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Abstract: The construction of China’s high-speed rail has been arousing controversy for the possibility
of exacerbating regional imbalance. This paper provides an empirical analysis based on the panel
data of 276 prefecture-level cities during 2007–2018 to explore the authenticity of this inference. The
panel threshold model is adopted to investigate whether the economic growth becomes stronger
and more equal among China’s cities under the impact of the rapidly expanding high-speed rail
network by taking per capita gross domestic product (pGDP) as the threshold variable. To fully
explore the dynamic function, we incorporate three progressive indices to measure the role of cities
in China’s high-speed rail network: the existence of high-speed rail, the number of lines, and the
betweenness centrality of the city in the entire network. The result shows that high-speed rail can
promote economic growth and that there is a threshold effect in this process. Specifically, cities
with higher pGDP can benefit more from high-speed rail. Another significant conclusion can be
drawn that high-speed rail can intensify regional disparities, yet the marginal economic gap tends to
decline as the high-speed rail network gets more optimized. Meanwhile, this study recognized nine
circle-like high-speed rail urban agglomerations based on empirical results, reflecting the polycentric
developing pattern of China.

Keywords: transportation infrastructure; regional equity; threshold model; social network analysis;
high-speed rail urban agglomeration

1. Introduction

In China, an adequate and mature high-speed rail system has come into being, despite
a relatively late beginning in the 1990s. China’s high-speed rail has grown from isolated
lines into the wide coverage of the “Eight Vertical and Eight Horizontal” network, deeply
affecting society with its advantages of higher levels of efficiency, comfort, and safety,
as well as lower labor costs and overall long-term emission reductions [1,2]. However,
there has always been public opinion about boycotting the planning and construction of
more high-speed rail lines for two main reasons. First, whether the high cost of building
and maintaining the relevant facilities can be covered by the economic and social benefits
produced by high-speed rail remains uncertain [3]. Second, it is highly possible for the
regional development level to become less balanced for high-speed rail to play a vital role
as a corridor between cities. Specifically speaking, high-quality resources tend to flow into
core cities along rail routes, leading into negative influences for non-core cities, which are
generally less developed [4].

The opening of Shanghai–Kunming High-Speed Rail in 2016 officially marked the
formation of the “Four Vertical and Four Horizontal” high-speed rail network, symbolizing
the arrival of the new “network era”. In China, the high-speed rail lines will be 38,000 km
in total by 2025. This network can largely ameliorate accessibility, as all cities with more
than half-a-million populations and all provincial capitals (except for Lhasa) will be linked
by high-speed rail lines [5]. The “time–space convergence” and radiation effect generated
by networked high-speed rail improves the accessibility and connectivity between cities

Sustainability 2022, 14, 5937. https://doi.org/10.3390/su14105937 https://www.mdpi.com/journal/sustainability

https://doi.org/10.3390/su14105937
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-7261-3629
https://doi.org/10.3390/su14105937
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com/article/10.3390/su14105937?type=check_update&version=2


Sustainability 2022, 14, 5937 2 of 20

on a larger scale, which provides both opportunities and challenges for regions [6,7]. It
is generally believed that the spatial developing pattern of China can be reshaped, as the
economic impact of high-speed rail under this networked pattern would be more profound
and complicated [8]. China declared complete victory in the war against poverty in 2020,
followed by declaring the achieving of common prosperity as a significant mission in the
future. Thus, this study attempts to examine whether there are positive effects of high-
speed rail, especially in the networked pattern, on economic growth, and regional equity,
which would be of great value for the future planning of high-speed rail in China.

Based on the sample of 276 prefecture-level cities from 2007 to 2019, our study suc-
cessfully proved the non-linear driving effect of high-speed rail on economic growth and
reasonably made an inference about its influence on regional equity by using the panel
threshold model. There are three main contributions of our study. Firstly, three progressive
indices including the presence of high-speed rail, the number of lines, and the centrality of
cities in the railway network are adopted to investigate the dynamic effect of high-speed
rail on the economy. Secondly, it is worth noting that the marginal gap between cities
shrinks as the high-speed rail grows into a higher-quality network, while the absolute gap
keeps widening along with the burgeoning of this transportation infrastructure. Thirdly,
economic geography methodology is also applied to show the dynamic features of the
high-speed rail, network and nine high-speed rail urban agglomerations are recognized for
the reference of future planning.

This paper is organized as follows: The next section reviews the literature about the
economic impact of high-speed rail. In Section 3, we bring about our studying hypotheses
by expounding the mechanism on the interaction between high-speed rail, economic
growth, and regional economic equity. We then present the empirical methodologies as
well as the data adopted in Sections 4 and 5, followed by the empirical results in Section 6.
Further analysis using the economic geography mapping method are made in Section 7.
Finally, we summarize the main discoveries and put forward related policy implications.

2. Literature review
2.1. Transportation Infrastructure and Economic development

The impact of transportation infrastructures on economic growth has been under
spirited discussion with a number of valuable conclusions [9]. Overall, transportation
infrastructures can basically promote economic growth, noticeably, as a catalyzer [10].
Apart from the growth, labor productivity and total factor productivity can also improve
under the influence of the stock of infrastructures [11]. It is commonly believed that the
improvement of transportation infrastructure itself, such as high-speed rail, cannot always
stimulate regional economic growth, as complementary factors are necessary for transporta-
tion infrastructures to play their role as the economic growth driver [12–14]. Therefore,
the inquiry about the heterogeneity of the effect of high-speed rail is indispensable for
us to understand the externalities of high-speed rail thoroughly. Cities with different
development levels, locations, and populations are likely to make vary degrees of profit
from the high-speed rail network they belong in [15,16]. The externalities even differ in the
various periods of the lifecycle of high-speed rail, typically including stages of planning,
construction, maintenance, and disposal [17]. In addition, the reaction of urban actors after
the opening of transport infrastructures can affect the level of profit gained from transport
network as well [10].

2.2. High-Speed Rail, Economic Growth, and Regional Equity

High-speed rail, as a burgeoning and networked transportation infrastructure, is
generally believed to have a positive driving effect on economic growth due to its multiplier
effect in investment and the feature of reducing the spatial–temporal distance between
cities [18,19]. High-speed rail can also facilitate regional economic convergence because
of the spill-over effect [20], which may vary between regions composed by cities with
different levels of connection [21]. Networked patterns of high-speed rail have become
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the mainstream in countries with large territorial areas and sufficient population sizes in
view of the comparative advantages of different means of transportation [22]. Significant
improvements in connectivity and accessibility due to high-speed rail networks have been
generally proved [6,23]. Apart from those direct bonuses from high-speed rail networks, the
socio-economic return is also worth noticing. Due to the transition from separated lines to
an integrated network, the two opposing forces of agglomeration and dispersion get more
significant and thus effect China’s economic spatial structure [24]. In addition, network
externality, overall social welfare, and regional productivity can also get promoted [25–27].

However, the economic effect of high-speed rail is more controversial for the possibility
of deepening regional inequity [28,29]. Cities with more population and higher GDP tend
to obtain more increases in centrality as the network gets denser [23]. In China, cities in
central and eastern areas would benefit more from the high-speed rail network due to
their relatively low travel times and high populations [6]. Therefore, only with scientific
planning and reasonable financing can high-speed rail effectively boost China’s economic
growth and reshape China’s spatial economic pattern [16].

In this paper, we would focus on the characteristic of non-linearity in this process,
which has not been fully considered, in order to further evaluate the impact of high-speed
rail on economic growth and regional equity. Furthermore, most related studies were
carried out merely from the perspective of the existence of high-speed rail or the number of
rail lines instead of a network, which would cause deviation from reality and possible bias
in the empirical results. Therefore, three indices were adopted to measure the development
level of high-speed rail, including the presence of high-speed rail, the number of lines,
and betweenness centrality corresponding to different statuses, from the beginning of
construction to the extensive coverage of high-speed rail.

3. Theoretical Analysis and Hypothesis
3.1. High-Speed Rail and Economic Growth

High-speed rail influences the regional economy mainly by two means, direct and
indirect. The direct impact is primarily characterized by the tremendous multiplier effect
of investment on high-speed rail [30,31]. Every period of the full life cycle of high-speed
rail has vast demand for labor, capital, and technology, which require a large number of
investments. Firstly, the construction of high-speed rail fueled the formation of related
upstream, medium-stream and downstream industries in node cities in order to lower the
cost to exchange goods, labor, and ideas [32]. In detail, building materials industries such
as the steel industry, extractive industry, and smelting industry are constantly requisite for
every period in the life cycle of high-speed rail, as well as the mechanical parts processing
industry and infrastructure equipment industry [33]. Secondly, the benefits of job creation
can enhance resident income and furthermore promote demands in consumption, which
would stimulate the development of local industries. As a result, the improvement in the
diversity and advanced level of the industrial structure can attract more capital investment
and continually create more jobs as a virtuous circle, evoking economic growth in the
region around the node city [34].

The indirect effect of high-speed rail on economic growth can also be embodied in
two aspects. On the one hand, high-speed rail significantly reduces the spatial–temporal
cost of traveling and brings about the accessibility gains of cities in the high-speed rail
network [35]. Improved accessibility has a positive effect in the flow of production factors,
including labor [36], capital, [37] and technology [38], which also makes a great difference
for the decision maker of the firm location [39]. Marginal output is generally high in
the core cities of the high-speed rail network. Thus, the market potential of core cities,
related closely to the level of nominal wages as well as the purchasing and investment
demand [40], is about to increase for the geographical concentration of high-quality factors
in those cities [41]. Therefore, core cities can earn high-quality developing conditions and
momentum for economic growth because of the high-speed rail network. On the other
hand, the impact of high-speed rail is beneficial to the entire region around the node city
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for the existence of the spatial spill-over effect [34], which becomes even more significant
as the network gets more optimized. With the radiation effect of networked high-speed
rail, the markets centered in the core cities get extended and metropolises act as growth
polarities in China. It should be noted that this function of regional integration may not
show itself in the short term after the network comes into being because of the possible
“corridor effect” [42].

Based on the analyses above, the first hypothesis (H1) is put forward: high-speed rail
does promote regional economic growth.

3.2. Heterogeneity in the Economic Impact of High-Speed Rail

It has been widely acknowledged that the socio-economic impact of high-speed rail
varies in cities with different resources endowment, which is reflected by the geographical
location. The marginal influence of high-speed rail, a public facility, relies heavily upon
local infrastructure condition and policy environment [14]. Take industries as example. The
specialization or diversified trend of industrial structure, whether was driven by construc-
tion demands or redistribution of premium factors, depends largely on the government
policy, monetary support from finance institution and the scale of professionally trained
labor force. Yangtze River Delta Urban Agglomeration is typical in the efficient guidance
of policy. It is clear that the preferential policies in this region such as local protectionism
and environmental regulations can significantly promote regional equity and high-quality
development [43]. More developed city can provide more fertile soil for high-speed rail
that is, so to speak, the regional economic engine to fuel a new round of economic growth.

Therefore, we bring about the second hypothesis (H2): the positive effect of high-speed
rail on economic growth is more significant in cities that are more developed.

3.3. High-Speed Rail and Regional Equity

It is generally believed that high-speed rail would lead to the spatial redistribution of
accessibility, and then result in the change in the relative status of cities in the transportation
network [44]. At the beginning of the opening of high-speed rail, non-core cities that are
normally less developed tend to suffer from the loss of production factors due to the
agglomeration of a high-quality labor force and technology along rail lines in core cities,
which can lead to the trend of enlarging the regional economic gap [43]. However, we
argue that the distribution pattern of factors would have the tendency to be converted from
aggregation to diffusion due to the networked shape of high-speed rail. In consequence,
the negative influence of the siphonic effect in non-core cities gradually weakens.

We think the reasons for this phenomenon lie in the spatial reallocation of labor and
industries. In the mid-long term, since the construction of high-speed rail, technology-
intensive industries and knowledge-intensive industries will dominate in core cities while
labor-intensive and resource-intensive are forced to migrate to surrounding less-developed
areas for cheaper production factors [45]. At the same time, lower-skilled workers are
inclined to move into regions with lower living costs, non-core cities in other words, as the
promotion in location advantage makes it more expensive to live in core cities. Optimizing
the matching relationship of labor and industry in these underdeveloped cities is profitable
for local lower-end industries. Therefore, the coupling of human capital and job will appear
at both core and non-core cities over time, leading to a boost in income, consumption, and
investment, and a reduction in regional imbalance. The prominent role of high-speed rail
on facilitating urban specialization is expected to promote regional integration as well as
fuel the dynamic transition of China’s economic development into a multi-polar pattern.

Hence, the last hypothesis (H3) of our study is drawn that economic growth in different
cities tends to be more equalized in pace with the networked expansion of high-speed rail.

4. Measurement of High-Speed Rail

Social network analysis (SNA) is a quantitative analysis method based on mathematic
and graph theory, aiming at describing the structural properties of networks [46]. A series
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of formal models of SNA have been created since the last century to analyze the actors,
and relationships between them, under a particular social circumstance, and have been
applied on empirical studies in economics, geography, anthropology, psychology, business
organization, and other fields by plenty of social scientists. Social network is an umbrella
term covering a wide range of forms, in which nodes can stand for objects, events, people,
and even behaviors, as well as the social relationship between them. SNA can help us to
understand when, why, and how these nodes function intuitively and precisely [47]. How
we analyze the structural features of China’s high-speed rail by adopting SNA starts with
the networked abstraction of high-speed rail by regarding its cities and rail lines as nodes
and edges.

The overall “density” of a network and the relative “centrality” of nodes within a
network can be measured using the values of nodes and links based on graph theory [48].
To examine the structural characteristics of cities in the high-speed rail network, a centrality
measurement is appropriate to be employed to reflect the structural properties of nodes.
There are three most frequently used centrality indices in SNA, namely degree centrality,
betweenness centrality, and closeness centrality [49]. The first measure, based on the degree
of points, indicates the dominance of a node simply up to the number of other nodes
directly linking to it. Betweenness centrality possesses a more complex implication of
the potential to influence on the process we study on [50] (we may call this a potential
“hub level”). The last measurement in the name of closeness centrality is derived from
the distance between two nodes. After synthetically considering on the meaning and
calculation complexity, betweenness centrality (BC) is chosen to represent the level of the
high-speed rail network. According to Freeman (1977) and Brandes (2001), relative BC is
calculated in the following form [50,51]:

BCi =
2

N2 − 3N + 2

N

∑
o 6=i 6=d

ai
od

δod
(1)

where BCi represents the betweenness centrality of city i, N stands for the number of nodes
in the network, and δod is the amount of all the shortest paths from city o to city d, among
which there are ai

od paths passing city i. This is a standardized betweenness centrality to
ensure comparability between cities. The importance of a city, reflecting the city’s ability to
control or influence all other nodes in the network, is approximately in proportion to the
value of BC.

The timetable of high-speed rail lines is available on the 12306 China Railway Website
(12306.cn). In this paper, we classify the year every line belongs to by the time point when
it is put into use. If a line goes into service before June in one year, it ought to be regarded
as the line of the current year, otherwise it should belong to the next year. We divided
276 prefecture-level cities into three groups according to their BC by two segmentation
points of 1 and 10. Figure 1 and all the figures in the following context are produced with
Adobe XD. Figure 1 exhibits the spatial distribution of cities with different levels of BC,
as well as main lines in the “Four Vertical and Four Horizontal” high-speed rail network,
from which we can draw some meaningful conclusions. The most distinct phenomenon
we can observe from the picture is that the high-BC cities are arranged basically in a band
structure along eastern coastal areas and the Yellow River, corresponding to the location
of the Beijing–Shanghai High-Speed Railway and Xuzhou–Lanzhou High-Speed Railway,
two major arteries in the “Four Vertical and Four Horizontal” network. Node cities along
those lines are likely to have a comparative advantage in location, geographically and
economically, so that they can play a part as key hubs in the network.

12306.cn


Sustainability 2022, 14, 5937 6 of 20

Figure 1. The spatial distribution of betweenness centrality of cities and “Four Vertical and Four
Horizontal” high-speed rail network.

5. Methodology, Data, and Variables
5.1. Economic Modeling

For the purpose to examine the comprehensive effect of high-speed rail on economic
growth, we firstly use the panel data model as follows to carry out the empirical analysis.
Equation (2) is based on ordinary least square (OLS) estimator, which has been widely
applied to analysis on the economic impact of high-speed rail and other transportation
infrastructures [52–54]. Other factors which can also influence economic growth are con-
tained in the model as control variables, namely employment, finance, industrial structure,
innovation capacity, and urbanization.

gdpit = αHSRit + βXit + µi + δt + εit (2)

where gdpit is the annual gross domestic product of each prefecture-level city, which repre-
sents the economic level of the sample and is the explained variable in the empirical part
of this paper. HSRit indicates the core explanatory variable of this paper, representing the
level of high-speed rail development, and contains sub-variables at three levels: availability
of high-speed rail (hsr), number of high-speed rail lines (line), and betweenness centrality
of the high-speed rail network (bc). Xit reflects the set of control variables. α and β are the
estimated coefficients of the corresponding variables, which represent the marginal influ-
ence of every explanatory variable on explained variable. µi, δt, and εit are individual-fixed
effects, time-fixed effects, and random disturbance terms, respectively.

The effect of high-speed rail on economic growth varies with the distinction in de-
veloping level between regions. Therefore, the selection of a non-linear model can reflect
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this function more scientifically. In our study, a panel threshold model is developed to
investigate the jumping character of the impact of high-speed rail on economic growth [55],
from which the converging trend of this effect is additionally revealed. The single-threshold
model was developed by Hansen (1999), which is given by

gdpit = αXit I(qit ≤ γ) + βXit I(qit > γ) + µit (3)

where gdpit indicates gross domestic product, Xit represents all explanatory variables. qit
represents the threshold variable, which has been selected as per capita gross domestic
product in this paper and will be further explained in the next section. µit reflects the
residuals. γ is the threshold value and I(·) is the indicator function dividing the model into
two regimes, which is determined by the threshold variable qit. To be specific, when qit ≤ γ,
the I(qit ≤ γ) = 1 and I(qit > γ) = 0; when qit > γ, I(qit > γ) = 0 and I(qit ≤ γ) = 1.
α and β are the parameters to be estimated by OLS under the two regimes, respectively.
We firstly estimate whether there is threshold effect, that is the structural break in the
relationship between high-speed rail and economic growth [56]. If so, the correlation
between core variables in different threshold ranges, which is embodied by the significance
and value of α and β, is consequential to be observed and explained. The multiple threshold
model is set up in a similar way to do estimates and explore the heterogeneity of the
correlation between variables within different threshold ranges. For instance, the double
threshold model is given below:

gdpit = αXit I(qit ≤ γ1) + βXit I(qit > γ2) + θXit I(γ1 < qit ≤ γ2) + µit (4)

where the two thresholds are in the order of γ1 < γ2. α, β, and θ denote the marginal effect
of high-speed rail on economic growth in the low, high, and medium regimes of per capita
gross domestic product.

5.2. Data and Variables

The data adopted for the empirical analysis of this paper are the panel data of
276 prefecture-level cities in China from 2007 to 2018. The data on high-speed rail-related
variables are collated from the 12306 China Railway Website (12306.cn), and the data on
other economy-related variables are obtained from the China City Statistical Yearbook and
the official websites of the statistical bureaus of each prefecture-level city. As we stated
in Section 3, high-speed rail lines opened before June (including June) of the current year
are counted as new lines in this year, while those opened after June are counted as lines
opened in the next year. The following variables are considered in both equation:

(1). Explained variable: gross domestic product (gdp). gdp covers the achievements of all
productive activities in a region over a certain period, which can reflect the level of
regional economic growth most comprehensively and reasonably;

(2). Threshold variable: per capita gross domestic product (pgdp). pgdp, as a rela-
tive quantity compared to the absolute quantity of gdp, is more suitable for cross-
sectional comparisons between regions and can be adopted to measure the level of
regional development;

(3). Explanatory variables: the presence of high-speed rail (hsr), which is a dummy
variable of 0–1, the number of high-speed rail lines (line), and the betweenness
centrality (bc) of the cities in high-speed rail network;

(4). Control variables: It is of great necessity to control the impact of other possible factors
that are related to the explained variable gdp to guarantee the accuracy and reliability
of our estimation. According to previous studies we mentioned, five control variables
are considered as follows: Employed population (employ) in each prefecture-level city
is used to characterize the level of employment, and local financial revenue (gov_in)
is used to characterize the scale of government. The ratio of the added value of the
tertiary industry to the added value of the secondary industry is used to measure
the advanced level of industrial structure (structure), while the science expenditure
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(sci_ex) is used to measure the innovation capacity of the city. Finally, the population
urbanization rate (urban) is used to measure the level of urban–rural coordination.

The descriptive statistics of above variables are shown in Table 1.

Table 1. Descriptive statistics.

Variables Implication Obs Meaning Std.Dev Min Max

Explained
variable gdp Gross domestic product 3312 19,757,413 29,119,222 349,527 326,798,700

Threshold
variable pgdp Per capita gross domestic product 3312 45,956 115,099 3398 6,421,762

Explanatory
variable

hsr Presence of high-speed rail 3312 0.3231 0.4677 0 1
line Number of lines 3312 0.4535 0.7920 0 6
dc Betweenness centrality 3312 0.6472 1.6458 0 37.5

Control
variables

employ Employed population 3312 12.8433 0.9207 10.6478 16.1730
gov_in Local financial revenue 3312 14.3962 0.8928 10.1013 18.2405

structure
Added value of tertiary

industry/added value of
secondary industry

3312 0.8875 0.4642 0.0943 4.2655

sci_ex Science expenditure 3312 12.5504 1.1005 7.1156 16.0820
urban Urbanization rate 3312 0.2538 0.2952 0.0198 4.2555

6. Results
6.1. Baseline Regression

In this sub-section, the estimation result of Equation (2) is presented in Table 2, aiming
at gaining a preliminary insight into the economic effect of high-speed rail. Models (1), (2),
and (3) correspond to the results of the models with the presence of high-speed rail, the num-
ber of lines, and the betweenness centrality, respectively, as the core explanatory variables.

Table 2. Baseline regression results.

Variables (1) (2) (3)

hsr 0.0138 ***
(0.00199)

line 0.0293 ***
(0.00112)

bc 0.00177 ***
(0.000174)

employ 0.0205 *** 0.0145 *** 0.0201 ***
(0.00157) (0.00143) (0.00154)

gov_in 0.0135 *** 0.00717 *** 0.0147 ***
(0.00173) (0.00157) (0.00167)

structure 0.0184 *** 0.000315 0.0209 ***
(0.00315) (0.00291) (0.00302)

sci_ex 0.00104 0.000820 0.000515
(0.00112) (0.00102) (0.00111)

urban 0.00708 −0.00269 0.00564
(0.00750) (0.00684) (0.00744)

Observations 3312 3312 3312
R-squared 0.241 0.371 0.254

Number of id 276 276 276
Note: 1. Contents in brackets refer to P statistics; *** denotes significance under level of 1%. 2. The number
preceding the parentheses represents the estimated standardized coefficient; the number in parentheses represents
the standard error of the variable.
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In models (1)–(3), the coefficients of hsr, line, and bc are all significantly positive.
Specifically, the results of Model (1) indicate that the opening of high-speed rails can
obviously contribute to economic growth; Model (2) shows that the increase in the number
of lines based on the opening of high-speed rails can strongly contribute to the economic
growth of cities at the stations; and Model (3) illustrates that the increased hub position
and influence of cities in the high-speed rail network can also lead to economic growth.
These results reveal the fact that high-speed rail has a positive effect on economic growth
in principle, and thus Hypothesis 1 is initially certified. However, the difference in the
coefficients of hsr, line, and bc in the value of 0.0138, 0.0293, and 0.00177, respectively,
indicates the heterogeneity in the measure of high-speed rail development. The increase in
the number of lines has the most significant effect on economic growth, followed by the
presence or absence of the opening of high-speed rails. The overall pull-up effect of the
increase in the centrality of the network on economic growth is slightly weaker than the
first two. The possible reason behind this heterogeneity is that the radiation effect of the
high-speed rail network has led to a gradual change from a concentration to a spreading
pattern of production factors, while the pattern of economic growth has gradually changed
from pole growth to balanced regional growth. As a result, the growth benefit gained from
network development will gradually slow down. Moreover, the optimization of economic
structures between regions will substitute “rapid growth” as the new developing mode,
which is consistent with the current trend of high-quality economic development in China.

The regression results of the control variables prove that the scale of government, the
level of employment, and the advanced level of industrial structure can also positively
affect local economic growth. The financial budget of government can contribute to the
economy because it can, to a certain extent, directly drive the increase of gross domestic
product on the one hand, and indirectly meet the social demand for public goods and
services on the other hand to achieve positive externalities [57]. The level of the employed
population can directly contribute to the development of industries and the income levels
of residents and promote the increase of economic aggregates, while the improvement of
the industrial-advanced level can enhance labor productivity, which is the intrinsic demand
and impetus of economic growth [58]. It is also revealed that the optimizing of employment
and industry and the coupling of development between the two are an efficient way to
achieve high-quality economic growth.

6.2. Threshold Model

Based on the conclusions of the baseline regression, in this paper, the non-linear
characteristics of high-speed rail for economic growth are estimated with the threshold
model, and thereby an inference is made regarding whether the planning and construction
of high-speed rail can promote a more balanced regional economic structure. A double-
threshold panel model in the form of Equation (4) is adopted for this part of the analysis. For
the specific regression settings, the trimming proportion of each threshold is 0.05, and the
number of bootstrap replications is 300. With pgdp as the threshold variable, Tables 3 and 4
report the threshold estimators, the threshold effect, and the outputs of regression.
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Table 3. Test for threshold effects.

Model Explanatory Variable Type of Threshold F. Stat p-Value Threshold

(4) hsr

Single Threshold 397.10 *** 0.0000 Th1 87,153

Double Threshold 27.84 * 0.0733
Th2-1 87,153

Th2-2 76,653

(5) line

Single Threshold 520.62 *** 0.0000 Th1 87,153

Double Threshold 56.43 *** 0.0100
Th2-1 87,153

Th2-2 54,565

(6) bc

Single Threshold 193.52 *** 0.0000 Th1 87,153

Double Threshold 7.00 * 0.0967
Th2-1 87,153

Th2-2 44,029

Note: Contents in brackets refer to P statistics; *** and * denote significance under levels of 1% and 10%.

Table 4. Threshold estimates.

Explanatory Variable (4) (5) (6)

hsr

pgdp < 76,653 0.00487 **
(0.00193)

76,653 < pgdp < 87,153 0.0262 ***
(0.00434)

pgdp > 87,153 0.0662 ***
(0.00324)

line

pgdp < 54,565 0.00931 ***
(0.00156)

54,565 < pgdp < 87,153 0.0215 ***
(0.00136)

pgdp > 87,153 0.0475 ***
(0.00130)

bc

pgdp > 44,029 0.0001
(0.000255)

44,029 < pgdp < 87,153 0.00116 ***
(0.000241)

pgdp > 87,153 0.00480 ***
(0.000282)

employ 0.0180 ***
(0.00148)

0.0140 ***
(0.00132)

0.0206 ***
(0.00149)

gov_in 0.0118 ***
(0.00163)

0.00906 ***
(0.00145)

0.0147 ***
(0.00162)

structure 0.0134 ***
(0.00298)

−0.000758
(0.00268)

0.0188 ***
(0.00294)

sci_ex 0.000184
(0.00106)

−0.000748
(0.000947)

0.000123
(0.00108)

urban −0.000746
(0.00707)

−0.00788
(0.00631)

0.00238
(0.00723)

Observations 3312 3312 3312

R-squared 0.241 0.371 0.254

Number of id 276 276 276

Note: 1. Contents in brackets refer to P statistics; *** and ** denote significance under levels of 1% and 5%. 2. The
number preceding the parentheses represents the estimated standardized coefficient; the number in parentheses
represents the standard error of the variable.

The results in Table 3 indicate that there is a double threshold effect for the impact of
high-speed rail on economic growth considering three progressive levels of high-speed
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rail-related variables. In Model (4), the two thresholds for gdp per capita are 87,153 and
76,653: the coefficient of hsr is 0.00487 when the level of pgdp is less than CNY 76,653; when
pgdp is within a range of CNY 76,653–CNY 87,153, the coefficient of hsr increases to 0.0262
and becomes more significant. When pgdp is greater than 87,153, the estimated coefficient
of hsr continues to go up to 0.0662 and remains at a high level of significance. The results
of Model (5) demonstrate a similar trend when the number of high-speed rail lines is taken
as the core explanatory variable. As pgdp increases, the coefficient of line increases in the
three intervals divided by the thresholds of pgdp = 54,565 and pgdp = 87,153 to 0.00931,
0.0215, and 0.0475, and all are significant at the 0.01 level. In Model (6), the coefficient of bc
also enhances with elevated pgdp: when pgdp < 44,029, the regression coefficient of bc is
0.0001 and has a low significance level; when 44,029 < pgdp < 87,153, its coefficient rises
to 0.00116 and becomes significant; when pgdp>87,153, the coefficient of bc continues to
increase significantly to 0.0048. In addition, the direction and significance of the regression
results for the control variables are also accordant with the results of the baseline regression,
corroborating the robustness of the regression.

The implication of those three indices we adopted to measure the developing level
of high-speed rail is incremental, which can reflect the dynamic effect of the different
arranging dimensions of high-speed rail on the regional economy. By diving into the results
above, the following conclusions can be summarized to offer a valuable reference for future
rail planning:

(1). All three regressions significantly proved that the opening of the high-speed rail has
an obvious pull-up effect on the economic development of cities at diverse economic
levels embodied with pgdp. However, the higher the level of economic development
of the city, the more conspicuous this driving effect will be, suggesting that both
hypotheses 1 and 2 are convincing. Indeed, economic growth is driven by a wide
and complex set of factors that depend on the collective functioning of government,
industries, universities, financial institutions, and individuals. As a transport infras-
tructure, the role of high-speed rail is highly dependent on the original conditions
of the region. More developed cities definitely possess better infrastructures, more
open access to capital, and more superior policy support. Thus, the investment and
high level of labor resulting from the construction and operation of high-speed rail in
these areas will function better in the economic system and promote economic growth
consequently, which is accordant with the conclusions from existing studies [6,23];

(2). The second threshold in models (4)–(6) are all 87,153. As the high-speed rail system
evolves from opening to line establishment and networked coverage, the first thresh-
old keeps declining from 76,653 to 54,565 and 44,029, respectively. For convenience
in narrating, cities are divided by the two thresholds into three groups, from high to
low as the first, second, and third classes. An interesting implication of the results is
that more and more less-developed cities will move from the third class to the second
class when the emphasis transforms from the existence of station to number of lines
and status in network. Furthermore, the ability of these cities to gain profit from the
high-speed rail bonus will relatively improve with the optimization of the network.
In other words, the formation and improvement of the high-speed rail network will
be more helpful to less-developed regions. The negative effects of the siphon effect
will be gradually eliminated as the centrality of cities increases, which contributes to
regional integration;

(3). It is inspiring that the difference in the benefit from the economic effect of high-
speed rail between the classes is gradually decreasing from (4)–(6). In Model (4), the
coefficient for the second class of high-speed rail variables is 0.04 less than the first
class, and the third class is 0.0213 less than the second class. The two core coefficients
are 0.026 and 0.0122 in Model (5) and are reduced to 0.0036 and 0.0011 in Model
(6). As we can see, the opening and operation of high-speed rail, no matter how we
measure it, always widens the economic gap between cities of different developing
levels in the region. However, as the density of lines increases and the network
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becomes more compact, the difference in marginal growth between less-developed
and developed regions will gradually lessen. We must honestly admit the fact that
high-speed rail does temporarily intensify regional economic imbalance, but the
diminishing tendency of this adverse effect as the network advances needs to be made
aware of as well. Kim (2015) held a similar view point that regional inequality would
decline in general in the later stages of high-speed rail extension [28]. In the long
term, the negative influence of the siphon effect and corridor effect will no longer
exist hopefully, and Hypothesis 3 will be proved.

Conclusions (2) and (3) both suggest that the trend towards regional economic po-
larization due to factor agglomeration caused by high-speed rail will diminish as the
networked pattern comes into being. This is mainly because the radiating effect of the
network has strengthened the connection between cities and the economic activities are
no longer mainly confined within cities and provinces but have expanded to a broader
range of urban agglomerations. The flow of factors within such urban agglomerations
often relies on high-speed rail networks, leading to the constant transfer and takeover of
industries between core and non-core cities [59], as well as a redistribution of labor. Based
on the comparative advantage of every city, an urban agglomeration structure with a spe-
cialization of labor, regional integration in other words, gradually becomes the dominating
developing trend.

6.3. Further Analysis

In the background of the “Eight Vertical and Eight Horizontal” high-speed rail net-
work, the characteristics of the high-speed railway network should be explored further.
Therefore, this section will analyze the regression results in Model (6) by dividing the
276 prefecture-level cities into three groups according to two thresholds of pgdp, mapping
the dynamic evolution of the spatial distribution of the three groups of cities during the
period 2007–2018.

In Model (6), the two thresholds are pgdp = 44,029 and pgdp = 87,153. When the per
capita gross domestic product of a city is less than CNY 44,029, the high-speed rail network
has a less significant effect on the economic growth of the city; when the per capita gross
domestic product is within the range between the two thresholds, the development of the
high-speed rail network will generally have a pull-up effect on the economy of these cities;
and when the per capita gross domestic product is greater than CNY 87,153, the network
of high-speed rails will significantly boost the economic growth of cities. The year 2011
saw the opening of the Beijing–Shanghai High-Speed rail, which runs through important
economic zones, such as the Beijing–Tianjin–Hebei Urban Agglomeration, the Shandong
Peninsula, and the Yangtze River Delta, and has become an important north–south trunk
line that is most capable of improving the accessibility of the regions along its route in the
“Four Vertical and Four Horizontal” network (Jiang Bo et al., 2016). Its opening marked the
beginning of the formation of China’s high-speed rail network to a certain extent. Therefore,
in addition to the two sample starting years of 2007 and 2018, we also mapped the spatial
distribution status of cities in 2011 for a comparative analysis (Figure 2). The lightest area
is for cities with a per capita gross domestic product of less than CNY 44,029, the darkest
area is for cities with a per capita gross domestic product of more than CNY 87,153, and
the cities with an intermediate color have a per capita gross domestic product between the
two thresholds.
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Figure 2. Spatial distribution of threshold groupings of 276 prefecture-level cities in China in 2007,
2011, and 2018 (from left).

As can be seen in Figure 2, from the beginning of the construction of the high-speed
rail to the basic formation of the “Four Vertical and Four Horizontal” network, a nationwide
circle-like structure centered on the economic growth poles of node cities (i.e., cities with
pgdp > 87,153) has gradually emerged. Taking the Yangtze River Delta and its surround-
ing areas as an example, the region has formed such structures centered on the cities of
Shanghai, Nanjing in Jiangsu, and Hangzhou in Zhejiang in 2018, as shown in Figure 3.
Five developed cities adjacent to Shanghai including Nanjing, Suzhou, Hangzhou, Ningbo,
and Wuxi form the inner-core of the circle, which are the first beneficiaries of the high-speed
rail network. Cities on the periphery of the inner-core such as Jinhua, Taizhou, Xuancheng,
and Yancheng compose the second circle, enjoying the spill-over bonus of high-quality
factors brought by the axial overflow along the high-speed rail from the central growth
pole; the outermost cities such as Chuzhou, Anqing, and Lu’an are far from the central
growth poles and are relatively backward in economic development, hence the economic
externalities brought about by the high-speed rail network are not significant. Besides, most
of the outermost cities are not part of Integrated Demonstration Zone of the Yangtze River
Delta and cannot enjoy the government’s supportive policies on industries, infrastructures,
ecological environment, and public services in the region, which reflects the essentiality
of governance for the role of high-speed rail. This circle structure further supports the
radiating effect of the economic effect of the high-speed rail network.

In 2007, prefecture-level cities across China were generally at a low level of devel-
opment. The economic impact of high-speed rail on most cities was not significant, with
only the Yangtze River Delta, Beijing–Tianjin–Hebei, and the Pearl River Delta regions
being able to gain profit from it, showing a monocentric growth pattern overall. With more
lines constructed and the high-speed rail network gradually get denser, high-speed rail
urban agglomerations with cities in the first class as the central circle gradually appear
nationwide, and the economic spill-over effect due to the networked radiation becomes
more and more obvious. This developing pattern has already shown up after the opening of
the Beijing–Shanghai high-speed rail in 2011. When the “Four Vertical and Four Horizontal”
network was completed by 2018, a polycentric circle development pattern can be consid-
ered to have formed. As can be seen from the Figure 4, nine city agglomerations, including
the Harbin–Changchun Urban Agglomeration, the Mid-Southern Liaoning Urban Agglom-
eration, the Beijing–Tianjin–Hebei Urban Agglomeration, the Shandong Peninsula Urban
Agglomeration, the Hohhot–Baotou–Ordos–Yulin Urban Agglomeration, the Yangtze River
Delta Urban Agglomeration, the West Coast Urban Agglomeration, the Pearl River Delta
Urban Agglomeration, and the Changsha–Zhuzhou–Xiangtan Urban Agglomeration have
already owned the circle-like features as high-speed rail urban agglomerations that are
capable of acting as growth poles in the high-speed rail network to realize the radiation of
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high-quality factors and promisingly drive the economic growth of surrounding areas to
achieve regional integration.

Figure 3. Spatial distribution of threshold groupings in Yangtze River Delta, 2018.

6.4. Robustness Test

To validate the reliability of the above regression results, this paper adopts two meth-
ods for robustness testing: (1) Due to the high level of economic development of the
municipalities directly under the Central Government, those municipalities are excluded
from the sample of empirical study; (2) considering the time lag of the effect of high-speed
rail, the explanatory variables hsr, line, and bc are treated as one-period lags. The above two
methods are adopted to observe whether the regression results after treatment are consistent
with the previous section. Tables 5 and 6 show the results of Equation (4) after excluding the
municipalities directly under the Central Government and the core explanatory variables
lagged by one period, respectively. The coefficients of the core explanatory variables remain
significantly positive after the treatment and tend to rise with the increase in per capita
gross domestic product. Although the betweenness centrality in models (9) and (10) only
has a single threshold effect, the difference between the coefficients still decreases gradually
with the start of high-speed rail to the formation of the network: the overall trend of the
results of this part of the test is consistent with the previous section, which can prove that
the empirical results of this paper are reliable.
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Figure 4. Nine typical high-speed rail urban agglomerations in China.

Table 5. Threshold estimates without municipalities.

Explanatory
Variable (7) (8) (9)

hsr
(Double Threshold)

pgdp < 75,563 0.00670 ***
(0.00154)

75,563 < pgdp < 84,979 0.0256 ***
(0.00345)

pgdp > 84,979 0.0549 ***
(0.00255)

line
(Double Threshold)

pgdp < 53,452 0.00849 ***
(0.00125)

53,452 < pgdp < 84,979 0.0180 ***
(0.00113)

pgdp > 84,979 0.0391 ***
(0.00108)
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Table 5. Cont.

Explanatory
Variable (7) (8) (9)

bc
(Single Threshold)

pgdp < 75,563 0.000539 ***
(0.000156)

pgdp > 75,563 0.00387 ***
(0.000212)

Observations 3264 3264 3264

R-squared 0.369 0.492 0.344

Number of id 272 272 272

Note: 1. Contents in brackets refer to P statistics; *** denotes significance under level of 1%. 2. The number
preceding the parentheses represents the estimated standardized coefficient; the number in parentheses represents
the standard error of the variable.

Table 6. Threshold estimates after lag treatment.

Explanatory
Variable (10) (11) (12)

hsr_1
(Double Threshold)

pgdp <76,778 −0.000951
(0.00204)

76,778< pgdp <86,832 0.0170 ***
(0.00437)

pgdp>86,832 0.0461 ***
(0.00323)

line_1
(Double Threshold)

pgdp < 76,778 0.00541 ***
(0.00151)

76,778 < pgdp < 84,979 0.0188 ***
(0.00224)

pgdp>84,979 0.0376 ***
(0.00148)

bc_1
(Single Threshold)

pgdp > 75,563 0.000419 **
(0.000203)

pgdp > 75,563 0.00458 ***
(0.000293)

Observations 3036 3036 3036

R-squared 0.323 0.436 0.317

Number of id 276 276 276

Note: 1. Contents in brackets refer to P statistics; *** and ** denote significance under levels of 1% and 5%. 2. The
number preceding the parentheses represents the estimated standardized coefficient; the number in parentheses
represents the standard error of the variable.

7. Discussion and Conclusions

Should China continue the construction of high-speed rail? If so, how should the
high-speed rail network be arranged? These questions have been under controversial
debates for the conflict between the financial return and social benefits of high-speed rail.
Our study significantly provides a reasonable answer from the perspective of economy
and geography. Based on annual panel data of 276 prefecture-level cities in China from
2007 to 2018, this paper combines social network analysis and panel threshold models to
analyze the effects of high-speed rail on economic growth at three dynamic levels, including
the presence of high-speed rail, the number of high-speed rail lines, and the centrality
of the cities in high-speed rail network. We have successfully confirmed the function of
the high-speed rail as the catalyzer of economic growth but also the implication of its
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role to narrow the marginal gap between regions. In combination with cartography, nine
“high-speed rail urban agglomerations” are originally recognized and put forward, in
which the developing pattern is dominated by hub cities. This kind of agglomeration can
take maximizing advantage of the radiation effect of the high-speed rail network to avoid
the negative influence of the corridor effect and approach regional equity.

Three implications could be drawn from the empirical and mapping analysis. First,
the opening of high-speed rail, the arranging in rail lines, and the improvement in network
centrality can both boost a city’s economic growth, while the economic effect from increased
network centrality is weaker than the first two. This is mainly because the radiation
effect of the high-speed rail network will promote the diffusion of factors rather than the
agglomeration, for which the structural equilibrium pattern of economic growth tends to
dominate. It is worth noticing that the higher the development level of a city, the more
significant the effect of high-speed rail on its economic growth. Therefore, it is necessary
to make full use of investment and subsidies to rationalize the planning of high-speed
rail, in which a precise rational economic plan is needed [60]. Meanwhile, government
should adopt appropriate employment guidance policies and talent incentive policies in
less-developed areas and support small and micro-enterprises more to restrain the negative
impact of losing high-quality factors in non-core cities.

In addition, the formation and improvement of the high-speed rail network can narrow
the marginal gap of economic growth between different cities. In other words, although
high-speed rail is still widening the gap between cities with diverse developing levels, the
effect of high-speed rail networks in core and non-core cities has shown a convergence
trend. By 2018, China has formed nine representative circle-like monocenter high-speed
rail urban agglomerations. Such urban agglomerations have a diminishing capacity to
obtain bonuses from the high-speed rail network from the core circle to the outskirts,
reflecting the ability of resource sharing based on the connection of high-speed rail in
a region. Thus, taking advantage of high-speed rail to create high-speed rail economic
urban agglomerations and promote regional development is a reasonable way to realize
economic convergence. Moreover, government should actively release policies to cultivate
and graft new industries while retaining the original distinctive industries with compara-
tive advantages to encourage the specialized division of labor within the high-speed rail
urban agglomerations.

Finally, optimizing the spatial distribution pattern of hubs in the high-speed rail
network is a pivotal procedure to drive regional growth with the agglomeration effect of
high-speed rail and the radiation effect of the network. Currently, China’s high-speed rail
city agglomerations and hub cities are mainly concentrated in the eastern region and the
Yangtze River basin in the central region, while provinces such as Shanxi, Shaanxi, Gansu,
and Ningxia in the middle and upper reaches of the Yellow River and Yunnan, Guizhou,
and Sichuan in the southwest are more lacking. Consequently, future network planning
should pay attention to increasing network density and foster high-speed rail hubs in these
weak areas, thereby promoting regional economic growth and regional integration. Regions
with relatively high levels of economy but low levels of centrality, such as Hunan Province
and Sichuan Province, are faced with promising opportunities in high-speed rail planning.
Those regions are in need of a higher density of high-speed rail networks and especially hub
cities to act as growth poles to activate regional economic development. Thus, forthcoming
studies should consider applying topology to analyze the network structure of high-speed
rail and taking concepts such as structural holes and clustering coefficients into account
to investigate weaknesses in the overall network, which would make it more precise to
conduct the targeted arrangement of rail construction in the future.
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