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Mi cro bi o log i cal and microclimatic stud ies of two gi ant gyp sum caves in Bukovina (Prypruttia) and Podillya, Ukraine, have
char ac ter ized the mi cro bial air qual ity and the mi cro cli mate within them, via sta tion ary air sam pling us ing the vol u met ric (im -
pact) method. Dom i nant spe cies of bac te ria and fungi were iden ti fied by MALDI-TOF mass spec trom e try by com par ing the
mass spec tra of ri bo somal pro teins (mo lec u lar fin ger prints) with the spec tra in a da ta base. Ba sic me te o ro log i cal el e ments
such as air tem per a ture, air hu mid ity, and air flow ve loc ity were mea sured. Bac te rial aero sol con cen tra tions ranged from 37
to 232 CFU × m–3 in the in door air of the caves, and for fungi from 10 to 365 CFU × m–3. The range of bac te rial aero sol con cen -
tra tions in the out door en vi ron ment ranged from 140 to 535 CFU × m–3, be ing sig nif i cantly higher than in side the caves. The
most com mon mi cro or gan isms in the cave air were mesophilic Gram-pos i tive cocci (Staph y lo coc cus), non- spore-form ing
Gram-pos i tive rods (Arthrobacter and Rhodococcus) as well as Ba cil lus and Lactobacillus, mesophilic actinobacteria
(Streptomyces) and fil a men tous fungi (Alternaria, Penicillium). The microclimatic mea sure ments car ried out in both caves
tes tify to the high sta bil ity of tem per a ture and hu mid ity. Mea sure ments made us ing the katathermometric method showed
that the speed of air move ment in the static part of both caves ranges be tween 0.01 and 0.03 m × s–1. The sta bil ity of the
microclimatic con di tions of the cave in te rior sug gests that most mi cro or gan isms come from out side and en ter the caves dur -
ing an ex change of air with the ex ter nal en vi ron ment. In gen eral, the con cen tra tion of mi cro or gan isms in the air of these
caves is char ac ter ized by sig nif i cant spa tial vari a tion within the cave fields but clearly tends to de crease as one moves away
from the cave en trance. Our study shows that the con tent of air borne mi cro or gan isms and their spa tial dis tri bu tion in caves
are de ter mined by both ex ter nal fac tors and the en vi ron ment of the caves’ in te rior, es pe cially microclimatic, morphometric
and mor pho log i cal fac tors such as the cave vol ume, size of the cham bers and cor ri dors and maze struc ture.
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INTRODUCTION

The gyp sum maze caves of west ern Ukraine are among the 
larg est cave sys tems in the world. The to tal length of their cor ri -
dors is mea sured in tens of kilo metres (Zoloushka – 91.0 km,
Mlynky – 53.0 km, Kryshtaleva – 22.6 km) and even in hun -
dreds (Optymistychna – 260.0 km, Ozerna – 142.2 km) (Klim -
chouk and Andreychouk, 2017). 

These caves (in clud ing smaller ones, not listed above) form 
a clus ter of ge net i cally re lated karst ob jects, de vel oped un der
hypogenic con di tions, i.e. from bot tom-up cir cu la tion of un der -
ground wa ters through a frac tured “sieve” of a 15–25 m thick

gyp sum layer of the up per Badenian (Klimchouk and Andrey -
chouk, 2017). 

The caves are char ac ter ized by an en vi ron ment with un -
usual eco log i cal con di tions. The spec i fic ity of this en vi ron ment
re sults from both gen eral fac tors char ac ter is tic of caves (lack of
light, high air hu mid ity, oligotrophic), and spe cific ones, due to
lo cal con di tions and the pa ram e ters of these ob jects. The spe -
cific con di tions in clude that these caves have a large vol ume,
mea sured in hun dreds of thou sands of m3. They usu ally have
only one, usu ally small, en trance, a fac tor that shapes the char -
ac ter of their mi cro cli mate. They are very sta ble over the course 
of the year; sea sonal fluc tu a tions of microclimatic pa ram e ters
(mainly tem per a ture and air hu mid ity) oc cur only within the en -
trance zones, con sti tut ing a small part of their to tal area. Due to
their deep (up to sev eral tens of metres) lo ca tion be neath the
ground sur face, the air tem per a ture in the caves is usu ally
higher than the av er age an nual air tem per a ture out side the
cave, which makes them “warm” caves. The large vol ume,
closed na ture of the space, slower (due to one en trance hole
and a large vol ume) air ex change with the sur face and in fil tra -
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tion wa ter in flow ex plain the high (95–100%) mois ture sat u ra -
tion of the air.

The microclimatic sim i lar ity of the ma jor ity of the caves re -
sults from not only their mor pho log i cal, but also their en vi ron -
men tal, geomorphological and cli ma tic con di tions, the caves
oc cu py ing the same cli ma tic zone and be ing sep a rated by short 
dis tances, usu ally not ex ceed ing sev eral kilometres. 

These char ac ter is tic en vi ron men tal fea tures of the maze
caves de ter mine the eco log i cal con di tions for the liv ing or gan -
isms that in habit them. In gen eral, this en vi ron ment has few liv -
ing or gan isms, and al most no troglobionts. Sparse veg e ta tion
(al gae, li chens, mosses) can be found only in the area near the
cave en trance, which re ceives a small amount of re flected and
dif fuse so lar ra di a tion. Bats and in sects, which treat the en -
trance area as their shel ter, can also be found here. How ever,
these or gan isms, with few ex cep tions, do not pen e trate deep
into the caves. The deeper parts of the caves, and in fact the
vast ma jor ity of their sur faces, re main the hab i tat of mi cro or -
gan isms only: bac te ria and fungi. Their de vel op ment is fa cil i -
tated by the sta ble mi cro cli mate, the rel a tively warm and hu mid
air, the abun dance of or ganic ma te rial dis persed in the clayey-
 silty bot tom sed i ments, as well as by anthropogenic pol lu tion,
i.e. sub stances brought into a cave by spe le ol o gists ex plor ing it.

Among geomicrobiological stud ies in caves, the great est at -
ten tion (and many pub li ca tions) has been de voted to mi cro or -
gan isms re lated to the min eral sub strate of the cave en vi ron -
ment (walls and ceil ing, speleothems) and de pos its (silt), whe -
re as lit tle at ten tion has been paid to mi cro or gan isms pres ent in
the wa ters of cave res er voirs and the con den sate, and re -
search into air borne mi cro or gan isms in caves is most lim ited.
There are sev eral rea sons for this. Firstly, the cave air as an ob -
ject of study does not arouse as much in ter est as sed i ments or
wa ter be cause it is be lieved that it is gen er ally clean and, in
com par i son with other el e ments of the cave en vi ron ment, con -
tains few in ter est ing mi cro or gan isms. Sec ondly, sam ple col lec -
tion for the de ter mi na tion of air borne mi cro or gan isms in caves
pres ents more meth od olog i cal and tech ni cal dif fi cul ties than
sam pling sed i ments or wa ter (Wang et al., 2010; Porca et al.,
2011; Ghosh et al., 2017), and so pres ent knowl edge of mi cro -
or gan isms in the cave air is su per fi cial and scarce. Stud ies in -
clude those by Nakaew et al. (2009) ex plor ing rare strains of
Actinobacteria in Thai caves, by Wang et al. (2010) on my co -
log i cal re search in Chi nese caves, by Bas tian et al. (2009) ex -
plor ing patho genic bac te ria and pro to zoa in the Lascaux Cave
in France, and by Mulec et al. (2012) de scrib ing the air borne
microflora of eutrophic caves in Slovenia and Slovakia. Among
Pol ish stud ies, re search has been car ried out in the lime stone
caves of the Ojców Na tional Park (ONP) (Wojkowski, 2013)
and in the Bear Cave in Kletno (Ogórek and Leyman, 2013).
Both of them showed that the air borne microflora of caves is di -
verse and may con tain more mi cro or gan isms than the outer at -
mo spheric air, es pe cially as re gards spe cific groups of mi cro or -
gan isms.

This study anal y ses the quan ti ta tive and qual i ta tive di ver sity 
of mi cro or gan isms in the air of the maze caves. This area has
been lit tle stud ied. Stud ies of gyp sum maze caves have so far
fo cussed on their or i gin, mor phol ogy, sedimentology, min er al -
ogy and geo chem is try, with con sid er able suc cess. As pects of
the or ganic, mi cro bial life, how ever, re main poorly ex plored.
The mi cro or gan isms that can be found in min eral cave de pos -
its, above all in Zoloushka Cave, are fairly well-rec og nized, but
al most ex clu sively in terms of the sed i ments and the geo chem i -
cal pro cesses oc cur ring in them where mi cro or gan isms par tic i -
pate (bac te ria: ferruginous, man ga nese, meth ane-pro duc ing

and other) (Andreychouk and Klimchouk, 2001; Andreychouk,
2007; Andreychouk et al., 2009). By con trast, the mi cro bi o log i -
cal con tent of the cave at mo sphere has not been well stud ied. A 
par tial ex cep tion is Zoloushka Cave where, a few years ago, the 
au thors as sessed the num ber of mi cro or gan isms (bac te ria and
fungi) pres ent in the cave air (Wojkowski et al., 2019). These
stud ies showed sig nif i cant mi cro bial di ver sity, in quan ti ta tive
terms, but did not in clude the qual i ta tive (re gard ing spe cies)
char ac ter is tics of the mi cro or gan isms: our pres ent pa per helps
fill this gap. We also com pare, quan ti ta tively and qual i ta tively,
the abun dance of the mi cro or gan isms and their spe cies com -
po si tion in the Zoloushka Cave air (Bukovyna re gion) with those 
in an other maze cave, Mlynky Cave (Podillya re gion). This is
be cause, while all of the maze caves of Podillya and Bukovyna
are ba si cally sim i lar, Zoloushka Cave dif fers some what from
the oth ers as it was ex posed ar ti fi cially, by a gyp sum quarry,
while still at the stage of waterlogging. Thus it is un like the other
caves, which are now at the dry stage of de vel op ment, which is
more ad vanced in evo lu tion ary terms, and so is char ac ter ized
by a slightly dif fer ent en vi ron ment. Its un der ground lakes make
its en vi ron ment more hu mid than in other Podillya caves, such
as Mlynky, Kryshtaleva, Optymistychna and Slavka. There are
microclimatic dif fer ences also as re gards the speed of air ex -
change be tween the caves and the ex ter nal at mo sphere, and
the caves also dif fer in the gas eous com po si tion of the air.
While in the dry and well-ven ti lated caves of Podillya, the gas
com po si tion of the air in side and out side the cave is sim i lar, the
in ner air in Zoloushka Cave is clearly en riched in car bon di ox -
ide, its con tent ex ceed ing 5% in places (Andreychouk et al.,
2011). At the same time, the ox y gen con tent is low at 17–19%.
The caves stud ied also dif fer sig nif i cantly in the length of their
cor ri dors (92 km Zoloushka, 53 km Mlynky), and above all in
their vol ume and shape: in Zoloushka, large gal ler ies pre vail,
while Mlynky has nar row and high pas sages. These dif fer -
ences, and in the mor pho log i cal and morphometric pa ram e ters
of the caves stud ied (see be low), in di cate slightly dif fer ent
geoecological con di tions as re gards the oc cur rence and de vel -
op ment of mi cro or gan isms within them.

STUDY CAVES

The study caves are lo cated in the west ern re gion of Ukra -
ine, in its south ern part, where gyp sum karst as so ci ated with
Badenian evaporites is ex ten sive. The area is ad ja cent to the
con tact zone of the East Eu ro pean Craton with the Carpathian
Foredeep, stretch ing from the north-west (from the Pol ish bor -
der) to the south-east (to the Ro ma nian bor der) along the outer
pe riph ery of the East ern Carpathian Moun tain arc (Fig. 1).

The caves are con cen trated in the south ern part of the gyp -
sum area (see Peryt, 1996, 2001) – in Podillya (Optymistychna,
Ozerna, Kryshtaleva, Mlynky, Slavka, Verteba and oth ers) and
the ex treme south east ern part of Bukovyna, near the bor der
with Ro ma nia (Zoloushka and Bukovynka).

Both caves in ves ti gated com prise ex ten sive mazes (Fig. 2). 
Their ba sic mor pho log i cal char ac ter is tics are given in Ta ble 1.
Zoloushka is much larger, though as pects re gard ing the cave
length, re flect ing the his tory of re search into maze caves in this
re gion, have a largely sci en tific and tech ni cal na ture. The real
di men sions of the caves, as shown by geo log i cal in di ca tions,
may be much larger than the mapped un der ground frag ments.

The only hu man pres ence in their in te rior is through rare vis -
its by spe le ol o gists ex plor ing them.
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ZOLOUSHKA CAVE

In terms of vol ume (700,000 m3), it is the larg est gyp sum
cave in the world. The cave is sit u ated in the Prut River Val ley,
not far from where the bor ders of three coun tries meet: Ukraine, 
Moldova and Ro ma nia (Fig. 1). 

The cave is em bed ded in a 20–25 m thick layer of Mio cene
gyp sum ex posed in the Criva gyp sum quarry (Peryt, 1996). The 
cave be came ac ces si ble for spe le ol o gists due to the pump ing
out of un der ground wa ter and the dry ing of the gyp sum unit, a
ba sic con di tion for gyp sum ex ca va tion that per sists to day.
Speleological re search, in volv ing mainly the map ping of the de -
hy drated maze, started only in 1977. The part of the quarry with
en trances to the maze was filled with over bur den sed i ments
within a few years, leav ing a 28 metre ver ti cal shaft en abling
spe le ol o gists to de scend into the cave. This shaft now func tions 
as the only en trance to the cave maze and as the main ven ti la -
tion hole. Cur rently, a square hole (with an area of ~0.75 m2) in
the ceil ing of the shaft en trance is cov ered (per ma nently) with a
lid made of thick sheet metal, opened only when spe le ol o gists
visit the cave. The lid is not air tight but it sig nif i cantly slows the
flow and ex change of air in the cave.
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Fig. 1. The west ern Ukraine gyp sum karst area (on the left) and lo ca tion of the re search ob jects (on the right): 1 – Zoloushka
Cave (Bukovyna), 2 – Mlynky Cave (Podillya), 3 – gypsum karst area
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Fig. 2. The maps* of Zoloushka Cave and Mlynky Cave 
with dis tri bu tion of mea sure ment sites

Zoloushka Cave: Z1 – out side the cave, Z2 – Cham ber of Chernivtsi 
Cavers, Z3 – Fakela, Z4 – Tele phone; Mlynky Cave: M1 – out side
the cave, M2 – Cen tral, M3 – Star Skay, M4 – Eu reka Grotto; * –
maps of caves are prop erty of the Speleological Clubs: Abis
(Kishineu, Moldova), Troglodite (Chernivtsi, Ukraine) and Crys tal
(Chortkiv, Ukraine)

T a  b l e  1

Mor pho log i cal pa ram e ters of the caves stud ied (af ter
Andreychouk, 2016; Ukrai nian Speleological 

As so ci a tion, 2018, 2021)

Pa ram e ter Zoloushka
Cave

Mlynky
Cave

To tal length of the pas sages [km] 91.0 53.2

To tal vol ume of the pas sages [m3] 700 000 158 000

Ter ri to rial ex tent of the cave [km] 2.1 1.2

Av er age height of the pas sages [m] 3.2 2.4

Av er age width of the pas sages [m] 2.7 1.5

To tal area of the pas sages [m2] 185 027 63 000

Height dif fer ence [m] 35.0 20.0

Karstification co ef fi cient [%] 47.1 12.0

https://caves.in.ua/cave.php?list
http://www.speleoukraine.org/index.php/ru/peshchery-ukrainy
http://www.speleoukraine.org/index.php/ru/peshchery-ukrainy
https://doi.org/10.1046/j.1365-3091.1996.d01-26.x


The cave maze of Zoloushka was ex posed at a stage when
the cave was still al most com pletely (85–90%) filled with wa ter.
The cur rently dry maze caves of Podillya, in clud ing Mlynky
Cave, un der went this de vel op men tal stage tens of thou sands
of years ear lier (Andreychouk, 2007). This cir cum stance de ter -
mines the main dif fer ences be tween the cave en vi ron ments of
Zoloushka Cave and the caves of Podillya. Due to the re cent
wa ter sat u ra tion and ar ti fi cial drain age, Zoloushka re mains a
rather moist cave. Thick lay ers of clayey de pos its which fill its
cor ri dors, reach ing 70–90% of their cross-sec tion, are still wa -
ter-soaked. In the low est parts of the maze, there are sev eral
tens of lakes: dy namic wa ter res er voirs which in di cate the lo ca -
tion of the wa ter ta ble of the drained karst aqui fer (Andrey -
chouk, 2007;  Andreychouk et al., 2011, 2021; Andreychouk
and Klim chouk, 2017; Wojkowski et al., 2019). 

The ba sic fea tures of the mi cro cli mate of Zoloushka Cave
have been pre vi ously de scribed in de tail (Wojkowski et al.,
2019), and only those microclimatic con di tions pres ent in the
caves dur ing air sam pling will be de scribed be low (Ta ble 2).

MLYNKY CAVE

Mlynky Cave is the fourth larg est maze cave in the Podillya
group of caves (af ter Optymistychna, Ozerna and Zoloushka).
The to tal length of its cor ri dors is >53 km, and its vol ume is
~158,000 m3. The cave is sit u ated on the right slope of
Mlynochky Creek Val ley, which is a trib u tary of the larger Seret
River, a left trib u tary of the Dnister River. The en trance to the
cave opens in an ex po sure of a 16 metre thick gyp sum layer in
the mid dle of the val ley slope.

As at Zoloushka, the cave maze was ex posed ar ti fi cially (in
1960). The fis sure in the gyp sum mas sif was dis cov ered by ac -
ci dent dur ing gyp sum min ing by in hab it ants of the nearby vil -
lage of Zalissia (cf. Peryt, 1996). As a re sult of ex ca va tion, spe -
le ol o gists have man aged to gain ac cess to new parts of the
maze sev eral times.

Un like Zoloushka, Mlynky is a dry cave, cur rently lack ing
any wa ter courses or lakes. Mois ture con den sa tion oc curs on
pro trud ing walls; af ter heavy rain fall, wa ter drip ping from the
ceil ing gath ers in places where it has fallen. The en trance to the 
cave is lo cated high above the val ley floor which, to gether with
the open ing and the rel a tively small vol ume of the cave, en -
sures a fairly ac tive ex change of air with the ex ter nal at mo -
sphere.

Microclimatic mea sure ments per formed dur ing air sam pling 
for mi cro or gan isms gave very sim i lar re sults for both caves, of
air tem per a ture and hu mid ity, as well as air ve loc ity (Ta ble 2). A
rad i cal dif fer ence con cerns only the con tent of car bon di ox ide in 
the air: in Zoloushka it is very high (2–5%), while in Mlynky it is
very low, sim i lar to that in the air out side the cave (0.04%).

The en vi ron ments of the two caves dif fer in their mor pho log -
i cal fea tures. Both caves rep re sent the same mor pho log i cal
type, a maze sys tem of un der ground cor ri dors; nev er the less,
the form of the cor ri dors and their sizes in both cases are dif fer -
ent. Zoloushka has pre dom i nantly large cor ri dors and gal ler ies,
of ten iso met ric in cross-sec tion, whereas Mlynky is char ac ter -
ized mostly by rel a tively nar row and high fis sure pas sages
(Figs. 2 and 3). The caves also dif fer con sid er ably in the
amount and char ac ter of bot tom sed i ments: Zoloushka has
widely de vel oped, thicker – up to sev eral metres thick – moist
clayey sed i ments, while Mlynky is dom i nated by dry and thin
clay-car bon ate de pos its.

The rock over bur den above Zoloushka Cave ranges from
20 to 65 m, and above Mlynky Cave from 10 to 40 m. Its
lithological na ture (Mio cene clays plus a se ries of Qua ter nary
ter races of clayey, sandy and grav elly li thol ogy) ef fec tively iso -
lates the un der ground space from the ex ter nal at mo sphere.
The air tem per a ture in the caves is con stant and does not fluc -
tu ate sea son ally, at ~11°C, slightly higher than the an nual av er -
age at the sur face (9.2°C near Zoloushka Cave and 7.7°C near
Mlynky Cave). With sim i lar air hu mid ity, Zoloushka Cave is gen -
er ally wet ter due to the pres ence of lakes.

MATERIALS AND METHODS

As part of the study, 3 mea sure ment sites were de ter mined
in the in te rior of each cave and, to de fine the “back ground”, 1
mea sure ment site out side of the cave (Z1, M1), in an open area
(Fig. 2). Sta tion ary air sam pling was con ducted us ing the vol u -
met ric (im pact) method with a MAS impactor (model 100,
Merck, Darmstadt, Ger many; Fig. 4). Ad di tion ally, in front of the
caves, out door air sam ples were col lected to ob tain data on the
back ground (at mo spheric) level of mi cro bial con tam i na tion, at a 
dis tance of ~100 m from the caves in ves ti gated. At each mea -
sure ment site, the impactor was placed at a height of ~1.0 m
above the cave floor and air sam ples were col lected in trip li cate. 
Trypticase Soy Agar (TSA, bioMérieux) and Malt Ex tract Agar
(MEA, Merck) were used to sam ple bac te rial and fun gal aero -
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T a  b l e  2

The re sults of microclimatic mea sure ments and amounts of CO2 from air sam pling in Zoloushka Cave
(21.02.2020) and Mlynky Cave (23.02.2020)

Mea sure ment sites
Air

tem per a ture
[°C]

Rel a tive
hu mid ity

[%]

Vapour
pres sure

[mb]

Wa ter
sat u ra tion def i cit

[mb]

Ab so lute
hu mid ity
[g × m–3]

Air
ve loc ity
[m × s–1]

Amounts 
of CO2

[%]

Zoloushka Cave

Z1 out side the cave   6.2 84   7.9 1.6   6.2 2.40 0.04

Z2 Cham ber of
Chernivtsi Cavers 11.2 99 13.1 0.2 10.0 0.01 1.9  

Z3 Fakela 11.8 95 13.2 0.6 10.0 0.03 2.6  

Z4 Tele phone 12.2 98 13.9 0.3 10.6 0.01 5.3  

Mlynky Cave

M1 out side the cave   7.6 63 13.2 7.7 9.8 0.92 0.04

M2 Cen tral 11.0 98 12.8 0.3 9.8 0.02 0.04

M3 Star Skay 10.4 98 12.3 0.3 9.4 0.01 0.05

M4 Eu reka Grotto 10.5 99 12.5 0.3 9.6 0.01 0.05

https://doi.org/10.1046/j.1365-3091.1996.d01-26.x
https://doi.org/10.7306/gq.1610
https://doi.org/10.1007/978-3-319-53348-3_24
https://doi.org/10.1007/978-3-319-53348-3_24


sols, re spec tively. Petri dishes with mi cro bi o log i cal me dia were
trans ported to and from the lab o ra tory to the sam pling sites,
and on the way back in a ther mally in su lated trans port con -
tainer, main tain ing a con stant tem per a ture of ~4°C to pre vent
any pos si ble dam age. TSA plates were in cu bated for 1 day at
37°C fol lowed by 3 days at 22°C and an other 3 days at 4°C, and 
MEA plates were in cu bated for 4 days at 30°C fol lowed by 4
days at 22°C. Fol low ing the in cu ba tion of the mi cro bi o log i cal air
sam ples, the con cen tra tion of mi cro or gan isms, ex pressed as
the num ber of col ony-form ing units (CFU) pres ent in 1 m3 of
sam pled air (CFU · m–3), was cal cu lated. Dom i nant spe cies of
bac te ria and fungi were iden ti fied by MALDI-TOF mass spec -
trom e try to de ter mine spe cies/ge nus af fil i a tion. The MALDI-
 TOF mass spec trom e ter iden ti fies mi cro or gan isms by com par -
ing the mass spec tra of ri bo somal pro teins (as mo lec u lar fin ger -
prints) with spec tra col lected in a da ta base.

Mea sure ments of ba sic me te o ro log i cal el e ments such as
air tem per a ture, air hu mid ity and air flow ve loc ity were car ried
out in Feb ru ary 2020 (Feb ru ary 21 in Zoloushka Cave and
Feb ru ary 23 in Mlynky Cave). Mea sure ments were taken at a
height of ~1.0 m above the cave floor. Air tem per a ture and air
hu mid ity in di ces such as rel a tive hu mid ity, wa ter vapour pres -
sure, hu mid ity def i cit and ab so lute hu mid ity were mea sured
us ing an Assmann as pi ra tion psychrometer (Fig. 4). Ad di tion -
ally, us ing HOBO® Temp/RH data log ger sen sors, air tem per -
a ture and rel a tive air hu mid ity were also au to mat i cally re -
corded at 1.0 m above the cave floor. Due to the very slow air
move ment (<1.0 m · s–1) in the caves stud ied, it was not pos si -
ble to mea sure its ve loc ity with a clas si cal an e mom e ter.
There fore, a Hill katathermometer was used to mea sure the
air flow ve loc ity (Fig. 4).

The con tent of car bon di ox ide in the air of the caves stud ied
was de ter mined with the use of a SHI-11 gas in ter fer om e ter.

The mea sure ment data ob tained were sta tis ti cally ana lysed 
us ing the Kruskal-Wallis test and Spearman cor re la tion anal y -
sis with the use of the Statistica data anal y sis soft ware sys tem
pack age, ver sion 12 (StatSoft, Inc., Tulsa, OK, USA), with p val -
ues <0.05 as sta tis ti cally sig nif i cant.

In the caves stud ied, these fluc tu a tions oc cur only at a dis -
tance of up to sev eral tens of metres from the en trance to the
caves. Be yond the en trance zones, the in te ri ors of the caves
are char ac ter ized by sta ble en vi ron men tal con di tions in sea -
sonal, an nual, and multi-year courses. We have ear lier mon i -
tored these con di tions ex ten sively, al low ing rec og ni tion of the
spa tial dis tri bu tion of microclimatic con di tions in these caves
(Andreychouk, 2007; Andreychouk et al., 2011; Wojkowski et
al., 2019).

When plan ning this sur vey, we had no equip ment or lo gis ti -
cal lim i ta tions re gard ing the num ber of mea sure ment sites. Due 
to the static mi cro cli mate of the caves, we de cided that 4 mea -
sure ment sites in each would be suf fi cient, given the sta ble tem -
per a ture and hu mid ity and very slow air flow, con sti tut ing a con -
tin uum that can be ap prox i mated to the en tire in te rior of the
caves or, as we did, to “re search routes” in side them.

RESULTS

The ba sic me te o ro log i cal mea sure ments made dur ing air
sam pling are given in Ta ble 2. They show the high sta bil ity of
the microclimatic con di tions, as in pre vi ous stud ies (Wojkowski
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Fig. 3. Char ac ter is tic pas sages in Zoloushka Cave (at the top ) and Mlynky Cave (at the bot tom)

A – typ i cal pas sage in the cen tral part of Zoloushka Cave; B – Di no saur’s Hall in Zoloushka Cave; C – a typ i cal cor ri dor 
de vel oped along a frac ture in Mlynky Cave; D – small hall in the north part of Mlynky Cave; 

pho tos: B. Ridush (A, B), M. Wiêckowski (C, D)



et al., 2019). The air tem per a ture in the static zone of these
caves was sta ble and ranged be tween 10.4 and 12.2°C. The
val ues of air hu mid ity in di ces such as rel a tive hu mid ity, wa ter
vapour pres sure, mois ture def i cit and ab so lute hu mid ity re flect
the high wa ter vapour con tent in side the caves. As with the tem -
per a ture, the air hu mid ity was char ac ter ized by high sta bil ity, a
con di tion fa voured by very weak air cir cu la tion in both of the
caves. The air be tween the in te rior of the caves and the ex ter -
nal at mo sphere is ex changed at a very slow rate, cor re spond -
ing to the low air ve loc ity. Mea sure ments made us ing the
katathermometric method showed that the speed of air move -
ment in the static part of both caves ranges be tween 0.01 and
0.03 m × s–1 (Ta ble 2).

Through out the year, the di rec tion of air cir cu la tion in the
cave changes, pri mar ily due to dif fer ences in the tem per a ture of 
the air out side and in side the cave, which af fect its den sity and
flow di rec tion. The stud ies in both caves were con ducted in
Feb ru ary. In win ter, the air out side the cave is typ i cally colder
and denser than the air in side, which main tains a rel a tively con -
stant tem per a ture. Con se quently, the di rec tion of air flow is
from the out side into the cave. This type of win ter cir cu la tion
was clearly ob served dur ing mea sure ments in both Zoloushka
and Mlynky caves.

QUANTITATIVE ANALYSIS OF MICROORGANISMS 
IN THE ENVIRONMENT OF THE ZOLOUSHKA 

AND MLYNKY CAVES

The con cen tra tion of mi cro or gan isms in the air of the caves
stud ied was char ac ter ized by a clear spa tial vari a tion, re flected

in the spa tial dis tri bu tions of bac te rial and fun gal aero sols along
the mea sure ment pro files in the Zoloushka (Fig. 5) and Mlynky
caves (Fig. 6). These were cre ated within a GIS en vi ron ment
us ing de ter min is tic in ter po la tion (nat u ral neigh bour) that used
bar ri ers (Sibson, 1981). This method helped con strain the in ter -
po lated val ues within the cave bound ary. The data pro cess ing
was car ried out by ArcGIS soft ware (ver sion 10.4.1).

The val ues of mean bioaerosol con cen tra tions and the range 
of its vari abil ity in the ex ter nal en vi ron ment and in the in te ri ors of
the caves in ves ti gated are shown in Fig ures 7 and 8. In the case
of bac te ria, con cen tra tions ranged from 37 to 143 CFU × m–3 and
122 to 232 CFU × m–3 in the in door air of the caves, re spec tively,
for fungi from 10 to 365 CFU × m–3 and from 93 to 145 CFU × m–3.
The range of bac te rial aero sol con cen tra tions in the out door en -
vi ron ment ranged from 140 to 535 CFU × m–3, be ing sig nif i cantly
higher than in side the caves (Kruskal-Wallis test: p <0.05). In the
ex ter nal back ground, no sta tis ti cally sig nif i cant dif fer ences were
ev i dent in the Zolo ushka and Mlynky caves with re spect to bac te -
rial aero sol con cen tra tions (p >0.05). As re gards the cave in te ri -
ors, in both the Zoloushka and Mlynky caves, all of the stud ied in -
te ri ors, re gard less of their lo ca tion, did not dif fer sta tis ti cally sig -
nif i cantly from each other in the de gree of bac te rial aero sol con -
tam i na tion (Kruskal-Wallis test: p >0.05) and their con cen tra tions 
were in vari ably lower than 232 CFU × m–3. The high est con cen -
tra tion of bac te ria in Zoloushka Cave was re corded at mea sure -
ment site Z3 (Fakela), and the low est at site Z2 (Cham ber of
Chernivtsi Cavers) (Fig. 7). In Mlynky Cave, their high est con -
cen tra tion was ob served at mea sure ment site M2 (cen tral) and
the low est at M4 (Grotto of the Spe le ol o gist “Eu reka”) (Fig. 7), but 
these dif fer ences were not sta tis ti cally sig nif i cant (Kruskal-Wallis
test: p >0.05).
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Fig. 4. Mi cro bi o log i cal and mi cro cli mate mea sure ments

A – air sam pler; B – air sam ple col lect ing; C – hu mid ity mea sure ment with as pi rated Assmann psychrometer; 
D –  katathermometer; pho tos: M. Wiêckowski



While ana lys ing the fun gal aero sol in Zoloushka Cave quan -
ti ta tively, as with bac te ria, the high est con cen tra tion was ob -
served at mea sure ment site Z3 (Fakela), and the low est at site
Z2 (Cham ber of Chernivtsi Cavers; Fig. 8). These dif fer ences
were not sta tis ti cally sig nif i cant (Kruskal-Wallis test: p >0.05). In
Mlynky Cave, the high est fun gal aero sol con cen tra tions were ob -
served at mea sure ment site M2 (cen tral) (Kruskal - Wallis test:
p <0.05) (Fig. 8).

Fun gal con cen tra tions were sig nif i cantly higher in the ex ter -
nal back ground air (range 396 to 750 CFU × m–3) than in the
caves (Kruskal-Wallis test: p <0.05). With re gard to bac te rial
and fun gal aero sol mea sure ments in side the caves, the mean
value of bac te rial con cen tra tion in the air of Mlynky Cave was
sig nif i cantly higher (p <0.01) than the mean value of the con -
cen tra tion in side Zoloushka Cave.

There was no sta tis ti cally sig nif i cant dif fer ence in the level
of con cen tra tion of the fun gal aero sol be tween the two caves
(Kruskal-Wallis test: p >0.05). There were also no sta tis ti cally
sig nif i cant dif fer ences in the lev els of con cen tra tions of mi cro or -
gan isms be tween the in di vid ual mea sure ment sites lo cated in -
side the caves (p >0.05). In all in te ri ors stud ied, ir re spec tive of
lo ca tion, there were no sta tis ti cally sig nif i cant dif fer ences in the
de gree of bac te rial and fun gal aero sol con tam i na tion (Kruskal-
 Wallis test: p >0.05).

When com par ing the mean val ues of bac te rial con cen tra -
tions be tween the two cave in te ri ors, the high est dif fer ences
were ob served be tween mea sure ment site Z2 (Cham ber of

Chernivtsi cavers) lo cated in Zoloushka Cave (38 CFU × m–3)
and mea sure ment site M2 (Cen tral) in Mlynky Cave (211 CFU ×
m–3). When com par ing the mean val ues of fun gal con cen tra -
tions, the great est dif fer ences were found be tween site Z2
(Cham ber of Chernivtsi cavers) (15 CFU × m–3) and Z3 (Fakela)
(344 CFU × m–3) lo cated in Zoloushka Cave. Nev er the less, the
high est ex ter nal bac te rial and fun gal aero sol con cen tra tions
(535 and 750 CFU × m–3, re spec tively) were >2 times higher
than those ob served in side.

As re gards the in flu ence of the microclimatic con di tions in
Mlynky and Zoloushka on the bioaerosol con cen tra tions, air ve -
loc ity and mois ture def i cit had a sig nif i cant ef fect on the ob -
served lev els of mi cro or gan isms. Cor re la tion anal y sis showed
that any in crease in these me te o ro log i cal el e ments re sulted in a 
sig nif i cant in crease in the lev els of both bac te ria and fungi in the 
air (Spearman cor re la tion co ef fi cient for air flow ve loc ity: R =
0.84 at p <0.05 and R = 0.93 at p <0.05, re spec tively, and for
mois ture def i cit: R = 0.76 at p <0.05 and R = 0.73 at p <0.05, re -
spec tively). How ever, the lev els of bac te ria and fungi in the
cave in te ri ors were sta tis ti cally sig nif i cantly (p <0.05) neg a tively
cor re lated with rel a tive air hu mid ity (R = –0.76 p <0.05 and R =
-0.73 p <0.05, re spec tively). How ever, as shown by the anal y -
ses, no sig nif i cant cor re la tion (p <0.05) was ob served be tween
the tem per a ture and ab so lute air hu mid ity, wa ter vapour pres -
sure and CO2 con cen tra tion, and the pres ence of the mi cro or -
gan isms stud ied in the cave air.
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Fig. 5. Spa tial dis tri bu tion of the bac te rial (A) and fun gal (B) aero sol con cen tra tions (CFU × m–3) 
along the mea sure ment pro file in Zoloushka Cave



QUALITATIVE ANALYSIS OF MICROORGANISMS 
IN THE ENVIRONMENT OF THE ZOLOUSHKA

 AND MLYNKY CAVES

De tailed qual i ta tive data of mi cro or gan isms iso lated from the
air sam ples at the mea sure ment sites stud ied are given in Ta ble

3, which lists taxa iso lated from the air of the cave in te ri ors, as
well as from the out door air. In the at mo sphere, Gram- pos i tive
rods (Ba cil lus), Gram-pos i tive cocci (mainly Staph y lo coc cus)
and fungi (Cladosporium, Alternaria) were the dom i nant or gan -
isms, a typ i cal com po si tion of out door microbiota. In the cave in -
te ri ors, air borne Gram-pos i tive rods (mainly Ba cil lus, Lacto -
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Fig. 6. Spa tial dis tri bu tion of the bac te rial (A) and fun gal (B) aero sol con cen tra tions (CFU × m–3)
along the mea sure ment pro file in Mlynky Cave
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Fig. 7. Mean bac te rial aero sol con cen tra tions (CFU × m–3) at sam pling sites in Zoloushka Cave (A) and Mlynky Cave (B)



bacillus and Solibacillus), non-spore-form ing Gram-pos i tive rods
(Arthrobacter, Rhodococcus), non-spore-form ing Gram - pos i tive
rods (mainly Staph y lo coc cus) and mesophilic actinobacteria
(Streptomyces) and fungi (Alternaria and Penicillium) were the
most com mon or gan isms. In to tal, the iso lated and iden ti fied
strains of mi cro or gan isms can be clas si fied into 27 bac te rial spe -
cies from 15 gen era and 3 fun gal gen era. The num ber of iso lated 
mi cro or gan ism spe cies in the caves in ves ti gated ranged from 12 
to 18. The high est num ber of bac te rial spe cies was iden ti fied in
the in ner air of Mlynky Cave. The most com mon spe cies were
bac te ria from the gen era Ba cil lus (8 spe cies), Lactobacillus (4
spe cies), Arthrobacter and Staph y lo coc cus (2 spe cies each).
Some spe cies of mi cro or gan isms iso lated from the air of the
caves were not pres ent in the out door air. Such bac te rial spe cies
in clude Arthrobacter gandavensis, A. koreensis, Staph y lo coc cus 
simulans, Rhodococcus erythropolis, Ba cil lus indicus, B. sim -
plex, B. muralis, Clostridium innocuum, Lactobacillus coryni -
formis, L. gasseri, L. paracasei, L. perolens, Solibacillus silve -
stris, Brevundimonas diminuta and Myroides odoratus.

DISCUSSION

BACTERIAL AND FUNGAL AEROSOL CONCENTRATIONS
 IN THE CAVES

Cave air has been lit tle stud ied given the tech ni cal dif fi cul -
ties in sam pling for the de ter mi na tion of mi cro or gan isms in it.

Ta ble 4 sum ma rises re sults of work pub lished to date in the
field of cave aerobiology. It in cludes av er age val ues of bio -
aerosol con cen tra tions (CFU × m–3) and the range of their vari -
abil ity in the air of the caves listed. Ta ble 4 shows that most mi -
cro bi o log i cal stud ies have con cerned tour ist caves, fre quently
vis ited by peo ple. Sig nif i cantly fewer stud ies have ex am ined
nat u ral caves, whose en vi ron ment has been less ex posed to
anthropogenic mi cro bi o log i cal con tam i na tion. Re li able com par -
i son of the re sults of these stud ies is dif fi cult, due to the dif fer ent 
meth ods of air sam pling, as well as the dif fer ent pe ri ods of the
mea sure ments per formed. Hence, the cur rent knowl edge of
mi cro or gan isms in cave air is still su per fi cial, and the re sults ob -

tained in the pres ent study may pro vide a new point of ref er ence 
for sub se quent re search ers ad dress ing this is sue.

Our re search char ac ter ized the cave air of Zoloushka and
Mlynky qual i ta tively and quan ti ta tively un der dif fer ent en vi ron -
men tal con di tions. Bac te rial and fun gal aero sol con cen tra tions
mea sured at the des ig nated mea sure ment sites var ied de pend -
ing on the sam pling lo ca tion in the caves se lected for the study,
which may be at trib uted to changes in en vi ron men tal con di tions 
and the spread of mi cro or gan isms at the time of sam pling
(Wang et al., 2010; Wojkowski, 2013).

Air borne fungi usu ally oc cur as spores, whereas most air -
borne bac te ria bind to dust par ti cles. The anal y sis of the
bioaerosol con cen tra tion val ues shows that none of the sam -
ples ex ceeded 232 CFU × m–3 for bac te ria and 365 CFU × m–3 for 
fungi, be ing within the low range of con cen tra tions gen er ally ob -
served in this type of un der ground cave (Wojkowski, 2013;
Ogórek and Lejman, 2013; Ogórek, 2016; Wojkowski et al.,
2019). Sim i lar re sults were ob tained by Wang et al. (2010) in
Mogao Grot toes (China), where the av er age abun dance of
fungi was 187 CFU × m–3, while in Bear Cave in Kletno (Po land),
Ogórek and Lejman (2013) de ter mined the abun dance of fungi
in the air as 58 CFU × m–3. Fungi in un der ground fa cil i ties very
rarely show ac tive growth in the form of over growth or ef flo res -
cence on rocks or sed i ments, yet such sit u a tions do oc cur (Bas -
tian et al., 2010; Jurado et al., 2010; Gar cia-Anton et al., 2013;
Mar tin-Sanchez et al., 2015). Un fa vour able fac tors for fun gal
growth in caves are most likely the nu tri ent-poor en vi ron ment
and mois ture def i cit, as well as the rel a tively low tem per a ture of
the cave air and high car bon di ox ide con tent (Nováková, 2009).

The stud ies con ducted by Wojkowski (2013) in the in te ri ors
of Jama Ani, Okopy Górna, S¹spowska and Z³odziejska caves,
lo cated in the Ojców Na tional Park (Po land), il lus trate the in flu -
ence of air cir cu la tion on changes in the air con cen tra tions of mi -
cro or gan isms. It has been ob served that very poorly ven ti lated
caves tend to be more microbiologically pol luted. As re gards the
au thors’ stud ies, it is also likely that the low con cen tra tions of
bac te ria and fungi ob served in the cave in te ri ors were also in flu -
enced by air ex change, mask ing en vi ron men tal fac tors.

The re sults have also shown that the con tent of mi cro or gan -
isms was shaped by the dis tance from the en trance hole to the
cave. The great est dif fer ences can be seen be tween mea sure -
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Fig. 8. Mean fun gal aero sol con cen tra tions (CFU × m–3) at sam pling sites in Zoloushka Cave (A) and Mlynky Cave (B)
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ment site Z2 (Cham ber of Chernivtsi cavers) (38 CFU × m–3) lo -
cated at a con sid er able dis tance from the Zoloushka en trance,
and site M2 (cen tral) in Mlynky (211 CFU × m–3), sit u ated rel a -
tively close to the cave en trance. In the caves stud ied, lower
bac te rial and fun gal aero sol con cen tra tions were ob served in
cham bers and pas sages far ther from their en trance.

In both caves, bac te rial and fun gal aero sol con cen tra tions
dif fered sig nif i cantly from those in the out door air. Their con cen -
tra tions in the stud ied in te ri ors were sig nif i cantly lower than
those mea sured ex ter nally (p <0.05). This pat tern is con sis tent
with the cur rent state of knowl edge on the sources of or i gin of
the bioaerosols stud ied. Docampo et al. (2011), Ogórek and
Lejman (2015) and Dominguez-MoÔino et al. (2021) empha -
sised that, in the case of fun gal aero sols, the most im por tant
sources are lo cated in the ex ter nal en vi ron ment (e.g., soil, wa -
ter, plants, etc.), and the con stant – while of dif fer ent in ten si ties
– air mi gra tion into a cave is the main pro cess caus ing their bi o -
log i cal con tam i na tion. For this rea son, the great est num ber of

fungi in the un der ground air can be found in those parts of the
caves that have the great est con tact with the ex ter nal en vi ron -
ment. Typ i cally this is the cave en trance zone, but may also in -
clude deeper parts of a cave. For ex am ple, in Zoloushka Cave,
the higher fun gal bioaerosol con cen tra tions ob served at mea -
sure ment site Z3 (Fakela) may re sult from a di rect con nec tion of 
the at mo sphere to this part of the cave.

Be ing the main source of mi cro bial con tam i na tion, the out -
door air may mask po ten tial in ter nal sources (Dominguez -
-MoÔino et al., 2021). 

MAIN FEATURES OF CAVE MICROCLIMATE

Mea sure ments of microclimatic pa ram e ters were con -
ducted si mul ta neously with the bioaerosol mea sure ments. Mi -
cro cli mates can have vary ing ef fects on bi o log i cal aero sol con -
cen tra tions (Douwes et al., 2003). Mea sure ments of rel a tive air
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T a  b l e  3

The mi cro bial taxa iso lated from the air sam pled in the Zoloushka and Mlynky caves
 and in out door air

Mi cro or gan isms Mlynky
Cave

Zoloushka
Cave Out door air

BACTERIA

Gram-pos i tive cocci

Kocuria rosea *

Staph y lo coc cus equorum * *

Staph y lo coc cus simulans *

Non-spor ing 
Gram-pos i tive rods

Arthrobacter gandavensis * *

Arthrobacter koreensis *

Methylobacterium
mesophilicum *

Glutamicibacter uratoxydans * *

Rhodococcus erythropolis * *

Endospore form ing
Gram-pos i tive rods

Ba cil lus clausii *

Ba cil lus licheniformis * * *

Ba cil lus megaterium * * *

Ba cil lus ce reus * * *

Ba cil lus subtilis * * *

Ba cil lus indicus *

Ba cil lus sim plex *

Ba cil lus muralis *

Clostridium innocuum *

Lactobacillus coryniformis * *

Lactobacillus gasseri *

Lactobacillus paracasei *

Lactobacillus perolens *

Solibacillus silvestris * *

Viridibacillus neidei * *

Gram-neg a tive rods

Pseu do mo nas putida *

Brevundimonas diminuta *

Myroides odoratus *

Mesophilic actinobacteria Streptomyces badius * * *

FUNGI

Alternaria spp. * * *

Aspergillus spp. * *

Penicillium spp. * *

Cladosporium spp. *
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hu mid ity and tem per a ture are used to iden tify con di tions that fa -
vour the growth of mi cro or gan isms. A tem per a ture range be -
tween 18 and 24°C is op ti mal for the growth and de vel op ment
of many en vi ron men tal mi cro or gan isms, which are mostly
meso philic (Macher, 1999; Flannigan et al., 2001). Al though
both tem per a ture and air hu mid ity (or wa ter avail abil ity as its
equiv a lent) con trol the growth of mi cro or gan isms, hu mid ity is of
crit i cal im por tance. The de vel op ment of mi cro bial pop u la tions
is closely pro por tional to the value of this lim it ing fac tor, e.g. it
can be slow (or even stop) when rel a tive hu mid ity is low and
pro nounced when it sud denly in creases (In sti tute of Med i cine:
Damp In door Spaces and Health). The Na tional Acad e mies
Press, Wash ing ton 2004, WHO Guide lines for In door Air Qual -
ity: Damp ness and Mould, Co pen ha gen 2009). In the pres ent
study, only air ve loc ity, mois ture def i cit and rel a tive air hu mid ity
had a sig nif i cant ef fect on the abun dance of ob served mi cro or -
gan isms.

QUALITATIVE ANALYSIS OF BACTERIAL 
AND FUNGAL AEROSOLS

Air borne mi cro or gan isms are an in te gral el e ment of the
cave eco sys tem, but cave aerobiology is still rel a tively poorly
stud ied. Mi cro bi o log i cal stud ies of caves have paid sig nif i cant
at ten tion to mi cro or gan isms (mainly fungi) as so ci ated with the
min eral sub strate of cave walls, ceil ings and in fil trates, as well
as in sed i ments and guano (Vaughan et al., 2000, 2011;
Northup and Lavoie, 2001; Gottstein Matocec, 2002; Sugita et
al., 2005; Nakaew et al., 2009; Nováková, 2009; Bas tian et al.,
2010; Jurado et al., 2010; Mulec et al., 2012; Tay lor et al., 2013; 
Mulec and Oarga, 2014; Mar tin-Sanchez et al., 2015; Epure et

al., 2017; Lepinay et al., 2018; Mu ham mad, 2018; Nováková et
al., 2018; Zhu et al., 2021). By con trast, few stud ies so far have
con sid ered mi cro or gan isms (es pe cially rare bac te ria) found in
cave air (Wang et al., 2010; Docampo et al., 2011; Mar -
tin-Sanchez et al., 2014; Pusz et al., 2015; Mulec et al., 2017;
Ogórek, 2018; Zhang et al., 2020; Dominguez-Moñino et al.,
2021; Sanchez-Moral et al., 2021). In the pres ent study, the air
microbiota of the caves stud ied were com posed of many spe -
cies of mi cro or gan isms char ac ter is tic of this type of en vi ron -
ment; Dominguez-Moñino et al., 2021). The anal y sis of the mi -
cro bial com po si tion of the am bi ent ex ter nal air has shown that
Gram-pos i tive cocci (Staph y lo coc cus, Kocuria), Gram-pos i tive
rods (Ba cil lus ge nus), mesophilic actinobacteria (Strepto my -
ces) and fungi (Alternaria, Cladosporium) are the dom i nant or -
gan isms, il lus trat ing the typ i cal com po si tion of the out door
microbiota. In the cave in te ri ors stud ied, mesophilic Gram-pos i -
tive cocci (Staph y lo coc cus), non-spore-form ing Gram-pos i tive
rods (Arthrobacter and Rhodococcus) and ba cilli of the ge nus
Ba cil lus and Lactobacillus were the most com mon air borne or -
gan isms, and fil a men tous fungi (Alternaria, Penicillium) and
mesophilic actinobacteria (Streptomyces) were iso lated equally 
fre quently. The mi cro or gan isms iso lated in clude spe cies of en -
vi ron men tal or i gin (Ba cil lus), which sur vive in the ex ter nal en vi -
ron ment more eas ily than Gram-neg a tive bac te ria, and in clude
those of hu man or i gin, nat u rally colo nis ing the skin on a
commen sal ba sis (Staph y lo coc cus) (Lis et al., 2004; Jones and
Har ri son, 2004). Spe cies from the gen era Staph y lo coc cus and
Ba cil lus were likely to find fa vour able liv ing con di tions in this en -
vi ron ment, which is a fac tor that, with the pres ence of po ten tial
sources, in creased their share in the com po si tion of the air -
borne microbiota pres ent here (Mulec et al., 2017).
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T a  b l e  4

Sam ple val ues of av er age and range con cen tra tions of air borne mi cro or gan isms (CFU × m–3) in cave air

Cave

BACTERIA
(CFU × m–3)

FUNGI 
(CFU × m–3) Re marks Ref er ence

av er age range av er age range

Altamira (Spain) 718 150–1800 133 10–390 SC/SM Gar cia-Anton et al. (2013)

Ardales (Spain) – – 510 10–1010 SC/SM Porca et al. (2011)

Castanar de Ibor (Spain) – – 833 20–2200 SC/SM Porca et al. (2011)

Demänovská (Slovakia) – – 104 87–127 SC/SM Ogórek (2018)

La Garma (Spain) – – 733 10–5420 SC/SM Sanchez-Moral et al. (2021)

Jama Ani (Po land) 2245 270–3439 206 137–318 WC/SM Wojkowski (2013)

Jarkowicka (Po land) – – 134 76–205 WC/UM Pusz et al. (2015)

Lapa Nova (Brazil) – – 51 18–86 SC/SM Tay lor et al. (2013)

Lascaux (France) 2381 70–15520 281 10–950 SC/SM Mar tin-Sanchez et al. (2014)

Maijishan Grot toes (China) – – 645 216–1389 SC/UM Duan et al. (2021)

Mlynky (Ukraine) 170 122–232 117 93–145 WC/SM this study

Mogao Grot toes (China) – – 187 110–245 SC/UM Wang et al. (2010)

Nerja (Spain) – – 346 93–754 SC/SM Nováková et al. (2014)

NiedŸwiedzia (Po land) – – 52 39–61 SC/SM Ogórek and Lejman (2013)

Okopy Górna (Po land) 1283 383–2608 260 208–367 WC/UM Wojkowski (2013)

Postojna (Slovenia) –  10–100 – 10–100 SC/SM Mulec et al. (2012)

S¹spowska (Po land) 2721 458–4075 269 100–442 WC/SM Wojkowski (2013)

Škocjan (Slovenia) 81 2–382 – – SC/SM Mulec et al. (2017)

Z³odziejska (Po land) 1781 192–3067 256 175–350 WC/UM Wojkowski (2013)

Zoloushka (Ukraine-Moldova) 100 37–143 137 10–365 WC/SM this study

SC – show cave, WD – wild cave, SM – sta ble mi cro cli mate, UM – un sta ble mi cro cli mate
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The pres ence of staph y lo cocci in the air of the cave in te ri ors 
also dem on strates their abil ity to colo nise the new en vi ron ment
in which they sur vive, an adapt abil ity re sult ing from the plas tic ity 
of bio chem i cal traits, which is de ter mined by ge netic met a bolic
reg u la tion sys tems, such as the Sigma nor mal me tab o lism sys -
tems, as well as agr (ac ces sory gene reg u la tor) and sar (staph -
y lo coc cal ac ces sory reg u la tor) reg u la tion (Chmiel and Micko -
wska, 2002; Stañkowska and Kaca, 2005; Mulec et al., 2017).
As re gards Ba cil lus ba cilli, their main en vi ron ment is the ex ter -
nal en vi ron ment (soil, plants, etc.), from which they may have
been trans ferred with at mo spheric air. These bac te ria are ca -
pa ble of form ing endo spores that are highly re sis tant to ex ter nal 
physicochemical fac tors; in this state they can ex ist in the en vi -
ron ment for a long time, be ing more re sis tant to ad verse en vi -
ron men tal con di tions than other bac te ria (Libudzisz et al.,
2009). Some types of Gram-pos i tive rods iden ti fied in the study, 
i.e. Arthrobacter and Rhodococcus, are ubiq ui tous in the nat u -
ral en vi ron ment, be ing pres ent in soil and on plants, from where 
these mi cro or gan isms can pen e trate the air in side caves (Mu -
lec et al., 2017). Bac te ria be long ing to the ge nus Arthrobacter,
ca pa ble of fix ing at mo spheric ni tro gen, have al ready been
found in caves and are as so ci ated with the pre cip i ta tion of cal -
cium car bon ate (Gradziñski et al., 2012; Ren et al., 2024).
Gram-neg a tive bac te ria can be also iden ti fied in the air of the
caves.

In the pres ent study, mesophilic actinobacteria (Strepto -
myces) rep re sented a rel a tively large pro por tion of the air borne
mi cro or gan isms iden ti fied. These bac te ria have the unique abil -
ity to colo nise a va ri ety of solid sur faces from rocks to ce ramic
ma te ri als, to con struc tion and fin ish ing ma te ri als. More over,
they are able to form spores, highly re sis tant to de hy dra tion
stress and pos sess ing re mark able met a bolic ac tiv ity (Reponen
et al., 1998; Marcinowska, 2002; Górny, 2003). 

The anal y sis of the fun gal com po si tion of the bioaerosol in
the in te ri ors re veals that moulds such as Alternaria, Aspergillus
and Penicillium are fre quently pres ent in the cave in te ri ors. The
fun gal gen era iso lated from the air of the study caves are con -
sid ered to be typ i cal of this type of in te rior (Nováková, 2009;
Ogórek and Lejman, 2013; Dominguez-MoÔino et al., 2021).
Wang et al. (2010), while study ing the air in Mogao Grot toes
(China), also found that the most com monly iso lated fun gal ge -
nus was Cladosporium. In con trast, the data pre sented by
Docampo et al. (2011) in di cated Cladosporium as the most
abun dant ge nus of fungi iso lated from the at mo spheric air.

The wide spread pres ence of fungi in cave air is pri mar ily de -
ter mined by their pro duc tion of very abun dant spores, as well as 
their ex tremely mod est nu tri tional and en vi ron men tal re quire -
ments. The op ti mal growth con di tions for these mi cro or gan -
isms are high hu mid ity of air and sub strate, al though many spe -
cies are char ac ter ized by their abil ity to sur vive in very dry con -
di tions (these in clude xerophilic spe cies of the ge nus
Penicillium) (Docampo et al., 2011; Ogórek and Lejman, 2013). 
Since many spe cies from the fun gal gen era iso lated are com -
mon in soil, their high fre quency in the out door air may also nat -
u rally trans late (e.g., by air pen e tra tion) into their high fre -
quency in cave in te ri ors. The re la tion ships pre sented in this
study are con sis tent with those pre vi ously ob served in this type
of in te rior en vi ron ment by Nováková (2009), Docampo et al.
(2011), Zhang et al. (2017, 2020).

The sta ble en vi ron men tal con di tions of caves may fa vour
the growth of mi cro or gan isms (Tay lor et al., 2013). The quan ti -
ta tive and qual i ta tive dif fer ences dis cussed in the oc cur rence of 
mi cro or gan isms in the en vi ron ment of the caves stud ied at this
stage of the re search can not be un am big u ously ex plained.

Nev er the less, based on knowl edge of the en vi ron ments of both
caves, we can pro pose some ex pla na tions of the facts found.

Our microclimatic mea sure ments show that the val ues of
such me te o ro log i cal el e ments as tem per a ture and hu mid ity
were very sim i lar in both caves (Ta ble 1) and, in eco log i cal
terms, should not cause such a large spa tial vari a tion of mi cro -
or gan isms as was found. The air ve loc ity was also sim i lar in
both caves, but the con di tions of move ment and ex change of
the cave air with the ex ter nal en vi ron ment were dif fer ent. These 
dif fer ences con cern the vol ume of the in ves ti gated caves (air
ca pac ity), lab y rinth per me abil ity, rate of ex change with the ex -
ter nal at mo sphere and gas eous com po si tion of the air.

The morphometric fac tor, i.e. the much larger vol ume of
Zoloushka Cave than of Mlynky Cave (Ta ble 1), its large cor ri -
dors, much larger than the fis sure pas sages in Mlynky Cave,
can cause, with the same air flow ve loc ity and sim i lar con cen -
tra tion of mi cro or gan isms in the en trance, a sig nif i cant “di lu tion” 
of their con tent in the air of Zoloushka Cave. The mor pho log i cal
fac tor, in turn, such as the struc ture of the maze, as in Mlynky
Cave with its dense net work of nar row fis sure pas sages giv ing a 
large to tal sur face area of walls in con tact with un der ground air,
can cause a higher de po si tion of mi cro or gan isms on its walls
than in Zoloushka Cave. Un like Zoloushka Cave, which is a
large air res er voir, Mlynky Cave is a fil ter for the air flow ing
through it, ef fec tively re tain ing air borne mi cro or gan isms.

The mor pho log i cal fac tor (the “fil ter” ef fect) in Mlynky Cave
may be the rea son for a clear ten dency of its de creas ing num -
ber of mi cro or gan isms on mov ing away from the cave en trance. 
The air flow ing through the stone “sieve” of nar row fis sures
grad u ally cleanses it self of mi cro or gan isms that de posit on its
walls. In con trast, the gi gan tic cor ri dors of Zoloushka Cave are
not able to per form the func tion of a fil ter as ef fec tively, so the
con cen tra tions of mi cro or gan isms deep in side the cave, both in
its air and on the sur face of its walls, do not show a sim i lar pat -
tern. More over, mea sure ment site Z2 (Cham ber of Chernivtsi
Cavers), rep re sent ing the larg est space (hall) in the cave (with a 
vol ume of 45,600 m3), has the low est amount of mi cro or gan -
isms (Figs. 5, 7 and 8).

Ob vi ously, the quan ti ta tive vari a tion of mi cro or gan isms in
the caves may also be in flu enced by cir cu la tion fac tors, in clud -
ing the na ture of the air cir cu la tion in side the cave it self, but the
large size of both caves sig nif i cantly re duces its po ten tial role in
this re spect.

LIMITATIONS OF THE STUDY

The ma jor lim i ta tion of this study seems to be the num ber
of sam ples eval u ated; how ever, the pre mises ana lysed were
se lected as rea son ably rep re sen ta tive of the study en vi ron -
ments. The quan ti ta tive and qual i ta tive re sults ob tained are
ad di tion ally bi ased by the sam pling time and many en vi ron -
men tal, spa tial and tem po ral changes. In this study, the mi cro -
bial aero sol sam pling was lim ited in time (3 min) and space
(sta tion ary sam pling only).

Anthropogenic fac tors may also play a role in the mea sure -
ments, not least con tam i na tion by mi cro or gan isms brought into
caves by spe le ol o gists ex plor ing them. How ever, this is sue
needs fur ther re search. In this study, we tried to elim i nate or
mini mise po ten tial anthropogenic im pact by choos ing meth od -
olog i cally ap pro pri ate sites for air sam pling, stay ing away from
the impactor dur ing air sam pling and lim it ing acivities dur ing the
mea sure ments. In ad di tion, the cave sur veys were planned so
that there would be long pe ri ods of at least one month be fore
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the mea sure ments, dur ing which the caves would not be dis -
turbed by spe le ol o gists.

Nev er the less, all these lim i ta tions should be kept in mind as 
they may, to some ex tent, un der es ti mate the real en vi ron men -
tal ex po sure.

CONCLUSIONS

Our study is one of the very few ex am ples of aerobiological 
re search in nat u ral caves. The re sults ob tained may pro vide a
new point of ref er ence for fur ther re search into cave aero -
biology, es pe cially for stud ies per formed in caves with a nat u -
ral en vi ron ment, pre vi ously un pol luted by the pres ence of hu -
mans. Bioaerosol con cen tra tions in the caves we stud ied
(Zoloushka and Mlynky caves) were gen er ally lower than in
tour ist caves (Ta ble 4).

The study shows that the con tent of air borne mi cro or gan -
isms in gyp sum maze caves of large sizes is de ter mined by
both ex ter nal fac tors and by the en vi ron ment of the caves’ in te -
ri ors, es pe cially microclimatic and mor pho log i cal fac tors. The
re sults in di cate a de ci sive role of the ex ter nal en vi ron ment in
the pen e tra tion of mi cro or gan isms into the cave at mo sphere.
This re sults from the very weak in ter nal air cir cu la tion and
slower air ex change be tween the cave in te ri ors and the ex ter -
nal at mo sphere. The sta bil ity of the microclimatic con di tions of
the cave in te rior shows that most mi cro or gan isms come from
out side and en ter the caves dur ing the ex change of its air with
the ex ter nal en vi ron ment.

The anal y sis of the re la tion ship be tween mi cro cli mate el e -
ments and bioaerosol con cen tra tions in di cates that only air ve -
loc ity and mois ture def i cit had a sig nif i cant ef fect on the level
and com po si tion of mi cro bial aero sols. How ever, no sig nif i cant
ef fect of tem per a ture and ab so lute air hu mid ity or CO2 con cen -
tra tion on the num ber of mi cro or gan isms was ob served.

The re sults of our study have dem on strated that morpho -
metric and mor pho log i cal fac tors such as the cave vol ume, the

size of the cham bers and cor ri dors, and the maze struc ture can
play an im por tant role in shap ing the level of mi cro or gan ism
con cen tra tions in the cave air. The lower con cen tra tions of mi -
cro or gan isms in the in te rior of Zoloushka Cave than in Mlynky
Cave may re sult – given sim i lar con cen tra tions of mi cro or gan -
isms at the en trances to both caves – from the “di lu tion” of
bioaerosols in the vol u met ri cally much larger space of this cave. 
As for the de creas ing num bers of mi cro or gan isms as one
moves away from the cave en trance, a ten dency ob served par -
tic u larly clearly in Mlynky Cave, may be a re sult of a “fil tra tion”
ef fect, i.e. the grad ual set tling and ab sorp tion of bioaerosol on
the walls of nar row fis sure cor ri dors dur ing the slow flow of air
masses from the en trance into the cave.

In ad di tion to mi cro bi o log i cal stud ies, microclimatic stud ies
are of equal im por tance, as they can help in ter pret the re sults
and ex plain the pat terns ob served. We have as cer tained that
there are in di vid ual vari a tions in the mi cro bi o log i cal com po si -
tion of cave air, de pend ing on the spe cific fea tures of the cave in 
ques tion. More gen eral con clu sions on the oc cur rence of mi cro -
or gan isms in cave air will need anal y sis of a con sid er ably larger
num ber of sam ples, a task that we plan to carry out: we have al -
ready ini ti ated new mi cro bi o log i cal mea sure ments and have
se lected caves of dif fer ent ge netic, mor pho log i cal and micro -
climatic types for this planned study.
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