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Abstract

Cities are commonly recognized as the immediate hinterland of ports and play a crucial role

in fostering the sustainable development of ports. Therefore, it is imperative to investigate

the influence of cities on ports. By employing panel data from 2001 to 2021 for both ports

and cities in the Bohai Rim region, this study examines the spatial spillover effect of urban

economy on port efficiency using the spatial error model (SEM). The findings show that

urban economies have a significant spatial spillover effect on port efficiency, but this effect

diminishes across different spatial matrices. In particular, the geographical matrix demon-

strates a stronger spatial spillover effect of the urban economy on port efficiency. These

research findings help to establish a collaborative mechanism for port-city development and

provide useful insights for government management decision-making.

1. Introduction

Port is an important infrastructure for urban development and a driving force in reshaping

economic structure. It is not only a hub node for the intersection of land and sea as well as a

gateway port for the city to open to the outside world, but it is also an important location for

promoting the spatial agglomeration of flow factors [1,2]. The deepening of economic globali-

zation has promoted the development of port functions from traditional water and land trans-

portation node to the global supply chain center integrating logistics, commerce, industry and

modern service industry [3], making ports an important engine for urban economic develop-

ment and a force support for reshaping urban spatial structure [4,5].

A port city is a special type of city with the dual attributes of land and sea. Its special func-

tions make it generally regarded as the port’s direct hinterland, serving as a distribution hub

for people flow, cargo flow, capital flow, technology flow and information flow [6]. Geographer

Kautz pointed out that the port location is determined by the development of a city, and the

economic scale and vitality of a city are the basis for the development of a port, as well as an

important force for the expansion of a port and the improvement of its functions [7]. The
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development of ports and cities has gradually transformed port cities into important hubs for

global industrial transfer, playing a vital role in promoting port city development.

Ports and cities have a complementary relationship. On the one hand, ports’ development

promotes urban economic growth; on the other hand, cities provide talents, goods, funds,

information, and technology for port development and play an important role in promoting

port scale expansion, functional improvement, and efficiency improvement. With a weak

global economy and disruptions caused by the COVID-19 epidemic, the role of the urban

economy in supporting port development has diminished, forcing ports to enhance their port

strength by improving operational efficiency and reducing operating costs [8–10]. However,

we must also recognize the significant role of the urban economy in promoting port develop-

ment and improving port efficiency [11–13]. Therefore, in the context of economic globaliza-

tion, strengthening research on the impact of urban economies on port efficiency is crucial to

understanding the new development model of port-city relations and the sustainable develop-

ment of ports.

In recent years, driven by national strategies such as the coordinated development of the

Beijing-Tianjin-Hebei region, the Shandong Peninsula Blue Economic Zone, the Northeast

revitalization, and so on, ports and cities of the Bohai Rim have become more closely linked,

and the scales and functions of ports and cities have continued to expand and improve. At the

same time, the complex competitive relationships and significant regional differentiation

within the Bohai Rim port group have gradually led to extensive research on the relationship

between ports and cities in academic circles [14–16]. Driven by national strategies, the devel-

opment of ports and cities in the Bohai Rim region will enter a new stage of development.

Research on urban economy and port efficiency in the Bohai Rim region will further enrich

the existing research perspectives and theories on port-city relations [13,17], which have signif-

icance for promoting the development of port cities in the region.

Therefore, this study, based on the theory of the port-city relationship, uses standard devia-

tion ellipse and spatial econometric models to explore the spatial spillover effect and attenua-

tion boundary of urban economy on port efficiency in order to provide a reference for the

coordinated development of ports and cities in the Bohai Rim region. The innovation points

and theoretical contributions of the research are mainly reflected in two aspects: (1) The

research analyzes the coupling relationship between urban economy and port efficiency based

on the standard deviation ellipse tool, verifies the spatial dependence between urban economy

and port efficiency, and proposes novel concepts for port-city coupling research. (2) Based on

the coupling of urban economy and port efficiency, the spatial econometric model is used to

analyze the spatial spillover effect of urban economy on port efficiency, which enriches

research on the impact of urban economy on ports and provides support for the coordinated

development of port-city coupling.

The paper proceeds as follows. In Section 2 we review the literature relevant to the topic.

Section 3 describes materials and methods. Section 4 includes analysis and discussion of

empirical results. Section 5 is conclusions.

2. Literature

The relationship between port and city

As the special resource of the city, the port promotes the growth of the urban economy. The

deepening and development of the urban economy constantly improve the functional system

of the port. There is a complicated functional relationship between the port and the city in

terms of space, function, economy, culture, and so on, which has gradually attracted the atten-

tion of academia. In the 1960s, relevant scholars began to propose a model of the interaction
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between the port and the city from the perspective of location theory [18–20]. Thereafter,

Hoyle [21,22] proposed the spatial interaction mechanism of port, industry and city from the

perspective of port industrialization and regionalization. In the 1990s, with economic globali-

zation and the development of modern shipping technology, the relationships between ports

and cities became more complicated, and researchers began to explain the spatial and eco-

nomic relationships between ports and cities from an urban perspective [23–27]. Research on

port-city relations has shown that the interaction between ports and cities is the main manifes-

tation of the evolution of port-city relationships, specifically manifested in the driving role of

ports in cities. City, as a supporting platform, provides human, material, and financial support

for port development [6,28–30]. For example, Bottasso et al. [31] believe that port-related

industries have a strong pulling effect on cities and point out that ports not only affect local cit-

ies but also affect neighboring cities; Ferrari et al. [32] believe that scale expansion of urban

industry and trade can release port-related functions to a certain extent. With the evolution of

port-city relationships, scholars’ research hotspots have gradually shifted from analyzing port-

city relationships from the perspectives of coordinated development of port-city [33] and port-

city interface [34] to solving problems of integrated development of port-city [35].

The relationship between port and urban economy

The dependence of the port and the economy is a direct reflection of the relationship between

the port and the city. Studies have shown that port can not only reduce transportation costs,

stimulate urban economy, and promote employment, but also produce agglomeration effect

[31,36–38]. On the contrary, the urban economy can not only expand the scale of port [26],

improve the port infrastructure, and accelerate the spatial agglomeration of production factors

[32,39–41], but also provide financial, information, technology and other services for the port,

affecting the future development direction of the port [42,43]. For example, the port infrastruc-

ture investment can promote urban economy increase, and urban economy promote the

expansion of port throughput [27,41]. In addition, the location and transportation advantages

of the port can promote the agglomeration of port industry and infrastructure construction,

and promote the growth of urban economy [44,45]. Specifically, throughput and economy, as

important indicators of port, are often used to measure the relationship between port and city

[46,47]. Porto et al. [40] studied the relationship between port activities and economy, and dis-

covered the importance of economy to port activities and regional infrastructure. Wang and

Tan found that local economic construction and port construction promote each other [48].

Homosombat et al. [49] analyzed the impact of regional economic transformation on port and

found that the relocation of factories had a negative impact on ports in the Pearl River Delta,

and the biggest beneficiary was Hong Kong Port. Christofakis et al. used principal component

analysis, cluster analysis and factor analysis to study the impact of the economic crisis on

Greek port activities, and found that the economic crisis led to a decline in port traffic [50].

Peng et al. found that port trade has a significant impact on regional economic development,

and the relationship between operational port trade and regional economic development has

been effectively improved [51].

The relationship between port efficiency and urban economy

Port efficiency is an important indicator that reflects the optimal allocation of port resources

and port competitiveness. In the context of port resource optimization and integration,

improving port efficiency is very important for the government and operators, because it helps

to enhance the comprehensive competitiveness of the port and realize the optimal allocation of

port resources [52,53]. Therefore, research on port efficiency has gradually become an issue of
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widespread concern among scholars. In recent years, there are many studies on port efficiency

measurement based on DEA and SFA [9,54–58]. For example, Wanke et al. [59,60] used DEA

method to measure the efficiency of major Brazilian ports and found that Brazil’s port capacity

is insufficient, but public-private partnership has a positive impact on port scale efficiency. Ju

et al. found that competition among China’s coastal ports is fierce, but competition improves

the operational efficiency of ports [61]. Perez et al. found that specialized and large-scale ports

are more efficient, and cooperation between ports of different specializations and ports of dif-

ferent scales is conducive to the coordinated development of ports [62]. In addition, scholars

try to explore the influencing factors of port efficiency from the perspective of management

and policy [63–66]. These studies suggest that port technical efficiency is positively related to

the privatization of port operations [67,68]. For example, Tongzon and Wanke pointed out

that the participation of the private sector in port operation management can improve port

and infrastructure efficiency [9,69]. In contrast, other studies believe that human capital and

production technology play significant roles in improving port efficiency [70,71]. Port effi-

ciency is an important indicator for improving port productivity and is crucial to urban eco-

nomic growth [72,73]. For example, Ayesu et al. found that port efficiency and port

throughput promoted economic growth in Africa [74]. He and Xu analyzed the spatial net-

work characteristics and influencing factors of port performance, and found that the port

economy has a significant impact on the spatial correlation and spillover of port performance

[75].

Generally, most previous literature focuses on the study of port-city relationships, port effi-

ciency and influencing factors. However, in the era of economic globalization, port efficiency

has become an important force in promoting urban economic growth, and urban economy

plays an important role in upgrading port infrastructure and production technology [76].

However, there is a lack of research on the relationship between urban economy and port effi-

ciency, especially the impact of urban economy on port efficiency [77].

In addition, traditional research on port efficiency is limited, as is the analysis of the rela-

tionship between port efficiency and economic growth. At the same time, there are few studies

analyzing the spatial spillover effects of urban economy on port efficiency from an urban per-

spective. Therefore, this study uses standard deviation ellipse and spatial econometric models

to analyze the coupling relationship between urban economy and port efficiency and the spa-

tial spillover effect of urban economy on port efficiency from 2001 to 2021. This study can pro-

vide a reference for the coordinated development of port cities and the continuous

improvement of port efficiency.

3. Materials and methods

Study area

The Bohai Rim region refers to the economic region composed of some coastal areas sur-

rounding the Bohai Sea and the Yellow Sea, mainly including Beijing, Tianjin, Hebei Province,

Shandong Province, Liaoning Province, and 43 prefecture-level cities (Fig 1). The Bohai Rim

region has a land area of 521,600 square kilometers, a population of approximately 250 million,

and a regional GDP of 21.67 trillion. It is the third engine of China’s economic growth after

the Yangtze River Delta and the Pearl River Delta [78]. The Bohai Rim port group is an impor-

tant gateway for external exchanges in Northeast China, North China and Northwest China. It

is an important port group for “the transmission of coal from northern to southern China”

and “the transmission of grain from northern to southern China” and serves regional eco-

nomic development (Fig 1). In 2022, the cargo throughput of Bohai Rim ports is 4.457 billion

tons, and the container throughput is 75.52 million TEU, accounting for 43.99% and 28.96%
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Fig 1. Distribution of ports and cities in the Bohai Rim region. (Note: The basic map came from a public map from the standard map service website (http://

bzdt.ch.mnr.gov.cn/) of the Ministry of Natural Resources of China).

https://doi.org/10.1371/journal.pone.0304973.g001
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of the national share respectively. The ports in the Bohai Rim region are relatively densely dis-

tributed, with diverse port scales and functional types. The regional differentiation within the

port group is relatively obvious, and the competition and cooperation relationships between

ports are relatively complex. Therefore, it is typical and representative to conduct research on

the impact of urban economy on port efficiency in the Bohai Rim region.

Methods

Spatial econometric model. According to the First Law of Geography, everything has

spatial correlation, and this correlation has obvious spatial distance attenuation characteristics.

Therefore, the spatial econometrics is widely applied to the study of spatial interaction, and the

spatial econometric model can be expressed by the spatial lag model and the spatial error

model [79].

The spatial econometric model is a statistical model used to analyze spatial data. Since it

takes into account spatial correlation and heterogeneity, it is usually used to reveal and analyze

the spatial distribution characteristics and interrelationships of spatial data [79]. Spatial econo-

metric models usually include spatial lag models, spatial error models and spatial Durbin mod-

els. LeSage and Pace believe that there are spatial correlation and heterogeneity factors in

production activities, and regional development will be affected by different factors [80]. As

special types of regional space, the development of ports will promote urban economic growth,

and urban economic growth will provide support for port development.

Therefore, in order to explore the spatial characteristics and mutual relationships between

ports and cities, spatial econometric models are selected to study the spatial spillover effect of

urban economy on port efficiency. The specific production function formula is:

PEit ¼ aþ a1lnGDPit þ a2lnInviit þ a3lnForeit þ a4lnRoadit þ lWPEit þ ε;

ε ¼ lWεþ m ð1Þ

Where α is a constant term, and ε is an error term; i and t represent port and time, respec-

tively; W represents a n×n order spatial weight matrix; λ represent spatial autocorrelation coef-

ficient; PE, GDP, Invi, Fore and Road represent port efficiency, urban economy, investment

level, trade level, collecting and distributing level, respectively; α1,α2,α3,α4 represent the elastic-

ity coefficients of PE, GDP, Invi, Fore and Road respectively. To eliminate the influence of het-

eroscedasticity on the estimation results of the model, we conducted logarithmic processing

for PE, GDP, Invi, Fore and Road variables respectively.

The spatial weight matrix is the basis of spatial econometric analysis. We use geographic

distance matrix, economic and distance composite matrix to compare and analyze the differ-

ences in the impact of urban economy on port development under different spatial weight

matrices. The geographic distance matrix and economic and distance composite matrix for-

mula as follows,

Wdis ¼
1=d2

ij ; dij � d

0 ; dij < d
ð2Þ

(

where dij is the geographic distance between port city i and port city j. We use the reciprocal

square of the geographic distance between the two cities as the weight. The advantage of this

method is that it fully considers the impact of geographic distance on the port, and the mutual

influence between port cities that are close in geographical distance but not adjacent is
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considered. The economic and distance composite matrix as follows,

Wc ¼Wdis � diagð
�E1

�E
;

�E2

�E
; � � � ;

�En
�E
Þ ð3Þ

where Wc is the geographic distance matrix, �Ei is the mean value of the economic variables of

the port city i during the investigation period, and �E is the mean value of all economic vari-

ables during the investigation period. This paper selects economic and distance composite

matrix to measure the spatial effect of urban economy on port efficiency.

According to the First Law of Geography, spatial correlation gradually decreases with

increasing distance. In order to test whether the spatial correlation of urban economy to port

efficiency follows the geographical distance attenuation theory, this paper assumes that the

geographical distance between ports and cities is [dmin,dmax], and τ is the progressive distance

from dmin to dmax. This model is specifically expressed as follows,

Wd ¼ dmin; dmin þ t; dmin þ 2t; � � � ; dmax ð4Þ

where Wd = [Wij,d]n×n is the weight matrix,

Wij; d ¼
e� dij=dmin ; dij � d

0 ; dij < d
ð5Þ

(

The spatial distance attenuation matrix is designed to test whether the gradual expansion of

the distance between the spatial units participating in the spatial regression results in a gradual

attenuation of the spatial correlation coefficient. As a result, by combining the geographic dis-

tance matrix and the composite matrix, the spatial spillover effects of the urban economy on

port efficiency are estimated for distances of 50 km, 100 km, 200 km, 300 km, and 400 km, and

the regression coefficient and Z value are recorded [81].

Spatial correlation test. Moran Index can determine whether the port efficiency is

affected by spatial autocorrelation. The specific formula is as follows,

Moran0s I ¼

Xn

i¼1

Xn

j¼1
WijðXi �

�XÞðXj �
�XÞ

S2
Xn

i¼1

Xn

j¼1
Wij

ð6Þ

where S2 ¼
Xn

i¼1
ðXi �

�XÞ
2

, �X ¼ 1

n

Xn

i¼1
Xi, Xi, n and Wij represent the observation of the i

port (namely the port comprehensive strength), the total number of ports, and the spatial

weight matrix, respectively.

Standard deviational ellipse. The standard deviation ellipse method is one of the classic

methods for analyzing spatial distribution characteristics. Due to its advantages in revealing

spatial distribution, it is often used in the fields of geography, economics and management.

The standard deviation ellipse is based on the spatial distribution of elements and the distribu-

tion characteristics of spatial analysis elements. Therefore, spatial data analysis methods based

on geographical information have become an important method for current spatial statistical

analysis [82]. The standard deviation ellipse represents the distribution characteristics of geo-

graphical elements with parameters such as center store, major semi-axis, minor semi-axis,

azimuth angle and spread range, and has certain advantages in quantifying the spatial distribu-

tion of urban economy and port efficiency. Therefore, this paper uses the standard deviation

ellipse method to analyze the spatial characteristics of the coupling and coordination of urban

economy and port efficiency in the Bohai Rim region. The specific formula of the standard
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deviation ellipse is as follows:

�Xw ¼

Xn

i¼1
wixi

Xn

i¼1
wi

; �Yw ¼

Xn

i¼1
wiyi

Xn

i¼1
wi

ð7Þ

tany ¼
ð
Xn

i¼1
w2

i �x
2

i �
Xn

i¼1
w2

i �y
2

i Þ þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

ð
Xn

i¼1
w2

i �x
2

i �
Xn

i¼1
w2

i �y
2

i Þ
2
þ 4
Xn

i¼1
w2

i �x
2

i �y
2

i

q

2
Xn

i¼1
w2

i �x
2

i �y
2

i

ð8Þ

sx ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
ðwi�xicosy � wi�yisinyÞ

2

Xn

i¼1
w2

i

v
u
u
t

sy ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1
ðwi�xisiny � wi�yicosyÞ

2

Xn

i¼1
w2

i

v
u
u
t

ð9Þ

S ¼ psxsy ð10Þ

In Formula (7), �Xw and �Yw are coordinates of center of gravity, and wi represent weight. In

Formula (8), θ is the azimuth angle of the ellipse, �xi and �yi represent the coordinate deviation

from each research object location to the average center. In Formula (9), σx and σy represent

the standard deviation along the x-axis and y-axis respectively. Formula (10) represents the

area of an ellipse.

Variable selection and data collection

Variable selection. According to the assumptions of the spatial econometric model, the

specific structure is as follows:

1. Port Efficiency (PE): Calculated using the DEA model. In view of the availability of data, this

study, based on existing research [9,55,58,83], selects the number of port berths used for pro-

duction, the number of berths above 10,000 tons, and the length of wharf used for production

as input indicators, and port cargo throughput and container throughput as output indicators.

2. Urban economy (GDP): Urban economic development can provide more adequate public

services and public productions for port development, laying the foundation for improving

port efficiency. In this paper, the urban economy is measured by GDP. In order to eliminate

the impact of prices on data, the GDP deflator is used to calculate the actual GDP with 2001

prices as the base period.

3. Investment level (Invi): As a capital-intensive industry, investment in port infrastructure

construction is an important means to improve port efficiency. The investment level in this

paper is measured by fixed asset investment.

4. Trade level (Fore): The improvement of trade level can not only promote the introduction of

advanced knowledge and management experience but also promote competition among ports

and promote ports to strengthen R&D and improve production efficiency. In this paper, the

trade level is described by the ratio of the total volume of import and export trade to GDP.

5. Accessibility (Road): The land transportation infrastructure is an important part of the

port’s collecting and distributing system, and the accessibility of land transportation plays
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an important role in the internal and external connections of the port. This paper uses road

freight volume to characterize port accessibility.

Data collection. This study adopted panel data on 12 port cities around the Bohai Sea

from 2001 to 2021, which was drawn mainly from the China City Statistical Yearbook (2002–

2022), Yearbook Ports of China (2002–2022), and the statistical yearbook and bulletin of each

province and city. The sample of ports was based on the “Layout Plan of National Coastal

Ports” (2006); Dandong Port, Dalian Port, Yingkou Port, Jinzhou Port, Qinhuangdao Port,

Tangshan Port, Huanghua Port, Tianjin Port, Qingdao Port, Yantai Port, Weihai Port, and

Rizhao Port were selected. Variable definitions and descriptive statistics are shown in Table 1.

4. Results and discussion

Spatial-temporal pattern of urban economy and port efficiency

In this section, we explore the spatial differences in urban economy and port efficiency in the

Bohai Rim port system: firstly, the standard deviation ellipse of economy and port efficiency is

drawn by using the standard deviation (SDE) tool in ArcGIS 10.0; secondly, the overlapping area

of urban economy and port efficiency is calculated; finally, the overlapping area is used to measure

the degree of spatial coupling between urban economy and port efficiency, the larger the value,

the stronger the spatial coupling [84]. As presented in Fig 2, the coupling degree of city economy

and port efficiency presents a trend of decreasing first, then increasing, and then decreasing, but

the average degree of coupling is relatively high, which can be roughly divided into three stages.

In the first stage (2001–2006), the degree of coupling between urban economy and port efficiency

dropped from 95.39% to 89.42%, but the overall degree of coupling is still high, indicating that

port efficiency at this stage still depends on the promotion of urban economy. In the second stage

(2006–2011), the degree of spatial coupling between urban economy and port efficiency soared

from 89.42% to 94.70%, indicating that urban economy is the driving force of port efficiency. In

the third stage (2011–2021), the degree of coupling between urban economy and port efficiency

dropped from 94.7% to 80.74%, indicating that the degree of coupling between urban economy

and port efficiency has gradually weakened. That is, urban economy and port efficiency are still

closely related, but the dependence of port efficiency on the urban economy has declined. In addi-

tion, it can be found that the urban economy and port efficiency are always misaligned in space,

which is manifested as complex phased characteristics in time, which verifies the spatial depen-

dence relationship between economic growth and port efficiency to a certain extent.

The spatial spillover effect of urban economy on port efficiency

Spatial correlation test. Before calculating the spillover effect of urban economy on port

efficiency, we checked for the spatial correlation, unit root test and cointegration test between

urban economy and port efficiency to ensure the accuracy of the regression results.

Table 1. Description of the main indicators.

Variable Symbol Mean Value Standard Deviation Minimum Maximum

Port Efficiency PE 0.675 0.242 0.129 1.000

Urban Economy GDP 16.752 1.083 14.439 19.032

Investment Level Invi 16.075 1.381 12.739 18.893

Trade Level Fore 0.391 0.275 0.044 1.325

Accessibility Road 9.329 0.803 7.212 10.777

https://doi.org/10.1371/journal.pone.0304973.t001
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Table 2 shows the spatial autocorrelation test results for the urban economy and port effi-

ciency. Between 2001 and 2021, the Moran’s I index of urban economy ranged from 0.3280 to

0.3367, while the Moran’s I index of port efficiency ranged from 0.2602 to 0.3401. The average

values for the two were 0.3346 and 0.3009, respectively, and both were significant at the 1%

level, indicating that the urban economy and port efficiency in the Bohai Rim Region have a

clear spatial correlation. The study also discovered that Moran’s I has a small range of fluctua-

tion between 2001 and 2021, indicating a relatively stable spatial correlation between urban

economy and port efficiency.

Data test. We used Fisher-ADF, Fisher-PP, and LLC to test the unit root of the panel data

and found that only ln GDP and ln Invi have panel unit roots and become stable in the first dif-

ference. Thus, a cointegration test is necessary. The Kao test and Pedroni test were used to test

the cointegration relationship of the variables. The results showed a cointegration relationship

between the variables at the 1% level, and regression analysis can be performed.

According to the selection method of Lesage and Pace spatial econometric model [80].

First, determine the spatial lag and spatial error terms through LM (Robust) test, and the LM

(Robust) test results are displayed (Table 3): In the geographical distance matrix and the eco-

nomic and distance composite matrix, the spatial error model is more suitable for testing the

Fig 2. The Spatial-temporal pattern of urban economy and port efficiency from 2001 to 2021.

https://doi.org/10.1371/journal.pone.0304973.g002
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spillover effect of urban economy on port efficiency. Second, through Hausman tests fixed

effects and random effects, and the test results reject the null hypothesis at the 1% level. There-

fore, the spatial error model under fixed effects is selected to identify the spillover effects of

urban economy and port efficiency.

Spatial spillover effect estimation. According to the regression results of the spatial

econometric model in Table 4, the regression coefficient passes the significance level of 1%,

implying that unobserved factors (residuals) that affect port efficiency will also adversely affect

the efficiency of other surrounding ports. Under the stimulation of port development goals,

many ports often engage in vicious competition through excessive construction. We found

that the urban economy has a significant positive impact on the improvement of port effi-

ciency in the geographical distance matrix and the composite matrix, and both have passed the

significance test of 5%. More importantly, the driving effect of urban economy on port effi-

ciency is significantly enhanced in the composite matrix. The regression coefficient value is

expanded from 0.194 to 0.247, indicating that urban economy can indeed promote the

improvement of port efficiency. The composite matrix is beneficial to eliminate the restraining

effect of geographic distance, and further releasing the "driving potential energy" of the urban

economy. In addition, the investment level, trade level, and city accessibility under the geo-

graphic distance matrix and the composite matrix have obvious spillover impacts on port

efficiency.

Among them, the role of trade level in improving port efficiency in the geographical dis-

tance matrix is more obvious, indicating that the restriction of geographical distance does not

Table 2. Spatial correlation tests of urban economy and port efficiency.

Urban Economy Port Efficiency

Year Moran’s I Year Moran’s I Year Moran’s I Year Moran’s I

2001 0.3353*** 2012 0.3280*** 2001 0.3352*** 2012 0.2971***
2002 0.3354*** 2013 0.3325*** 2002 0.2689*** 2013 0.2944***
2003 0.3354*** 2014 0.3333*** 2003 0.2936*** 2014 0.3005***
2004 0.3350*** 2015 0.3340*** 2004 0.2972*** 2015 0.3010***
2005 0.3351*** 2016 0.3365*** 2005 0.2858*** 2016 0.2911***
2006 0.3350*** 2017 0.3367*** 2006 0.3373*** 2017 0.2602***
2007 0.3346*** 2018 0.3366*** 2007 0.3401*** 2018 0.2768***
2008 0.3341*** 2019 0.3361*** 2008 0.3291*** 2019 0.2742***
2009 0.3340*** 2020 0.3362*** 2009 0.3400*** 2020 0.2802***
2010 0.3333*** 2021 0.3366*** 2010 0.3039*** 2021 0.3099***
2011 0.3327*** 2011 0.3032***

Note: ***, **, and * reflect that Moran’s I is significant at the level of 1%, 5% and 10% respectively.

https://doi.org/10.1371/journal.pone.0304973.t002

Table 3. Spatial econometric model selection.

Test Geographical distance matrix Composite matrix

Hausman test 493.05*** 163.73***
LM spatial error 17.991*** 9.701***

Robust LM spatial error 49.954*** 5.411**
LM spatial lag 2.635 7.326***

Robust LM spatial lag 34.599*** 3.036*

Note: ***, ** and * indicate significant at the level of 1%, 5% and 10% respectively.

https://doi.org/10.1371/journal.pone.0304973.t003
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affect the promotion effect of trade level on port efficiency, while the embedding of the com-

posite matrix limits the performance of trade level to a certain extent. Compared with the

result of the geographic distance matrix, the regression coefficient of the trade level under the

composite matrix decreased from 0.986 to 0.023, indicating that the joint effect of economy

and geographical distance limits the promotion of port efficiency by trade level. The accessibil-

ity of urban transportation promotes the improvement of port efficiency, which means that

the urban transportation accessibility increases by 1%, and the port efficiency increases by

0.181% and 0.123% respectively. At the same time, the investment level under the two matrices

shows a significant negative effect for port efficiency, indicating that the improvement of port

investment level cannot promote the improvement of port efficiency.

According to the spatial attenuation boundary estimation results of the impact of urban

economy on port efficiency (Fig 3), it can be seen that the impact of urban economy on port

efficiency in the geographical distance matrix presents a "V"-shaped spatial attenuation process

of "first decreasing and then increasing". Specifically, when the geographical distance is

between 50 and 200 km, the driving effect of urban economy on port efficiency decreases

slowly. When the distance is over 100 km, the impact of the urban economy on port efficiency

becomes smaller and smaller, and the further the distance, the stronger the inhibitory effect,

indicating that the urban economy has a strong "polarization effect", and the further away

from the economic center, the smaller the impact. When the geographical distance is between

200 and 400 km, the impact of urban economy on port efficiency is transformed into a

"trickle-down effect", and the impact of urban economy on port efficiency gradually increases,

indicating that economically developed cities can promote the economic development of

neighboring areas through resource integration, financial support, information sharing, func-

tional complementation, etc. Compared with the geographical distance matrix, the impact of

urban economy on port efficiency in the composite matrix shows a "W"-shaped spatial attenu-

ation process of "first decreasing, then increasing, then decreasing and then increasing". Specif-

ically, when the geographical distance is between 50 and 150 km, the impact of urban

economy on port efficiency shows a trend of first weakening and then strengthening. When

the geographical distance is between 150 and 250 km, the inhibitory effect of the urban econ-

omy on port efficiency increases as the distance increases, indicating that the "polarization

effect" of the urban economy becomes stronger and stronger under the combined effect of

economy and geographical distance. This phenomenon accelerates the flow of production fac-

tors to economically developed cities, resulting in a spatial agglomeration effect, thereby weak-

ening the economic spillover effect on port efficiency in neighboring areas. When the

Table 4. Estimation results of the spatial econometric model.

PE Geographic distance matrix (SEM) Composite matrix (SEM)

Coefficient Z Value Coefficient Z Value

lnGDP 0.194*** 5.01 0.247** 5.12

lnInvi -3.537* -1.89 -0.041*** -8.93

lnFore 0.986*** 18.45 0.023*** 6.70

lnRoad 0.181*** 3.45 0.123*** 4.93

λ 0.247*** 3.40 0.082*** 21.77

R2 0.658 0.010

Log-L 40.311 -528.016

N 252 252

Note: ***, **, * represent that the estimation results of the spatial econometric model are significant at the 1%, 5%, and 10% levels, respectively.

https://doi.org/10.1371/journal.pone.0304973.t004
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geographical distance exceeds 250 km, the urban economy’s role in promoting port efficiency

continues to increase, and the impact is greatest at 400 km, indicating that economically devel-

oped cities promote port efficiency improvements with the support of technological innova-

tion, infrastructure, capital investment, etc. When the geographical distance exceeds 400 km,

the impact of urban economy on port efficiency is no longer significant in both matrices.

Discussion

Port efficiency is an important indicator for measuring port development and realizing the

optimal allocation of port resources, and urban economy is an important platform to promote

port development. The study discussed the spatial distribution pattern of urban economy and

port efficiency in Bohai Rim region by using standard deviation ellipse tool and found that the

degree of spatial coupling between urban economy and port efficiency is a significant differ-

ence, which must be linked to the urban economic development and the influence of economic

policies.

One of the core findings of this study is to analyze the spatial coupling degree of urban

economy and port efficiency based on the standard deviation ellipse method, which is different

from previous research literature on the coupling relationship between ports and cities

[6,34,85]. This study focuses on the overlapping section of the standard deviation ellipse to

measure its degree of coupling, which provides support for theoretical and methodic innova-

tion in port-city relationships. At the same time, we found that the degree of coupling between

urban economy and port efficiency showed a trend of first decreasing, then increasing and

Fig 3. The spatial attenuation process of urban economy affects port efficiency.

https://doi.org/10.1371/journal.pone.0304973.g003
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then decreasing, but the average degree of coupling was relatively high. The reasons for this

phenomenon can be summarized as follows: At the beginning of the 21st century, the eco-

nomic development of the Northeast China has faced numerous obstacles under the influence

of the system and mechanism. The decline of hinterland economy has a certain impact on port

development, leading to a decline in the degree of coupling between urban economy and port

efficiency. From 2006 to 2011, with the support of national and local policies such as the revitali-

zation of the Northeast China, the plan of the Shandong Peninsula Blue Economic Zone, and

the development and opening of Tianjin Binhai New Area, the Bohai Rim region has gradually

become a regional economic investment hotspot. In addition, the integration of port resources,

and economic transformation and upgrading have promoted the improvement of the spatial

coupling between urban economy and port efficiency. From 2012 to 2021, China’s economy

has gradually entered a new normal of slowing growth, structural adjustment and power trans-

formation. At the same time, port development in the Bohai Rim region continues to slow

down due to overcapacity, hinterland crossover, and vicious competition, which has led to a

gradual decline in the degree of coupling between urban economy and port efficiency [86].

Another finding of this study is that urban economy has a significant spatial spillover effect

on port efficiency, and this spatial spillover effect shows spatial attenuation characteristics in

the geographical matrix and composite matrix dimensions. The study by Yuan et al. provided

theoretical support to explain this phenomenon [81]. The perspective of this study is innova-

tive. Compared with previous studies on port-city relationships and port efficiency

[24,31,35,41,87,88], this study focuses on the spatial spillover effects of urban economy on port

efficiency in the Bohai Rim region. On the one hand, as the high-quality development of urban

economy continues to deepen, competition in coastal ports is also evolving towards high-qual-

ity development [89]. Against this background, it is both logical and in line with the goal of

high-quality economic development in China to examine the spatial spillover effects of urban

economy on port efficiency. On the other hand, this study studies the impact on port efficiency

from an urban economic perspective, which is different from previous research on the impact

of ports on urban economies [1,27] and offers new perspectives on port-city relationships.

In addition, there are differences in the spatial spillover effects of the urban economy on

port efficiency in different matrices. The research results show that the urban economy in the

geographical distance matrix has a stronger effect on improving port efficiency. At the same

time, we found that the reason why urban economy can improve port efficiency is that eco-

nomically developed areas can bring a sufficient supply of goods, complete infrastructure, and

financial support to port development. The improvement of port efficiency depends on tech-

nological progress, and the acquisition of technology relies on strong financial support. Only

economically developed areas can have the accumulation of capital and technology to promote

the improvement of port efficiency [33].

Lastly, this study found that the impact of urban economy on port efficiency presents a spa-

tial attenuation process. Research results on port efficiency have shown that market condi-

tions, inland conditions and technical conditions may all have an important impact on

changes in port efficiency [90]. However, few studies have explored the impact of economic

development on changes in port efficiency, especially the spatial attenuation of the economic

impact on port efficiency. Our research attempts to actively explore the impact of urban econ-

omy on port efficiency by changing the spatial distance in order to help port operators and

government decision-makers formulate policies and urban spatial planning that are conducive

to port development.

The research results have important policy implications for understanding the relationship

between urban economy and port efficiency, promoting the integrated development of ports

and cities, and improving port operation efficiency and development quality. Although our
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analysis mainly focuses on the Bohai Rim region, the relevant results provide certain empirical

references for the development of ports in various countries around the world.

The limitations of this study will inspire future research. On the one hand, port efficiency

needs to consider more micro-influencing factors, such as port machinery and equipment,

port labor, port area, etc. However, data availability limits the refinement of our research. In

the future, we will further measure port efficiency from a micro-perspective based on data

acquisition. On the other hand, future research can explore the impact mechanism of urban

economy on port efficiency from a provincial perspective to provide policy support for the

high-quality development of China’s ports.

5. Conclusions

The relationship between urban economy and port efficiency is the basis for promoting the

coordinated development, transformation, and upgrading of ports and cities. Scientifically

assessing the impact of urban economy on port efficiency has important practical significance.

Therefore, this study selects panel data from 12 ports and cities in the Bohai Rim region from

2001 to 2021 and empirically analyzes the spatiotemporal pattern, spatial spillover effects, and

attenuation boundaries of urban economy and port efficiency by constructing standard devia-

tion ellipses and spatial econometric models. The main conclusions are as follows:

First, the relationship between urban economy and port efficiency presents an asymmetric

pattern, which shows that the influence of urban economy on port efficiency has spatial depen-

dence characteristics. Specifically, the spatial coupling degree of urban economy and port effi-

ciency shows a trend of first decline, then rise and then decline, but the average degree of

coupling is relatively high, and the degree of coupling between urban economy and port effi-

ciency is manifested as complex phased characteristics in time. Second, urban economy has a

significant spatial spillover effect on port efficiency, and this spatial spillover effect presents a

"V"-shaped and "W"-shaped spatial attenuation process in the geographical distance matrix

and composite matrix respectively, with an impact range from 50 km to 400 km.

Third, urban economic growth can promote the improvement of port efficiency, and the

composite matrix can eliminate the inhibitory effect of geographical distance friction, releasing

more of the "driving potential energy" of economic growth and promoting port efficiency.

This study has important policy significance for the implementation of port and urban

planning and port efficiency optimization in the Bohai Rim region. (1) In theory, this study

studies the relationship between urban economy and port efficiency, and the impact of urban

economy on port efficiency. It enriches the existing research theory on port-city relationships

and suggests novel directions for further investigation. (2) In practice, the empirical results of

this study can help improve port efficiency and spatial planning of ports and cities, as well as

provide guidance for port transformation and upgrading and port city integration

construction.
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