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Abstract

The Guanziling region is renowned for its unique mud hot springs, which draw a substan-
tial influx of visitors seeking an immersive spa experience. However, as tourist numbers
have grown, concerns have mounted over the area’s groundwater resources and the dy-
namic behavior of spring-well water levels. This study leverages multi-source spatiotem-
poral datasets to elucidate the coupling mechanisms between hot-spring tourism fluxes
and groundwater-level fluctuations. By integrating geographic information systems (GIS)
with hydrological modeling, we systematically analyze tourism visitation statistics, moni-
tored groundwater level records, and local geological conditions to assess their interactive
influences. In our empirical analysis, we synthesized hot-spring visitor counts, groundwa-
ter-level monitoring data, and geological parameters.

The results show that peak tourism periods are frequently accompanied by significant
declines in groundwater levels. These fluctuations correlate not only with extraction
volumes but also with natural factors such as precipitation intensity and aquifer recharge
rates. To achieve sustainable management of the Guanziling hot springs, we recommend
establishing a dynamic evaluation and monitoring framework and enforcing strict con-
trols on extraction volumes during peak tourism seasons to balance visitor demand with
the protection of groundwater resources.

Keywords: Guanziling hot spring, tourism flow, groundwater level dynamics, spatio-
temporal coupling, management implications
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Introduction

Guanziling Hot Springs, located
within the Siraya National Scenic Area in
Baihe District, Chiayi County, is under-
lain by an aquifer sustained through con-
tinuous geothermal recharge. However,
the interplay of climate change, rapid
urbanization, and a burgeoning tourism
sector has engendered pronounced sea-
sonal and holiday-driven visitor surges,
imposing substantial hydrogeological
stress on regional groundwater levels.

Recent work on tourism ground-
water interactions in hot-spring areas.
Seasonal drawdown quantification using
long-term karst aquifer records (Hernan-
dez Flores et.al. 2021). Tourism-heat
early-warning systems based on online
search indices and GAMs (Li et.al.
2023). Machine-learning and
trend-based forecasts of groundwater
levels (He et.al. 2021; Razi et.al. 2023).
Surface—groundwater coupling models
(SWAT-MODFLOW) revealing spatial
heterogeneity (Zhang et.al. 2022).
High-resolution monitoring via mul-
ti-source remote sensing and in situ sen-
sors (Wang et.al. 2024). Governance and
collaboration analyses through biblio-
metrics and co-word studies (Pu-
lido Bosch et.al. 2023; Li et.al. 2024).
Natural experiments and climate- scenar-
10 planning leveraging the COVID-19
hiatus and scenario simulations for adap-
tive management (DeMaagd et.al. 2022;
Davamani et.al. 2024). These multidi-
mensional studies lay a solid theoretical
and methodological foundation for un-
derstanding spatiotemporal coupling
mechanisms and guiding sustainable
management of Guanziling Hot Springs.

Existing studies indicate that em-

pirical investigations into the spatiotemporal
coupling mechanisms between tourism flux
and groundwater levels, as well as how sea-
sonal peaks and troughs impact water level
stability, remain insufficient.

This study employs a spatiotemporal
coupling framework—integrating temporal
scales (seasonal and interannual variability)
and spatial heterogeneity (monitoring wells
versus tourism hotspots)—to elucidate the
dynamic interactions between tourism- in-
duced stresses and aquifer responses. By
forecasting groundwater level fluctuations at
Guanziling Hot Springs during peak visita-
tion periods, the findings underpin the for-
mulation of seasonally adaptive water- re-
source management and tourism- regulation
strategies, thereby ensuring a sustainable
balance between hot-spring tourism devel-
opment and long-term aquifer integrity.

Literature Review

Conduct a literature review on Guanzil-
ing hot spring, tourism flow, groundwater
level dynamics, spatiotemporal coupling,
management implications, integrating these
topics with the study’s overall research ob-
jectives.

Guanziling Hot Spring

Guanziling’s hydrothermal system in
Baihe Township, Tainan—adjacent to the
Liuchongxi Fault Zone—Iies within a Ceno-
zoic fold-and-thrust belt whose complex
fracture network channels ascending geo-
thermal fluids. Geothermometric data sug-
gest deep-reservoir temperatures of ~155 °C,
underscoring its geothermal potential. Two
main vents (beneath Baoquan Bridge and
beside Huowangye Temple) migrate with
tectonic shifts and exhibit strong wet- versus
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dry-season flow variability. These spatio-
temporal dynamics highlight the need for
continuous geophysical and hydrological
monitoring to ensure sustainable resource
development.

The spring discharges a charac-
teristic milky gray mud (Figure 1), typi-
fying a sodium-bicarbonate-chloride
(Na—HCOs—Cl) type mud spring with
abundant suspended siliceous particles,
in agreement with the hydrochemical
signatures of Taiwanese geothermal
springs reported by Jean et al. (2016).
Moreover, Chen et al. (2024) demon-
strated that homogenized spring mud can
be processed to yield thermal water
meeting therapeutic spring standards.

Geological Settings.

The Guanziling hot spring area
lies within the southwestern segment of
the Taiwan orogen, immediately adjacent
to the Liuchongxi Fault Zone, which
forms part of the Western Foothills
fold-and-thrust belt (Tan, Ding, & Li,
2022; Byrne et al., 2024). The Western
Foothills comprise Plio—Pleistocene fore-
land basin sequences—such as the
Yenshui and Tainan formations—
deposited in a proximal foredeep during
the Late Miocene to Early Pliocene arc—
continent collision between the Eurasian
Plate and the Luzon Arc (Tan et al.,
2022). These strata are characterized by
interbedded gray sandstones, siltstones,
mudstones, and occasional carbonate
lenses, reflecting deposition in both flu-
vial and shallow-marine settings (Tan et
al., 2022). Thermomechanical modeling
and thermochronological constraints re-
veal a two-stage orogenic evolution: an
initial stage dominated by subduction
and underplating of hyper-stretched con-

tinental crust, followed by synchronous arc—
continent collision driving southward prop-
agation of deformation and rapid exhuma-
tion, culminating in the present-day topo-
graphic and thermal anomalies (Tan et al.,
2022; Tan et al., 2024). Within this structur-
al framework, the Liuchongxi Fault Zone
and its subsidiary fractures serve as permea-
ble conduits for ascending geothermal fluids.
Borehole geophysical logs and microresis-
tivity formation-image analyses in analo-
gous settings demonstrate that permeable
fault cores and damage zones with dense
open fractures control fluid-flow pathways
(Chen, Perdana, & Kuo, 2023). Moreover,
near-surface ambient-noise microtremor
surveys provide critical constraints on the
depth and geometry of cap rocks and reser-
voir horizons, delineating low-velocity
anomalies indicative of heat-flow channels
and fractured units (Baoging, Ding, Yang,
Fan, & Zhang, 2022). Hydrothermal altera-
tion halos, characterized by clay mineral as-
semblages and silica precipitates, have been
documented proximal to the main vents, fur-
ther attesting to fluid—rock interactions un-
der elevated temperature and pressure (Chen
et al., 2023).

Tourism Flow

Tourism flow, as a critical metric de-
scribing the intensity and direction of visitor
movements between spatial nodes, has pro-
found implications for destination manage-
ment and resource allocation. Recent re-
search has harnessed big data and artificial
intelligence techniques to significantly en-
hance the precision and timeliness of flow
insights. Wang et al. (2024) applied wavelet
coherence analysis to monthly visitor vol-
umes at 56 major attractions in Beijing, re-
vealing distinct diurnal, weekly, and season-
al fluctuation patterns and recommending

107

The International Journal of Organizational Innovation
Volume 18 Number 1, July 2025



2025-1429 1JO1
https://www.ijoi-online.org/

that resource deployment and dynamic
pricing strategies be adjusted in accord-
ance with these oscillatory characteristics
to optimize service efficiency and en-
hance the visitor experience (Wang et al.,
2024). Furthermore, the integration of
real-time monitoring and predictive

modeling offers substantial value triggered
by extreme weather events or public health
emergencies, and can be coupled with
groundwater-level monitoring to achieve
synergistic management of tourism and hy-
drological systems for sustainable develop-
ment.

Figure 1: The hot spring vent beneath
Baoquan Bridge

Groundwater Level Dynamics

In recent years, research has fo-
cused on the coupling between hot spring
groundwater level dynamics and tourist
flow. Groundwater level dynamics re-
flect the temporal and spatial variability
of subsurface water storage in response
to climatic forcings, geological structures,
and anthropogenic stresses. In heavily
exploited aquifers, Lindsten et al. (2023)
developed a physics-informed machine
learning framework that integrates
groundwater flow equations with neural
networks to forecast water-level fluctua-
tions, achieving significant improve-
ments over purely data-driven models
and highlighting the importance of em-

bedding physical constraints in predictive
analytics sciencedirect. McKnight et al.
(2022) demonstrated, via high-resolution
monitoring in a brine-impacted aquifer, that
distinct hydrologic pathways—ranging from
rapid preferential flow in fractures to slower
diffuse percolation—govern perennial sur-
face-water connectivity and groundwater
level responses, underscoring the need to
characterize fracture networks for sustaina-
ble management. Coastal aquifers exhibit
unique dynamics driven by tidal forcing and
sea-level variability. Trevifio et al. (2023)
applied wavelet coherence to paired ground
water and surface-water level records in the
Dofiana coastal aquifer, revealing seasonally
varying coupling strengths and tempera-
ture-driven shifts in hydraulic connectivity,
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thereby informing adaptive wetland con-
servation and water- management prac-
tices . Collectively, these studies demon-
strate that a combination of advanced
analytics spanning physics-informed ma-
chine learning, wavelet-based time- fre-
quency decomposition, and global com-
parative analyses—provides a robust
framework for characterizing groundwa-
ter level dynamics across diverse hydro-
geological settings. For the Guanziling
hot spring system, integrating such
methodologies with tourism flow data
can reveal how seasonal visitor pressures
and precipitation patterns co-influence
subsurface water levels, guiding the de-
velopment of spatiotemporally optimized
monitoring networks and management
interventions to balance resource use and
ecosystem health.

Spatiotemporal Coupling

In recent years, the spatiotem-
poral coupling between hot spring tour-
ism flow and groundwater level has
emerged as a critical research topic. Li et
al. (2021) found a strong correlation be-
tween high water demand during peak
tourism seasons and seasonal groundwa-
ter decline in the Rehai Hot Spring area
of China. Nicolau and Masiero (2020),
studying Central Europe, identified a
negative correlation between peak tour-
ism periods and groundwater recharge
rates. Using Taiwan as a case study, Lin
et al. (2022) emphasized that regulating
groundwater extraction and establishing
tourism warning mechanisms could ef-
fectively protect local water resources.
Gonzaélez et al. (2023) reported that in
coastal hot spring regions, the combined
effects of rising sea levels and surging
tourist numbers intensify groundwater

fluctuations. Based on large-scale monitor-
ing data, Wang et al. (2024) confirmed that
integrating tourism flow forecasts with
groundwater level modeling can significant-
ly improve the efficiency of water resource
management. The pronounced coupling be-
tween hot spring tourism flow and ground-
water level dynamics necessitates enhanced
spatial planning, stricter tourism control, and
multi-stakeholder collaboration to balance
economic benefits with environmental sus-
tainability.

Management Implications

In recent years, research has focused
on managing the relationship between water
resources and tourist flows, yielding several
key management implications. Wang et al.
(2023) employed a generalized additive
model based on the Baidu Index to quantify
the linkage between temperature fluctuations
and tourist arrivals, finding that a 1 °C in-
crease can reduce daily average visitor num-
bers by 1. 8%, with effects lasting up to two
months. This suggests that tourism authori-
ties should adjust marketing timing and im-
plement staggered visitation during heat
waves, while optimizing facility operations
and water-supply scheduling to alleviate
crowding and resource stress (Wang et al.,
2023). Li et al. (2024) examined hot spring
landscape protection in China through the
lens of inclusive governance, recommending
the establishment of cross-departmental co-
ordination mechanisms and community par-
ticipation platforms, the development of uni-
fied regulatory standards, and the inclusion
of stakeholders in co-management to en-
hance decision transparency and implemen-
tation efficiency, thereby preventing over-
development and conflicts of interest (Li et
al., 2024). Tometzova et al. (2024) com-
bined economic investment modeling with
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hydrological risk assessment to propose
incorporating net present value (NPV)
and water-sustainability monitoring indi-
cators into project approval processes,
alongside phased development and dy-
namic adjustment mechanisms, ensuring
geothermal reservoirs maintain stable
production capacity over centennial
timescales (Tometzova et al., 2024).
Peng et al. (2022) devised a fault- net-
work—based zoning strategy for pumping
and artificial recharge in the Wentang hot
spring field, integrating periodic isotopic
and hydrochemical monitoring to pre-
cisely identify rapid preferential flow
pathways and dynamically adjust pump-
ing rates, thereby mitigating water-level
decline and preserving ecosystem con-
nectivity (Peng et al., 2022). Overall, fu-
ture management should strengthen the
integration of big data and IoT sensing,
build GIS-based visualization and moni-
toring platforms, and establish a closed
loop of monitoring—early warning—
scheduling. Policies should include tiered
water-use restrictions and staggered
scheduling, pilot artificial recharge pro-
jects, and enhanced interdepartmental
coordination and community training to
balance tourism development with sus-
tainable groundwater use.

Methods
1. Monitoring Network.

Data were obtained from the Na-
tional Hot Spring Database of Taiwan.
The Guanziling Hot Spring area, located
in Baihe District, Tainan City (23°18'N,
120°30'E), is equipped with two
groundwater monitoring wells (at
Baoquan Bridge and Huowangye Tem-
ple) and one rain gauge installed on

Dadongshan. The wells are fitted with pres-
sure transducer loggers (accuracy +0. 01 m)
to record groundwater level fluctuations,
while the tipping-bucket rain gauge records
precipitation at 10-minute intervals with a
resolution of 0. 2 mm.

2. Data Acquisition and Processing.

Groundwater level and precipitation
data were continuously recorded from Janu-
ary 2021 to December 2023. Datasets were
downloaded monthly and subjected to quali-
ty control procedures, including the removal
of outliers and linear interpolation for data
gaps shorter than six hours. Tourist flow da-
ta, spanning from 2022 to 2024, were re-
trieved from the official Monthly Statistics
of Visitors to Major Scenic Areas in Taiwan.

3. Analytical Methods.

Spatiotemporal relationships among
groundwater levels, rainfall, and visitor vol-
umes were assessed using seasonal-trend
decomposition based on LOESS (STL),
Mann—Kendall trend tests, and regression-
based correlation analysis. These methods
enabled identification of temporal patterns
and quantification of coupling characteris-
tics between hydrological and tourism-
related variables.

4. GIS Spatial Mapping.

All spatial datasets were processed in
the Taiwan TM2 coordinate reference sys-
tem. Monitoring station locations, fault trac-
es, and topographic features were integrated
and visualized using ArcGIS Pro to support
spatial pattern analysis.

Results
Between Q1 2021 and Q4 2023, visi-
110

The International Journal of Organizational Innovation
Volume 18 Number 1, July 2025



2025-1429 1JOI
https://www.ijoi-online.org/

tor numbers peaked in Q2 and Q3 of
2022 (~510, 0 00 and 470, 000) before
returning to 2021 levels. Meanwhile,
Baoquan Bridge groundwater levels
showed a slight upward trend (slope = 0.
0059; R2=0. 0016), with peaks in Q2.
The temporal mismatch suggests a sea-
sonal inverse relationship between tour-
ism flow and groundwater levels, indicat-
ing spatiotemporal coupling. (Figure 3.)

From Q1 2021 to Q4 2023,
groundwater levels at the Huowangye
Temple well showed a slight seasonal
decline (slope =-0. 0516 m/season;
R2=0. 0427), with highs in Q2 and lows
in Q4. Visitor numbers peaked in Q3—Q4
2022 (=460, 000480, 000) but de-
creased in 2023. The inverse seasonal
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patterns and temporal offset between
groundwater fluctuations and tourism vol-
umes indicate a weak but discernible nega-
tive coupling, underscoring the need for in-
tegrated spatiotemporal analysis of hydro-
logical and recreational dynamics. Thus,
seasonal drivers critically shape hy-
dro-tourism interactions. (Figure 4.)

Analysis of the interaction between
Dadongshan rainfall and groundwater levels
at the Baoquan Bridge monitoring station
from Q1 2021 to Q4 2023 (Figure 5) reveals
an almost attenuated hydrological response
to seasonal precipitation variability. Alt-
hough rainfall exceeded 2000 mm in
Q32021 and Q3 2022, the seasonal mean
groundwater level rose only marginally
(slope =0. 0059 m per quarter; R>=0. 0016).

196500 197000 197500 198000 198500 199000 199500 200000 200500 201000 201500 202000 202500 203000 203500

Figure 2: Study Area: Schematic Map of the Guanziling Hot Spring Tourism Area

Rainfall increased from nearly 0 to over 2,
000 mm, yet groundwater levels only oscil-
lated slightly between 266. 5 and 269. 5 m
and did not rise noticeably during peak pre-
cipitation. A trendline slope of —0. 163 m
per season (R?=0. 426) indicates a low de-
gree of seasonal coupling between the two.

This decoupling is primarily attributed to the
aquifer’s geological buffering capacity,
evapotranspiration losses, and long-term
drawdown from pumping, which together
attenuate the short-term recharge response.
(Figure 6)
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Figure 3: Seasonal visitor numbers and Baoquan Bridge seasonal average water level
from Q1 2021 to Q4 2023.
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Figure 4: Seasonal visitor numbers and HuoWang Temple seasonal average water level
from Q1 2021 to Q4 2023.
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Figure 5: Seasonal rainfall (Q1-Q4) from 2021 to 2023 and the corresponding seasonal
average groundwater level at Baoquan Bridge.
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Figure 6: Seasonal rainfall (Q1-Q4) from 2021 to 2023 and the corresponding seasonal
average groundwater level at HuoWang Temple

Conclusion

There is a seasonal mismatch in
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