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Abstract
Fungi can colonize organic matter present in subterranean sites and have a significant role as dwellers in different micron-
iches of cave habitats. In order to analyze the content of airborne fungal propagules in different parts of “Stopića Cave,” a 
touristic site in Serbia, air sampling was carried out in three seasons during 2020, prior to and during the onset of COVID-19 
pandemic. Culturable mycobiota was identified using both microscopic techniques and ITS region/BenA gene barcoding, 
while multivariate analyses were employed to establish the link between fungal taxa and different environmental factors. 
The maximal measured fungal propagule concentrations were recorded during spring sampling which were based on fungal 
propagule concentration categories; the cave environment matches the category V. A total of 29 fungal isolates were iden-
tified, while Aspergillus, Cladosporium, Fusarium, Lecanicillium, Mucor, and Penicillium were the most diverse genera. 
According to the trophic mode, most of the isolated fungal species were pathotrophs (75.86%), but when regarding ecologi-
cal guilds, the most dominant were undefined saprobes and animal pathogens (41.38% for each). Show caves are especially 
vulnerable to human impacts, and the fungal propagules’ concentration within the caves could be good indices for the level 
of ecological disturbance.
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Introduction

Caves are defined as subterranean sites, characterized by 
constant temperatures and relative humidity all year long 
and with a moderate to low organic carbon input due to the 
absence of primary production [1, 2]. However, a variety 
of substrata within the caves are susceptible to microbial 
colonization, mostly by oligotrophic microorganisms [1]. 
In general, fungi can colonize any organic matter present 
in subterranean sites, and among the cave microbiota, they 
have a significant role as dwellers in different microniches, 
such as sediments, vermiculations on cave walls, carcasses 
of troglobites or troglophiles, and bat guano [3, 4]. 
Fungal cave dwellers play a significant ecological role as 
decomposers and parasites [5]. According to Wasti et al. 
[6], fungi are among the most dominant cave organisms 
due to their high rate of spores’ dissemination, capability 
for colonization of various substrata, and tolerance to a  

wide range of pH values. Unfortunately, some fungal cave 
inhabitants may be hazardous for mammal health, such 
as Pseudogymnoascus destructans, a causative agent of 
white-nose syndrome in Chiroptera [7], and Histoplasma 
capsulatum, which triggers systemic histoplasmosis 
(“Darling’s disease”) in humans and others [8]. Furthermore, 
in caves with Paleolithic art, as well as in caves repurposed 
as sacral objects during the history of mankind, fungi can 
cause biodeterioration of both prehistoric wall paintings as 
well as murals and other artifacts deposited within [9–11]. 
In that sense, due to the significance of fungal presence 
in the caves, Polish scientists introduced a novel term — 
speleomycology, which encompasses all kinds of research 
with main focus on cave mycobiota [12].

Fungal propagules of underground sites are suspended 
as airborne particles, which form air fractions called 
bioaerosols [13]. Furthermore, fungi are also present as 
propagules carried by water, bats, arthropods, and humans, 
although airborne ones are the most abundant [14]. In the 
caves of touristic significance (show caves), novel amounts 
of fungal propagules are frequently introduced by lint, hair, 
and dander of human visitors [15]. Viable propagules settled 
on different surfaces within the caves, along with favorable 
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growth conditions (humidity, temperature, nutrients), lead 
to successful colonization of available substrata, enabling 
fungi to complete their life cycle and to form another 
generation of spores within the caves’ interior [16]. In that 
sense, aerobiological analyses have been proved as a suitable 
approach for investigations of airborne fungal dispersion 
in subterranean environments in the last decade. These 
investigations are therefore essential for the detection of the 
potential hazardous effect of fungi on the visitors’ health, 
potential detrimental effect on the cave art, and as agents of 
geological alterations of cave walls and sediments [17, 18].

The aim of this research was to analyze the content of air-
borne fungal propagules in different parts of “Stopića Cave”, 
a show cave in Serbia, and to link the fungal presence with 
different environmental factors and to discuss their features 
and relation to cave habitat.

Material and Methods

Study Area and Sampling Sites

Stopića Cave is located on the left bank of the river 
Prištavica, at an altitude of 711 m, on the eastern edge of the 
Zlatibor mountain in western parts of Serbia. The entrance 
to the cave is 30–40 m wide and is located at the bottom 
of a 50-m high vertical limestone cliff [19]. Stopića Cave 
consists of five morphological units: Light Hall, Dark Hall, 
Hall with Tubs, Channel with Tubs, and River Channel [19]. 
Light Hall — the very beginning of the cave (the entrance 
zone), Dark Hall (transitional zone), and Hall with Tubs are 
accessible and adapted for tourists. The most famous tourist 
attraction is the hall with Tufa tubs (rimstone dams), where 
many of Tufa tubs are recognized as the biggest and the 
deepest (over 7 m) of all other caves in Serbia [20]. The cave 
has been protected by the Serbian government as a natural 
good of the first category since 2005. Sampling was car-
ried out in three seasons during 2020: Winter (mid-January 
2020, prior to the COVID-19 pandemic lockdown), Spring 
(early June, at the beginning of the tourist season peak, after 
COVID-19 pandemic lockdown), and Summer (early Sep-
tember, at the end of the tourist season peak), and in four 
selected sites within the cave: entrance, crossroads, Tufa 
bathtubs, and waterfall (Fig. 1). The opening hours in Janu-
ary are shorter (7 h) than in June and September (8–9 h).

Measurement of Microclimate Parameters

Environmental parameters, temperature (T, °C), and relative 
humidity (RH, %) were measured in situ using temperature/
humidity meter (VELLEMAN DEM105).

Air Sampling and Estimation of Propagule 
Concentrations

Airborne fungi were sampled by the volumetric air sam-
pling method using the SAS Super DUO 360 Air Sam-
pler. Cave indoor air (100 L) was vacuumed and subse-
quently inoculated on three different mycological media: 
potato dextrose agar (PDA) and Sabouraud dextrose agar 
(SDA) for mesophilic fungi and malt yeast 40% sucrose 
agar (M40Y) for xerophiles and xerotolerants. Before each 
sampling, the sampler was sterilized with ethanol (70 %) 
to prevent cross-contamination.

Petri dishes with inoculated nutrient media were trans-
ported to the laboratory and incubated in a thermostat 
(UE 500, Memmert) at 25 ± 2 °C for a week. After the 
incubation period, the Petri dishes were examined, and all 
visible colonies were counted and labeled. The obtained 
numbers of the colonies were then converted to probable 
statistical total values and calculated by formula given 
by Feller [21] and expressed as CFU m−3 of air. All mor-
phologically different colonies were inoculated in order 
to obtain pure cultures.

Identification of Fungi

Isolated fungi were inspected using stereomicroscope (Stemi 
DV4, Carl Zeiss) and light microscope Zeiss Axio Imager 
M.1) and identified according to morphological criteria 
(colony morphology and microscopic characteristics of 
reproductive structures) using identification keys: Watanabe 
[22] and Samson et al. [23]. Molecular methods are used to 
confirm preliminary identification, as well to identify non-
sporulating isolates. In that sense primary fungal isolates 
were reinoculated on PDA, SDA, and M40Y media and 
incubated at 25 ± 2 °C for a week. For DNA extraction, dry 
peripheral mycelia (approx. 40 mg) were harvested according 
to the manufacturer’s instructions of a DNeasy Plant Mini 
Kit (Qiagen, Valencia, CA, USA). PCR amplification of the 
ITS region and BenA gene was carried out using selected 
ITS1/ITS4 [24] and Bt2a/Bt2b primers [25], respectively, 
as described previously [26]. The amplified DNA fragments 
were fractionated in agarose gels (1%) in 0.5 × TBE buffer. 
Midori Green stain was used for DNA visualization by UV 
illumination [26]. The obtained PCR products were then 
shipped for purification and sequencing to Macrogene (the 
Netherlands). The resulting sequences were then compared 
with other related sequences deposited to the National 
Center for Biotechnology Information (NCBI) using the 
BLAST program (BLAST+ 2.7.1 of the NCBI). Finally, 
obtained fungal DNA sequences were then deposited in the 
relevant GenBank database of NCBI.
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Phylogenetic Analysis of Airborne Fungal 
Communities

Sequence alignment was carried out using the CLUSTALW 
algorithm in MEGAX software [27]. The phylogenetic tree 
was built on the basis of the alignment and DNA sequences 
comparison by employing maximum likelihood phylog-
eny (1000 bootstrap replicas). Kimura 2 parameter model 
was determined as the best for estimating genetic distances 
between tested sequences — measured in the terms of nucle-
otide substitutions per site. Rhizophydium brooksianum JEL 
136 (NR_119550.1) was used as the outgroup.

Ecological Indicators

In order to estimate indoor air quality in the “Stopića pećina” 
cave, obtained results of the concentration of fungal prop-
agules in the different cave rooms were expressed in CFU 
m−3 and compared with ecological indicators proposed by 
Porca et al. [1]. According to these authors, the true cave 
atmosphere has been classified into five categories based on 

fungal propagule concentration: (1) caves with fungal con-
centration less than 50 CFU m−3 (category I — indicating 
no problem with fungi); (2) caves with fungal concentration 
between 50 and 150 CFU m−3 (category II — requires some 
periodic controls and studies to eliminate fungal problem); 
(3) caves with fungal concentration between 150 and 500 
CFU m−3 (category III — threatened by fungi and requires 
different cave management and controls); (4) caves with 
fungal concentration between 500 and 1000 CFU m−3 (Cat-
egory IV – already affected by fungi as a result of massive 
visits or spillage); and (5) caves with fungal concentration 
above 1000 CFU m−3 (category V — have irreversible eco-
logical disturbance).

Fungal Communities by Trophic Mode 
and Ecological Guild

All fungal isolates were sorted using FUNGuild v1.0 tool 
[28] (Guilds_ v1.1.py script, database: http://​stbat​es.​org/​
fungu​ild_​db.​php) and literature data [23, 29–33]. Spe-
cies were classified on the basis of their trophic mode into 

Fig. 1   “Stopića Cave” sampling sites: (1) entrance; (2) crossroads; (3) Tufa bathtubs; (4) waterfall

http://stbates.org/funguild_db.php
http://stbates.org/funguild_db.php
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ecological categories: pathotroph (P), saprotroph (S), and 
symbiotroph (Sy), and to corresponding ecological guilds: 
animal pathogen (ap), endophyte (en), epiphyte (ep), fungal 
parasite (fp), lichen parasite (lp), litter saprotroph (ls), soil 
saprotroph (ss) plant pathogen (pp), undefined saprotroph 
(us), and wood saprotroph (ws).

Statistical Analyses

Statistical analyses were performed using software Canoco 
for Windows [34], Microsoft Excel, and the statistical pack-
age XLSTAT [35].

Canonical correspondence analysis (CCA) was done to 
see the relationship between documented fungal genera 
(presence/absence) and sampling season that is used as 
explanatory variable, while temperature, relative air humid-
ity, and CFU m−3 were used as supplementary variables. 
Documented fungal taxa were observed also against vari-
ables referring to cultivation medium and part of the cave 
where sampling was done, but those analyses showed no 
significance.

Categories (CI–CV) of cave atmosphere based on fungal 
propagule concentration proposed by Porca et al. [1] were 
also observed in relation to season, part of the cave and 
medium using constrained analysis (CCA). Only analysis 
that shows categories (CI–CV) of cave atmosphere in rela-
tion to sampling season was significant.

Results

Fungal Concentration

The maximal measured fungal propagule concentrations were 
recorded during spring sampling on all nutrient media used: 
entrance (3400 CFU m−3, 2680 CFU m−3 and 2040 CFU 
m−3 on PDA, SAB and M40Y respectively) and crossroads 
(2490 CFU m−3 on PDA). Furthermore, only three sampling 
points during spring showed fungal propagule concentrations 
lower than 1000 CFU m−3: Tufa bathtubs (980 CFU m−3 and 
930 CFU m−3 on M40Y and SAB respectively) and waterfall 
(510 CFU m−3 on M40Y). During all other sampling periods, 
obtained fungal concentrations were lower than 1000 CFU 
m−3 and the lowest were detected on crossroads sampling 
point in the summer on SAB (50 CFU m−3). Categories 
(CI–CV) of cave atmosphere based on fungal propagule 
concentration were observed in relation to season, growth 
media and part of the cave where the sampling was done 
(Fig. 2). Category CV was exclusively documented in spring, 
CIV predominantly in summer, while CIII and CII in winter. 
Finally, CI was documented only once in the sampling 
point “crossroads” during the summer on SAB (Figs. 2 and 
3a). CCA analysis showing relationship of categories and 
seasons confirmed the mentioned distribution and was found 
significant (F = 9.7, P = 0.002).

Fig. 2   Fungal propagule concentrations in the air of investigated “Stopića Cave” parts with the reference to the ecological indicators proposed by 
Porca et al. [1]: (a) entrance, (b) Tufa bathtubs, (c) crossroads, (d) waterfall
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Considering part of the cave where the sampling was 
done, according to performed multivariate analyses, CI was 
connected only to crossroads, CII to entrance, crossroads 
and Tufa bathtubs, CIII to Tufa bathtubs and waterfall, CIV 
and CV to all sections. All were detected on all three media, 
except CI that was documented only on SAB.

Identified Fungi

In the study presented here, a total of 29 fungal isolates 
were identified to species level, apart from one Aspergillus 
isolate which is identified to the section (A. sect. Nigri) and 
a Stereum isolate which was identified to the genus level. 
The most diverse genus was Aspergillus with 4 identified 
species, followed by Cladosporium, Fusarium, Lecanicil-
lium, Mucor, and Penicillium genera with 3 identified spe-
cies (Table 1). A majority of identified fungi were members 
of the division Ascomycota (79.31%), followed by Muco-
romycota (13.79%) and Basidiomycota (6.9%). Aspergilli 
and Penicillia formed a well-supported Eurotiales clade 
(bootstrap value, bpv = 96). Likewise, members of gen-
era Lecanicillium, Cordyceps, Trichoderma, and Fusarium 
formed well-supported Hypocreales clade (bpv = 95), while 
Alternaria spp. and Ascochyta phacae grouped together as 
members of Pleosporales clade (bpv = 95). Botrytis cynerea 
grouped as a member of Leotiales clade (bpv = 98), while 
Cladosporium spp. were grouped as members of Capno-
diales clade (bpv = 96). Within the division Mucoromy-
cota two clades were present: Mucorales (bpv = 99) and 
Mortieralles (bpv = 100), while two well-supported clades 
Polyporales (bpv = 100) and Russulales (bpv = 100) were 
within division Basidiomycota (Fig. 4).

CCA (F = 2.2, P = 0.002) representing documented fun-
gal genera in relation to sampling season is shown in Fig. 5a. 
Taxa characteristics for only one season were Ascochyta, 

Bjerkandera, and Stereum (winter), Mortierella and Mucor 
(spring), and Lecanicillium and Botrytis (summer). Alter-
naria was recorded in spring and summer and Epicoccum 
and Trichoderma in winter and summer. The rest of docu-
mented taxa were found in all three seasons. T and RH had 
higher values during spring and summer and had positive 
correlation with Alternaria, Botrytis, Lecanicillium, Mor-
tierella, Mucor, and Fusarium (Fig. 5b). The rest were 
negatively correlated with these two parameters. It is also 
observed that CFU m−3 was highest in spring and lowest in 
winter.

When part of the cave where sampling was performed and 
growth medium was used as explanatory variables in relation 
to fungal taxa (in separate CCA analyses), the analyses were 
not significant. However, certain taxa were found in certain 
sections only: entrance, Bjerkandera; crossroads, Stereum; 
Tufa bathtubs, Botrytis; and waterfall, Ascochyta and Tricho-
derma. Considering medium, Ascochyta and Trichoderma 
grew only on PDA medium, Stereum and Bjerkandera on 
SAB, while M40Y did not have specific taxon growing only 
on this medium (Botrytis appeared on M40Y and PDA).

Ecological Categories of Cave Mycobiota

Most of isolated fungal species were pathotrophs (75.86%) 
which were followed by saprotrophs (58.62%), while sym-
biotrophs were the least frequent (27.59%). On the other 
hand, when regarding ecological guilds, the most dominant 
were undefined saprobes and animal pathogens (41.38% 
for each) followed by plant pathogens (34.48%) and endo-
phytes (27.59%). Wood saprobes represented 13.79% of spe-
cies while all other groups were present with only 3.45%. 
Pathotrophs were dominated by animal pathogens (54.55% 
of all pathotrophs) but closely followed by plant pathogens 
(45.45%). The only fungal pathotroph was Trichoderma 

Fig. 3   a Occurrence of detected 
categories (CI–CV) of cave 
atmosphere in each sampling 
season; b CCA showing 
categories (CI–CV) of cave 
atmosphere based on fungal 
propagules concentration in 
relation to seasons



2026	 M. Stupar et al.

1 3

harzianum, and the only lichen pathotroph was Epicoccum 
nigrum. Likewise, saprotrophes were mostly represented by 
undefined saprotrophes (70.59% of all saprotrophes) which 
were followed by wood saprotrophes (23.52%). Finally, all 
symbionts were endophytes, while only Cladosporium cla-
dosporioides also belonged to epiphyte guild.

Discussion

Aerobiological studies conducted in cave environments 
could be used for the monitoring of fungal presence and for 
the prevention of potential fungal outbreaks in the caves of 
touristic importance. The results of quantitative and quali-
tative aeromycological analyses obtained in this study cor-
respond to the work of other authors in the terms of fungal 

propagule concentration and species composition in subter-
ranean sites [14, 17, 36]. The measurement of the fungal 
propagule concentration in the summer period showed that 
the majority of tested sampling points belong to categories 
IV or V. According to Porca et al. [1], these categories are 
due to fungal outbreaks caused by frequent visitors. Bear-
ing in mind that sampling of air-borne fungi in “Stopića 
Cave” has been carried out during COVID-19 pandemic, 
when due to restrictions to travel abroad, many Serbian citi-
zens were encouraged to travel within Serbian borders, and 
in that particular time, “Stopića Cave” emerged as novel 
visiting hotspot for many tourists; high fungal propagule 
concentration during spring and summer could be con-
nected to more frequent visits. Highest fungal loads in the 
air were documented during the spring and summer, i.e., 
after COVID-19 lockdown, which can be attributed to the 

Table 1   Airborne mycobiota from cave “Stopića pećina,” with associated trophic mode and ecological guild

P pathotroph, S saprotroph, Sy symbiotroph, ap animal pathogen, en endophyte, ep epiphyte, fp fungal parasite, lp lichen parasite, ls litter sapro-
troph, pp plant pathogen, ss soil saprotroph, us undefined saprotroph, ws wood saprotroph, n.a. not available

Identified fungi with assigned strain number GenBank accession number Trophic mode Ecological guild

ITS BenA

Alternaria alternata BEOFB217m OL321809 n.a P, S, Sy ap, en, pp, ws
Alternaria photistica BEOFB270m OL321832 n.a P pp
Ascochyta phacae BEOFB4800m OL321841 n.a P pp
Aspergillus fumigatus BEOFB322m n.a OL958555 P, S ap, us
Aspergillus pseudoglaucus BEOFB3173m OL321876 OM025015 P, S ap, us
Aspergillus ruber BEOFB3151m OL321909 n.a P, S ap, us
Aspergillus sect. Nigri n.a n.a P, S ap, us
Bjerkandera adusta BEOFB1604m OL321911 n.a S ws
Botrytis cinerea BEOFB3104m OL321910 n.a P pp
Cladosporium cladosporioides BEOFB18210m OL336608 n.a P, S, Sy en, ep, pp, us
Cladosporium herbarum BEOFB1814m OL336610 n.a P, S pp, ws
Cladosporium oxysporum BEOFB1832m OL336612 OL958556 P, S, Sy en, pp, us
Cordyceps farinosa BEOFB4900m OL336788 OM025018 P ap
Epicoccum nigrum BEOFB1710m OL336644 OL870947 P, Sy en, lp, pp
Fusarium equiseti BEOFB881m OL336679 n.a S us
Fusarium proliferatum BEOFB8510m OL336782 OL870948 P, Sy ap, en, pp
Fusarium tricinctum BEOFB8100m OL336783 n.a P pp
Lecanicillium aphanocladii BEOFB4710m OL336789 n.a P ap
Lecanicillium fusisporum BEOFB4700m OL336790 OM025016 P ap
Lecanicillium psalliotae BEOFB4720m OL336791 n.a P ap
Mortierella alpina BEOFB6000m OL336793 n.a S, Sy en, ls, ss, us
Mucor hiemalis BEOFB3510m OL336794 n.a P pp
Mucor irregularis BEOFB3520m OL336845 n.a P, S ap, us
Mucor luteus BEOFB3530m OL336843 n.a P, S ap, us
Penicillium bialowieizense BEOFB11220m OL336846 OM025017 S us
Penicillium brevicompactum BEOFB1108m OL336848 OM025020 S, Sy en, us
Penicillium expansum BEOFB11131m OL336876 OL870946 P, S pp, us
Stereum sp. BEOFB1720 OL336878 n.a S ws
Trichoderma harzianum BEOFB1232m OL336895 OM025019 P, Sy en, fp, pp
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higher influx of visitors during that time than during winter 
periods prior to lockdown. Other factors within the “Stopića 
pećina” cave that could lead to high concentrations of fungal 
propagules are vegetation period, and big entrance which 
make “Stopića Cave” more susceptible to climate factors 
in surroundings (wind, temperature, humidity), in addition 
to the narrow and short paths for visitors, which could be 
vectoric carriers of fungal propagules into the deeper parts 
of the cave. It should be emphasized that there are no official 
reference standards and limits regarding fungal propagule 
concentration in indoor air regarding the human health [16]. 
However, severe impacts on human health are reported only 
upon exposure to concentrations above 50,000 CFU m−3 
[37, 38]. Having in mind that visitors usually do not spend 

more than few hours during the tour within the cave, the high 
fungal propagule concentrations could not be regarded as a 
potential threat for human health.

According to the official site https://​www.​zlati​bor.​org.​rs/​
sr/​sta-​videti/​atrak​cije/​stopi​ca-​pecina/, 90,600 tourists visit 
cave during 2019, but in 2020, that number reached 100,000 
which is an absolute record since the opening of the cave to 
the public (and it was achieved having in mind that the cave 
was closed for several months due to pandemic). Fernandez-
Cortes et al. [39] reported that in Galeria del Calvario room, 
famous for their paleolithic paintings and engravings in the 
cave Cueva de Ardales (Spain); fungal propagule concentra-
tion (expressed in CFU m−3) increased by 100 times after 
a visit of only 32 people. Similar trend was observed in our 

Fig. 4   A phylogenetic relationship between the fungi isolated from the air in the cave “Stopića pećina” based on the maximum likelihood 
method of ITS region

https://www.zlatibor.org.rs/sr/sta-videti/atrakcije/stopica-pecina/
https://www.zlatibor.org.rs/sr/sta-videti/atrakcije/stopica-pecina/
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study since observed CFU counts were 10 to 30 times higher 
after the lockdown (in June) compared to the winter (prior 
to the lockdown). Therefore, most of the rooms during the 
summer period were classified into the category IV. On the 
other hand, Martin-Sanchez et al. [40] reported high fungal 
contamination levels during winter sampling of aeromyco-
biota in all investigated rooms from famous Lascaux Cave 
(France) which contains valuable Paleolithic art. All inves-
tigated Lascaux rooms belonged to categories III or IV, and 
this contamination level was explained by convection cur-
rents created by the climate system established for prevent-
ing condensation of water vapor on the walls which evacu-
ated the airborne bacteria and fungi. Dominguez-Moñino 
et al. [18] investigated the aerobiology of caves in Southern 
Spain and reported a high level of fungal contamination for 
the Cueva del Tesoro cave. All tested rooms in this cave 
during spring sampling belonged to categories IV and V, 
as was documented in our study. Relatively small dimen-
sions of the rooms and galleries, which could contribute to 
the concentration of spores, in addition to the abundance of 
phototrophic biofilms all over the cave walls are considered 
to be main factors contributing to the fungal propagule abun-
dance in the air of Cueva del Tesoro Cave. Jurado et al. [41] 
investigated aeromycobiota of Cueva de Nerja (Spain) and 
during sampling in winter found two rooms with extremely 
high fungal propagules concentration: Kitchen Hall and 
Heracles Hall with 2170 and 1330 CFU m−3, respectively. 
However, and contrary to our findings, both mentioned that 
Cueva de Nerja rooms during previous sampling in summer 
had low fungal propagules concentration and belonged to 
category I. Kokurewicz et al. [14] conducted the aeromyco-
logical study in Nietoperek Bat Reserve (Western Poland) 
and detected the highest level of fungal spores reaching the 

highest number in November and January which placed 
investigated rooms to category V, but the authors also 
noticed the number of fungal spores in the air significantly 
declining in March. According to Kokurewicz et al. [14], 
the number of bats in that hibernation site was the primary 
factor determining the fungal propagule concentration in 
the indoor air. Duan et al. [11] conducted an aeromycologi-
cal survey in cave temples Maijishan Grottoes in China and 
reported the highest fungal concentration of 1389 CFU m−3 
(category V) in Upper Seven Buddha Pavilion during sum-
mer, which was positively correlated with relative humidity 
and higher visitor density. According to Bercea et al. [42], 
the high YM (yeast and molds) concentration in the cave 
Meziad (Western Romania) is correlated with the number 
of tourists and CO2 level.

The structures of airborne fungal communities docu-
mented in research presented here showed that no unique 
fungal composition could be distinguished on any sam-
pling site. The majority of isolated fungi were members of 
genera: Alternaria, Aspergillus, Cladosporium, Fusarium, 
Lecanicilium, Mucor, and Penicillium. The results presented 
in this paper correspond with similar findings presented 
by other authors, but mostly of those reported by Rafael 
Ogórek, researcher who investigates air mycobiota from 
different caves in Slovakia. Ogórek et al. [5] reported the 
presence of Alternaria alternata, Aspergillus fumigatus, A. 
niger, Botrytis cinerea, Cladosporium cladosporioides, and 
Epicoccum nigrum in the indoor air of Harmanecká Cave, 
the most important subterranean site of bat occurrence in 
Slovakia. In the air of Driny Cave, which is also open for 
public in Slovakia, A. alternata, A. fumigatus, C. clad-
osporioides, C. herbarum, E. nigrum, Fusarium equiseti, 
Mucor hiemalis, and Trichoderma harzianum were found.  

Fig. 5   CCA analyses showing (a) fungal genera in relation to sampling season and (b) fungal genera in relation to sampling season, T, RH, and 
CFU m−3
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Also, the presence of A. niger, B. cinerea, C. cladospori-
oides, C. herbarum, E. nigrum, M. hiemalis was reported 
by Ogórek et al. [13] for Demänovska´ Ice Cave, a very 
popular attraction in Slovakia. Apart from Slovakian caves, 
Popkova et al. [43] reported the presence of A. alternata, 
A. fumigatus, A. niger, B. cinerea, C. cladosporioides, C. 
herbarum, M. hiemalis, Penicillium expansum, and T. har-
zianum in the indoor air of two caves: Novoafonskaya (Abk-
hazia, Georgia) and Ali-Sadr (Iran). The similarities in fun-
gal diversity and mycobiota composition between “Stopića 
Cave” and investigated caves in Slovakia, Georgia, and Iran 
could be explained by several factors: (1) fungal species 
in common (members of genera Alternaria, Aspergillus, 
Cladosporium, Fusarium, Mucor, Penicillium, and Tricho-
derma) are according to Vanderwolf et al. [15] recognized 
as the most characteristic for the subterranean sites; (2) all 
fungal species in common produce small-sized conidia or 
sporangiospores which are easily suspended in the air as bio-
aerosols; and (3) all caves are open for visitors. Apart from 
ubiquitous, some other fungal isolates are documented less 
frequently and could be regarded as uncommon due to their 
narrow ecological valence. The presence of documented 
entomopathogenic fungi Cordyceps farinosa, and Lecani-
cilium psaliotae, members of animal pathogens’ guild [29, 
44], could be explained by troglobiotic entomofauna within 
the Stopića Cave, namely, “Stopića Cave” is a habitat of the 
stenoendemic subspecies of troglobiotic ground beetle (Car-
abidae) Rascioduvalius stopicensis [45]. Also, trogloxenic 
ground beetle Trechus obtusus is also documented in Stopića 
Cave [19]. It should be noted that Bjerkandera adusta and 
Stereum sp. are the only two basidiomycetes documented in 
this research, both of them members of wood saprotrophs’ 
guild, namely, the members of the division Basidiomycota 
are seldom reported as constituents of cave aeromycobiota. 
However, B. adusta and Trametes hirsuta were documented 
in the air of Demänovska´cave (Slovakia) by Ogórek et al. 
[13]. Bercea et al. [42] reported the presence of basidiomy-
cetous yeast, Trichosporon sp., an opportunistic pathogen, 
in the cave “Ursilor” (Western Romania). Potential source 
of Cladosporia, Fusaria, Penicillia, Trichoderma spp., and 
Basidiomycota spores could be surrounding vegetation since 
they are potential plant pathogens, soil and wood decaying 
fungi. Furthermore, Stopića pećina is located on the slopes 
of Zlatibor mountain and is surrounded by beech forest 
and has large entrance, which enables air communication 
between exterior and interior of the cave and consequently 
spore flow via air currents. It should be emphasized that ani-
mal pathogens were documented with high frequency in the 
indoor air of Stopića pećina (41.38%), and hence, their pres-
ence in indoor environments could be regarded as a potential 
threat for visitors’ health. Among them, Aspergillus fumiga-
tus is a known animal and human pathogen and a causative 
agent of pulmonary aspergillosis [23]. However, it should 

be emphasized that A. fumigatus is in research presented 
here, documented only once (entrance, winter sampling), 
so it could be assumed the spores of this pathogen are not 
frequent inside the cave. Our work presents a risk assess-
ment study which lays foundations for the further ecological 
investigations which will be carried out in the future. Health 
risk assessment is very important in the understanding of 
fungal diversity and is especially significant in assessing a 
potential impact for the visitors.

Conclusion

Caves of touristic importance are especially vulnerable to 
human impacts, and the fungal propagules’ concentration 
within the caves could be good indices for the level of eco-
logical disturbance. In order to prevent fungal outbreaks in 
such caves, which could affect the health of visitors and cave 
workers, as well as the biodeterioration of cave art, speleo-
mycological research, including aeromycological studies, is 
essential and therefore should be introduced to cave manage-
ment as a routine monitoring.
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