www.nature.com/scientificreports

scientific reports

W) Check for updates

OPEN A study on the spatiotemporal

evolutionary pattern and
influencing factors of sports venues
in Xi'an

Yang Liu?, Shulin Zhang?*?, Yirong Zhao? & Dong Yi*

Based on multi-source data, the spatio-temporal distribution characteristics, evolution trends, and
driving factors of sports venues in Xi‘an City were systematically explored in this work. Utilizing the
Kernel Density Estimation (KDE) method, the distribution density of sports venues in 2010, 2015, and
2020 was scientifically calculated. Furthermore, the Multi-Scale Geographically Weighted Regression
(MGWR) model was employed to analyse the factors influencing regional sports venues. Our analysis
demonstrated that the number of sports venues in Xi'an has progressively increased, exhibiting a
trend of gradually diffusing outwards from the centers of Xincheng District, Beilin District, and Lianhu
District. Their spatial distribution is affected to varying degrees by commerce, industry, population,
transportation, ecology, topography, and landforms, with the impact of commerce, industry, and
population beginning to diminish. The transportation and environmental quality are gradually
becoming core factors, and the influence of slope on sports venues shows spatial consistency.
Moreover, the study also probes into the complexity of various influencing factors and provides a
reference for the rational layout of sports venues in other cities. The importance of constructing and
arranging sports venues judiciously in positively correlated areas is underscored to optimize their role
in urban development.
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Over the last decades, Chinas economy has continued to develop, and residents’ living standards have
significantly improved, accompanied by an increasingly strong desire for a better life. China’s sports industry
has entered a new stage of development. The issuance of the “Healthy China 2030” Planning Outline has
elevated the improvement of people’s health to an unprecedented level. Especially in the “post-pandemic era’,
the health awareness of the people has notably increased, stimulating enthusiasm for physical exercise among
the general public and achieving new breakthroughs in nationwide fitness. Sports venues, as the foundation for
the development of the sports industry, are playing a crucial role in the supply-side structural reform in sports'.
For this reason, they have attracted considerable government attention?. In recent years, local governments at all
levels in China have constantly increased investments to actively promote the construction of multifunctional
sports venues in order to meet the growing fitness needs of urban residents. As a result, the strategic position of
sports venues in the urban development landscape has continuously elevated. Therefore, a deep understanding
of the spatio-temporal evolution and influencing factors of the spatial distribution of sports venues is considered
of great significance to fully leverage their comparative advantages.

With the vigorous development of sports and the acceleration of urbanization, sports venues, as vital
public service resources in cities, have increasingly become the focus of the academic community. Since 2008,
investigation on sports venues has gradually emerged as one of the research hotspots in sports science and
its interdisciplinary fields. The research perspectives have been continuously expanded, and the research
methods have become increasingly diverse, forming a relatively rich system of research outcomes. According
to the existing works in the literature, academia has mainly conducted in-depth discussions around three core
issues: spatial distribution, impact effects, and smart transformation®=°. In terms of spatial distribution research,
systematic explorations from the perspectives of geography, urban planning, and other disciplines have been
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conducted. Various works in the literature including Yan Hua’s and Tian Yunxi’s studies have systematically
refined and summarized the issues related to sports space in China®’, providing important theoretical references
for subsequent research. Zhang used spatial analysis methods to deeply explore the spatial heterogeneity
characteristics between the spatial distribution of sports venues and the urban population®. Zeng further pointed
out that the spatial distribution of sports venues exhibits layout features that are oriented by economic conditions,
urban morphology, road networks, and population distribution®. This discovery provides an important basis
for an in-depth understanding of the underlying reason for the site selection of sports venues. In the field of
impact effect research, the socio-economic effects of sports venues from multiple dimensions have been
revealed. Through empirical research, it has been reported by various studies, such as Rahman and Grace’s work
that sports venues play multiple positive roles in urban development, including promoting urban renewal'’,
regulating urban migration'!, and enhancing residents’ life satisfaction'2. However, it has been also pointed out
that sports venues may bring negative effects, such as traffic congestion when hosting large-scale events'®, which
raises important concerns for the planning and management of sports venues. It is noteworthy that Tabassum
has focused on the impact of competition venues on athletes’ competitive states'*. From the perspective of urban
economics, Ahlfeldt demonstrated the significant value of new sports venues as urban business cards’® and
confirmed their notable positive spillover effects on surrounding real estate prices'®. These studies provide a
multidimensional analytical framework for assessing the comprehensive benefits of sports venues. In terms of
research on smart transformation, with the rapid development of new-generation information technology, the
intelligent upgrading of sports venues has emerged as a new research trend. Currently, digital twin technology'?,
green and low-carbon concepts'®, and artificial intelligence applications'” constitute the three main directions
of smart transformation for sports venues. The integrated application of these technological approaches is not
only anticipated to enhance the operational efficiency of sports venues but also provide audiences with a higher-
quality spectating experience, promoting the development of sports venues in the direction of intelligence and
sustainability. Overall, the existing works in the literature highlight the characteristics of multidisciplinary
integration, particularly achieving significant progress in the interdisciplinary field of spatial distribution and
impact effects?*-22, More attention has been paid to the interaction between sports science and disciplines,
such as economics, geography, and sociology, which drive the innovations in research methods and induce the
refinement of theoretical systems.

However, there are obvious limitations, in terms of spatio-temporal dimensions and methodological systems.
First, the majority of the reported works employ static cross-sectional data??, lacking tracking of the dynamic
evolution of spatial patterns. Second, although preliminary attention has been given to the spatial heterogeneity
of sports venues?, most studies still rely on the utilization of traditional regression models?'. Third, the existing
literature has not yet effectively integrated big data on human activities?, such as POI (Points of Interest), OSM
(OpenStreetMap), and WorldPop. In the current coexistence of cyberspace and geospatial realms, big data has
emerged as one of the most effective sources for quantitative measurements, providing a new breakthrough
for research on the spatial heterogeneity of sports venues. It is thus apparent that further exploration and
experimentation on big data and new technologies is undoubtedly required. As a national central city in China
and the core city and transportation hub in northwest China, Xian plays a pivotal role in the Belt and Road
Initiative, serving as an important platform connecting the New Eurasian Land Bridge and the China-Mongolia-
Russia Economic Corridor. It successfully bid for and hosted the 14th National Games of the People’s Republic
of China in 2015 and 2021, respectively. The years 2010 and 2020 correspond to the sixth and seventh national
population censuses, respectively, while 2015 marked the final year of the “12th Five-Year Plan”, filling data gaps in
non-census years. The five-year intervals between these three years align with urban planning evaluation cycles,
facilitating longitudinal comparison of evolutionary trends and ensuring the completeness and periodicity of
data acquisition. Based on this, in this work, the POI data of sports venues in Xian from 2010, 2015, and 2020,
were selected and visualized. In addition, their spatial distribution was analysed using the KDE (Kernel Density
Estimation) model, and an indicator system for influencing factors from the perspectives of human activities and
the natural environment was developed. The MGWR (Multiscale Geographically Weighted Regression) model
was also employed to explore their impact effects, aiming to provide scientific references for research on sports
resources and facilities in other cities and promote urban renewal and transformation.

Overview of the research area

As the capital city of Shaanxi Province, Xi'an governs 11 districts and 2 counties, spanning a total area of 10,108
square km (Fig. 1). It is designated as a high-level national central city under the “13th Five-Year Plan for
Promoting the Rise of the Central Region” issued by the National Development and Reform Commission of
China, and concurrently, it is one of the national central cities located in the Yellow River Basin. Occupying
a strategic position in national strategies, Xian plays a pivotal role in the Belt and Road Initiative, boasting
favourable resource and environmental carrying capacities, and possessing a solid foundation for economic
development. It is a modern metropolis that leads regional development and represents the image of China.
Therefore, a thorough investigation of the spatial distribution and spatio-temporal evolution characteristics of
sports venues in Xi'an in 2010, 2015, and 2020 will provide valuable insights for further improving the quality of
the available sports infrastructures.

Research data and research methods

Data sources

Multi-source data were employed here to construct the research dataset, with 2010, 2015, and 2020 serving as
the research time nodes, systematically collecting sports venues and the related geospatial data in Xian. More
specifically, the study employs government-published sports venue data, Amap POI data, and field sampling
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Fig. 1. Overview of the research area.

surveys to conduct tri-source cross-validation, ensuring data accuracy. Among them, the sports venue data
are primarily represented as POI obtained through the API interface of the Gaode Map Open Platform, with
data fields including basic information, such as venue names, detailed addresses, and geographical coordinates.
During the data collection process, a specific focus was placed on verifying operational status using 2020 as
the baseline year, with manual verification conducted to remove invalid sports venue data marked as “closed,
relocated”. After performing data cleansing (including deduplication, outlier removal, and other quality control
steps), and cross-verification with public information from official channels, such as the Xian Municipal Sports
Bureau, the final counts of sports venues in Xian during the study period were determined as follows: 562 in
2010, 1,108 in 2015, and 2,761 in 2020, demonstrating a significant growth trend.

Regarding the data sources and processing, a multi-source data fusion approach was adopted here: (1) The
transportation network data originate from the OpenStreetMap (OSM) platform (https://www.openstreetmap
.org), providing foundational support for spatial analysis by constructing a GIS road network model; (2) The
population data utilize a 100 m x 100 m spatial resolution raster dataset (https://hub.worldpop.org) published
by WorldPop, which boasts high spatial accuracy and reliability; (3) Based on the aforementioned data, key
indicators of human activities in the study area, such as commercial intensity, industrial intensity, traffic
accessibility, and population density, were calculated through spatial analysis methods.

In terms of natural environmental factors, the following two dimensions were primarily considered: (1)
The air quality data employ PM2.5 concentration data from the China High-resolution and High-quality Near-
surface Air Pollutant Dataset published by the team of Dr. Wei Jing and Professor Li Zhanqing?®, which feature
high spatiotemporal resolution; (2) The topographic data adopt the Copernicus 30 m resolution Digital Elevation
Model (DEM), from which slope information is extracted through GIS spatial analysis, providing data support
for studying the topographic characteristics of sports venue distribution.

Research methods

Kernel density estimation

Kernel Density Estimation (KDE) is a method that is used to estimate the probability density of sample data,
commonly applied in calculating the density values of neighbouring elements to represent the geographical
characteristics of research objects. Consequently, it has been extensively employed in spatial distribution studies.
By measuring the spatial density of sports venues in Xi'an, the spatial distributions of sports venues in these two
cities were mapped in this work. Higher values indicate a higher concentration of sports venues in the region,
while lower values suggest a more dispersed distribution. The formula is as follows?’:

1 - Xt — X,
F(x0) = >k () (1)
i=1
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where h represents the threshold, # is the number of points within the threshold range, k refers to the kernel
function, h is the bandwidth, X, and X, denote the independently and identically distributed observations and
mean values, respectively, and f(X,) represents the density function of the random variable X in the ¢-th year.

MGWR Multi-scale geographically weighted regression

Geographically Weighted Regression (GWR) is a local regression model constructed based on a spatial weight
matrix. This method takes into account the non-stationarity of spatial processes and is commonly used to
explore their spatial effects. Although GTWR (Geographically and Temporally Weighted Regression) considers
both temporal and spatial weights, it is assumed that the effects of all variables are globally consistent in space
and time, failing to address the spatial heterogeneity of different variables across different scales. Nevertheless,
MGWR extends this model by relaxing the assumptions, making it applicable across varying spatial scales.
MGWR allows variables to vary on their individual spatial scales, enabling a more precise capture of the spatial
process characteristics of each variable. By adopting a multi-bandwidth approach, MGWR generates a spatial
process model that is closer to reality. The formula is expressed as follows?®:

k
yi = Bo (ui,vi) + Zﬂbwj (i, vi) Tij + € ()

g=i

where y, represents the dependent variable of the i-th element, x;; is the attribute value of the independent
variable j at position i, B, . stands for the bandwidth used for the regression coefficient of the j-th variable,
(ui,v;) denotes the spatial coordinates of the i-th element, B (u,v,) represents the intercept of the i-th element,
and ¢; is the residual error.

k
c=y-> f; 3)
j=1

MGWR initializes based on the classical GWR and then proceeds to calculate the initial residuals &, gradually
selecting bandwidths to optimize the computation.

In Eq. (3), the initial residuals £, the additive term f;, and the independent variable x. -undergo GWR weighting
at i=1...n to identify the optimal parameter ﬁbw for each variable. Following this, an iterative calculation was
performed until all variables k have undergone a complete selection process. Finally, the continuous cycle of
selection and estimation iterates until convergence to a pre-defined convergence criterion is achieved.

Accessibility analysis

Accessibility analysis is a method used to quantify the convenience of spatial location to obtain specific services
or resources, and usually evaluates the efficiency of facility service coverage by integrating transportation
network topology, time cost, and supply and demand relationship, so it has important application value in the
equalization of urban public services layout and transportation planning optimization. The formula is expressed
as follows:

1 n
Ai:nfl Z dij (4)

J=1,57i

where A, represents the reachability of node i  is the total number of nodes in the network; d;; indicates the
minimum impedance of nodes i to j.

Spatio-temporal evolution characteristics of sports venues

Temporal evolution characteristics

Based on statistical analysis of POI data for sports venues in Xian in 2010, 2015, and 2020, the number of
sports venues in Xian and its districts and counties exhibits significant spatial distribution characteristics and
temporal variation patterns (Table 1). In terms of spatial distribution, in 2010, the sports venues in Xian were
mainly concentrated in Beilin District (19.22% of the total) and Yanta District (30.60% of the total). By 2015,
Xincheng District (5.11%) and Lianhu District (7.06%) gradually developed into new clusters of sports venues.
By 2020, the spatial distribution of sports venues showed a multi-centered characteristic, with Yanta District
continuing to lead in the number of sports venues, accounting for nearly one-third of the city’s total. In terms

Weiyang | Xincheng | Beilin | Lianhu | Baqiao | Yanta | Yanliang | Lintong | Chang’an | Gaoling Lantian | Zhouzhi
Year | district | district district | district | district | district | district | district | district district | Huyi district | county | county | Total
2010 | 67 50 108 38 15 172 17 16 20 15 20 16 8 562
2015 | 74 124 191 148 56 270 26 28 95 28 32 21 15 1108
2020 | 479 141 283 195 177 808 52 78 322 66 94 29 37 2761

Table 1. Number of sports venues in various districts in 2010, 2015 and 2020.
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of temporal variation, Xian’s successful bid to host the 14th National Games of the People’s Republic of China
in 2015 significantly accelerated the construction of sports venues. The data show that the growth rate of sports
venues between 2015 and 2020 was significantly higher than that between 2010 and 2015, with all districts and
counties experiencing growth. Notably, the growth rate of sports venues in municipal districts reached 401%,
2.29 times that of counties (175%), indicating notable regional differences. In terms of regional development, the
construction of sports venues in Weiyang District accelerated, with a growth rate from 2015 to 2020 significantly
higher than that from 2010 to 2015. This development is closely related to the implementation of policies, such
as the Weiyang District National Fitness Implementation Plan (2016-2020) and the Xian Weiyang District
National Games Benefit-the-People Project Implementation Plan. Meanwhile, Chang’an District, Yanta District,
and Bagqiao District also experienced significant growth in the number of sports venues between 2010 and 2020.
This growth can be partly attributed to the gradual improvement of infrastructure in universities within the
university town and reflects the positive driving effect of higher education institutions on the construction of
regional sports facilities.

Spatial evolution characteristics

Using the kernel density analysis tool in ArcGIS 10.2, the density of sports venues in Xian for the years 2010,
2015, and 2020 was calculated. To ensure longitudinal comparability of the visualization results, the obtained
density images were manually adjusted and classified into six categories each for the two locations, based on the
natural breaks method (Fig. 2).

Distribution of sports venues in 2010

As illustrated in Fig. 2a, the distribution of sports venues in Xi'an in 2010 exhibits notable spatial differentiation
characteristics. The core areas with high values are primarily concentrated in Beilin District and Yanta District,
extending in a “II”-shape towards Xincheng District and Lianhu District, with the extracted values being
positively correlated with the number of sports venues. Regarding the distribution of secondary high-value
areas, the high-value zones in Yanliang District (peak value: 0.6), Lintong District (peak value: 0.8), Gaoling
District (peak value: 0.7), and Huxian County (peak value: 0.8) are all located within the built-up areas where the
district governments are situated, with values ranging from 0.5 to 1.0. Notably, Weiyang District demonstrated
unique spatial distribution features, with its high-value area not only encompassing the built-up area where the
municipal government is located but also forming a significant concentration in the Xi'an Weihe Urban Sports
Park (peak value: 1.5, range: 1.0-3.0). This result is closely related to the park’s functional positioning as the only
comprehensive sports theme park in Northwest China. In contrast, Lantian County and Zhouzhi County as a
whole have not formed distinct high-value areas, with only the built-up areas where the county governments
are situated showing relatively higher numerical characteristics; Bazhou District, on the other hand, exhibits a
scattered distribution of low-value areas (0.2-0.5).

Distribution of sports venues in 2015

As depicted in Fig. 2b, the spatial distribution pattern of sports venues in Xi’an in 2015 has undergone significant
changes compared to 2010, evolving from a “IT”-shaped distribution to a typical single-core “center-periphery”
concentric circle structure. The core high-value areas are still concentrated in traditional central districts such as
Lianhu District, Xincheng District, Beilin District, and Yanta District. Nonetheless, they exhibit notable spatial
expansion characteristics. Compared to 2010, the areas with high values within the built-up areas where the
district and county governments are situated have significantly expanded, and the trend of numerical gradients
decreasing from the center to the periphery is more pronounced, indicating a further enhancement of the spatial
agglomeration effect of sports venue resources. Notably, several emerging high-value areas have appeared in
the study region: first, new high-value areas have formed in suburban areas due to the construction of the
Jingwei Sports Center; second, significant high-value areas have emerged in Yanta District (peak value: 5.0),
Bagqiao District (peak value: 1.5), and Chang’an District (peak value: 2.6), which highly coincides with the spatial
distribution of university towns. From the data analysis, it was revealed that the agglomeration and development
of higher education institutions are important driving factors promoting the spatial expansion of sports venues,
with infrastructure construction in universities directly facilitating the rapid growth of sports venue resources
in the region.
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Fig. 2. Spatial distribution of sports venues in Xi’an in 2010, 2015, and 2020,
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Distribution of sports venues in 2020

As illustrated in Fig. 2c, the spatial distribution of sports venues in Xi’an in 2020 exhibits a prominent single-
core “center-periphery” concentric circle structure. Compared to 2015, the scope of high-value areas was further
expanded, with numerical gradients becoming more pronounced. Core high-value areas continue to concentrate
in traditional central districts such as Xincheng, Beilin, Lianhu, and Yanta, while Weiyang District emerges as
a new high-value area, forming a multi-center diffusion pattern. Peripheral districts and counties (including
Zhouzhi, Huxian, Lantian, Lintong, Yanliang, Gaoling, and Eyi) still maintain a relatively low-density distribution;
however, the area and numerical values of high-value zones within the built-up areas where their governments
are situated have significantly increased compared to 2015, indicating a hierarchical characteristic in the spatial
diffusion of sports venue resources. Notably, higher education agglomeration areas present a significant impact
on the distribution pattern of sports venues. Obvious high-value zones have formed in regions with dense higher
education institutions, such as Chang’an University Town, Bailuyuan University Town, Lintong University Town,
and Weiyang University Town. Among them, Yanta District, serving as the spatial carrier for multiple university
towns, has become the city’s highest value area (>5.0). This spatial distribution feature confirms the synergistic
effect between the higher education resources and the development of sports facilities, providing an important
spatial decision-making basis for optimizing the layout of urban sports facilities.

Spatial distribution characteristics

The spatial analysis based on Fig. 2 reveals that the distribution of sports venues in Xian exhibits a prominent
single-core “center-periphery” concentric circle structure with evident spatio-temporal evolution characteristics.
According to the research results between 2015 and 2020, the numerical values and spatial scope of high-value
areas for sports venues in Xian demonstrated a significant growth trend, which is temporally aligned with Xian’s
successful bid to host the 14th National Games in 2021. In terms of spatial distribution characteristics, high-
value areas for sports venues are mainly concentrated in two types of regions: first, the built-up areas where
district and county governments are located; and second, the peripheries of higher education agglomeration
areas (university towns) and large sports facilities (such as sports centers).

By performing further analysis, a significant spatial correlation between the spatial distribution of sports
venues and the urban built environment was found. Urban built-up areas and university town regions, with their
well-developed municipal infrastructure, convenient transportation networks, and high population densities,
have formed “hotspots” for the layout of sports venues. This spatial distribution characteristic not only reflects
the spatial logic of urban sports facility supply but also embodies the synergistic development relationship
between the layout of sports venues and the urban spatial structure. The aggregated distribution of sports venues
effectively enhances the accessibility and convenience of public sports services, positively promoting the conduct
of mass sports activities.

Analysis of influencing factors

Indicator system construction

The existing works in the literature have indicated that the spatial distribution of sports venues is closely
intertwined with human activities?® and natural environments*®. In urban planning, the layout of sports venues
is often determined by various factors, such as population density and transportation convenience to cater
to residents’ fitness needs’!. Concurrently, consideration is given to natural environmental factors, including
air pollution, topography, and landforms, to ensure the provision of comfortable and safe venues for athletic
activities®2. This comprehensive approach ensures the harmonious integration and sustainable development of
sports venues within the urban ecosystem. Among them, commercial intensity, commonly referred to as the
intensity and economic vitality of commercial activities, is generally regarded as a crucial indicator of economic
development. Industrial intensity, on the other hand, reflects the level of industrialization within the economy.
Population density, to a certain extent, represents the demand for sports facilities among the local populace.
Meanwhile, transportation, as the medium connecting residential areas and sports venues, significantly affects
the participation rate in sports activities and the service scope of sports venues. With regard to the natural
environment, the rate of change in PM2.5 not only creates concerns about health and environmental factors but also
encompasses considerations for market demand and athletic performance. The slope, meanwhile, can influence
multiple aspects, such as the selection of venue locations, spectator experiences, and athlete performance. Based
on the preceding analysis, six secondary indicators, incorporating both quantitative and qualitative assessments,
have been constructed from two aspects—human activities and the natural environment—to investigate the
primary driving factors behind the spatio-temporal evolution of sports venues (Table 2).

Primary indicator Numbering | Secondary indicator | Method VIF | T
A-01 Commercial intensity | KDE 1.584 | 0.631
A-02 Industrial intensity KDE 1.357 | 0.736
A.Human activities
A-03 Population distribution | Population size/Area 1.239 | 0.807
A-04 Traffic accessibility Network analysis 1.259 | 0.794
B-01 PM2.5 Tiff Extraction® 1.435 | 0.697
B.Natural environment
B-02 Slope Height increment / Horizontal increment | 1.362 | 0.734

Table 2. Influencing factors Indicator system.
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Analysis of influencing factors

In this work, three regression analyses were attempted: Ordinary Least Squares (OLS), GWR, and MGWR.
As can be seen from Table 3, the R* values of MGWR for Xi’an in 2010, 2015, and 2020 were all greater than
those of the OLS and GWR models, with respective values of 0.76 for 2010, 0.52 for 2015, and 0.87 for 2020.
Concurrently, the adjusted R values of MGWR for Xi'an were consistently lower than those of the traditional
GWR and OLS models. Moreover, in terms of AICc values, the MGWR models for Xi’an over these three years,
with values of 319.03, 213.56, and 1508.30, respectively, were significantly smaller than those of the other two
traditional models. These findings indicate that the MGWR model offers more scientific and reliable regression
results, as well as superior goodness-of-fit.

A comprehensive comparison of the parameters of the above models demonstrates that the MGWR model
outperforms the traditional GWR and OLS models in this work. Therefore, the MGWR model was selected for
our analysis.

As shown in Fig. 3a, the regression analysis results of the relationship between the distribution of sports
venues and the commercial land use intensity in Xi'an indicate a significant spatial correlation between the two.
From a temporal perspective, the regression coefficients within the study area generally presented positive values
in 2010, suggesting a positive impact of commercial land use intensity on the distribution of sports venues.
More specifically, high-value areas were primarily concentrated in Weiyang District, Lianhu District, Yanta
District, Chang’an District, Eyi District, and Zhouzhi County, among others. These regions exhibited notable
characteristics, in terms of commercial activity density, economic development level, and urban planning layout,
leading to a strong spatial dependency of sports venue distribution on commercial land use intensity. By 2015,
the regression coefficients reached their peak during the study period (with a maximum value of 0.031), and
the high-value areas demonstrated a clear spatial displacement towards the southwest, concentrating in areas
such as Yanta District, Chang’an District, Eyi District, and Zhouzhi County. This shift in the spatial distribution
pattern may be closely related to adjustments in Xian’s urban spatial structure and the subsequent changes in
the focus of regional economic development. Notably, the regression coefficients showed a significant decline
in 2020, approaching zero with fluctuations, indicating a weakening spatial impact of commercial land use
intensity on the distribution of sports venues. The location choice of sports venues was no longer significantly
constrained by differences in regional economic development levels. Through vertical comparison of the spatial
regression analysis results for 2010, 2015, and 2020, it can be observed that the spatial correlation between the
distribution of sports venues and commercial land use intensity in Xian exhibits clear spatio-temporal evolution
characteristics: in terms of spatial dimension, the regression coefficients exhibited a decreasing distribution
trend from west to east; in terms of temporal dimension, they began to decline after reaching a peak in 2015.
This evolution trend is closely related to Xian’s economic and social development process, especially in 2015
when Xfi’an, as an important node city in the “Belt and Road” strategy, saw a significant improvement in its
urban economic development level against the backdrop of policies for comprehensively deepening reforms.
Meanwhile, based on the hierarchical characteristics of urban public service demand, the supply and layout of
the available sports venues gradually tended towards rationalization.

Based on the spatial regression analysis results presented in Fig. 3b, a significant spatial correlation between
the distribution of sports venues and industrial land use intensity in Xian can be observed. The research data
indicate that the regression coeflicients are predominantly positive, suggesting a positive promotional effect
of industrial intensity on the distribution of sports venues. From the perspective of spatio-temporal evolution
characteristics, in 2010, high-value areas of the regression coefficients were mainly distributed in Weiyang
District, Lianhu District, Beilin District, Xincheng District, Changan District, Eyi District, and Zhouzhi
County. The unique economic structure and urbanization process of these regions constitute the core high-tech
industrial belt of Xi'an, while the land use planning characteristics result in a strong spatial dependency of sports
venue distribution on industrial intensity. By 2015, the high-value areas of the regression coefficients underwent
spatial displacement, concentrating in Xincheng District, Baqiao District, Gaoling District, Yanta District,
and Beilin District. This shift in spatial pattern is closely related to the implementation of Xi’an’s industrial
green transformation strategy. In 2020, the regression coeflicients tended to stabilize and exhibited a spatial
differentiation characteristic of “higher in the west and lower in the east” Through vertical comparison of the
spatial regression analysis results for 2010, 2015, and 2020, it can be observed that the spatial correlation between
the distribution of sports venues and the industrial intensity in Xian exhibits distinct phased characteristics: a
decreasing trend from west to east was demonstrated in both 2010 and 2020, while a “center-periphery” spatial
structure was presented in 2015. This spatio-temporal evolution is significantly correlated with adjustments
to Xian’s industrial development strategy. Since the 11th Five-Year Plan period (2006-2010), when China
first proposed energy conservation, emission reduction, and sustainable development strategies, Xian further
intensified its policy orientation towards industrial transformation and upgrading, as well as green development

2010 2015 2020
Parameter | OLS | GWR | MGWR | OLS GWR | MGWR | OLS GWR | MGWR
R? 0.32 0.68 0.76 0.08 0.50 0.52 0.11 0.85 0.87
Adjusted R? | 0.32 0.67 0.73 0.08 0.45 0.48 0.11 0.82 0.86
AlCc 662.2 | 425.01 | 319.03 | 502.13 | 326.21 | 213.56 | 2683.15 | 1632.62 | 1508.30

Table 3. Parameter information for OLS, GWR and MGWR regression fitting.
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Fig. 3. Regression coeflicient map of sports venues and human activities based on the MGWR model.

during the 12th Five-Year Plan period. At the same time, prioritized the promotion of green and low-carbon
development strategies during the 13th Five-Year Plan period.

As evident from Fig. 3c, there exists a positive regression relationship between the sports venues and
population distribution, aligning with previous research findings that demonstrated the positive influence of
population distribution on sports venues. In 2010, high-value areas for regression coeflicients were primarily
concentrated in Bagiao District, Weiyang District, Xincheng District, Beilin District, Lianhu District, and Yanta
District, which constitute the urban areas of Xian with relatively high population densities. The heightened
demand for sports venues in this region, coupled with a greater emphasis on the efficient use of space, has
contributed to the centralized distribution of sports venues. In 2015, the regression coefficients peaked (with
a maximum value of 0.126), and high-value areas were mainly distributed in Yanliang District, Gaoling
District, Weiyang District, Hu County, and Zhouzhi County. As the population in various districts and counties
converged towards built-up areas, economic development drove significant population influxes and increases,
thereby increasing the demand for sports venues within the region. Concurrently, the coefficients within the old
urban areas of Xi'an began to decline, where the service scope of sports venues had already been comprehensive,
resulting in a weakened driving effect of population size changes on sports venues. With the rationalization
of population mobility and distribution, residents’ demand for sports venues gradually shifted, and the
comprehensive development of sports venues somewhat diminished the influence of population distribution
on them. From a “center-periphery” structure in 2010, the trend evolved to a gradual increase from southeast to
northwest in 2015, and by 2020, it transformed into a characteristic of being higher in the west and lower in the
east, indicating a gradual marginalization of the influence center.

Scientific Reports|  (2025) 15:13560 | https://doi.org/10.1038/s41598-025-98785-4 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

(a) PM2.5
2010 2015 2020
J/ m J'n "
4 / - ¥
Ay o N
YN P ahadis y .
¥ f ‘/
) |
e S B s T, S g
[-0.0.75,-0.070] (-0.065,-0.057)  mm (-0.049, -0.037] [-0.051, -0.049] (-0.036, -0.030] ™= (-0.021, -0.013] [-0.115,-0.110] (-0.102, -0.093] == (-0.087, -0.071]
(-0.070, -0.065) ™ (-0.057,-0.049] W (-0.037, -0.025] (-0.049, -0.036] == (-0.030,-0.021] = (-0.013, -0.006) (-0.110,-0.102] == (-0.093, -0.087] == (-0.071, -0.059]
(b) Slope
2010 2015 2020
/j"— R /:‘~ —
) f J J
aAl / PN AL
r )] \"/ 7
J e ) J
A 0 25 km A 1
e 2! [ R -
[-0.068, -0.063] (-0.059, -0.055] ™= (-0.052, -0.049] [-0.016, -0.014] (-0.013,-0.012] == (-0.011,-0.010] [-0.100, -0.097] (-0.096,-0.095]  wm (-0.094, -0.092]
(-0.063,-0.059] ™ (-0.055, -0.052] = (-0.049, -0.045] (-0.014,-0.013] = (-0.012,-0.011] = (-0.010, -0.008] (-0.097,-0.096]  wm (-0.095, -0.0094] = (-0.092, -0.091]

Fig. 4. Regression coeflicient map of sports venues and natural environment based on MGWR model.

As depicted in Fig. 3d, the regression coefficients between the sports venues and traffic accessibility
in Xi'an are all positive, indicating a positive promotional effect of traffic accessibility on the distribution of
sports venues. Moreover, sports venues exhibit a high degree of sensitivity to changes in traffic accessibility
(with a maximum value of 0.145), which becomes increasingly pronounced over time. The high-value areas of
regression coefficients between the sports venues and traffic accessibility in 2010, 2015, and 2020 share rough
similarities, mainly concentrated in Weiyang District, Lianhu District, Beilin District, Yanta District, Changan
District, Hu County, and Zhouzhi County. In these areas, convenient transportation enhances residents’ physical
activity levels, thereby increasing the demand for sports venues. Furthermore, good transportation connectivity
better supports the distribution of sports venues and affects the location selection for their construction. Over
the three-year period, the regression coefficients generally follow a pattern of being higher in the west and lower
in the east. Since 2015, Xi’an has made remarkable progress in subway construction, significantly enhancing
intra-city transportation convenience and coverage. The expansion of roads, the construction of expressways
and ring roads, the improvement of urban traffic capacity, the development of intelligent transportation, and
the continuous optimization of bus routes have all contributed to enhancing the overall efficiency of urban
transportation. As a result, residents have more transportation options, and the influence of traffic accessibility
on the distribution of sports venues has become more pronounced. Sports venues located in areas with more
convenient transportation tend to experience higher demand.

As depicted in Fig. 4a, PM2.5 has an inhibitory effect on the distribution of sports venues in Xian. A higher
absolute value of the regression coefficient leads to a more pronounced reduction in sports venues in the area
due to increasing PM2.5 levels. PM2.5 poses potential health hazards, prompting the government to restrict the
construction of sports venues in regions with high PM2.5 concentrations. Moreover, training and competitions in
highly polluted environments can negatively affect athletes’ performance and physical condition. Most crucially,
citizens prefer to engage in sports activities in venues with good air quality. Lastly, highly polluted environments
incur additional management and maintenance costs for sports venues. The regression coefficients exhibit a
decreasing trend from southwest to northeast, reaching their lowest value (-0.115) in 2020. Over this decade,
the absolute values of the regression coefficients underwent a rapid increase from 2015 to 2020, indicating a
more pronounced impact of PM2.5 on the distribution of sports venues. There is a growing awareness in sports
venue planning of the importance of surrounding environments and their impact on athletes” health. In 2017,
the 19th National Congress of the Communist Party of China first articulated that the principal contradiction
facing Chinese society had evolved into one between the ever-growing needs of the people for a better life
and unbalanced and inadequate development. This marked a phased change in people’s demands for living
environment quality and their awareness of ecological protection. Consequently, sports venues have become
increasingly sensitive to environmental changes.

As illustrated in Fig. 4b, the slope exhibits a significant negative impact on the distribution of sports venues
(p<0.01). From a geographical perspective, the slope indicates the steepness of a surface unit; a steeper slope
indicates a greater topographic relief. A larger slope can lead to increased construction costs for sports venues
and, to some extent, limit the scale and layout of these venues. Areas with significant topographic relief typically
have underdeveloped road networks, which affect the utilization rate of venues and the convenience of audience
access. Additionally, such areas suffer from low land utilization efficiency, hindering the centralized management
and operation of sports venues. Consequently, the slope significantly inhibits the distribution of sports venues.
In terms of temporal evolution characteristics, the absolute value of the regression coeflicient decreased from
2010 to reach a low in 2015, followed by an increase thereafter. In parallel, the focus of impact was shifted
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from northeast to southwest forming a “center-periphery” structure with high values in the center and low
values around 2020. Notably, the differences in regression coefficients among regions across the three years were
minimal, suggesting that the impact of slope on sports venue site selection exhibits little spatial heterogeneity.

A comprehensive analysis of Figs. 3 and 4 reveals that traffic accessibility and population density, which
can be both described as key components of human activity, have a more prominent impact on the layout of
sports venues, while ecological factors and terrain, part of the natural environment, exhibit similar influences.
The influence of commercial, industrial, and population scales on sports venues has shown a declining trend,
whereas the effect of transportation remains robust and continues to grow rapidly.

Discussion

Overall, from our analysis, it was found that sports venues tend to be distributed in urban built-up areas and
university towns. The urban infrastructure in these locations is relatively well-developed, with convenient
transportation, high urbanization rates, and strong social vitality. The dense concentration of sports venues in
these areas enhances the accessibility and convenience for mass sports and leisure activities. This observation is
aligned with the findings of various works in the literature, such as Sun, Feng, Jiang, Yong, and others****, who
reported that sports venues are primarily located in urban downtown areas. However, the pattern of distribution
center changes differs from that of Sun, Feng, as their study revealed an evolution from urbanization to
suburbanization and then re-urbanization. However, no significant evolution in the distribution center of sports
venues was found in this work, with only a gradual expansion of the scope over time. This discrepancy arises
from the fact that Sun, Feng’s research focused solely on fitness venues, whereas all types of sports venues were
taken into account in our analysis, resulting in a more comprehensive scope of research objects. Consequently,
our study is better equipped to highlight the changing dynamics of sports venues during urban development.

It was also revealed that human activities and the natural environment exert varying degrees of influence on
the spatial layout of sports venues, with traffic accessibility and population density being particularly significant
factors. Conversely, the impact of commercial, industrial activities, and population size on the distribution
of sports venues demonstrated a declining trend. Within the natural ecological environment, both ecological
conditions and terrain factors have similar inhibitory effects on the layout of sports venues. This aligns with the
findings of various reported works in the literature, such as Huang, Min, Zhang, Shulin, Zhang, Yueting, and
others®323%, who observed that the spatial distribution of sports venues is affected by economic, demographic,
and transportation factors. Notably, studies by Zhang Yueting and Shi Bing reveal that climate change has a
measurable yet comparatively limited effect on sports facilities when contrasted with other environmental
determinants®2. Since this study focuses on Xi’an as the research area where climate change is not significant, the
effects of factors such as temperature and precipitation were not addressed. By adopting a long-term sequential
approach, the influence of human activities and the natural environment was systematically analysed here and
we further delved into the changing trends of these influences. In line with continuous economic development
and the improvement of sports venue construction, the influence of commerce, economics, and population
on sports venues has exhibited a declining trend. Slope, as one of the critical factors considered in sports
venue construction, exhibits spatial heterogeneity in its impact on sports venues. However, altering the slope
is not always easily achieved. Nonetheless, the site selection of sports venues can be flexibly planned through
technological means, minimizing the spatial heterogeneity of the slope’s influence on sports venue location.
Additionally, regarding transportation, the results of this study are directly aligned with the conclusions of Tang
Yukun, emphasizing that transportation accessibility has the most significant impact on the distribution of sports
venues, with residents preferring those located in areas with convenient transportation and good environmental
quality.

Based on the above-mentioned analysis, the following recommendations can be drawn. (1) In the planning of
sports venues, a transportation accessibility framework should serve as the foundation, prioritizing areas adjacent
to major transportation nodes such as subway stations and bus hubs, while simultaneously improving barrier-
free connecting facilities (e.g., accessible pathways, tactile paving systems, low-floor buses, etc.)*®. Site selection
planning should establish a dynamic population database, focusing on analyzing the distribution characteristics
of vulnerable groups including elderly populations, disabled communities, and low-income neighborhoods.
The “15-minute fitness circle” spatial algorithm should be employed to precisely identify areas with facility
supply gaps, prioritizing the supplementation of basic fitness infrastructure in public service-deficient zones®.
It is recommended to develop a “transportation-population-equity” three-dimensional evaluation model,
incorporating accessibility facility coverage rates and vulnerable group accessibility indices into land reservation
decision-making systems. Collaboration with transportation departments should be strengthened to implement
accessibility retrofitting of public transport routes, ensuring pedestrian-friendly access for all population
groups within a 500-meter radius of newly constructed venues. Additionally, a community sports facility
co-construction mechanism should be established, safeguarding the decision-making participation rights of
vulnerable groups during the planning phase through public hearings and demand mapping surveys. (2) In
the selection of sports venue sites, it is essential to adopt a differentiated strategy that aligns with Xian’s urban
positioning of “cultural-tourism integration” and its core requirement of “heritage conservation.” First, priority
should be given to emerging development zones such as the Xixian New Area and the International Trade &
Logistics Park (following the model of the 14th National Games’ main venue, the Olympic Sports Center). These
areas feature flat terrain, relatively better air quality, and fewer constraints from the old city’s heritage protection
policies, effectively reducing construction costs and risks to cultural relics’”3. Second, if sites are required
near cultural heritage protection zones such as the Ming City Wall or the Han Dynasty Changan City ruins,
a dual-assessment mechanism should be implemented in collaboration with cultural heritage authorities. This
mechanism should include not only conventional environmental assessments (e.g., air quality monitoring and
topographic mapping) but also a specialized evaluation of cultural heritage impacts. Technical measures such
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as underground surveys and delineation of heritage buffer zones should be applied to mitigate construction
risks (referencing the cultural heritage preservation model used in Xian’s metro construction). Additionally,
a “venue + cultural tourism” hybrid approach could be explored. For example, when planning event venues in
the Qujiang New Area, sports-tourism complexes could be developed by integrating with cultural tourism hubs
like the Big Wild Goose Pagoda and the Tang Dynasty Ever-Bright City, meeting the demands of international
sporting events while revitalizing urban cultural and recreational spaces. (3) In response to national energy
conservation, emission reduction, and sustainable development policies, sports venue planning in Xi’an must
align with the requirements of the city’s 14th Five-Year Plan regarding “coordinated development of historic
and cultural city preservation and urban renewal”®® A smart venue utilization monitoring system should be
established to dynamically assess operational efficiency through big data analysis. For underutilized venues,
priority should be given to strategies such as functional repurposing and composite transformations—for
example, converting them into cultural-sports complexes integrating Qin and Han cultural exhibitions, public
fitness facilities, and event training facilities. This approach not only aligns with Xian’s vision as a “City of
Museums” but also revitalizes existing resources. The renovation process should adhere to green construction
principles by adopting prefabricated energy-saving technologies, locally sourced eco-friendly materials, and
intelligent operation platforms for precise energy consumption management, thereby forging a Xi'an model that
blends historical heritage with modern low-carbon smart solutions'®.

Concurrently, this work acknowledges several limitations. First, it solely focused on analysing past years’
data, neglecting to investigate the future distribution trends of sports venues. Second, the number of influencing
factors considered in this work is relatively limited. Finally, conducting citywide field research proved extremely
challenging, thus making it impossible to incorporate unregistered venues into the study. Consequently, future
research necessitates refining both the temporal scope and the research scale. From both qualitative and
quantitative perspectives, deepening the investigation into the underlying mechanisms of influence will enable
the simulation and modelling of future sports venue distributions. Furthermore, incorporating various policy
scenarios is anticipated to provide invaluable guidance for the proper urban layout of sports venues.

Conclusion
In this work, based on POI data of sports venues in Xi'an, KDE and MGWR were employed to reveal the
spatiotemporal evolution characteristics and influencing factors of sports venues in Xian. The main conclusions
are as follows:

(1) The spatiotemporal evolution characteristics indicated that the number of sports venues in Xi’an has shown
a trend of continuous growth, with a significantly higher growth rate from 2015 to 2020 compared to
2010-2015. The spatial distribution pattern has gradually evolved from a “IT”-shaped configuration to a
concentric circle structure with a “center-periphery” layout, with the area of high-value zones continuously
expanding and extreme values constantly rising. High-value zones are mainly concentrated in the built-up
areas where district and county governments are located, while secondary high-value zones are centered
around university towns and sports centers. Overall, sports venues are centered around Xincheng, Beilin,
and Lianhu districts, spreading outward with a decreasing density towards the periphery.

(2) The analysis of influencing factors revealed that the spatial distribution of sports venues in Xian is affected
by multiple factors. Among them, the influence of traditional factors such as commerce, industry, and pop-
ulation is gradually weakening, while transportation accessibility and environmental quality have emerged
as dominant factors. It is noteworthy that the impact of slope on the distribution of sports venues exhibits
spatial consistency.

(3) Based on the research findings, it is recommended to prioritize areas with convenient transportation and
dense population in the planning of sports venues, laying emphasis on environmental quality and topo-
graphical conditions, and advance green transformation and dynamic planning. This will contribute to
enhancing venue utilization efficiency and service levels, reducing construction and operational costs, and
promoting sustainable urban development. Scientific planning and dynamic adjustments will ensure the
rationality and forward-thinking of sports venue layouts, meeting residents” increasingly growing fitness
demands.

This complex interplay between human activities, natural environments, and the spatial distribution of sports
venues was revealed, providing crucial insights for policymakers and urban planners. It is suggested that in
future planning of sports venues, full consideration should be given to the characteristics of spatial heterogeneity,
with rational layouts in areas where positive correlations are significant to maximize the social benefits of sports
venues. Meanwhile, subsequent research can further explore the long-term impacts of these trends so as to better
integrate sports infrastructure construction into urban development and sustainability goals.
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