC, South America West Coast.

in S2. However, the fitness values of S2 undergo remarkable changes
compared with S1 in some shipping regions. The regions with
increased fitness values mainly include NE (+27.10%), NEA
(+9.53%), SEA (+0.42%), and EM (+0.03%). This is the
underlying reason for the shift in foreland types from low grade
to high grade in shipping regions, such as Asia and Europe.
Moreover, regions with increasing fitness will compete for other
regions; hence, even if the fitness of North America and other
regions remain almost unchanged, they will still be affected by the
competition for maritime resources in Asia and other regions,
causing the foreland type to change from high grade to low grade.

Figure 7A shows that the shipping regions with the closest
connection with CCCP is the NAWC, and the region with the
weakest connection is EA. Under the PSR (Figures 7B, C), the
average path length of most ports has decreased. This finding
shows that the PSR has a role in promoting the shipping efficiency
between the CCCP and the world ports. The colour distribution
(Figures 7B, C) representing the north-south geographical location of
CCCP indicates that PSR has a more remarkable role in promoting
the establishment of maritime connections between northern ports
and world ports. From the average of all CCCP, the weighted average
path lengths between the CCCP and SEA (-0.03), WEA (-0.04), EM
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(-0.08), NA (-0.03), NE (-0.12), WA (-0.11) and EA (-0.10) decrease
more considerably (Figure 7B), indicating that the PSR will enhance
the transportation efficiency and shipping links between CCCP and
these regions, whilst the shipping links between CCCP and NAEC
(+0.03), SANC (+0.02), and SAEC (+0.04) will be weakened. Tianjin,
Lianyungang, and Guangzhou are the ports with the largest reduction
in weighted average path length among the northern, central, and
southern ports, respectively. In recent years, Tianjin has actively
expanded container shipping routes and successfully attracted
multiple shipping companies to open new routes at the port. The
opening of PSR will further enhance the radiating and driving role of
Tianjin’s northern international shipping hub, providing convenience
for cargos from North China and Northwest China to directly reach
the Europe through Tianjin. Lianyungang is an international hub
port. The PSR will further enhance its status as the eastern bridgehead
of the New Eurasian Continental Bridge. Guangzhou is the largest
comprehensive hub port and container mainline port in southern
China. The PSR may increase its radiation capability towards North
China. Moreover, the weighted average path length of Arctic Ocean
ports (Figure 7C) shows an increase, indicating that the five newly
added ports (Arkhangelsk, Provideniya, Dikson, Pevek and Mezen)
in 3 do not form a strong route connection. The Arctic Ocean ports
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FIGURE 7

Weighted average path length of CCCP's port type forelands in different shipping regions. (A) Weighted average path length in S1. (B) The added
weighted average path length of S2 to S1. (C) The added weighted average path length of S3 to S2. NAWC, North America West Coast; NAEC, North
America East Coast; SEA, Southeast Asia; STA, Southern Africa; SANC, South America North Coast; NEA, Northeast Asia; SAEC, South America East Coast;
WEA, West Asia; SAWC, South America West Coast; CCA, Caribbean/Central America; SA, South Asia; EM, Europe Mediterranean; AP, Australasia and the
Pacific; NA, North Africa; NAMG, North American Mexico Gulf; NE, Northwest Europe; WA, West Africa; EA, East Africa; AO, Arctic Ocean.

need to address the construction of supporting facilities to play a key
role in attracting the gathering of shipping routes effectively.

4.2.2 Country type foreland

Based on the classification method of port type foreland, the
country type foreland are also divided into the same four categories
—closer, main, potential and marginal—to reflect the status of
different overseas markets in the marine trade development of
CCCP. This is beneficial for positioning the target market and
developing corresponding shipping strategies. As with the port type,
closer foreland indicates the countries that are most closely
connected with CCCP. Main foreland constitutes the backbone of
CCCP. Potential foreland has the potential to develop a closer trade
relationship. Marginal foreland indicates that the trade connection
between the countries and CCCP is weak.

Table 4 still selects Qingdao, Shanghai and Shenzhen as the
representative ports for displaying changes in the number of
different country type foreland types. The results of all CCCP are
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shown in Appendix C. According to Table 4 and Appendix C, the
closer forelands are distributed in Asia and Americas. Asia has a
relatively close geographical advantage. The trade between China
and the United States and Latin American countries is becoming
increasingly close, involving the transportation of goods, such as
household appliances, electronic products and spare parts. Active
trade activities have promoted the economic development of both
sides and strengthened maritime transportation connections. In S2
and S3, more European countries shift from potential or marginal
forelands to closer or main forelands. This finding indicates that the
trade links between CCCP and European countries will deepen. The
increase in fitness values of European countries (+12.5%) after the
PSR’s addition is the main force to driving the foreland type change.

Figure 8A shows that the shipping links between Asian and
QOceanian countries and CCCP are the closest, and those in Africa
are the weakest. After the PSR is added in S2 (Figure 8B), the
average path length of most ports has decreased. The PSR is
conducive to improving the shipping efficiency of CCCP.
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TABLE 4 Quantity changes of different foreland types in different continents in S1/S2/S3 scenarios.

Qingdao Shanghai Shenzhen
® ©] ® ©) ® ©)
AS 4/4/4 719/9 8/6//6 71717 5/5/5 718/8 7/6//6 71717 5/5/5 718/8 716116 71717
oc 1/0/0 1/2/2 1/2//2 2/1/1 1/0/0 0/2/2 22112 2/1/1 1/0/0 0/2/2 212112 2/1/1
EU 0/0/1 4/4/3 717117 71717 0/0/0 4/4/4 717117 71717 0/0/0 4/4/4 6/7/17 8/717
NO 21212 2/1/1 1/1//1 3/4/4 21212 2/1/1 11/ 3/4/4 21212 2/1/1 111 3/4/4
SO 2/2/1 0/0/1 3313 21212 1/1/1 1/1/1 3/31/3 21212 1/1/1 1/1/1 33113 21212
AF 0/0/0 2/1/1 5/6//6 | 12/12/12 0/0/0 2/1/1 5/6//6 12/12/12 0/0/0 2/1/1 6/6//6 11/12/12

@ Closer foreland; @ Main foreland; ® Potential foreland; @ Marginal foreland; AS, Asia; OC, Oceania; EU, Europe; NO, North America; SO, South America; AF, Africa.

Amongst them, the weighted average path lengths between the  northbound ports decrease more. The PSR is more conducive to
CCCP’s average and Asia, Europe and Africa decrease considerably.  strengthening the shipping connection between northern ports and
Therefore, the importance of maritime transportation of these  the world. However, Figure 8C shows an increase in weighted
continents to CCCP will strengthen. The evolution results of port  average path length, indicating that the addition of more Arctic
type foreland also reflect this phenomenon. The colour distribution  ports with weak strength may not necessarily enhance the maritime
of the line chart (Figures 8B, C) shows that the lengths of  connectivity between CCCP and the world.
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A summary of the evolution results of CCCP foreland indicates
that the shipping links between CCCP and Asia, Europe and Africa
are enhanced, whilst the importance of the Americas for CCCP
weakens. At present, no research has been conducted on the impact
of PSR on CCCP’s foreland evolution, but relevant studies (Li et al.,
2015; Ding and Li, 2020; Guo et al., 2022b) have recognised the role
of the ASR in enhancing the status of ports in Asia and Europe. The
impact of PSR/ASR on global shipping geography is mainly
achieved by affecting the sea routes connecting the Asian and
European markets. For Asian ports, if there is no demand for
cargo loading and unloading, then the PSR/ASR to Europe is a more
economical choice. This will improve the location conditions of
ports in Asia and Europe.

Another important result is that China’s northern ports will
have more favourable development opportunities. Compared with
the transportation distance from ports to Europe on traditional
shipping routes, container ships have a shorter and more
remarkable advantage in traveling to Europe via the ASR, with a
more considerable reduction in distance from ports north of the
Yangtze River. Amongst the CCCP, the advantage of shipping from
ports north of Shanghai to Europe is higher than that from ports
south of Shanghai. Therefore, the opening of ASR(PSR) greatly
increases the influence and core position of ports north of Shanghai
in the foreland network (Wang and Zhang, 2014; Ding and Li, 2020;
Guo et al., 2022b).

As the world’s second-largest economy, China plays an
important role in the global shipping value chain, and China’s
different coastal areas also undertake different marine
transportation functions. The evolution of CCCP foreland will
affect China and even global economic development strategy and
industrial division in coastal areas. The increasing status of the
Arctic region in maritime trade is also likely to change the existing
global energy and resource supply pattern. The integration of Arctic
affairs into the globalisation process will therefore also accelerate.

5 Discussion

Given that the foreland is regarded as the mirror of the
hinterland (Weigend, 1958; Zohil and Prijon, 1999; Rodrigue,
2010; Jafari and Khosheghbal, 2013), the identities of the two can
be converted to each other in reality. For example, the hinterland of
Shanghai port may be the foreland of Busan port, and the
hinterland of Busan port can also become the foreland of
Shanghai port. We all recognise the hinterland’s collection and
distribution function for cargo, and the foreland also has
corresponding functions. Different types of foreland will affect the
types of cargo, market share, and transportation efficiency of a port.
Therefore, the land space of foreland is crucial for port
development. This also reflects the significance of dividing the
categories of port type foreland, especially country type foreland
(representing a broader overseas market). This study divides the
port foreland into specific ports and countries. However, in theory,
the foreland can also be divided into cities and even smaller areas,
similar to the division of the hinterland. Accurately depicting the
port foreland is a worthwhile direction for research.
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As a complex topological network, the port foreland network
mainly reflects the spatial organisation of ports and shipping routes,
and its evolution is a temporal manifestation of the changes in the
interaction and combination relationship between ports and
shipping routes (Zhao et al., 2014). Given that the formation,
development and evolution of the foreland network is a complex
process of social, economic and historical integration, we
constructed the PENE model and verified its effectiveness through
numerical simulations. This indicates that the fitness of the node to
be selected, the attached edge of the node, the Poisson distribution
of edge weight and the reconnection and deletion between nodes
have played a role in the evolution of the foreland network.
Compared with the relatively single network evolution
mechanisms, the PENE model is closer to the generation law and
evolution process of a real foreland network. As for PSR, the rise of
a new sea route often comes with its economic significance. The
effects of PSR on the foreland network are mainly achieved by
affecting the maritime routes connecting the East Asian and
European markets. Under the dual advantages of cost and time,
stakeholders in the shipping industry will consider choosing PSR
for transportation, profoundly impacting the port foreland
network pattern.

We further apply the PFNE model to the foreland network of
ports along the Maritime Silk Road (MSR) to test the external
effectiveness of the model. The results (Table 5) show that the PFNE
model can still simulate the foreland network in other regions. This
result also indicates the universality of the generation law of port
foreland network’s evolution. More importantly, the setting of
fitness formula in the PFNE model determines that the attribute
values of each port are the main factors affecting foreland network
connectivity. For this purpose, we analyse the impact of different
factor combinations on the network evolution results. As shown in
Table 6, the classic factors that affect shipping companies’ port
selection are set in model 1. These factors are directly related to
container shipping. In models 2-4, we separately incorporate policy
and trade factors. The results indicate that the addition of policy
and trade will improve the accuracy (R?) of network evolution
results. Basic port and shipping factors are no longer sufficient to
explain the generation mechanism of shipping connections between
ports. The external policy and trade factors need to be taken
seriously. Meanwhile, we conduct a correlation analysis between
the evolutionary networks of models 1-4 and model 5. The result
shows that the correlations (R?) between networks are all above 0.9.
This result indicates that the foreland evolution results obtained by
using model 5 are robust. The research results are reliable, but the
applicability of PFNE model is influenced by different factor
combinations, which may interfere with the prediction
performance to some extent. In future research, a more
comprehensive factor framework must be established to reflect
the evolution process of port foreland network to improve the
model’s ability to predict and interpret real-world networks.

We find that under the PSR, the clustering coefficient and
weighted clustering coefficient keep decreasing, and the network
is developing in an orderly direction, different from the research
results of Ding and Li (2020). This result is mainly attributed to
Ding and Li (2020) studying the global foreland network, while the
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TABLE 5 Comparison of characteristic indicators among MSR network and PFNE network.

Indicator MSR PFNE Indicator MSR PFNE
network network network network

Average degree 9.866 9.611 Average degree strength 77.584 58.940
Average path length 2.783 2.570 Weighted average path length 0.781 0.626
Clustering coefficient 0.552 0.536 Weighted clustering coefficient 0.601 0.573
k-core 10 8 Network structure entropy 1.068 1.582

Newman correlation coefficient -0.051 -0.121 Weighted Newman correlation coefficient -0.091 -0.108
Network diameter 7 5 Degree distribution fitting indicator -0.854 -0.701
Graph density 0.067 0.065 R / 0.605

TABLE 6 The correlation between evolutionary networks and real networks under different factor combinations.

Parameter (Factor) Model 1 Model 2 Model 3 Model 4 Model 5
o (Ty) / / / 0.152 0.151
B(R) / / 0.035 / 0.034

KY) / 0.209 0.210 0.210 0.209
u (E) 0.069 0.069 0.070 0.070 0.069
5(G) 0.030 0.029 0.029 0.029 0.029
y(I) 0.157 0.158 0.157 0.157 0.158
0 (N) 0.021 0.021 0.022 0.021 0.022
v (0) 0.033 0.032 0.032 0.033 0.032
0 (D) 2.500 2.500 2.500 2.500 2.500

R? 0.672 0.704 0.688 0.685 0.694

CCCP foreland network—an important sub-network of the global ~ system and a comprehensive transportation system, continuously
network—is our focus. The CCCP foreland network is centred  enhance the radiation capacity to surrounding areas and use the
around important ports in Asia and Europe, different from the  function of a comprehensive transportation hub to drive the in-
global multi-core network structure. Given the differences in  depth expansion of container transportation network to the sea.
economic development, port strength and trade connections  Another result shows that the PSR has a more obvious role in
among maritime network groups, targeted research is needed on  promoting the establishment of maritime links between China’s
the impact of Arctic routes on different port foreland networks. northern ports and the world ports. Similar conclusions are also

Our results show that the PSR may break China’s existing  drawn in the research of Li et al. (2014); Li and Hu (2015) and Peng
maritime transport pattern and the status of different overseas et al. (2021; 2022a; 2022b). Therefore, the northern ports need to
markets will change, which will be mainly reflected in the  accelerate research on the Arctic shipping centre, strengthen the
enhanced shipping links between CCCP and Asia, Europe and  construction of infrastructure and collection and distribution
Africa, while the importance of the Americas for CCCP weaken.  capacity and prepare for further improvements in the port layout
This situation will affect China’s economic development strategy ~ and for undertaking the outward transportation of cargo from the
and industrial division in coastal areas. The government should  Arctic and the diversion of cargo from the south. They can also
adjust the economic development strategy in a timely manner and  build a strategic alliance with the central ports, rationally allocate
coordinate the development of coastal industrial clusters to cultivate  port and shipping resources, and form a coordinated development
a coastal industrial distribution with accurate positioning, pattern in which each port has complementary advantages and
reasonable division of labour, prominent focus and efficient  supports each other. Compared with the northern and central ports,
operation. The development and utilisation of PSR have also  the southern ports are at an obvious disadvantage in terms of
raised new requirements for China’s land-sea intermodal  geographical location and weak development potential. For them,
transport capacity and logistics industry. China should vigorously  the most important thing is to balance the relationship between the
promote the construction of a modern collection and distribution ~ PSR and traditional routes, clarify their positioning in the foreland
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network and promote the expansion of the foreland through the
cost advantage brought by the transport scale effect.

6 Conclusion

This paper constructs and verifies the effectiveness of the PENE
model and presents a complex network delineation method of port
foreland. Based on this, combined with three evolutionary
scenarios, we explore the potential effects of PSR on the global
foreland network, port type foreland and country type foreland’s
evolution of CCCP. The following conclusions are drawn.

PSR’s addition to the CCCP foreland network will improve the
shipping connectivity, increase the connection between long-
distance ports, reshape the clustering groups, promote the
orderliness of the network and help the development of small and
medium-sized ports.

The results of port type foreland and country type foreland
show that the PSR may break China’s global maritime transport
pattern and the status of different overseas markets will change,
which will be mainly reflected in the shipping links between CCCP
and Asia, Europe and Africa being enhanced and importance of the
Americas for CCCP weakening. Thus, viewing the PSR’s effects on
China from a global perspective rather than just focusing on China
and Europe is necessary. And the PSR has a more obvious role in
promoting the establishment of maritime links between China’s
northern ports and the world ports. Northern ports will also
compete for the shipping resources of the central and southern
ports, and the southern ports will face greater competitive pressure.

As discussed in Section 5, this study has some limitations and
deficiencies. Firstly, this study divides the port foreland into specific
ports and countries, but the division remains rough. A more precise
delineation of the port foreland is a worthwhile research direction.
Secondly, the construction of PSR involves various aspects, such as
geopolitical games and the development and utilisation of natural
resources. Therefore, the PSR not only promotes the evolution of
the global shipping pattern but also brings diverse impacts on
international geopolitics, geopolitical security and environmental
protection. In the future, a more comprehensive factor framework
must be established to reflect the evolution of port foreland network
under the influence of the dynamic influence of multiple factors to
improve the PFNE model’s ability to predict and interpret real-
world networks. Finally, given the differences in economic
development, port strength and trade connections amongst port
network clusters, specialised research on the evolution of global and
different port foreland networks facing the PSR, which is conducive
to a more comprehensive analysis of the impact of PSR on global
shipping, must be conducted.
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