(GEOGRATFIE

Cesk4 geografick4 spole¢nost

The Czech Geographical Society




GEOGRAFIE

Redakéni rada (Editorial Board)

Séfredaktor (Editor-in-Chief): Dugan DRBOHLAV (Charles University, Prague)
Zastupci $éfredaktora (Associate Editors):

Rudolf BRAZDIL (Masaryk University, Brno)

Jifi BLAZEK (Charles University, Prague)

Vit VOZENILEK (Palacky University, Olomouc)

Vykonny redaktor (Executive Editor): Vit JANCAK (Charles University, Prague)

Milan BUCEK (University of Economics, Bratislava), Petr DANEK (Masaryk University, Brno), Vladimir
FALTAN (Comenius University, Bratislava), Jan FERANEC (Slovak Academy of Science, Bratislava), Toma$
GALIA (University of Ostrava), Vladimir IRA (Slovak Academy of Science, Bratislava), Bohumir JANSKY
(Charles University, Prague), Petr JEHLICKA (Czech Academy of Sciences, Prague), Peter JORDAN (Austrian
Academy of Sciences, Vienna), Jan KALVODA (Charles University, Prague), Petr KNECHT (University of
Ostrava), Jifina KOCOURKOVA (Charles University, Prague), Petr KUBICEK (Masaryk University, Brno),
Zbigniew W. KUNDZEWICZ (Polish Academy of Sciences, Poznar), Lucie KUPKOVA (Charles University,
Prague), René MATLOVIC (Slovak Academy of Sciences, Slovak Accreditation Agency for Higher Education,
Bratislava), Piotr MIGON (University of Wroctaw), Toma$ PANEK (University of Ostrava), Petr PAVLINEK
(Charles University, Prague), Pavel RASKA (. E. Purkyné University, Ust nad Labem), Adrian SMITH (Queen
Mary University of London), Ludék SYKORA (Charles University, Prague), Jana SIFTOVA (Charles Univer-
sity, Prague), Monika SULC MICHALKOVA (Masaryk University, Brno), David UHLIR (JIC, South Moravian
Innovation Centre, Brno), Heinz WANNER (University of Bern)

GEOGRAFIE, 131/2 (2026) Vyslo v ¢ervnu 2026. Vydava Ceska geograficka spole¢nost, z. s. Redakce:
Albertov 6, 128 00 Praha 2, Cesko, e-mail: vit.jancak@natur.cuni.cz. Sazba: P3K (www.p3k.cz). Distribuce,
prodej, objednavky: sekretariat@geography.cz. — Vychazi 4krat roéné. — Cena jednotlivého vytisku 150 K&,
celoroéni predplatné pro rok 2026 je 490 K& — Ev. & MK CR E 4241 — Vydavano s finanéni podporou
Akademie v&d CR, v. v. i.

© Ceska geograficka spole¢nost, z.s., 2026

GEOGRAFIE, 131/2 (2026) Published in June 2026. Published by Czech Geographic Society. Editor:
Albertov 6, 128 00 Prague 2, Czechia, e-mail: vit.jancak@natur.cuni.cz. — Foreign subscription through
the agencies Kubon & Sagner (http://www.kubon-sagner.de/kontakt.html) and Myris Trade Ltd.
(http://www.myris.cz/en/). Subscription arranged by other agencies is not in compliance with publisher’s
contractual provisions and are spread illegally.

© Ceska geograficka spoleénost, z. s. (The Czech Geographical Society), 2026

Geografie je od ¢isla 113/1 (2008) zafazena mezi €asopisy sledované na Web of Science, konkrétné v da-
tabazi Social Science Citation Index, Journal Citation Reports / Social Science Edition. Od roku 2009 je
Geografie Casopis s impakt faktorem. Geografie je dle indexovéna v databazi Scopus.

Starting with the Issue 113/1 (2008), Geografie has been registered at the Web of Science, specifically in
the database of the Social Science Citation Index, Journal Citation Reports / Social Science Edition. Since
2009, Geografie has been a journal with an impact factor. Geografie is also indexed in the Scopus database.


mailto:vit.jancak@natur.cuni.cz
www.p3k.cz
http://www.kubon-sagner.de/kontakt.html
http://www.myris.cz/en/

GEOGRAFIE 131/2 (2026)

Nonlinear and spatiotemporal dynamics
of land finance and urban expansion in China:
A GeoXAl-enhanced analysis

YICHUAN TIAN

Soochow University, School of Politics & Public Administration, Department of Political Science,
Suzhou, China; e-mail: a3303183330@163.com

ABSTRACT Whileland finance is a recognized institutional driver of urban expansion, the non-
linear and spatially heterogeneous dynamics of this fiscal mechanism remain underexplored.
This study integrates geospatial explainable artificial intelligence (GeoXAI) with econometric
models to decode the spatiotemporal evolution of the land finance - urban expansion nexus
across 204 Chinese cities (2005-2020). By overcoming the limitations of traditional methods,
we reveal that the impact of land finance on urban expansion is profoundly nonlinear, transi-
tioning from a mitigating effect to a powerful reinforcing driver over time. Furthermore, this
fiscal stimulus exhibits stark spatial disparities, with positive spatial interactions diffusing from
coastal regions to inland second-tier cities. Ultimately, this research provides a novel meth-
odological paradigm for spatial policy evaluation and extends the theoretical understanding
of land urbanization for the emerging economies. These findings offer actionable insights for
implementing zoned regulations and polycentric governance to curb inefficient urban sprawl
driven by fiscal incentives.
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1. Introduction

Urban expansion is a global urban issue, especially for developing countries that
are experiencing rapid urbanization. According to World Urbanization Prospects,
the world’s urban population is likely to increase by 2.5 billion people by 2050,
with nearly 90% of this growth occurring in Asia and Africa (UN 2014). Urban
expansion is reshaping the urban-rural structure of developing countries, and at
the same time bringing unprecedented opportunities and challenges to develop-
ing countries. On the one hand, urban expansion can lead to more employment
opportunities and improve economic incomes (Zhang 2016), while promoting
social mobility based on this (Hatab et al. 2022); on the other hand, unorganized
urban expansion is believed to lead to biodiversity degradation (McDonald et al.
2020), increased carbon emissions (Wu et al. 2022), higher costs of public services
and health inequalities (Garden, Jalaludin 2009). As one of the fastest urbanizing
countries in the world (Hu et al. 2024), the average built-up area of Chinese cities
was 90.78 km? in 2005, and by 2020, the average built-up area of Chinese cities
was 180.16 km?, an increase of 98.46% (Ministry of Housing and Urban-Rural
Development of China 2005, 2020). This rapid and widespread urban expansion
is the result of a combination of factors.

Land finance is recognized as an important driver of urban expansion in China
at the institutional level. Since the formal implementation of the tax-sharing fis-
cal reform in 1994 and the Ministry of Land and Resources of China explicitly
promoted land market reform in 2002, land transfer fees have become an impor-
tant source of revenue for local governments, and a more serious land finance
dependence has developed in some regions (Fan, Qiu, Sun 2020; Yu, Zhou 2024).
Recent studies have emphasized thatland finance is both a driver of China’s rapid
urbanization and a cause of inefficiency in urban expansion, and that the Chinese
government is moving away from an over-reliance on land finance through
comprehensive reforms. That is, by exploring a path to address the fiscal needs
of local governments while at the same time addressing the environmental and
social costs of urban expansion (Gyourko et al. 2022, Zhang et al. 2023). Therefore,
scholars have examined the relationship between land finance and urban expan-
sion, as well as their regional heterogeneity, spatial spillovers, and mechanisms
(Tong et al. 2023; Yu, Zhou 2024), and based on this, they have provided policy
recommendations to help the Chinese government to get rid of the dependence
onland finance and to realize the balance between urban expansion and sustain-
able development. However, existing studies are still insufficient in revealing the
nonlinear relationship and spatiotemporal heterogeneity between land finance
and urban expansion.

Although some recent studies have begun to focus on the nonlinear relationship
between land finance and urban expansion (Chen et al. 2024, Tong et al. 2023,
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Zhang et al. 2023), these studies usually rely on traditional econometric models
(e.g., threshold models or quadratic term models), and thus may oversimplify
the polynomial or discontinuous relationship between land finance and urban
expansion. In addition, case studies from Chongqing, Wuxi and Foshan, reflect
that there may be potential spatiotemporal heterogeneity between land finance
and urban expansion (Liu et al. 2018a, Tian 2015). Although preliminary explora-
tions have been conducted using multiscale geographically weighted regression
with a spatial Durbin model (Yu, Zhou 2024; Zhang et al. 2023), since both are
fundamentally a modeling approach based on linear assumptions, they may lead
to model misspecification and performance degradation. At this point, there is
an urgent need to introduce emerging geographic machine learning methods to
cope with the above dilemma. It is noteworthy that a recent pioneering study has
attempted to explore nonlinear and spatial non-stationary effects simultaneously
using a geographically weighted-random forest with SHapley Additive exPlanation
(SHAP) framework, providing novel insights (Zhang et al. 2025). However, this
framework treats spatial features as separate features, which violates the theoreti-
cal properties of the Shapley value (Harris, Pymar, Rowat 2021). Additionally, the
framework is constrained by the fact that the R software does not provide a module
for analyzing interaction effects (Zhang et al. 2025), thus failing to analyze the
interaction between land finance and spatial features.

In summary, this study seeks to address the research question: How does land
finance influence urban expansion in China, and how do these effects vary across
space and time under fiscal incentives? At the methodological level, we chose
to introduce the GeoShapley method proposed by Li (2024), and used Bayesian
hyperparameter optimization to obtain the optimal algorithm (XGBoost) and its
hyperparameters, constructing a novel geospatial explainable artificial intel-
ligence (GeoXAI) framework. Secondly, we combined the generalized additive
model (Hastie, Tibshirani 1986) to capture the nonlinear relationship between
land finance and urban expansion. Thirdly, we achieved the exploration of spa-
tiotemporal heterogeneity by drawing spatial distribution maps of GeoShapley
values of land finance. Finally, we applied the basic principles of the moderation
effect to analyze the spatial interactions of land finance.

2. Theoretical foundations and prior research
2.1. Concepts and measurement of land finance and urban expansion
Land finance is not an internationally standardized term, but rather refers to a dis-

tinctive fiscal behavior pattern formed by local governments in China under the
institutional context of the tax-sharing fiscal reform and public land ownership,
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characterized by a heavy reliance on land conveyance and related financing
instruments (Qiu 2025). In developed countries, property taxes typically serve
as the land-related fiscal source supporting urban operations, whereas in China,
the transfer of commercial and residential land use rights constitutes the core
extrabudgetary revenue source for local governments to finance urban infrastruc-
ture construction (Wang et al. 2020). Against this backdrop, this study follows
the mainstream approach and employs land transfer fees as a proxy variable for
land finance.

When examining urban spatial evolution, it is essential to distinguish among
the concepts of urbanization, urban sprawl, and urban expansion. Urbanization,
as a macro-level economic and sociological concept, encompasses a process involv-
ing both urban population growth and urban land transformation. In contrast,
urban expansion specifically denotes the continuous expansion of urban built-up
areas, which can intuitively reflect land use changes during the urbanization pro-
cess (Li et al. 2025, Mahtta et al. 2022). When the pace of such spatial expansion
significantly exceeds the rate of population migration from rural to urban areas,
the originally neutral concept of urban expansion evolves into a pejorative notion,
namely urban sprawl. Given that land finance directly affects urban construction
land, this study adopts changes in built-up area as a proxy variable for urban
expansion.

2.2. Urban expansion under fiscal incentives

From a global perspective, the development of human settlements is profoundly
shaped by fiscal decentralization and local policies. Within fiscal decentraliza-
tion systems, the autonomy granted to local governments incentivizes them to
maximize fiscal revenue through the utilization of land development permits and
land use regulations. Empirical evidence from Europe supports this argument
and further suggests that in decentralized countries, fiscal incentives at the local
level may provide strong incentives to permit residential development at the
outskirts of existing developments (Ehrlich, Hilber, Schéni 2018). Consequently,
the outward expansion of urban space transforms from a purely demographic-
geographic phenomenon into a fiscally driven economic behavior (Oates 1999).
This phenomenon is particularly pronounced in emerging economies,
where local governments face immense pressure to provide public services
and infrastructure during rapid urbanization. The resulting escalation of
municipal expenditures inevitably renders local governments dependent on land
finance. Specifically, land transfer fees and related taxes generate substantial
extrabudgetary revenues for municipal budgets, the majority of which are sub-
sequently invested in infrastructure construction on undeveloped land, thereby
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progressively pulling urban boundaries outward. When land markets remain
active, this fiscal feedback loop binds land finance and urban expansion together.
However, when land markets begin to contract, the expansionary driving effect
of land urbanization weakens accordingly, gradually yielding to population
urbanization processes.

From a comparative perspective, urban spatial expansion in developed coun-
tries is primarily driven by household residential preferences and property
tax dynamics (Chettry 2023; Tikoudis, Dimitropoulos, Oueslati 2018), whereas
emerging economies rely more heavily on land finance-driven land urbanization.
China represents a paradigmatic case. Against China’s distinctive institutional
environment and historical backdrop, the local fiscal gap created by the tax-
sharing reform has intensified local governments’ dependence on land finance.
Due to regional variations in land prices, industrial structure, and transportation
infrastructure, this local government led urban spatial expansion is bound to
exhibit spatial heterogeneity across geographical space. Thoroughly exploring
these spatial disparities is of considerable theoretical importance. However, tra-
ditional econometric methods possess inherent limitations in capturing localized
spatial nonlinearity and heterogeneity, rendering the introduction of GeoXAl
imperative.

2.3. GeoXAl and its applications in urban geography

To address the black box problem of machine learning algorithms, explainable
artificial intelligence (XAI) has risen to prominence in recent years (Chamola et al.
2023, Dwivedi et al. 2023). Among various frameworks, the SHAP framework-
based game theory has gradually become mainstream owing to its rigorous
mathematical foundations and intuitive interpretability (Lundberg, Lee 2017).
However, this framework assumes feature independence, thereby overlooking
the spatial dependence and spatial heterogeneity of locational information dur-
ing the modeling process (Li 2024; Xing, Sieber 2023). Against this backdrop,
improved frameworks incorporating geographical interaction mechanisms, with
GeoShapley serving as a representative example, have emerged. Its capacity to not
only compute the global contribution of non-spatial features but also decompose
such contributions into spatial interaction effects and intrinsic individual effects
(Li 2024). Currently, the GeoShapley framework is offering a novel perspective
of urban geography. On the one hand, scholars have employed this framework to
disentangle the impacts of built environment on elderly walking ability and child
friendly perception (Su et al. 2025a, 2025b), thereby expanding the evaluative
boundaries of built environment elements such as streetscape and green space
coverage. On the other hand, scholars have leveraged this framework to predict
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road accident risks (Srivastava, Gohil, Ray 2025), consequently improving urban
planning and traffic dispatching. More fundamentally, the contribution of GeoXAI
to urban geography extends beyond enhancing the predictive accuracy of models,
italso facilitates the identification of whether a particular driving factor acts as an
enabler or a barrier at different geographical locations. Therefore, the introduction
of GeoXAl into the investigation of the relationship between land finance and
urban expansion is imperative.

3. Methodology
3.1. Variables

The land finance revenue of local governments in China consists of land transfer
fees and land-related taxes. Considering that land transfer fees are the most
important source of local government revenue and that land tax-related data are
difficult to collect, we draw on the idea of Sun and Zhou (2013) to use land transfer
fees as a proxy variable for land finance and logarithmically treat them in the
modeling process.

Urban expansion in China mainly manifests as the excessive expansion of
urban space and urban population (Lyu, Huang, Sun 2025). Considering that this
study mainly explores the driving role of land finance in the urbanization process.
Therefore, we set 2002 as the base period and measure urban expansion by the
ratio of the built-up area of each prefecture-level city in the study year to the
built-up area in the base period, as shown below:

URBS = (é- 1) x 100% (1)
So

Based on previous literature (Osman, Divigalpitiya, Arima 2016; Sudhira,
Ramachandra, Jagadish 2004), we will select control variables from three
aspects: economics, population, and geography. In the economic dimension, this
study selects GDP per capita and industrial structure as control variables. GDP
per capita serves as an intuitive indicator of a region’s overall level of economic
development, while industrial structure directly determines the spatial pattern
and intensification degree of land use. In the population dimension, population
size and urbanization level are incorporated into the model. The sustained growth
of the urban permanent population generates rigid demand for housing, and
the large-scale migration of the rural population to cities constitutes the fun-
damental driving force behind the outward expansion of urban built-up areas.
In the geographical dimension, location, geographic region, and topographic
relief are introduced as control variables. Location and geographic region are
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constructed as dummy variables, typically reflecting structural differences in
fiscal resources and development trajectories across different regions of China,
whereas the topographic relief derived from remote sensing image processing
directly captures the natural constraints that geomorphological features impose
on urban construction. The multisource panel dataset thus constructed provides
a solid foundation for revealing the complex relationship between land finance
and urban expansion.

3.2. Data source

After removing missing values from the variables, a sample of 204 prefecture-level
cities in China was retained, with the study years including 2005, 2010, 2015, and
2020. In terms of data sources, land finance was obtained from the China Land and
Resources Statistical Yearbook, urban expansion from the China Urban Construction
Statistical Yearbook, and the remaining control variables from the China City
Statistical Yearbook, the GTOPO30, and statistical yearbooks of various provinces
and cities. The descriptive statistics of each variable are shown in Table 1.

Table 1 - Descriptive statistics

Variables Symbol N (%) Mean + Std Definition

Land finance Lnx 3.821+1.557 Natural logarithm of (total land
transfer revenue + 1) in the year

Urban expansion Y 2.136+1.244 Growth rate of built-up area
compared to the baseline period

Per Capita GDP El 10.395+0.816 Natural logarithm of per capita
GDP

Industrial Structure ~ E2 41.131+10.246 Share of tertiary industry value
added in GDP (%)

Urbanization P1 0.522+0.176 Urbanization rate

Population Size P2 5.987 +0.697 Natural logarithm of resident
population

Geographic Region ~ G1 Defined by National Bureau of
Statistics of China

Eastern 328 (40.20%)

Central 268 (32.84%)

Western 212 (25.98%)

Northeastern 8(0.98%)

Location G2 Coastal or Inland

Inland 472 (57.84%)

Coastal 344 (42.16%)

Topographic Relief ~ G3 0.671+0.736 Terrain relief derived from remote

sensing image processing
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3.3. Research methods

To comprehensively examine the evolutionary characteristics of land finance and
urban expansion and their complex nexus, this study develops an integrated ana-
lytical framework. First, kernel density estimation is employed to characterize the

distribution patterns and polariza-
tion phenomena of land finance and
urban expansion, and further to ana-
lyze their dynamic evolution. Second,
atwo-way fixed effects model is
constructed to conduct a global test of
the basic linear relationship between
land finance and urban expansion,
thereby establishing links with pre-
vious quantitative research. Third,
considering that traditional econo-
metric models struggle to capture
the intricate nonlinear relationships
and spatial heterogeneity between
land finance and urban expansion,
this study adopts XGBoost as the base
learner and utilizes GeoShapley along
with the generalized additive model
to present the estimation results in
a more intuitive manner. Finally,
drawing on the principle of mod-
eration effects, a temporal analysis is
performed on the spatial interaction
terms derived from GeoShapley. The
detailed flowchart is illustrated in
Figure 1.

3.3.1. Kernel density function

Temporal Feature
Kernel Density Estimation
Characterizing the distribution patterns and
polarization phenomena of LDF and UREP

Global Linear Relationship

Two-Way Fixed Effects Model
Testing the baseline lin-
ear impact of LDF on UREP

Deconstruction of
Non-linearity &
Spatial Heterogeneity :

XGBoost ]
Capturing complex non-linearity i
alongside spatial heterogeneity 1

[ i

GeoShapley
Isolating non-spatial effects ]
and spatial interaction effects

Generalized
Additive Model

Plotting non-linear

Auxiliary Spatial
Interaction Analysis
Classifying spatial

fitting curves positive/negative regions 1

Fig. 1 - Comprehensive methodology framework

The distribution location, distribution shape, extension characteristics, and polari-
zation phenomena of land finance and urban expansion are characterized by the
Gaussian kernel function to measure their dynamic evolution characteristics. The

formula is as follows:

9= o 5 (22

(2)
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In this formula, n is the number of prefecture-level cities; h is the smoothing
bandwidth; D is the mean of the core variables; and K(-) denotes the kernel density
function.

3.3.2. Two-way fixed effects

Test the linear effect of land finance on urban expansion by constructing a two-
way fixed effects model:

Yi,t =80 +1 LnXi,t +02 Zi,t + Wi +At +E&i,t (3)

In equation (3), & is the intercept term, 8 and §: represent the estimated
coefficients of land finance and control variables, respectively, and i, A+, and &i,¢
represent the city (individual) fixed effect, year (time) fixed effect, and random
disturbance term, respectively.

3.3.3. XGBoost

XGBoost is an efficient and scalable ensemble learning algorithm based on the
gradient boosting framework, which can be applied to both regression and clas-
sification tasks. Its core idea lies in iteratively training decision trees to gradually
optimize the model, with the objective of minimizing the model’s loss function
in each iteration. Furthermore, compared with the traditional GBDT, XGBoost
further enhances the model’s generalization ability and robustness by introducing
aregularization mechanism (Chen, Guestrin 2016). The calculation formula of its
objective function is:

= 21009%) +ZQ fi) (4)

Among them, ¢(6) is the objective function, which consists of two parts: the loss

function and the regularization term. 1(y;,§") is the loss function, which is used to

measure the prediction error of the model. Q(f) is the regularization term, which
is used to control overfitting.

3.3.4. GeoShapley

Generally, traditional regression analysis and the econometric methods extended
from it mainly focus on identifying linear relationships, while the emerging
machine learning models in recent years have significant advantages in recogniz-
ing complex relationships among variables (Cao, Tao 2023). Meanwhile, consider-
ing that the core variables in this study exhibit significant spatial agglomeration
effects, if spatial heterogeneity is not considered during modeling and machine
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learning algorithms are directly applied to construct a global model, it will be
impossible to accurately describe the local relationships between spatial variables,
leading to weak model interpretability (Yang et al. 2023). Therefore, we chose to
apply GeoShapley, the geospatial extension of the SHAP framework - the most
popular explainable machine learning framework - to strengthen the analysis
of spatial heterogeneity and improve the interpretability of modeling results
(Foroutan, Hu, Li 2025; Li 2024). Its final output formula consists of four parts
(Li2024):

9 =to +Pero + Z:=1¢j + Z:=1¢(GEO,]') (5)

Among these, ¢ois the global intercept calculated based on the average predicted
value of the given data, ¢; represents the location-independent effect provided for
each non-location variable, ¢cro is the inherent location effect in the model, and
®(GEO, j) represents the interaction effect between location and a specific variable.
When there is no location information in the model, ¢czo and ¢ (GEO, j) will be
0, and the equation will revert to the classic Shapley value calculation equation.

3.3.5. Generalized additive model

To better explain the nonlinear relationship between land finance and urban
expansion, we combined machine learning algorithms with generalized additive
model to plot the fitted curve (Hastie, Tibshirani 1986), as shown in the following
formula:

g(E(y)) = Bo +s(v) (6)

Among them, g(E(y)) represents the expected response E(y) of the dependent
variable y after being acted upon by the link function g, where o is the intercept
term, and s(v) is a smooth function of the GeoShapley values of the independent
variables.

3.3.6. Methods for auxiliary analysis of spatial interactions

Since the spatial interactions in GeoShapley essentially represent interaction
terms between independent variables and spatial features, their numerical
values cannot be directly analyzed. Therefore, we chose to draw on the funda-
mental principles of the moderation effect (Cohen et al. 2013; James, Brett 1984)
for analysis. Specifically, when the sign of land finance is the same as that of its
spatial interaction term, it is regarded as a spatial reinforcing effect; conversely,
it is a spatial weakening effect. According to the sign of land finance, this can be
further subdivided into four categories: positive spatial reinforcement, negative



NONLINEAR AND SPATIOTEMPORAL DYNAMICS OF LAND FINANCE AND URBAN EXPANSION... 107

spatial reinforcement, positive spatial weakening, negative spatial weakening. In
the results section, we will also conduct an analysis following this logic.

Except for the two-way fixed effects models constructed using Stata/MP 17.0
and the spatial feature maps drawn using ArcGIS 10.8, all other data processing,
modeling, and visualization were implemented via Python 3.11.7. The research
framework diagram of this study is shown in Figure 1.

4. Results
4.1. Temporal characterization of land finance and urban expansion

Figures 2 and 3 illustrate the temporal changes in land finance and urban expan-
sion of China’s prefecture-level cities from 2005 to 2020". The figures show that
both land finance and urban expansion exhibited a sustained growth trend during
the study period. The mean value of land finance increased from 24.582 to 298.810,
representing a 1116% growth, while the mean value of urban expansion rose from
1.346 to 2.950, a 119% increase. Additionally, the medians of land finance and
urban expansion continuously increased, but the box sizes of their boxplots also
expanded. The kernel density curves shifted rightward overall, yet the peak values
of the main peaks significantly decreased, and the amplitude widths substantially
widened. In summary, the continuous growth of land finance and urban expansion
during the study period was accompanied by an expanding regional disparity.

4.2. Average direct effect of land finance on urban expansion

Before constructing the regression model, we analyzed whether there was a cor-
relation between the independent variables and the dependent variable, and the
results showed that there was a positive correlation between land finance and
urban expansion (r=0.355, P<0.001). Figure 4 shows the univariate regression
equation of the land finance and urban expansion and its fitted line, which also
verifies the positive correlation between the land finance and urban expansion.
Secondly, we also tested for multicollinearity between the variables. The results
of the test showed that the maximum value of VIF was 3.35 (<10) and the mean
value was 2.45 (<5), indicating that the possibility of multicollinearity among
the selected variables is not significant. Meanwhile, the result of Hausman test
(x* = 83.04, P<0.001) rejected the original hypothesis of accepting the random

! For a more intuitive presentation, we did not logarithmically process the land finance in the

process of plotting the temporal and feature maps.
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Table 2 - Estimation results of the two-way fixed effects model

Model 1 Model 2 Model 3 Model 4
Independent variable 0.458*** 0.181** 0.148*** 0.091*
(0.022) (0.031) (0.032) (0.043)
Covariates x < + <
City effect x x v N
Year effect x x x N
Constant 0.387*** 0.354 -0.461 0.949**
(0.110) (0.383) (0.244) (0.323)
N 816 816 816 816
R? 0.126 0.199 0.157 0.241

Note: * p < 0.05, ** p < 0.01, *** p < 0.001.

14 1

@ Data points [ y2= 0.2838x + 0.0519
—— Fitted line R®=0.126

12 A

10 A

Fig. 4 - Fitted plot of land finance and urban expansion

effect model and initially identified the use of fixed effect model. Furthermore,
we found that the estimated coefficients of the time term were significant and the
R? of the model was improved after we added the time fixed effect, so we chose to
use the two-way fixed effects model as the benchmark model.

The regression results are shown in Table 2. Among them, Model 1 is the OLS
model, and Model 2, Model 3 and Model 4 are based on which control variables,
individual fixed effects and time fixed effects are added, respectively. In the fol-
lowing, Model 4 will be analyzed as the benchmark model. Since the independent
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variables have been taken as logarithms and the units of the dependent variables
are percentages, it can be concluded from Model 4 that for every 1% increase in land
finance, there will be a 0.091% increase in urban expansion (B =0.091, P<0.05).In
addition, land finance significantly and positively affects urban expansion regard-
less of the inclusion of fixed effects with control variables, which validates the
robustness of the benchmark results.

4.3. Nonlinear characterization of the relationship between land finance
and urban expansion

Due to the performance of machine learning regressors being largely influenced
by hyperparameters (Probst, Boulesteix, Bischl 2019), we adopted BayesSearchCV
from scikit-optimize to tune the hyperparameters of XGBoost, RandomForest,
AdaBoost, and LightGBM. BayesSearchCV is a Bayesian optimization method
designed for efficiently searching global optimization problems (Mesquita,

Table 3 - Models and their hyperparameter tuning

Algorithm Hyperparameter Name Hyperparameter Type Hyperparameter Range
XGBoost learning_rate Real 0.01-0.3 (prior = ‘log-uniform’)
max_depth Integer 3-10
n_estimators Integer 100-1,000
RandomForest n_estimators Integer 100-500
max_depth Integer 3-20
min_samples_split Integer 2-10
AdaBoost n_estimators Integer 50-200
learning_rate Real 0.01-1.0 (prior = ‘log-uniform’)
loss Categorical [‘linear’, ‘square’, ‘exponential’]
LightGBM learning_rate Real 0.01-0.3 (prior = ‘log-uniform’)
max_depth Integer 3-15
n_estimators Integer 100-1,000
subsample Real 0.6-1.0
colsample_bytree Real 0.6-1.0

Table 4 - Model evaluation results

MAE RMSE R?
XGBoost 0.447 0.658 0.766
RandomForest 0.592 0.853 0.608
AdaBoost 0.737 0.976 0.487

LightGBM 0.583 0.805 0.651
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Fig. 6 - Nonlinear relationship between land finance and urban expansion

Marques 2024). During the hyperparameter optimization, all algorithms employed
5-fold cross-validation to ensure the robustness of model performance evaluation,
with 30 iterations set and R* as the evaluation metric. The specific hyperparameter
optimization items and ranges are shown in Table 3.

By comparing the evaluation indicators of each algorithm in Table 4, it can
be found that XGBoost outperformed the other three models in R?>, RMSE, and
MAE metrics (MAE = 0.447, RMSE = 0.658, R* = 0.766). Thus, based on the optimal
hyperparameters, we constructed a GeoXAI framework to analyze the nonlinearity
and spatiotemporal heterogeneity of the relationship between land finance and
urban expansion in China’s prefecture-level cities.

By taking the absolute values of GeoShapley values for each variable of every
sample, averaging them, and sorting them sequentially, a variable importance
summary plot was obtained (Figure 5)*. As shown in Figure 5, temporal effects,
spatial effects, and individual effects are the three most important influencing

Since the schematic diagram only supports displaying the top 20 variables and their spatial
interaction effects, and the impacts of the last few variables and their spatial interaction
effects on the model are almost negligible, we only present the top 20 variables and their
spatial interaction effects here.
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factors. land finance ranks 7% in the importance ranking of all variables and their
spatial interaction effects, with a feature contribution of 6.3%, which is higher
than that of population size and industrial structure - factors traditionally consid-
ered to have significant impacts (Li, Li 2019; Liu et al. 2018b). Meanwhile, Figure 6
indicates that when land finance is at a lower value, its impact on urban expansion
is predominantly negative, whereas when land finance is at a higher value, the
impact is predominantly positive. In other words, the relationship between land
finance and urban expansion is not a simple linear one.

To further explore the potential nonlinear relationship, we plotted a partial
dependence plot of land finance’s GeoShapley values and combined it with a gen-
eralized additive model to draw a fitting line for better visualization of the non-
linear effect. Figure 6 shows that the fitting line between land finance and urban
expansion has three tipping points, corresponding to the original data values of
27.22(e>**- 1), 46.47(e>*°- 1), and 104.64(e**°- 1). This indicates that when land
finance is less than 27.22, its overall impact on urban expansion is negative; when
its value is between 27.22 and 104.64, it exhibits an inverted U-shape followed by
a U-shape relationship; and when the value exceeds 104.64, the impact on urban
expansion is overall positive. In essence, the relationship between land finance
and urban expansion is characterized by complex nonlinearity.

4.4. Spatiotemporal heterogeneity of the relationship between land finance
and urban expansion

To more intuitively characterize the spatiotemporal heterogeneity of the impact
of land finance on urban expansion, the GeoShapley values of land finance for
each study year were visualized using the equal interval classification method
(Figure 7). Based on Figure 7, it was found that during the study period, the impact
of land finance on urban expansion gradually shifted from negative to positive,
with continuously enhanced effects. High-positive-value regions were mainly
concentrated in second-tier cities and showed a trend of diffusion from the coast
to the inland. Specifically: In 2005, except for some cities in the Yangtze River
Delta, some cities in the Bohai Rim, and a few inland cities, land finance in the
remaining regions had a negative impact on local urban expansion. Only 12.75%
of prefecture-level cities showed that land finance had a positive impact on urban
expansion. In 2010, 45.59% of prefecture-level cities had land finance exerting
a positive impact on urban expansion, presenting a trend of diffusion from the
coast to the inland. The positive impacts of land finance on urban expansion
were particularly prominent in Ningbo, Suzhou, and Dalian. In 2015, 48.53% of
prefecture-level cities had land finance positively affecting urban expansion.
The number of positive value regions slightly increased, but the polarization
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trend intensified. For example, land finance in Zhaotong, Yunnan significantly
weakened local urban expansion. In 2020, 67.65% of prefecture-level cities saw
land finance exerting positive impacts on urban expansion. High-positive-value
regions were concentrated in second-tier cities such as Foshan, Jinan, Xi'an, and
Wuhan, reflecting that land finance is an important factor for urban expansion
in late-developing cities.

On this basis, combined with the basic principles of moderation effects (Cohen
etal. 2013; James, Brett 1984), the interaction terms between land finance and the
GeoShapley values of spatial characteristics were analyzed, as shown in Figure 8.
It can be seen from Figure 8 that in 2005, spatial interactions mainly alleviated
the negative inhibition of land finance on urban expansion (47.06%), while by
2020, spatial interactions mainly strengthened the positive effects (52.94%). In
other words, the main role of spatial interactions shifted from alleviating negative
impacts to strengthening positive impacts. Meanwhile, the proportion of positive
spatial interaction terms across all cities increased from 52.45% in 2005 to 70.10%
in 2020, indicating that spatially positive correlation areas expanded continu-
ously.
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5. Discussion

5.1. The effectiveness of GeoXAl and its integrated application
with traditional econometric models

This study integrates XGBoost with GeoShapley, representing a novel GeoXAl
framework. Applying this framework to analyze the relationship between land
finance and urban expansion in China’s prefecture-level cities is both effec-
tive and necessary. On one hand, the model evaluation indicators of this study
(MAE = 0.447, RMSE = 0.658, R* = 0.766) significantly outperform the traditional
spatial panel regression model (Tong et al. 2023), and are basically on par with
other studies using this method (Foroutan, Hu, Li 2025). This indicates that the
model has strong explanatory power in analyzing the relationship between land
finance and urban expansion in China’s prefecture-level cities. On the other hand,
as previously mentioned, the spatial econometric models commonly used in previ-
ous studies are fundamentally modeling methods based on linear assumptions,
which are not applicable when exploring non-linear relationships. Although exist-
ing studies have attempted to solve this dilemma by introducing machine learning,
they still only treat location features as separate features and do not consider
the impact of spatial interaction effects in the modeling process. Therefore, this
study chooses to introduce a novel GeoXAI framework, which effectively solves
the above problems and realizes the effective estimation of non-linear effects and
spatiotemporal heterogeneity.

In addition, we further draw on the idea of Qiu et al. (2025) to plot the fit-
ted curve of GeoShapley value of the land finance through generalized additive
model, which not only realizes the visual presentation of the nonlinear effect,
but also identifies the tipping points of the nonlinear relationship with the help
of the semiparametric model, maximizing the potential of GeoXAlI in identifying
nonlinear relationships. In addition, considering that spatial interaction effects
need to be analyzed with direct effects, this study introduces the basic principle
of moderation effects and explores the role of spatial features in the baseline
relationship. In summary, this study effectively estimates the nonlinearity and
spatiotemporal heterogeneity of the relationship between land finance and urban
expansion in China’s prefecture-level cities by integrating the GeoXAlI with tradi-
tional econometric models.

5.2. Theoretical contributions

In response to the ongoing debate in the existing literature regarding the relation-
ship between land finance and urban expansion, this study validates the driving
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effect of land finance on urban expansion over an extended period using a large
sample panel dataset. More importantly, it further uncovers the nonlinearity and
spatial dynamics between the two, which helps clarify the underlying logic of how
land finance translates into urban expansion. land finance is not a conventional
on-budget revenue; rather, it is a financing model centered on land transfer and
land mortgage. As in other emerging economies, most of its value-added gains are
channeled into public infrastructure investment (Peterson 2009). Driven by fiscal
incentives, local governments, which serve as the core suppliers in the primary
land market, attract capital inflows by supplying industrial land at low prices
while obtaining substantial extra-budgetary revenues by leasing commercial and
residential land at high prices. This financing model directly results in a situation
where, in practice, urban spatial expansion in China typically precedes popula-
tion agglomeration. At the same time, under fiscal incentives, the impact of land
finance on urban expansion is not static or linear; it exhibits dynamic temporal
nonlinearity and spatial heterogeneity that are subject to market cycles and
regional economic conditions. These findings extend the theoretical boundaries
of land finance as a form of spatial intervention by local governments.

Furthermore, this study provides an important reference for land capitaliza-
tion practices in rapidly urbanizing countries. The uniqueness of the Chinese
model lies in the coupling of public land ownership and fiscal decentralization,
which enables local governments to capture land value increments for decades to
come in the form of one-time land conveyance fees, thereby providing adequate
funding for infrastructure construction during rapid urbanization. Although
China’s institutional context is distinctive, the inherent logic of urban expansion
under fiscal incentives holds significant theoretical insights for rapidly urban-
izing countries. In such rapidly urbanizing regions as India and Latin America,
local governments similarly face enormous infrastructure investment gaps (Jain
2023, Smolka 2013). This study offers a land capitalization approach under fiscal
incentives, which not only helps advance the capitalization of land in a public
ownership economy but also helps bridge local fiscal gaps and promote urban
infrastructure investment.

5.3. The interpretation of the results

During the research period, both land finance and urban expansion exhibited
steady growth, accompanied by widening regional disparities. The root cause lies
in the well-documented interurban economic inequality in China (Hou, Gao 2025).
Within the centralized tax system, local governments face uniform fiscal pres-
sure, leading them to rely on land finance as the most effective revenue tool (Tong
et al. 2022). This transforms economic inequality into land finance inequality.
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Subsequently, unequal land finance provides varying degrees of impetus to cit-
ies’ urban expansion, further reinforcing urban expansion inequality caused by
economic inequality.

Using the two-way fixed effects model, this study finds that, on average, a 1%
increase in land finance leads to a 0.091% rise in urban expansion, which is like
the results of Tong et al. (2022) and again confirms the positive direct effect of land
finance on urban expansion. Moreover, based on GeoXAl, this study finds thatland
finance’s contribution to the predictive model ranks seventh among all variables,
accounting for 6.3%, offering new evidence of land finance’s relative importance
in explaining urban expansion. Additionally, by fitting GeoShapley value with
generalized additive model, this study identifies the tipping points in the non-
linear relationship between land finance and urban expansion. This extends the
previous “threshold interpretation” (Li et al. 2021, Zhang et al. 2023) and once
again confirms the complex non-linear relationship between land finance and
urban expansion.

Regarding spatiotemporal heterogeneity, this study finds that land finance’s
impact on urban expansion has evolved from negative to positive with an increas-
ing effect during the research period. High-value areas are concentrated in second-
tier cities and are gradually spreading from the coastal to the inland. This reflects
that China’s urbanization has reached a turning point (Bai, Shi 2025). Studies
show that between 2010 and 2020, the growth of urban population and housing
in first-tier cities gradually saturated, while second-tier cities experienced rapid
growth (Shi et al. 2025). That is, the new round of land-based urbanization may be
led by late-developing cities. Although coastal urban agglomerations were larger
in scale at the baseline and maintained relatively high annual growth rates com-
pared to inland ones (Hu et al. 2024), with the advancement of China’s regional
coordinated development policy, the traditional urbanization pattern is changing
at an unprecedented speed.

Moreover, the results of spatial interaction analysis show that spatially
positive correlation areas expanded continuously, indirectly proving the initial
effectiveness of the regional coordinated development policy. From a temporal
perspective, the role of spatial interaction has gradually shifted from mitigating
negative effects to reinforcing positive ones. This result needs to be discussed
against the macro background of China’s land marketization reform since the 21°*
century. Market-oriented reforms in transition economies are usually top-down
and incremental, and China’s land marketization reform is no exception. In the
early stage of land marketization reform, due to limited market mechanisms and
strict government control (Chen et al. 2024, Liu et al. 2016), land finance’s driving
role for urban expansion was hard to exert, and spatial dominance mainly served
to mitigate negative effects. As local governments’ dependence on land finance
increased and the land transfer market matured (Fan, Qiu, Sun 2020), urban
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expansion began to shift from disorderly expansion to systematic development. At
this point, spatial dominance played a more significant role in reinforcing positive
effects.

5.4. Policy implications

The following policy implications emerge from the research findings: Firstly,
implement zoned regulation to tackle the widening regional disparity. On the
one hand, in the eastern coastal regions, exploring the piloting of property taxes
could be considered as a potential measure to cool down the real estate market.
This would pressure local governments to reduce their reliance on land based
fiscal revenues. Also, machine learning algorithms and big data platforms can
strengthen satellite remote sensing monitoring. Based on this monitoring, the
approval of land supply indicators for fast-expanding cities should be strictly
scrutinized or restricted. On the other hand, in the central and western inland
regions, the land revenue reliance rate and land use efficiency indicators should
be gradually incorporated into the cadre promotion assessment system. This would
drive restrictions on inefficient land development. Additionally, transit-oriented-
development based integrated urban and industrial development model projects
should be created to provide a replicable and referenceable approach for effective
urban expansion.

Secondly, establish a polycentric collaborative governance network to address
the spatiotemporal shift. In mature city clusters such as the Yangtze River Delta,
Pearl River Delta, and Beijing-Tianjin-Hebei regions, a cross regional trading
mechanism for construction land indicators should be explored. Meanwhile, an
assessment system for policies on regulating the surplus indicators of urban-rural
construction land readjustment should be established. This would coordinate
the allocation of land resources across cities within the cluster. Also, fostering
a “provincial capital-sub regional center” dual core structure could be beneficial
in inland regions. Collaborative efforts in building regional core industrial parks
and high-speed rail hubs would curb the inefficient expansion of secondary cities
and guide the formation of locally distinctive intensive land use models.

Finally, coordinate the complex system through targeted policies at key nodes.
Specifically, when the land revenue reliance degree or expansion rate of a city
reaches a certain threshold, targeted intervention measures might be warranted.
These could include requiring a certain proportion of rental housing, strictly limit-
ing the supply of commercial land at the urban fringe, and increasing the plot
ratio of industrial land. Furthermore, third party assessments of intervention
policies should be introduced to dynamically update the key threshold parameters
annually.
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5.5. Limitations

This study also has some limitations: first, the independent and dependent vari-
ables in this study are derived from statistical yearbook data, which can ensure
the authenticity and accuracy of the data, but there is also the problem of too
much missing data, and future research can be verified by using multiple sources
of data such as NPP-VIIRS nighttime lighting data and LandScan population data.
Second, although this study used generalized additive model to plot the fitting
curves based on the XGBoost-GeoShapley model, it only analyzed the nonlinear
relationship between land finance and urban expansion, and future studies can
consider further exploring the conditional nonlinear relationship under different
variable scenarios. Third, this study used data at the prefecture-level city level,
so the sample size is small and may not be able to maximize the advantages of the
GeoXAI framework, and future research can further refine to the county level to
enhance model effectiveness and explanatory power.

6. Conclusions

Using the panel data of 204 prefecture-level cities in China for the years 2005,
2010, 2015, and 2020, we integrated GeoXAI with traditional econometric models.
This approach enabled us to investigate the spatiotemporal characteristics of land
finance and urban expansion, as well as the nonlinear relationship and spati-
otemporal dynamics between them. The results indicate that in terms of temporal
evolution, both land finance and urban expansion in China’s prefecture-level cities
have shown sustained growth, accompanied by an expansion of regional dispari-
ties. Furthermore, a 1% increase in land finance leads to a 0.091% increase in urban
expansion. land finance’s contribution to explaining the urban expansion model is
6.3%, and there is a complex nonlinear relationship between the two. Through the
visualization of GeoShapley values, it is revealed that the impact of land finance
on urban expansion has transitioned from negative to positive and continues to
strengthen. High-positive-effects are concentrated in second-tier cities and are
spreading from the coastal to the inland. Additionally, the spatially positive cor-
relation areas expanded continuously, and spatial interactions have shifted from
mitigating negative impacts to reinforcing positive ones. Based on these findings,
we propose several policy insights, including implementing zoned regulation to
address widening regional disparities, establishing a polycentric collaborative
governance network to tackle spatiotemporal shifts, and coordinating complex
systems through targeted policies at key nodes.



NONLINEAR AND SPATIOTEMPORAL DYNAMICS OF LAND FINANCE AND URBAN EXPANSION... 121

References

BAIL X., SHI, P. (2025): China’s urbanization at a turning point - challenges and opportunities.
Science, 388, 6747, eadw3443. https://doi.org/10.1126/science.adw3443

CAO,]., TAO, T. (2023). Using machine-learning models to understand nonlinear relationships
between land use and travel. Transportation Research Part D: Transport and Environment,
123,103930. https://doi.org/10.1016/j.trd.2023.103930

CHAMOLA, V., HASSIJA, V., SULTHANA, A.R., GHOSH, D., DHINGRA, D., SIKDAR, B.
(2023): A Review of Trustworthy and Explainable Artificial Intelligence (XAI). IEEE Access,
11, 78994-79015.

CHEN, M., ZENG, L., DENG, Y., CHEN, S., GU, X. (2024): The Impact of Land Marketization
on Urban Resilience: Empirical Evidence from Chinese Cities. Land, 13, 9. 1-24.

CHEN, T., GUESTRIN, C. (2016): XGBoost: A Scalable Tree Boosting System. Paper presented at
the Proceedings of the 22** ACM SIGKDD International Conference on Knowledge Discovery
and Data Mining, San Francisco, California, USA.

CHETTRY, V. (2023): A Critical Review of Urban Sprawl Studies. Journal of Geovisualization
and Spatial Analysis, 7, 2, 28.

COHEN, J., COHEN, P., WEST, S.G., AIKEN, L.S. (2013): Applied multiple regression/correla-
tion analysis for the behavioral sciences. London: Routledge.

DWIVEDI], R., DAVE, D., NAIK, H., SINGHAL, S., OMER, R., PATEL, P., QIAN, B., WEN, Z.,
SHAH, T., MORGAN, G., RANJAN, R. (2023): Explainable AI (XAI): Core Ideas, Techniques,
and Solutions. ACM Computing Surveys, 55, 9, Article 194.

EHRLICH, M.V, HILBER, C.A.L., SCHONI, O. (2018): Institutional settings and urban sprawl:
Evidence from Europe. Journal of Housing Economics, 42, 4-18.

FAN, X., QIU, S., SUN, Y. (2020): Land finance dependence and urban land marketization in
China: The perspective of strategic choice of local governments on land transfer. Land Use
Policy, 99, 105023.

FOROUTAN, E., HU, T., LI, Z. (2025): Revealing key factors of heat-related illnesses using
geospatial explainable Al model: A case study in Texas, USA. Sustainable Cities and Society,
122,106243.

GARDEN, F.L.,, JALALUDIN, B.B. (2009): Impact of Urban Sprawl on Overweight, Obesity, and
Physical Activity in Sydney, Australia. Journal of Urban Health, 86, 1, 19-30.

GYOURKO, ], SHEN, Y., WU, J., ZHANG, R. (2022): Land finance in China: Analysis and review.
China Economic Review, 76, 101868.

HARRIS, C., PYMAR, R., ROWAT, C. (2021): Joint shapley values: a measure of joint feature
importance. arXiv preprint arXiv:2107.11357

HASTIE, T., TIBSHIRANI, R. (1986): Generalized additive models. Statistical Science, 1, 3,
297-310.

HATAB, A.A.,RAVULA, P, NEDUMARAN, S., LAGERKVIST, C.-]. (2022): Perceptions of the
impacts of urban sprawl among urban and peri-urban dwellers of Hyderabad, India: a Latent
class clustering analysis. Environment, Development and Sustainability, 24, 11, 12787-12812.

HOU, X., GAQ, J. (2025): Toward Common Prosperity: Measuring decrease in inequality in China
prefecture-level cities. Structural Change and Economic Dynamics, 72, 29-46.

HU, Y.N., CONNOR, D.S., STUHLMACHER, M., PENG, J.,, TURNER II, B.L. (2024): More
urbanization, more polarization: evidence from two decades of urban expansion in China.
NPI Urban Sustainability, 4, 1, 33.


https://doi.org/10.1126/science.adw3443
https://doi.org/10.1016/j.trd.2023.103930

122 GEOGRAFIE 131/2 (2026) / Y. TIAN

JAIN, M. (2023): Assessment of spatial disparities in India: A contribution to advancing urban
research methods in rapid growth contexts. In Habilitation Treatise: Social Science Open
Access Repository, 38.

JAMES, L.R., BRETT, ].M. (1984): Mediators, moderators, and tests for mediation. Journal of
applied psychology, 69, 2, 307.

L1, G., L1, F. (2019): Urban sprawl in China: Differences and socioeconomic drivers. Science of
the Total Environment, 673, 367-377.

LI, M., CAO, Y., DAJ, J., SONG, J., LIANG, M. (2025): A Comprehensive Review of Urban
Expansion and Its Driving Factors. Land, 14, 8, 1534.

LI, Z. (2024): GeoShapley: A Game Theory Approach to Measuring Spatial Effects in Machine
Learning Models. Annals of the American Association of Geographers, 114, 7, 1365-1385.
L1, Z.,ZOU, F, TAN, Y., ZHU, J. (2021): Does Financial Excess Support Land Urbanization - An

Empirical Study of Cities in China. Land, 10, 6. 635, 1-23.

LIU, T., CAO, G., YAN, Y., WANG, R.Y. (2016): Urban land marketization in China: Central policy,
local initiative, and market mechanism. Land Use Policy, 57, 265-276.

LIU, Y., FAN, P,, YUE, W.,, SONG, Y. (2018a): Impacts of land finance on urban sprawl in China:
The case of Chongqing. Land Use Policy, 72, 420-432.

LIU, Z., LIV, S., QI, W,, JIN, H. (2018b): Urban sprawl among Chinese cities of different popula-
tion sizes. Habitat International, 79, 89-98.

LUNDBERG, S.M., LEE, S.-1. (2017): A unified approach to interpreting model predictions. Paper
presented at the Proceedings of the 31* International Conference on Neural Information
Processing Systems, Long Beach, California, USA.

LYU, S.,, HUANG, Y., SUN, T. (2025): Urban sprawl, public transportation efficiency and carbon
emissions. Journal of Cleaner Production, 489, 144652.

MAHTTA, R., FRAGKIAS, M., GUNERALP, B., MAHENDRA, A., REBA, M., WENTZ, E.A,,
SETO, K.C. (2022): Npj Urban land expansion: the role of population and economic growth
for 300+ cities. Urban Sustainability, 2, 1, 5.

MCDONALD, R.I., MANSUR, AV., ASCENSAOQ, F., COLBERT, M.L., CROSSMAN, K.,
ELMQVIST, T., GONZALEZ, A., GUNERALP, B., HAASE, D., HAMANN, M., HILLEL,
0., HUANG, K., KAHNT, B., MADDOX, D., PACHECO, A., PEREIRA, H.M,, SETO, K.C,,
SIMKIN, R.D., WALSH, B.,, WERNER, A.S., ZITER, C. (2020): Research gaps in knowledge
of the impact of urban growth on biodiversity. Nature Sustainability, 3, 1, 16-24.

MESQUITA, F,, MARQUES, G. (2024): An explainable machine learning approach for auto-
mated medical decision support of heart disease. Data & Knowledge Engineering, 153, 102339.

MINISTRY OF HOUSING AND URBAN-RURAL DEVELOPMENT OF CHINA (2005): China
Urban Construction Statistical Yearbook (2005). China Statistics Press, Beijing.

MINISTRY OF HOUSING AND URBAN-RURAL DEVELOPMENT OF CHINA (2020): China
Urban Construction Statistical Yearbook (2020). China Statistics Press, Beijing.

OATES, W.E. (1999): An Essay on Fiscal Federalism. Journal of Economic Literature, 37, 3,
1120-1149.

OSMAN, T., DIVIGALPITIYA, P., ARIMA, T. (2016). Driving factors of urban sprawl in Giza
Governorate of Greater Cairo Metropolitan Region using AHP method. Land Use Policy, 58,
21-31.

PETERSON, G.E. (2009): Unlocking land values to finance urban infrastructure, 7, World Bank
Publications, Washington.



NONLINEAR AND SPATIOTEMPORAL DYNAMICS OF LAND FINANCE AND URBAN EXPANSION... 123

PROBST, P., BOULESTEIX, A.-L., BISCHL, B. (2019): Tunability: importance of hyperpa-
rameters of machine learning algorithms. The Journal of Machine Learning Research, 20,
1,1934-1965.

QIU, T. (2025): Local government land monopoly in China: the influence of residential land price
on supply. China Economic Journal, 18, 3, 263-292.

QIU, Y, NIU, J., ZHANG, C., CHEN, L., SU, B., ZHOU, S. (2025). Interpretable machine learning
reveals transport of aged microplastics in porous media: Multiple factors co-effect. Water
Research, 274, 123129.

SHI, L., LEICHTLE, T., HUANG, X., WURM, M., TAUBENBOCK, H. (2025): The decreasing
housing utilization efficiency in China’s cities. Nature Cities, 2, 1, 70-80.

SMOLKA, M.O. (2013): Implementing value capture in Latin America: Policies and tools for
urban development. Lincoln Institute of Land Policy, Cambridge.

SRIVASTAVA, N., GOHIL, B.N., RAY, S. (2025): Unraveling Road Accident Risk Prediction
Models With eXplainable AL IEEE Transactions on Computational Social Systems, 1-13.
SU, C., CHEN, Z., CHENG, Y., CHEN, S., LI, W., DING, Z. (2025a): Decoding Multi-Scale
Environmental Configurations for Older Adults’ Walkability with Explainable Machine

Learning. Sustainability, 17, 18, 8499.

SU, C., CHENG, Y., CHEN, S., LI, W,, NIE, K., DING, Z. (2025b): Perception of Child-Friendly
Streets and Spatial Planning Responses in High-Density Cities Amidst Supply - Demand
Disparities. Buildings, 15, 21, 3908.

SUDHIRA, H.S., RAMACHANDRA, T.V., JAGADISH, K.S. (2004): Urban sprawl: metrics,
dynamics and modelling using GIS. International Journal of Applied Earth Observation and
Geoinformation, 5, 1, 29-39.

SUN, X., ZHOU, F. (2013): Land finance and the tax-sharing system: An empirical explanation.
Social Sciences in China, 4, 208, 40-59.

TIAN, L. (2015): Land use dynamics driven by rural industrialization and land finance in the
peri-urban areas of China: “The examples of Jiangyin and Shunde”. Land Use Policy, 45,
117-127.

TIKOUDIS, I., DIMITROPOULOS, A., OUESLATI, W. (2018): Causes and consequences of
urban sprawl. In Rethinking urban sprawl: Moving towards sustainable cities, 113-142.
TONG, D., CHU, J., HAN, Q., LIU, X. (2022): How Land Finance Drives Urban Expansion under

Fiscal Pressure: Evidence from Chinese Cities. Land, 11, 2.

TONG, D., CHU, J., MACLACHLAN, ., QIU, J., SHI, T. (2023): Modelling the Impacts of land
finance on urban expansion: Evidence from Chinese cities. Applied Geography, 153, 102896.

UN (2014): World urbanization prospects. New York: United Nations.

WANG, Z., CAO, C., CHEN, J., WANG, H. (2020): Does Land Finance Contraction Accelerate
Urban Shrinkage? A Study Based on 84 Key Cities in China. Journal of Urban Planning and
Development, 146, 4, 04020038.

WU, Y., LI, C., SHI, K., LIU, S., CHANG, Z. (2022): Exploring the effect of urban sprawl on
carbon dioxide emissions: An urban sprawl model analysis from remotely sensed nighttime
light data. Environmental Impact Assessment Review, 93, 106731.

XING, J., SIEBER, R. (2023): The challenges of integrating explainable artificial intelligence
into GeoAl. Transactions in GIS, 27, 3, 626-645.

YANG, W., DENG, M., TANG, J., LUO, L. (2023): Geographically weighted regression with the
integration of machine learning for spatial prediction. Journal of Geographical Systems, 25,
2, 213-236.



124 GEOGRAFIE 131/2 (2026) / Y. TIAN

YU, B., ZHOU, X. (2024): Land finance and urban Sprawl: Evidence from prefecture-level cities
in China. Habitat International, 148, 103074.

ZHANG, X.Q. (2016): The trends, promises and challenges of urbanisation in the world. Habitat
International, 54, 241-252.

ZHANG, Y, LIU, Y, L1, Y., CHU, J., YANG, Q. (2025): Nonlinear and spatial non-stationary
effects of land finance on urban expansion at the county level in China: Insights from explain-
able spatial machine learning. Cities, 160, 105850.

ZHANG, Y., WANG, J., LIU, Y., YUE, W. (2023): Quantifying multiple effects of land finance
on urban sprawl: Empirical study on 284 prefectural-level cities in China. Environmental
Impact Assessment Review, 101, 107156.

ORCID

YICHUAN TIAN
https://orcid.org/0009-0004-8852-776X


https://orcid.org/0009-0004-8852-776X

GEOGRAFIE 131/2 (2026)

Study on interpretation system of world geopark
based on tourists’ needs and preferences:

A case study of Dali Mount Cangshan Global
Geopark, Yunnan, China

ZHANG LI*%, XIXI CHEN?, XIONGKUN NIE?, XIAODI DUAN?

! Tianjin University, Tianjin, China; e-mail: 604470467@qq.com

? West Yunnan University of Applied Sciences, Dali, Yunnan, China; e-mail: 841311055@qq.com,
490911295@qq.com

® Dali Vocational and Technical College of Agriculture and Forestry, Dali, Yunnan, China; e-mail:
779001169@qq.com

ABSTRACT This study takes the Cangshan World Geopark as the research object, focusing on the
needs and preferences of tourists. Through a questionnaire survey method, 562 valid samples
were collected, and the principal component analysis method was used to systematically explore
tourists’ preferences for the service types, thematic information, and media forms of the geologi-
cal park interpretation system. The study found that tourists have significantly higher prefer-
ences for basic park guide services, natural environment-related interpretation themes, and
multimodal audio-visual interpretation media. They also have dual needs of geological science
popularization and local culture experience. Optimizing the interpretation system that meets
tourists’ needs can not only enhance tourists’ geological park tour experience and knowledge
acquisition efficiency, but also strengthen tourists’ awareness of geological heritage protection
and local culture identification, thereby promoting the sustainable development of ecological
tourism and community support in world geological parks.
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1. Introduction

World Geoparks, as the core carrier for the protection of geological heritage, popu-
larization education and regional development, its functions highly depend on an
efficient Interpretation system (UNESCO 2021). Geotourism, as a specialized tour-
ism form focusing on the appreciation of geological relics and the dissemination of
scientific knowledge, has become an important growth point of global ecotourism
(Dong, Liu 2015). The Interpretation system, as a bridge connecting tourists and
the value of geological heritage, directly determines the depth of tourists’ cog-
nition, the quality of their experience and the effectiveness of their protection
awareness cultivation. The Cangshan Mountain in Dali was included in the World
Geopark list in 2014, making it the second World Geopark in Yunnan Province and
a core tourist destination in Dali. Its ecological tourism revenue accounts for 90%
of the park’s total income. Visitor management is mainly carried out through soft
and hard methods: soft management relies on information carriers such as display
screens, signs, and mobile apps, while hard management is achieved through
facilities such as visitor centers, viewing platforms, and walkways. Currently,
only the geological heritage exhibition hall of Cangshan Mountain has systematic
Interpretation facilities such as electronic display boards, scenic area models, and
manual explanations. The facilities of the two tourist centers, Qionglongnu Pool
and Xiamatian Pool, only remain at the basic display screen and photo display
level, which is difficult to meet tourists’ deep needs for geological knowledge and
cultural connotations. In existing studies, discussions on the Interpretation system
of heritage mostly focus on a single design principle or specific group prefer-
ences (Zhou et al. 2023), lacking systematic empirical analysis that combines
the characteristics of geotourism and the heterogeneity of tourists, especially
insufficient targeted research on mountainous geological parks in the southwest
region. Therefore, accurately identifying the Interpretation needs and preferences
of tourists based on their perception becomes the key to optimizing the service
system of Cangshan World Geopark and promoting the sustainable development
of geotourism.

This study integrates the theories of tourist experience, perceived value, and
information processing to construct an analytical framework of “perception -
preference - behavior”, aiming to address the fragmentation of theoretical appli-
cation in existing research. At the same time, using the Cangshan World Geopark
as a case, it supplements empirical data on mountainous-type geoparks, enriching
the research results in the intersection of geological tourism and the Interpretation
system, and providing support for cross-regional comparative studies.

Clarifying the preference characteristics of tourists for Interpretation services,
themes, and media can provide direct basis for optimizing the existing interpre-
tation system and improving service quality in Cangshan World Geopark. The
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research results can guide the park to balance scientificity and entertainment,
as well as the application of traditional media and modern technology, thereby
enhancing tourists’ awareness of geological protection and cultural identity, and
promoting the sustainable operation and community development of the geopark.

This study follows a logical sequence of “theoretical support - empirical analy-
sis - conclusion optimization”: Firstly, it reviews the core theories and the related
research progress of geological tourism and the Interpretation system; Secondly,
it collects data through questionnaires and uses principal component analysis
to identify the factors influencing tourists’ preferences; Finally, based on the
results, it discusses the existing problems and proposes targeted optimization
strategies.

2. Theoretical foundation and literature review
2.1. Theoretical support for tourism experience

The tourist experience theory (Pine, Gilmore 1999) states that the core of tourism
experience lies in creating unforgettable memories through multi-sensory stimu-
lation and interactive design. In the context of a geological park, the Interpretation
system serves as the experience carrier, and it needs to balance the professional-
ism of geological knowledge with the Entertainment value of the presentation
form - by integrating visual, auditory, and other multi-sensory elements, complex
geological processes can be transformed into perceptible content, helping tourists
form a deep experience (Chen et al. 2022). This theory provides a core perspec-
tive for the analysis of tourists’ preferences for interpretation media and activity
participation in this paper. The perception value theory (Zeithaml 1988) defines
perception value as the comprehensive evaluation by tourists of the functional
value and emotional value of the product. For the Interpretation system of the
geological park, the functional value is reflected in the acquisition of practical
information such as geological knowledge and tour guidance, while the emotional
value stems from cultural resonance and aesthetic pleasure (Huang et al. 2023).
Research shows that tourists’ preferences for the interpretation system are essen-
tially an attempt to balance these two types of values, and this theory provides
support for analyzing the logic of tourists’ choices regarding information content
and presentation methods. The information processing theory (Atkinson, Shiffrin
1968) emphasizes that the presentation method of information directly affects
the retention of memory and the depth of understanding by the audience. In
geological interpretation, the integration of multimodal information (text, audio,
interaction) can significantly enhance the perceptual fluency of tourists (Chen
2022), while the excessive use of technical terms can lead to cognitive obstacles



128 GEOGRAFIE 131/2 (2026) / Z. LI, X. CHEN, X. NIE, X. DUAN

(Zhao 2024). This theory provides a theoretical basis for analyzing the preference
differences among different media types and optimizing information presentation
in this paper.

2.2. Relevant research progress

The United Nations Educational, Scientific and Cultural Organization (UNESCO
2022) defines the Interpretation System of Geological Parks as “a comprehen-
sive information system that conveys the scientific value, aesthetic features,
and cultural significance of geological heritage to the public through various
media”, with its core functions covering scientific education, cultural narrative,
and experience enhancement. In domestic research, Zhou et al. (2023) proposed
a three-dimensional model of “content - medium - perception”, emphasizing that
the system needs to balance scientific accuracy and entertainment value; Ke and
Liu (2019) through grounded theory research found that tourists’ demands for
geological interpretation present a progressive feature of “knowledge acquisi-
tion - emotional resonance - behavioral transformation”.

The core attraction of geological tourism lies in the uniqueness and educational
value of geological relics (Dong, Liu 2015). In foreign studies, Chen (2010) found
that there were significant differences in the interpretation styles preferred by
Western and Eastern tourists. Western tourists preferred inquiry-based ques-
tions, while Eastern tourists were more receptive to conclusion-based knowl-
edge delivery. Liu et al. (2022) pointed out that VR technology has a particularly
prominent appeal to young tourists (18-35 years old), but there is a technological
acceptance gap among the elderly. Domestic studies mostly focus on single park
cases. For example, Huang et al. (2023) took Yunnan Stone Forest as an example
and confirmed that cultural integration-based interpretation can enhance tour-
ists’ local attachment. However, research on multi-dimensional preferences for
mountainous geological parks is still scarce.

Geological interpretation is the core component of geological tourism, empha-
sizing the transformation of complex geological scientific knowledge into infor-
mation that the public can understand. Its quality directly affects the educational
value and experience effect of geological tourism (Li et al. 2023).

Recent studies have shown that geological interpretation should be combined
with the local cultural context and enhance tourists’ emotional resonance through
narrative storytelling (Zhang, Pearce 2023); at the same time, the application of
digital technologies (such as VR/AR) can break through time and space limitations,
allowing tourists to intuitively experience the geological evolution process (Chen
et al. 2022). However, existing research pays insufficient attention to the differ-
entiated strategies of interpretation for different types of geological parks, and
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lacks a systematic analysis of tourists’ interpretation preferences in mountainous
geological parks.

The current research has three shortcomings: Firstly, the application of theories
is fragmented, lacking a systematic integration of multiple theories; Secondly, the
regional cases are unbalanced, with relatively few empirical studies on mountain-
ous geological parks in the southwest region; Thirdly, the literature support is
single, with insufficient citation of the latest frontier achievements in geological
tourism and geological interpretation, mostly relying on UNESCO documents and
local literature, and lacking dialogue with international cutting-edge research.

3. Research design and methods
3.1. Research site

The Cangshan World Geopark is located in Dali City, Yunnan Province, China
(Fig. 1). It borders Yongbing County and Erlian County. The total area is 520 square
kilometers, with a length of 50 kilometers from north to south and 10-20 kilo-
meters from east to west. Cangshan is alandmark mountain peak with distinctive

Fig. 1 - Location of Dali
Mount Cangshan UNESCO
Global Geopark

Rali Bai Autonomous Prefectus

Dali Mount Cangshan UNESCO Global Geopark
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Tab. 1 - Demographic statistical characteristics of samples

Demographic characteristics Outcome

Gender 47.5% male, 52.5% female
Age The average age is 39.3 years
Mother tongue Chinese (92%), English (8%)
Place of residence Yunnan (38%), Sichuan (27%)
Total annual income > 60,000 yuan (40%)
Number of co-visitors The average is 3.4 people
Residence time 3.2 nights on average

High school degree or above 90.9% (511)

features, unique geological wonders, and potential special geological scientific
value. Its special geography, geology, and landforms have created a natural land-
scape combining mountains and water, with wind, flowers, snow, moon, and stones
coexisting. Cangshan belongs to the southern end of the Yunling Mountains in the
Xiangdong Mountain Range. It is an important geological, geographical, biological,
and climatic transition zone in China and Southeast Asia, and is a landmark area
in regional division. The east side of Cangshan is Erhai Lake. Cangshan and Erhai
Lake complement each other, which is the result of the difference in crustal uplift
(Huang et al. 2018).

3.2. Sampling strategy and sampling error

This study employed a non-probability sampling method. The survey period was
from June to September 2024. Electronic questionnaires were distributed to tour-
ists visiting the Cangshan World Geopark. According to the sample size calculation
standard of Krejcie, Morgan (1970), when the total population exceeds 1 million,
the minimum sample size at a 5% precision level is 384. This survey collected
a total of 562 questionnaires, and the effective recovery rate met the research
requirements. The respondents of the questionnaire could be summarized as 47.5%
males and 52.5% females, with an average age of 39 years old. The majority of the
respondents were domestic tourists, accounting for 92%, and most came from the
southwestern provinces of China. The average stay time in Dali was 3.2 nights, and
the average number of visits to the park was 1.4 times (Table 1).

3.3. Questionnaire design

The questionnaire consists of three parts: The first part covers demographic char-
acteristics and basic tourism information, including gender, age, education level,
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income, and duration of stay; the second part is the Interpretation Preference
Survey, which includes 14 service preferences, 18 thematic information prefer-
ences, and 18 media preferences, using a 5-point Likert scale (1 = strongly disa-
gree / notimportant at all, 5 = strongly agree / extremely important). The variables
in this part are based on the specific features of the park, such as the park’s flora
and fauna, geological features, cultural characteristics, and the World Geopark
Heritage List. The third part presents the overall evaluation by tourists of the
significance of the Interpretation service. The questionnaire was designed based
on the park’s characteristics and existing research results. After a pre-survey (with
a sample size of 50) and revision, it ensured content validity and readability.

3.4. Data processing methods and model construction

The research will place the data obtained from the survey into Microsoft Excel,
and then conduct statistical analysis using the social science statistical software
SPSS. The data analysis consists of three stages: In the first stage, descriptive results
(such as age, gender, native language, and place of residence) of the data will
be analyzed, revealing the demographic statistics profile of these visitors; In the
second stage, principal component analysis will be conducted on 14 Interpretation
service preference items, 18 preference themes and information items, 18 themes
and information range items, and skew rotation and Kaiser normalization will be
performed, and 18 preferred media items will be considered to improve the inter-
pretability of each factor structure. Among them, the KMO test measures a value
> 0.7, which is considered acceptable (Bartels, Orenburg, Giao 2007). Therefore,
all factors with eigenvalues greater than 1 were used, and all items with factor
loadings > 0.3 were regarded as contributing to the factor structure. Items with
factorloadings > 0.4 and cross-loadings onto two factors were classified as the best
interpretable factors. All factors with Cronbach’s a coefficient higher than 0.6 and
item correlations between 0.15 and 0.55 were considered acceptable reliability
indicators. Factor scores are calculated as the average of all items contributing to
a specific factor, for interpretation on the applicable five-point Likert scale.

Principal component analysis is an attempt to combine many original indica-
tors (such as P indicators) with certain correlations into a set of new uncorrelated
composite indicators to replace the original indicators. It is a multivariate sta-
tistical method for studying the correlations between multiple variables, and it
studies how to reveal the internal structure of multiple variables through several
principal components, that is, to derive several principal components from the
original variables to retain as much information as possible. Usually, the original
P indicators are linearly combined to form the new composite indicators (Wang
etal. 2021).
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It is represented by the variance of F; (the first linear combination, that is,
the first composite index), that is, the larger the VaR (F1), the more information
F: contains. Therefore, the Fi selected from all linear combinations should have
the maximum variance, so Fi is called the first principal component. If the first
principal component is not sufficient to represent the information of the original
P indicators, then consider selecting F, that is, the second linear combination. To
effectively reflect the original information, the existing information of F: does not
need to appear in F.. In mathematical language, cov (Fi, F2) = 0, then F2 is called the
second principal component. By analogy, the third, fourth, ..., and the P principal
components can be constructed. The steps are as follows:

Fp=aui x ZXy + G2i x ZX2 + ... + Gpi x ZXp (1)

where a1, Gz, ..., api (i=1, ..., m) are the eigenvectors of the covariance matrix
¥ eigenvalues of X, corresponding to ZX, ZXs, ..., ZXp are the normalized values
of the original variables.

A= (aij) pxm=(ay, az, ..., am), Rai = hiai (2)

R is the correlation coefficient matrix, A and a; are the corresponding eigen-
values and unit eigenvectors, A1 =A>>... 21, 2 0.

4. Research results
4.1. Interpretation service preference principal component analysis

Through principal component analysis, the preferences of tourists for
Interpretation services were extracted into three common factors (Fig. 2).
Respondents indicated that they needed park guides (Factor 1), activity participa-
tion (Factor 2), and information structure (Factor 3) to obtain a high-quality park
tourism experience. The cumulative variance explained by all three factors was
56.4%, and the Cronbach’s a coefficients of each factor were all > 0.75, with the
inter-item correlation being higher than 0.42. The reliability was good (Table 2).
A factorloading of 0.30 was considered significant, while a factor loading of 0.50
was considered very significant (Chen et al. 2022).

Factor 1 (park guide): Average score 4.28, including tourist route signs, park
rules brochures, staff consultations, free maps, etc. The factor load is between
0.503 and 0.831, and it is the service type that tourists value the most; Factor 2
(activity participation): Average score 3.47, covering food experiences, science
popularization film screenings, local culture experiences, and related book sales,
etc. The factor load is between 0.449 and 0.807; Factor 3 (information struc-
ture): Average score 4.05, including digital display of geological relics, digital
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Tab. 2 - Interpretation services preferred by visitors

Pattern matrix
Variance 56.4%

Component factors

Factor1 Factor2 Factor3
Park guide Information on park rules and regulations that can be clearly 0.831 — —
communicated, such as trail signs and pamphlets
Clear directions to the park (e.g. rest areas, tour times) 0.742 — —
Park staff who are able to answer most questions, both 0.747 — —
general and professional
Information and activities about the park should be displayed 0.614 — —
on the website
A map of the park at no extra cost 0.503 — —
Event Culinary experiences (e.g. game dishes or local — 0.795 —
participation  cultural dishes)
Activities (e.g. nature, culture and education, popular science — 0.807 —
film screenings, photography)
Experience the lifestyle of a local culture or community — 0.769 —
Magazines, books, and newspapers on the Geopark — 0.634 —
environment and geological heritage are sold
A guide to digital interaction systems — 0.449 —
Information A digital display of the geological heritage release — — 0.856
structure A digital display of the viewing platform in the park — — 0.724
Animal and plant identification information (e.g., species — — 0.751
name, species information)
An information board for the day’s scene — — 0.627
Kronbach coefficient 0.775 0.784 0.756
Average value 4.28 3.47 4.05
Inter-project dependencies 0.437 0.422 0.454
Methods: Principal component analysis
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Tab. 3 - Topics required for the interpretation center

Pattern matrix
Variance 58.26%

Component factors

Factor 4 Factor 5
Heritage The geological heritage of the park 0.856 —
The cultural and community context surrounding the park 0.821 —
History of the park 0.775 —
The significance of the historical and cultural city in the park 0.744 —
The significance of the park as a global geopark 0.728 —
Dali Bai (such as the history, culture and lifestyle of the Bai people) 0.677 —
Other related attractions in the park (e.g. Erhai Lake, Shimen Pass, etc.) 0.632 —
The status of parks in China’s geoparks 0.473 —
The archaeological value of the park (e.g. historical sites of the 0.459 —
Nanzhao Kingdom and the Dali Kingdom)
Natural Ecological environment of the park (relationship with the surrounding - -0.855
environment)
Climate of the park (climate and weather of the park) — -0.832
Animals of the park (e.g. birds, insects, mammals, carnivores) — -0.840
Plants of the park (e.g. trees, flowers, shrubs, etc.) — -0.775
The geography of the park (i.e., the physical characteristics of the — -0.753
park’s earth and atmosphere)
Hydrogeography of the park (i.e. water movement in the park, water — -0.687
quality and impacts of the water system in the park)
Practical issues about environmental modification (e.g. recycling — -0.454
technology or water conservation)
Celestial observations (e.g. stargazing) in the park — -0.471
Kronbach coefficient 0.883 0.875
Average value 4.08 4.36
Inter-project dependencies 0.473 0.528
Methods: Principal component analysis
) ChiPlot
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Tab. 4 - Breadth of information contained in the interpretation center

Pattern matrix
Variance 57.12%

Component Factors

Factor 4 Factor 5
Heritage The geological heritage of the park 0.915 —
The cultural and community context surrounding the park 0.843 —
History of the park 0.836 —
The significance of the historical and cultural city in the park 0.851 —
The significance of the park as a global geopark 0.817 —
Dali Bai (such as the history, culture and lifestyle of the Bai people) 0.784 —
Other related attractions in the park (e.g. Erhai Lake, Shimen Pass, etc.) 0.745 —
The status of parks in China’s geoparks 0.687 —
The archaeological value of the park (e.g. historical sites of the Nanzhao 0.732 —
Kingdom and the Dali Kingdom)
Natural Ecological environment of the park (relationship with the surrounding — 0.874
environment)
Climate of the park (climate and weather of the park) — 0.865
Animals of the park (e.g. birds, insects, mammals, carnivores) — 0.858
Plants of the park (e.g. trees, flowers, shrubs, etc.) — 0.837
The geography of the park (i.e., the physical characteristics of the park’s — 0.815
earth and atmosphere)
Hydrogeography of the park (i.e. water movement in the park, water — 0.732
quality and impacts of the water system in the park)
Practical issues about environmental modification (e.g. recycling — 0.536
technology or water conservation)
Celestial observations (e.g. stargazing) in the park — 0.454
Kronbach coefficient 0.928 0.917
Average value 3.95 4.13
Inter-project dependencies 0.672 0.614
Methods: Principal component analysis
ChiPlot
Fig. 4 - Heatmap of topic relevance
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presentation of viewing platforms, and identification information of animals and
plants, etc. The factor load is between 0.627 and 0.856.

4.2. Information and topic principal component analysis

In Tables 3 and 4, respondents rated two aspects: what information (i.e., topics)
the Interpretation center should provide and the extent to which they expect to
obtain specific topic information in the Interpretation. Both aspects include two
factors: heritage (Factor 4) and natural environment (Factor 5). The Cronbach’s
a coefficients of both factors are higher than 0.8, and the inter-item correlation
is higher than 0.4.

The topic preference analysis (Fig. 3, Table 3) extracted two factors: heritage
(Factor 4) and natural environment (Factor 5). The cumulative variance explained
rate was 58.26%, with a coefficients both > 0.88, indicating excellent reliability:
Factor 4 (heritage): average score 4.08, covering geological relics, cultural com-
munity background, historical evolution, Bai ethnic culture, etc., factor loadings
0.459-0.856; Factor 5 (natural environment): average score 4.36, including
ecological environment, climate, flora and fauna, geographical and hydrological
information, factor loadings 0.454-0.855. These are the most concerned topic
categories by tourists.

The information breadth preference analysis (Fig. 4, Table 4) extracted two
common factors, with a cumulative variance explanation rate of 57.12%, and the
a coefficients were all > 0.91, indicating excellent reliability. The average score of
heritage-related information was 3.95, with factor loadings ranging from 0.687
to 0.915. The average score of natural environment-related information was 4.13,
with factor loadings ranging from 0.454 to 0.874, which was consistent with the
results of the topic preference, and the demand for natural environment-related
information was higher than that for heritage-related information.

4.3. Interpretation of media components analysis

The study analyzed the interpretation of the required media for the park and pre-
sented the results in Table 5 and Figure 5. Interpretation of media extracted three
common factors, with a cumulative variance explanation rate of 64.28%, and the
o coefficients were all greater than 0.68, indicating acceptable reliability (Table 5):
Factor 6 (audio and visual): The average score is 3.58, including audio and visual
media, visual images, prop displays, audio playback, 3D displays, VR experiences,
etc. The factor loadings range from 0.475 to 0.837, making it the most preferred
type of media; Factor 7 (creative text): The average score is 3.29, covering concise
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and understandable texts, non-academic expressions, game-like media, etc. The
factor loadings range from 0.524 to 0.834; Factor 8 (connection): The average score
is 2.34, including commemorative merchandise sales, life-like size displays, etc.
The factor loadings range from 0.463 to 0.571, with the lowest preference.

5. Discussion

This study takes the Cangshan World Geopark as a case, using the principal com-
ponent analysis method to systematically identify the tourists’ preferences for the
geological park’s interpretation system in terms of service, theme, and medium.
The research results not only confirm the common patterns in the field of geologi-
cal tourism, but also reveal the unique demand characteristics of mountainous
and culturally integrated geological parks. This section combines the relevant
research results on geological tourism and geological interpretation to deeply
analyze the formation reasons and practical connotations of tourists’ preference
characteristics, compares the similarities and differences between this study and
existing research, and points out the limitations and future research directions
of this study, providing theoretical and empirical support for the optimization of
the geological park’s interpretation system.

The tourists’ preference for park guide services ranks first (average 4.28), which
is highly consistent with the conclusion proposed by Liu et al. (2023) that “tourist
convenience is the fundamental guarantee of the tourism experience”. As a moun-
tainous geological park, Cangshan has a wide scenic area and complex terrain, and
tourists have an inevitable demand for clear tour routes, rule notifications, and
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Tab. 5 - Important media required for interpretation at the DMCUGG visitor center (interpretation
center)

Pattern matrix Component factors
Variance 64.28%

Factor 6 Factor7 Factor 8

Audio and Audiovisual media (e.g. videos explaining the history of the 0.837 — —
visual Geopark)

Visual media (e.g. pictures and charts showing interesting 0.824 — —
information about the Geopark)

Displays of props or objects (e.g. archaeological, plant, insect, 0.836 — —
or cultural displays)

Audio media (such as bird or animal sounds) 0.781 — —

2D display (e.g. park information poster) 0.752 — —

3D displays (e.g. life-size examples of animals, cultural 0.715 — —
artefacts, or virtual tours)

Print media (e.g. brochures and posters with interesting 0.721 — -
information for visitors, interpretation centers)

Virtual reality (e.g. a virtual tour of a traditional local house) 0.475 — —

Smart media (interactive touch screens with information of 0.527 — —
interest to visitors)

Guided tour of the Interpretation Center for Tourists 0.656 - —

Creative Easy-to-read text and information in relevant media — 0.834 —
Texts (e.g., appropriate fonts)

None of the media uses technical or academic jargon (for — 0.793 -
ease of understanding)

All mediums are presented in a concise manner 0.739

Expressions in all media should be lively, rich, lively, and exciting — 0.742 —

Game-based media (e.g. quizzes, puzzles) — 0.524 —

The staff in the Visitor Interpretation Center need to be able — 0.684 —
to answer all questions on display

Contact The Interpretation Center sells souvenirs as memories — — -0.571
of the experience

The size of the monitor and media should show the size of — — -0.463
everyday life in order to better convey the relevant information

Kronbach coefficient 0.904 0.843 0.687
Average value 3.58 3.29 2.34
Inter-project dependencies 0.526 0.488 0.482

Methods: Principal component analysis

Rotation method: maximum oblique rotation

free maps, etc., as these services are necessary for tourists to conduct in-depth
tours and obtain geological and cultural information. The high preference for
information structure services (average 4.05) reflects the core demand of digital
era tourists for visualized and convenient geological information. Mountainous
geological parks have geological relics distributed outdoors, and digital display can
break through time and space limitations, allowing tourists to obtain geological
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relics, viewing platforms, flora and fauna and other related information at any
time during the tour, which is in line with the viewpoint in information processing
theory that “multiple scenarios of information access enhance perceptual flu-
ency” (Wang, Wang 2025). The preference for activity participation services is
relatively low (average 3.47), not because tourists lack experience needs, but due
to the limitations of existing service design and tour scenarios. The ecological
tourism of Cangshan is mainly outdoor, and tourists’ stay times are scattered.
However, existing cultural experiences and science popularization activities are
mostly concentrated in the tourist center, with a relatively simple form, which
is difficult to match the outdoor tour rhythm of tourists. At the same time, the
transportation and venue conditions of mountainous scenic areas also limit the
implementation of interactive activities, and this result also provides a clear direc-
tion for the subsequent optimization of activity design and the creation of mobile
experience projects in the park.

The preference for natural environment-related themes is significantly higher
than that for heritage themes (mean 4.36 vs 4.08). This is the result of the joint
influence of the resource characteristics of Cangshan Geopark and the tourists’
travel motivations. As an important geological, biological and climatic transition
zone in Southeast Asia, Cangshan has a unique ecological environment, hydro-
logical geography, animal and plant resources and geological relics that deeply
intermingle. The tourists’ travel motivations include both geological science
popularization and natural landscape appreciation. The high demand for natural
environment-related information essentially reflects the tourists’ urgent need
to understand the “natural background” of the geological park. While heritage-
related themes still maintain a relatively high preference, it reflects the “cultural
empowerment” feature of geological tourism. The Bai ethnic culture, the history
of the Nanzhao-Dali Kingdom and the geological relics in Cangshan form a unique
“geological-culture” symbiotic system. The tourists’ demand for such information
reflects the transformation of the geological park’s interpretation system from
a single scientific dissemination to a “science + culture” integrated narrative (Zhao
etal. 2019), which is in line with the cutting-edge viewpoint proposed by You et al.
(2026) that “heritage interpretation should be combined with the local cultural
context”. From the perspective of information breadth preference, the high scores
for natural environment and heritage-related information (mean 4.13, 3.95) indi-
cate that tourists’ information needs for the geological park are not fragmented
but have systematic and comprehensive characteristics. This requires the content
design of the interpretation system to balance the depth and breadth of informa-
tion, achieving the organic integration of natural and cultural information.

Audio and visual media have become the tourists’ top choice (mean 3.58),
confirming the core value of multi-modal information integration in geological
interpretation (Xia 2013). The geological relics in Cangshan, such as Quaternary
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glacial deposits and fault structures, have complex formation processes and
temporal-spatial characteristics. Simple textual explanations are difficult to
enable tourists to intuitively understand them. However, multi-modal media such
as audio-visual media, 3D displays, VR experiences, etc., can transform abstract
geological processes into visual and auditory experiences, breaking through
the cognitive barriers of geological science. At the same time, the outdoor tour
scenarios of mountain-type geological parks also determine that tourists prefer
intuitive and convenient visual media rather than lengthy textual information.
The medium with medium preference (mean 3.29) emphasizes the core principle
of geological interpretation being “popularization and entertainment”. Li et al.
(2025) pointed out that the relationship between professional terms in geological
interpretation and tourists’ understanding degree is an inverted U-shaped curve.
The results of this study further verify this viewpoint - tourists need concise
and understandable text expressions without academic terms, even preferring
game-like media and other entertaining forms. This requires the geological park
interpretation system to ensure scientificity while also considering the readability
and entertainment value of the information. The lowest preference for associa-
tive media (mean 2.34) is due to the weak correlation between carriers such as
souvenirs and the core goal of geological interpretation. The tourists’ core needs
are immediate knowledge acquisition and experience improvement, rather than
commemorative consumption. Such media can only serve as supplementary to
the interpretation system rather than a core component.

The results of this study effectively echo and complement the existing research
in the fields of geological tourism and geological interpretation. Consistent with
the conclusion of Yang and Zhu (2023) that “digital media is favored by tourists”,
this study further reveals that tourists in mountain-type geological parks have
more scene-specific demands for digital media, and are more inclined towards
mobile and visual digital media that can match outdoor tours, rather than being
limited to fixed digital facilities in tourist centers. The sample of this study is
mainly composed of domestic tourists (92%), and their preferred “conclusion-
based” knowledge transmission method conforms to the cognitive habits of Eastern
tourists, which provides a targeted basis for the expression style of geological park
interpretation content - prioritizing the presentation of clear geological scientific
conclusions, followed by in-depth exploratory content, while balancing the effi-
ciency and depth of popularization. At the same time, this study takes Cangshan
Mountain as the case of a mountain-type geological park, revealing the uniqueness
of tourists’ preferences in such parks, such as a higher demand for basic guided
tours and the urgent need for outdoor digital interpretation, enriching the case
library of tourists’ preferences in geological parks and providing differentiated
references for the design of interpretation systems for different types of geological
parks.
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Although this study has achieved certain empirical results, it still has three
limitations: Firstly, the sampling method used is non-probability sampling, and
the samples mainly come from western provinces such as Yunnan and Sichuan.
The geographical representativeness is limited, and it fails to cover different
regional and different tourism motivation groups of tourists, which may affect
the generalizability of the research results. Secondly, it did not deeply analyze the
moderating effect of tourists’ heterogeneity on preferences, such as the correlation
between demographic characteristics like age and educational background and
tourists’ preferences, making it difficult to achieve precise design of the inter-
pretation system. Thirdly, it only identified tourists’ preference characteristics,
but did not explore the matching issue of media and themes, that is, which media
form is suitable for different interpretation themes (such as geological relics,
Bai ethnic culture), lacking precise guidance for the design of the interpreta-
tion system. In response to these limitations, future research can be conducted
in three aspects: Firstly, adopt stratified probability sampling method to expand
the geographical and group scope of the sample, and enhance the universality of
the research results; Secondly, introduce structural equation models, regression
analysis, etc., to explore the influence mechanism of tourists’ heterogeneity on
the preferences of the interpretation system, reveal the differences in the needs of
different groups, and provide a basis for precise interpretation services; Thirdly,
conduct research on the matching of media and themes, through experimental
methods and in-depth interviews, identify the optimal media presentation form
for different interpretation themes, and achieve refined and personalized design of
the geological park interpretation system; In addition, it can also conduct research
on the effectiveness verification of the optimization of the interpretation system,
by comparing the tourists’ experience and knowledge acquisition efficiency before
and after optimization, to test the effectiveness of the optimization strategies.

6. Conclusions

This study focused on the Geopark of Cangshan Mountain, taking the tourists’
perception as the entry point. Through questionnaire surveys, 562 valid samples
were collected. Using the principal component analysis method, the study system-
atically explored the tourists’ preferences for the geological park’s interpretation
system in terms of service, theme, and medium. The following core conclusions
were ultimately drawn:

1. In terms of service preferences, tourists showed the characteristics of “pri-
oritizing basic guided tours, having a strong need for digital information
structure, and needing to optimize experience activities”. The basic service of
park guides is the core demand of tourists. The digital display of geological and
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landscape information has become an important necessity. However, cultural
experiences and science popularization activities have not yet met the tourists’
needs due to design and scene limitations.

2. In terms of theme preferences, tourists prioritize information related to the
natural environment, while also having a demand for the integration of geologi-
cal heritage and local culture. The demand for natural and cultural informa-
tion is characterized by systematicness and comprehensiveness, reflecting the
integration trend of “science + culture” in geological tourism.

3. Interms of medium preferences, tourists highly favor multimodal audio-visual
media. They also require the popularization and entertainment of the interpre-
tation text and consider commemorative items as supplementary, which cannot
become the core interpretation medium.

4. Overall, the interpretation needs of tourists in Cangshan Mountain present the
characteristics of “balancing scientificity and entertainment, balancing profes-
sionalism and popularization, and integrating traditional forms with modern
technology”. And influenced by the resource characteristics and tour scenarios
of mountain-type geological parks, the requirements for the convenience of
services and the scene adaptability of media are higher.

Based on the empirical conclusion of tourists” preferences, combined with the
resource characteristics of the Cangshan World Geopark and the existing problems
of the interpretation system, targeted optimization strategies are proposed from
four dimensions: popular science education, interpretation system, tourism prod-
ucts, and service facilities, to achieve precise matching between the interpretation
system and tourists’ needs:

Deeply explore the scientific connotation of the geological relics on Cangshan,
sort out the internal connections of geological evolution, tectonic movement, and
ecological environment, and compile scientific and popular science popularization
materials that are both scientific and easy to understand, avoiding excessive use
of professional terms; combine modern technologies such as VR and AR to create
immersive geological popularization experience projects, such as VR simulation
of the formation process of glacial deposits and AR visualization display of fault
structures, allowing tourists to intuitively experience the complex geological
process; rely on the outdoor geological relics of the park, carry out regular on-
site geological exploration and popular science lecture activities, invite geological
experts and local cultural scholars to participate in the explanation, achieving the
integration and dissemination of geological science and local culture.

Improve the basic service of the park guide, optimize the design of tour route
signs and free maps, add information consultation points at key scenic spots in
the scenic area, and enhance the professional answering ability of staff; build
a “online + offline, fixed + mobile” diversified interpretation media system, add
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3D display, interactive touch screens and other fixed digital facilities at the tourist
center, set QR code interpretation signs beside outdoor geological relics and view-
ing platforms, realize “listening while walking while looking”, matching the tour
scenarios of mountainous-type scenic areas; simplify the expression of interpreta-
tion texts, adopt a combination of pictures and text, and interesting expression
forms, design geological knowledge quizzes, puzzles and other game-like media
at some nodes, to enhance tourists’ participation.

Based on the “geology + culture” integrated demand of tourists, develop
characteristic tourism products that integrate geological science and Bai ethnic
culture, such as “geological relics + Bai ethnic village” study tours, “Cangshan
geology + Erhai Lake + ecology” comprehensive experience tours, etc. According to
the demand characteristics of different tourist groups, design differentiated tour
routes, for scientific tourists, create deep geological relic exploration routes, for
leisure tourists, create “geological landscape + natural viewing” light experience
routes, for parent-child tourists, create interesting geological science populariza-
tion routes, achieving precise supply of tourism products.

Upgrade the interpretation facilities of the seven dragon goddess pool and wash
horse pond tourist centers, make up for the basic deficiencies of existing facilities,
add systematic display areas with geological and cultural themes, achieve comple-
mentary functions of the three tourist centers, improve the outdoor infrastructure
of the scenic area, add shading, seats and other facilities at rest areas and viewing
platforms, combine with simple interpretation display boards, allowing tourists
to obtain information while resting, optimize the network coverage of the scenic
area, ensure the normal use of mobile digital interpretation media, providing
technical support for multi-modal and mobile interpretation.

The results of this study indicate that the interpretation system of a World
Geopark is not merely an “information dissemination tool”, but a crucial link that
connects geological heritage protection, popular science education, tourism expe-
rience, and community development. Its design and optimization must adhere to
the principles of “centering on the needs of tourists, based on resource charac-
teristics, aiming for scientific dissemination, and empowering through cultural
integration”, while balancing scientificity and entertainment, professionalism and
simplicity, traditional forms and modern technologies. For mountainous geological
parks, particular attention should be paid to the convenience of services and the
scene-appropriate nature of media, to create an interpretation system suitable for
outdoor tourism scenarios. Additionally, the optimization of the interpretation
system in a geological park is a dynamic and continuous process. A long-term
monitoring mechanism for tourists’ needs should be established to promptly
capture changes in tourists’ demands and continuously adjust and optimize the
content, form, and carriers of interpretation. Only by making the interpretation
system truly meet the needs of tourists can its core functions of popular science
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education, experience enhancement, and cultural dissemination be fully exerted,
promoting the coordinated improvement of ecological, economic, and social values
of the World Geopark.
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ABSTRACT The outcomes of watercourse revitalization are mostly evaluated as positive, depend-
ing on the implementation of the given revitalization. A potential negative aspect of watercourse
revitalization was investigated via the example of an important source of groundwater for
drinking purposes in Bfezova nad Svitavou. The aim of the research was to assess whether
revitalization of the watercourse in the section upstream of the offtake point was appropriate.
The assessment used long-term data from the watercourse operator as well as our own short-
term monitoring. The results indicate that in this section, the risk of contamination from surface
water into groundwater significantly outweighs other benefits of revitalization. Therefore,
a partial, modified revitalization was proposed, which in the assessed section maintains and
regenerates the existing separation between the watercourse and the groundwater. At the same
time, however, it enables the formation of river sediment in the trough as a natural environment
for the development of zoo- and phytobenthos and related higher organisms.
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1. Introduction

Watercourse revitalization is currently one of the main activities of water man-
agement, landscape engineering and urban planning with the aim of returning
the “degraded” parts of watercourses to their natural state and supporting natural
relationships between surface water and water in alluvial and bank zones. The aim
is not only to regenerate the basic cycle of water flow in the countryside (Magliozzi
etal. 2019) but also to support natural biodiversity of aquatic ecosystems (Duré¢ak
et al. 2017). Biotope and morphological watercourse diversity is essential for
the stability of aquatic ecosystems, as it enhances the resilience of the biota to
extreme environmental events - floods, drought, pollution, etc. (Edwards et al.
2012). Revitalization, accompanied by subsequent landscape modifications, has
a positive impact on the landscape water retention capacity, stabilizes ecosystems
and contributes to mitigating the overall effects of climate change. (Beran 2022;
Rozman, Hrkal 2020). For example, vegetation on the banks and in the immediate
vicinity of a watercourse can significantly influence its microclimate by shading
the water surface, which enables it to absorb daily temperature extremes (Duréak
et al. 2017). Rozman and Hrkal (2020) also mention revitalization as a beneficial
tool in the fight against flooding as it naturally slows down the water flow and, in
suitable areas, enables a regulated water spill.

Generally speaking, revitalization enables “the return of the river to its natural
state”. Nevertheless, any watercourse revitalization leads to a significant technical
impact on the current water system in the given locality, affecting the current
water regime and ecosystem process (Mrozinska et al. 2018, Wood et al. 2023).
This tool is often used in those parts of watercourses which have been heavily
influenced by human activities (Kurth, Weber, Schirmer 2015). Such watercourses
might have been strengthened and their bottoms and banks reinforced with
often impermeable surfaces (stone, concrete, etc.). In particular, watercourses
in settlements are usually in very poor condition, where the troughs were cre-
ated completely artificially to adapt to local structures and anti-flood measures,
and their natural ecosystems are often severely disturbed (May 2006, Bell 2015).
Pollution washed away from the surrounding reinforced surface or from sewage
systems also contributes to this (KoZeny, Janovsk4, Svobodova 2021). Revitalization
isintended to help remove these maladies and return the area to its natural state,
which in many cases can also cope with pollution. However, this is the case only
when there is a stable and strong ecosystem in the watercourse.

Troughs influenced by human activities can be found even outside of built-up
areas. Such troughs are mainly affected by watercourse alterations in agricul-
tural landscapes, where they are straightened, often even forming a rectangular
network in connection to irrigation/amelioration systems. This creates regular
landscapes that are easier to manage from an agricultural perspective. Its aquatic
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ecosystems are also prone to disruption, which is often caused by the application
of chemical spraying to protect plants and application of nitrogen-based fertilizer,
which is often washed into watercourses and groundwater (Bridhikitti et al. 2021;
Filoso, Palmer 2011; Gumiero, Boz 2017).

In agricultural landscapes, larger revitalizations are relatively more common
than in built-in areas since the former naturally enable greater alterations to the
watercourse’s surrounding landscape. The trough is often spread to the whole
inundation area, creating meanders and branching into more troughs together
with water surfaces etc. (Beran 2022, Richter 2023). In built-up areas, the
watercourses are usually modified within the extent of the troughs/bank edges
and the modification is more likely to occur within the existing trough, where
artificial impermeable surfaces are replaced with naturally permeable surfaces
(Kurth, Weber, Schirmer 2015). It is highly advisable to combine the watercourse
revitalization with landscaping around the watercourse, which brings a number
of other benefits, such as creation of areas for recreation and relaxation, con-
tamination reduction, etc. (Gumiero, Boz 2017). There are countless examples of
revitalizations ranging from small projects of a local nature, comprising tens of
meters (Rozman, Hrkal 2020), to large multi-kilometer projects on important
watercourses (Vizina et al. 2018). Revitalizations are generally a frequently
discussed topic by both professionals and the general public for many reasons.
Nevertheless, a positive response to revitalizations prevails. But is watercourse
revitalization suitable everywhere?

From an ecological and social perspective, watercourse revitalization is ben-
eficial, it improves the quality of the environment, increases the value of the
ecosystem itself and ecosystem services and, moreover, has an aesthetic value
(Palmer, Filoso 2009; Shackelford et al. 2013). It always naturally depends on
the actual implementation of the revitalization and the defined objective that
is to be achieved. A rarely (or hardly ever) discussed issue is the impact of the
revitalization on the potential spread of contaminants from polluted water. As
aforementioned, water is often contaminated by human activities, especially when
settlements, industry and agricultural activities are accumulated in the vicinity
of a watercourse (Filoso, Palmer 2011; Gumiero, Boz 2017; Magliozzi et al. 2019;
May 2006). Problematic zones are those areas where a watercourse has a strong
connection to groundwater which could thus be degraded (Hoérchner et al. 2024).
Revitalizations generally have a major impact on the groundwater in the vicinity of
watercourses, which can also be caused by the intensification of bank and bottom
infiltration (Rozman, Hrkal 2020). A number of studies point to the fundamental
influence of the interaction between groundwater and surface water on the river
chemistry, biochemical processes (water oxygenation, denitrification, etc.) and
the ecological status of the river environment itself (Haase et al. 2013; Kurth,
Weber, Schirmer 2015; Magliozzi et al. 2019; Horchner et al. 2024). In principle,
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this interaction is seen as positive, especially in terms of climate change measures
which increase the retention capacity of the river floodplain (Magliozzi et al.
2019). Nevertheless, there is a lack of targeted discussion regarding the potential
exchange of pollution between surface water and groundwater in the vicinity of
the intake area of groundwater for drinking purposes, which in conjunction with
an unstable ecosystem can be very problematic to catastrophic.

From this point of view, a major problem is the potential infiltration of pollution
into a source of high-quality groundwater within the research area of Cretaceous
plateau geological formation, the degradation of which would have an extensive
impact on the environment as well as on human society (Illes et al. 2025). The
geological structure of the area, characterized by significant fracture permeability,
is particularly susceptible to accelerated interaction between surface water and
groundwater. This dilemma was considered by the professionals working on the
Brezova nad Svitavou water source, especially in the 1970s and 1980s during the
construction of the 2™ Biezova conduit (Vi$¢or 2013). This water source is crucial
for hundreds of thousands of inhabitants of Czechia and its protection against
pollution has been and should be a priority. From the point of view of protection
against pollution, attention was paid in the past to the potential penetration of
pollution from the highly polluted Svitava River, which runs through the center
of the whole area. For this reason, the five-kilometer-long bed of the river and
its tributaries has been made impermeable. The water in the river thus passes
through the area without any contact with the surroundings. In recent years, there
have been discussions regarding a possible revitalization of this section of the
Svitava River since the water quality in the river itself has significantly increased
since the 1990s. This paper further addresses aspects of possible revitalization in
such a specific area, focusing on the following questions: (1) What risks can be
expected when revitalizing a watercourse in the vicinity of a groundwater intake
for drinking purposes? And, (2) What form of revitalization would be acceptable
with regard to the protection of the intake area? The aim is to identify a suitable
method of watercourse revitalization that, on the one hand, supports the develop-
ment of aquatic ecosystems and, on the other hand, maintains protection against
potential groundwater contamination.

2. Research area

The research area (Fig. 1) is located north of Bfezov4 nad Svitavou, Pardubice
District, Czechia, and constitutes a five-kilometer-long section of the Svitava River,
which since the 1970s has had a stone-concrete bottom and trapezium-shaped
banks (some parts of this modification date back to 1913). Under the concrete
reinforcement there is an impermeable foil and the bottom layer is a clay bed. The
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Fig. 1 - Research area and sampling locations

only function of this whole system is to prevent interaction between the surface
water and groundwater within the so-called hyporheic zone which in a natural
watercourse enables exchange of water between surface water and groundwater
surface. This part of the Svitava River passes directly through the water source
of groundwater for drinking purposes and therefore it is absolutely undesirable
that any degradation of this water should occur.

From the point of view of water source protection, this section is critical for
several reasons: (1) The section of the Svitava River passes through a highly urban-
ized area; (2) above the section there is a large wastewater treatment plant; and
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(3) alarge part of the Svitava river basin is intensively used for agriculture. In the
past, the water in the Svitava River was of a very bad quality, especially due to the
intense industrial activities and lack of a wastewater treatment plant in the town
of Svitavy. The water quality has significantly improved since then. Nevertheless,
concerns about contamination still persist. A sudden temporary deterioration of
surface-water quality due to operational failures at the wastewater treatment
plant or on major transport infrastructure running parallel to the river cannot be
entirely excluded. While the progression of the failure-related pollution in surface
water can be monitored and, to some extent, managed, once a contaminant enters
the groundwater, its spread is difficult to manage and hard to predict, particularly
in the case of deeply buried hydrogeological structures.

The water source in Bfezova nad Svitavou is formed by two groundwater pump-
ing systems: the 1°* and 2™ Btezov4 water supply conduits, pumping water from
two hydrogeological collectors, B and C, which are parts of the Hydrogeological
unit 4232 Usteckd syncline in the Svitava river basin (HGU 4232; Fig. 1). The whole
HGU area is 358 km? and is oriented in a north-south direction representing the
eastern edge of the continuous occurrence of Cretaceous sediments in Czechia.
The HGU area is formed by alternating permeable hydrogeological collectors
(sandstone) and impermeable hydrogeological insulators (claystone; Heréik,
Hermann, Vale¢ka 1999; Novotn4 et al. 2023), which contributes to the formation
of a significant source of groundwater used mainly for drinking purposes (Honek
et al. 2021; Vis&or 2013). The water is supplied via two routes to the city of Brno,
about 60 km to the south. This water source is a strategic source for Brno and its
agglomeration, comprising over 400,000 inhabitants. Its protection is therefore
absolutely crucial.

3. Data and methods

The paper uses data taken from the Czech Hydrometeorological Institute (CHMI;
see I.), previous projects handled by the T. G. Masaryk Water Research Institute
(WRIL; see I1.) and measurements performed within the research project,
SS06010044 “Defining and evaluating the areas decisive for subsidizing stra-
tegic groundwater resources with regard to their protection and stabilization”
(Prostiedi pro Zivot VI, TA CR; see IIL):

I. Average monthly flows of the Svitava River at the Hradec nad Svitavou and
Rozhrani stations between 1985 and 2024: The Hradec nad Svitavou and
Rozhrani stations are part of the CHMI measurement network and they record
information on flows of the Svitava River on a daily basis. The location of the
stations is identical to the offtake point, i.e. SV1 = Hradec nad Svitavou and
SV6 = Rozhranf (Fig. 1).



153

WHEN THE HUMAN-ALTERED WATERCOURSE...

RIVER (NON)REVITALIZATION

8 3,618°0,T€.9T ‘N,6£0VT,SVo6V puod ay3 jo Juouyul wpaJs SSajaunu BI0H guudwEY] SOW
€ 3,TET°05,92.9T ‘N,SV9° €7, EVo6 33AN2 33 JO JUoIuUl Weau3s £sjopuap 1lopuap yOW
) 1,609°£,82,9T ‘N,£21°5Z, 8706 puod ay3 jo Juolul Weauls Aqsemyiw an03edo 0w
0T 3,PEV9T,LT9T ‘N, TST 9E 87061 a3p1iq ay3 4o Juoujul weans Ayspampw 2an03edo ow
T 1,865°8,67.9T ‘N,LOT'£,6V.6 puod ay3 jo Juoyul weans Auia) 29n03edQ oW
sajdwes jo JaquinN sajeulploo) uonedoj jo uondusig J9A1Y aweN al

uolejouljawe jo suoijedo) Jundwes

€T 3,T6€°€S,T€9T ‘N,667'T,9€.61 a3p1iq 3y3 Jo Juoul 19A1Y BABYIAS Juedyzoy 9INS
€T 3,992°8¢,T€.9T ‘N, VL9'€E,LEo6Y 9JUBNUOI JaAL 3y} pulyaq 19A1Y BABYIAS Jauguig SAS
€T 3,2PT°9C,T€.9T ‘N, 98G'TE LEoBY 92U3NU0I JBALI 3Y] pulyaq Aeald fsjag Jauguig d3d
€T 3, V€V’ LT,0€.9T ‘N,0LL'GT,6€067 23433p ;T 40 ZdSM 2Y3 pulyaq J9AIY BABYAS eynoja VAS
€T 3,765 7€,82.9T N,696°€C,0V.61 23p1iq a3 40 Juolyul J9AIY BABUAS ujueg EAS
IT 3,L¥STE8T.9T ‘N,89T'CZ,0V.61 a8puq ay3 puiyaq weans Aysujueg ujueg dvd
48 3,9T9°0€,82.9T ‘N, IE9°L,TVo6V a3p1q a2y puiyaq J9AIY EABLUAS AQwipey CAS
€1 3,8/8'8C,87.9T ‘N,Z8L'T,IV.6V a3pliq ay3 Jo Juoyul weans fxsiawipey Awipey dvd
€T 3,487°7S,82.9T ‘N, S8V VT, EVo61 dLMM puiyaq 98piq ay3 puiyaq weans £ysjopusp NOABHAS peu d9peJtH dan
6 3,T45°95,82.9T ‘N, VL8'LT,EVo61 a8puiq ay3 puiyaq 19A1Y BABYIAS NOABYAS peu d9pelH TAS
€T 3,750°€S,£T.9T ‘N, ¥96°€5,5¥.61 »|ueq JaaL 3431 ‘wep puod Jo Juolyul 19A1Y BABYIAS Nughs Sysneins gAY
sa)dwes jo Jaquiny S91eUIPI00D) uoned0] jo uondudsiqg J9ALY aweN al

Ja1em 93e4uns Jo suoiiedo) Sunduwes

Ba.E [2Jeasal 9] Ul pue) 9)qeJe Uo UOJIeIO0laWE. pUE Jajem 92e4ns jo suoiredo] Sundwes jo uonduasaq - T a1qeL



154 GEOGRAFIE 131/2 (2026) / D.HONEK, M. FOREJTNIKOVA, Z. SEDLACEK, J. NOVOTNA, R. HADACZ

II. Results of macrozoobenthos monitoring: The saprobic index of macrozoo-
benthos was used between 1970 and 2010 for the evaluation of water quality
in rivers in Czechia. The index indicates the relationship of the invertebrates
living in bottom sediments to the indicators of organic pollution and to the
extent of decomposition processes (Hegrab, Khalifa 2021). The index was
monitored during five-year cycles within a special monitoring network (CSN
1998; Zahradkova et al. 2015). In the paper, results from 1985, 1995 and 2005
are presented to compare the pollution development over time.

I1I. Sampling in 16 selected locations within the HGU area (Fig. 1; Table 1): Surface-
water sampling was carried out from June 2023 to June 2024; amelioration
water sampling took place from April 2024 to March 2025. This dataset has not
yet been publicly published in such a comprehensive form, and it is further
discussed in more detail in this paper.

Additionally, map outputs were created on the basis of data sets provided by the
Czech Office for Surveying, Mapping and Cadastre (COSMC) - Basic topographic
map of CR 1:10,000. GIS analyses and map outputs were processed in the ArcGIS
Pro 3.4.2 software of the company ESRI™.

4. Results

Figure 2 shows the annual course of average monthly flow in the Svitava River in
the stations of Hradec nad Svitavou and Rozhrani over a ten-year period (the grey
base area shows the long-term monthly average for the period between 1985 and
2024). The Svitava River in both profiles is characterized by increased water flow
in spring months, especially in March. This can be attributed to snow melt, spring
rains and agricultural land without vegetation when surface runoff is easier. This
spring peak is typical for almost all selected watercourses although sometimes it
occurs later in the following spring months. Another significant peak appears in
July, due to the more frequent occurrence of intense precipitation events (e.g. the
1997 floods in Moravia). It is particularly in this month that the most significant
change compared to the long-term average can be seen. Other seasons of the year,
the end of summer and autumn, have always been periods of the lowest flows and
the years monitored have almost always been under the long-term average.
From the long-term perspective, the Svitava River flow has been decreasing,
except for years with above-average rainfall. In warm months, the watercourse
often completely dries up, which was observed at the Hradec nad Svitavou sta-
tion. A slightly different situation can be noticed further downstream where the
steadier flow in the river has been influenced by the runoff from the Hradec nad
Svitavou WWTP (large municipal WWTP for the town of Svitavy) and also by
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Fig. 2 - Long-term average monthly flow [m?/s] of the Svitava River at the Hradec nad Svitavou and
Rozhrant stations (stations operated by the CHMI) during the time period from 1985 to 2024

several smaller tributaries, thanks to which the watercourse at the Rozhrani sta-
tion does not dry up completely.

Pollution in the Svitava River was caused in the past mainly by the concentra-
tion of the textile industry around the river and by the discharge of wastewater
from all settlements in the vicinity of the river. The zoobenthos saprobability index
evaluation results demonstrate a gradual improvement in the river water quality
between 1985 and 2005 (Fig. 3). The original very bad quality was caused mainly
by the wastewater from the town of Svitavy and intense agricultural activity in the
spring area of the Svitava River. In this section the river does not contain enough
water to water down the pollution, in contrast to the case further downstream.
Intense pollution spread to the water source area in Bfezova nad Svitavou and for
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Fig. 3 - Development of the zoobenthos saprobability index in the Svitava River (upper part of the
river) from 1985 to 2005

this reason, the river bed was modified in the 1970s to prevent pollution infiltration
into the groundwater.

The river water quality has been gradually improved (Fig. 3), mainly due
to a decline in industrial activity and the diversion of most wastewater to the
Hradec nad Svitavou municipal WWTP. Nevertheless, the area between the town
of Svitavy and the research location (the beginning of the reinforced part of the
river) remains in a worse condition due to the pollution washed away from set-
tlements and roads. A potential risk is posed by the Hradec nad Svitavou WWTP
itself where the treated water is discharged directly into the watercourse. A low
flow in the Svitava River often prevents the substances in the treated water from
being naturally diluted and eliminated.

Long-term situational monitoring is carried out in the territorial scope, which
is not sufficient for the evaluation of the current state of the area of interest.
Therefore, annual monitoring of surface water and outlet points of amelioration
outfalls was selected between 2024-2025 in the network of locations according
to the study requirements. Examination results are part of the standard agenda
of the laboratory. In the following text, only those indicators that are relevant to
the objectives of the study are presented. In Table 2 these selected indicators are
processed as average values taken usually from 12 measurements. A lower number
of measurements in some locations is due to low to zero flows at certain times of
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the year. Table 1 therefore also includes the number of relevant sampling events
from which the average values were calculated.

The visualization in Figure 4 was created to provide a better understanding of
the location, type and severity of water pollution. Quality indicators are divided
into five groups according to their characteristics:

- Oxygen regime: Oz, BOC5, CHOC-Mn

- Microbiology: Fecal coliform bacteria, Escherichia coli, Enterococci
- Salts: RL, RAS, CL, SO4, Mg, Ca

- Nutrients: nitrate regime, 0-PO. total, TOC

- Metals: Al, As, Cd, Cr, Cu, Fe, Hg, Ni, Ps, Zn.

Each group was evaluated for the given location according to the worst evaluated
indicator. A four-color scale ranging from the best (blue) to the worst (red) quality
was used to express the quality status. Each monitored location has a sign on the
map with five sections colored according to the monitoring results. Figure 4 clearly
shows that, taking into account all groups of indicators, the locations with the
worst quality are the ones under the town of Svitavy (SV1) and under the Svitavy
wastewater treatment plant on the Vendolsky Stream (VEP). With the exception
of the presence of metals, this unfavorable condition persists in other locations
on the Svitava River above the intake area (SV2 and SV3). A reduced number of
metals in the water of this section may be caused by their entrapment in the river
bottom sediments, which are created here due to low flows and low hydraulic head.

The favorable nutrient status of all monitored drainage waters (M01-05) is
surprising although a worse status was expected due to nitrate leakage from the
arable land (Fig. 4). However, it appears that any excess nitrate in the flat upland
part of the river basin is directly transferred to groundwater. Unfavorable evalua-
tion of this nutrient group in other locations is mainly due to phosphorus leakage
from municipal and possibly industrial pollution sources.

The best water quality was in the location MO1 (Fig. 4). According to available
resources, this is a drainage water outlet under a large swathe of arable land. The
laboratory results, however, suggest that this is a groundwater spring that has
been diverted by a drainage pipe further below to facilitate the cultivation of the
entire agricultural land.

For some significant indicators the data have been processed in more detail -
Figure 5 to Figure 10. All sampling was carried out at times of average or lower
flows; no situation was captured after a heavy rainfall or during a prolonged
period of elevated water levels. The variability of pollutant concentrations is
thus most likely due to the seasonality of agricultural work or fluctuations in
the efficiency of the treatment processes at the WWTP that discharges into the
Svitava River. In the case of heavy rainfall, increased concentration of pollution
from diffuse agricultural sources can be expected, together with erosion-driven
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Water sampling results
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Fig. 4 - Water sampling results throughout the HGU 4232 research area.
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Figures 5-10 show the results of the basic statistical analysis of the selected parameters in each
sampling location, with the thin lines showing the variance of values (MIN and MAX), the lower box
boundary the 1** quartile value, the upper box boundary the 3™ quartile value, and the interface
between the light and dark blue boxes the median value.
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Fig. 5 - Variance of values of electric conductivity [mS/m] during the time period from June 2023
to March 2025
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Fig. 6 - Variance of values of biochemical oxygen consumption [mg/l] during the time period from
June 2023 to March 2025
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Fig. 7 - Variance of values of chemical oxygen consumption [mg/l] during the time period from June
2023 to March 2025
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Fig. 8 - Variance of values of ammonium ions [mg/l] during the time period from June 2023 to March 2025

wash-off of topsoil; whereas for pollutants originating from municipal and
industrial point sources, the pollution will more likely be diluted, resulting
in reduced concentration in surface water. In particular, the left-bank part of
the Svitava river basin, upstream of Brezova, is highly susceptible to erosion.
Based on previous experience, the majority of concentrated flow paths and their
surrounding areas have already been grassed over or equipped with additional
erosion-control measures.
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Fig. 10 - Variance of values of phosphorus (P) [mg/(] during the time period from June 2023 to March 2025

5. Discussion

The positive benefits of watercourse revitalization are, generally speaking,
indisputable and have been confirmed many times in the context of stabilizing
aquatic ecosystems (Shackelford et al. 2013; Duré¢ék et al. 2017), supporting water
retention in the landscape and mitigating the impacts of climate change (Edwards
etal. 2012; Beran 2022) and serving as part of anti-flood measures (Rozman,
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Hrkal 2020). In 2000, Directive 2000/60/EC of the European Parliament and of
the Council (EU 2000) - Water Framework Directive - was adopted, which enabled
national legislation and related practical measures to be adopted by EU countries
for the overall improvement of the aquatic environment. The Directive was focused
mainly on surface waters; groundwaters are mentioned only marginally in the
context of relevant topics.

Biologists played an important role in the creation of the Directive (EU 2000)
and therefore priority was given to addressing the problems of aquatic communi-
ties and water-dependent animals and plants. The Directive assumed that by 2027
all waters would be in their natural state and if this was not so, everything possible
would be done to maximize the ecological potential. During the implementation
of the Directive, important reasons, relevant for maintaining the existing status
of the watercourse with its required structures, have been highlighted, such as
flood protection measures, accumulation of surface water for drinking purposes
or modification of the watercourse leveling for the use of hydraulic power. These
reasons do not yet include a case where it is appropriate to maintain a watercourse
section unrevitalized in order to protect another water body, such as groundwater.
The Directive (EU 2000) and other regulations aim at returning rivers to their
natural states. Revitalizations are proposed even in places where the technical
adaptations have been going on for more than 100 years and during that time
qualitative relationships have already been established in the hydraulic environ-
ment and throughout the whole landscape (Kurth, Weber, Schirmer 2015; Richter
2023). In such cases, revitalization measures need to be carefully considered to
avoid other damage (Bridhikitti et al. 2021; Hérchner et al. 2024).

Proposals for the revitalization of the Svitava River and its tributaries have
been discussed and smaller local studies have also been carried out (e.g. IEVA
2022). However, some studies’ results indicate that a full-scale revitalization in
the immediate vicinity of a water source is unlikely to be possible here due to
its assumed impact on the quality of groundwater. The results presented here
also evidence this assumption as they point to the pollution of the Svitava River
caused by the local waters and runoff from the surrounding watercourses. Great
variability in results (see Attachments S2 to S6) indicates the risk of sudden high
to emergency pollution levels. In the case of the Baninsky Stream, a right-side
tributary of the Svitava River, its alluvial plain has already been revitalized (PMO
2024). The results of the collected water analysis, carried out by the water source
operator, demonstrate a subsequent deterioration of microbiological indicators
in the collected water although a direct link to the revitalization has yet to be
assessed.

Maintaining the impermeability of the river bottom while revitalizing other
elements, which will not conflict with this requirement, could be a compromise
solution of revitalization in these complex cases. Figure 11 is an example of
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impervious river bed impervious river bed

Fig. 11 - (A) River Svitava in BFezova nad Svitavou (CZE; Photo by D. Honek, 12. 9. 2018); (B) the
Hanggraben near Wildenthal (GER; Photo by M. Dzuréakova, 20. 8. 2024). The impervious river bed is
made (from the base) of a layer of clay, an impermeable foil, and a stone-concrete layer.

a possible modification of the water trough where the impermeable layer in the
existing composition of the cross section (Figure 11A) is covered by concrete lattice
which trap sediments and enable hydraulic ecosystem development. The proposed
possible suitable solution was inspired by the revitalization in Hanggraben near
Wildenthal in Germany (Figure 11B), where this kind of modification of a part of
an artificial channel helped transfer water to a water tank. Based on the enhance-
ment of riverine and ecosystem processes, no increase in maintenance demands
is anticipated for the watercourse modified in this manner. Natural fluctuations
in flow will lead to the trapping of an adequate amount of sediments and its
revitalization; whereas the transport capacity of higher flows will remove excess
sediments. Under significantly low to zero flows, moist sediment will provide
conditions suitable for the survival of organisms that would not survive in a paved,
smooth, and dried-out trough. This technical solution could also enable the trans-
fer of problematic wastewater, e.g. water from a wastewater treatment plant or
occasional accidental contamination, through the drinking water intake area.

If such a modified revitalization of the Svitava River is partially designed and
implemented, it is advisable to use the variant with the impermeable bottom also
upstream up to the confluence of the Vendolsky Stream, the recipient of the treated
municipal wastewater from the town of Svitavy, given the unstable water quality.
In connection with landscape modifications in the watercourse surroundings, it
would be possible to create a functional ecosystem, providing valuable services
both to nature and human society (Gumiero, Boz 2017; Magliozzi et al. 2019).
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6. Conclusion

This paper investigates the benefits and risks of the revitalization of the Svitava
River and its tributaries in respect to it being an important underground source
of drinking water. It presents general, theoretical as well as practical approaches
to revitalization of watercourses under different conditions, including various
authors’ ideas and experience. However, during the research no example has
been found which would correspond to the specific situation in the monitored
location HGU 4232 Usteck4 syncline in the Svitava river basin. The example of
HGU serves as a basis for discussion over negative anthropogenic consequences
connected with intense agriculture, industry and settlements and their impact on
groundwater quality via interactions with surface water.

Quality indicators of surface and drainage waters have been analyzed over the
course of two years to monitor the current state. The data obtained and subsequent
discussion have confirmed that under the given conditions, a full-scope revitali-
zation is not suitable because it could pose a risk to the watercourse quality. It
seems to be indispensable to maintain technical measures for the impermeability
of the river bed in selected parts of watercourses affected by pollution. In spite
of that, it does not mean the revitalization should be completely given up. The
paper discusses revitalization options which enable all other benefits except for
the contact between the surface water and groundwater, which is entirely unac-
ceptable in locations of this type. The modified revitalization will bring benefits
to life in watercourses and their immediate surroundings and will enhance the
overall character of the landscape. Economic evaluation, i.e. financial demands of
the proposed solution, was not part of the research project. However, given that
the Svitava River trough will need to be repaired in that section in the near future
due to its current unsatisfactory condition, the situation represents a comparison
of two different solution variants. No significant difference in investment costs is
anticipated, as would be the case if a zero variant (leaving it in the current state
without any intervention) was compared with any type of new modification. If this
solution is accepted, further discussion with biologists, landscape ecologists etc.
will be required to consider what elements and their parameters should be chosen.

In artificial troughs, aquatic vegetation appears spontaneously due to the wear
and tear of the trough reinforcement. Nevertheless, the proposed modification of the
watercourse revitalization could support the development of the aquatic ecosystem to
amuch greater extent, even when the original purpose of the trough reinforcement is
maintained. The solution itself is relatively easy and able to be applied and adapted for
similarlocations. The technical solution is based on a real implementation, albeit with
adifferent objective. This offers an opportunity to continue and develop this technical
solution and to link it to other measures in the landscape, particularly in the unpol-
luted parts of the river basin, to maintain and enhance groundwater production.
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1. Introduction

Accessibility is a central concept in transport geography and urban studies, com-
monly used to assess how effectively transport systems connect people to activi-
ties, services, and opportunities. In the context of public transport, accessibility
is most often evaluated through indicators related to service performance, such as
frequency, travel time, or network connectivity. While these approaches provide
important insights into system efficiency, they tend to overlook a more funda-
mental layer of everyday mobility: the physical effort required to reach public
transport infrastructure on foot.

Pedestrian access to public transport stops constitutes a necessary precondition
for any subsequent use of public transport services. Even in cities with dense
networks and frequent services, unfavourable walking conditions may limit the
practical usability of public transport, particularly for populations with reduced
mobility or in environments shaped by complex urban morphology and terrain.
Despite this, pedestrian stop accessibility is frequently treated as a secondary
or implicit component of broader accessibility assessments, rather than as an
analytical dimension in its own right.

A growing body of research has highlighted the conceptual ambiguity sur-
rounding the term “public transport accessibility”, which is used to describe
analytically distinct phenomena ranging from spatial proximity to infrastructure
to service quality and social inclusion. This diversity reflects the coexistence
of time-based usability simulations, service-oriented evaluations, and norma-
tive perspectives concerned with transport disadvantage and transport justice
(Bernard 2022, Lucas 2012, Martens 2016). Without clear conceptual separation,
these perspectives risk being conflated, complicating interpretation and limiting
comparability across studies. In response, this paper adopts a deliberately narrow
and explicit focus on pedestrian accessibility to public transport stops, defined as
the conditions under which individuals can reach the nearest stop on foot. The
term pedestrian accessibility is used throughout the paper to distinguish walking
access to stops from barrier-free accessibility, which refers to infrastructure-
related or user-specific constraints such as platform design, boarding conditions,
or reduced mobility.

Pedestrian accessibility is shaped by multiple spatial factors, of which hori-
zontal distance and terrain-related effort are particularly important. Network-
based walking distance captures the spatial configuration of streets and paths,
while elevation differences influence walking effort and comfort, especially in
hilly urban environments. Analysing these dimensions separately, however, may
obscure locations where physical constraints accumulate. Their combined assess-
ment therefore offers a more comprehensive understanding of pedestrian access
conditions than one-dimensional distance-based approaches.
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Medium-sized cities provide a particularly relevant context for examining
pedestrian stop accessibility. Compared to large metropolitan areas, they often
exhibitlower redundancy in public transport networks, greater sensitivity to urban
form, and a stronger influence of local topography on everyday mobility. In Central
Europe, many such cities are characterised by hilly terrain, historically layered
urban structures, and compact but spatially heterogeneous development patterns.
In such contexts, terrain represents a structural constraint for urban mobility
systems, influencing public transport network design and operation in hilly cities
(Papa, Santo Zarnik, Vuka$inovié 2022). These characteristics make them suitable
case studies for investigating how distance and terrain related constraints interact
in shaping pedestrian accessibility. At this spatial scale, lower network redundancy
and stronger sensitivity to urban form make stop accessibility particularly depend-
ent on spatial configuration and local conditions (Korczyriski 2019).

This study applies a two-dimensional analytical framework integrating hori-
zontal and vertical components of pedestrian accessibility to two medium-sized
Czech cities with hilly terrain: Liberec and Zlin. A key advantage of the proposed
approach is that it relies exclusively on publicly available spatial data, enabling
transparent, reproducible, and easily transferable analyses without the need for
proprietary datasets. This lowers barriers to comparative research and facilitates
application in diverse urban contexts.

The paper addresses the following research questions:

1. How do horizontal and vertical dimensions of pedestrian accessibility to public
transport stops differ between Liberec and Zlin?

2. Towhat extent does terrain influence spatial patterns of pedestrian stop acces-
sibility within built-up areas?

3. Does the combined assessment of horizontal and vertical accessibility reveal ar-
eas of cumulative physical constraints that remain hidden in one-dimensional
analyses?

4. To what extent is the proposed analytical framework transferable to other
medium-sized cities with complex terrain?

By explicitly separating and recombining horizontal and vertical dimensions
of pedestrian accessibility, the study aims to contribute both empirically and
methodologically to ongoing debates on accessibility measurement in transport

geography.
2. Approaches to public transport accessibility and performance

When evaluating spatial units in terms of public transport provision, accessibility
represents one of the most widely applied analytical concepts. Existing research
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labelled as public transport accessibility, however, encompasses a broad spectrum
of approaches ranging from infrastructure proximity and spatial coverage to ser-
vice performance, temporal availability, and system efficiency. Accessibility-based
evaluations therefore provide an effective framework for examining the spatial
distribution of transport infrastructure and services, as well as their relationship
to population distribution and urban form, but they also differ substantially in
their analytical focus and underlying assumptions.

One of the most frequently used data standards in public transport research is
the General Transit Feed Specification (GTFS), which enables the standardised rep-
resentation of public transport schedules and spatial information on stops, routes,
and trips (GTFS 2024). The static GTFS feed consists of mandatory files describing
agencies, stops, routes, trips, stop times, and service calendars, complemented by
optional files addressing transfers, fares, or service exceptions. GTFS datasets are
typically published by transport operators and are increasingly available as open
data. In combination with other spatial datasets - such as OpenStreetMap, census
data, and national geodatabases - GTFS provides a robust basis for analysing public
transport accessibility and efficiency in urban and regional settings.

GTFS-based analyses have been applied across a wide range of thematic con-
texts. Farber, Morang, Widener (2014) used GTFS data to model the temporal
variability of transit-based accessibility to essential services, while Tao, Rohde,
Corcoran (2014) examined the impacts of newly introduced transport services.
Luo et al. (2019) focused on travel cost and impedance modelling, and Andrei,
Luca (2021) analysed operational efficiency during peak periods. Interactive
visualisation tools and decision-support systems based on GTFS data have also
been developed, including PubtraVis (Prommaharaj et al. 2020).

An alternative to GTFS consists of timetable datasets published directly by
individual transport operators. These datasets, however, often lack standardisation
and interoperability, which complicates their direct analytical use. In such cases,
web scraping and data transformation techniques may be employed to convert het-
erogeneous timetable formats into structured datasets suitable for spatial analysis.

From a methodological perspective, research on public transport accessibil-
ity and efficiency can be grouped into several broad thematic areas according to
the primary analytical focus and the parameters under consideration. Beyond
distance-based accessibility, public transport systems have also been examined
using complex network analysis to capture structural properties such as con-
nectivity and node importance (H4znagy et al. 2015).

The first thematic area addresses infrastructure-based and spatial acces-
sibility. Studies in this category typically evaluate walking distance to public
transport stops, the configuration of street networks, and the spatial relation-
ship between population distribution and transport infrastructure. A frequently
applied approach in this context is the Public Transport Accessibility Level (PTAL)



HORIZONTAL AND VERTICAL DIMENSIONS OF PEDESTRIAN ACCESSIBILITY... 175

method, which combines proximity to stops with service frequency and network
connectivity. Although PTAL extends beyond pure pedestrian stop accessibility by
incorporating service frequency and network characteristics, it illustrates how
proximity to stops is typically embedded within broader composite indices high-
lighting the need to analytically isolate the pedestrian access component. Tiran,
Mladenovié, Koblar (2015) applied PTAL to assess public transport accessibility in
Ljubljana, while Alamri et al. (2023) evaluated transport networks, service perio-
dicity, and street typologies by transport mode. Kaszczyszyn, Sypion-Dutkowska
(2019) analysed the proportion of street length within different accessibility
intervals. These studies increasingly rely on GIS-based spatial indicators derived
from openly available data to evaluate stop coverage, network configuration, and
the spatial adequacy of public transport provision (Alamri et al. 2023; Andrei,
Luca 2021; Rogu, Blageanu 2015). In Central Europe, Putawska, Wiestaw (2011),
and Putawska (2014) examined infrastructure accessibility in relation to service
quality and tariff conditions.

Related approaches assess ideal and actual stop accessibility using buffer-based
coverage indices and distance thresholds (Foda, Osman 2010). These methods
provide a straightforward representation of spatial coverage but often neglect
network configuration and terrain-related constraints.

A growing body of research emphasises the importance of terrain and hypso-
metric conditions in shaping public transport accessibility. Elevation differences
and slope affect the physical effort required to reach public transport stops and
influence walking propensity, particularly in hilly urban environments. Djurhuus
et al. (2014), Kaszczyszyn, Sypion-Dutkowska (2019), and Nandan et al. (2022)
demonstrate that uneven terrain can significantly reduce effective accessibility
even in areas with dense stop coverage. Rissel et al. (2012) highlight that increased
walking effort associated with uphill gradients may limit the ability of public
transport users to meet physical activity recommendations. Empirical evidence
further suggests that walking to stops in hilly areas may discourage public trans-
port use altogether (El-Geneidy et al. 2013, Su et al. 2023).

Integrating hypsometric analysis into accessibility studies enables a more
nuanced understanding of spatial barriers. Ford et al. (2015) and Su et al. (2023)
demonstrate that combining walking distance with elevation change provides
a more realistic representation of access conditions than distance-based indicators
alone. GIS-based analyses further support the identification of spatial disparities
by mapping elevation-related constraints in relation to public transport networks
(Hino et al. 2013).

Another strand of research focuses on user perception and perceived acces-
sibility, recognising that objective measures do not fully capture how individuals
experience access to public transport. Littman, Friman, Olsson (2016) show that
perceived accessibility is often lower in areas characterised by poor pedestrian
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permeability and pronounced elevation differences. Survey-based approaches
incorporating subjective evaluations of walking effort and comfort have been used
to complement spatial analyses (Djurhuus et al. 2014).

The second thematic area addresses temporal accessibility and service fre-
quency. Studies in this category examine travel time, waiting time, and service
periodicity, often with a focus on peak periods. Goliszek, Potom (2016) combined
accessibility measures with service frequency. Goch et al. (2018) examined the
temporal accessibility of Warsaw’s city centre. Comparative analyses of public
and private transport performance across different times of day were conducted
by Goliszek (2019, 2021). In the Czech context, Fitzova, Matulova, Tome$ (2018)
and Fitzov4, Matulovd (2020) evaluated temporal accessibility alongside transport
efficiency indicators. Chowdhury, Ceder, Velty (2014) combined quantitative and
qualitative indicators, including transfer smoothness and information availability.
Such approaches demonstrate that accessibility patterns vary substantially over
time, whether assessed through large-scale national monitoring frameworks or
through analyses of daily mobility rhythms captured by timetable and intelligent
transport system data (Horak et al. 2014; Muli¢ek, Osman, Seidenglanz 2015; Kraft,
BlaZek, Marada 2022).

The third thematic area encompasses synthetic efficiency indices and compre-
hensive evaluations typically aggregating spatial coverage, service intensity, and
network characteristics into a single compensatory score, often combining GTFS
data with population statistics or gravity and centrality-based formulations (Sha
Al Mamun, Lownes 2011; Kaeoruean et al. 2020; Yang et al. 2019). Differences
between supply and demand have been examined using composite indicators by
Kaeoruean et al. (2020) and Zochowska et al. (2022). Rosu, Blageanu (2015) devel-
oped a composite stop efficiency index incorporating functionality, utilisation,
connectivity, and population catchment. Korczyfiski (2019) evaluated peripheral
towns using indicators such as the number of lines, population within catchment
areas, and service frequency. Other approaches integrate geographical, environ-
mental, and operational factors within comprehensive assessment frameworks
(Corazza, Favaretto 2019).

Recent research increasingly relies on GIS-based analyses of large urban and
regional units and their comparison across different spatial contexts. In addition
to conventional network-based approaches, Voronoi diagram methods are increas-
ingly applied as an alternative spatial allocation technique, assigning each loca-
tion to the nearest public transport stop based on defined proximity rules (Wang
etal. 2014). While GTFS-based datasets and timetable-derived indicators form the
backbone of many contemporary public transport accessibility and performance
studies, they primarily capture service availability and temporal characteristics of
transport systems. As such, they are not directly suited for analysing the walking
pre-boarding stage of public transport use, which is the focus of the present study.
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Based on these approaches, the present study adopts a two-dimensional frame-
work of pedestrian accessibility that explicitly distinguishes between horizontal
(distance-based) and vertical (terrain-related) components.

3. Methodology
3.1. Study areas

The analysis was conducted for two medium-sized Czech cities with pronounced
terrain variability: Liberec and Zlin. Both cities function as regional centres and
operate integrated public transport systems, yet they differ substantially in urban
morphology and topographic context.

Liberec is situated in a mountainous environment in northern Czechia. The city’s
built-up area extends across steep slopes and valley floors, with an altitude range
from approximately 301 m to 1,010 m above sealevel, resulting in an overall elevation
amplitude of nearly 710 m within the wider study area. This pronounced topographic
variability strongly influences pedestrian movement and access conditions.

Zlin is located in eastern Czechia and is structured primarily along a central
valley corridor with adjacent hillside development. The altitude of the study area
ranges from approximately 184 m to 541 m above sea level, corresponding to an
elevation amplitude of about 360 m, which is substantially lower than in Liberec
but still significant in relation to everyday pedestrian mobility.

The spatial extent and location of both study areas are presented in Figure 1.
As public transport systems in both cities operate beyond municipal boundaries,
stops belonging to the integrated regional systems were included irrespective of
administrative limits. To minimise boundary effects in network-based calcula-
tions, a1 km buffer beyond the administrative boundaries of each city was applied
to all spatial layers except population data, which were retained strictly within
municipal boundaries.

3.2. Data sources

The analysis is based exclusively on open and reproducible data sources, ensuring
transparency and methodological transferability. The pedestrian street network
was derived from OpenStreetMap (OSM 2024), which provides detailed spatial
information on urban transport infrastructure and was used solely as a spatial
input for network-based calculations.

Public transport stop locations were obtained from official datasets provided
by the relevant local and regional transport authorities operating within the
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Fig. 1 - Location, delimitation, land-cover profile, and topographic context of the studied cities of
Liberec and Zlin. Source: Author’s own processing based on a combination of publicly available data
(see Data sources).
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integrated transport systems of Liberec and Zlin (DPMLJ 2024, DSZO 2024, IDOL
2024, IDZK 2024).

Terrain characteristics were represented using a digital elevation model from
the Copernicus programme (OpenTopography 2024), which enables the derivation
of elevation differences relevant for pedestrian accessibility analysis.

Population data at the building level, derived from address-point data with
information on the number of residents based on the 2021 Population and Housing
Census (CZSO 2024), were used to contextualise accessibility patterns within
built-up areas and to ensure that the analysis focuses on spatially relevant residen-
tial environments rather than sparsely populated land. For analytical purposes,
built-up areas were delineated using the Urban Atlas land-cover classification
(Urban Atlas Land-Copernicus 2022), which was applied strictly as a land-cover
mask to distinguish urbanised from non-urban areas.

3.3. Horizontal accessibility: network-based walking distance

Horizontal accessibility was operationalised as the shortest walking distance
along the pedestrian network from any location to the nearest public transport
stop. Network-based distance measures were employed to reflect actual pedestrian
routes and spatial barriers (Foda, Osman 2010; El-Geneidy et al. 2013). Network-
based modelling is therefore preferred over simple Euclidean buffers when the
objective is to represent physically realistic pedestrian access conditions (Kraft
2016). Stop catchment areas were spatially generalised using Voronoi (Thiessen)
polygons, where each polygon represents the area for which a given stop is the
nearest according to the selected proximity rule (Wang et al. 2014).

For analytical clarity and inter-city comparability, horizontal accessibility was
classified into three categories, where shorter network distance indicates better
(higher-quality) accessibility and longer distance indicates worse accessibility:

- High horizontal accessibility (best): <400 m: (short walking distance; stop is
easily reachable on foot)

- Medium horizontal accessibility: 401-800 m (moderate walking distance;
accessibility is acceptable but may reduce convenience)

- Low horizontal accessibility (worst): >800 m (long walking distance; stop
reachability is relatively poor).

These breakpoints correspond to walking-distance ranges frequently reported
in empirical studies of pedestrian access to public transport and are used here as
descriptive analytical classes rather than strict behavioural thresholds (El-Geneidy
et al. 2013; Kaszczyszyn, Sypion-Dutkowska 2019). The same classification was
applied in both cities to ensure comparability.
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3.4. Vertical accessibility: elevation difference along pedestrian routes

In this study, the term “vertical accessibility” is used as a shorthand for terrain-
related walking effort, operationalised through cumulative elevation difference
along pedestrian routes rather than as an independent accessibility concept.
Vertical accessibility was defined as the cumulative elevation difference between
agivenlocation and the nearest public transport stop, calculated along the pedes-
trian network. Elevation values were derived from the digital elevation model and
assigned to network segments to compute route-based elevation change (Ford
etal. 2015).

Previous research indicates that increasing elevation gain and slope reduce
walking propensity and increase perceived effort, particularly in hilly urban envi-
ronments (Djurhuus et al. 2014, Hino et al. 2013, Rissel et al. 2012, Su et al. 2023).
Accordingly, vertical accessibility was included as a separate analytical dimension,
where smaller elevation difference indicates better (higher-quality) accessibility
and larger elevation difference indicates worse accessibility. Empirical evidence
further shows that even moderate slope can reduce walking activity, justifying
the treatment of elevation-related effort as a separate accessibility dimension
(Meeder, Aebi, Weidmann 2017).

For interpretative purposes, vertical accessibility was grouped into three
categories representing increasing terrain-related effort:

- High vertical accessibility (best): <10 m (minimal elevation change; low physi-
cal effort barrier)

- Medium vertical accessibility: 11-40 m (moderate elevation change; increased
physical effort likely)

- Low vertical accessibility (worst): >40 m (substantial elevation change; strong
terrain-related barrier).

These classes constitute an analytical classification designed to provide an
interpretable three-level scale of terrain-related effort and to enable consistent
cross-city comparison within the subsequent 3 x 3 synthetic typology. They do not
represent universal physiological thresholds; rather, they support transparent
comparative interpretation.

3.5. Synthetic classification of pedestrian accessibility

To capture cumulative pedestrian accessibility conditions, the three horizontal
and three vertical categories were combined into a two-dimensional synthetic
classification. Each spatial unit was assigned to one of nine categories represent-
ing all possible combinations:
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1. Highhorizontal - High vertical (best overall pedestrian accessibility: short walk
and minimal elevation change)

. High horizontal - Medium vertical

High horizontal - Low vertical (short walk, but strong terrain barrier)

. Medium horizontal - High vertical

Medium horizontal - Medium vertical

Medium horizontal - Low vertical

Low horizontal - High vertical (long walk, but minimal terrain barrier)

. Low horizontal - Medium vertical

. Low horizontal - Low vertical (worst overall pedestrian accessibility: long walk
and strong terrain barrier).

O N U A WN

This cross-classification preserves the analytical distinction between distance-
related and terrain-related constraints and allows the identification of areas where
limitations in both dimensions coincide, without collapsing them into a single
compensatory score.

4. Results
4.1. Horizontal accessibility

Horizontal accessibility within the built-up areas of Liberec and Zlin is dominated
by locations classified in the High horizontal accessibility category, defined by
a network walking distance of up to 400 m from the nearest public transport stop.

In Liberec, areas with High horizontal accessibility cover 60.4% of the total
built-up area. These areas form spatially extensive and largely continuous zones
concentrated within the compact urban core and along the main axes of resi-
dential development. The Medium horizontal accessibility category (401-800 m)
accounts for 29.0% of the built-up area and is typically arranged in transitional
belts surrounding the High-accessibility zones. Areas classified as Low horizontal
accessibility (>800 m) represent 10.6% of the built-up area and occur primarily as
spatially fragmented patches located at the margins of the urbanised area.

In Zlin, the dominance of High horizontal accessibility is even more pronounced.
Areas within this category cover 70.6% of the built-up area and form highly con-
tinuous spatial patterns reflecting the linear structure of the city and the dense
alignment of public transport stops along its main development corridors. The
Medium category represents 22.7% of the built-up area and is mainly associated
with secondary residential areas adjacent to the primary urban structure. Low
horizontal accessibility is limited to 6.8% of the built-up area and appears predomi-
nantly as small, isolated patches situated at the outer edges of the built-up area.
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A comparison of both cities indicates that while High horizontal accessibil-
ity prevails in both cases, Liberec exhibits a more heterogeneous spatial pattern
with a higher proportion of Medium and Low categories. In contrast, Zlin shows
a stronger spatial continuity of High-accessibility areas within its built-up area.
Beyond the general distribution of horizontal accessibility categories, Figure 2
reveals distinct transition zones between areas of high and medium accessibility,
particularly at the interface between compact urban cores and more fragmented
residential structures. In both cities, areas with High horizontal accessibility
form relatively continuous zones in central parts of the built-up area, where stop
density and pedestrian network connectivity are highest. These zones typically
extend along main urban corridors and around central transport nodes.

In contrast, Medium horizontal accessibility often appears in spatially frag-
mented belts surrounding highly accessible cores. These belts represent transi-
tional areas where walking distances remain moderate but the spatial continuity of
high accessibility begins to weaken. Low horizontal accessibility is predominantly
located at the edges of built-up areas and in morphologically fragmented zones,
where stop spacing increases and pedestrian routes become less direct. In Liberec,
these low-accessibility areas tend to form spatially dispersed clusters, whereas in
Zlin they are more frequently arranged in elongated peripheral strips following
the linear structure of the city.

4.2. Vertical accessibility

Vertical accessibility, expressed as cumulative elevation difference along pedes-
trian routes to the nearest public transport stop, displays a distinct but internally
consistent spatial structure in both cities.

In Liberec, areas classified as High vertical accessibility (<10 m elevation differ-
ence) account for 55.7% of the built-up area. These areas are predominantly located
in morphologically flatter parts of the city and form relatively continuous zones
within the urban fabric. The Medium vertical accessibility category (11-40 m)
covers 39.2% of the built-up area and is widely distributed across the city, reflect-
ing the prevalence of moderate slopes within residential areas. The Low vertical
accessibility category (>40 m) represents 5.0% of the built-up area and is spatially
concentrated in locations characterised by pronounced terrain variation, forming
compact clusters rather than dispersed patches.

In Zlin, High vertical accessibility covers 58.1% of the built-up area and
similarly forms extensive zones associated with flatter sections of the urban
area. Medium vertical accessibility accounts for 35.9% of the built-up area and
is spatially widespread, while Low vertical accessibility represents 6.0% of the
built-up area. Areas within the Low category are concentrated in topographically
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more demanding locations, where elevation differences between residential areas
and public transport stops are substantial.

In both cities, the Medium vertical accessibility category constitutes a sig-
nificant proportion of the built-up area, indicating that moderate terrain-related
effort is a common characteristic of pedestrian access to public transport stops.
Areas with Low vertical accessibility remain limited in spatial extent but are
clearly identifiable as compact terrain-related clusters. The spatial configuration
of vertical accessibility categories shown in Figure 3 exhibits a higher degree of
internal heterogeneity than horizontal accessibility. High vertical accessibility
is largely concentrated in valley floors and flatter sections of the built-up area,
forming spatially continuous zones with minimal elevation change. These areas
are particularly evident in Zlin, where low-relief corridors create extended zones
of favourable vertical accessibility.

Medium vertical accessibility functions primarily as a transition category,
occurring along slopes connecting valley floors with elevated residential areas.
These zones often appear as fragmented or ribbon-like patterns rather than com-
pact areas, reflecting gradual changes in terrain rather than abrupt breaks. Low
vertical accessibility forms spatially coherent clusters in steeper hillside areas,
especially in Liberec, where pronounced elevation differences generate large
contiguous zones of terrain-related constraint. In Zlin, low vertical accessibility
is more spatially limited and appears in smaller, discontinuous patches embedded
within otherwise moderately accessible areas.

4.3. Synthetic accessibility

Synthetic accessibility integrates horizontal and vertical accessibility into a 3x3
classification, capturing cumulative pedestrian accessibility conditions across the
built-up areas of Liberec and Zlin.

In Liberec, the largest share of the built-up area is occupied by combinations
characterised by High or Medium horizontal accessibility combined with High or
Medium vertical accessibility. These categories form spatially extensive and inter-
connected zones within the central parts of the city and along its main residential
corridors. Combinations that include Low horizontal accessibility, Low vertical
accessibility, or both are spatially limited and occur mainly at the periphery of the
built-up area or in locations affected by pronounced terrain constraints.

In Zlin, favourable synthetic accessibility combinations are even more spa-
tially dominant. Areas combining High horizontal and High vertical accessibility
form large, continuous units structuring the core of the built-up area. Categories
involving Medium accessibility levels are primarily located in transitional zones,
while combinations including Low horizontal or Low vertical accessibility are
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2024. Source: Author’s own processing based on a combination of publicly available data (see Data

sources).
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restricted to small, fragmented patches situated at the edges of the urban-
ised area.

Across both cities, the synthetic accessibility classification reveals a clear spatial
differentiation between areas where pedestrian access to public transport stops
is constrained by distance, terrain, or both, and areas where such constraints are
limited. While the overall structure of synthetic accessibility is similar in Liberec
and Zlin, differences in spatial continuity and configuration reflect contrasts in
urban form and topographic setting. The synthetic horizontal-vertical accessibil-
ity map presented in Figure 4 provides a comprehensive overview of cumulative
pedestrian accessibility conditions by combining distance-related and terrain-
related dimensions. The resulting 3 x 3 typology highlights pronounced differences
not only between the two cities but also within their built-up areas.

Areas characterised by High horizontal - High vertical accessibility represent
locations with both short walking distances and minimal elevation change. These
areas form spatially continuous cores within the built-up area in both cities,
although their extent differs markedly. In Zlin, high-high accessibility zones are
more spatially coherent and elongated along the central valley axis, whereas in
Liberec they are more fragmented and interspersed with zones affected by terrain-
related constraints.

At the opposite end of the spectrum, Low horizontal - Low vertical accessibil-
ity identifies locations where long walking distances coincide with substantial
elevation differences. These areas are spatially concentrated in peripheral and
topographically complex sections of the built-up area. In Liberec, low-low acces-
sibility zones form relatively extensive and contiguous clusters, reflecting the
combined influence of dispersed development and steep terrain. In Zlin, such
areas are less extensive and appear primarily as isolated pockets rather than large
continuous zones.

Between these two extremes, a substantial share of the built-up area is char-
acterised by intermediate combinations of horizontal and vertical accessibility.
Among these, combinations involving High horizontal - Medium vertical acces-
sibility are particularly prominent. These zones indicate areas where stops are
spatially close but access involves moderate elevation change. In Liberec, such
combinations are widespread along sloping residential neighbourhoods adjacent
to central areas. In Zlin, they appear mainly along hillside development bordering
the valley floor.

Combinations involving Medium horizontal - High vertical accessibility are
also present, especially in flatter peripheral zones where walking distances are
moderate but terrain-related barriers are limited. Conversely, Medium horizon-
tal - Low vertical and Low horizontal - Medium vertical combinations represent
areas where either distance or terrain begins to dominate accessibility conditions,
often resulting in fragmented spatial patterns. These categories tend to form
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transitional zones rather than compact areas, linking highly accessible cores with
areas of cumulative constraint.

Overall, the synthetic classification reveals that uniformly favourable or unfa-
vourable conditions represent only a portion of the built-up area. A significant
share is instead characterised by mixed accessibility conditions, underscoring the
importance of analysing horizontal and vertical dimensions jointly rather than
in isolation.

4.4. Intermediate combinations and cumulative accessibility patterns

Beyond areas characterised by uniformly favourable or unfavourable conditions,
the synthetic accessibility map reveals extensive zones defined by intermediate
combinations of horizontal and vertical accessibility, which together account for
a substantial share of the built-up areas in both cities (Fig. 4).

In Liberec, large areas combine High horizontal accessibility with Medium ver-
tical accessibility, indicating locations where public transport stops are spatially
close but pedestrian access involves moderate elevation differences. These zones
form coherent spatial units, particularly in residential neighbourhoods situated on
sloping terrain adjacent to the urban core. In contrast, areas combining Medium
horizontal accessibility with High vertical accessibility are primarily located
in flatter peripheral parts of the built-up area, where stop density is lower but
terrain-related constraints are limited.

Zones characterised by Low accessibility in both dimensions form spatially
coherent clusters in parts of the built-up area associated with dispersed develop-
ment and pronounced terrain variability. Although these zones occupy a relatively
small proportion of the built-up area, they represent locations where distance-
related and terrain-related constraints co-occur.

In Zlin, intermediate accessibility combinations are generally less extensive
and more spatially constrained. Areas combining High horizontal accessibility
with Medium vertical accessibility form predominantly linear spatial patterns
following hillside development adjacent to the central valley axis. Combinations
involving Low horizontal accessibility are comparatively rare and occur mainly
as small, fragmented patches at the edges of the built-up area.

4.5. Summary of spatial patterns of pedestrian accessibility
Taken together, the results demonstrate clear inter-city differences in the spatial

structure of pedestrian accessibility to public transport stops within built-up
areas. While both Liberec and Zlin exhibit substantial areas classified as having
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favourable pedestrian accessibility conditions, Zlin is characterised by more
spatially continuous patterns of combined horizontal and vertical accessibility.
In contrast, Liberec displays a higher degree of spatial heterogeneity, primarily
associated with terrain-related variability.

The synthetic horizontal-vertical accessibility framework provides a spatially
explicit representation of cumulative pedestrian accessibility conditions and con-
stitutes the core empirical output of this study. The identified patterns summarise
the distribution and internal differentiation of pedestrian accessibility within the
built-up areas of both cities and form the empirical basis for further interpretation
in the discussion section.

5. Discussion
5.1. Interpretation of horizontal and vertical accessibility patterns

The results demonstrate that pedestrian accessibility to public transport stops
cannot be adequately captured by a single indicator. The explicit separation of
horizontal (network-based distance) and vertical (terrain-related) accessibility
reveals structurally different accessibility patterns in Liberec and Zlin, despite both
cities being of comparable size and operating integrated public transport systems.

In terms of horizontal accessibility, the dominance of areas classified as High
accessibility in both cities corresponds with findings from studies focusing on
walking distance to public transport stops (Foda, Osman 2010; Kaszczyszyn,
Sypion-Dutkowska 2019). However, the spatial configuration of these areas differs
substantially. Zlin exhibits a more spatially continuous pattern of high horizontal
accessibility, reflecting its linear urban structure and concentrated alignment of
stops along the valley axis. In contrast, Liberec displays greater spatial heterogene-
ity, with a higher proportion of Medium and Low horizontal accessibility within
the built-up area.

The analysis of vertical accessibility highlights terrain as an independent and
structurally significant constraint. Liberec is characterised by more extensive and
contiguous clusters of low vertical accessibility, corresponding to pronounced
elevation differences within the urban fabric. Similar terrain-related effects have
been identified in studies examining the influence of hypsometric conditions on
pedestrian access to public transport (Djurhuus et al. 2014, Rissel et al. 2012, Su et al.
2023). In Zlin, terrain-related constraints are more spatially limited and embedded
within otherwise accessible zones, resulting in lower overall heterogeneity.

Taken together, these findings confirm that horizontal and vertical dimensions
of pedestrian accessibility differ not only in magnitude but also in their spatial
configuration, thereby addressing the first research question.
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5.2. Terrain as a modifying factor of pedestrian accessibility

The second research question addressed the extent to which terrain influences
spatial patterns of pedestrian accessibility within built-up areas. The results
indicate that terrain functions not merely as a background characteristic but as
a modifying factor that can significantly alter accessibility outcomes derived from
distance-based measures.

In Liberec, short network distances to public transport stops frequently coin-
cide with substantial elevation differences, producing accessibility conditions
that would be classified as favourable under distance-only approaches but appear
less favourable when terrain is considered. Comparable discrepancies between
distance-based and terrain-adjusted accessibility have been reported in previous
studies integrating elevation or slope into accessibility assessment (Ford et al. 2015,
Su et al. 2023). This suggests that distance-based indicators alone may systemati-
cally overestimate pedestrian accessibility in topographically complex cities.

In Zlin, terrain-related constraints are more closely aligned with the overall
urban structure, resulting in fewer locations where distance-based and terrain-
based indicators diverge sharply. This observation supports findings by Hino et al.
(2013), who emphasise the role of urban morphology in mediating the impact of
terrain on pedestrian accessibility.

5.3. Added value and positioning of the synthetic accessibility framework

The third research question examined whether combining horizontal and vertical
accessibility dimensions can reveal cumulative physical barriers that remain hid-
den when each dimension is analysed separately. The synthetic horizontal-vertical
accessibility typology represents the principal empirical contribution of this study.

The results show that areas characterised by uniformly favourable (High-High)
or uniformly unfavourable (Low-Low) conditions account for only a limited share
of the built-up area. A substantial proportion of urban space is instead defined by
intermediate combinations, such as High horizontal - Medium vertical or Medium
horizontal - Low vertical accessibility. These mixed configurations identify locations
where pedestrian accessibility is constrained by one dimension but not the other.

This finding is consistent with arguments that multidimensional accessibil-
ity measures provide a more nuanced and spatially explicit representation of
access conditions than single-indicator approaches (Sha Al Mamun, Lownes
2011; Zochowska et al. 2022). Importantly, the non-compensatory structure of
the proposed framework preserves the analytical distinction between distance-
related and terrain-related constraints, avoiding the masking effects associated
with aggregated composite indices.
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A substantial body of accessibility research has focused on temporal variabil-
ity, operational performance, and service-based accessibility, often relying on
timetable-derived or GTFS-based indicators (Goliszek, Potom 2016; Goliszek 2019;
Goliszek 2021; Prommaharaj et al. 2020). Dynamic approaches enable the analy-
sis of peak-hour deviations, temporal mismatches between supply and demand,
and service reliability (Goch et al. 2018; Tao, Rohde, Corcoran 2014). While such
methods provide valuable insights into service accessibility, they do not explicitly
capture the physical effort required to reach the public transport system itself.

Similarly, network connectivity measures and composite accessibility indices
integrate multiple dimensions - such as distance, frequency, and network struc-
ture - into single indicators, either through graph-based connectivity metrics or
through aggregated accessibility scores (Chowdhury, Ceder, Velty 2014; Hiznagy
etal. 2015; Tiran, Mladenovié, Koblar 2015). Although these approaches are useful
for strategic planning and benchmarking, they may obscure the specific mecha-
nisms through which pedestrian accessibility constraints arise.

In contrast, the framework applied in this study deliberately avoids collapsing
heterogeneous dimensions into a compensatory score. By maintaining an explicit
distinction between horizontal and vertical components of pedestrian accessibil-
ity, the approach enables the identification of cumulative barriers that remain
concealed in aggregated indices. This methodological positioning aligns with calls
for greater conceptual clarity and transparency in accessibility research (Corazza,
Favaretto 2019).

5.4. Methodological implications and transferability

From a methodological perspective, the study demonstrates the feasibility of mod-
elling pedestrian accessibility using open and reproducible data sources. The reli-
ance on OpenStreetMap, Copernicus elevation data, and official public transport
stop datasets enables straightforward replication across different urban contexts
without the need for proprietary data or specialised software environments.

Recent studies have highlighted the potential of open GIS tools and openly
available datasets for analysing public transport accessibility and performance
at various spatial scales (Andrei, Luca 2021; Alamri et al. 2023). By combining
widely accessible data sources with a transparent analytical workflow, the pro-
posed framework offers a transferable methodological template for medium-sized
cities with complex terrain. The transferability of the framework is supported by
its reliance on globally available spatial data, a clearly defined analytical workflow,
and a non-compensatory classification logic, although specific threshold values
may require contextual calibration to local topographic conditions and walking
norms.
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5.5. Limitations and directions for further research

Several limitations of the study should be acknowledged. First, the analysis
focuses exclusively on pedestrian accessibility to public transport stops and does
not incorporate service characteristics such as frequency, reliability, or timetable
coordination. While this represents a deliberate conceptual choice, it limits direct
comparability with studies adopting broader definitions of public transport acces-
sibility.

Second, vertical accessibility is operationalised using cumulative elevation
difference and does not explicitly account for slope variability or walking speed.
More refined indicators, such as slope-weighted walking time, could further
enhance the representation of terrain-related effort (Ford et al. 2015).

Third, the analysis does not incorporate user-specific characteristics or per-
ceived accessibility, which have been shown to influence transport behaviour and
accessibility outcomes (Lattman, Friman, Olsson 2016). Integrating perception-
based data and socio-demographic characteristics represents an important avenue
for future research.

Although population data were available at the building level, the analysis
deliberately focuses on spatial patterns of pedestrian accessibility within built-
up areas rather than on population-weighted accessibility indicators. This choice
reflects the study’s emphasis on the physical structure of accessibility conditions
rather than on distributional or equity-based outcomes.

5.6. Positioning within the broader accessibility literature

By explicitly distinguishing pedestrian stop accessibility from service-based
accessibility, the study contributes to ongoing debates regarding the conceptual
clarity of accessibility research. As noted in the literature, studies labelled as
addressing “public transport accessibility” often examine fundamentally differ-
ent phenomena, ranging from infrastructure proximity to service performance
and broader issues of social inclusion (Corazza, Favaretto 2019). From an equity-
oriented perspective, accessibility analyses are increasingly used to identify
spatial disparities and transport disadvantage, reinforcing the need to distinguish
analytically between physical access conditions and service-based accessibility
outcomes (Eldeeeb, El-Baky, Masoumi 2024; Pereira, Schwanen, Banister 2017).

The present study positions pedestrian accessibility as a necessary precondition
for effective public transport use rather than as a substitute for service-based
measures. In doing so, it complements existing accessibility frameworks and
provides a focused analytical tool for examining the spatial foundations of public
transport accessibility.
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6. Conclusion

This study set out to examine the pedestrian accessibility of public transport stops
by explicitly distinguishing between horizontal (network-based walking distance)
and vertical (terrain-related elevation difference) components. By isolating the
pre-boarding stage of public transport use from broader notions of service acces-
sibility, the analysis addressed a foundational yet often underexplored dimension
of everyday mobility: the physical effort required to reach the nearest stop on foot.

Using Liberec and Zlin as comparative case studies, the results demonstrated
that pedestrian accessibility to public transport stops cannot be adequately charac-
terised by horizontal distance alone. Although both cities exhibit substantial areas
with close proximity to stops, the incorporation of terrain-related constraints
revealed pronounced differences in the internal structure and spatial continuity
of accessibility conditions. These findings directly respond to the first research
objective formulated in the introduction, confirming that horizontal and vertical
dimensions of pedestrian accessibility differ not only in magnitude but also in
their spatial configuration across cities.

The analysis further showed that terrain acts as a significant modifying factor of
pedestrian accessibility rather than a secondary background condition. In Liberec,
elevation differences frequently intersect with areas of otherwise favourable
proximity to stops, producing heterogeneous accessibility patterns within the
built-up area. In Zlin, terrain-related constraints are more closely aligned with
the city’s linear urban structure and are spatially more contained. This comparison
addresses the second research question and highlights the importance of consider-
ing the interaction between urban morphology and topographic conditions when
assessing pedestrian access to public transport.

A central contribution of the study lies in the development and application of
a synthetic horizontal-vertical accessibility framework. By combining distance-
related and terrain-related dimensions in a non-compensatory manner, the
framework revealed spatial configurations - such as short-but-steep or far-but-
flat areas - that remain concealed when each dimension is analysed separately.
The identification of such cumulative physical barriers responds directly to the
third research question and underscores the analytical value of multidimensional
approaches to pedestrian accessibility.

The fourth research question concerned the transferability of the proposed
framework to other urban contexts. The application of a uniform analytical logic
and classification scheme to two structurally different cities demonstrated that
the framework is transferable in structure and methodological logic, even though
specific threshold values may require contextual adaptation. A key strength of the
approach lies in its reliance on open and widely available data sources, including
OpenStreetMap, Copernicus elevation data, and official public transport stop
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datasets. This reliance enhances transparency, reproducibility, and applicability
across different cities without the need for proprietary data or specialised software
environments.

Beyond its empirical findings, the study contributes conceptually by clarifying
the distinction between pedestrian stop accessibility and broader forms of public
transport accessibility that incorporate service characteristics such as frequency,
reliability, or travel time. By positioning pedestrian accessibility as a necessary
precondition for effective public transport use rather than a substitute for service-
based measures, the paper helps to sharpen conceptual boundaries within acces-
sibility research and supports more targeted analytical and planning applications.

Several limitations of the study should be acknowledged. The analysis focuses
exclusively on pedestrian accessibility and does not account for service-level char-
acteristics or user-specific factors such as age, mobility constraints, or perceived
effort. While this represents a deliberate analytical choice, future research could
integrate the proposed framework with timetable-based accessibility measures,
slope-weighted walking time, or socio-demographic data to provide a more com-
prehensive assessment of accessibility and equity implications.

In summary, this study demonstrates that a two-dimensional horizontal-verti-
cal framework provides a more nuanced and spatially explicit understanding of
pedestrian accessibility to public transport stops than conventional distance-based
approaches. By revealing cumulative accessibility constraints and highlighting
differences between cities with similar overall characteristics, the proposed
framework offers a robust and transferable tool for comparative research and
context-sensitive urban transport analysis.
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