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Abstract

The touristic use of caves causes multiple environmental alterations to the subterranean ecosystem, hav-
ing potential effects on all components, from the atmosphere to lithosphere, hydrosphere, and biosphere.
Setting a baseline on the current knowledge of the ecological status of world show caves is pivotal to
implement monitoring and management programs aiming at their conservation. However, information
on this topic is scattered throughout several publications, making it difficult to access data and ultimately
delaying advances towards a sustainable touristic use of show caves. We provide a literature-based dataset
relative to the knowledge on the ecological status of 265 show caves worldwide. Data were collated from
289 papers selected through a systematic literature survey of an initial set of more than 1,000 scientific
papers. We made the compiled information available through two complementary datasets, reporting:
(i) references of the selected papers and (ii) 44 fields relative to the main characteristics of show caves
investigated in literature. These fields encompass information about geographic locations, cave general
characteristics, natural heritage, and the specific environmental components—and related environmental
parameters—investigated in each of the considered study. Such a dataset improves our accessibility to the
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basic information provided by literature on the ecological status of show caves, also pointing out some
literature gaps that should be addressed by future research. By making these data freely available and re-us-
able, we hope to stimulate research in the field of cave tourism, cave conservation, and cave-based ecology.

Keywords
Cave heritage, environmental components, environmental parameters, subterranean ecosystems,
systematic search

Introduction

Cave ecosystems are nutrient-deprived environments characterized by the absence of
light, spatial confinement, climatic stability, and low biodiversity (Culver and Pipan
2019). Given such peculiar environmental conditions, caves are extremely susceptible
to both natural and anthropogenic disturbance and subjected to multiple environmen-
tal pressures (Mammola et al. 2019). Among other threats, disturbance posed by cave
tourism is gaining international attention in show cave managements (Cigna 2016) as
well as remarkable traction in scientific literature (Mammola 2019). The use of caves
by humans has long been central in history. If in the past we mostly used caves as
shelters, places for rituals, or food storage (Mulec 2014), in later centuries several caves
have been converted into touristic attractions—the so-called “show caves” defined as
“any cavity where a fee is paid to gain access and visit it” (Cigna and Forti 2013). In
show caves, paying visitors experience the natural beauty of caves via constructed trails,
guided tours, artificial lighting systems, and regular opening hours (Cigna and Burri
2000). These infrastructural and environmental alterations, along with the presence of
visitors themselves, threaten the integrity of the cave ecosystem across all its environ-
mental components—i.e. atmosphere, lithosphere, hydrosphere, and biosphere.

For example, the presence of visitors may have direct impacts on the cave temperature
(both in the air and in the water; Sebela and Turk 2014). Temperature increases cause
“thermal waves” when caves are visited by high numbers of people which can persist even
on subsequent days (Dominguez-Villar et al. 2010). These perturbations to the subterra-
nean microclimate, together with the associated increase of CO, air concentration caused
by tourists’ breath, may enhance carbonate dissolution, damaging geological formations,
i.e. speleothems (Sanchez-Moral et al. 1999; Martin-Garcia et al. 2010, 2011).

Moreover, tourists visiting the cave carry dust pollutants and propagules of micro-
organisms through their clothes and hands, which can be found on speleothems (e.g.
Saiz-Jimenez et al. 2012; Iliev et al. 2018), in the water (e.g. Ando and Murakami
2020; Moldovan et al. 2020), in the air (e.g. Porca et al. 2011; Martin-Sanchez et al.
2014), and in the sediments on the ground (e.g. Mammola et al. 2017; Kukla et al.
2018). Another human-driven pressure that may enhance the growth of alien micro-
organisms in show caves is the presence of high input of organic matter in both the
sediments (Marques et al. 2016, 2017) and in the water (Jiménez-Sdnchez et al. 2008).
In parallel, the presence of artificial lighting often drives massive growths of photo-
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synthetic microorganisms, such as cyanobacteria, diatoms, and green algae (Falasco
et al. 2015; Piano et al. 2015, 2021), but also bryophytes, ferns, and vascular plants
(Castello 2014). All these organisms constitute the so-called ‘lampenflora’ (Mulec et
al. 2008), causing aesthetic damage due to the formation of extensive patinas on spe-
leothems and paleo-archacological heritage (Saiz-Jimenez et al. 2012). Furthermore,
the environmental instability generated by tourists (e.g. increasing temperature, high
organic matter inputs, trampling) and artificial lights may negatively affect the subter-
ranean invertebrate fauna (Isaia et al. 2011; Pellegrini and Ferreira 2012, 2016; Alonso
et al. 2019; but see Faille et al. 2014; Nicolosi et al. 2021), but also bats reproducing
or overwintering in caves, which may be disturbed by both visitors’ noise and artificial
lighting (Mann et al. 2002; Cardiff et al. 2012; Ivanova 2017).

The sustainable touristic use of show caves represents an emerging topic in the
frame of the conservation of subterranean ecosystems—also in light of the Sustainabil-
ity Goals proposed by the United Nations (UN 2015). A publicly available systematic
collection of the natural heritage of show caves worldwide and information about the
status of the different environment components, i.e. atmosphere, lithosphere, hydro-
sphere and biosphere, in show caves is therefore necessary to set a base for the im-
plementation of scientifically sound environmental monitoring programs. This could
facilitate cave managers to measure the impact of tourism in show caves.

To mitigate this knowledge gap, we here provide a data paper based on systematic
research in which we describe a database that builds on scientific and peer-reviewed
literature. Our aims are: i) to quantify available information on the ecological status
of show caves worldwide; and ii) to identify knowledge gaps in the study of ecological
impacts in show caves globally. Our database includes a georeferenced set of show caves
where researchers have evaluated variations of a certain environmental indicator used to
monitor the impact of tourism and its related activities on the subterranean ecosystem.
For each show cave, we provide information on the main cave’s characteristics, including
its natural heritage, and the environmental components investigated therein. This da-
tabase could, therefore, represent a basis to evaluate, support, and promote the study of
the impacts caused by tourism on these fragile ecosystems in light of their conservation.

Methods

Data search

We conducted a systematic literature search of studies investigating show caves using
the Web of Science (Clarivate analytics) Core Collection database over all citation in-
dices except chemical, all document types, all years, and all languages (initial database
query 27 May 2020, final database query 07 July 2022). Different search terms were
initially trialed in a scoping exercise to refine the procedure by running searches and
considering the relevance of the first 100 references. Our final research query was based
on the following combination of search terms: ("show cave*") OR (tour* AND cave*)
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OR (visitor® AND cave*) OR (cave* AND "public access"). This resulted in a total
of 1187 potential publications, whose titles and abstracts were initially screened to
remove clearly inappropriate references. We included studies that: (i) investigated the
state of cave ecosystem components potentially impacted by tourism and related activi-
ties; (ii) investigated the impact of tourism and related activities on the cave ecosystem;
and (iii) investigated the effect of management practices in show caves (see Fig. 1).

Data compilation

After screening, we retained 289 relevant papers and, for each of them, we extracted
information about: i) how many caves were included in the study; and ii) which en-
vironmental component was considered, i.e. biosphere, atmosphere, lithosphere and
hydrosphere. For each environmental component, we identified all environmental
parameters that have been evaluated therein: i) invertebrates, bats, other vertebrates,
fungi, prokaryotes, and ‘lampenflora’ for the biosphere; ii) microclimate, and the con-
centration of carbon dioxide (CO,), particulate, and radon for the atmosphere; iii)
physical and chemical composition of sediments and crystalline structure of speleo-
thems and paleo-archaeological findings for the lithosphere; and iv) water geochemis-
try, water level, and water quality for the hydrosphere.

For each examined show cave, we used Google Earth to obtain: i) the geographical
coordinates of the cave entrance projected to the WGS84 latitude and longitude system;
ii) the elevation of the cave entrance; and iii) the country where the show cave is locat-
ed. We also assigned each show cave to one out of seven biogeographic regions: Western
Palearctic, Eastern Palearctic, Nearctic, Afrotropical, Neotropical, Indo-Malaysian, and
Australasian. We also retrieved information on: i) the environmental component(s)
that has/have been evaluated in literature within the show cave; ii) which parameter(s)
has/have been evaluated in literature within the show cave; iii) the cave extension (usu-
ally corresponding to the total planimetric development); iv) the length of the tourist
path; v) presence/absence of any formal accreditation referring to their cultural and/or
natural heritage, e.g. inclusion of a protected area, UNESCO World Heritage list, etc;
vi) the presence/absence and type of artificial lights; vii) the year of the cave opening to
the public; viii) the duration of the opening period during the year; and ix) the num-
ber of maximum opening hours during one day. We then recorded whether the cave
hosts: i) geological; ii) archaeological; iii) paleontological; iv) biological; or v) cultural
heritage. When data were not available in the analyzed papers, we retrieved available
information from the websites of the International Show Caves Association (https://
www.i-s-c-a.org) and Show Caves of the World (https://www.showcaves.com).

Data description

Information obtained from this research is presented as an Excel file (Suppl. material
1) deposited in the open repository Figshare (DOI: 10.6084/m9.figshare.18320363)
including two sheets. The Sheet labelled “Papers” includes the list of papers retrieved
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Figure |. PRISMA diagram of the systematic literature search.

with this systematic search, while the sheet labelled “Caves” is a dataset including the
list of show caves examined in the papers and related information.

The sheet “Papers” is an Excel table of 289 rows, each one corresponding to a pa-
per, and two columns containing the following fields:

ID: a unique identification progressive number provided to each reference.
Citation: APA citation for each paper.

The sheet “Caves” is a database composed of 265 rows, each one corresponding to
one of the examined show caves, and 44 columns belonging to the following groups of
fields: ‘geographic data, cave characteristics, natural heritage, environmental compo-
nents, environmental parameters, and summary statistics’.

The group of ‘geographical data’ includes the following fields:

Name: the name of the show cave.

Latitude: latitude of the show cave in the WGS84 system (EPSG: 4326) expressed in
decimal degrees (°).

Longitude: longitude of the show cave in the WGS84 system (EPSG: 4326) expressed
in decimal degrees (°).

Elevation (m): altitude of the show cave expressed as meters a.s.l.
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The group of ‘cave characteristics” includes the following fields:

Cave extension (m) : a binary variable that distinguish caves extending for less than 1
km (< 1000) and caves extending for more than 1 km (> 1000); NS is used when
no information is provided in literature or on the web.

Tourist path: a Boolean variable (yes/no) indicating whether a tourist path is present
in the cave; NS is used when no information is provided in literature or on the web.

Tourist path length (m): a binary variable that distinguishes tourist paths extend-
ing for less than 1 km (< 1000) and tourist paths extending for more than 1 km
(> 1000); NS is used when no information is provided in literature or on the web.

Tourist flux (visitors/year) : a categorical variable that distinguishes caves based on
their tourist flux (< 1000 visitors/year = “very low”; 1000 < visitors/year < 10000
= “low”; 10000 < visitors/year < 50000 = “intermediate”; 50000 < visitors/year
< 100000 = “high”; > 100000 = “very high”); NS is used when no information is
provided in literature or on the web.

Light presence: a Boolean variable (yes/no) indicating whether an artificial lighting
system is present in the cave; NS is used when no information is provided in lit-
erature or on the web.

Light type : a categorical variable reporting the type of lights installed within the cave (in-
candescent lamps, mercury lamps, carbide lamps, colored lights, fluorescent lamps,
and LED; flashlights are indicated for show caves where there is not an artificial light-
ing system); NS is used when no information is provided in literature or on the web.

Opening year : a categorical variable indicating the historical period during which
the cave was opened to the public (before 1900; 1900-1950; 1950-2000; 2000—
2021); NS is used when no information is provided in literature or on the web.

Opening period : a binary variable indicating whether the cave is opened for less than
6 months per year (< 6 months) or for more than 6 months per year (> 6 months);
NS is used when no information is provided in literature or on the web.

Opening time : a binary variable indicating a range of hours during which the cave is
opened to the public per day (< 4 hours; > 4 hours); NS is used when no informa-
tion is provided in literature or on the web.

Conservation : a Boolean variable (yes/no) indicating the presence or absence of any
formal accreditation referring to cultural and/or natural heritage of the show cave,
e.g. the inclusion of a protected area, UNESCO World Heritage list, etc; NS is

used when no information is provided in literature or on the web.
The group of ‘natural heritage’ includes the following fields:

Geological heritage: a Boolean variable (yes/no) indicating whether specific informa-
tion about the geological heritage —here intended as the presence of speleothems

* Fields converted into categorical variables to: i) allow researchers to differentially visualize show caves based

on these parameters; and ii) to keep into account the error generated by the fact that the absolute value can be
referred to different years, ranging from 2000 to 2022. Thresholds used to generate the categories are arbitrary.
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or geological formations that represent an attraction for tourists— of the show
cave is made available in the surveyed literature; NS is used when no specific infor-
mation could be retrieved.

Archaeological heritage: a Boolean variable (yes/no) indicating whether specific in-
formation about the archaeological heritage —here intended as the presence of
archaeological remains that represent an attraction for tourists— of the show cave
is made available in the surveyed literature; NS is used when no specific informa-
tion could be retrieved.

Paleontological heritage: a Boolean variable (yes/no) indicating whether specific in-
formation about the paleontological heritage —here intended as the presence of
paleontological remains that represent an attraction for tourists— of the show cave
is made available in the surveyed literature; NS is used when no specific informa-
tion could be retrieved.

Biological heritage: a Boolean variable (yes/no) indicating whether specific information
about the biological heritage —here intended as the presence of living organisms that
represent an attraction for tourists (e.g. Proteus anguinus, Speleomantes species, large
bat colonies, bioluminescent glowworms...)— of the show cave is made available in
the surveyed literature; NS is used when no specific information could be retrieved.

Cultural heritage: a Boolean variable (yes/no) indicating whether specific informa-
tion about the cultural heritage —here intended as the presence of cultural values
related to the cave that attract tourists— of the show cave is made available in the
surveyed literature; NS is used when no specific information could be retrieved.

The group of ‘environmental components’ includes the following fields:

Atmosphere: number of papers examining the atmosphere —here intended as the gas
composition and climatic variations— in the show cave.

Lithosphere: number of papers examining the lithosphere —here intended as the
bedrock and sediments within the cave— in the show cave.

Hydrosphere: number of papers examining the hydrosphere —here intended as the
groundwater and condensation water— in the show cave.

Biosphere: number of papers examining the biosphere —here intended as all the
organisms living in the cave— in the show cave.

The group of ‘environmental parameters’ includes the following fields:

Microclimate: number of papers examining the microclimate in the show cave.

Carbon dioxide: number of papers examining the carbon dioxide concentration in
the show cave.

Radon: number of papers examining the radon concentration in the show cave.

Particulate: number of papers examining the air particulate concentration in the
show cave.

Speleothems: number of papers examining the crystalline structure of the speleothems
in the show cave.
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Paleo-archaeological findings: number of papers examining the crystalline structure
of the paleo-archaeological findings in the show cave.

Water quality: number of papers examining the water quality parameters in the
show cave.

Water geochemistry: number of papers examining the water geochemistry in the
show cave.

Water level: number of papers examining variations in the water levels in the show cave.

Invertebrates: number of papers examining the invertebrates in the show cave.

Bats: number of papers examining bats in the show cave.

Fungi: number of papers examining fungi in the show cave.

Prokaryotes: number of papers examining prokaryotes in the show cave.

Lampenflora: number of papers examining the ‘lampenflora’ in the show cave.

The group of ‘summary statistics’ includes the following fields:

N_components: number of environmental components (atmosphere, lithosphere, hy-
drosphere, and biosphere) evaluated in the show cave across the examined literature.

N_parameters: number of environmental parameters (invertebrates, bats, other verte-
brates, fungi, bacteria, ‘lampenflora’, microclimate, carbon dioxide concentration,
air particulate concentration, radon content, status of speleothems, status of paleo-
archaeological findings, and water quality) evaluated in the show cave across the
examined literature.

N_papers: number of the papers in which the cave was studied.

PapersID: list of IDs obtained to Suppl. material 1 referring to the papers where the
cave was studied.

Results and discussion

Our survey encompassed 265 show caves located in 39 countries. Most show caves
are located in the Western Palearctic region (Fig. 2a), given the overrepresentation of
European countries, namely Spain, Czech Republic, and France (Fig. 2b). The most
studied show cave is Postojna cave in Slovenia, which is also recognized as the most
important global subterranean biodiversity hotspot (Zagmajster et al. 2021), followed
by two Spanish show caves, i.e. Nerja Cave and Castanar de Ibor Cave, and by Lascaux
Cave in France (Fig. 2¢). Although they are currently closed to tourism, Lascaux and
Altamira caves are among the most studied show caves, pointing out that tourism-
induced environmental changes may perdure much longer after eliminating the pres-
sures exerted by tourism. Most studies were focused on a single study site, while only
in a few cases, more than one show cave was investigated (Fig. 2d).

Concerning environmental components (Fig. 3a) and their related parameters (Fig.
4a), most papers examined a single component and a single parameter. Similarly, in most
of the caves, a single component and a single parameter were examined throughout
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literature. These results highlight the need to create collaborations among researchers
of different disciplines to implement multidisciplinary research studies encompassing
different environmental components and parameters. The atmosphere was the most
studied component, followed by the biosphere and the lithosphere, while the hydrosphere
was the least investigated (Fig. 3b). When considering the investigated parameters
(Fig. 4b), an overwhelming interest towards factors potentially affecting human health
in subterranean environments emerged. In this regard, the greatest part of the studies
dedicated to the atmosphere focused on radon—mostly evaluated to quantify its potential
negative effect on the human health and not as a proxy of the anthropogenic impact on
show caves (e.g. Lario et al. 2006; Lu et al. 2009; Cevik et al. 2011)—, followed by the
microclimate and CO, concentration; air particulate was the least investigated atmospheric
parameter. Similarly, most of the available literature dealing with the biosphere focuses on
microorganisms (fungi and prokaryotes), possibly due to their potential repercussions on
human health, followed by the ‘/ampenflora’ and fauna (invertebrates and bats). Regarding
lithosphere, most of the papers focused on the crystalline structure of speleothems and,
to a lesser extent, of paleo-archaeological findings, while the sediment composition was
the less examined parameter. Papers dealing with the hydrosphere mostly focused on the
water geochemistry, followed by water level and the water quality.
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considered publications.

According to the temporal trend of examined components (Fig. 5), studies on at-
mosphere and biosphere faced a huge increase in the last decade (from 2011 to 2022),
probably thanks to the advent of advanced molecular techniques, e.g. Next-Gener-
ation Sequencing for the microbial component of the biosphere (e.g. Pfendler et al.
2018; Alonso et al. 2019), while the number of papers dealing with hydrosphere and
lithosphere showed a less pronounced increase across decades.

Conclusions

Based on the data overview provided by our database, future research in the field of
tourism sustainability in show caves should be dedicated to:

* the implementation of interdisciplinary studies encompassing multiple envi-
ronmental components and parameters as well as multiple show caves;

* the development of our knowledge on show caves located outside the Western
Palearctic Region;

* the increase of available information with reference to the lithosphere and es-
pecially of the hydrosphere, which are extremely underrepresented components in the
current literature;

* the increase of our awareness on the possible impacts of tourism on the sub-
terranean fauna and microorganisms and their interactions with other global impacts
(e.g. climate change and land use change) in order to promote the conservation of
subterranean biodiversity (Bontemps et al. 2021; Mammola et al. 2022).
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In addition, information presented in this data paper could also be used to perform
studies that:

e investigate which factors attract tourists in show caves in order to highlight
g ghlig
which features may expose them to a touristic overexploitation;
. rovide management guidelines that allow a sustainable touristic development
g g p
of show caves not only from an environmental, but also from an economic and social
point of view (Buonincontri et al. 2021).

Opverall, this data paper could fill the lack of awareness towards the fragility of the
natural heritage of show caves to favour a sustainable touristic use that would guaran-
tee their preservation for future generations as well as the economic development of
local communities (Chiarini et al. 2022).
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