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Cave-air CO₂, one of the key indicators of cave ecosystem stability and human disturbance, plays a
significant role in regional carbon cycles but has long been overlooked. Existing studies have primarily
focused on cave resource development and restoration, resulting in an insufficient understanding of
tourism-induced CO₂ dynamics. This study conducted high-resolution monitoring in Jiutian Cave
(northern China) for the first time and integrated tourist data. The results showed that the air CO₂

concentration in Jiutian Cave was lower during summer-autumn and winter-spring, with soil CO₂

identified as the primary carbon source. However, tourism activities disrupted the synergistic
relationship between soil CO₂ and cave-air CO₂, causing pulsed increases in cave-air CO₂

concentration. From theperspective of cave resilience, factors suchas thedurationof tourist visits, the
structural characteristics of different internal cave regions, and ventilation status all influence the
recovery rate of cave-air CO₂ concentration.

Due to the relatively enclosed environment of caves, CO₂ concentrations in
cave air are typically higher than those in the external atmosphere. Through
ventilation effects, storage effects, and accumulation processes, cave systems
actively regulate carbon cycling within the Earth’s surface system, sig-
nificantly impacting regional carbon budgets and overall carbon balance1–4.
In general, the more developed a cave is, the larger the available space for
CO₂ storage, and the greater the amount of CO₂ that can be regulated5. This
significantly impacts the regional carbon cycle. The concentration of cave-
airCO₂ serves as a critical indicator of subterranean environmental changes,
directly influencing the growth of secondary chemical deposits (e.g., spe-
leothems) and altering cave landscapes. Karst secondary speleothems—
particularly stalagmites—are globally widespread, environmentally sensi-
tive, and precisely datable, making them exceptional archives of paleocli-
mate information6–9.

Relevant studies have demonstrated that soil CO2 is the primary
source of air CO2 in most caves. Gaseous CO2 can be stored in soil
fissures and pores10–12, and it is primarily transported or diffused into
caves through these pores and fractures3,13,14. Additionally, environ-
mental changes such as variations in vegetation and climate can

influence the migration of soil CO₂, thereby affecting the characteristics
and fluctuations of CO₂ in cave air15. Relevant studies indicate that
ventilation effects are one of the primary mechanisms governing the
dynamics of CO₂ concentration in cave air16–19. De Freitas et al. (1982)16

argued that the reversal of airflow between caves and the outside
environment is primarily influenced by differences in air density, which
are caused by variations in temperature, pressure, and relative
humidity20. When continuous ventilation occurs in a cave, it promotes
the exchange of air between the cave, which has a high CO₂ con-
centration, and the external atmosphere, which has a low CO₂
concentration2,21,22, andmodifies the CO₂ concentration and its dynamic
variations in cave air19,23. Numerous studies have examined the rela-
tionship between cave ventilation and cave-air CO₂ concentration24.
However, due to the complexity and uniqueness of each cave’s structure,
as well as varying meteorological conditions25, the ventilation status
differs among various caves.

With the development of cave landscape resources, tourism
activities have become a significant factor influencing cave-air CO₂
concentrations. Both the number of tourists and the duration of their
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visits substantially affect the cave-air CO₂ concentration. Studies by
Baldini et al. (2008)23 and Lang et al. (2015)26 have indicated that tourist
activities can cause the concentration of cave-air CO₂ to increase by an
order of magnitude within a relatively short period. Specifically, during
brief time frames, high-intensity tourist activities result in a substantial
influx of anthropogenic CO₂, which significantly impacts the cave
environment. The concentration of cave-air CO₂ peaks when the
number of tourists is at its highest and subsequently decreases as air
circulation resumes after the conclusion of tourist activities27,28. How-
ever, most current studies on tourist caves have concentrated on cave
resources and landscape restoration29. Insufficient attention has been
given to the dynamic variations in cave-air CO₂ concentrations
resulting from tourist activities. Furthermore, research on how cave-air
CO₂ concentrations respond to these activities, including their dynamic
variation processes, abrupt concentration changes, and reduction
mechanisms, remains inadequate. By utilizing high-resolution auto-
matic monitoring technology, we systematically monitored cave-air
CO₂ concentration, soil CO₂ concentration, and related meteorological
parameters in Jiutian Cave, a typical tourist cave located in the tem-
perate karst region of northern China. This study, in conjunction with
tourist visitation data for Jiutian Cave, investigates the dynamic var-
iation processes, mechanisms, and primary influencing factors of cave-
air CO₂ in response to tourist activities. The findings of this research
have significant scientific implications for the protection and sustain-
able development of tourist caves, as well as for the assessment of CO₂
budgets in karst regions.

Methods
Sampling locations and description
Jiutian Cave is situated at the southern base of Lushan Mountain in Zhu’a
Village, Lushan Town, Yiyuan County, Zibo City, Shandong Province
(118°04′E, 36°16′N) (Fig. 1). It is a notable example of a karst cavewithin the
temperate climate zone of northern China. The area surrounding the cave
experiences a semi-humid temperate climate, with an annual average
temperature ranging from 12 to 13 °C. July is the warmest month, while
January is the coldest. Annual average precipitation varies between 700 and
900mm. The entrance to Jiutian Cave is located at an altitude of 475m,
positioned in an east–west trending erosional valley that is surrounded by
mountains on three sides. The cave entrance is ~60m above the valley
floor30.

Jiutian Cave is a single-entry cave that generally trends nearly
north–south, featuring a relatively simple passage structure consisting of a
single corridor. The cavefloor is predominantly flat, with slight topographic
undulations. The total length of JiutianCave is 618m, and the height within
the cave typically ranges from 5 to 18m. The expansive cave chambers have
an average height of about 10m and can reach a width of 20m, while the
narrower sectionshavebothwidth andheightmeasurements of <1.8m.The
total volume of the cave is ~22,000m³. It is situated within the carbonate
rock strata of the Middle Ordovician Majiagou Formation (O₂mb)31. The
lithology consists of gray, thick-bedded micritic limestone, with the thick-
ness of the limestone at the cave’s roof ranging from approximately 20 to
80m, increasing in thickness toward the deeper sections of the cave. The
thickness of the overlying soil layer outside Jiutian Cave is approximately

Fig. 1 | Map of the study area (the national boundary is fromMNR (GS (2019)1822)). a Location map, b cave cross-section map, c cave stone flowers, d and e stalagmites
and stalactites.
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30–40 cm, and it features excellent vegetation coverage exceeding90%.Most
of the vegetation consists of artificial forests, primarily composed of
numerous tree species and shrubs, while the soil predominantly consists of
brown soil. The temperature within Jiutian Cave remains ~15 °C year-
round, and the cave is abundant in secondary chemical sediments, including
cave flowers, helictites, stone pillars, and moonmilk (Fig. 1c–e). These
sediments encompass a variety of deposits, ranging fromgravitational water
deposits to non-gravitational, synergistic, and superimposed deposits,
characterized by a rich diversity of types, dense distribution, and varied
forms. It is a typical example of karst caves found in northern China and
temperate regions, and it is also a renowned tourist attraction.

Experimental setup and data acquisition
Based on the structure and characteristics of the cave, four monitoring sites
(Site 1, Site 2, Site 3, and Site 4)were selected from the entrance of the Jiutian
Cave formonitoring courses (Fig. 1). Themonitoring period extended from
March 2023 to January 2025. At each cave monitoring site, instruments
were installed to measure cave-air CO₂ concentration, relative humidity,
and air temperature,with amonitoring frequency of once every 10min. The
CO₂ sensors were installed at a height of 1.3–1.5 m above the ground,
positioned5–8maway from the tourist path. Thedistance fromeach sensor
to the path varied by location: 5.5m for the first sensor, 6m for the second,
8m for the third, and 8m for the fourth. The placement of the CO₂ sensors
was aligned with the tourist route, and their moderate height ensured
effective capture of CO₂ emissions from tourist activities. Additionally, the
four monitoring points were evenly distributed throughout the cave, elim-
inating the interference of spatial heterogeneity on the data and ensuring
that the monitoring results accurately reflected the overall environmental
conditions of the cave. Cave-air CO₂ concentration was monitored using a
GMP252 probe, while temperature and relative humidity were measured
with an HMT120STB transmitter (Vaisala Co. Ltd., Finland). The CO₂
sensor has amonitoring accuracy of 10 ppmv, the temperature sensor has an
accuracy of 0.2 °C, and the humidity sensor has an accuracy of 2%. The
electrode of the CO₂ sensor utilizes self-calibration technology, which
ensures measurement accuracy and reduces maintenance costs. Given the
characteristics of the cave environment, a wired transmission method was
employed to relay data to the external data center, thereby enhancing the
reliability of data transmission. Meanwhile, on-site calibration was con-
ducted monthly. Prior to calibration, standard gases, a zero-gas generator,
and a constant temperature and humidity chamber were prepared. The
instruments to be calibrated were placed inside the constant temperature
and humidity chamber to eliminate the effects of temperature and humidity
fluctuations during transportation. During calibration, the zero-gas gen-
erator was first connected to the instrument’s sampling port, and gas was
continuously supplied for 30min. After the instrument stabilized, calibra-
tionwas performed using three types of standard gases: high-concentration,
medium-concentration, and low-concentration. The deviation was calcu-
lated to ensure the accuracy of the sensors. All sensorswere connected to the
same server, which performed automatic calibration every day at midnight.
Data were extracted on a weekly basis for random inspection. In cases of
repeated instrument data drift or inconsistent sensor timestamps,
re-synchronization was performed to ensure uniform timing. Meteor-
ological data, including air temperature, atmospheric humidity, wind speed,
rainfall, and air pressure in the study area, were collected from a scientific
research-grade weather station installed on the mountain slope above the
cave (WXT536, Vaisala Co. Ltd., Finland). The automatic monitoring time
and frequency were synchronized with those of the in-cave monitoring
instruments. In addition, soil CO₂ sensors (GMP251, Vaisala, Finland) and
temperature sensors (AV-10T, Avalon, USA) were installed in a relatively
flat area near the weather station to monitor the CO₂ concentration and
temperature of the overlying soil above the cave. The sensors were buried at
a depth of 30–40 cm, with monitoring accuracies of 10 ppmv and 0.1 °C,
respectively. The relevant monitoring data were integrated into the data
logger of the weather station and ultimately aggregated to the external data
center. Tourists primarily enter JiutianCave by swiping purchased tickets at

the turnstiles. Therefore, the 2024 tourist data were mainly obtained from
turnstile records, which were used to calculate the daily number of tourists.
This dataset includes the entry time of all tourists; however, since no
turnstile scanning is required upon exiting the cave, the exact duration of
each tourist’s visit cannot be determined. Tourists typically move at a lei-
surely pace while sightseeing inside the cave.Meanwhile, daily precipitation
data fromYiyuanMeteorological Station (2023–2024) were compared with
the precipitation data collected by the scientific research-grade weather
station at Jiutian Cave to ensure data accuracy.

Correlation analysis
Pearson correlation analysis assesses the strength and direction of the
relationship between two variables. The Origin 2024 software was used to
perform a correlation analysis between cave-air CO2 concentration and soil
CO2 concentration.

Virtual temperature (Tv)
The foundation of cave ventilation primarily depends on the temperature
difference between surface air and cave air, which results in buoyancy-
driven variations in CO₂ concentration. Meteorologists utilize virtual tem-
perature (Tv) to characterize air buoyancy, which is defined as the tem-
perature at which dry air must be at the same pressure to possess the same
density as moist air. The virtual temperature of the atmosphere is
approximately expressed as

Tv ¼ Tð1þ 0:61rÞ ð1Þ

where T and Tv are the absolute temperature (K) and virtual temperature
(K), respectively, and r is the mixing ratio (dimensionless), defined as the
ratio of the mass of water vapor to that of dry air. Thus, variations in the
virtual temperature serve as a proxy for those in air density, which can be
obtained through the equation of state for moist air:

p ¼ ρRdTv ð2Þ

where p, ρ, and Rd are the pressure (Pa = Jm−3), air density (kgm−3), and
particular gas constant for dry air (286.97 J kg−1 K−1), respectively. Equation
(2)makes clear that, for a given altitude level (pressure), air density is related
directly toTv, which serves therefore as a surrogate variable for determining
buoyancy. Equation (2) is only valid for the free atmosphere, while for caves
or soils, it should not be used due to high concentrations of CO2 in the air.
because the molar mass of dry air (md) is very constant, 0.02897 kg · mol−1,
since air composition is very constant once water vapor has been excluded.

Consequently, Kowalski and Sanchez-Cañete32 established the correct
equation to calculate the virtual temperature and provide a template cal-
culation: http://fisicaaplicada.ugr.es/pages/tv/!/download. The governing
equation is below33:

Tv ¼ T × ð1þ 0:6079rv � 0:3419rcÞ ð3Þ

where T = temperature (°C); rv = water vapor mixing ratio; rc = carbon
dioxide mixing ratio.

The calculation formula for the virtual temperature difference (dTv)
between the inside and outside of the cave34:

dTv ¼ TvSurface� TvCave ð4Þ

Continuous wavelet analysis
Continuous wavelet analysis (CWA)35 is a time–frequency analysis method
widely used in signal processing, geophysics, ecology, and other fields. It
primarily overcomes the limitation of traditional Fourier analysis, which
cannot simultaneously capture the dual “time–frequency” information of
non-stationary signals. By decomposing a signal into a set of “wavelets”with
finite energy, adjustable scales (corresponding to frequency), and positions
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(corresponding to time), CWA enables precise analysis of the signal’s
dynamic characteristics. In this study, MATLAB software was used to
process the time-series data of cave-air CO₂ concentration for continuous
wavelet analysis. TheMorlet wavelet was chosen as themotherwavelet, and
the analysis scales were set as a logarithmically spaced sequence. The Cone
of Influence (COI) was depicted as an automatically calculated conical
shadow, and the significance test was conducted based on a Monte Carlo
simulation under a red noise background.

Results
Variations of climatic and soil environmental parameters
Jiutian Cave is situated in a temperate monsoon climate zone. FromMarch
2023 to January 2025, the ambient atmospheric temperature outside the
cave ranged from−16 to 39 °C, with an average of 14.92 ± 10.54 °C (Fig. 2),
showing a characteristic pattern of higher values in summer and lower
values in winter. Soil temperature ranged from −0.6 to 24.9 °C, with an
annual average of 11.76 ± 7.48 °C, reflecting the seasonal characteristics of
atmospheric temperature (higher in summer and lower in winter). Soil
moisture varied from 4.6% to 60.9%, with an annual average of
19.45 ± 3.48%. It also displayed a seasonal pattern, showing higher values in
summer and lower values in winter, and was strongly correlated with var-
iations in summerprecipitation.TheCO₂ concentration in theoverlying soil
of Jiutian Cave ranged from 429 to 9432 ppmv, with an annual average of
2810 ± 2210 ppmv. Its seasonal characteristics were consistent with those of
soil temperature and moisture, with soil CO₂ content being higher in
summer when precipitation was more abundant.

Characteristics of cave environment parameters
Jiutian Cave features a single-corridor structure that facilitates air exchange.
From the perspective of the virtual temperature difference between the
atmosphere and the cave, Jiutian Cave demonstrates seasonal ventilation.
Analysis indicates that ventilation in Jiutian Cave primarily occurs in Jan-
uary, February, March, October, November, and December, while ventila-
tion is absent from May to September (Fig. 2). Jiutian Cave is a popular
tourist destination that attracts tourists year-round. However, the number
of tourists peaks during four major public holidays: the Spring Festival in
February (February 10–17), the Qingming Festival in April (April 4–6),
Labor Day inMay (May 1–5), and National Day in October (October 1–7).
During these periods, theminimumnumber of tourists exceeds 500 person-
visits. Consequently, these four major public holidays are classified as
concentrated tourism periods, while the remaining months are categorized
as scattered tourism periods.

The mean values of cave-air temperature at four monitoring sites
during themonitoring period were as follows: Site 1 (16.23 ± 1.28 °C) < Site
2 (16.4 ± 0.49 °C) < Site 3 (17.41 ± 0.27 °C) < Site 4 (17.66 ± 0.29 °C). The
cave-air temperature increased as onemoved closer to the deeper sections of
the cave (Table 1), with a temperature difference of ~1 °C between the cave
entrance and the deeper areas. Additionally, there was no consistent spatial
variation in relativehumiditywithin the cave. Themean relative humidity in
the deeper sections of the cave was ~0.48% lower than that at the entrance,
indicating a minimal difference.

Characteristics and variations of cave-air CO2 concentration
During the monitoring period, the cave-air CO₂ concentrations at the four
monitoring sites ranged as follows: Site 1: 317 to 5604 ppmv; Site 2: 338 to
9638 ppmv; Site 3: 383 ppmv to over 20,000 ppmv; and Site 4: 321 ppmv to
over 20,000 ppmv.HigherCO₂ concentrationswere observed in areas closer
to the deeper sections of the cave (Fig. 2). In addition, the cave-air CO₂
concentration exhibited a sharp increase from Site 2 to Site 3, primarily
because both sites are situated at the turning points of the cave corridor
(Fig. 1). This section of the cave corridor functions like a watershed,
separating the front and rear spaces of the cave, which hinders air exchange
and leads to the continuous accumulation ofCO₂ gas in the hall where Site 3
is located. Over time, the fluctuation curves of CO₂ concentrations at the
four monitoring sites in the cave displayed similar patterns, generally

showing seasonal variations characterized by higher values in summer and
autumnand lower values inwinter and spring (Figs. 2, 3).On adiurnal scale,
the curves of cave-air CO₂ concentrations at Site 1 and Site 2 exhibited
significant diurnal variation, while those at Sites 3 and 4 were relatively
stable. This indicates that the external environment can significantly
influence the cave conditions between Sites 1 and 2, while the cave envir-
onments at Sites 3 and 4 remain relatively stable and less impacted by
external factors. Throughout the entiremonitoring period, the cave-air CO₂
concentrations at all four monitoring sites displayed four consistent high-
intensity pulsed increases (indicated by the dashed shaded areas in Fig. 2),
which corresponded with the peak periods of tourist visits to Jiutian Cave.
This indicates that tourism activities significantly impact the cave-air CO₂
concentration in Jiutian Cave.

Discussion
High-resolution monitoring in many caves has demonstrated that the pri-
mary source of cave-air CO₂ is soil CO₂36 (see Text S1 in the Supplementary
Material for more information). However, the transfer of CO₂ from the soil
to the cave is a long-term process that can be disrupted by various factors
during this transfer37, thereby altering the correlation between cave-air CO₂
concentration and soil CO₂ concentration (Table 1). In terms of correlation,
the associations between soil CO₂ concentration and cave-air CO₂ con-
centration vary among the fourmonitoring sites. Site 1 exhibits the weakest
correlation between cave-air CO₂ concentration and soil CO₂ concentra-
tion, while Site 4 shows a strong positive correlational trend between the
two. Spatially, the correlation between cave-air CO₂ concentration and soil
CO₂ concentration strengthens with increasing cave depth. These features
primarily stem from the fact that Site 1, located closest to the cave entrance
and frequently exchanging air with the external environment, is susceptible
to disturbances. In contrast, Site 4, which is the farthest from the entrance, is
less influenced by environmental factors. As a result, soil CO₂ is con-
tinuously transported to and accumulated in the deeper sections of the cave.
Sites 2 and 3, situated in the middle of the cave, exist within the transition
zone between external disturbances and deep stability. While theymay also
be impacted by significant changes in the external environment, the effects
are likely to be less pronounced.

Due to the impact of tourism activities, significant discrepancies
remain between the changes in soil CO₂ concentration and those in cave-air
CO₂ concentration within the study area (Fig. 4). The most notable of these
discrepancies is the four substantial pulsed increases in cave-air CO₂ con-
centration that occurred during the four periods of concentrated tourism
activities (Figs. 2, 4). When excluding the pulsed increases in cave-air CO₂
concentration caused by tourism activities (dashed ellipse in Fig. 4), the
cave-air CO₂ concentration, as previously mentioned, displays a seasonal
variation trend akin to that of soil CO₂ concentration. Specifically, higher
values are observed in summer and autumn, while lower values occur in
winter and spring. However, the peak concentration of cave-air CO₂ lags
behind that of soil CO₂ concentration by a specific period. During the
monitoring periods in 2023 and 2024, the peak soil CO₂ concentration all
occurred fromAugust 5 to 11,while the peak cave-airCO₂ concentrations at
the four monitoring sites in Jiutian Cave were recorded from August 25 to
28, August 20 to 25, August 25 to over 26, and August 25 to over 26,
respectively, resulting in a lag of at least approximately 14 to 21 days. In
terms of the causes for the lag, the delay in the peak cave-air CO₂

Table 1 | Correlations between soil CO₂ and cave-air CO₂
concentration at Site 1, Site 2, Site 3, and Site 4 in 2023 and
2024, respectively

R2 Site 1 CO2 Site 2 CO2 Site 3 CO2 Site 4 CO2

2023 year: Soil CO2 0.05** 0.37** 0.35** 0.40**

2024 year: Soil CO2 0.001** 0.06** 0.19** 0.20**

**P ≤ 0.01.
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concentration may be attributed to the regulation and storage effect
of the overlying bedrock cap, which slows down the downward migration
rate of CO₂.

Cave-air temperature and relative humidity are crucial environmental
factors within caves, and fluctuations in these parameters directly influence
the cave-air CO₂ concentration38. Artificial light sources in tourist caves,

along with heat generated by human activities, can lead to an increase in
cave-air temperature and a decrease in relative humidity. Analyzing the four
periods of concentrated tourism activities (Fig. 2), it is evident that a higher
number of tourists correlates with more pronounced changes in cave-air
temperature and relative humidity. However, there are differences across
different cave zones. Variations at Site 1 during concentrated tourism

Fig. 2 | Monitoring data of Jiutian Cave from March 2023 to January 2025.
Atmospheric temperature (a), soil temperature (b), average cave-air temperature at
4 points (c), atmospheric humidity (d), soilmoisture (e), average relative humidity of
the cave at 4 points (f), atmospheric CO₂ (g), soil CO₂ (h), Site 1 CO₂ (i), Site 2 CO₂
(j), Site 3 CO₂ (k), Site 4 CO₂ (l), number of tourist visits (m), virtual temperature
difference (n), and precipitation (o). The flattened peaks of CO₂ concentrations at

Sites 3 and 4 are due to the upper monitoring limit of the instrument being
20,000 ppmv. There are 1913 cutoff data points at Site 3 and 5972 cutoff data points
at Site 4, accounting for only 2.1% and6.7%of the total data, respectively. The dashed
line segments represent different seasons. The data plots of a, c,d, f, i, j, andnwere all
smoothed using a second-order Savitzky–Golay smoothing filter with a 150-point
window.
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periods were smaller than those at the other three sites, while the variations
at Site 4 were the largest during these periods. This is because the impact of
tourism activities on the open environment at the cave entrance is buffered
by various disturbances from the external environment. In contrast, the
environment at the deepest part of the cave (where Site 4 is located) is stable,
and it is difficult to discharge the large amount of heat brought by tourism
activities in a timely manner. For example, during the Spring Festival in

February (when the number of tourists was the smallest), the cave-air
temperature at Site 1 increased by ~0.5 °C, while the cave-air relative
humidity decreased by ~2%. In contrast, the cave-air temperature at Site 4
increased by ~0.7 °C, and the relative humidity decreased by ~2.1%. During
the LaborDayholiday inMay (when thenumber of touristswas the largest),
the cave-air temperature at Site 1 increased by ~1 °C, with the cave-air
relativehumiditydecreasingby~3.2%.Meanwhile, the cave-air temperature
at Site 4 increased by ~1.3 °C, and relative humidity decreased by ~3.5%.
(gray shaded areas in Fig. 5).

However, the cave-air temperature and relative humidity recover very
quickly. Approximately one day after the end of the concentrated tourism
period, these levels can return to over 90% of those recorded the day before
the holiday. In contrast, the cave-air CO₂ concentration cannot recover to
more than 90% of the pre-holiday level within one day after the end of the
concentrated tourism period, and its recovery rate is significantly slower
than that of the cave-air temperature and relative humidity (Fig. 2). This
occurs because, after the cessation of tourism activities, the cave walls can
rapidly absorb excess heat, causing the cave-air temperature to approach the
baseline temperature of the walls39. Additionally, Jiutian Cave experiences
perennial dripping water, which helps to compensate for the moisture loss
caused by tourists’ respiration and light exposure31. However, the significant
amount of CO₂ generated by tourists’ respiration during concentrated
tourism periods tends to accumulate in the cave and diffuses slowly.
Moreover, the reduction of cave-air CO₂ concentration mainly relies on
ventilation with the external environment, and the mechanisms for its
removal are limited40,41.

Studies have demonstrated that tourism activities can elevate cave-air
CO₂ concentrations by an order of magnitude over a specific period. This
increase persists as the number of tourists rises and the duration of visits
extends12. In Jiutian Cave, the cave-air CO₂ concentration showed a pulsed

Fig. 3 | Boxplot data of the four monitoring points across spring, summer,
autumn, and winter fromMarch 2023 to January 2025. The green box represents
spring; the pink box represents summer; the orange box represents autumn; the blue
box represents winter.

Fig. 4 | Plots of cave-air CO₂ concentrations. Site 1 CO₂, Site 2 CO₂, Site 3 CO₂, and
Site 4 CO₂ and soil CO₂ concentrations from March 2023 to January 2025 (dashed
ellipses indicate peak periods of tourism activity in May and October), and the

number of tourists in 2024 is also included (the red arrows represent the lagged input
of soil CO2 into the cave, and the yellow dashed lines divide different seasons).
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increase corresponding to surges in tourist numbers during concentrated
tourism periods (Figs. 2, 6). The extreme fluctuations of cave-air CO₂
concentrations at the four monitoring sites in Jiutian Cave closely correlate
with fluctuations in tourist numbers. During the two concentrated tourism
periods—the Labor Day holiday in May and the National Day holiday in
October—the cave-air CO₂ concentrations at all four sites exhibited sig-
nificant pulsed growth characteristics. Meanwhile, there were slight
increases in cave-air CO₂ concentrations during the minor tourist peaks of
the Spring Festival in February and the Qingming Festival in April (gray
shaded areas in Figs. 2, 6). This suggests that tourism activities can impact
the entire cave system. As previously mentioned, the cave environments at
Sites 1 and 2, which are closer to the entrance, are more fragile and highly
sensitive to tourism activities. In contrast, the environments at Sites 3 and 4,
located farther from the entrance, are more stable and exhibit a slower
response to tourism activities. This is evident in Fig. 6: during the Spring
Festival holiday in February, Sites 1 and 2 reached their monthly peak cave-
air CO₂ concentrations on February 14, while Sites 3 and 4 reached theirs on
February 16, resulting in a lag of approximately 2 days. The same pattern
was observed during the Qingming Festival in April and the Labor Day
holiday in May, where Sites 1 and 2 reached their monthly peak CO₂
concentrations at least one day earlier than Sites 3 and 4.

In examining the relationship between tourism activities and cave-air
CO₂ concentration (Fig. 6), it was observed that during four periods of
concentrated tourism, a significant increase in cave-air CO₂ concentration

could be triggered when the number of tourists exceeded 100 person-times
for four consecutive days. In this case, the spatial distribution of cave-air
CO₂ concentration was approximately as follows: Site 1 (1726 ppmv) < Site
2 (2667 ppmv) < Site 4 (4416 ppmv) < Site 3 (4598 ppmv). However, when
the number of daily tourists exceeds 300 person-times, the cave-air CO₂
concentration exhibits a significant pulsed increase. During the study per-
iod, the highest growth rate of CO₂ concentration was recorded on a day
with 933 tourists. On this occasion, the spatial distribution of cave-air CO₂
concentration was approximately as follows: Site 1 (4172 ppmv) < Site 2
(8692 ppmv) < Site 4 (16,260 ppmv) < Site 3 (17,895 ppmv). During the
scattered tourist periods, the highest total monthly tourist numbers were
recorded in March (744 person-times) and September (609 person-times).
Additionally, the daily tourist numbers reached 123 person-times onMarch
17 and 120 person-times on September 16, 2024. However, none of these
instances caused a noticeable increase in cave-air CO₂ concentration.
Therefore, for tourist activities to induce a significant change in cave-airCO₂
concentration, the average daily tourist number must exceed 100 person-
times for at least four consecutive days.

Studies have demonstrated that caves possess self-recovery capabilities.
As tourism activities introduce substantial volumes of CO₂, cave ventilation
facilitates air exchange with the surrounding atmosphere, resulting in a
reduction of the cave-air CO₂ concentration19. However, the impact of
excessive human activities in tourist caves on the original ecological envir-
onment requires a longer period for self-repair29. Therefore, it is essential to

Fig. 5 | Cave-air temperature, relative humidity, and tourist numbers in 2024.
The orange line represents cave-air temperature in °C; the blue line represents cave-
air relative humidity in %. All lines were all smoothed using a second-order

Savitzky–Golay smoothing filter with a 150-point window, except for the one
representing tourist data. The gray dashed lines indicate the four concentrated
tourism periods.
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assess the self-recovery capacity of caves and provide recommendations and
measures for the subsequent management of tourist caves to achieve the
sustainable development of cave tourism.

Based on the continuous wavelet transform of CO₂ concentrations in
Jiutian Cave, the variation cycle of cave-air CO₂ concentrations primarily
occurs over a 24-h period. However, recovery is most rapid at the entrance,
while the deeper sections of the cave exhibit a slower recovery rate. Fur-
thermore, these diurnal variations in cave air are most pronounced during
autumn and winter (Fig. 7). This phenomenon can be attributed to Jiutian
Cave being a single-entry cave (Fig. 1) with no significant skylights on the
cave ceiling; thus, cave ventilation predominantly depends on air exchange
through the entrancepassage.Additionally, the internal elevationof the cave
is lower than that of the entrance,which results in the accumulation of dense
cold air in the lower-elevation areas. Consequently, this leads to significant
seasonal stagnation of cave air42,43, resulting in a diminished recovery
capacity in the deeper sections of the cave.

Regarding the recovery of changes in cave-air CO₂ concentration, this
study defines the cave’s recovery capacity as the ability of the daily average
cave-air CO₂ concentration to decrease to the average cave-air CO₂ con-
centration recorded during the week prior to holidays. This average con-
centration is referred to as the “pre-interference concentration”. The cave’s
self-recovery capacity varies under different disturbance conditions. In
termsof tourist numbers, theQingmingFestival inApril, LaborDay inMay,
and National Day in October (Fig. 8a–c) were the three concentrated
tourism periods, attracting the largest number of tourists to Jiutian Cave in
2024.Among theseholidays, thenumber of tourists duringLaborDay (2439

person-times) was higher than during National Day (1530 person-times),
which, in turn, exceeded the number during the Qingming Festival (516
person-times). In terms of the number of holiday days, there were also
differences: National Day (7 days) > Labor Day (5 days) > Qingming Fes-
tival (3 days). Calculations indicate that (Fig. 9a–c) at Site 1, the increase in
cave-air CO₂ concentration during the Qingming Festival in April was
~1100 ppmv, with a recovery period of about 6 days. During the Labor Day
in May, the increase in cave-air CO₂ concentration reached approximately
4445 ppmv, with a recovery period of about 10 days. Finally, during
National Day in October, the increase in cave-air CO₂ concentration was
approximately 3639 ppmv, with a recovery period of about 13 days. Among
the various festivals, the Qingming Festival in April attracted the fewest
tourists and had the shortest holiday duration. It also experienced the
smallest increase in cave-airCO₂ concentration and the fastest recovery rate.
Although the number of tourists during the National Day in October was
nearly 1000 fewer than that during Labor Day in May, the recovery period
was about 3 days longer than that of Labor Day. This suggests that a higher
number of tourists can lead to a short-term increase in cave-air CO₂ con-
centration, while the duration of tourismmay be a crucial factor influencing
the recovery capacity of cave-air CO₂ concentration.

The recovery capacity varies across different sections of the cave. For
instance, during Labor Day inMay, when tourist numbers peaked (Figs. 8b
and 9d–f), Site 1, located at the cave entrance, is significantly influenced by
the surroundingopen environment. TheCO₂ concentration curve exhibited
a sharp increase followed by a steep decline, with a full recovery to the pre-
interference concentration occurring approximately 5 days after the holiday

Fig. 6 | Diagram of tourist numbers and cave-air CO₂ concentrations at four
monitoring sites in Jiutian Cave in 2024. The flat peaks of CO₂ concentrations
observed at Sites 3 and 4 are due to the upper limit of the instrument recording being

20,000 ppmv, indicating that the cave-air CO₂ concentration has exceeded the
detection limit of the instrument.
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ended. Similarly, theCO₂ concentration curve at Site 2 demonstrates a sharp
rise followed by a steep drop.However, approximately 14 days post-holiday,
its CO₂ concentration begins to stabilize but does not return to the pre-
interference concentration, remaining about 750 ppmv above the daily
average. In contrast, theCO₂ concentration curves at Sites 3 and4,which are
located farther from the cave entrance, exhibit a pattern characterized by a
sharp increase followed by a gradual decline and a slow recovery. Specifi-
cally, these two sites require approximately 13 and 19 days, respectively, to
stabilize, and they continue to struggle to return to their daily average values.
Moreover, the CO₂ concentrations at Sites 3 and 4 after the holiday are
approximately 6000 and 7000 ppmv higher, respectively, than the pre-
interference concentrations. This indicates that CO₂ generated by holiday
tourismactivities accumulates in thedeeper sections of JiutianCave, causing
a continuous increase in the cave’s air CO₂ concentration. Furthermore, in
terms of the variation in recovery time and recovery status, the order of
recovery time is Site 4 (19 days) > Site 3 (13 days) > Site 1 (10 days) > Site 2
(5 days). Among thesemonitoring sites, all except Site 1 fail to recover to the
daily background level. This suggests that when the cave-air CO₂ con-
centration is significantly disturbed by external factors, the shallower areas
of the cave can relatively easily return to the pre-interference concentration.
Although the deeper sections of the cave possess self-regulating capabilities,
they struggle to return to the pre-interference concentration due to the
stability of the internal cave environment.

Generally, ventilation is the primary mechanism for removing CO₂
from cave air19. In this study, the virtual temperature difference (dTv) was
utilized to simulate the ventilation status of cave air. When dTv is negative
[dTv = surface Tv−cave Tv], it indicates that the cave is ventilated; con-
versely, when dTv is positive, the cave lacks ventilation. In terms of venti-
lation intensity, the order is October > April >May (Fig. 8d). Notably,
October experienced nearly complete ventilation, whereas May showed a
lack of ventilation. In April, the durations of ventilation and lack of venti-
lationwere approximately equal. To analyze the impact of ventilation on the
recovery capacity of cave-air CO₂ concentrations, a comparison was made
based on the recovery status of cave-air CO₂ concentration during these
three holidays (Fig. 8a–c). In April, although ventilation occurred occa-
sionally, only the cave-air CO₂ concentrations at Sites 1 and 2 were able to
return to pre-interference concentrations after the conclusion of tourism
activities. The cave-air CO₂ concentrations at Sites 3 and 4 did not
return to the pre-interference concentration, remaining approximately
3300–3500 ppmv above the pre-interference concentration. A detailed
analysis conducted for May indicated that the recovery of cave-air CO₂
concentrations was consistent with the trends observed in April.

Furthermore, due to limited ventilation, the cave-air CO₂ concentrations at
Sites 3 and 4 were 6000–7000 ppmv higher than the pre-interference con-
centration, nearly double the levels recorded in April. In October, however,
due to improved ventilation, the cave-air CO₂ concentrations at all four
monitoring sites were able to return to the pre-interference concentrations
following the conclusion of tourism activities. Even in December, the cave-
air CO₂ concentrations continued to decrease due to ongoing ventilation
throughout the winter, which leads to a reduction in cave-air CO₂ con-
centration. By the end of winter, specifically before the Spring Festival in
February, the entire cave-air CO₂ concentration reaches its lowest level. At
this time, the minimum CO₂ concentration at Site 1 is 471 ppmv, which is
5132 ppmv lower than the maximum CO₂ concentration observed during
the concentrated tourism periods. The minimum at Site 2 is 473 ppmv,
which is 9166 ppmv lower than the maximum recorded during the con-
centrated tourism periods. At Site 3, the minimum concentration is
653 ppmv,which is at least 19,349 ppmv lower than themaximumrecorded
during the concentrated tourism periods. At Site 4, the minimum con-
centration is 839 ppmv, which is at least 19,161 ppmv lower than the
maximum recorded during the concentrated tourism periods. Therefore, it
canbe concluded that cave ventilation canenhance the recovery rate of cave-
air CO₂ concentration.

Jiutian Cave is open to tourists primarily from 8:30 a.m. to 5:00 p.m.,
and no tourists are permitted outside these hours. Therefore, the CO₂
generated by tourism activities occurs mainly during business hours, while
the cave undergoes self-recovery during non-business hours. As shown in
Table 2, both January and February fall within the ventilation season.
Additionally, the Spring Festival in February marked the first concentrated
tourism period at Jiutian Cave in 2024. In January, the daily number of
tourists did not exceed 100, so the cave-air CO₂ concentration was not
significantly influenced by human activity. Therefore, comparing these two
periods better illustrates the impact of a substantial increase in tourist
numbers on cave-air CO₂ concentration (Fig. 10). The period from the 11 to
14 January 2024 was selected for comparison because there were no tourist
visits to Jiutian Cave on January 10 or from 15 to 16 January. Based on the
average cave-air CO₂ concentrations at the fourmonitoring sites during the
operating and non-operating periods in January, the concentrations during
non-operating periods were generally lower than those during operating
periods. Additionally, after four consecutive operating days in January, no
significant increase in cave-air CO₂ concentration was observed at the
remaining four monitoring sites. In contrast, the situation reversed in
February. On the first daywhen tourist numbers reached 100 person-times,
the cave-air CO₂ concentrations at Sites 3 and 4 during non-operating

Fig. 7 |Ventilation conditions in different parts of JiutianCave.Continuouswavelet analysis of air CO₂ concentrations at fourmonitoring sites in JiutianCave fromMarch
2024 to January 2025.
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periods were already higher than those during operating periods. After four
consecutive dayswith tourist numbers exceeding 100person-times, theCO₂
concentrations were more than twice as high as those on the first day.
Furthermore, the cave-air CO₂ concentrations at Sites 1 and 2 on 14 Feb-
ruary 2024 were at least double those on 11 February 2024. Since the tourist
volume during the February Spring Festival was the lowest among the four
concentrated tourism periods, we conclude that when the number of
tourists exceeds 100 person-times in a single day, it leads to a significant
increase in cave-airCO₂ concentration. Furthermore,when tourist numbers
exceed 100 person-times for several consecutive days, they cause a sub-
stantial cumulative increase in cave-air CO₂ concentration.

Therefore, in subsequent management, restrictions should primarily
focus on limiting the number of tourists entering the cave and the duration
of their stay during concentrated tourism periods. For instance, a strict
online ticket reservation system could be implemented—not only to control
the number of tourists entering the cave each hour but also to regulate the
length of each visit. This system would ensure that tourists enter the cave
only during their reserved time slots, allowing staff to effectivelymanage the
staggered entry and exit of tourists. Furthermore, distinct management

strategies should be implemented for different cave zones. From a resilience
perspective, the area from the cave entrance to Site 2 should serve as the
primary tourist activity zone; the area between Sites 2 and 3 as the transition
zone; and the area between Sites 3 and 4, which has the most stable envir-
onment, as the core zone. No restrictions on tourist residence time are
necessary in the tourist activity zone, whereas such restrictions are required
in the transition zone. In the core zone, if the number of tourists becomes
excessive, opening hours can be reduced, or tourist entry can be prohibited
altogether.

In summary, Jiutian Cave is a popular tourist cave. The overlying
soil CO₂ serves as the primary carbon source for the CO₂ concentration
in cave air. However, during peak tourist periods, CO₂ released from
tourists’ respiration causes a pulsed increase in the cave’s air CO₂ con-
centration. Additionally, a higher number of tourists results in a sus-
tained short-term increase in the cave-air CO₂ concentration. From the
perspective of the resilience of cave-air CO₂ concentration, tour duration
is a key factor influencing this resilience. The recovery capacity of cave-
air CO₂ concentration varies across different parts of the cave. Venti-
lation is another key factor controlling the seasonal variation of cave-air

Fig. 8 | Relationship between cave-air CO₂ concentration and visitor number,
and ventilation status of cave. aDiagrams illustrating cave-air CO₂ concentrations
at four monitoring sites alongside tourist numbers from March to April 15, 2024
(covering the Qingming Festival holiday). b Diagram of cave-air CO₂ concentra-
tions at four monitoring sites and tourist numbers from April 15 to June 15, 2024

(covering the Labor Day holiday). cDiagram of cave-air CO₂ concentrations at four
monitoring sites and tourist numbers from September 15 to November 15, 2024
(covering the National Day holiday), and d Diagram of ventilation status in April,
May, and October 2024 (dTv = Surface Tv−Cave Tv; when dTv > 0, the cave lacks
ventilation).
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CO₂ concentration in Jiutian Cave, and it can enhance the resilience of
cave-air CO₂ concentration. Jiutian Cave is mainly ventilated in winter
but has limited ventilation in summer, with the fastest recovery rate of
CO₂ concentration occurring in winter. Finally, from the perspectives of
ecological environmental protection and the sustainable development of
tourism activities in Jiutian Cave, tourism should primarily take place in
winter, while the number of tourists should be strictly controlled during
the summer.

Overall, this study systematically reveals the spatial and temporal
variation characteristics of air CO₂ concentration in Jiutian Cave and
clarifies the key controlling mechanisms. It provides valuable data to sup-
port regional karst carbon cycle research and cave environmental protec-
tion. However, to contextualize these findings more comprehensively,
several limitations of the present study should be acknowledged. First, high-
frequency monitoring depends on numerous precision sensors. However,
during long-termmonitoring, these sensors are vulnerable to factors such as

high humidity, excessive dust inside the cave, and abnormal weather con-
ditions outside the cave. These influences can cause data drift or equipment
malfunctions, impeding the analysis of long-term trends. Future studies
should increase the frequency of sensor calibration and maintenance to
address these issues. Second, due to the lack of real-time ventilation data,
modeling discussions cannot be conducted. Therefore, the analysis of the
variation characteristics of cave-air CO₂ concentration and tourist activities
in this study is primarily based on empirical concentration trends. These
trends represent observational data rather than quantitative flux measure-
ments. Consequently, the results reflect site-specific observations. Third,
due to the absence of synchronousmeasurements of airflow, radon levels, or
pressure gradients to validate ventilation intensity in this study, only virtual
temperaturewasused to infer the cave’s ventilation intensity.This limitation
may result in a certain degree of overestimation of the cave’s ventilation
intensity in thepresent research. Fourth, because theupperdetection limitof
the monitoring instrument for cave-air CO₂ concentration is 20,000 ppmv,

Fig. 9 | Curvefitting of cave-airCO2 concentration decay constants. a–cRepresent
the decay times at Site 1 following the Qingming Festival (April), Labor Day (May),
and National Day (October), respectively. d–f represent the decay times at Sites 2–4

after Labor Day (May), respectively. The time data are recorded at 10-min intervals,
e.g., t₁ = 10min, t₂ = 20 min, t₃ = 30 min, and so on.

Table 2 |Mean values of cave-air concentration during business and non-business hours at the fourmonitoring points in Jiutian
Cave from January 11 to 14 and February 11 to 14, 2024

Time Number of tourists
(person-time)

Site 1 Site 2 Site 3 Site 4 Site 1 Site 2 Site 3 Site 4

2024 year Cave-air CO2 mean concentration (8:30 AM–5:00 PM) Cave-air CO2 mean concentration (5:00 PM–8:30 AM the
next day)

11 January 3 584 ± 18 681 ± 57 1380 ± 121 2309 ± 40 600 ± 7 677 ± 18 1118 ± 102 2180 ± 24

12 January 9 663 ± 30 846 ± 92 1558 ± 146 2327 ± 42 683 ± 6 724 ± 21 1378 ± 118 2292 ± 26

13 January 45 624 ± 15 734 ± 39 1387 ± 120 2306 ± 35 659 ± 21 713 ± 22 1369 ± 109 2287 ± 32

14 January 3 603 ± 32 744 ± 88 1460 ± 110 2340 ± 37 570 ± 8 610 ± 16 1263 ± 100 2283 ± 36

11 February 105 682 ± 56 1001 ± 246 1323 ± 263 1565 ± 219 800 ± 23 870 ± 92 1477 ± 136 1730 ± 32

12 February 102 840 ± 122 1247 ± 325 1775 ± 413 2039 ± 276 1077 ± 29 1201 ± 122 2131 ± 193 2383 ± 31

13 February 102 1981 ± 207 1647 ± 394 2488 ± 563 2828 ± 372 1487 ± 49 1636 ± 145 3080 ± 132 3280 ± 35

14 February 171 1491 ± 160 2257 ± 417 3863 ± 569 3902 ± 372 1452 ± 126 1699 ± 299 4184 ± 179 4356 ± 15
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data truncation may lead to an underestimation of the results. The number
and percentage of truncated data points are reported in this study, and
qualifiers such as “approximately” and “at least” have been consistently
applied in analyses involving truncated values. Consequently, the impact on
conclusions regardingoverall trends isminimal. Fifth, the absenceofdata on
the specific duration of stay and the number of tourists in different cave
regions prevents the calculationofCO₂ emissions from tourist respiration in
each area, making modeling analyses infeasible. Therefore, the assessment
of the tourist threshold is primarily based on descriptive observations of
the data.

Data availability
All data used during this study are included in this published article and
its supplementarymaterials. The datasets generated and used during this
study are available from the corresponding author upon reasonable
request.
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