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ARTICLE INFO ABSTRACT
Keywords: With the development of high-speed rail, the spatiotemporal distance among regions has been
High-speed rail shortened. However, the research on the spatiotemporal distribution and correlation of resident

Spatio-temporal distribution
Resident population
Industrial structure

population and industrial structure caused by the opening of high-speed railway is relatively few.
This study is aimed to explore the impact of high-speed rail on resident population and industrial
structure, as well as the spatiotemporal agglomeration and evolution trend. The spatial-temporal
distribution of the resident population, industrial structure, and the influence of high-speed rail
was studied using panel data from 31 Chinese provinces from 2006 to 2018 using spatial auto-
correlation analysis, standard deviation ellipse method, and DID model. The experimental results
indicate that: (1) The resident population shows a significant positive spatial autocorrelation,
while the industrial structure is vice versa. (2) The resident population and industrial structure
are primarily centralized in the eastern and central areas, showing a “northeast-southwest” spatial
distribution pattern. (3) High-speed rail and the resident population are negatively correlated,
and there is heterogeneity. Although there is an association between high-speed rail and indus-
trial structure that is positive, there is also a clear regional variability. This study contributes to
providing the corresponding theoretical support and basis for the high-speed rail line planning in
different regions and the relevant departments to formulate effective economic policies.

1. Introduction

Transportation infrastructure, as an important carrier for the spatial flow of labor, resources, and other production elements [1],
plays a critical role in fostering local economic growth. The construction of transportation infrastructure not only changes the dis-
tribution and agglomeration pattern of the regional labor force but also affects the development of different industrial structures
(hereafter IS) such as land value and real estate market. Transportation promotes the development of agglomeration economies in
different regions [2]. China’s urbanization level has continuously improved over the past few years, and impressive progress has been
made in both new urbanization and rural-urban integration. China had a 914.25 million urban resident population (hereinafter RP) at
the end of 2021, with a rate of urbanization of 64.72 %. China’s industrial structure is also constantly optimizing and upgrading.
According to relevant data, in 2021, 53.3 % of China’s GDP consists of the added value of the tertiary industry and 39.4 % of the added
value of the secondary industry. High-speed rail (hereafter HSR) is a modern kind of transportation facility that has altered the
traditional concept of time and space and reduced production and transaction costs with the characteristics of convenience, efficiency,
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and punctuality. The way of regional economic growth in China is significantly affected by this [3,4]. Under the influence of the
agglomeration effect and siphon effect, the impact of the opening of HSR on RP and IS has a certain spatial and temporal heterogeneity
in different regions. The Outline of China’s 14th Five-Year Plan has cut forward relevant policies such as accelerating the development
of a potent transportation nation and essentially speeding up the “eight vertical and eight horizontal” HSR. China’s operational railway
network had a total length of 150,700 km as of the end of 2021, with HSRs accounting for more than 40,000 km, or more than
two-thirds of the global total. Based on China’s mid-long-term railway network plan, the long-term railway network is expected to be
about 200,000 km by 2030, with around 45,000 km of HSR. The development of the HSR network promotes the flow of inter-city
socio-economic activities and resource elements [2], which has an important impact on population flow and the upgrading of IS. It
is of great guiding significance to grasp and explore the effect of the opening of HSR on RP and IS and the aggregation in time and space
to promote the balanced development of the regional economy.

Along with the ongoing development and extension of HSR, which not only improve the overall transport capacity of the main line
but also improved the accessibility of regional transportation, promote element flow and concentration by compression of time and
space, greatly influenced the urban labor and service markets, as well as space structure, IS, inject new vitality for economic growth.
However, as the regional economy continues to grow, a series of urban development problems also arise, such as the relatively low
level of urbanization, the uncoordinated growth of the urban RP [5], the unreasonable IS and the low level of comprehensive
transportation infrastructure. According to the National New Urbanization Plan (2014-2020), the urban agglomeration’s ability to
gather economy and population should be enhanced, coordinated regional development should be promoted, and the supporting role
of comprehensive transport networks should be strengthened. It’s important to coordinate the growth of the industrial economy while
also absorbing the new urban RP, regulating population size, realizing the positive interaction between IS and population structure,
fostering regional economic integration, and accelerating the urbanization process. Therefore, how will the HSR’s construction and
operation impact urban RP and IS? The impact of the HSR’s opening on the RP and IS in different regions is spatial heterogeneity is of
key significance for promoting the growth of urbanization. For logical HSR construction planning, IS optimization, and urbanization
promotion, a thorough and profound understanding of the interaction between the construction of HSR and urban RP and IS is crucial.

This paper includes the following parts. Section 2 reviews the literature on HSR and urban economic development. Section 3 in-
troduces the experimental data and models (including the spatial autocorrelation model, standard deviation ellipse model, and PSM-
DID model). Making the empirical analysis is section 4. The main findings and policy recommendations are presented in section 5 as a
conclusion.

2. Literature review

HSR is a transport mode that can quickly cross regions, shorten distances in both space and time, and vastly enhance the acces-
sibility and connection of regional cities [6]. The rapid expansion of the HSR network in China has a significant impact on the spatial
structure of urban agglomerations, regional integration, economic and social development, and other sides [7,8]. Researchers have
investigated the effects of HSR opening on the degree of economic growth, regional spatial pattern, and industrial aggregation using a
variety of study approaches based on different research perspectives.

2.1. Effect of HSR on the degree of economic development

Scholars continue to differ on the research of HSR on local economic growth as a result of the various research objects and research
methods. Both the impacts of HSR on balanced regional economic growth and the impacts of HSR on unbalanced regional economic
growth are covered in the current study on the impacts of HSR on regional economic growth.

Most academic studies show that the development of HSR not only improves regional traffic conditions but also optimizes the
allocation efficiency of labor, capital, and natural resources between regions, which is strongly tied to economic growth, population
flow, and tourism [9,10]. Using the DID model, Fang et al. (2016) analyzed how the opening of HSR will impact regional economic
growth and discovered that it may greatly accelerate per-capita GDP growth and support the economic expansion of the Yangtze River
Delta urban agglomeration [11]. Jiang et al. (2017) studied China’s 2012 input-output table and found that every 100 million yuan
investment in HSR construction boosted total output by 372 million yuan, GDP increased by 121 million yuan and created 1084 jobs,
which could inject strong impetus to the national economy in a short period. In addition, the operation of HSR has largely facilitated
the development of the residential property market in cities along the route [12]. Liu et al. (2018) discovered that the opening of HSR
has a considerable beneficial effect on house prices in the cities along the route, and these increases are greater in the cities that are
located in the center of the urban economic groups [13].

Against the background of China’s economic slowdown, Wang and Nian (2014) questioned whether the HSR had driven regional
economic growth, and believed that the operation of the HSR could not drive local economic growth in a short period [14]. Some
scholars have found that the impacts of HSR on local economic development vary, revealing the phenomena of imbalanced devel-
opment during the construction of HSR networks [15,16]. HSR widens the gap between regions by quickening the differentiation and
movement of elements. In particular, western and northeast regions with relatively poor economic foundations are likely to be
marginalized, and prefectures close to regional central cities will be more negatively affected [17,18]. In addition, some scholars point
out that the construction and opening of HSR and other infrastructure may cause central cities to over-absorb mobile factors from
medium and small cities, which will have an adverse spillover influence on the economy of medium and small cities. From the
perspective of how HSR affects the population, Lin et al. (2015) conducted a talent attraction test on the station cities on the
Wuhan-Guangzhou HSR and found that the non-station cities had weak talent attraction and the possibility of brain drain [19].
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Similarly, Huang and Han (2021) believed that HSR would have a siphon effect on the population of medium-sized cities and enhance
the population adsorption capacity of megacities [20]. Zhang and Chen (2022) confirmed the existence of agglomeration shadow and
found that after the operation of HSR, the per capita GDP of the county decreased by 2.6 %, but considering the change of RP, this
negative effect may be weakened [21].

2.2. Effect of HSR on regional spatial pattern

As the product attributes of HSR itself have obvious spatiotemporal compression characteristics, mainly reflected in improving
regional urban accessibility and connectivity, breaking the original regional spatial pattern. Scholars often use spatial models to
examine how HSR affects urbanization. It mainly includes the mixed spatial correlation logit model [22,23], spatial random utility
model [24,25], generalized spatial correlation logit model [26], dynamic spatial multinomial probability model [27], and p-space
model [28,29]. In addition, common econometric models in the existing literature include the social network analysis method [30,31],
coefficient analysis [32], integrated evaluation method [33], and different-in-different model [34,35].

The construction and growth of the regional spatial framework depend greatly on HSR [36]. Dong proposed that the construction
and operation of HSR will create opportunities for economic development in the station cities, such as Japan’s Urasa-town and France’s
Lille, which have both become a new generation of important cities with the rapid development of characteristic industries. In
addition, it can somewhat lower production costs for businesses in towns along the route, change the original industrial agglomer-
ation’s spatial structure, and eventually create a new growth pole [9]. The HSR network also connects the center metropolis with
nearby satellite cities, promoting the formation of metropolitan areas [13]. In the discussion of the effect of HSR on the evolution of the
megalopolis structure in the Yangtze River Delta, Wang et al. (2019) found that following the HSR’s opening, 75 % of the urban areas
linked to the HSR network began to shift toward HSR stations [35]. The HSR project contributes to increasing the density of spatial
connectivity inside the urban agglomeration and stabilizing its spatial framework, according to Zhang et al. (2020), who used the
Beijing-Tianjin-Hebei urban agglomeration as their research subject [37].

However, some scholars have found that the extension of HSR lines may lead to the polarization of economic spatial distribution,
and economic resources are concentrated in hub cities. Cities with HSR stations will benefit more from the significant improvement in
accessibility, while cities without HSR will have an “island effect”. Monzdn et al. (2013) proposed the influence of HSR expansion on
efficiency and spatial equity [38], and Xu and Song (2019) believed that the opening and operation of the HSR somewhat weakened
the economic linkages between cities of the same level [39].

2.3. Influence mechanism of HSR on urban population-industry

The RP and IS are the micro-expression subjects of socio-economic activities. During the urbanization process, the agglomeration
and diffusion degree of population and industry will directly affect the urbanization level [40,41]. On the one hand, the construction
and operation of HSR produce a spatial-temporal compression effect, enhance the effectiveness of labor and other resource allocation
among regions, and encourage population mobility between areas. The high-frequency migration of the population will inevitably lead
to the change of urban RP, and the human capital agglomeration it brings about helps raise the degree of urbanization [42]. On the
other hand, the continuous improvement of the HSR network enhances the independent research and development ability of the HSR
industry and accordingly drives the steel, locomotive manufacturing, and other related industries, which is conducive to the growth of
the tertiary industry and the secondary industry At the same time, it provides opportunities for the transformation of traditional in-
dustries to emerging industries along the route and promotes the expansion of industrial scale and optimization of IS to support the
urbanization’s qualitative development [41]. Therefore, under the background of vigorously developing HSR network construction, an
extensive investigation of the influence of HSR on the RP and IS has certain guiding significance for rational planning of HSR con-
struction, adjusting the economic structure, and supporting the high-quality development of urbanization.

Previous literature has focused on the impact of HSR on the level of regional economic development and spatial patterns. Although
previous studies have achieved good research results, there are still a series of problems that need to be further solved and thought
about. However, relatively few studies have analyzed the spatial aggregation and correlation of the opening of HSR on RP and IS under
the spatiotemporal dimension. HSR construction from line to network, forming a criss-cross HSR network, urban development is
impacted by both the construction of an HSR line and additional HSR lines that travel through the region If only a certain HSR line is
used as the research object, the conclusion may be biased. Firstly, we quantitatively study the agglomeration and diffusion degree of RP
and IS in different regions using spatial autocorrelation analysis and standard deviation ellipse method, and visualize the spatial
agglomeration form and evolution distribution of population and IS before and after the opening of HSR. Secondly, the PSM-DID model
was utilized to verify the influence of HSR construction on RP and IS, and to investigate the spatial heterogeneity of the influence from
the holistic and local aspects. According to the results, on the one hand, the relevant theories of HSR on urban economic development
factors are enriched. On the other hand, relevant departments can make corresponding decisions on the overall construction of the HSR
network, rationally plan the spatial layout of HSR lines, and provide theoretical support for the sustainable development of the
regional economy.
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Fig. 1. The spatial distribution of railway, RP, and IS.
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3. Data and methodology
3.1. Study field

By May 2018, HSR lines had been operational in 28 provincial capitals, over 180 prefecture-level cities, and more than 370 county-
level cities. Taking into account various types of stations, there were more than 700 HSR stations nationwide, basically covering major
population centers. According to Fig. 1, the research area of this paper covers 31 Chinese provinces, which excludes Hong Kong and
Macao.

Fig. 1 (a) shows the railway distribution in China. We can see that the railway distribution in China is relatively perfect, but the HSR
in China is relatively lacking. Fig. 1 (b) shows the distribution of the RP in different Chinese provinces at the close of 2018. The number
of RP in eastern and central China is larger than elsewhere. At the end of 2018, the distribution of IS in different Chinese provinces is
depicted in Fig. 1(c). The IS is measured in this study using the ratio of the tertiary industry’s value to the secondary industry’s value. It
can be seen that the IS in various provinces presents an obvious regional imbalance.

3.2. Data source and variable determination

In this study, annual data from 2006 to 2018 for 31 Chinese provinces and cities are used as study samples. The regional economic
indicator data, traffic data, RP, and IS indicator data are all from the EPS data platform, and the time when cities open HSR is obtained
by consulting network news and sorting out. Table 1 describes each variable.

3.3. Methodology
3.3.1. Spatial autocorrelation model
1. Model of global spatial autocorrelation

The basic principle of spatial autocorrelation is the correlation between different locations in geographic space. The most used
spatial autocorrelation index is Moran’s I, which can determine the spatial correlation within a certain range. This method can
effectively understand the similarities and differences between different locations, to better explain the spatial heterogeneity of the
impact of the HSR opening on the RP and IS in different regions from the spatial dimension. The spatial correlation and degree of
aggregation of the RP and the IS before and after the opening of the HSR are analyzed using Moran's I. The specific calculation is shown
in formula (1):

M:
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Here, the number of study areas is n, that is, the total number of provinces (n = 31); P;, P; are the value of RP of provinces i and j (i =
1,2,...,31,i# j). wy is the distance weight between provinces i and j, and P is the mean RP value. If 0 < I” < 1, it will indicate that the
regions’ RP are positively correlated; if — 1 < I’ < 0, it will indicate a negative correlation; if I’ = 0, it will indicate there is no spatial
correlation. Similarly, the Moran’s I index of IS is calculated as formula (2).

Table 1
Variable description of DID model.
Variable  Indicator Indicator Description Unit
HSR High-speed rail If there is HSR, it is 1; otherwise, it is O /
GRP Gross regional production Sum of the added value of all industries 100 million yuan
TAX tax revenue Value of tax revenue by province ten thousand yuan
DI Disposable income Discretionary income yuan
RSCG Total retail sales of consumer goods The total retail sales of consumer goods by province 100 million yuan
RPV Railway passenger traffic volume The number of passengers transported in a given period of time 10 thousand
people
RED Total number of real estate development Number of businesses engaged in real estate development in each number
enterprises province
RP Total population at year-end Resident population 10 thousand
people
IS Industrial structure Tertiary industry output value/secondary industry output value /
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in which the value of IS of provinces i and j (i=1,2,...,31,i#j) are §;,S;, severally. S is the average value of IS.
The Moran’s I index is standardized, to examine the significance of spatial autocorrelation between various regions, and formula (3)
is as follows:
I1—-E(I” I-E(P
ZP — ( ) , ZS — ( ) (3)

E[(7)’] - E(17)° E[(5)’] - E(r5)?

Among them, E(I”) and E(I°) are the theoretical expectations of I’ and I, respectively. If Z > 0, then there means positive spatial
correlation. And the spatial association is more pronounced the higher the value. If Z < 0 represents a negative spatial correlation, and
the smaller its value, the greater the spatial difference, otherwise, Z = 0 denotes that the value is spatially stochastic.

3.4. Model of local spatial autocorrelation

Local spatial autocorrelation analysis can effectively detect spatial differences caused by spatial correlation and make up for the
deficiency of global spatial autocorrelation. Local spatial autocorrelation is a regional component of global spatial autocorrelation,
which examines the degree of spatial clustering of similar attribute values in a certain area. To better understand the spatial aggre-
gation state of RP and IS in different regions before and after the opening of HSR, we used the local autocorrelation model to measure
the spatial aggregation degree of RP and IS. The distribution of the high and low values of the RP and IS in each province before and
after the operation of the HSR is determined by computing the Getis-Ord Gi* index. The calculation is shown in formula (4).

> wiP; 2wy
G" == ¢ == @
2P S
i=1 i=1
Similarly, the G* l and GS: indices are standardized to obtain the statistics Z°(i)" and Z5(i)" as shown in formula (5):
. G —E[G"] _ .. G —E[GS
Zp(i) — i [ t} , Zs(i) — i [ 1} (5)
VAR[GF]] VAR[GS, ]

when the value of Z°(i)” and Z5(i)" is positive and meaningful, shows that there is a high-value spatial agglomeration of RP and IS

around region i are the expectation and variance of G;, respectively. When the value of Z° (i) and Z5(i)" is significant and negative,
shows that there is a low-value spatial agglomeration of RP and IS around region i.

3.4.1. Method of pattern evolution analysis

The distribution trend and direction of a set of data are revealed by the standard deviational ellipse approach. The steps mainly
include: determining the center of the circle, determining the orientation of the ellipse, and determining the length of the XY axis [43].
The standard deviation ellipse model is a common GIS tool. In this paper, the model describes the spatial distribution characteristics of
RP and IS variables and summarizes the spatial dispersion and direction of the two elements. Using this method, we study the effects of
the opening of HSR on the spatial evolution trend of RP and IS, and understand the heterogeneity of the effects of HSR on RP and IS.
The standard ellipse is calculated as follows:

Step 1. Determine the circle’s center. The arithmetic mean center is directly used to calculate the center of the ellipse. formula (6) is
as follows:

O]

where, x;,y; are each element’s spatial location coordinates, X, Y are the arithmetic average center, and k is the number of elements at
all points.

Step 2. Determine the orientation of the ellipse. Assuming that the X axis serves as the standard, due north (i.e., the direction
indicated by 12 o’clock) is 0°, clockwise rotation, formula (7) of computation is shown below:
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Step 3. Determine the XY axis’ length. The following is the calculating formula (8):

k k
3 (% cos 6 — ¥ sin 6)° S (&; sin 0 + ¥, cos 6)°

_ =1 _ i=1
a=v2 X =2 3 (8)

Data distribution direction is indicated by the ellipse’s long half-axis, while its range is shown by its short half-axis. The direction of
the data is clear the bigger the disparity between the values of major axis and minor axis, or the higher flatness. In contrast, when the
values of major axis and minor axis go closer, the directionality decreases. If the two halves are the same, it’s a circle, and a circle
means it doesn’t have any directional characteristics. The range of data distribution is shown by the short half axis. The centripetal
force is more pronounced the shorter the short half axis is. Conversely, the short half axis is longer, the data will be more discrete.
Likewise, the data without any distributional characteristics if the short and long axes are identical. The central position of the data is
represented by the central point. Generally speaking, the position of the central point is roughly the same as that of the arithmetic mean
as long as the fluctuation of the data is not particularly significant. One standard deviation ellipse surface, which includes the point
element set comprising 68 %, is chosen as the output size [44].

3.4.2. PSM-DID model

The DID model (difference-in-differences) is also known as the difference-in-difference model or the multiple difference model.
This model was first introduced into mathematical research of economics by Ashenfelter in 1978 [45]. The DID model can avoid the
data endogeneity problem to a large extent, and then it is extensively used in various fields to quantitatively evaluate the effect of
policy implementation [ [11,13,46-49]].

This research views the operation of the HSR as a “natural experiment” and uses the DID method to compare regional economic
development before and after the operation of HSR to more accurately assess the influence of HSR on regional economic development.
Based on the time nodes of the operation of HSR in various Chinese provinces and the data computation findings in this article, we
eventually choose whether the operation of HSR in 2010 to define the samples of HSR cities and non-HSR cities. Among them, the
samples of HSR opened in 2010 account for 69.23 % of the total samples. We divided the cities into two groups: those with HSR from
2006 to 2010 and those without HSR from 2011 to 2018.

Step 4. Establish DID Model.
The following is how the DID model of the HSR’s level of influence on RP is built:

Y5 =Py + PLHSR + foXi + i + 7, + €4 9

Y? is the dependent variable, representing the total population at year-end (RP), where i is the city, t is the year. The dummy variable
HSR;; represents whether the province i has HSR in the t year, that is, the HSR = 1 of the year with HSR and the city, and the HSR = 0 of
the year without HSR. Gross regional product, disposable income, tax revenue, total retail sales of social consumer goods, railway
passenger volume, the total number of real estate development enterprises, and so on are all examples of the control variables that
make up the term Xj.. Furthermore, y; is the individual fixed effect controlling urban heterogeneity, y, is the time fixed effect con-
trolling temporal trend, and ¢; is the coefficient vector.

Similarly, the DID model of HSR’s impact on IS has the following structure:

Y§=Ppy + BHSRy + foXi + 1 + v, + € (10)

Here, Y5 is the dependent variable, and represents the IS. IS is calculated using the value-added ratio of the secondary and tertiary
industries [34].

Step 5. Establish the PSM-DID model.

PSM-DID is a statistical evaluation method that combines the difference-in-difference method and the propensity score matching
method to investigate the effects of policy. Heckman first put up the idea in 1997 [50,51]. Because the propensity matching score
method is combined with the model, compared with the basic differential model, the model takes more into account the sample
matching problem, which can effectively eliminate the estimation bias caused by sample bias in DID model.

This paper employs the PSM-DID model to further test the results of the primary regression model after estimating the fundamental
DID regression model. The PSM-DID fundamental model is shown in formula (11):
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ATT:l Z AY, — Z w(i,j)AY; .
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Among them, ATT represents the treatment group’s net effect of a certain policy upon implementation. AY; is the difference Y
between individuals i in the treatment group before and following the implementation of the policy. AY}, is the difference Y between
individuals j in the control group before and following the implementation of the policy. w(i,j) stands for the weight of the propensity
matching score and N is the number of samples in the treatment group.

4. Results
4.1. Overview

To better comprehend the HSR’s effects on regional urbanization, we conducted statistics and visualizations based on the data on
urban RP and IS in Chinese provinces from 2006 to 2018. Figs. 2 and 3 show the results. From the perspective of the RP (Fig. 2), we can
find that the trend of change in RP in all provinces is consistent from 2006 to 2018. Among them, Guangdong has the highest RP,
followed by Shandong. With the continuous opening of HSR lines in 2010, the RP of each province has not changed significantly, this
shows that the HSR has little bearing on the expansion of the urban permanent population. The HSR’s operation can promote the
movement of numerous economic elements, provide more convenient transportation conditions for residents to travel, and relatively
reduce the demand for settling in a certain area. This corresponds to the findings of scholars that the cities opened by high-speed rail
tend to be concentrated in densely populated areas with developed economies [52].

Fig. 3 shows the change in IS in different provinces from 2006 to 2018. It can be found from Fig. 3 that the changing trend of IS in all
provinces is consistent. Among them, Beijing’s IS is at the highest level, followed by Hainan. With the continuous introduction of HSR
in 2011, the value of IS in each region presents a rising trend, and the growth rate is significantly larger. This shows how the HSR’s
operation encourages the optimization and upgrading of IS in each area and thus promotes the development of regional urbanization.

4.2. Variables’ descriptive statistics

In this paper, the RP and IS at the end of the year are taken as explanatory variables, regional factors, time factors, and HSR factors
are taken as explanatory variables, and the total regional GDP, disposable income, tax revenue, total retail sales of social consumer
goods, railway passenger volume and the total number of real estate development enterprises are taken as control variables. To
eliminate heteroscedasticity, gross regional product, tax revenue, disposable income, total social retail goods, railway passenger
volume, the amount of real estate development enterprises, and the year-end total population were all logarithms to make the
regression result as accurate as possible. For the chosen variables, descriptive statistics are displayed in Table 2.
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Fig. 2. The RP’s spatiotemporal distribution from 2006 to 2018.
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Fig. 3. The IS’s spatiotemporal distribution from 2006 to 2018.
Table 2
Variables’ descriptive statistics of DID model.
Variable  Description Average Standard Minimum Maximum Observation
value deviation value value value
HSR High-speed railway 0.543 0.499 0 1 403
InGRP The natural logarithm of gross regional product 9.358 1.078 5.673 11.485 403
InTAX The natural logarithm of tax revenue 15.986 1.142 11.667 18.394 403
InDI The natural logarithm of disposable income 9.971 0.436 9.091 11.128 403
InRSCG The natural logarithm of total retail sales of consumer 8.333 1.176 4.496 10.584 403
goods
InRPV The natural logarithm of railway ridership 8.398 1.192 3.135 10.438 403
InRED The natural logarithm of the total number of real estate 7.618 0.995 3.367 9.073 403
development enterprises
InRP The natural logarithm of the year-end total population 8.103 0.850 5.652 9.337 403
IS The industrial structure 1.046 0.576 0.500 4.348 403

4.3. Spatial correlation characteristics of the RP and IS

We utilize Moran’s I to examine the spatial correlation of the RP and the IS in each province from the viewpoint of spatial cor-
relation. According to formula (3), Moran’s I of the RP and IS between 2006 and 2018 is obtained, as shown in Fig. 4.

As shown in Fig. 4, Moran’s I of RP is greater than 0, so we can deduce that RP has a positive spatial correlation. In other words, a
place with a large degree of spatial distribution and aggregation has a larger RP. In addition, the RP’s Moran’s I has been in a relatively
stable state from 2006 to 2018, indicating that the correlation between the number of the RP and spatial distribution is in a relatively
stable state over time. In addition, the IS’s Moran’s I is below 0, indicating that IS is negatively correlated in space. The negative spatial
correlation indicates that the correlation becomes significant as the spatial distribution grows more dispersed.

According to formulas (4) and (5), the spatial agglomeration of the RP and IS is obtained, as shown in Figs. 5 and 6. From the
perspective of the RP, it is clear from Fig. 5 that the RP’s agglomeration status in China remained stable from 2006 to 2018, with a
concentration mostly in the eastern and central areas, such as Zhejiang, Hubei, and Fujian. This indicates that both economic factors
and traffic factors will have a certain impact on population agglomeration [41]. According to the specific situation analysis of different
regions in China. First, economic factors. The eastern and central areas of China are economically developed, with the majority of
economically developed cities, strong industrial system support, sound infrastructure and public services, and relatively sufficient
employment opportunities. For example, China’s GDP totaled 9.90865 trillion yuan in 2019, a 6.1 % increase from the year before. The
eastern region contributes half of China’s GDP, with a total GDP of 5.1116.12 trillion, or 51.9 % of the national total. Second, traffic.
Because it is located in coastal areas and the Yangtze River basin, convenient transportation makes it easier to develop the economy, so
more people will gather in the eastern region. Third, climate factors. The Middle East has a temperate climate, which makes it more



X. Xia et al. Heliyon 9 (2023) 21088

A A A A a A 7 A A A A A A
=
C)_ -
=
. —&— Industrial structure =~ ——&—— Resident population
o -
2
—
el
=
S —
- .
g 3
wy
=
7
Gl
S A

T T T T T T T T T T T T T
2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018

Fig. 4. Global autocorrelation of the RP and IS during the 2006-2018 period.

suitable for residents to live.

The spatial agglomeration of the IS has a clear regional imbalance, as seen in Fig. 6. In the eastern, central, and western zones, there
is a significant discrepancy in the aggregation of high and low values. This suggests that economic balance between regions requires
improved construction of transportation infrastructure such as high-speed rail, as well as policy guidance and value chain governance
[53]. Firstly, before 2010, the IS of central and eastern, and northeast China shows a phenomenon of low-value aggregation and
dispersion. In 2010, with the opening of HSR lines, the high-value aggregation areas of IS in central, eastern, and northeast China
increase significantly. This is because the eastern and central areas are dominated by the secondary industry, that is, manufacturing
and handicraft industries. As a result of the HSR’s opening up, many regions’ economies have developed, as have the transportation
and other service sectors in the eastern and central areas, as well as the proportion of tertiary industry. Xinjiang, Xizang, Qinghai, and
other western regions are mainly high-value aggregation areas before 2010, and vice versa after 2010. This is because, with the
opening of HSR lines, the expansion of secondary sectors like mining and manufacturing in the western region has been driven by a
drop in the ratio of IS, presenting a general area clustering state. Due to the relatively backward economy in western China, the primary
industry is the principal industry, which in part demonstrates how the operation of the HSR has helped to optimize and upgrade the
region’s IS.

4.4. Study of the RP and IS’s spatial pattern evolution

Based on the standard deviational ellipse model, we obtain the spatial evolution trend of the RP and IS, as shown in Fig. 7. First of
all, from 2006 to 2018, the standard deviation ellipse of China’s RP and IS is mainly situated in the central and eastern areas of China,
showing a “northeastern-southwest” spatial distribution pattern. This indicates that the western and northeast regions will become the
main body of the RP and IS upgrading. This is because, firstly, the population of eastern China is concentrated, accounting for 38.6 % of
the national population. However, the population of the western area and the central area account for 27.2 % and 26.5 % respectively,
which makes the RP present a spatial evolution trend from northeast to southwest, mainly covering the eastern and southern regions of
China. Secondly, eastern and southern China have much greater levels of economic development and IS than central and western
China. For example, in 2019, retail sales of consumer goods in eastern China accounted for about 50 %, while those in central and
western China accounted for 24 % and 20.7 % of the national total. In terms of IS, the tertiary industry accounted for more than 50 % of
GDP in the four economic regions. The proportion of the eastern region is the highest, accounting for 56.5 %, and that of the central
region is the lowest, accounting for 50.0 %.

Considering the disparity between the spatial pattern distribution of RP and IS. With the opening of the HSR, there are obvious
differences in the spatial evolution trend of the RP and IS. As can be shown from Fig. 7, the spatial evolution trend of the RP from 2006
to 2018 has no great difference and the change is small, which manifests that the spatial evolution distribution range and dispersion of
the RP are relatively stable. However, from 2006 to 2018, the elliptic flatness of the IS gradually increased, indicating that the
directional characteristics of the IS became more and more obvious, showing a trend of spatial divergence in the northeast-to-
southwest direction and a trend of centripetal agglomeration in the northwest to southeast direction. The tertiary industry’s degree
of development in the northeast and west has been advanced by the ongoing opening of HSR lines. Therefore, with the evolution of IS
from northeast to southwest, the IS is constantly improved.

10
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Fig. 7. Spatial distribution center and scope of the RP and IS changes in China between 2006 and 2018.
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4.5. Analysis of regression

4.5.1. Research of overall baseline regression results

According to equations (9) and (10), we can get the regression results of DID as shown in Table 3. It can be found that the regression
coefficients of HSR to the RP are both positive and statistically significant, showing that there are more permanent urban residents in
areas with HSR than those without HSR. It demonstrates that HSR can, to a certain extent, encourage the growth of RP. Because of the
dense distribution of towns and cities, the operation of HSR makes it possible for residents to commute between different regions,
which facilitates residents’ work and other travel activities, and promotes the growth of RP, thus promoting the development process
of urbanization.

On the other hand, we examine how the HSR will affect IS. Table 3 shows that since the HSR was opened, the X has continuously
improved. The significant and positive regression coefficient shows that HSR fosters the growth of the IS. This is because the HSR’s
opening can greatly reduce the distance between different regions and encourage the conversion of regional traditional industries into
emerging industries. The establishment of HSR lines can make economically backward areas transfer industries from economically
developed areas, drive the growth of regional industries, and support the growth of secondary and tertiary sectors, to continuously
optimize the urban IS.

4.5.2. Research of local baseline regression results

The effects on RP and IS following the opening of HSR vary significantly between regions. While the operation of the HSR has a
minimal influence on various regions’ RP, it has a large influence on the IS. From Fig. 8, we can see that the HSR’s opening had a
positive influence on the RP of Guizhou, Shanghai, Zhejiang, Shanxi, Anhui, Guangxi, and other regions, and promoted the growth of
the local population. The operation of the HSR is, however, negatively connected with the RP in Sichuan, Guangdong, Beijing, Hebei,
and other regions, which indicates that the operation of HSR accelerates the population migration and reduces the pressure of urban
population agglomeration to a certain extent.

Additionally, the operation of HSR has obvious spatial heterogeneity of IS. To evaluate the IS, we look at the proportion of tertiary
to secondary industries. The secondary sector is based mostly on manufacturing and processing, whereas the tertiary sector is centered
primarily on services and transportation. The HSR’s operation has sped up the transportation of economic elements between regions
and helped several, including Hainan, Hunan, Zhejiang, and Jilin, aided their tertiary industries. However, the opening of HSR has not
done much to advance the IS of Shanghai, Tianjin, and Guangdong. The transportation in these regions is relatively developed and the
IS is largely flawless, so the influence of the operation of HSR will be minimal.

4.5.3. Regression test

Based on the PSM-DID model, namely formula (11), the difference-in-differences model and the PSM matching data are used to test
the influence of the HSR on the RP and IS. The robustness test’s regression outcomes are displayed in Table 4.

According to Table 4, which shows that the PSM-DID model’s regression coefficients pass the 5 % significance level test, HSR affects
the RP negatively but favors the IS. The DID model developed in this work is stable since the verification result is compatible with the
previous DID regression result.

Table 3
Results of the overall baseline regression of DID model.
Variable (1) (2) (3) (4)
InRP IS InRP IS
HSR —0.456%** 0.267%** —0.025** 0.044**
(0.084) (0.053) (0.033) (0.049)

InGRP 0.563*** —2.276%**
(0.105) (0.253)

InTAX —0.260%** 0.832%**
(0.049) (0.120)

InDI —0.870%** 0.446%**
(0.055) (0.092)

InRSCG 0.335%** 1.116%**
(0.081) (0.177)

InRPV 0.019 0.067
(0.021) (0.052)

InRED 0.230%** 0.024
(0.037) (0.065)

Individual effect v v v v

Time effect v v v v

Observations 403 403 403 403

R-squared 0.072 0.053 0.936 0.548

Note: 1. Standard deviation in brackets; 2. ***, ** and * signify significance at the 1 %, 5 %, and 10 % levels of statistics, respectively.

14



X. Xia et al. Heliyon 9 (2023) 21088

Fig. 8. The distribution of local baseline regression results in different regions.

Table 4
Regression results of PSM-DID.
Variable (1) (2)
InRP IS
_treated —0.053** 0.198%**
(0.092) (0.061)
_cons 8.067*** 0.908***
(0.076) (0.051)
N 403 403
r2.a —0.002 0.023
F 0.333 10.408
Note: 1. Standard deviation in brackets; 2. ***, ** and * signify significance at the

1 %, 5 %, and 10 % levels of statistics, respectively.

4.5.4. Parallelism test

The degree of regional urbanization development is greatly influenced by if and when the HSR is opened in a region. To confirm the
influence of the HSR’s opening time on the RP and IS of various regions, we perform a parallelism test.

From Fig. 9, we can see that after t years, the influence of the HSR on the RP is adversely correlated. Along with the opening of the
HSR, the regional permanent population shows a relatively downward trend, which indicates that HSR promotes the population flow
between regions and alleviates the pressure of population growth. This is mainly because of the continuous opening of HSR lines, the
problems affecting residents’ commuting in the past have been solved to a certain extent. The residents’ travel is more convenient, the
travel time is significantly shortened, and the permanent population of the cities with HSR will be relatively reduced.

Fig. 10 shows the parallelism test of the influence of HSR on IS, and the test outcomes pass the test. This demonstrates the upgrading
of IS and the percentage of the tertiary industry’s added value that is promoted by the opening of HSR, which is compatible with our
previous benchmark regression results and proves the rationality of the previous regression model construction.

The effect of the HSR on IS has a positive correlation, as illustrated in Fig. 10. The added value of the tertiary industry has been
continuously increasing, and the IS has been constantly upgrading, ever since the t year (after the opening of the HSR). This is because
the operation of HSR lines links the social movement of people and logistics in various regions. The accelerated growth of HSR is
crucial for enhancing the capacity of railway infrastructure support, accelerating industrial transformation and upgrading, reducing
social logistics costs, optimizing IS adjustment, and providing strong support for promoting economic and social development.

5. Conclusion
HSR not only reduces the space distance between various places but also improves residents’ travel experience and promotes the
upgrading of IS, which is crucial for accelerating the coordinated growth of the regional economy. This research investigates the spatial

aggregation pattern and evolutionary distribution of the influence of RP and IS before and after the opening of HSR based on the spatial
autocorrelation model and standard deviation ellipse model. Moreover, the spatial heterogeneity of the influence of HSR opening on
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Fig. 10. The parallelism test of the HSR’s influence on IS.

RP and IS is explored by the PSM-DID model from both a global and local perspective. The following is a summary of the key research
findings:

Firstly, the RP and IS demonstrate a regional spatial imbalance. The spatial correlation of the RP is positive while that of the IS is
negative. Eastern and central China are where the RP is chiefly concentrated. The agglomeration of IS in space, which congregates in
eastern, central, and western China, displays an obvious regional imbalance. In addition, the spatial evolution pattern of the RP and IS
shows a general evolution pattern from northeast to southwest.

Secondly, there is no doubt about the differences between the consequences of the HSR opening on the RP and IS. On the whole,
HSR affects the IS favorably while adversely impacting the RP. Locally, the influence of the HSR opening on RP and IS is spatially
heterogeneous. For example, whereas Sichuan, Guangdong, Beijing, and Hebei are negatively impacted by the operation of the HSR,
Guizhou, Shanghai, Zhejiang, Shanxi, Anhui, and Guangxi are positively affected. On the other hand, the opening of HSR has an
adverse correlation with the IS of Shanghai, Tianjin, and Guangdong. But it has promoted the IS of Hainan, Hunan, Zhejiang, and Jilin
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provinces.

HSR has a multifaceted and intricate effect on regional economic growth. A comparative research of the effects of the operation of
HSR on various regional economies, as well as the spatial relevance and evolution process of regional economic development has
certain guiding significance for optimizing HSR stations and connecting urban transportation networks. The building and operation of
HSR may effectively quicken the movement of the population and stimulate the upgrading of IS between different regions, which helps
enhance urbanization. The relevant transport sector will continue to strengthen the construction of regional integration and establish a
more perfect transport network according to policies and plans, to foster the healthy growth of urbanization.

This paper uses a spatial model and econometric method to study the impact of HSR opening on RP and IS, as well as the degree of
aggregation and correlation in time and space. However, there are some limitations in the breadth and depth of the research methods
and analysis in this paper. Firstly, the selection of indicators in the model mainly depends on the platform data and the selection of
variables in the previous literature. Therefore, the selection range of indicators in the control variables and more detailed multi-source
data can be added in future research. Secondly, the research methods and models in this paper are not comprehensive and specific.
More diverse spatial econometric models and quantitative analysis methods should be added. Thirdly, due to the limitation of data
acquisition in the time dimension, longer time series data can be used in the future to explore the impact of HSR on urban economic
elements. In addition, the differences in prosperity and IS in different regions are not only related to the opening of HSR, but other
potential factors that may affect the level of urbanization development are also worthy of further discussion.
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