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A B S T R A C T

A successful management of a show cave requires knowledge of cave dynamics and the main risk factors. Show 
caves close to the water table are prone to sporadic flooding, which can threaten visitor safety and result in 
severe economic losses. Las Güixas cave, located in the Collarada Massif (Pyrenees - Spain), is representative of a 
show cave close to the water table that is exposed to energetic flash floods. We conducted a five-year compre
hensive cave monitoring study including air temperature, relative humidity, CO2 concentration and water level. 
Additionally, we measured outside temperature and precipitation. Air temperature variations and ventilation 
dynamics occurring in most of the cave are controlled by the outside temperature due to entrances at different 
elevations, except in a non-ventilated area showing more stable hygrothermal characteristics and higher summer 
values of CO2 concentration. The study also identifies distinct CO2 sources related to the degassing of water and 
visitors’ breathing. Monitoring data show that the rapid degassing of cave water during flooding may increase 
subsurface CO2 concentrations to levels well above the exposure limits. However, the strong ventilation observed 
inside the cave rapidly removes CO2 peaks produced by flooding and limits the anthropic CO2 rise to ~100 ppm. 
Hydrograph analysis revealed a response time of 8–12 h in the cave water levels to external rainfall/snowmelt 
events. Based on these results, a flood alarm system supports sustainable show cave management and the number 
of visitors is optimized according to the environmental conditions of the cave. This monitoring study has greatly 
contributed to our knowledge of cave dynamics, which can serve to improve flood risk management and increase 
the profitability of the show cave. Nonetheless, extreme floods remain a significant concern for potential eco
nomic losses in the future, considering current climate change scenarios. Hydrological studies together with a 
long-term monitoring will allow evaluating the impact of future changes in climate and environmental 
parameters.

1. Introduction

Caves are places with important natural and cultural heritage assets. 
Caves open to tourism, so-called show caves, provide an excellent op
portunity to spread the knowledge and awareness of the underground 
system (Chiarini et al., 2022; Cigna and Forti, 2013). Nowadays, more 
than 1200 show caves worldwide receive more than 80 million visitors 
per year, thus representing an important economic resource (Chiarini 
et al., 2022; Cigna and Burri, 2000). In Spain, the first show caves were 

opened at the early 19th century. Their popularity increased during the 
second half of the 20th century in relation to the development of tourism 
focused on natural landscapes and heritage resources, being now a 
crucial part of the national/local economy (Rivas et al., 2004). The 
exploitation of a cave for tourism involves alterations in the cave envi
ronment and visitors influence has been evidenced through a rise in cave 
temperature, a decrease in the cave humidity, and/or increase in CO2 
concentration (Baker and Genty, 1998; Fernández-Cortés et al., 2006; 
Gázquez et al., 2016; Guirado et al., 2015; Lang et al., 2024). Changes in 
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cave humidity, temperature and CO2 contribution may affect carbonate 
dissolution and precipitation, altering chemical equilibrium and 
weathering, and even favoring speleothem corrosion (Baker and Genty, 
1998; Fernandez-Cortes et al., 2011; Lang et al., 2024; Nicolas et al., 
2017). The impact of tourism depends on the number of visitors, the 
average time visitors remain in the cave and the cave ventilation (Rivas 
et al., 2004). Besides, visitors may be exposed to potential risks inside a 
cave, such as the exposure to harmful gas concentrations levels. Cave 
monitoring, including air and water temperature, relative humidity, 
pressure, CO2 and radon concentrations, allows identifying and evalu
ating tourism impacts and accurately defining the visitors’ risk in a 
specific cave. The study of these parameters thus provides useful infor
mation about the cave’s microclimate evolution and thermodynamics, 
supporting effective cave management (Bourges et al., 2006, 2020; Spötl 
et al., 2005).

The CO2 concentration in the cave air is the parameter that deserves 
more attention, being a function of both production and ventilation 
processes. Under natural conditions, CO2 in the cave atmosphere origi
nates from several sources, such as soil respiration, biological produc
tivity and oxidation of organic matter in the cave or even CO2 from 
hypogene origin (Baldini, 2010; Troester and White, 1984). In show 
caves, visitors’ breathing is also a source of CO2 (Cigna, 1993; Con
stantin et al., 2021). Cave ventilation, driven by temperature-induced 
airflow, depends on cave morphology, the number of entrances and 
their position (Faimon et al., 2012; Mattey et al., 2021). Caves with 
multiple entrances can be strongly ventilated due to a stack effect with 
bidirectional airflows resulting in downward airflow and upward 
airflow ventilation modes with a transitional mode in between (Faimon 
et al., 2012). In terms of the energy fluxes with the external environ
ment, caves with strong ventilation regimes are classified by Heaton 
(1986) as high-energy caves, similar to caves frequently flooded by 
rivers and subject to high-energy flows. High-energy caves are more 
prone to be disturbed by natural processes than by tourist activity (Cigna 
and Burri, 2000). Nonetheless, caves that are frequently flooded pose a 
risk that can only be addressed by knowledge of the hydrological dy
namics, through an adequate cave monitoring. These karst systems have 
a non-linear response to rainfall, characterised by thresholds associated 
with hydrological bypasses that difficult evaluating the risk of flooding 
(Jeannin and Malard, 2018). An abrupt increase in water levels inside 
the caves, even in response to a gradual precipitation, threatens the lives 
of people present in the cave. Two examples are the 2018 rescue of 
children in Tham Luang cave, Thailand (Ahmed et al., 2021), and a 
rescue of cavers in Spain the same year (Bartolomé et al., 2023). Show 
caves located in the epiphreatic zone, therefore, require accurate flood 
hazard and risk assessment to ensure safe tourist activities and reduce 
economic losses.

There are very few show caves affected by floods in the Mediterra
nean region. To our knowledge, only two show caves in Spain suffer 
from periodic or occasional flooding along their entire tourist routes. 
Despite the associated risk for visitors, there are no studies on under
standing the dynamics that generate floods in these caves and no stra
tegies to aid in cave management. We present monitoring data from Las 
Güixas show cave, Central Pyrenees, located in the epiphreatic zone of 
the Collarada karst system. Importantly, very little was known about 
changes in the cave water level as a response to external rainfall pre
vious to this study. The water level in the cave changes quickly, as in 
1974, when an accident triggered by a sudden rise in the water level 
caused death of a diver during the exploration of the main siphon. Later, 
in 2012, an extreme flood (Acín et al., 2012; Serrano-Muela et al., 2013), 
caused the destruction of facilities in the tourist sector of the cave. This 
comprehensive monitoring includes the study of water level, drip water 
rate, CO2 concentrations, temperature and relative humidity in several 
cave sectors, together with the number of visitors since 2017. No sci
entific studies on the Las Güixas cave dynamics have been conducted to 
date nor similar studies in other Pyrenean caves being show caves or not. 
The main objective of this study is to accurately describe variations in 

the environmental parameters and to improve our understanding of the 
current hydrological dynamics. This information is later used to assess 
the possible influence of the visitors on the cave dynamics and to pro
pose some actions and investments for flood risk adaptation, increasing 
the profitability of the show cave.

2. Study site

2.1. Cave location and climate setting

Las Güixas show cave (LGSC henceforth) is located in the southern 
Central Western Pyrenees (NE of Spain) at the base of the Collarada 
Massif (975 m a.s.l.) next to the Aragon River and close to the Villanúa 
village (Fig. 1a). The cave develops in Eocene-aged carbonates of the 
Villanúa megabreccia and corresponds with one of the main springs of 
the Collarada system, a still not fully explored karstic system that drains 
an area of ~20 km2.

The climate is transitional Mediterranean to Oceanic. The mean 
annual temperature (MAAT) is ~11 ◦C, and total precipitation is ~1100 
mm. Most precipitation takes place between October and May, associ
ated to Atlantic fronts. During summer, the Azores anticyclone prevents 
the entry of Atlantic storms while convective events are able to produce 
sudden and intense rainfall events. Spring and autumn are affected by 
both, alternating, dynamics and moisture sources, causing a changing 
and unstable rainy weather resulting in the largest amount of precipi
tation per event (Giménez et al., 2021).

LGSC has been continuously occupied at least since the Bronze Age 
(Lorenzo, 1992; Rodanés et al., 2016), and is easy accessible from Vil
lanúa village through a historic passageway (Camino de Santiago, the 
Way of St. James). The cave was first opened for tourism in 1929 and 
closed during the Spanish Civil War (1936–1939), when light wiring was 
removed. It served as a prison for a time, after which the cave remained 
closed, with sporadic visits and access provided by the town council. A 
new lighting system and other facilities served to open the cave again to 
the tourism in 1996 until present. LGSC stays open for visitors the whole 
year and visits have doubled since 2012, exceeding 30,000 visitors 
today. Its income has tripled over the same period, making it the main 
economic asset of the village of Villanúa.

2.2. Cave morphology and hydrology

LGSC is a shallow cave (2–27 m bedrock) with ~1100 m develop
ment and ~67 m vertical extent. The cave is well decorated with spe
leothems (flowstones, flags, stalagmites and stalactites) and contains 
clastic deposits resulting from collapses and floods. The cave has three 
levels: i) the lower level (phreatic) is accessible only by diving tech
niques, and comprises two explored siphons and several galleries with 
an active stream (Fig. 1c); ii) the middle level (epi-phreatic) is open to 
tourism but hydrologically active during floods. This level has two cave 
entrances: the main tourist entrance (E1, 975 m a.s.l.), and a 6 m deep 
sinkhole (E2) connecting the surface to the cave (Fig. 1c). Finally, iii) the 
upper level comprises the highest galleries with two more entrances: E3 
corresponding to a descending passage from the surface (1008 m a.s.l) 
and E4 (1017 m a.s.l) corresponding with an almost horizontal gallery.

The water in the LGSC flows through a small passage from the siphon 
1 to the Aragón River (Fig. 1b c), where a spring drains most water of the 
system, ~6 m above the riverbed (Fig. 1b). The spring is active 
throughout the year, but it dries up completely during extreme droughts. 
The middle cave level connects with the permanently flooded lower 
level by a ramp (− 15 m) ending in the siphon 1 (Fig. 1c). After rainfalls 
or during snowmelt, the water from the lower level ascends ~15 m 
reaching the middle touristic level that works as a trop-plein, forcing the 
cancellation of visiting tours. The water flows along this level and dis
appears through the west siphon, located close to the touristic entrance 
(Fig. 1c). The upper level is not anymore affected from the hydrological 
activity associated with floods, even though a narrow passage from the 
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end of an upper gallery communicates directly with the lower level 
(Fig. 1c). Although, the cave has been explored by several teams of 
cavers, the phreatic galleries are less known due to the difficulty 
involved in their exploration. The longest exploration was carried out in 
1991, when siphons 1 and 2 (Fig. 1c) were dived and it was located a 

third siphon that remains unexplored.
The exceptional rainfall in the headwaters of the Aragón River basin 

from the 19th to 21st October, 2012 (235 mm of rainfall at Canfranc) 
caused the complete flooding of the cave producing many damages in
side. The entire tourist path remained several days under water, 

Fig. 1. (a) Situation of the Collarada Massif in the Pyrenees and location of Las Güixas cave in the Aragon Valley. (b) The north-south cross section shows a 
projection of the cave with the location of the water level sensor and the position of the piezometer of the Villanúa borehole with respect to the Aragon River. (c) Plan 
and profile of the cave with the location of sensors and control points. Sensors T1-T4 (red dots) measure temperature and RH and CO2 air cave sensor (yellow dot) 
measure CO2 concentration at the Cathedral room. Control points indicate where manual measure was carried out for CO2 concentration (green dots numbered with 
A) and for drip rate (blue dot D-0). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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handrails, power lines and other facilities were destroyed and the 
touristic entrance acted as a trop-plein. A new spring appeared ~125m 
above the cave and several damages were caused in the surroundings. As 
a result, a flood alarm was installed in the cave to warn of dangerous 
water levels during rainy days.

3. Methods

LGSC was monitored between July 2017 and June 2022, including 
instrumental tracking of environmental and hydrological parameters 
together with manual measurements and sampling. Information on the 
number of people in the cave per day has been recovered from the 
Visitor Centre database.

3.1. Morphological data

Mapping based on the location and elevation of the main geomor
phological features (e.g. siphons, galleries, entrances) and monitoring 
sensors positioning, was conducted using a DistoX2 Leica (x310) 
modified with an electronic base plate to measure the direction and dip 
between selected points in the cave (Heeb, 2014). The data were pro
cessed using VisualTopo software (http://vtopo.free.fr).

3.2. Meteorological data

Air temperature and precipitation amount at 15-min intervals were 
obtained from a gauging station of the Ebro Water Administration 
(Confederación Hidrográfica del Ebro; CHE) in the village of Canfranc 
(4 km north of the cave, Fig. 1). Snow depth was obtained from the CHE 
station at Izas Valley (2086 m a.s.l.), 10 km north of the cave. A pluvi
ometer was installed near to the LGSC interpretation centre, where 
rainfall amount and rainfall temperature were measured manually after 
each event >1 mm (Giménez et al., 2021 and new data). A second 
pluviometer was installed at 2588 m in the Collarada Massif, to measure 
the amount of precipitation and temperature at higher elevation in the 
catchment. The theoretical amount of rainfall infiltration, is calculated 
as water excess by subtracting the potential evapotranspiration 
(Thornwaite, 1954) from the monthly precipitation sum.

3.3. Cave air monitoring

Cave air monitoring includes temperature, relative humidity (RH) 
and CO2 air concentration (Fig. 1c). Temperature and RH were recorded 
hourly by four HOBO U23-001 temperature sensors (red circles in 
Fig. 1c). Temperature was also recorded by pressure sensors that 
measured air and water temperature (PA and PW in Fig. 1c, respectively). 
The CO2 concentration was measured in the Cathedral room at 1-h in
terval (with sampling interval of 4 min) since January 2019, using a CO2 
transmitter HD37VBTV.1 (GHM Group) coupled to a U30-NRC HOBO 
station. In addition, monthly CO2 measurements were taken from 
September 2018 to January 2021 at 9 sites in the cave and outside the 
cave entrance (green circles in Fig. 1c) using a handheld CO2 instrument 
AZ-001. Cave air was sampled for δ13C isotopes at the same sites, from 
January 2020 to January 2021, using 5.9 ml glass bottles with septum 
caps (Labco Exetainer). Each vial was opened at the sampling site and 
drained with a 60 ml syringe, allowing cave air to enter the vial, which 
was then sealed with a double wadded cap. A total of 122 air samples 
were analysed for CO2 concentration and δ13C-CO2 (VPDB) using a 
Picarro G2101-i analyser with cavity ring-down spectroscopy (CRDS- 
WS) (Crosson, 2008).

3.4. Hydrological monitoring

At the Cathedral room, a drip was monitored at weekly intervals (D- 
0 in Fig. 1c), between July 2017 and June 2021, with manual mea
surement of the drip rate (drops/second) and measurement of the 

amount of water collected under the drip (ml/week). Water pressure 
sensors were installed in November 2017. Water level was recorded 
every 15 min by using HOBO U20L-02. Water level was calculated after 
correcting for the atmospheric pressure using a sensor located at the 
sinkhole (purple circle in Fig. 1c). These sensors also recorded temper
ature variations every 15 min. The alarm system installed in the ramp 
connecting the phreatic and the tourist level, comprises 3 buoys at 4.70 
m (lower level), 8.20 m (middle level) and at 14.50 m (higher level) 
from the pressure sensor (Pw in Fig. 2). An SMS with the exact time is 
automatically sent when the water reaches (or drops below) each buoy 
level (resolution up to the minute). All the warning messages sent since 
2015 were recovered. Water flow was calculated from salt measure
ments at different water levels. A total of 16 salinity measurements were 
made during 8 hydrological events that flooded the tourist gallery. 
Piezometric changes in the karst water table were evaluated in a bore
hole 270 m from the cave, at an elevation of 958 m a.s.l. The timing of 
the hydrological response of each flood event was characterized using 
the water level data recorded in the cave, the rainfall data from the 
Canfranc gauging station and the snow height data from the Izas snow 
gauge station. The time lag was calculated for each flood event, as the 
difference in time between the centre of gravity of the hyetogram (for 
rainfall or snow melt rate) and the peak flow, given by the maximum 
water level in the hydrograph.

4. Monitoring results

4.1. Cave atmosphere

4.1.1. Ventilation regime, air temperature and relative humidity
Air currents are easily perceptible in the cave where gallery narrows, 

such as at the main entrance, the passage to the Cathedral, and the stairs 
connecting the tourist zone with the upper galleries (Fig. 1c). In the 
innermost part of the upper gallery the air flow is imperceptible. Our 
field observations indicate a bidirectional air flow at the four entrances, 
which is more pronounced at the main entrance with an inward airflow 
speed of up to 1.6 m/s and an outward airflow speed of up to 2.4 m/s. 
The presence of four entrances, with a maximum height difference of 42 
m between the lower and the upper entrances, creates a chimney effect. 
When the outside temperature drops below that of the cave, the warm 
cave air rises towards the upper entrance, generating an upward airflow. 
Mass conservation implies that cold air is drown in at the lower en
trances, effectively cooling the lower galleries. When the outside air is 
warmer than the air inside the cave, a reverse air flow occurs. Buoyancy 
forces drain the cold and denser cave air to the lower entrance and hot 
air enters through the upper entrances, thus describing a downward 
airflow ventilation regime. Downward airflow takes place mostly in 
summer although it occurs throughout the all year. Upward airflow is 
observed on cold winter days. Winter days with high thermal oscillation 
show outward ventilation at central hours and inward ventilation at 
night. Otherwise, the occurrence of external wind in the cave has been 
observed, generating more intense and gusty air currents.

Seasonal temperature variations are observed throughout the cave, 
with higher values in summer and lower values in winter. Cave air 
temperature showed large thermal oscillations up to 13.8 ◦C for sensors 
T-1, T-2 and T-3, located in a well-ventilated area, with a mean tem
perature of 8.2 ◦C, 8.9 ◦C, and 10.2 ◦C respectively (Table 1). These 
sensors are highly influenced by external temperature variations. Sensor 
T-1, located near to the lower (main) entrance, records a higher vari
ability in winter, while sensor T-3, located in the upper gallery, corre
lates better with the external summer temperature (Fig. 2). Sensor T-2, 
located in an intermediate position, has the widest range, with values 
similar to T-3 in summer and values similar to T-1 in winter (Fig. 2). 
Sensor T4, located in the innermost part of the cave shows low thermal 
oscillations, (amplitude of 0.6 ◦C and a mean temperature of 10.8 ◦C). 
From the main entrance to the inner part of the cave, the temperature 
gradually increases from 8.2 ◦C to 10.9 ◦C (Table 2). During winter, 
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icicles form between the main entrance and the Cathedral indicating 
that the temperature occasionally drops below 0 ◦C, as recorded at 
sensor PA located at the sinkhole (minimum of − 7,01 ◦C on January 6, 

2021). The maximum temperatures were recorded between June and 
October (Table 1). In summer the highest temperature values are 
reached in the fossil galleries, near the upper entrances E3 and E4, as is 
shown at sensor T-3. The minimum temperature was reached during the 
Filomena Storm that took place between the 6th and January 10, 2021, 
except for sensor T-4 where minimum values were recorded in February 
2018 (Table 1). Small daily variations in the cave air temperature are 
shown at T-1, T-2 and T-3 (Table 1). At sensors T-1 and T-2 the daily 
variations are slightly higher in winter. Daily temperature variations at 
sensor T-3 are higher in summer, corresponding to the largest daily 
variations measured in the cave (Fig. 2). In contrast, the daily variations 
at sensor T-4 are barely noticeable, although variations of around 0.1 ◦C 
are shown in autumn. In detail, daily outside temperature variations are 
reflected at T-1, T-2 and T-3 with a small delay of 1–3 h in winter and a 
larger delay of 5–10 h in summer. An increase in the annual mean 

Fig. 2. Hourly records of air temperature and RH along the cave measured in sensors T-1, T-2, T-3 and T-4. The record of the outside temperature is shown with a 
grey line. Degrees of daily temperature variation is shown in the right-down axis for sensors T-1 to T-4.

Table 1 
Summary of the mean, maximum and minimum values of air temperatures recorded in the LGSC and outside during the five years of the monitoring survey (from July 
2017 to June 2022). Daily variation of temperature data for the same sensors and period is also indicated. These values are not shown for temperature of sensors PA and 
PW due to several interruptions in their recording, which makes it not possible to generate statistical values for the entire monitoring period. Temperature values of the 
outside air correspond with data recorded in Canfranc meteorological station.

Temperature (◦C) Daily variation of Temperature (◦C)

Sensor position Mean Maximum Maximum date Minimum Minimum date Mean Maximum Minimum

T-1 8.2 12.8 September 22, 2019 16:00 3.7 January 08, 2021 08:00 0.33 1.68 0.03
T-2 8.9 15.3 August 01, 2020 21:00 1.5 January 08, 2021 10:00 0.43 1.97 0.03
T-3 10. 2 16.9 August 05, 2018 22:00 4.3 January 08, 2021 10:00 0.80 2.85 0.05
T-4 10.8 11.4 October 04, 2021 07:00 9.4 February 27, 2018 14:30 0.02 0.25 0
Outside 11.1 37.1 June 28, 2019 16:00 − 9.6 January 06, 2021 08:15 10.8 21.8 1.5s

Table 2 
Mean Annual Temperature (MAT) for sensors T1 to T4 in the cave and outside.

Year MAT (◦C)

T-1 T-2 T-3 T-4 Outside

2018 8.2 8.7 10.2 10.3 10.6
2019 7.9 9.0 10.0 10.8 11.1
2020 8.7 9.5 10.4 11.1 11.2
2021 8.0 8.7 10.1 11.2 10.7
2022 8,6 9.2 10.8 11.3 12.4
Average 2018–2022 8.3 9.0 10.3 10.9 11.2
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temperature of 1◦ is recorded for sensor T-4 during the monitoring 
period (Table 2).

T-1 and T-2 show important drops in RH during autumn and winter. 
In the upper gallery, T-3 shows drops in RH mainly during summer, 
while in T-4 the RH remains constant and close to 100%. In the records 
of sensors T-1 and T-2, drops in the RH of the air are observed when the 
outside temperature decreases below the temperature inside the cave 
(Fig. 2), which is easily noticeable during sudden temperature drops.

4.1.2. Monthly CO2 concentration and δ13C-CO2 air cave data
The monthly CO2 concentrations measured manually at 10 sites 

along the cave (Fig. 1c) show important spatial differences. CO2 values 
at control points A-2 to A-4, located in the tourist zone, remain low 
during the whole year (mean 425 ppm), while there is an increasing 
trend in CO2 values towards the upper galleries (Fig. 3). The CO2 con
centration at A-5 and A-6, located at the beginning of the upper galleries, 
is slightly higher than the values of the tourist zone (mean about 450 
ppm). Finally, the CO2 concentrations at control points A-7 to A-10, 
located in the innermost part of the upper gallery, show higher values 
and great variability along the year (Fig. 3). A well reproduced seasonal 
pattern is observed in the CO2 concentration data at all control points 
although it is barely perceptible in the tourist area (Fig. 3). In winter, 

CO2 values remain low and homogenous throughout the cave (i.e. 416 
± 65 ppm). On the contrary, there is a general increase in CO2 con
centration during summer-autumn, particularly marked in the upper 
gallery. Summer CO2 values show an increasing trend from control point 
A-7 towards the end of the gallery, reaching values up to ~7600 ppm at 
A-10. While the higher CO2 values are only measured in the poorly 
ventilated areas of the cave, CO2 levels decrease throughout the cave in 
autumn, together with decreasing external temperature.

The δ13C-CO2 values in the cave air samples show similar spatio- 
temporal variations than the CO2 concentration, with depleted δ13C 
values when the CO2 concentration is high, as shown by the correlation 
in the Keeling model (Fig. 3b). The δ13C mean is − 12.1 ‰ (±2.9 ‰), 
while the minimum (− 21.4‰) and maximum (− 9.3‰) are measured in 
August (A-10) and January (A-4), respectively. The most depleted δ13C 
values are measured the innermost part of the cave during the summer, 
while the most enriched δ13C-CO2 values are measured in the tourist 
zone in winter (Fig. 3). The largest contrast in the δ13C-CO2 values be
tween the upper galleries and the middle galleries is observed in sum
mer, with a difference of 10.8‰ in September 2020.

4.1.3. Hourly CO2 concentration data
The hourly CO2-record in the Cathedral room (Fig. 1c) allows a 

Fig. 3. (a) Monthly CO2 concentration variation measured at the control points along the cave (A-2 to A-10) and outside (A-1). (b) Keeling plot (δ13C vs 1/CO2) over 
data of air samples analysis showing positive and high correlation coefficient (R2 = 0.98), with higher CO2 concentrations corresponding with isotopically depleted 
carbon and occurring during summer.
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detailed analysis of the temporal CO2 variation. The mean CO2 con
centration at this station was 427 ± 35 ppm with a daily variation of 
about 25 ppm, with higher values at night and lower values at noon 
(Fig. 4a). This daily variation is clearly observed during days without 
visits (e.g. during the lockdown), in the absence of anthropogenic CO2 
contributions. The anthropogenic signal occurs during the daytime, 
when natural CO2 levels are lowest, blurring the natural CO2 variation 
(Fig. 4a).

Groups of between 20 and 35 people visit the cave for 1 h in a usual 
regimen of two visits per day that take place at 12 noon and 6 p.m., 
increasing to four visits per day at weekends depending on demand. The 
visitors’ breathing quickly increases the cave pCO2 by ~100 ppm 
(Fig. 4c d) depending on the number of people, although these 

parameters are not always correlated. These peaks are generally reduced 
when the visitors leave the cave and the cave air pCO2 returns to the 
background level within 30 min to 2 h. Exceptionally, during high 
tourist seasons (e.g. Christmas, Easter and summer holidays), the num
ber of visits increases up to 6–8 visits per day for several consecutive 
days, resulting in a longer recovery time with levels returning to at
mospheric conditions overnight (Fig. 4b). There is no clear correlation 
between the recovery time and the number of visitors, suggesting that 
CO2 fluxes depend mainly on the ventilation rate, which is variable over 
time.

On an interannual scale, there is an apparent positive correlation 
between the number of visits and the variability of CO2 in summer and 
winter (Fig. 4c), with high CO2 levels in August, when the highest 

Fig. 4. (a) Detail-window shows daily variation of CO2 (black line) and temperature (red line) at the Cathedral room during three consecutive days without visits. 
About 25 ppm daily variation is clearly shown with maximum values at the middle of the night and minimum values at the beginning of the evening. CO2 increases 
due to visitors’ breathing are shown on 26th December. (b) CO2 concentration and number of visitors during Easter holidays 2018. The increase of visitors produces 
increases in CO2 that are maintained several hours without recovering the background values. Yellow shaded areas indicate upward airflow ventilation regime when 
external temperature descends over the cave temperature. (c) Hourly record of CO2 concentration measured at the Cathedral room, number of visitors in the cave per 
day and number of hours of flood in the tourist gallery of LGSC. (d) Variation of the CO2 concentration (black line) and water level (blue filled line) compared with 
the number of visitors in the cave during several days in December 2019. The dashed line indicates the level of water that causes flooding of the tourist part of the 
cave. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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number of visitors occurs, and low CO2 levels coinciding with the lower 
number of visitors in winter (e.g. winter 2021). However, this effect is 
not clearly evident during the 3-month period without visits due to the 
lockdown derived from the COVID-19 pandemic restrictions (Fig. 4c). 
Furthermore, a detailed analysis of the CO2 variation during a period of 
high affluence of visitor allows to identify lower recovery rates during 
the upward ventilation mode, when the external temperature drops over 
the cave temperature (Fig. 4b). As the visit is a round trip (entry and exit 
through entrance E1), visitors pass by the Cathedral CO2 sensor twice. 
Thus, with upward ventilation, the anthropic CO2 is effectively elimi
nated from the Cathedral room. Conversely, with downward airflow, the 
CO2 from visitors while they visit the rest of the cave, is led towards the 
Cathedral area, where a higher rate of CO2 can be observed throughout 
the visits time.

Large CO2 peaks observed in this record are not correlated with 
visits, but correspond in time to flooding in the tourist area. These 
sudden CO2 increases are caused by the degassing of water during the 
floods and correspond to the highest peaks in the CO2 concentration 
record, with a maximum value of 929 ppm (Fig. 4d). The CO2 values 
drop drastically as the water descends towards the siphon (Fig. 4d), 
affecting the cave atmosphere only during the flood duration. Anthro
pogenic CO2 emissions are much lower than those induced by flooding, 
and both are rapidly removed by the strong ventilation regime.

4.2. Cave hydrology

4.2.1. Cave water response to precipitation
Hydrological recharge is maximum between autumn and winter 

(Fig. 5a). In the high part of the massif (above 2000 m a.s.l.), infiltration 
in winter and spring is the sum of water excess and snow depth (Fig. 5a 
b.). In summer, water excess values are negative. The drip rate control 
point at the Cathedral room shows high values of discharge and high 
variability throughout the year (Fig. 5c), recording a maximum 
discharge of 806.4 ml/day. At the beginning of summer, this seepage 
shows discharges around 200–400 ml/day that decrease towards the end 
of summer when it dries out completely. This seasonal variation is 
directly related to the water excess (Fig. 5a c).

The record of the water level in the LGSC shows steady values that 
increase during short events of variable duration (a few hours to several 
days), correlating with high infiltration periods (Fig. 5a e). In spring, 
when the phreatic level is high, a rise in the water level can be caused by 
snowmelt. When the water rises ~15 m from the pressure sensor (PW in 
Fig. 2), it reaches the higher buoy and a flood alarm is triggered (red dots 
in Fig. 5e). Water exceeding this level (980 m a.s.l.) overflows through 
the tourist gallery. A total of 52 floods events occurred in the tourist 
gallery during the monitoring period. 34 floods occurred in spring 
(62%), 16 in autumn (29%), 4 in winter (7%) and one in summer (2%). 
The number of annual floods and their duration have decreased over the 
monitoring period (Fig. 5e). This decreasing trend is confirmed by the 
alarm messages recovered since 2015. The temperature of the phreatic 
water measured in the siphon varies along the year, with the lowest 

Fig. 5. (a) Water excess calculated as monthly amount of precipitation minus evapotranspiration and representing the amount of rainfall that infiltrates into the soil. 
(b) Snow depth at Izas station (2086 m a.s.l.). (c) Drip rate variation of drip D-0 at the Cathedral room. (d) Water temperature in the LGSC siphon area and rainfall 
temperature measured at the Interpretation Centre rain gauge in Villanúa. Rainfall temperature data are not scale, showing only higher and lower temperatures than 
cave water. (e) Water level recorded at the siphon area of the cave. The red line indicates the water level from which the tourist gallery starts flooding (height of the 
maximum level flood alarm). The red dots indicate the record of the maximum level flood alarm. (f) Piezometric level measured at Villanúa borehole, for the 
monitoring period. The vertical bars separate the different seasons (W: winter, Sp: spring, S: summer, A: autumn). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the Web version of this article.)
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values in summer and the highest in winter (Fig. 5d), within a range of 
2.8 ◦C (8.9 ◦C maximum; 6.1 ◦C minimum; 7.4 ◦C mean temperature). 
The water temperature is controlled by the precipitation temperature. 
Thus, there is a seasonal decrease in temperature that correlates with the 
spring snowmelt which causes the influx of cold water into the karst 
system (Fig. 5b d). From the end of spring to the beginning of the 
autumn, the rainfall temperature is higher than the phreatic water 
temperature and large amounts of rainfall increase the phreatic water 
temperature punctually, even during the cooling caused by the snow
melt infiltration (e.g. temperature increase in May 2018, Fig. 5d). On the 
contrary, meteoric precipitation during autumn, winter and part of 
spring, has lower temperature than the phreatic water and leads to a 
decrease in cave water temperature (Fig. 5d). At the beginning of winter, 
the increase in groundwater temperature continues despite cold pre
cipitation events (Fig. 5), as large amounts of snow accumulate on the 
surface without generating infiltration. The piezometric level at the CHE 
borehole shows clear seasonal variations in the range of 6 m (Fig. 5f). 
Low water levels (~952 m a.s.l.) occur during summer. In autumn, the 
piezometric level rises, while the longest period of karst water storage 
corresponds to winter and spring (~956 m a.s.l.). The record of the 
piezometric level shows a decreasing trend in the water head since 2009 
until today (Fig. S1; supplementary). Comparing the records of the 
piezometric level and the cave water level, a height of 956.75 m a.s.l. 
(− 1.25m from the surface) is observed in the borehole when the water 
floods the tourist gallery of LGSC, that is when the water reaches the 
level of 980 m a.s.l. in the cave. This reference level led us to compare 
the variation in the number of flood events in the LGSC since 2009 
(Fig. S1), and to observe a decrease in their frequency. On the other 
hand, the flow rates measured at the spring of LGSC during the summer 
draught range approximately between 10 and 100 l/s.

4.2.2. Identification and characteristics of floods in the cave
Table S2 lists 55 flood events during the monitoring period, char

acterized by duration, rate of water rise along the ramp from the siphon, 
maximum height reached by the water in the cave (peak flow), the 
estimated maximum flow rate in the tourist gallery, and the response 
time to the associated meteoric precipitation. The duration of the 
flooding in the tourist gallery is highly variable, ranging from less than 2 
h for event 26, caused by rain, up to 55 h for event 21, caused by 
snowmelt. The water rise through the siphon ramp is also highly vari
able, ranging from 1 to 29 cm/min. Low rates of rise are generally 
associated with the snowmelt while fast rises of the water level are 
usually related to high-intensity rainfall events. The fastest rises occur in 
autumn, when water level rises up to 29 cm/min were observed 
(October 2018). The flow rates measured in the tourist gallery range 
from 28 l/s at the beginning or at the end of the flood to 985 l/s close to 
the peak flood. The flow rates are linearly correlated with the water level 
measured at the siphon (R2 = 0.98): Q = 848.87*H-12435; where Q is 
the flow rate in the tourist gallery in l/s and H is the height of the water 
level in the cave in m. This allows the estimation of the maximum flow 
rate reached during the flood (Table S2).

The time lag for floods is also very variable; some examples of flood 
events are shown in Fig. 6, together with the corresponding rainfall/ 
snowmelt event. For those floods that are caused by rainfall events, the 
response time depends on the duration and intensity of each precipita
tion event. Therefore, we have analysed the water level rises caused by 
precipitation with a uniform spatial distribution on the massif and in the 
valley, where 15-min precipitation data are available. Short and isolated 
rainfall events have a time lag of 8 ± 1 h (e.g. event 43 in Fig. 6). For 
long rainfall events, even several days, the time lag is not easy to 
calculate because it is difficult to define the rainfall event causing the 
flooding situation (e.g. the rainfall at the beginning of event 29 in 
Fig. 6). In these cases, time lags of more than 10 h are expected. Once the 

Fig. 6. Hydrographs of some cave flooding during the monitoring period. 15-minutes rainfall amount data (blue bars) or 15-min snowmelt rate data (purple bars) are 
indicated. Note that they are represented with different scales for each event. See also Table S2 for the detailed characterization of every flood event. (For inter
pretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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water level is high and the cave is flooded, the time lags for subsequent 
rainfall are much shorter (e.g. events 45, 29 and 30 at Fig. 6). In the case 
of floods caused by snowmelt only, the time lags are longer and quite 
stable (12.5 ± 1 h) and depend on the outside air temperature (e.g. 
event 3 in Fig. 6). These time lags were calculated using the snowmelt 
recorded at the Izas station, as input to the karst system. When snowmelt 
and rainfall are mixed, a more detailed analysis is required to obtain 
time lags. Sometimes, several peaks are observed during the same flood 
event (e.g. event 17 in Fig. 6) and time lags are more variable and 
usually longer (e.g. events 20 and 21 in Fig. 6).

The amount of rainfall required to produce a flood is variable, with 
low values when the phreatic level is high, such as during the snowmelt 
(e.g. mixed precipitation regime events 8, 13, 15, 46, Table S1). For 
events caused only by rainfall, the highest frequency of flooding occurs 
for rainfall greater than ~20 mm. This rainfall amount may be lower for 
long rainfall-flood events.

The characteristics of the flood response related to hydrological 
recharge are illustrated in two general situations described in the sup
plementary material. In the first situation (Fig. S3), during the spring 
season of 2018, snowmelt and rainfall increase, while in the second 
situation, occurring in summer of 2019 (Fig. S4), there is a hydric deficit 
and rainfall shows a stormy behaviour. In summer, some increases in the 
cave water level do not correlate with precipitation data in either Can
franc or Villanúa, showing a correlation with rainfall in the Collarada 
high altitude zone (Fig. S5), where the main recharge of the karst system 
takes place. This situation shows the effect of rainfall distribution at 
different altitudes and illustrates the discrepancy between the local 
rainfall record at the cave site and the effective recharge observed in the 
hydrological catchment of the cave.

5. Discussion

5.1. Cave dynamics and CO2 sources

The cave is well ventilated as a consequence of the air currents taking 
place between the upper and lower entrances. Temperature differences 
between the external and internal air control the air density differences 
that induce a chimney effect and determine air renewal. Sensors T-1, T-2 
and T-3 record high thermal oscillations suggesting that temperature 
changes are mainly controlled by advection as a consequence of venti
lation processes. On the contrary, sensor T-4 in the innermost zone of the 
cave shows a relative thermal stability, indicating limited heat ex
changes due to limited circulation in absence of a direct connection with 
the outside. Daily temperature variations at T-3, which are pronounced 
in summer, suggest that T-3 is more influenced by entrance E4 
throughout the year under the downward ventilation regime that 
dominates in summer. Temperature at sensors T-1 and T-2 is most 
influenced by external temperature in winter, under upward ventilation 
regime (Fig. 2). However, since T-2 is more dependent on the external 
temperature in summer than T-1, and the daily temperature variation in 
winter is higher at T-2 than at T-1, we assume that temperature at T-2 is 
more influenced by airflows taking place through the entrance E3, under 
downward ventilation, even in winter, when both downward and up
ward airflows alternate. Therefore, the annual mean daily amplitude is 
higher at T-2 than at T-1 because it is more influenced by E3 for most of 
the year. Thus, the external temperature controls the ventilation regime 
in the cave. Otherwise, external daily temperature oscillations are re
flected inside the cave with a smaller delay in winter (1–3 h) compared 
to summer (5–10 h), indicating an effective cooling during upward 
ventilation. Relative humidity (RH) drops recorded at T-1 and T-2 
during autumn and winter are related to the entrance of cold and dry air 
into the cave, associated with the main entrance and the E2 entrance. 
The low RH recorded at T-3 in summer is probably due to the entry of 
warm external air through the upper entrances (E3 and E4). T-1 shows 
temperature values below the external mean for the most of the year 
(Fig. 2), due to the asymmetric air flow associated with the chimney 

effect, which creates a negative thermal anomaly at the lower entrance. 
Otherwise, T-1, T-2 and T-3 records show differences in annual varia
tion, with closer values during the autumn cooling period and more 
different values during the rest of the year (Fig. 2). The effective cooling 
of the upper galleries in autumn may be enhanced by thermal convec
tion, which facilitates the entry of cold, dense air through the descent 
passages from the lower entrances, by creating gravity flows. Cold air 
can also enter through the descent passage from entrance E3, facilitating 
the rapid cooling observed at sensor T-3 (Fig. 2).

The strong ventilation creates a continuous exchange of air with the 
outside, preventing the accumulation of CO2 in the tourist zone, as 
shown by the monthly data from A-2 to A-6 control points, with values 
similar to the external atmosphere. On the contrary, there is a trend to 
higher CO2 concentration towards the inmost zone of the cave, where 
there is no connection with the outside air atmosphere, barely notice
able in winter but much clearer in summer. The accumulation of warmer 
air in the highest galleries of the cave prevents ventilation in summer, 
when the outside temperatures are very high. When the outside tem
perature drops below the cave air temperature and induces an upward 
airflow, the upper galleries connect to the external atmosphere, allowing 
the removal of CO2 (e.g. decrease in CO2 levels at A-5 and A-6 control 
points in June 2020; Fig. 3a). A larger drop in temperature allows air 
renewal even in areas without connection to the outside (e.g. decrease in 
CO2 levels at stations A-8, A-9 and A-10 in September 2019 and 
September and October 2020; Fig. 3a). Theses air renewal events coin
cide with very small daily variations at T-4.

The ventilation dynamics described for LGSC corresponds to that 
defined by Faimon et al., (2012) for a two-entrance dynamic cave in the 
Moravian Karst, where three ventilation modes were distinguished: 
upward airflow, downward airflow and transitional mode when a 
switching between upward and downward airflow occurs. The results of 
this study identified the air circulation as changing the pattern of tem
perature distribution according to the ventilation mode and ventilation 
period, similar to what happens in LGSC. It also quantified the highest 
airflows under extreme external temperature conditions. The transi
tional mode was characterized by a stagnant ventilation period occur
ring when the annual external and cave temperatures are similar 
(Faimon et al., 2012). The four entrances in the LGSC induce different 
airflow directions in the different sections of the cave during the tran
sitional mode, resulting in a gradual change. The influence of outside 
wind on cave airflows has also been reported in other caves (Mattey 
et al., 2021). A continuous recording of the air flow at the four entrance 
passages of the LGSC would allow the dynamics of this transitional mode 
to be precisely defined as well as the wind incidence on the ventilation 
dynamics.

CO2 sources in the tourist gallery, associated with visitor’s breathing 
and water degassing during flooding were inferred from the hourly CO2, 
water level and number of visits records. However, these relationships 
do not exist for the non-ventilated galleries where the greatest variation 
in annual CO2 concentration occurs. The δ13C measured in CO2 has been 
used as a geochemical tool to identify the source of CO2 in caves 
(Gázquez et al., 2016; Mandić et al., 2013; Spötl et al., 2005). The 
δ13C-CO2 values measured in winter (January 2021), similar to those of 
the outside atmosphere, support the ventilation and homogenization 
processes explained above. In summer, δ13C-CO2 values are more 
negative at stations A-2 to A-6 (mean of − 12.5‰ in August 2020), 
similar to the external atmosphere, and more depleted values in the 
innermost A-8 to A-10 control points (up to − 21.4‰). These values are 
similar to the edaphic δ13C-CO2 values on a global scale, which range 
between − 26‰ and − 12.5‰, being more depleted when CO2 is derived 
from C3-type plants respiration (Breecker et al., 2012; Mattey et al., 
2021; O’Leary, 1981). The two-endmember Keeling plot (Fig. 3b) gives a 
value of − 22.1‰ in the cut with Y-axis, representing the δ13C-CO2 value 
of the soil end-member. Thus, since the boxwood forest developed in the 
soil overlying the LGSC, it is expected that depleted δ13C values were 
supplied by edaphic CO2 when drip water degassing occurred in the 
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cave. Many studies propose drip water degassing as a process that pro
duces an important CO2 contribution into caves (Li et al., 2024; Mandić 
et al., 2013; Mattey et al., 2016, 2021). The depleted δ13C values shown 
in the innermost areas during summer are consistent with a spring 
seepage recharge, which may input CO2 that gradually degasses in this 
area, where there is no ventilation. Similar results have been found in 
other shallow caves (Li et al., 2024) where seasonal signal in cave air 
δ13C and CO2 concentration results from the interplay between soil 
dynamics and cold-season ventilation. In addition, the presence of bats 
in the upper galleries throughout the year may introduce alternative 
biogenic CO2 sources (Holcomb, 2016). Otherwise, the contribution of 
CO2 water degassing from the active stream at the lower level, through 
the narrow eastern connection (Fig. 1c), should not be ruled out. A more 
comprehensive analysis of δ13C from these potential sources would be 
required to determine their effective contribution to the CO2 flux.

The environmental monitoring of LGSC contributes to our knowl
edge of the cave ventilation which is controlled by external temperature 
and affects mean cave temperatures, cave CO2 fluxes, and thus, the drip 
water geochemistry (Mattey et al., 2021). Consequently, this study also 
provides knowledge about the impact of climate on cave processes such 
as speleothem growth, which will be essential for future paleoclimatic 
studies based on speleothems.

5.2. Karst response to meteoric precipitation

The correlation between the drip rate variability and the infiltration 
in the karst system (Fig. 5a c) shows a rapid response of the seepage to 
precipitation. The decrease in drip water towards the end of the summer 
season is attributed to a lower water saturation of the epikarst, together 
with a high evapotranspiration that inhibits its recharge during rain 
events. In autumn, as the outside temperature decreases and rainfall 
becomes more effective, the epikarst recharges, thus increasing drip 
rates in the cave during autumn and winter. Snowfall produces a slow 
infiltration that is reflected in the cave with higher drip rates over 
several days. The water level rises sharply, indicating a rapid response to 
precipitation and reflecting a concentrated recharge associated with a 
well-developed cave system (Jakucs, 1959; Worthington, 1994). During 
floods, the time lag, the speed of water rise along the siphon ramp and 
the flood magnitude are highly variable and depend not only on the 
amount of water stored but also on the type of precipitation. The spatial 
distribution of the meteoric precipitation, the duration of the rainfall 
event and the intensity of the precipitation as well as its distribution 
during the event determine the response of the water level in the cave 
(Fig. 6). The response time of the water level to the precipitation event 
varies between 6 and 22 h, although most rises react within ~8 h. After 
several days of rain or snowmelt, with high water levels in the system, 
response times can be much shorter.

The amount of precipitation required to reach the flood stage and the 
frequency of floods vary throughout the year. Consequently, the water 
level in the cave rises more frequently in spring and in autumn (Fig. 5e) 
when the rainiest periods occur. In winter, rainfall is usually evenly 
distributed, with similar values at high altitudes and in the valley, but 
snowfall dominates at high altitudes, limiting groundwater recharge. 
Accordingly, the observed water levels remain low during this period 
and floods reach the tourist gallery only with occasional rainfall. How
ever, towards the end of winter when rainfall increases, the water 
retained in the karst system increases and the water reaches the tourist 
area more easily, even with small amounts of precipitation. Generally 
higher water levels are observed in spring, when the water from snow
melt is added to the rainfall. Moreover, daily water level fluctuations are 
observed without precipitation events only in relation with snowmelt 
(Table S2 and Fig. S3), reaching their maximum at night. During the 
summer, a background level is maintained with little water retained in 
the system and, only events characterized by a high amount of precip
itation are able to raise the cave water level sufficiently to flood the 
tourist gallery. In addition, convective rainfall events, which occur 

mainly in summer, determine an irregular distribution of rainfall, 
concentrating large amounts of rainwater in small areas challenging the 
monitoring of the effective hydrological recharge. Therefore, the spatial 
character of summer storms is a very important factor to consider when 
evaluating the response of the cave water levels to rainfall.

During floods, the water level measured in the siphon correlates 
linearly with the flow rates measured in the overflowing stream. An 
increase in the phreatic level results in an increase in the volume of 
water overflowing through the tourist gallery. The variations in the 
water level are very small compared to the flow variations in the in
termediate gallery, allowing large volumes of water to be evacuated 
easily.

6. Application of the monitoring study to the management of 
LGSC

The management of show caves, supported by environmental 
monitoring, allows measures to be taken to minimize human impact on 
the cave and increase visitor safety. In addition, guided visits offer an 
added value to the tourist product and support cave preservation by 
raising awareness of the fragility of the underground environment and 
encouraging its conservation. Meanwhile, the guide controls the 
behaviour of people in the cave, avoiding sources of dirt, breakage of 
speleothems, erosion of paths and other actions with irreversible nega
tive effects on the cave. The scientific knowledge gained from the 
monitoring should be incorporated into the information provided to 
visitors in order to improve the quality of their visit. Furthermore, in 
caves with risk of flooding, the guide is the most important person to 
manage the safety of the visitors in the event of flooding. The final effect 
of this type of management is to reduce economic losses and increase the 
overall benefits.

6.1. Visitors impact on the cave and their management

Visitors don’t seem to impact the air temperature in the LGSC. There 
is no direct relationship between the number of people entering the cave 
and the increase in temperature. However, this cause-effect relationship 
is difficult to evaluate because the number of people entering the cave 
varies in phase with the natural temperature changes, both on a daily 
and seasonal basis. Visits to the cave take place between 11:00 a.m. and 
7:00 p.m., when the outside temperatures are at their highest. Similarly, 
the highest temperatures also occur in summer, when the number of 
visits and visitors multiplies by four. On the other hand, there are no 
variations in RH due to visits. Thus, it is possible to rule out the effects of 
the present tourist activity on the temperature and RH of the cave air 
and a potential impact on the cave ecosystem. Visitors breathing in
creases the CO2 concentration levels but without a strong impact on the 
cave, because the ventilation is the main factor controlling the envi
ronmental conditions inside the cave galleries. In this way, the CO2 re
covery time is primarily controlled by the ventilation rates. In this 
respect, a larger number of people per visit would have a similar effect, 
even a smaller effect under upward ventilation. On the other hand, 
opening the upper galleries to tourism, including the non-ventilated 
areas, could expose visitors to high gas concentrations in summer. 
Furthermore, the impact of tourism in these areas could have negative 
effects on the cave environment.

6.2. Flood risk management

Flooding poses the greatest challenge to the proper management of 
the visits, especially during the spring and autumn months. The flood 
warning system is activated when the water reaches certain critical 
levels and remains active until water drops below the alarm sensor level. 
Currently, when the lower warning is activated, visits are immediately 
cancelled to avoid any risk to people. The cave remains closed to the 
public while the alarm is active, even if the water level falls back 
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towards the siphon area. This exemplifies a responsible management of 
the cave with safety as a priority, which increases the confidence and 
security of the visitors. In the case of a sudden rise in the water level 
during a cave tour, the alarm system inside the cave warns of the level 
reached by flashing lights. The guides are trained to evacuate people 
outside the cave in about 3 min, using either the main entrance or one of 
the upper entrances, depending on their location.

The training of managers and guides in the hydrodynamics of the 
cave system is essential to anticipate flooding. The results of monitoring 
contribute to enhance the guide’s education and to reduce the un
certainties of the flood prediction. This facilitates the organization of 
visits and special events in the cave, improves the booking service 
during periods of high water and keeps the cave open for visitors, in 
particular when the water level is lowering. Knowing the hydrological 
response time is an important tool to anticipate the closure of the cave 
and organize visiting times. The amount of precipitation necessary to 
produce a flood is variable, depending on the amount of water stored in 
the system. However, the monitoring of the phreatic levels together with 
live data of precipitation amounts, allow predicting a flood at least 7 h in 
advance when the rainfall exceeds ~20 mm. Still, if rainfall persists, the 
rain amount needed for flooding may be smaller and the response times 
shorter. Conversely, during snowmelt, any amount of rain has the po
tential to produce a flood, with variable time lags. In addition, night 
floods caused only by snowmelt are expected during the period of 
snowmelt when minimum temperatures in the high mountain are above 
0 ◦C. On the other hand, the irregular distribution of precipitation 
complicates flood prediction when events are caused by rainfall in the 
high mountain area. Incorporating a remote monitoring of precipitation 
with rain gauges in the catchment would allow flood risks to be accu
rately identified during storms in this area.

6.3. Economic management

The flooding of the tourist zone forces the cancellation of visits, 
generating economic losses for the company managing the LGSC. Short- 
term flood forces to close the cave only for a short period of time (one or 
two days) and, consequently, visits can be rescheduled, in most cases 
with minimal cancellations. However, these short floods produce greater 
losses when they coincide with high-occupancy periods during the 
Spanish vacations, including seasonal holidays in spring and autumn. An 
example of this occurred at beginning of November 2021 (All Saints’ 
Day), when several special cave visits (more expensive) were cancelled 
because the cave remained flooded for three days, causing major eco
nomic losses. Spring is the season when a large number of school
children visit the cave every weekday, but it is also one of the seasons 
with a higher risk of flooding. The highest number of days with the cave 
closed occurred in the spring of 2018 (Fig. S3). The continuous tem
perature variations triggered and stopped snowmelt throughout the 
spring, and the high rainfall observed at the end of the season, 
contributed to extend high water levels and caused recurrent flooding 
along the season (Fig. S4). The water flowed through the cave for 34 
days and flood alarms remained active for a total of 45 days. This situ
ation forced to close the cave for almost the entire school season. The 
management actions carried out in this situation, focused on minimize 
economic losses, consisted in directing the visits to the interpretation 
centre with the resources available and supporting the visits with the 
explanations of the guides. The economic losses due to cancellations 
caused by floods ranged between 1% and 5% of the total annual income. 
Present knowledge based on the monitoring could reduce the duration of 
lockdown in spring, thus reducing economic losses (e.g. considering that 
floods caused only by snowmelt affect the cave during the night). When 
the cave is flooded, the visit could be replaced by a view of the torrent of 
water in the cave from the main entrance, adapting a barrage to the 
current fence to prevent people from passing but allow safe observation 
of the spectacle, even using entrance E3 to access the Cathedral zone. 
This activity can be used to spread awareness of flooding, integrating the 

knowledge gained from monitoring the cave.
Tourist activity remains exposed to the occurrence of great magni

tude floods with a low recurrence (extraordinary events), such as the 
exceptional event of October 2012. Extreme precipitation events can 
produce damages to the cave facilities leading to large economic losses 
and even human risks, if a sudden water rise takes place during a visit. 
The economic losses due to such extraordinary event are significant (e.g. 
the material investments in LGSC after the extreme flood event in 2012 
accounted for almost the 100% of that year’s profits). Under the current 
global warming and the projected increase in extreme hydrological 
events in Europe (IPCC, 2021), the management of the cave is complex 
in terms of coping with the magnitude and intensity of future flood 
events. For example, while precipitation in the Pyrenees is predicted to 
decrease (López-Moreno et al., 2008), the number of flash-floods is ex
pected to increase (Llasat, 2021). However, recent studies point to the 
importance of other variables, such as changes in the seasonality of 
rainfall and/or soil moisture prior to rainfall events (Tramblay et al., 
2023), as important facts to consider when analysing the long-term 
evolution of flood hazards. A tendency towards fewer rainfall events 
in the Pyrenees is already observed through the analysis of meteoro
logical stations (Pérez-Zanón et al., 2017), a trend also detected during 
the monitoring period in the LGSC. In such a situation, the losses caused 
by floods in the LGSC are reduced and almost disappear in 2022, coin
ciding with the low snow accumulation in the mountains (OPCC-CTP, 
2018). Thus, the climate change would induce a new situation with, 
potentially, a decrease in the annual flood rate along the cave. Still, it is 
important to monitor rainfall and flooding in the LGSC to determine 
whether minimal changes in other factors (e.g. rainfall seasonality, in
crease of extreme events) may lead to an increase in the occurrence of 
extreme flooding in LGSC in the coming years. In addition, future studies 
focusing on the hydrology, including hydraulic models (e.g. Bartolomé 
et al., 2024; Jeannin, 2001; Vuilleumier et al., 2019), will help to un
derstand the dynamics of flooding. Thus, future research will help to 
anticipate flood hazards and risk management actions during the rainfall 
season, improving the safety of the visitors and additionally, avoiding 
economic losses as much as possible.

7. Conclusion

The monitoring of the Las Güixas show cave provides insights into 
the environmental and hydrological dynamics, which is useful for cave 
management. The main results of this work are related to the natural 
regulation of environmental processes in the tourist area, pointing to the 
strong ventilation due to the cave morphology and entrances at four 
different elevations as the main factor controlling the cave dynamics. 
The high thermal oscillation (up to 13.8 ◦C) measured in most parts of 
the cave is controlled by outside temperature variation through air 
advection. A non-ventilated area of the cave shows stable hygrothermal 
characteristics and higher summer values of CO2 concentration. In the 
tourist zone, increases in the CO2 concentration up to ~929 ppm are 
caused by water degassing during floods and inputs around 100 ppm are 
due to visitors. Both are rapidly removed due to the strong ventilation 
regime, recovering background values of ~425 ppm in 1 h approxi
mately. The response of the seepage and the increase of water level in
side the cave are both related to the amount of water recharged and 
stored in the karst system, which varies seasonally. The snow cover 
evolution in the catchment controls the aquifer budget and cave floods. 
The analysis of hydrographs during the flooding of the cave indicates a 
response time of about 8–12 h to the rainfall/snowmelt event. When the 
water stored in the karst system is high, mainly in spring, small rainfall 
(less than 20 mm) may trigger a rapid flood of the cave with a short time 
lag (less than 8 h). The irregular distribution of rainfall, which occurs 
mainly in summer, must be considered to forecast cave floods. Hydro
logical measurements are crucial for understanding flooding dynamics 
and assessing flood risks in tourist caves, particularly in epiphreatic 
zones. Ordinary floods have decreased in the current context of climate 
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change, due to reduced precipitation and changes in precipitation 
modes. However, extreme floods pose significant economic risks and 
their occurrence is a concern for the future.
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Reyes Giménez: Writing – original draft, Investigation, Funding 
acquisition, Formal analysis, Data curation, Conceptualization. Ana 
Moreno: Writing – review & editing, Supervision, Funding acquisition, 
Conceptualization. Marc Luetscher: Writing – review & editing, 
Conceptualization. Lope Ezquerro: Writing – review & editing, Inves
tigation. Antonio Delgado-Huertas: Resources. Gerardo Benito: 
Writing – review & editing. Miguel Bartolomé: Writing – review & 
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Faimon, J., Troppová, D., Baldík, V., Novotný, R., 2012. Air circulation and its impact on 
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Fernández-Cortés, A., Calaforra, J.M., Jiménez-Espinosa, R., Sánchez-Martos, F., 2006. 
Geostatistical spatiotemporal analysis of air temperature as an aid to delineating 
thermal stability zones in a potential show cave: implications for environmental 
management. J. Environ. Manag. 81, 371–383. https://doi.org/10.1016/j. 
jenvman.2005.11.011.

Fernandez-Cortes, A., Cuezva, S., Sanchez-Moral, S., Cañaveras, J., Porca, E., Jurado, V., 
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