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Since ancient times, the Sichuan-Tibet Railway corridor has given birth to a wealth of cultural heritage.
This study employs GSA, ESTDA, and OPGD to investigate the spatial patterns and influencing factors
of cultural heritage in counties along the Sichuan-Tibet Railway. The results show that: (1) The quantity
and spatial pattern of cultural heritage in counties along the Sichuan-Tibet Railway have dynamically
changed over time, exhibiting a quasi-periodic characteristic of weak agglomeration—strong
agglomeration—weak agglomeration. (2) The local spatial structure of cultural heritage quantity and
the overall fluctuation amplitude of spatial dependency direction are small, indicating strong spatial
integration. The local spatial autocorrelation structure is relatively stable, with evident transfer inertia
and path dependency, and significant regional coordinated development relationships, especially in
the areas at both ends of the railway. (3) The spatial pattern of cultural heritage along the route is the
result of the interaction of multi-factor, especially historical and cultural factors. The research results
have practical value for the excavation, protection and utilization of cultural heritage resources along

the Sichuan-Tibet Railway.

As a major strategic project in China, the area along the Sichuan-Tibet
Railway is an important ethnic area in China, with profound cultural and
historical accumulation. Since ancient times, it has been an important
channel connecting Sichuan and Tibet (Tea-Horse Ancient Road) and an
important linear cultural heritage in China'. The so-called linear cultural
heritage refers to the material and intangible cultural heritage groups in the
linear or belt-shaped areas with special cultural resources’. It has distinct
characteristics such as unbalanced distribution of local resources, large time
and space span, and many and complex components’. These unique ethnic
historical and cultural heritage groups are testimonies to the region’s his-
torical, cultural, social, and economic development and are crucial for
maintaining regional cultural diversity and historical continuity. In addi-
tion, linear cultural heritage has achieved remarkable results in resource
integration and sustainable development through resource advantages and
agglomeration effects, and is regarded as a growth driver for regional
development’.

Throughout the research history of linear cultural heritage, related
research originated in the early 20 th century in Europe and the United
States and other countries to connect cultural elements such as monuments,
squares, parks and other green landscape axes and boulevards, and then
derived cultural routes and heritage corridor systems’, setting off a world-
wide research boom in linear cultural heritage. The research content mainly

includes landscape design and planning”*®, operation management’, regional
cooperation'’, spatial structure and management'' of linear cultural heri-
tage, which basically involves the whole process of heritage utilization. In
China, with the promotion of the strategic deployment of the Great Wall, the
Long March, the Yellow River, the Yangtze River National Cultural Park
and the construction of cultural belts, as well as the successful application of
cultural heritage such as the Grand Canal, the protection, inheritance and
utilization of linear cultural heritage has become a hot topic. Relevant
research mainly focuses on the concept analysis of linear cultural heritage®,
landscape value assessment", sustainability assessment', protection and
management’, residents’ value perception of heritage sites", heritage cor-
ridor construction'® and so on. The research objects focus on the Grand
Canal, the Great Wall, the Silk Road, the Yunnan-Tibet Tea Horse Road, the
Yunnan-Vietnam Railway, the Middle East Railway, and the ancient Qin-
Shu Road. In addition, under the background of global urbanization and
modernization, the original function of linear cultural heritage is limited or
destroyed, and it is driven by economic development and cultural inheri-
tance. Exploring the functional evolution and transformation of linear
cultural heritage has become a key research topic at home and abroad. Many
scholars at home and abroad have also affirmed the multiple functions of
linear cultural heritage in religious culture”, cultural inheritance'®, leisure
and recreation'’, popular science education®, and ecological environment".
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In particular, the combination of linear cultural heritage and tourism has
spawned related topics such as tourism product development™, tourism
value assessment™, tourism stakeholders’, and tourism effects®.

In recent years, with the development of GIS and other geographic
information technologies, international research on linear cultural heritage
has gradually shifted from qualitative to quantitative approaches, focusing
primarily on spatial analysis and evaluation of cultural heritage groups. The
research object is divided into two categories: material cultural heritage and
intangible cultural heritage, including traditional villages, ancient buildings,
ancient sites, traditional skills, traditional medicine and other types™™".
Methods include kernel density analysis™, geographic concentration
index”, and spatial autocorrelation””. Research scales range from global®,
national™, and regional’ to provincial ® and municipal** levels. At the same
time, scholars have also revealed the driving mechanism of the spatial
pattern of cultural heritage through geodetector”, geographically weighted
regression”’, buffer zones™ and other methods. The results show that cul-
tural heritage is the product of the interaction of historical, natural, social
and cultural environments, including topography, hydrological conditions,
vegetation cover, population density, economic development level, traffic
conditions, historical environment’*. In general, the spatial pattern of
cultural heritage in different periods is related to the natural geographical
environment and cultural and historical conditions. To a certain extent, it is
a geographical paradigm for the coordinated development of human-land
relations.

However, the existing research mostly focuses on the static analysis
and evaluation of linear cultural heritage. Even for the spatial research of
linear cultural heritage, it only stays in the static spatial description of its
ethnic group. At present, there is little systematic research on linear
cultural heritage and its ethnic groups as a whole, and there is a lack of
spatial co-opetition analysis of the development and evolution of cultural
heritage in different periods between regions. In addition, the research
objects are mainly the Grand Canal, the Great Wall Cultural Park, and
the Silk Road. There are few studies on the linear region along the
modern railway, and most of them use qualitative methods'. The theory
of linear cultural heritage corridor points out that transportation infra-
structure is not only a channel for material flow, but also a link for
cultural dissemination and integration. As an important corridor con-
necting Chinese and Tibetan cultures, the distribution and evolution of
linear cultural heritage along the Sichuan-Tibet Railway has unique
research and development value. The Sichuan-Tibet Railway not only
overlaps with the ancient tea-horse road in space, but also has a unique
temporal pattern of its cultural heritage groups due to its complex terrain
and changeable climatic conditions. Due to geographical restrictions and
lack of concepts, compared with the depth and breadth of other cultural
route heritage research in China, the research on Sichuan-Tibet Railway
is not systematic, and the in-depth investigation and theoretical research
work can not be carried out under the guidance of a complete theoretical
system. The object of study is more focused on its ecological and
environmental impact, the composition of cultural heritage, the value of
cultural heritage and other static, point-like elements, as well as the
operation of heritage protection, heritage development and other
aspects. There is less attention to the dynamic evolution of the overall
spatial pattern of linear cultural heritage and the analysis of neighbor-
hood competition and cooperation, but it also provides research para-
digms and theoretical references for related research in the region™. With
the construction and operation of the railway, cultural heritage in these
counties will face unprecedented opportunities and challenges. On one
hand, the railway’s opening is expected to promote the protection and
inheritance of cultural heritage by enhancing public awareness and
conservation consciousness through cultural and tourism activities. On
the other hand, rapid economic development and urbanization may pose
potential threats to these fragile cultural heritage. Therefore, system-
atically characterizing the spatial-temporal patterns of cultural heritage
in counties along the Sichuan-Tibet Railway and clarifying the influen-
cing factors of its spatial distribution are of great theoretical and practical

significance for formulating scientific and rational cultural heritage
protection strategies and achieving sustainable development.

Therefore, this paper takes the county-level administrative regions
along the Sichuan-Tibet Railway as the research area, and systematically
excavates the linear cultural heritage of the Sichuan-Tibet Railway and
constructs a database based on the census data of Chinese cultural relics.
Then, by introducing dynamic research methods such as exploratory spatio-
temporal data analysis, the spatio-temporal distribution characteristics and
evolution rules of cultural heritage are quantitatively analyzed. On this basis,
this paper constructs an index system of influencing factors from three
dimensions: natural geography, social economy, and historical culture.
Using the OPGD, this paper analyzes the impact and interaction of different
factors on the spatial pattern of cultural heritage (Fig. 1). This paper aims to
provide a scientific basis for the protection and utilization of cultural heri-
tage along the Sichuan-Tibet Railway, and also provide a new paradigm
reference for the study of other traffic-type linear cultural heritage, such as
spatio-temporal dynamics and spatio-temporal interaction.

Methods

Study area overview

The Sichuan-Tibet Railway is an east-west rapid railway in southwestern
China and the second railway into Tibet. It starts from Chengdu in the east
and ends in Lhasa in the west, passing through five prefectures (cities)
including Ya’an, Garze, Changdu, Nyingchi, and Shannan, as well as more
than 30 counties (Fig. 2). The railway spans China’s first and second
topographic steps, with a total length of 1,838 kilometers and a cumulative
elevation gain of 14,000 meters. It traverses numerous famous mountains,
rivers, and geomorphological units”. Additionally, the railway corridor was
an important route of the ancient Tea Horse Road and an important linear
cultural heritage in China. Along the route, there is a bright culture of the
Han and Tibetan, which has nurtured 16 types of cultural heritage groups
with national characteristics, such as ancient sites, architecture, grotto
temples, traditional music, dance, and folklore, with great potential for
cultural and tourism development.

Method selection basis and introduction
The research of traditional cultural heritage mostly relies on static methods
such as nearest neighbor index and kernel density analysis, which can only
reflect the spatial pattern characteristics of a certain time section, and it is
difficult to capture the temporal and spatial dynamic evolution law of cul-
tural heritage. In addition, the traditional geodetector is limited by the
discrete method and the series, and the ability to explain the interaction of
multiple factors is limited, which cannot reveal the comprehensive driving
mechanism of multi-dimensional factors on the spatial pattern of cultural
heritage. Therefore, this study dynamically presents the stability and transfer
inertia of the local spatial structure of cultural heritage through the LISA
time path, LISA space-time transition and LISA space-time interaction
analysis of ESTDA, which breaks through the “snapshot” limitation of
traditional static spatial analysis. At the same time, the geodetector based on
parameter optimization can explore the potential interactive effects of
geological variables and provide various visual spatial analysis results. The
combination of the two provides a methodological innovation for the
spatio-temporal dynamic analysis and multi-dimensional driving
mechanism research of linear regional cultural heritage.

Global spatial autocorrelation. This study employs the Moran’s I index
to analyze the spatial pattern of cultural heritage in counties along the
Sichuan-Tibet Railway"', with the formula as follows:

n P ;=1wij(Xi - X)(Xj — X) )
2?:1 Z?:l(Xi - X)Z

Where Global Moran’s I denotes the autocorrelation coefficient; n is
the number of counties, Xi and Xj represent the quantities of cultural
heritage in counties i and j; X represents the mean value, and w;; Tepresents
the spatial weight. If the Moran’s I index is greater than zero and the Z-score

Global Moran'sI = TR—
=1%Y
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Fig. 1 | Research framework and methodology flowchart.

is greater than 1.65, it indicates a positive global correlation. The counties
with an approximate number of cultural heritage are spatially clustered. The
larger the Z-score, the smaller the P value, the more significant the
agglomeration state. If it is negative, it represents a global negative corre-
lation, and the number of cultural heritage varies greatly among different
counties. If the Z-score is between-1.65 and 1.65, it indicates that the cultural

heritage is randomly distributed in space.

network.

Exploratory spatial-temporal data analysis. This study utilizes
Exploratory Spatial-Temporal Data Analysis (ESTDA) to reveal the inter-
active characteristics of cultural heritage in counties along the Sichuan-Tibet
Railway across both spatial and temporal scales, dynamically presenting
static Local Indicators of Spatial Autocorrelation (LISA). It includes LISA
time path, LISA spatial-temporal transition and LISA spatial-temporal
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Fig. 2 | Distribution of counties and cultural heritage
along the Sichuan-Tibet Railway.
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Table 1| The classification of spatial-temporal transition types

Types Forms Symbol representations

| Self-transition, neighborhood unchanged HH; — LH¢ 1 HLy— LLi 4y LLy— HLg 4 LHy— HH 4
Il Self-unchanged, neighborhood transition HH; — HL, . HLi— HH; 4. LLi—HL 4. LHy— LLi o
1] Self-transition, neighborhood transition HH; — LLy 4. HL{— LHy 4. LLy— HHy 4o LHy— HL 4
\Y Self-unchanged, neighborhood unchanged HH; — HH¢, 1. HLi—HL¢ 9y LLi— LLiyqy LHy— LHi

The LISA time path includes three indicators: relative length, curva-
ture, and movement direction, which respectively characterize the dynamic
features of local spatial structure, the fluctuation of local spatial dependency
direction, and the integration of local spatial structure**. The formulas are
as follows:

T-1
_ nX Do d(Li,N Lii1)
i T—1
PIHD i AL L)

)

o _ 2 4L L) )
AT L)

Where V is the relative length; @ is bending degree; T is the annual
interval;, L;, is the LISA coordinate of county i in t years (y,,,yL;,);
aL;,,L;, 1) is the migration distance from ¢ year to t + 1 year in i county;
d(L;,, L; r) the migration distance of county i from year ¢ to the end of the
year. If ¥; and @; is larger, it indicates that the region has a dynamic local
spatial structure and direction. On the contrary, the spatial structure and
state are stable.

To further reveal the spatial-temporal evolution characteristics of
cultural heritage in counties along the Sichuan-Tibet Railway, this study
combines the LISA time path with the traditional Markov chain to form a
spatial-temporal transition matrix****, as shown in Table 1.

This paper reveals the characteristics of LISA spatio-temporal network
between counties and neighborhoods by calculating the covariance coefficient

of LISA spatio-temporal trajectory between counties and neighborhoods,
which mainly includes four types : strong positive correlation, weak positive
correlation, strong negative correlation and weak negative correlation.

Optimal parameter geographical detector. Parameter optimization is
to combine different discretization classification methods and stages of
continuous variables. According to the combination of discretization
parameters corresponding to the highest interpretation of variables, it is
optimal to carry out more accurate spatial analysis. The parameter opti-
mization in this paper is mainly spatial discretization optimization. Among
them, the classification method uses natural breaks, equal breaks, standard
breaks, geometric breaks and quantile breaks. According to the principle of
not too much®, the grades are set to 3-7 categories.

On the basis of parameter optimization, the degree of explanatory
power of single factor to the spatial differentiation of cultural heritage is
analyzed by factor detection. The calculation formula™ is :

L
_ > _h19hNy

N 4)

q=1

Where N and o” respectively represent the variance of the number of units
and Y in the study area. Y consists of L layers (h = 1, 2... L). q represents the
explanatory ability of each influence factor to Y, and its value is strictly
within [0, 1]. The larger the value of g, the stronger the explanatory ability of
independent variable X to dependent variable Y, and vice versa.
Furthermore, the interaction detector is used to identify the interac-
tions between influencing factors, ie., to assess the combined effects

npj Heritage Science| (2025)13:301


www.nature.com/npjheritagesci

https://doi.org/10.1038/s40494-025-01849-x

Article

Eig. 3 | Interaction types between influencing Explanatory Criterion Interaction type
o —_—— q(X1NX)>q(X1)+q(Xy), Nonlinear-enhanced
———o—> a(XiNX2)=aq(X1)+aq(Xz) Independent
——o—o— q(XiNXz)>max [q(X;), g(X2)] Bi-enhanced
s> miNlgOX), GGG )<max [G0G), O] Sn9lS acer noninear
— > q(X1NX3)<min[q(X;), q(X3)] Nonlinear-weakened
min[q(X), g(X2)] max[q(X1), q(X3)] a(X1)+q(Xz) q(XiNX3)

Table 2 | Index system of influencing factors

Evaluation Indicator Detection Factor Indicator Explanation Reference
Natural Geography Factors X1 Elevation Elevation of cultural heritage sites 28
X2 Slope Slope at cultural heritage sites 28
X3 River Distribution Distance between cultural heritage and river system 49
Social Economy Factors X4 Distance to Historical Cities Distance from cultural heritage to government seats 27
X5 Distance to Historical Transportation Distance from cultural heritage to the Tea Horse Road 34
Routes
X6 Population Density Population density at cultural heritage sites 32
X7 GDP GDP at cultural heritage sites 48
Historical Culture Factors X8 Ethnic Cultural Background Proportion of ethnic minorities in the total population 27
X9 Historical Settlement Environment Number of national historical and cultural cities, towns, villages, and 48
traditional villages
X10 Religious Belief Level Number of religious and sacrificial sites 27

(enhancement or reduction) of factor pairs on the spatial pattern of cultural
heritage, as shown in Fig. 3.

Indicator system and data sources
Based on the core viewpoint of cultural landscape theory, the spatial pattern
of cultural heritage is essentially the result of the long-term interaction of the
triple composite system of “natural base-human activities-cultural inheri-
tance”. Based on the three-dimensional dialectical framework of Lefebvre’s
spatial production theory, this study constructs a composite dynamic
mechanism of “environmental adaptability-socio-economic drive-cultural
reproduction” : (1) The natural geographical environment forms the basic
framework of cultural heritage distribution through topographic barrier
effect and water corridor effect. (2) Socio-economic factors are driven by
gradient through spatial differentiation of population aggregation, trans-
portation network and economic activities. (3) Historical and cultural ele-
ments realize the spatial and temporal reproduction of cultural genes
through ethnic migration, religious communication, settlement succession
and other processes. Therefore, based on the relevant research®>**>***, this
paper constructs an index system including ten factors in three dimensions
of natural geography, social economy and historical culture, and compre-
hensively discusses the influencing factors of the spatial pattern of cultural
heritage in counties along the Sichuan-Tibet Railway (Table 2).
Specifically, elevation (X1) and slope (X2) are important factors
affecting regional climate, hydrology, landform, and human habitability,
thereby influencing the spatial pattern of cultural heritage. Additionally,
the distribution of river systems (X3) is closely related to human activities.
To determine its impact, this study calculates the nearest distance between
cultural heritage sites and river systems. Ancient cities (X4), as con-
centrated areas of early human activities, provide a basis for the emergence
and development of cultural heritage. The historical transportation con-
ditions (X5) in the region, such as the ancient Tea Horse Road, promoted
economic trade and cultural exchanges along the line. Due to the lack of
data on the Tea Horse Road, this study uses the modern transportation

routes G317 and G318, which closely match the ancient road, as the
transportation factor. Population-dense areas (X6) and economically
developed core regions (X7) are inevitably areas where culture flourished
in ancient times, facilitating the formation and inheritance of cultural
heritage. The proportion of ethnic minorities (X8) promotes the emer-
gence of numerous cultural heritage with unique folk customs. The scale
and authenticity of historical settlements (X9) are interdependent with the
distribution and quantity of cultural heritage. The number of religious and
sacrificial sites (X10) reflects the degree of religious belief in the region and
can better illustrate the impact of regional religious culture on the spatial
differentiation of cultural heritage.

Cultural heritage data were obtained from the national and provincial
(autonomous region) level intangible cultural heritage lists and cultural relic
protection unit lists published by cultural relics bureaus and tourism
departments at all levels. The spatial coordinates of cultural heritage were
acquired using Baidu Coordinate Selector (for intangible cultural heritage,
the place of origin was selected), converted to WGS_1984 coordinates, and
corrected to obtain a total of 702 cultural heritage sites. The vector data of
provincial, municipal, and county-level administrative boundaries and
government seats were sourced from the Resource and Environmental
Science Data Center of the Chinese Academy of Sciences. The vector data of
major transportation routes and river systems were obtained from the
1:250,000 basic geographical database. The 90-meter DEM data were
sourced from the geographical spatial data cloud, and elevation and slope
data were derived from the DEM. County-level population density, min-
ority population numbers, and GDP statistics were obtained from the 2023
statistical yearbooks of respective districts and counties. The number of
national historical and cultural cities, historical and cultural towns and
historical and cultural villages, and the number of traditional Chinese vil-
lages are obtained through the corresponding official websites of the
country, such as the digital museum of traditional Chinese villages. The
religious and sacrificial sites come from the State Religious Affairs Bureau
and local religious management departments.
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Fig. 4 | Temporal characteristics of cultural heritage in counties along the Sichuan-
Tibet Railway.

Results

Spatial-temporal evolution characteristics of cultural heritage in
counties along the Sichuan-Tibet Railway

Temporal evolution characteristics. Based on the characteristics of Chinese
historical evolution and related studies', this study divides the cultural
heritage along the Sichuan-Tibet Railway into five periods: prehistory to
pre-Qin, Qin-Han-Sui-Tang, Song and Yuan, Ming and Qing, and modern
China (Fig. 4). The radar charts shows that the number of cultural heritage
in each period has increased step by step, with the highest proportion in the
Ming and Qing (39.32%). The second is the Qin-Han-Sui-Tang, with 196
different types of cultural heritage. The Song and Yuan and modern China
accounted for 12.68% and 11.11% respectively, while the prehistoric to pre-
Qin accounted for only 8.97%. This change is closely related to the political
and economic pattern and the intensity of ethnic exchanges in different
historical stages.

According to historical records, due to the unique natural geographical
environment, Han and Tibetan ethnic groups began to interact in the
Qinghai-Tibet Plateau region in ancient times, forming ancient sites such as
Karuo and Qugong with cultural features of the Yellow River basin”.
However, due to the low productivity level and sparse population of pri-
mitive society, the number of cultural heritage in this period was relatively
small. In the Qin-Han-Sui-Tang period, with the establishment of the
central government in the eastern counties of Tibet, the introduction of Han
clothing and smelting technology promoted the development of Tibetan
local culture. In particular, the entry of Princess Wencheng of the Tang
Dynasty into Tibet (A.D. 641), the spread of Bon religion, and the “Tang-
Tibet Alliance Stele” greatly promoted the cultural exchanges between the
Central Plains and Tibet, and gave birth to many cultural heritage with
national characteristics, an increase of 311% over the previous period.
Among them, traditional skills, ancient buildings, traditional dances, and
folk customs are the main ones. In the Song and Yuan period, the rise of the
Tea Horse Road and Kublai Khan’s reverence for Tibetan Buddhism led to
the construction of rich Tibetan Buddhist temples and grotto temples along
the Sichuan-Tibet Railway. The further integration of Han and Tibetan
culture became the main driving force for the birth of cultural heritage.
During the Ming and Qing dynasties, the Central Plains placed great
emphasis on transportation construction in Tibet and supported the local
economy. The Han-Tibet tea trade reached its peak, and the Sichuan-Tibet
Tea Horse Road became an important channel for long-term economic
trade and cultural exchange between Han and Tibetans. As a result, the
number of cultural heritage reached a peak during this period, including
national cultural heritage such as Potala Palace, Sera Monastery, Batang
String Dance and Kangmian Satangka. Subsequently, in modern China,
revolutionary wars and post-founding support and construction in Tibet left
behind many significant revolutionary sites and memorials, bringing the
number and types of cultural heritage to new heights. Overall, the temporal
evolution of the number of cultural heritage along the Sichuan-Tibet Rail-
way presents the stage characteristics of “low-level equilibrium, policy-

Table 3 | Moran’s | index and P value of cultural heritage

Stages Prehistory Qin-Han- Song Ming Modern

to Pre-Qin Sui-Tang andYuan andQing China
Moran’s/  0.010536 0.124860 0.223049  0.163964  0.110666
Z-score 0.502658 2.904828 4.188516  3.623969  2.626434
P value 0.615 0.003 0.001 0.001 0.008

driven growth, economic and trade dominance, institutional attenuation”.
The fundamental mechanism lies in the synergy of the governance intensity
of the central government, the scale of cross-regional economic exchanges
and the protection policies of cultural heritage.

Spatial evolution characteristics. This study employs global auto-
correlation to examine the overall spatial clustering characteristics of cul-
tural heritage in counties along the Sichuan-Tibet Railway during the study
period (Table 3). Overall, the global Moran’s I index ranges from 0.01 to
0.22. Except for the prehistoric to pre-Qin period, there is a significant
positive spatial autocorrelation at least at the 10% level through the sig-
nificance test, indicating significant positive spatial autocorrelation. This
suggests that counties with higher (or lower) quantities of cultural heritage
tend to cluster spatially. In terms of trend, the global Moran’s I index first
increased significantly and then decreased slowly during the study period,
showing a quasi-periodic characteristic of weak agglomeration- strong
agglomeration- weak agglomeration. This indicates that the quantity of
cultural heritage in counties along the Sichuan-Tibet Railway exhibited a
growth pole pattern from the Qin-Han-Sui-Tang periods to the Song and
Yuan period. Particularly during the Tang Dynasty, policies of marriage
alliances and economic trade led to frequent cultural exchanges between
Han and Tibetan ethnic groups in Tibet, causing high-quantity counties to
gradually cluster spatially, such as Chengguan District, Duilongdeqing
District, and Naidong District in Tibet. In contrast, counties in Sichuan such
as Yajiang County, Kangding City, and Tianquan County had fewer cultural
heritage sites due to geographical and transportation constraints. Subse-
quently, a more balanced trend emerged, with the number of cultural
heritage sites in Karuo District and Litang District also increasing, and the
spatial diffusion effect becoming stronger (Fig. 5).

Spatial-temporal evolution characteristics. In terms of LISA time path
analysis, firstly, during the study period, 15 counties had a LISA time path
relative length greater than 1, mainly distributed in the Tibetan area,
including Duilongdeqing District, Chengguan District, and Qushui County.
This indicates a strong dynamic local spatial structure. By region, the
dynamic nature of the Tibetan area (1.254) is greater than that of the
Sichuan area (0.746), with the highest value in Karuo District (2.469) and
the lowest in Bayi District (0.391), suggesting that the LISA time path
relative length decreases from west to east. The reason is that the Qinghai-
Tibet Plateau has historically been a close interaction zone between Han and
Tibetan ethnic groups, and rich cultural heritage has been generated in
different historical periods with the deepening of exchanges, resulting in a
more fluctuating local spatial structure. In contrast, the Sichuan area had
fewer cultural heritage sites in the early stages, with significant increases only
during the Ming and Qing period and modern China. Overall, the local
spatial structure in the Sichuan area is more stable (Fig. 6a).

Secondly, 21 counties had a LISA time path curvature below the mean
(2.171), indicating a relatively stable local spatial dependency direction.
Overall, these counties are less influenced by neighborhood spatial spillover
or polarization effects, with a more stable increase over time. By region, the
mean curvature of the Tibetan area (2.064) is lower than that of the Sichuan
area (2.279), indicating that the Sichuan area has a more dynamic local
spatial dependency direction. Counties such as Pujiang County, Baiyu
County, and Kangding City in Sichuan have more complex spatial structure
changes and greater fluctuations due to neighborhood spatial influences.
Combined with the LISA time path relative length, although the overall
change in the Tibetan area is greater, the process is smoother. In contrast, the
Sichuan area, despite smaller overall changes, has more fluctuations and
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directional changes. This is due to population turmoil caused by dynastic
changes, which has a significant impact on the inheritance and development
of cultural heritage (Fig. 6b).

Thirdly, the movement direction of the LISA time path reveals the
characteristics of local spatial integration of cultural heritage quantities.

Based on the direction and distance of coordinate movement, the move-
ment direction can be divided into four categories: positive synergistic
growth type (win-win), negative synergistic growth type (lose-lose), and
reverse growth type (win-lose and lose-win). There are 22 counties with
synergistic growth types, accounting for about 68.75% of the total study
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Table 4 | The probability matrix of local Moran’s |

Time vt+1 HH LH LL HL

Prehistory to Pre-Qin—Modern China HH IV (3, 0.094) 1 (0, 0.000) Il (2, 0.063) Il (1,0.031)
LH 1(1,0.081) IV (1,0.031) Il 4, 0.125) 111 (0, 0.000)
LL 11l (0, 0.000) 11 (0, 0.000) IV (13, 0.406) (2, 0.063)
HL Il (1,0.031) 111 (0, 0.000) 1(1,0.031) IV (3, 0.094)

units, indicating that the local spatial structure of cultural heritage shows a
trend of cooperation greater than competition, with strong spatial inte-
gration. The positive synergistic growth type is mainly distributed at both
ends of the railway, gradually becoming the core area for the inheritance and
protection of cultural heritage. In contrast, the central region, limited by
natural geography, political environment, and social economy factors, has
become a negative synergistic growth area. The reverse growth type is
mainly distributed in some counties and cities in Garze Prefecture and
Chengdu, with lower spatial integration due to policy competition and
ecological conflicts (Fig. 6¢).

Considering that LISA time path analysis alone cannot systematically
reveal the transfer characteristics of local spatial autocorrelation types, this
study further uses LISA spatial-temporal transition to describe the evolution
trend of local spatial autocorrelation types of cultural heritage quantities in
counties along the Sichuan-Tibet Railway.

According to Table 4, the local autocorrelation characteristics of cul-
tural heritage quantities in counties along the Sichuan-Tibet Railway exhibit
significant transfer inertia and path dependency. During the study period,
12 counties experienced spatial-temporal transitions, involving types I, II,
and 11, including HH-LL (0.063), HH-HL (0.031), LH-HH (0.031), LH-LL
(0.125), LL-HL (0.063), HL-HH (0.031), and HL-LL (0.031). These types of
counties have active transitions in local Moran’s I index types, especially
Baiyu County and Basu County, which transitioned from the HH type in
prehistory to pre-Qin to the LL type in modern China. This indicates sig-
nificant changes in both their own and neighboring local Moran’s I index
types, with evident spatial-temporal pattern evolution characteristics.
Conversely, ~62.5% of counties did not experience spatial-temporal tran-
sitions (type I), including HH-HH (0.094), HL-HL (0.094), LH-LH (0.031),
and LL-LL (0.406). This suggests that the local spatial autocorrelation
characteristics of cultural heritage quantities in counties along the Sichuan-
Tibet Railway are relatively stable and difficult to change their auto-
correlation types. Counties with LL-LL types, mostly in Garze Prefecture
and Ya’an City, have long maintained low levels of cultural heritage quan-
tities and exhibit a low-low clustering distribution trend with neighboring
areas. In contrast, Chengguan District, Duilongdeqing District, Gongga
County, Naidong District, and Zhanang County currently have high-high
clustering states. This is mainly due to their roles as political, economic, and
cultural centers of the Tibet Autonomous Region. Historical cultural inte-
gration and modern policy benefits have made them core areas for cultural
heritage distribution along the Sichuan-Tibet Railway, with a long-term
sustained trend.

During the inheritance and development of cultural heritage, neigh-
boring counties along the Sichuan-Tibet Railway may have relationships of
regional cooperation or spatial-temporal competition. To reveal the local
autocorrelation characteristics of cultural heritage inheritance and devel-
opment along the railway, this study depicts the spatial-temporal network
pattern of cultural heritage quantities in counties along the line (Fig. 7).

From the geographical network and topological network of cultural
heritage, the spatial-temporal pattern of cultural heritage quantities is
mainly characterized by positive correlation, with 33 pairs accounting for
78.57%. Among them, there are 22 strong positive correlation, such as
between Chengguan District and Zhanang County, Chengguan District and
Duilongdeqing District, and Qingyang District and Wenjiang District. This
indicates that the spatial-temporal evolution of cultural heritage quantities
in counties along the Sichuan-Tibet Railway shows a strong spatial

integration process. Additionally, some counties, including Naidong Dis-
trict and Sangri County, Litang County and Yajiang County, Qionglai City
and Xinjin District, and Naidong District and Qusong County, exhibit
strong negative correlation. The evolution process of cultural heritage
quantities in these counties has certain competitive characteristics, possibly
due to uneven population distribution, social development levels, and cul-
tural resource endowments. The inheritance and protection of cultural
heritage in individual counties have regional exclusivity. Overall, the spatial-
temporal pattern of cultural heritage quantities in counties along the
Sichuan-Tibet Railway is significant. The eastern and western ends are
collaborative development areas, mainly characterized by strong positive
correlation, while the central section is a differentiated development area,
dominated by weak negative correlation.

Analysis of influencing factors of spatial pattern of cultural heri-
tage in counties along the Sichuan-Tibet Railway

Identification of optimal parameters. Different discretization combinations
have a significant impact on the driving mechanism of the spatial pattern of
cultural heritage along the Sichuan-Tibet Railway (Fig. 8). Existing studies
usually use the combination of the largest g value as the optimal parameter
for data discretization™. Taking elevation (X1) as an example, when the
classification method is quantile breaks and the number of categories is 7,
the g value is the largest. Similarly, the slope (X2), river distribution (X3),
distance to historical cities (X4), population density (X6) and ethnic cultural
background (X8) were divided into 7, 7, 7, 7, and 6 categories by quantile
breaks. The distance to historical transportation routes (X5) is divided into 7
categories by standard breaks. GDP (X7) is divided into five categories by
geometric breaks. According to the natural breaks, the historical settlement
environment (X9) and the religious belieflevel (X10) are divided into 7 and 5
categories respectively.

Analysis of factor detector. This study employs the OPGD to explore
the influencing factors of the spatial pattern of cultural heritage in counties
along the Sichuan-Tibet Railway, revealing the significant roles of natural
geography, social economy, and historical culture in the protection and
inheritance of cultural heritage in the region. Different factors in each
dimension have varying explanatory power for the spatial pattern of cultural
heritage along the railway, all passing the significance test at the 0.01 level
(Table 5).

Regarding natural geography, the unique plateau topography, complex
terrain, and variable climatic conditions of the Sichuan-Tibet Railway region
significantly impact the spatial distribution of cultural heritage. Specifically,
the g values of elevation (X1) and river distribution (X3) are 0.4551 and
0.1332, respectively, indicating that topography and hydrological conditions
play a key role in shaping the spatial pattern of cultural heritage. The special
climate and terrain of high-altitude areas directly affect the preservation and
distribution of cultural heritage, while river distribution influences human
activity patterns and the formation of cultural heritage. Statistics show that
67.81% of cultural heritage sites are located above 3000 m in elevation, while
less than 25% are below 1000 m. Additionally, the quantity of cultural
heritage decreases with increasing distance from river systems. Slope also
explains 20.09% of the spatial differentiation characteristics of cultural
heritage along the railway.

In terms of social economy factors, GDP (X7) has the highest g value of
0.3721, indicating that the level of economic development is a key factor
influencing the spatial pattern of cultural heritage. The economic
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development level of the Sichuan-Tibet Railway region directly affects the
protection and utilization of cultural heritage. The stronger the regional
economic strength, the more likely it is to attract population and resource
aggregation, thereby giving rise to a rich and diverse array of cultural
heritage. For example, cultural heritage sites in Chengdu and Lhasa account
for 46.01% of the total. Additionally, population density (X6) and distance to
historical cities (X4) also have significant impacts, with g values of 0.2360
and 0.1989, respectively. This suggests that population aggregation and the
radiation effect of historical cities play important roles in the protection and
inheritance of cultural heritage. Areas with high population density tend to
have richer cultural heritage, while the distance to historical cities affects the
dissemination and influence range of cultural heritage. In contrast, the
explanatory power of distance to historical transportation routes (X5) is
only 0.1133, indicating a weak driving force on the spatial differentiation of
cultural heritage.

Historical and cultural factors play a decisive role in the formation of
the spatial pattern of cultural heritage along the Sichuan-Tibet Railway.
Among them, the g value of religious belief level (X10) is the highest at

0.9007, highlighting the core position of religion in the inheritance and
development of cultural heritage in the region. Because some cultural
heritage are important religious sites such as temples and pagodas, cultural
heritage-intensive areas have been formed in space. At the same time,
religious activities promote the intergenerational inheritance of art forms
such as thangkas and murals and Tibetan architectural styles, and
strengthen cultural communication through pilgrimage routes and festival
ceremonies. In addition, the stability of the religious community provides
long-term social support for the protection of cultural heritage, and ulti-
mately shapes the cultural heritage space network with religion as the core.
The religious beliefs in the Sichuan-Tibet region are diverse and profound,
exerting a far-reaching impact on local culture and lifestyle. The g values of
ethnic cultural background (X8) and historical settlement environment
(X9) are also high at 0.5238 and 0.6163, respectively, further confirming the
importance of historical and cultural factors in the formation of the spatial
pattern of cultural heritage. The counties along the Sichuan-Tibet Railway
have historically been important areas for economic trade and cultural
exchanges between Han and Tibetan ethnic groups, with rich ethnic cultural
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Table 5 | Factor detector results of cultural heritage along
Sichuan-Tibet Railway

Evaluation Indicator  Detection Factor qvalue pvalue
Natural Geography X1 Elevation 0.4551 0.001
Factors X2 Slope 0.2009  0.001

X3 River Distribution 0.1332  0.001
Social Economy X4 Distance to Historical Cities 0.1989 0.001
Factors X5 Distance to Historical 01133  0.001

Transportation Routes

X6 Population Density 0.2360 0.001

X7 GDP 0.3721 0.001
Historical Culture X8 Ethnic Cultural Background 0.5238 0.001
Factors X9 Historical Settlement 06163  0.001

Environment

X10 Religious Belief Level 0.9007 0.001

backgrounds and unique historical settlement environments. These factors
have formed many representative Chinese historical and cultural cities,
towns, villages, and traditional villages, providing an overall cultural eco-
logical environment for the protection of cultural heritage and jointly
shaping the unique spatial pattern of cultural heritage in the region.
Analysis of multi-factor interaction driving mechanism. To explore the
interactive effects of different factors on the spatial pattern of cultural

heritage along the Sichuan-Tibet Railway, this study employs the Interaction
Detector to further analyze the driving mechanisms of spatial differentiation
of cultural heritage. The heat map reveals complex interrelationships and
mechanisms among factors, showing that the combined effects of different
factors enhance the explanatory power of the spatial pattern of cultural
heritage, confirming that the spatial pattern of cultural heritage is the result
of the combined effects of natural geographical constraints, socioeconomic
factor guidance and cultural continuity (Fig. 9).

The interaction between natural geography, social economy and his-
torical culture reveals the core logic of multi-factor synergy. First of all, the
interaction between natural geography and historical culture is manifested
in the fact that high-altitude areas strengthen the originality and continuity
of religious culture due to geographical closure. For example, the interaction
q value between elevation (X1) and religious belief level (X10) reaches
0.9536, and Tibetan Buddhist temples such as Seda Wuming Buddhist
College, which are located at an altitude of more than 4000 m in Ganzi
Prefecture, are both sheltered by the terrain and rely on religious activities to
form settlement heritage. Because of the natural barrier, such areas limit the
infiltration of external culture, but promote the high concentration of reli-
gious culture in space. Secondly, the interaction between social economy
and natural geography is reflected in the breakthrough of natural constraints
by the level of economic development. The interaction g value between GDP
(X7) and elevation (X1) is 0.7301. Taking Lhasa as an example, through the
investment in transportation infrastructure such as the extension of the
Qinghai-Tibet Railway, the restrictions of high altitude on the development
of cultural heritage are partially eliminated, and the spatial agglomeration of
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Fig. 9 | Interaction detector results of cultural heri- q
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the cultural and tourism integration industry around the Potala Palace can
be realized. Regions with strong economic strength can reshape the influ-
ence path of natural geographical conditions on the distribution of cultural
heritage through technology investment and resource allocation. In addi-
tion, the interaction between social economy and historical culture is
manifested as the “scale effect” of population aggregation on cultural
inheritance. The interaction g value between population density (X6) and
ethnic cultural heritage (X8) is 0.5801. As the starting point of the Sichuan-
Tibet Railway, Chengdu relies on high-density population and diverse
ethnic communities (such as Jinli Ancient Street) to form a “living heritage”
protection model. Population agglomeration not only provides human and
financial support for cultural heritage protection, but also accelerates the
spatial diffusion of traditional handicrafts and festival culture through fre-
quent cultural activities, forming a dynamic inheritance network.

Based on the above interaction, this study proposes a “three-force
synergy” driving mechanism for the spatial pattern of cultural heritage along
the Sichuan-Tibet Railway. Among them, natural base force refers to the
initial distribution pattern of cultural heritage shaped by natural elements
such as topography and water system by limiting the scope of human
activities (such as the concentration of religious heritage in high altitude
areas). Economic boost force refers to the regional economic level and
population agglomeration through resource supply and spatial transfor-
mation, breaking through natural constraints and activating the modern use
of cultural heritage (such as Lhasa Cultural and Tourism Economic Belt).
Cultural continuity force refers to the fact that religious beliefs and national
traditions maintain the authenticity and spiritual connotation of cultural
heritage through intergenerational transmission and symbol solidification
(such as the network of Tibetan Buddhism). The three form a positive
feedback loop through nonlinear superposition: for example, religious
activities (cultural continuity force) attract the pilgrim population (eco-
nomic boost force), and then promote the construction of transportation
facilities (natural base force improvement), and ultimately expand the dis-
tribution of cultural heritage.

Discussion
Firstly, this research mainly has the following theoretical value:

(1) The existing literature mostly focuses on the static spatial pattern of
linear cultural heritage. For example, Zhang et al. revealed the spatial
agglomeration characteristics of China ‘s border cultural heritage
through kernel density analysis, but did not involve the law of spatial
and temporal evolution”. Similarly, although Cao et al. quantified the
spatial and temporal distribution of traditional Chinese medicine, they
lacked a discussion on the dynamics of local spatial autocorrelation™.
This study introduces LISA spatial-temporal transition and network
analysis, and finds that the spatial pattern of cultural heritage along the
Sichuan-Tibet Railway presents a quasi-periodic feature of weak
agglomeration-strong agglomeration-weak agglomeration, and 62.5%
of the counties have spatial autocorrelation inertia, revealing the long-
term impact of historical path dependence on the distribution of
cultural heritage. This conclusion is complementary to the dynamic
adaptability theory of modern transportation heritage proposed by
Ruiz et al.,, revealing the temporal and spatial inertia characteristics of
linear heritage under the constraints of natural base'. In addition, the
application of OPGD significantly improves the interpretation
accuracy of the driving mechanism, which is more scientific than the
traditional GD.

(2) Existing studies generally emphasize the dominance of natural and
socioeconomic factors. For example, Yuan et al. pointed out that the
heritage distribution of the Yellow River National Cultural Park is
driven by water system and population density’, while Shen et al.
found that national cultural heritage is significantly related to eco-
nomic level. However, this study confirms that the level of religious
belief is the strongest explanatory factor for the distribution of
cultural heritage along the Sichuan-Tibet Railway, which is partially
consistent with Astor’s research on the politicization of religious
heritage', but it also highlights the unique influence of Tibetan
Buddhism on the originality and continuity of plateau cultural
heritage. In addition, the study also found that the interaction
between the natural base and religious culture (such as high altitude
to strengthen religious heritage agglomeration) provides a regional
empirical evidence for Harvey’s “landscape heritage trajectory
theory”.
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(3) Existing studies pay more attention to traditional routes such as ancient
post roads and canals. For example, Li et al. discussed the ecological
security and heritage activation of the Straight Road of the Qin
Dynasty’, while Zhang et al. analyzed the tourism value of the Silk
Road’. In contrast, this paper takes the modern railway (Sichuan-Tibet
Railway) as the research object, and finds that it is highly overlapped
with the Tea-Horse Road in space, and a strong positive correlation is
formed at both ends of the railway. This finding confirms Caton’s
hypothesis of “heritageization of traffic corridors™ and complements
Denstadli’s model of “perceived quality of landscape routes” with
empirical evidence of the cultural heritage dimension".

Secondly, this study draws the following management implications:

(1) The spatial overlap rate between the Sichuan-Tibet Railway and the
Tea-Horse Ancient Road is high. It can rely on the advantages of
railway connection to integrate cultural heritage resources along the
route and create a Sino-Tibetan cultural integration corridor. Priority
should be given to setting up heritage protection centers in cultural
agglomeration areas such as Chengdu and Lhasa, and coordinating the
restoration of core heritage nodes such as ancient post stations and
Tibetan Buddhist temples. In the middle ecologically sensitive areas
(Litang to Changdu), a cultural-ecological compound reserve is
established to limit large-scale development, restore the ancient post
road landscape through digital modeling, and use AR technology to
create virtual tour routes to reduce physical intervention. In addition,
the counties along the joint set up a cross-administrative cultural
heritage management alliance to formulate unified protection
standards and avoid fragmentation of protection due to administrative
division.

(2) Given the symbiotic relationship between cultural heritage and the
natural environment on the Tibetan Plateau, a living cultural ecosys-
tem framework must be developed. First, in traditional villages (Danba
Tibetan Villages), implement in-situ intangible cultural heritage
conservation by embedding practices like Thangka painting and
Tibetan medicinal processing into daily community life. A resident
ICH practitioner program can ensure intergenerational transmission
of these traditions. Second, in high-altitude religious heritage areas
(Larung Gar Buddhist Academy), execute ecological restoration
projects using native vegetation to rehabilitate exposed slopes, while
standardizing pilgrimage routes to reduce human-induced damage to
fragile terrains. This dual approach synchronizes cultural continuity
with ecological governance to preserve heritage integrity.

(3) Capitalizing on the railway’s connectivity, develop immersive tourism
products such as “themed carriage exhibitions” and “heritage station
hubs”, transforming trains into mobile cultural spaces that dynamically
narrate ICH stories along the route. In high-traffic destinations,
promote reservation-based in-depth tourism featuring niche experi-
ences like pilgrimage trail trekking and Tibetan homestead visits to
alleviate overcrowding. Support community-led cultural cooperatives
to market region-specific products (highland barley-themed cultural
goods, yak wool handicrafts), directing profits toward heritage
restoration. Concurrently, establish a tourism feedback fund that
allocates fixed percentages of ticket revenues to ICH practitioner
training, creating a self-sustaining tourism-nurtures-heritage cycle.

In addition, this study also has the following shortcomings and
prospects: Firstly, the research data mainly comes from the census data of
cultural relics, and it is inevitable that the data is incomplete. For
example, it is difficult to accurately locate the birthplace of some intan-
gible cultural heritage, which may affect the accuracy of the research
results. Secondly, the time span of this study is limited, and it fails to cover
the spatial and temporal evolution mechanism of cultural heritage in a
longer historical period. On the method, although the OPGD model can
be optimized according to the discrete parameter combination

corresponding to the highest explanatory degree of the variable, its ability
to deal with nonlinear relationships is limited, and it may not fully reveal
the complex interactions between all factors. Based on the limitations of
this study, future research can be expanded from the following aspects.
Firstly, we should further improve the cultural heritage database,
strengthen the investigation and recording of intangible cultural heri-
tage, and improve the accuracy and integrity of the data. Secondly, future
research should strengthen exchanges with geological and archeological
experts to identify the main factors affecting the spatial pattern of ancient
cultural heritage. On this basis, the long-term evolution law of cultural
heritage can be analyzed in depth by combining longer time series data.
In terms of methods, it is suggested to introduce machine learning
algorithms, to further explore the complex relationship between influ-
encing factors and provide more scientific decision support for cultural
heritage protection.

Finally, this study systematically analyzes the spatial-temporal pattern
and evolution characteristics of cultural heritage in more than 30 counties
along the Sichuan-Tibet Railway and explores the key factors influencing its
spatial distribution. The main conclusions are as follows:

(1) Spatial-Temporal Evolution Characteristics of Cultural Heritage: The
quantity and distribution of cultural heritage in counties along the
Sichuan-Tibet Railway have shown significant dynamic changes over
time. From prehistory to modern times, the number of cultural
heritage sites has continuously increased. The global Moran’s I index
indicates a significant positive spatial autocorrelation, with a quasi-
periodic pattern of weak agglomeration-strong agglomeration-weak
agglomeration, reaching the strongest clustering state during the Qin-
Han-Sui-Tang to Song-Yuan periods. Further analysis using LISA time
path and spatial-temporal transition reveals the dynamic nature and
transfer characteristics of the local spatial structure of cultural heritage.
Some counties have experienced significant changes in the quantity of
cultural heritage during different periods, while most counties show
strong stability in spatial autocorrelation. Additionally, the spatial
pattern of cultural heritage quantities along the railway shows
collaborative development at both ends, dominated by strong positive
correlation, while the central section is a differentiated development
area, mainly characterized by weak negative correlation.

(2) Analysis of Influencing Factors on Spatial Pattern: Using the OPGD,
this study identifies the mechanisms by which natural geography,
social economy, and historical culture influence the spatial pattern of
cultural heritage. The results show that religious belief level, historical
settlement environment, economic development level (GDP), and
population density are key factors influencing the spatial pattern of
cultural heritage. Among them, the religious belief level has the
strongest explanatory power for cultural heritage distribution, indi-
cating the core position of religious culture in the formation and
inheritance of cultural heritage along the Sichuan-Tibet Railway.
Moreover, the interaction between historical and cultural factors and
natural geography and social economy factors significantly enhances
the explanatory power of the spatial pattern of cultural heritage,
indicating that the distribution of regional cultural heritage is the result
of the combined effects of multiple factors.

Data availability
The datasets generated and analyzed during the current study are available
from the corresponding author upon reasonable request.
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