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GEOPHYSICAL SURVEYS OF A POTENTIALLY EXTENSIVE CAVE SYSTEM, 
GUADALUPE MOUNTAINS, NEW MEXICO, USA
Lewis Land1 and Alex Rinehart2

Abstract

Between 2012 and 2015 National Cave and Karst Research Institute (NCKRI) personnel conducted electrical resis-
tivity and microgravity surveys over Manhole Cave, located on public land administered by the US Bureau of Land 
Management (BLM) in the Guadalupe Mountains of southeastern New Mexico. Manhole Cave is a relatively shallow 
pit cave, but it is thought by many cavers to be a second entrance to Lechuguilla Cave, the second deepest cave in the 
continental United States. Digging in Manhole Cave has been occurring sporadically for many years, following airflow 
through cemented breakdown. Results of resistivity surveys conducted over the cave show a high-resistivity anomaly 
southwest of the cave entrance, consistent with microgravity survey results that show a negative gravity anomaly in 
the same area. Combined geophysical results indicate that a substantial void is present in the subsurface a few tens of 
meters below ground level and extending to the south of the dig. 

Background
The study area is located in the Delaware Basin region of southeastern New Mexico and west Texas. The Delaware 

Basin is one of the deepest sedimentary basins in North America, containing more than 7300 m of sedimentary rock 
that provide reservoirs for water, oil, and natural gas resources. A thinner sedimentary section overlaps the northern 
edge of the basin, extending for over 100 km beyond the basin margin across the Northwest Shelf (Fig. 1). 

The Delaware Basin is rimmed by the Capitan Reef, a fossil reef of middle Permian (Guadalupian) age, that is ex-
posed along the southeast escarpment of the Guadalupe Mountains. Here, it is the host rock for Carlsbad Cavern, the 
centerpiece of Carlsbad Caverns National Park (Fig. 2). Northeast of the Park, the reef plunges into the subsurface 
and passes beneath the city of Carlsbad, where it is a karstic aquifer that is the principal source of fresh water for that 
community (Hiss, 1975a). During middle Permian time, fine-grained sediments were deposited in shallow waters of the 
backreef area, behind the reef in a broad lagoon that extended across the Northwest Shelf. These sediments make up 
the carbonate and evaporite rocks of the backreef Artesia Group (Fig. 1; King, 1948; Hayes, 1964; Kelley, 1971; Land, 
2003).

Caves, and other karst features in the Delaware Basin region, form in a semi-arid environment in a variety of geolog-
ic settings, in both carbonate and gypsum bedrock. Most caves in the Guadalupe Mountains are formed in limestones 
of the Capitan Reef Formation, or in dolomites of the backreef Artesia Group. For many years the prevailing theory of 
cave formation in the Guadalupe Mountains was that they were of epigenic origin, forming by carbonic acid dissolution 
near the water table (Bretz, 1949). However, since the 1980s, it is now widely accepted that caves in the Guadalupe 
Mountains are, for the most part, of hypogene origin, excavated by ascending artesian groundwater charged with sul-
furic acid (Hill, 1987; Klimchouk, 2007).

Manhole Cave (known to many in the caving community as Big Manhole) is an approximately 20 m deep pit cave in 
the Guadalupe Mountains of southeastern New Mexico (Fig. 2), formed in backreef dolomites of the middle Permian 
Seven Rivers Formation (Fig. 1). The cave’s entrance opens vertically beneath a dolomite ledge, and is protected by 
a steel gate to prevent unauthorized entry (Fig. 3). Its single chamber is approximately circular, and bells out from an 
entrance diameter of about one by three meters to a diameter averaging 27 m at the floor of the main chamber. The 
floor of the cave slopes upward from south to north, and the northern wall is within a meter of the ceiling (Lange, 1992). 
Most of the floor is covered with flowstone-cemented breakdown, which has been explored and excavated to a depth 
of about 30 m below the surface (Fig. 4). 

Manhole Cave is located on federal land administered by the US Bureau of Land Management (BLM); its location 
places it less than 300 m north of the boundary with Carlsbad Caverns National Park. The cave is also located approx-
imately 300 m (map distance) from the easternmost passages of Lechuguilla Cave, which lies within the boundaries of 
Carlsbad Caverns National Park (Figs. 2 and 5). Lechuguilla Cave is currently the second deepest cave in the continen-
tal United States (489 m; Gulden, 2016a) and, at 223 km, the seventh longest cave in the world (Gulden, 2016b). Lechu-
guilla Cave is generally assumed to have formed by hypogenic processes involving ascending, sulfuric acid-enriched 
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groundwater, derived from oil and gas 
accumulations in the Delaware Basin 
of southeastern New Mexico and west 
Texas (Hill, 1987; Palmer and Palmer, 
2000). The cave contains a remark-
able assemblage of rare speleothems 
and communities of chemolithoauto-
trophic bacteria, which are thought to 
have contributed to enlargement of the 
cave (Northup, et al., 2000). Access to 
Lechuguilla Cave is limited to scientif-
ic research and survey of its extent as 
approved by the National Park Service 
(NPS).

Strong airflow emerging from cracks 
in the flowstone-covered floor of Man-
hole Cave indicates that the cave prob-
ably extends beyond its mapped limits. 
This phenomenon, and Manhole’s prox-
imity to Lechuguilla Cave, has generat-
ed speculation that Manhole Cave may 
represent an entrance to one of the most 
distant points in Lechuguilla. Beginning 
in 1986, this airflow has motivated ex-
ploratory digging by caver volunteers 
beneath the south wall of the cave (Fig. 4). 

Figure 1. Regional stratigraphy of Guadalupian (middle Permian) rocks in southeastern 
New Mexico. Modified from Hiss (1975b).

Figure 2. Map show-
ing location of study 
area. Carlsbad Cav-
erns National Park is 
shown by green shad-
ing. Capitan Reef out-
crop is shown by blue 
shading along the 
Guadalupe Mountain 
front.
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Previous Work
In 1992, the Geophysics 

Group conducted a natural po-
tential (NP) survey over Manhole 
Cave (Lange, 1992). The survey 
consisted of a grid of eight lines 
oriented north-south, with the 
medial lines passing directly over 
the mapped cave. Results of the 
survey show a large positive NP 
anomaly, south-southeast of the 
cave entrance. Lange (1992) in-
terpreted this anomaly as indicat-
ing the presence of conduits or 
cave galleries that extended be-
yond the limits of the survey grid.

In 2004 and 2005, John Mc-
Lean (2005) conducted 2D elec-
trical resistivity surveys over Man-
hole Cave, using dipole-dipole 
arrays with 15 and 30 m electrode 
spacing. These surveys identified 
a large, high-resistivity anoma-
ly, presumably caused by an air-
filled cavity located about 30 to 
60 m south of the Manhole Cave 

entrance at a depth of 
about 40 m. One branch 
of the anomaly passes 
within 20 m of the cave. 
Several shallow, high-re-
sistivity zones were also 
identified in the north-
east and southwest parts 
of the survey area, which 
McLean suggested 
might represent small, 
independent caves or 
parts of a larger hypo-
genic cave system. The 
deep resistivity anomaly 
generally agrees with 
the NP anomalies identi-
fied by Lange (1992).

Methods
During the winter of 

2012-2013, the Nation-
al Cave and Karst Re-
search Institute (NCK-
RI), assisted by BLM 
personnel and volun-
teers, conducted six 2D 
resistivity surveys over 
and adjacent to the en-
trance to Manhole Cave 

Figure 3. Manhole Cave entrance, formed in backreef carbonates of the Artesia Group/Seven 
Rivers Formation.

Figure 4. Manhole Cave profile.
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Figure 5. Detail of 
study area showing 
surrounding area 
land status. MWSA = 
Mudgetts Wilderness 
Study Area. MHC = 
Manhole Cave. LGC 
shows approximate 
location of Lechuguil-
la Cave entrance.

(Fig. 6), using 56 electrode dipole-dipole arrays at 6-m electrode spacing for higher resolution than previous resistivity 
studies. The survey lines were spaced 6 m apart, and data from these surveys were subsequently merged to develop 
a 2.5D resistivity model using EarthImager 3D™ software. 

Electrical resistivity (ER) surveys are a common and effective geophysical method for detection of subsurface voids. 
The basic operating principle for an ER survey involves generating a direct current between two metal electrodes im-
planted in the ground, while measuring the ground voltage between two other implanted electrodes. Given the current 
flow and voltage drop between the electrodes, differences in subsurface electrical resistivity can be determined and 
mapped. Modern resistivity surveys employ an array of multiple electrodes connected with electrical cable. Over the 
course of a survey, pairs of electrodes are activated by means of a switchbox and resistivity meter. The depth of inves-
tigation for a typical ER survey is approximately one-fifth the length of the array of cable.

Resistivity profiles illustrate vertical and lateral variations in subsurface resistivity. The presence of water, water-sat-
urated soil, or bedrock will strongly affect the results of a resistivity survey. Air-filled caves or air-filled pore space in 
the vadose zone are easy to detect using the ER method, since air has near-infinite resistivity, in contrast with 10 to 
15 orders of magnitude more conductive surrounding bedrock. Previous work (Land and Veni, 2012; Land, 2013) has 
shown that resistivity surveys are one of the most effective methods for identifying water-filled and air-filled voids due 
to their electrical contrast with surrounding bedrock.

During the spring of 2015, NCKRI personnel completed a microgravity survey in the vicinity of Manhole Cave, using 
a Scintrex CG-5 gravity meter with 5-microgal resolution. Because of the highly irregular topography (steep cliffs and 
deep canyons), detailed terrain corrections had to be applied to the gravity data, instead of the simpler Bouguer slab 
correction. Gaps in the survey grid (Fig. 7) reflect areas of near-vertical topographic relief, where it was not possible to 
deploy the gravity meter.  High wind conditions introduced additional challenges in data acquisition, since wind-induced 
vibration required longer measurement times at each station to reduce standard deviations to acceptable levels. De-
ployment of portable wind barriers met with limited success.

Microgravity surveys are frequently conducted in conjunction with ER surveys. Gravity surveys estimate spatial 
variations in gravitational acceleration. These changes vary as a function of the density of the shallow subsurface 
according to Newton’s Law (Blakely, 1995). Conceptually, these measurements are made by precisely measuring the 
force required to balance a mass on a spring. To understand changes in the shallow subsurface, variations in gravi-
tational acceleration from six-to-eight significant figures are required. With advances in materials, mechanical design, 
and electronic controls, it is now routine to perform these measurements (Hinze et al., 2013).

The Scintrex CG-5 uses a weighted quartz spring, balanced by a capacitor with an internal feedback control system, 
for raw measurements. The CG-5 reports measurements with internal drift and tidal corrections. During a survey, a 
reference station is reoccupied periodically to account for additional instrument drift and tares (“jumps” in the gravity 
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readings when the instrument is moved). With the electromechanical system, the internal corrections and the drift cor-
rections with base station reoccupations, the maximum accuracy of the CG-5 is 5 microgal (approximately 10−8 m s−2).

To interpret the shallow subsurface structure, a number of corrections must be made to remove other, undesired 
effects. In many cases, the complete terrain-corrected Bouguer anomaly can be used to understand subsurface struc-
tures (Hinze et al., 2013). This anomaly remains after correcting for:

 • the attraction of the reference geoid;
 • the centrifugal acceleration as a function of latitude, reflecting changes in the shape of the geoid;

Figure 6. Electrical resistivity survey 
lines. Individual electrodes are shown by 
filled circles. White oval shows location 
of cave entrance. Line numbers refer-
ence ER profiles shown in Figure 7. Data 
sources, BLM, NCKRI, ESRI base maps. 
Cartography by Andrea K. Goodbar.
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 • the elevation of the measurement location above the geoid, or free air anomaly;
 • earth tides;
 • an estimate of the “normal” rock density above the geoid, or slab Bouguer anomaly; and
 • effects from variations in terrain around the measurement point (Longman, 1959; Blakely, 1995).

With the CG-5, tidal corrections are made internally using the correction of Longman (1959). We made all of the other 
corrections, except for the terrain correction, based on site locations, using the simple formula in Blakely (1995). The 
terrain correction was computed numerically. We assumed a mean density of 2.6 g cm−3 for bedrock, and broke the 

Figure 7. Comparison of 
resistivity survey lines 
and microgravity sur-
vey area. Orange oval 
shows location of cave 
entrance. Line num-
bers reference ER pro-
files shown in Figure 8. 
Black squares show lo-
cations of microgravity 
survey stations. NW-SE 
gravity survey lines are 
spaced approximately 
12 m apart. Spacing of 
individual stations within 
each survey line is ap-
proximately 6 m.
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Figure 8a. Manhole Cave 
ER line 1. Cave entrance is 
about 13 m east of the survey 
line, and is projected onto the 
resistivity profile. Locations 
of this and subsequent pro-
files are shown in Fig. 5.

Figure 8b. Manhole Cave 
ER line 2. Cave entrance is 
about 7 m east of the survey 
line, and is projected onto the 
resistivity profile.

Figure 8c. Manhole Cave 
ER line 3. This survey line 
passes less than one m east 
of the cave entrance. Note 
the presence of a zone of 
slightly lower resistivity that 
connects the Manhole Cave 
anomaly with the larger re-
sistivity anomaly to the south.
Figure 8d. Manhole Cave 
ER line 4. Cave entrance is 
about 5 m west of the survey 
line, and is projected onto the 
resistivity profile.

Figure 8e. Manhole Cave 
ER line 5. Cave entrance is 
about 11 m west of the sur-
vey line, and is projected 
onto the resistivity profile.

Figure 8f. Manhole Cave 
ER line 6. Cave entrance is 
about 17 m west of the sur-
vey line, and is projected 
onto the resistivity profile.

terrain into prisms using a 10 m digital elevation model (DEM). The vertical component of gravitational attraction from 
each prism is computed for every measurement point out to a radius of 150 km from the measurement point (Blakely, 
1995), and then is removed from the measured gravity.

Results and Discussion
Resistivity Surveys

Terrain-corrected electrical resistivity surveys, conducted in the vicinity of Manhole Cave, achieved an investigation 
depth of approximately 60 to 90 m below ground level (bgl) (Figs. 8a-8f). The ER data are exceptionally noisy, probably 
the result of high contact resistance in the survey area, which is comprised largely of exposed dolomite bedrock with 
very thin and patchy soil cover. In many cases, a hammer drill was necessary to drill holes in the bedrock pavement for 
installation of electrodes. We achieved lower contact resistance in those cases by filling the holes with saltwater before 
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insertion of the electrodes. We also used a data misfit histogram provided by EarthImager™ software to remove data 
outliers and reduce the root mean square error during data processing. 

ER line 3 passes less than one m east of the cave entrance (Fig. 8c). The entrance to the cave is projected onto the 
remaining five survey lines. Manhole Cave is shown by a shallow zone of high resistivity, at approximately 125 m on all 
six profiles. It is worth noting that Manhole Cave’s relatively shallow, 20 m, depth results in it not appearing prominently 
displayed because of the vertical scale of the ER profiles (e.g., line 3, Fig. 8c). Additional high-resistivity anomalies are 
visible at the northern end of all six lines, at depths ranging from approximately five to 40 m. These anomalies may 
represent shallow caves or conduits independent of Manhole Cave. McLean (2005) identified similar shallow, resistivity 
anomalies north of the Manhole Cave entrance.

A distinctive feature of Lines 1 through 4 is a broad zone of high resistivity 35 to 120 m south of the cave entrance. 
This anomaly is visible on Line 1 at depths ranging from approximately 20 to 65 m bgl (Fig. 8a). Resistivity values range 
from 10,000 to 100,000 ohm-m, consistent with air-filled, void space in the subsurface. A similar high-resistivity anom-
aly is present on Line 2 (Fig. 8b) 15 to 55 m bgl, on Line 3 (Fig. 8c) at about 10 to 60 m bgl, and on Line 4 (Fig. 8d) at 
10 to 60 m bgl. 

The southern end of the large ER anomaly, visible on Lines 1 to 4, appears to curve upward toward the surface, 
although we encountered no evidence of cave entrances in that area during the ER surveys. Line 3 (Fig. 8c) also shows 

Figure 9. 2.5D model, view to west.
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a narrow zone of slightly lower resistivity (about 5000 to 7000 ohm-m) that connects the Manhole Cave resistivity 
anomaly with the larger anomaly to the south at an angle of approximately 30°. If the resistivity anomaly to the south 
represents a larger cave, this feature may indicate the presence of a breakdown-choked passage linking the two caves. 
Smaller high-resistivity anomalies are visible at the south end of Lines 2 and 3, which may represent isolated cavities 
not connected to the larger void; or they may be the result of data-processing artifacts that are more common at the 
ends of resistivity profiles, where fewer data points are available for interpretation.

A high-resistivity feature is still present south of Manhole Cave on Line 5 (Fig. 8e) about 55 to 75 m bgl, overlain 
by several smaller and shallower anomalies.  A southern anomaly is also present on Line 6 (Fig. 8f) at a significantly 
shallower depth, 10 to 30 m bgl, that may correlate with the shallow anomalies observed on Line 5. These features may 
represent shallower corridors and/or galleries above the main void space south of Manhole Cave. If this interpretation 
is correct, it suggests that the southern cave system may turn to the southeast, beyond the limits of the ER surveys 
(Fig. 6).

EarthImager 3D™ software was used to merge the six 2D resistivity lines to create a 2.5D model of the survey area 
(Fig. 9). The software was then used to generate slices at depth increments of five meters through the 2.5D model 
(Figs. 10a-10g). The slices terminate at varying distances from the northern end of the model because of steep topog-
raphy in the survey area, causing the horizontal slices to extend into what would be open air above a broad arroyo. 

Figure 10a. 1427 m layer, ap-
proximately four m bgl at the 
cave entrance. Steep terrain 
in the survey area causes 
this layer (and subsequent 
ones) to terminate to the 
south, where the horizontal 
slice projects into open air 
above an arroyo. High resis-
tivity in this slice indicates 
the presence of air-filled void 
space in Manhole Cave, and 
additional shallow zones of 
high resistivity north of the 
cave entrance.

Figure 10b. 1422 m layer. 
High resistivity results from 
air-filled void space near the 
center of Manhole Cave.

Figure 10c. 1417 m layer, just 
above the cave floor.
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Fig. 10a shows a slice at 1427 m elevation, or about 4 m below the cave entrance. High-resistivity values at the 
south end of this slice reflect the air-filled void space represented by Manhole Cave. A high resistivity anomaly is also 
present on the 1422 m layer (Fig. 10b), resulting from the presence of air-filled void space near the center of the cave. 
These high-resistivity values begin to break up in the 1417 m layer, just above the cave floor (Fig. 10c), and are absent 
in the 1412 m slice (Fig. 10d), reflecting the absence of any cavities below the cave floor. However, the high-resistivity 

Figure 10d.1412 m layer. The 
absence of any zones of high 
resistivity reflect the fact that 
this slice is below the level of 
Manhole Cave.

Figure 10e. 1407 m layer. 
Zones of high resistivity on 
this and the two subsequent 
slices show the presence 
of a large, high-resistivity 
anomaly observed on 2D 
Lines 1 through 5.

Figure 10f. 1402 m layer.

Figure 10g. 1397 m layer.
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Figure 11. Terrain-corrected Bouguer gravity anomaly map. White oval shows location of cave entrance. Contour interval = 0.1 mg.

anomaly to the south of Manhole Cave is clearly indicated on the three slices at 1397, 1402, and 1407 m depth (Figs. 
10e, 10f, and 10g).
Microgravity surveys

Microgravity data were collected at 72 stations in the vicinity of Manhole Cave using a Scintrex CG-5 gravity meter 
(Fig. 7). A complete Bouguer gravity correction was applied to the data to account for the extreme topography of the 
survey area. Microgravity survey results clearly indicate a negative gravity anomaly in the vicinity of Manhole Cave. 
Another gravity low is visible south-southwest of the cave entrance (Fig. 11). The gravity data are consistent with resis-
tivity surveys, suggesting the presence of a large cave system south of Manhole Cave. However, the more southerly 
gravity low is only defined by two stations. The somewhat ambiguous character of the microgravity data, in contrast with 
the resistivity results, may indicate the presence of a large, breakdown-filled passage, as opposed to open void space, 
which would produce a high electrical resistivity signal, but a less clearly-defined microgravity anomaly. 

An alternative explanation for the smaller anomaly to the south is that the southern cave is deeper than Manhole 
Cave, and is not entirely surrounded by the gravity survey. Gravity anomalies integrate subsurface density distribution 
weighted by 1/r2, thus density variations at greater depths will have a smaller surface manifestation. In general, deeper 
subsurface anomalies have a smaller and smoother signature than shallower anomalies. Complicating the interpreta-
tion, the gravity survey does not surround the entire negative anomaly, further smoothing the image.

The absence of a gravity anomaly in the southeast corner of the gravity survey, where ER data indicate subsurface 
void space (Fig. 8A), may be due to inadequacies in the 10 m DEM-based terrain correction, which may simply not have 
resolved the ruggedness of the terrain. Less than ideal field conditions (steep cliffs, deep canyons, and strong winds) 
may have also contributed to the ambiguous gravity results.  

Conclusions
Resistivity surveys conducted over Manhole Cave show a laterally-extensive, high-resistivity anomaly approximate-

ly 35-120 m south-southwest of the cave entrance. Given the geologic setting, the high-resistivity signal identified on 
the ER lines probably indicates the presence of a large, air-filled cavity 25 to 30 m below ground level. Microgravity 
survey results are less conclusive, but consistent with analysis of the resistivity data. The results of these geophysical 
surveys suggest that additional digging should eventually result in intersection with deeper cave passages southwest 
of Manhole Cave.
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The entrance to Manhole Cave is located less than 300 m north of the Carlsbad Caverns National Park boundary. 
Lechuguilla Cave is located within the Park, but at its closest point Lechuguilla is only 300 m (map distance) from BLM 
administered land. If a connection is ultimately established between Manhole and Lechuguilla caves, it will create a 
unique situation, wherein a world-class scientific resource is subject to dual management by two federal agencies with 
different agendas and management styles. BLM and NPS personnel have already discussed joint management of this 
resource, but as one BLM resource manager has observed, the devil is in the details.
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MICROBIAL DIVERSITY OF SPELEOTHEMS IN TWO SOUTHEAST  
AUSTRALIAN LIMESTONE CAVE ARCHES
David P. Vardeh1, Jason N. Woodhouse1,2, Brett A. Neilan1,3 C

Abstract

Peculiar cave structures, nicknamed lobsters, and shaped by drip water, wind, aeolian particles and microbial biofilms, 
are described from cave entrance arches at Jenolan and Wombeyan caves in southeast Australia. Subaerial biofilms 
on rock surfaces support complex microbial assemblages adapted to temperature, desiccation, and low irradiance 
stress. The community composition of active and inactive speleothems was elucidated by next generation sequencing. 
Active biofilms showed high abundances of cyanobacterial taxa, morphologically and phylogenetically belonging to 
the genera Chroococcidiopsis and Gloeocapsa, representing an endolithic lifestyle in desiccated and low light condi-
tions. Significant differences were found between caves and between actively accreting and inactive and weathered 
structures. Functional taxa putatively occupying the same niches were found on active structures in both locations. A 
temporal succession is proposed, with dominance shifting from Chroococcales to Actinomycetales and highly desicca-
tion-resistant and oligotrophic Rubrobacterales with decreasing water availability.

Introduction
Subaerial biofilms occupy the realm between air and rock surface, which is an ancient and hostile niche. Under 

favorable conditions, complex and less tolerant eukaryotic taxa, such as algae and fungi, dominate subaerial bio-
films. However, under adverse conditions, prokaryotic taxa remain the only microorganisms capable of enduring the 
extreme environmental conditions characterized by inhospitable habitats like deserts and caves (Gorbushina, 2007). 
Colonization of a rock substrate is initiated by photosynthetic organisms that enrich the surface and provide a base for 
heterotrophic taxa (Crispim and Gaylarde, 2005). In subaerial habitats, a constant, close interplay between lithosphere, 
atmosphere, and colonizing microbes has a direct impact on the biogeochemistry within the biofilm and the underlying 
minerals (Warscheid and Braams, 2000; Buedel et al., 2004). 

The organisms that inhabit subaerial biofilms present on cave structures, are influenced by a series of factors in-
cluding light availability, the abundance and nature of mineral-enriched drip water, and the physical structure of the rock 
(Gorbushina, 2007). Substrate micro-topography influences niche availability (Golubic et al., 1981) and colonization 
speed, with smooth surfaces harder to colonize and favoring small coccoid organisms, such as cyanobacteria of the 
genus Gloeocapsa. Rougher surfaces with declivities, protecting organisms from wind, solar irradiation, or predation, 
are colonized faster and provide additional microniches (Miller et al., 2006) resulting in a greater abundance and diver-
sity of organismal shape and metabolism (Gorbushina, 2007). 

Cave entrances, as opposed to hypogeal environments, are strongly influenced by surface, physical parameters, 
including fluctuations in temperature, desiccation and light restriction. The extracellular polymeric substances (EPS) 
that envelop cell assemblages in microbial mats provide protection from these fluctuations (Kemmling et al., 2004) and 
govern mineral precipitation (Tourney and Ngwenya, 2009).

Lobster-type speleothems are unique, elongated, narrow structures present within cave entrances, which extend 
toward the main direction of wind in the cave arch systems (James et al., 1982; Cox et al., 1989b; Lundberg and 
McFarlane, 2011). Two cave arches in the Blue Mountains area of New South Wales, Australia, are the sites of the 
first description of this morphology, namely Nettle Cave in Jenolan Karst Conservation Reserve and Victoria Arch in 
Wombeyan Karst Conservation Reserve (Cox, 1984; James et al., 1982). Their nickname, lobsters or craybacks, orig-
inates from the crenulations and elevated ridges across the narrow axis that give the speleothems the appearance of 
a segmented, crustacean carapace (Cox et al., 1989a). Due to influx of allochthonous matter into the open caves, a 
plausible explanation for the formation of the lobster ridges is the introduction of particulate irregularities on the surface. 
Once a particle becomes attached to the surface, it creates a shaded area that phototrophic organisms will avoid, thus 
causing increased calcification and, ultimately, a ridge in the lighter part (Cox et al., 1989b). The width of the structures 
is at least partly determined by the height of the cave roof, whereby higher travel distance of the drops from above result 
in larger splash diameters and wider structures. 

Cox and co-workers proposed that the growth of the lobsters is partially biogenic. They also confirmed the presence 
of Gloeocapsa spp. (Cox et al., 1989b), and Chroococcales have been shown to contribute to calcification in accreted 
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structures, formed by the action of microbes, i.e. microbialites (Saghaï et al., 2015). Extremely little is known about the 
microbial communities of cave speleothems and there are only a handful of reports worldwide on the peculiar morphol-
ogy of crayback or lobster stalagmites (Mulec et al., 2007; Lundberg and McFarlane, 2011). Purely physical, carbonate 
precipitation, driven by evaporation of the water film on the speleothem surface, usually leads to randomly structured 
precipitate (Hill et al., 1997). In contrast, cyanobacterial photosynthesis induces smooth, laminar precipitation. Season-
ality contributes to layering within the structure, with solid or coralline layers deposited in wet seasons and allochtho-
nous layers of dust, grains, and animal matter deposited in dry seasons (Cox et al., 1989b). Decreased, wind-driven 
evaporation of the scarce water conveys an advantage to organisms settling there (Lundberg and McFarlane, 2011). 

Here, we characterize, for the first time, the microbial assemblage, in regard to composition and putative ecological 
roles, of lobster speleothems in cave arches. We address the extent of any heterogeneity that might occur between 
sites within a cave system, as well as between cave systems. Also, a sampling regime was enacted to shed light on 
the succession of microbial communities as speleothems transition from active to the inactive and weathered form over 
time.

Materials and Methods
Site description and sampling

Samples were collected from Nettle Cave (Jenolan Caves, Blue Mountains, NSW, 33.8206° S, 150.0214° E) in 
March 2013 and from Victoria Arch (Wombeyan Caves, NSW, 34.3167° S, 149.9833° E) in April 2013. Nettle Cave 
is the upper part of an 80 m high and 40 m wide tunnel called Devils Coachhouse that runs in a southwest-northeast 
direction. Almost all speleothems are located on this upper level, which receives light mainly from the smaller, narrow 
Nettle Cave exit, a roof hole, and to some extent, the large Devils Coachhouse opening (Cox et al., 1989a). Site 1 (sam-
ple J1) is an old, weathered and dry lobster (Fig. 1B) with white and flaking surface, and it is about 4 m away from the 
walkway to the right. This site, and all other sites, is located about 20 m from the Nettle cave exit. Site 2 (J2 and J3) is 
a small blue-green, extremely faint, ridged lobster at the edge of a crevice on the left side of the walkway. It is located 
directly beneath an old steel cable. Site 3 (Fig. 1A) is a well-ridged speleothem with blue-green surface (J4 and J5), 
as well as coarse, dry, green sides (J6 and J7). It is located 2 m behind Site 2. Site 4 (J8 and J9) is an elongate, only 
faintly blue-green speleothem underneath the walkway in the vicinity of sites 2 and 3. It was partially removed to allow 
construction of the walkway. Rock (J10) and soil (J11) samples were collected from between sites.

Victoria Arch at Wombeyan has roughly 
the same dimensions as Nettle Cave and 
runs in a north-south direction (Osborne, 
1993). As opposed to Nettle Cave, it is 
at ground level. Site 1 (W1 and W2) is a 
conspicuous, large (1 m high) lobster with 
blue-green coloration 10 m from the en-
trance on the left side. Site 2 (W3−W5) is 
an elongate lobster 12 m further into the 
cave and directly to the right of the path. It 
is ridged and deep blue-green with light-
green growth on the sides. Site 3 (W6 and 
W7) is a soft, deep grey-green flowstone, 1 
m high and 3 m wide and about 10 m from 
the opposite cave opening. Site 4 (W8) is 
a weathered, chipped and white lobster 
close to site 2. Rock (W9) and soil (W10) 
samples are adjacent to site 4. Specimens 
were drilled to a depth of about 5 mm us-
ing a hand-held, battery-powered drill, 
equipped with a 20 mm diamond-coated, 
circular drill bit which was ethanol-steril-
ized between samples. Samples were kept 
at 4 °C for 1−2 days in sterile containers 
prior to DNA extraction. As of 2015, sam-
pling core holes were still clearly visible.

Illuminance at the Jenolan lobster site 
was previously measured at low values of 

Figure 1. Representative active blue-green (A) and inactive weathered (B) Lobster 
speleothems from Jenolan Caves and light microscopy pictures of Chroococcidiop-
sis-Gloeocapsa morphologies with (C) and without (D) gelatinous envelopes.
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50−100 lux on a summer midday, depending on exact location and positioning of the structure (Cox et al. 1989a). No 
measurements from the Wombeyan site are available, but due to the similarity in cave shape and speleothem position-
ing, a similar light intensity is presumed. Conditions at Jenolan Caves (792 m above sea level, station number 63036) 
were unusually wet in the weeks preceding, with February rainfall being registered at about three times the mean for 
that month (Bureau of Meteorology, 2013a). In contrast, conditions had been unusually dry at Wombeyan Caves (580 m 
above sea level, station no 63093) before sampling. Only 29.6 mm of rain fell in the month leading up to the sampling 
date and March and April were much drier than average (Bureau of Meteorology, 2013b). Both caves are open to the 
public and receive high numbers of visitors year-round, but most speleothem structures are not directly accessible. As 
this is an exploratory study covering large sampling areas, small-scale differences in environmental factors are likely, 
but these will need to be investigated using a narrower approach that includes more physical measurements. Wind, ex-
posure to outside contamination and annual temperature fluctuations are comparable across all samples for the scope 
of this study. Average monthly temperatures are between 0.5 °C and 26 °C in both locations. 
DNA extraction, amplification and sequencing

For each core, 400−500 mg of sample was ground coarsely and sample replicates from the same specimen and 
the same appearance were pooled. A FastDNA Spin Kit for Soil was used according to manufacturer’s instructions 
(MP Bio). The final buffer was left on the column at 55 °C to enhance elution and re-centrifuged over the column once 
to increase yield. DNA was kept at −20 °C. DNA concentration and quality were measured using a NanoDropTM 1000 
Spectrophotometer (Thermo Fisher Scientific). DNA concentrations ranged from 10-40 ng µL−1 at 260/280-absorbance 
ratios between 1.59 and 2.02.

PCR for the V1−V3 region of the 16S rRNA gene was performed using oligonucleotides 27F and 519R, each featur-
ing a unique sample specific 8 nt multiplex identifier (MID) tag (Caporaso et al., 2012). A 19.5 µL master mix containing 
1× Tris-HCl buffer (Bioline), 1 mM MgCl2, 1 mM BSA, 1.5 mM dNTPs and 0.3 U BioTaq DNA Polymerase (Bioline), and 
0.1 U Pfu proofreading DNA Polymerase (Promega) was pipetted into a sterile PCR tube along with 50 pmol forward 
primer, 50 pmol reverse primer, and 5−20 ng of sample DNA. PCR cycling was performed as follows: Initial denaturing 
for 5 min at 95 °C, 30 cycles of denaturation for 15 s at 95 °C, annealing for 30 s at 55 °C, elongation for 60 s at 68 °C, 
and a final elongation step for 7 min at 72 °C. Single-stranded DNA was digested at 37 °C for 15 min by the addition of 
0.05 U Exonuclease I and 0.25 U Shrimp Alkaline Phosphatase (New England Biolabs). The enzymes were inactivated 
at 80 °C for 20 min. PCR products (~530 bp) were confirmed by gel electrophoresis on a 1 % agarose gel and then 
normalised and pooled using a SequalPrep Normalisation Plate (Thermo Fisher Scientific).

Concentration and quality of the pooled library were checked with Qubit and the library size confirmed using the 
Agilent 2200 TapeStation. The Agencourt AMPure XP bead clean-up kit (Beckman Coulter) was used on the pool to 
reduce primer dimers. The libraries were sequenced at the Ramaciotti Centre for Genomics, UNSW, Australia, on an 
Illumina MiSeq instrument using a MiSeq Reagent Kit v3 with a 2 × 300 bp run format and default run parameters in-
cluding adaptor trimming. 
Bioinformatic analysis

Only the 27F-derived sequences were used for taxonomic assignment, as it ensures comparable taxonomic assign-
ment, while reducing an overestimation of operational taxonomic unit (OTU) richness due to progressively deteriorating 
sequencing quality (Caporaso et al., 2012). The following analysis was performed using the Mothur v. 1.36.0 package 
(Schloss et al., 2009). Sequence files were trimmed using a scanning window average (window size = 50, minimum 
quality score = 30). Sequences that were shorter than 270 bp in length, contained ambiguous bases, or homopolymers 
of length greater than 8 bp were removed. Unique sequences were aligned with the SILVA database (version 102). 
Sequences were pre-clustered allowing for a 1 bp mismatch per 100 bp and Uchime, as implemented in Mothur, was 
used to identify and remove chimeric sequences (Edgar et al., 2011).

Taxonomic annotation was first done with the RDP trainset9_032012 (Cole et al., 2013) reference and lineages, 
classified as mitochondria, Archaea, Eukarya, or unknown were removed. Sequences classified as chloroplast were 
retained to ensure that all cyanobacterial sequences were retained. The second taxonomic annotation was done using 
the GreenGenes 13_8_99 reference file with cut-off 0.8. Subsampling was performed at a level of 9351, consistent with 
the lowest, observed sampling depth, resulting in 196,371 sequences in total. Of these, 9,508 unique sequences were 
clustered into OTUs using average neighbor clustering and a distance threshold of 0.03. Taxonomy of each OTU was 
assigned using a consensus method and a cut-off of 0.8. A total of 1089 OTUs representing 17,136 sequences could 
not be classified beyond the level of kingdom. 
Phylogenetic analysis

A phylogenetic tree was constructed by obtaining representatives for each OTU containing at least 10 sequences 
that annotated to the orders Nostocales or Chroococcales, in addition to any unclassified cyanobacterial sequences. 
For each OTU representative, the corresponding 519R sequence was recovered and the sequences assembled to form 
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~450 bp sequences. Reference sequences from NCBI GenBank nucleotide database (accessed June 2015) and OTU 
sequences were aligned in the BioEdit version 7.2.5. (Hall, 1999) with implementation of the Clustal W (Thompson et 
al., 1994) multiple alignment algorithm. Phylogenetic inference of the resulting alignment was made with PhyML (Guin-
don et al., 2010) using a gamma time-reversible model and 1,000 bootstrap replicates. The resulting tree was visualized 
with Dendroscope version 3.2.10 (Huson and Scornavacca, 2012). 
Statistical analysis

Richness, diversity (inverse Simpson index) and evenness (log-based Shannon index) of the microbial community 
were calculated from the OTU matrix using Primer 6 (version 6.1.11, Primer-E Ltd., UK). Cluster analysis was performed 
on a Bray-Curtis similarity resemblance matrix derived from the square root transformed OTU matrix. PERMANOVA 
was performed using the Primer 6 PERMANOVA+ version 1.0.1 (http://www.primer-e.com/permanova.htm) add-on 
using location (Jenolan and Wombeyan caves) and group (Table 1) as fixed factors. 

Indicator species analysis was performed to identify OTUs representative of each group using the Indicator Species 
package in R (de Cáceres et al., 2010). For inclusion in this analysis, OTUs were required to contribute at least 1 % to 
the total sequence number in a given sample. A correlation table was constructed featuring each OTU, the site (or sites) 
that it was an indicator of, the indicator value, and the observed p-value (see Supplementary Table 1). Visualisation of 
the relationships between indicator OTUs and the morphotypes as an indicator value, edge-weighted, spring-embed-
ded network was performed using Cytoscape version 3.2.1 (http://www.cytoscape.org/index.html).

Results
Microbial composition of cave entrance subaerial biofilms

The most abundant taxa found on the active speleothems in Jenolan (groups 2 and 3) were Cyanobacteria 
(28.6 ± 21.3 %), Actinobacteria (25.5 ± 10.2 %), unclassified Bacteria (20.7 ± 9.7 %), Alphaproteobacteria (11.8 ± 9.8 
%), and Acidobacteria (6.1 ± 2.3 %). The inactive speleothem in Jenolan (group 1) was dominated by Actinobacteria 
(69.3 ± 11.2 %), followed by unclassified Bacteria (10.2 ± 9.8 %) and Alphaproteobacteria (6.4 ± 2.8 %). The most abun-
dant taxa in active Wombeyan biofilms (groups 6−8) were Acidobacteria (20.2 ± 11.4 %), Actinobacteria (21.3 ± 8.9 
%), Cyanobacteria (19.1 ± 15.8 %), Alphaproteobacteria (7.3 ± 4 %), and unclassified Bacteria (5.5 ± 2 %). Weathered 
speleothems and rock controls (group 4) were dominated by Actinobacteria (79.9 ± 2.8 %), followed by Cyanobacteria 
(3.1 ± 4.4 %), most of which were identified as chloroplasts and Alphaproteobacteria (1.7 ± 0.9 %). Soil communities 
(group 5) contained Actinobacteria (44.3 ± 6.5 %), Proteobacteria (27.4 ± 1.2 %), unclassified Bacteria (3 ± 1.6 %), and 
Cyanobacteria (2 ± 2.1 %). Of the 14.1 ± 17.2 % of sequences annotated as belonging to the phylum Cyanobacteria, 
the major groups were Chroococcales (6 ± 9.4 %), unclassified Cyanobacteria (5 ± 9.5 %), and chloroplast sequences 
(2.1 ± 2.9 %).

Bray-Curtis similarities of square root transformed OTU abundances revealed several distinct groups of samples 
that are less than 30 % similar to one another (Fig. 2). These groups, consistent with the morphological appearance of 
the subaerial biofilms, are subsequently annotated as: blue-green mat (two per cave), green mat (Jenolan), grey-green 
flowstone (Wombeyan), soil controls, and a group containing old inactive speleothems and bare rock controls (shared 
by both caves, Table 1). Except for one instance, these groups coincided with the respective speleothem specimen 
from which they were sampled. The exception is sample J3 from the subsurface layer (ca 2−5 mm) of one active spe-
leothem in Jenolan sharing about 40 % OTU similarity with the cores from site 4, a pale lobster with only faint hues of 
blue-green coloration.

Table 1. Groups from Jenolan and Wombeyan samples identified from cluster analysis and morphological description of 
sampling sites.

Samples Group Description
J3, J8, J9 1 Subsurface sample from blue-green speleothem (J3) and samples from inactive faint blue-green speleothem

J2, J4, J5 2 Blue-green speleothem

J6, J7 3 Dry green coarse mat on vertical side of group 2 speleothem

J1, J10, W8, W9 4 Old weathered speleothems without any visible mat (J1, W8) and bare non-speleothem rock (J10, W9)

J11, W10 5 Soil

W1, W2 6 Blue-green speleothem at cave entrance

W3, W4, W5 7 Blue-green speleothem with some dry green growth

W6, W7 8 Green-grey wet soft flowstone
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Microbial heterogeneity between 
geographically isolated speleo-
thems

Soil and rock controls from Wombey-
an or Jenolan caves were not found to 
be substantially different, based on the 
Bray-Curtis similarities, although the 
lack of replicate samples did not per-
mit this to be demonstrated statistical-
ly. PERMANOVA supported a distinc-
tion between Jenolan and Wombeyan 
active speleothem OTU communities 
(p = 0.001, Pseudo-F = 4.1555) and a 
distinction amongst groups (p = 0.0001, 
Pseudo-F = 3.1621). Differences be-
tween the groups were investigated by 
post-hoc, pairwise t-test. Significant dif-
ferences were identified between rock 
controls and Site 1 (t = 0.038) and Site 2 
(t = 0.039) from Jenolan Cave and Site 
7 (t = 0.023) from Wombeyan Cave en-
trances.

There was a significant difference (t 
= 0.0334) in richness of subaerial bio-
film communities between Jenolan and 
Wombeyan caves, but not of evenness 
(t = 0.0638) or diversity (t = 0.0950). A 
significant effect of Bray-Curtis similari-

ty-defined groupings (p < 0.0001, F = 18.23) and, to a lesser extent, morphotype (p = 0.0281, F = 3.604) on the richness 
was observed. A significant effect on evenness was observed for Bray-Curtis groupings (p = 0.0008, F = 7.867), but not 
morphotype (p = 0.0559 F = 2.896). Pair-wise, the richness of microbial communities associated with subaerial biofilms 
in the Jenolan Cave entrance was not significantly different from bare rock and inactive speleothems in both caves. 
The richness of subaerial biofilms in the Wombeyan Cave arch was significantly different from that of the soil control for 
two of the three structures, namely the two blue-green speleothems, but not the green flowstone. No clear pattern was 
observed from the differences in evenness within or between caves.

The blue-green and green microbial mats of both Jenolan and Wombeyan caves were distinct from the rock and soil 
control samples by the presence of abundant cyanobacterial sequences (Fig. 2), consistent with microscopic analysis 
that confirmed an abundance of Gloeocapsa and Chroococcidiopsis morphotypes. Phylogenetic analysis (Fig. 3) of 
dominant cyanobacterial 16S rRNA gene sequences indicated the presence of a number of diverse OTUs associated 
with cultured Chroococcidiopsis and Nostoc species. In addition, a subset of dominant cyanobacterial OTUs were iden-
tified that lacked phylogenetically-related, cultured representatives. Cyanobacterial OTUs were shown to vary in their 
relative contribution to the total sequence count, both within a cave and, more notably, between caves (Fig. 3). 

Indicator species analysis of OTUs that contribute at least 1% to any given samples identified a number of species 
indicative of the distinct sites, and groups of sites, within each cave system (Fig. 4). A total of 95 indicator OTUs were 
identified (Supplementary Table 1). Active speleothems were characterized by a range of cyanobacterial OTUs, phy-
logenetically similar to Chroococcidiopsis and Gloeocapsa, as well as a few chloroplast, Sphingomonas, Rhizobiales, 
Gemmatimonadetes, and unclassified bacterial OTUs. Acidobacterial OTUs were only indicative of the Wombeyan 
active structures. One OTU of Cyanobacteria and Solirubrobacterales were indicative of all active structures in both 
caves. The cyanobacterial genus Acaryochloris was indicative of the coarse, green mat sampled on the side of a Jeno-
lan microbialite. No cyanobacterial indicator was found to be exclusive to rock or soil control sites. Indicator OTUs for 
the soil samples were Actinomycetales and Gammaproteobacteria. 

Discussion
This study represents the first description of the microbial community composition of subaerial biofilms associated 

with a unique speleothem structure in cave arches (James et al., 1982; Cox et al., 1989b). Speleothems provide a unique 
opportunity to study how microbial, meteorological and geographical processes interact to introduce heterogeneity into 

Figure 2. Abundances of the major taxa (contributing >2 % of total sequences) and clus-
tering of Jenolan and Wombeyan samples into 8 distinct groups. Scale represents 60-
40-20-10-5-2.5 % of total abundance. For samples and groups see Table 1.
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landscapes. We sought to gain 
an understanding of the nature 
of microorganisms persisting in 
these biofilms, given the restrict-
ed availability of nutrients via 
drip water and dust. A focus has 
been placed on cyanobacteria 
as the main producers of organ-
ic matter within these systems, 
particularly with regards to the 
specific restrictions placed on 
this taxon by desiccation and 
low light. 
Differences between and 
within caves

Despite significant differ-
ences between Jenolan and 
Wombeyan OTU community 
composition, no apparent differ-
ences in abundance of the ma-
jor taxa were observed, except 
for the much higher abundance 
of Acidobacteria at Wombeyan 
sites (Fig. 2), suggesting that 
higher taxa and their respective 
metabolic and functional niches 
are represented by similar or-
ganisms. In both locations, cy-
anobacteria of the morphotypes 
Chroococcidiopsis/Gloeocapsa 

were the dominant primary producers and either share OTUs between caves or feature one representative of a puta-
tive, functional taxon (Fig. 3). This reflects an extent of functional redundancy to ecological roles and niche-specific 
adaptations (Yin et al., 2000). Given that the mechanisms of speleothem formation are likely the same in both caves, 
the key species in initial colonization influences subsequent biofilm growth. No clear pattern of richness, evenness and 
diversity was found between the caves, indicating that they experience similar environmental conditions and the differ-
ences in rainfall before sampling did not result in significant proliferation or decline of certain microbial clades, with the 
possible exception of an effect on Acidobacteria, discussed below.

Within caves, active blue-green mats were found to host a distinct microbial community compared to the weathered 
speleothems, bare rock or soil. Indicator OTU analysis showed that Cyanobacteria are indicators of active speleothems 
only, while Actinobacteria are mainly indicators of inactive structures and bare rock and soil (Fig. 4, Supplementary Ta-
ble 1). Exceptionally abundant actinobacterial OTUs were distributed throughout the samples and are indicators for sev-
eral sites, while multiple, less-abundant actinobacterial OTUs are associated with the aforementioned structures and 
controls. Therefore, a clear distinction in the importance of this taxon exists between active and inactive locations. Cy-
anobacterial indicators were closely related to the Chroococcales and uncultured species from extreme environments 
(Pointing et al., 2009; Wong et al., 2010). Jenolan active-site indicators were all cyanobacterial, whereas Wombeyan 
indicators are phylogenetically more diverse and include Acidobacteria and Sphingomonas OTUs. These taxa are also 
important constituents of soil and are able to degrade complex organic compounds (Juhasz and Naidu, 2000; Ward et 
al., 2009). A Gemmatimonadete OTU, indicative of all Wombeyan active mats, while poorly known, is well-adapted to 
desiccation (DeBruyn et al., 2011). 
Low-light, desiccation tolerant Cyanobacteria represent a critical component of speleothem subaerial bio-
films

Cyanobacteria (including chloroplasts) accounted for, on average, 18.6 % of the microbial community of active, 
speleothem-associated biofilms (Fig. 2). Consistent with their vibrant coloration, this value is likely to underestimate 
the cyanobacterial contribution to the total biomass in these systems, due to their large cell size. The microscopically- 
and phylogenetically-identified order Chroococcales, which includes the low-light adapted Chroococcidiopsis spp. and 

Figure 3. Chroococcales, Nostocales and unclassified cyanobacterial sequences from Jenolan 
and Wombeyan caves. Only OTUs with more than 10 sequences are included and relative shares 
of the most abundant OTUs (>200 sequences) are shown as pie charts and absolute sequence 
numbers are given in parentheses. Scale bar represents 0.01 substitutions per site.
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Gloeocapsa spp., contributed 8.3% of the total microbial community and were indicators (Fig. 4, Supplementary Table 
1) of active biofilms. These findings are consistent with previous reports of biofilms on stone surfaces (Macedo et al., 
2009) and caves (Asencio and Aboal, 2000; Lamprinou et al., 2009; Martinez and Asencio, 2010; Popović et al., 2015; 
Cox, 1984) and the premise that a biofilm established under low-light conditions would be dominated by cyanobacteria 
(Mulec et al., 2008). The morphotypes found in the cave arches possess thick sheaths (Baqué et al., 2013) and are pro-
lific producers of EPS, which provide labile organic carbon for heterotrophs and offer protection from desiccation (Cai-
ola et al., 1996) and freezing (Knowles and Castenholz, 2008). Production of EPS has also been proposed to support 
growth of low-light adapted photoautotrophs by facilitating the penetration of photons into deeper layers and minimizing 
shading of mineral grains and allochthonous particles in caves (Decho et al., 2003). 

Low-light tolerance of the Chroococcales enables an endolithic lifestyle that mitigates desiccation stress (Potts, 
1999), which is supported by very efficient DNA repair mechanisms conveyed by radiation resistance (Billi et al., 2000). 
Carbonate, which constitutes the cave speleothems, has high moisture retention and is more translucent than other 
common rock types and allows for colonization of Chroococcidiopsis (Smith et al., 2014). Retreat of endolithic cyano-
bacteria into the porous substrate ensures that the organisms receive sufficient water and light, while avoiding desicca-
tion, temperature extremes, competition for space, and predation (Gorbushina, 2007).

It has been proposed that these cyanobacterial species contribute to the formation of cave structures (Cox et al., 
1989a), leading to embedding of the biofilm. Several endolithic cyanobacteria have been found to precipitate intracellu-

Figure 4. Indicator spring-embedded OTU network of sampled cave sites. Jenolan active and combined control sites in squares, Wombey-
an active sites in octagons, OTUs in circles. Circle diameter corresponds to sequence abundance (not the same scale as Fig 2). Soil and
rock denote bare cave soil and bare non-speleothem cave rock, respectively.
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lar, carbonate granules, thereby slowing down biomineralization (Benzerara et al., 2014). Decreased burial rate benefits 
both the primary producers and heterotrophic constituents of the subaerial biofilm. Büedel et al. (2002) proposed a 
three-story Cyanobacterial biofilm based on endolithic Chroococcidiopsis and Gloeocapsa colonizing crevices and a 
medial layer of epiliths. The necessity to retain water efficiently makes a similar scaffold in cave biofilms likely, with the 
majority of the taxa building the understory. 

An abundant cyanobacterial OTU related to cultured representatives of the genera Acaryochloris and Loriellopsis 
was observed in a shaded, vertical section of the Jenolan specimens. Acaryochloris inhabits deep-green, shaded 
limestone surfaces at Jenolan Caves and the genus is known to possess a red-shifted chlorophyll to facilitate growth 
at low-light (Behrendt et al., 2015). The branching filamentous Loriellopsis cavernicola has also been described from 
cave walls (Lamprinou et al., 2011). 
Speleothem subaerial biofilms support the growth of oligotrophic microorganisms

Despite a high abundance of cyanobacteria within the speleothem biofilms, many of the heterotrophic groups resem-
bled oligotrophic, rather than copiotrophic, taxa. Actinobacterial OTUs, similar to those identified from environments 
such as Roman catacombs (Saarela et al., 2004), lava caves (Hathaway et al., 2014), and granite walls (Laiz et al., 
2009) represented the largest proportion of sequences present on both active and inactive speleothems, in accordance 
with previous reports on stone surfaces (Urzì et al., 2001). The next most common taxa were Acidobacteria and Alp-
haproteobacteria, both known to be abundant in caves (Schabereiter-Gurtner et al., 2004). 

Filamentous Actinobacteria encompassed the family Pseudonocardiaceae, members that have been found to form 
net-like mycelia on weathered limestone (Cao et al., 2017), providing an advantage for the establishment of biofilms 
(Scheerer et al., 2009), and the family Geodermatophilaceae, described from a variety of stone surfaces (Urzì et al., 
2001). Pseudonocardia is recognized for its capacity to degrade a variety of complex substrates (Reichert et al., 1998). 
The dominance of Actinomycetes on inactive structures is supported by their growth on recalcitrant organic matter and 
detrital particles. Geodermatophilaceae have been described from stone surfaces in various climates and are major 
colonizers of calcareous stone in the Mediterranean (Urzì, 2004). Heavy colonization by Geodermatophilaceae was 
associated with deterioration of stone surfaces (Urzì et al., 2001) and is potentially the cause for biodegradation at the 
weathered cave sites.

The presence of dominant OTUs, closely related to the gamma-radiation tolerant Rubrobacter radiotolerans (Yoshi-
naka et al., 1973), is consistent with the notion that radiation resistance in actinomycetes also conveys a level of desic-
cation tolerance via an efficient DNA repair mechanism. Tolerance to desiccation results in this group dominating and 
being indicators of the oldest, and therefore driest, cave structures (Fig. 2, Fig. 4 and Supplementary Table 1). Several 
OTUs also exhibited relatedness to Rubrobacter bracarensis that was isolated from biodeteriorated granite walls (47). 

Most acidobacterial sequences recovered from the cave communities were associated with the taxon RB41 (Fig. 
2). Similar sequences have been recovered from lava caves (unpublished), rock surfaces (Yunnan stone forest, China, 
unpublished), and Antarctic soils (Yergeau et al., 2012). Abundance of this subgroup in soil is negatively correlated to 
pH (Jones et al., 2009), but the neutral pH of drip water in Wombeyan caves (McDonald et al., 2007) does not seem to 
support this finding and nutrient limitation might be the critical factor. Acidobacteria feature inconsistent nutrient utili-
zation and preference patterns even within a subgroup (Naether et al., 2012). Nutrient-limited conditions were found to 
select for them, signifying their ability to degrade complex carbon sources in an oligotrophic environment (Rasche et 
al., 2011). Despite Acidobacteria often representing up to 20% of soil bacterial communities (Janssen, 2006), the origin 
of this taxon in the Wombeyan Cave structures does not seem to be aeolian. Sequence numbers are very low in the 
soil and rock controls, which indicates an enrichment on the Wombeyan speleothems rather than passive transport. 

Various acidobacterial OTUs were indicators for the blue-green mats and flowstone sites in Wombeyan, but not in 
Jenolan (Fig. 4, Supplementary Table 1) caves. Acidobacteria have previously been reported in a comparative study 
of the walls of two caves, where visitor load might explain the differences in abundance (Schabereiter-Gurtner et al., 
2004). In the caves, a difference in drip water chemistry is more likely to deter them from one site, but little is known 
about the physiology and ecology of Acidobacteria to explain this pattern, and without environmental data, it is difficult 
to understand it.

Most Rhizobiales sequences found were very similar (99-100%) to sequences of desiccation-tolerant Dichotomi-
crobium thermohalophilum isolated from a hypersaline lake (Hirsch and Hoffmann, 1989), and the families Bradyrhi-
zobium, Mesorhizobium, and Devosia, from root nodules of various plants (Laranjo et al., 2014). Bradyrhizobium is a 
major nitrogen fixer and, in symbiosis with algae, provides a valuable service to microbial communities on oligotrophic 
substrates. Even though Bradyrhizobium was found in all but one cave sample, the relatively high biomass of the mi-
crobialite surfaces makes a contaminant origin unlikely. 

For most chloroplast and a third of unclassified bacterial sequences, the closest homologue (>91%) is Prasiolopsis 
(Trebouxiophyceae), a widely distributed group and a common colonizer of stone surfaces in temperate regions (Rindi 
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et al., 2007; Hallmann et al., 2013). Almost all Prasiolopsis-like sequences were accounted for by the dry, green mat 
(group 3). This taxon forms lichens with fungi, which can stabilize a forming biofilm. It has also been found in dry valleys 
of Antarctica (de Wever et al., 2009) and on coastal rocks fertilized by bird guano (Heesch et al., 2012). This ability to 
grow in dry, oligotrophic conditions, where nutrient input is mainly via aerial transport and bird or bat droppings, might 
explain why this taxon might be prevalent, even though the low similarity to cultured organisms prevents detailed pre-
dictions. 
Putative successional stages

The distinct groups observed in the caves are in line with the finding that, as opposed to algae and fungi, no sig-
nificant spatial structure at the centimeter scale for bacteria can be found (Cutler et al., 2014). Cave locations were 
sampled at a centimeter to decimeter scale. While active sites have low numbers and roughly equal proportions of Acti-
nomycetales and Rubrobacterales, this proportion shifts drastically in the inactive and weathered speleothems (groups 
1 and 4), with almost no cyanobacterial sequences found. The proportion of Actinomycetales to Rubrobacterales shifts 
from about 2:1 in group 1 to about 1:4 in group 4.

A long-term temporal succession, most likely governed by water availability, may explain this pattern. On active, 
blue-green structures, where an intact, three-dimensional biofilm is maintained, water can be retained, and extremely 
desiccation-tolerant species are at much less of an advantage. The roofs of cave arches change over time, when crev-
ices on the surface become clogged and new ones are created. Water availability for speleothems below fluctuates, 
leading to a shift from Cyanobacteria-driven primary production to a drought-induced collapse of cyanobacterial pop-
ulations and retreat of coccoid genera such as Chroococcidiopsis and Gloeocapsa into endolithic niches. Oligotrophic 
Actinobacteria persevere on recalcitrant and complex organic molecules, dead cells, and aeolian particles. When des-
iccation stress becomes more intense, such as in the weathered speleothems and bare rock samples, only the highly 
desiccation-resistant Rubrobacterales prevail.

Conclusions
Significant differences between the microbial communities of speleothem biofilms of two cave arches were found. 

While rock and soil controls were especially similar between caves and dominated by Actinobacteria, active blue-
green biofilms on speleothems were indicated by endolithic Chroococcidiopsis and Gloeocapsa-like cyanobacteria. 
Biofilms from both caves harbored similar cyanobacterial representatives, potentially fulfilling the same functions. As 
a consequence of desiccation-driven progression from active mats to inactive ones and to weathered speleothems, 
it is proposed that endolithic phototrophs retreat below the surface while oligotrophic Actinomycetes and, later, highly 
desiccation-resistant Rubrobacterales, dominate the speleothem surface. Inclusion of environmental long-term data 
would shed light on the dynamics through time, and reasons for distinct community compositions between sites, such 
as differences in the abundance of Acidobacteria.
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DIATOM SPECIES DIVERSITY AND THEIR ECOLOGICAL PATTERNS ON  
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KARST
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Abstract

Many karstic streams are threatened both by anthropogenic and climate changes, but little is known about their algal 
biodiversity and conservation value, especially in the Slovak Karst. Diatom assemblages occurring on seven substrates, 
including stones, mud, submerged mosses and filamentous algae: Cladophora glomerata, Vaucheria sp., Ulothrix zo-
nata, Spirogyra sp. in two nameless karstic streams in the Krásnohorská Dlhá Lúka Village and the Gombasek Cottage 
Settlement (the Slavec Village) in the Košice Region of central-eastern Slovakia (the Silická Plateau) were studied. A 
total of 124 diatom taxa were found at four sites, where epilithic and epiphytic diatom assemblages dominated. Both 
species’ richness and Shannon-Wiener indices showed congruent biotic integrity. The dominant taxa were alkaliph-
ilous, halophobous-oligohalobous, requiring xeno-oligosaprobic and oligotrophic waters. Diatoms include: Diploneis 
krammeri, Encyonema ventricosum, Gomphonema acuminatum, Gyrosigma attenuatum, Navicula tripunctata, and 
Paraplaconeis cracoviensis. The latter species is a new report for Slovakia, reflecting the calcareous, geological nature 
of the Silická Plateau (the Slovak Karst). Diatom assemblages in two karstic streams consisted mainly of small-celled 
species of Achnanthidium, Amphora, Caloneis, Planothidium, and Stauroneis. Our results showed that the diatom 
assemblages were mostly structured by environmental factors of calcium and pH gradients, confirmed by canonical 
variates analysis (CVA) and Monte Carlo permutation tests. However, unique spatial and biological gradients, specific 
to different guilds related to each other, were also evident. The Slovak karstic streams should be especially protected 
and regularly monitored. 

Introduction
Karstic formations are extremely complex, and, due to a number of geological and hydrological characteristics, can 

be included among the most fragile and vulnerable environments in the world (Brinkmann and Parise, 2012). Complexi-
ty of karst is expressed by the enormous variations existing in different karst regions (White, 1988). Karstic areas cover 
10 to 20% of the earth’s surface and provide 40 to 50% of the world’s drinking water (Ford and Williams, 2007), and it 
requires a specific approach to mitigate negative human impacts and allow sustainable development. Karstic streams 
are considered among the most sensitive, water-dependent ecosystems, and their ecological value is important as 
strategic water sources. Karst is a landscape that results from the chemical weathering and collapse of carbonate rocks 
(limestone, dolomite, and gypsum), which creates such features as sinkholes, caves, and underground drainage. The 
Slovak Karst area located in eastern Slovakia is a typical upland karst, consisting of several karst plateaus (Gradziński 
et al., 2013). These plateau tops and some slopes are partly covered by deciduous forests, and south-facing, steep, 
partly rocky slopes are occupied by xerothermic grasslands and bushes. The karstic waters from the Slovak Karst are 
drained by the autochthonous and allochthonous rivers, streams, and springs located in the non-karstic region of the 
adjacent mountains. Karstic streams are widespread in European regions, where Paleozoic, Mesozoic and Cenozoic 
limestone formations are subject to present-day karstification (Arp et al., 2010). 

The Slovak Karst is a hotspot area for biodiversity, representing specific environments; it is included in the URL 
UNESCO World Heritage List. Karst regions interact with the environment to produce complex ecosystems support-
ing specialist plants, animals, and microorganisms. In karstic streams, CO2 degassing drives the increase of calcite 
saturation to maximum values of approximately 10-fold, independent from the initial Ca2+-alkalinity ratio. Diatoms are 
potentially involved in CaCO3 mineral nucleation via exopolymers and/or alternating CaCO3 mineral saturation within 
microenvironments. Diatoms, by far, are the most dominant eukaryotic microalgal group in karst water streams (Arp et 
al., 2010). According to Smol and Stoermer (2015), these microhabitats are the most interesting aquatic environments 
for the study of algae, especially diatoms. They are considered as useful indicators of environmental quality and reflect 
the ecological integrity of stream habitats. Diatoms are pioneering, autotrophic colonizers in river and stream ecosys-
tems, and they are the main element used for monitoring studies due to their rapid assemblages’ response to stress 
(Potapova et al., 2004; Bellinger et al., 2006). Diatom assemblages are adapted to the local environmental conditions 
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in relation to changes in water residence time and to the variations in the ionic content in water, due to flow volume 
variations (Aboal et al., 1996). 

Streams may flow all year round or only intermittently due to desiccation, freezing, or karst phenomena, and they 
present unique, but understudied, habitats. The karst water streams often sink, particularly on substrates of loose mo-
raine deposits, and reappear again after a certain distance (Kawecka, 2012). Thus, the study of diatoms, both in typical 
and karstic streams, are an important element of monitoring and assessment programs in countries around Europe. 
Diatom assemblages are not only useful for an assessment of the relative role of environmental and spatial factors 
(Heino et al., 2010), but also for assessing the relevance of biological species sorting (Arp et al., 2010). 

Consequently, the aim of the present study was to evaluate changes in the structure and species richness of diatoms 
occurring in karst water streams in middle-eastern Slovakia (the Silická Plateau), and their relationship with environ-
mental variables that influence the diatom assemblages. This study describes the biodiversity of epilithic and epiphytic 
diatom assemblages, with particular interest in the significance of such habitats for conservation. However, there is the 
likelihood of underestimating local control and overestimating regional control of karstic stream assemblages. More 
specifically, we predicted that different diatoms indicate a similar, strong response to the environmental gradient, and a 
similar, weak response to the spatial gradient, due to the small study area, and different responses to the biotic gradient, 
due to differences in ecologically-sensitive species.

Materials and Methods
Sampling Sites and Procedures – Four water sites were sampled for physical, chemical, and biological variables in 

September 2014: three (GP 4.4, GP 4.7, and GP 4.8) from a nameless stream in the Gombasek Cottage Settlement 
(the Slavec Village) and one (KP 3.5) in the Krásnohorská Dlhá Lúka Village. The two nameless streams belong to the 
Čremošná tributary (Krásnohorská Dlhá Lúka; N 48º37´02.29ʺ E 20º35ʹ14.97ʺ) and to the Slaná tributary (Gombasek; 
N 48º33ʹ46.21ʺ E 20º27ʹ57.57ʺ). They are situated in headwater streams draining the Silická Plateau (in Slovak; Silická 
Planina), which is an extensive karst massif, built predominantly of carbonate rocks (Fig. 1). Presently, tufa precipita-
tions are situated at both studied sites (Kilík, 2008; Gradziński et al., 2013), forming barrages and intervening pools 
(Figs 2-3), colonized by cyanobacteria, coccoid and filamentous algae, and mosses. 

Figure 1. Sampling 
sites located in the 
Slovak Karst. A – The 
map of Slovakia with 
reference points, B –
The collection sites 
(two streams) are indi-
cated by black arrows.
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Water samples for all analyses 
were collected from running water. 
Temperature, pH, dissolved oxy-
gen and conductivity were mea-
sured in situ with the Barnant 30 
pH meter,and DO with the YSI 51B 
DO meter. The water parameters 
are listed in Table 1. In the karst 
water streams, calcium concentra-
tions were high: 125.34 mg/L, the 
pH was alkaline, from 7.82 to 8.10 
(Table 1). The water of Gombasek 
site (GP) showed high values of 
SiO2, whereas the Krásnohorská 
Dlhá Lúka (KP) site revealed 
low values. The KP site had high 
values of conductivity and Mg2+ 
and SO4

2− ions. The physical and 
chemical conditions in the karstic 
streams from Slovak Karst, such 
as: pH, EC, Ca, HCO3, and TDS, 
were relatively constant over the 
sampling period 2011−2013.

Diatom assemblages from dif-
ferent substrates, such as stones, 
mud, submerged mosses and 
filamentous algae (Cladophora 
glomerata, Vaucheria sp., Ulo-
thrix zonata, Spirogyra sp.) were 
collected from the open water (0.5 
× 0.5 m). From the stones (epi-
phytic), material was scraped us-
ing a scalpel; the mud (epipelon) 
was sampled with a pipette; from 
submerged mosses, entire por-
tions were cut; and filamentous 
algae was transferred by hand 
and placed directly into the same 
plastic container (with a capacity 

of 100 mL) as the scraped materials. The collected samples were preserved by adding commercially available, neutral-
ized formalin to the water sample at a rate of about 4%. Light microscope (LM) observation used a Carl Zeiss micro-
scope, Jenamed 2, whereas micrographs were made using a Nikon E 600 Eclipse microscope. The relative abundance 
of particular taxa and the richness of the species assemblages were estimated on the basis of at least 200 diatoms 
per sample. For SEM, 10−20 mL aliquots of sample were digested with concentrated H2O2 and heated for 24 hours 
in a sand bath. The sample was allowed to cool and settle and 80−90% of the supernatant was removed by vacuum 
aspiration. Coating with platinum was accomplished using the BAL-TECMED 020 Modular High Vacuum System for 30 
s at 100 mA. Micrographs were digitally processed and plates containing LM and SEM images were prepared using 
Photoshop CS3 and CorelDRAW X5. Diatoms were identified according to Krammer and Lange-Bertalot (1986, 1991, 
2004), Krammer (2002), Lange-Bertalot (2001) and Lange-Bertalot and Wojtal (2014). The diatom ecology, preferences 
of the species with respect to pH, moisture, and trophy were determined by Van Dam et al. (1994), and the diversity of 
assemblages was quantified using the H7 (Shannon-Wiener diversity index). 

Statistical Analysis
Data are presented in a three-step scale, where one means species encountered sporadically, two means fre-

quently, and three is a dominant species, and the data were used to calculate H7 (Shannon-Wiener diversity index). 
The diversity t test of difference significance between the diversity indexes of studied habitats was performed. Diatom 

Figure 2. Barrages and pools in Krásnohorská Dlhá Lúka Village, arrow indicates sampling site.

Figure 3. Barrage colonized by cyanobacteria, algae, and mosses, Gombasek Cottage Settle-
ment site.
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assemblages and their relation to environmental variables were examined using principal component analysis (PCA) 
in PAST, ver. 3.0 (Hammer et al., 2001). Data were analyzed and the factors differentiating studied habitats were de-
termined. Diatoms were subjected to the correspondence variate analysis (CVA), and this analysis was repeated. The 
CVA analysis was used to determine if there was a difference between the sites in terms of diatom species composi-
tion, whereas the second analysis determined whether the correlation between the diatoms occurrence and the kind 
of substrate is significant. In the first, CVA analysis with environmental data represent a properly constructed file in 
which information about studied positions was coded. In the second analysis, the substrates of four studied sites was 
encoded. The file of the species in both cases was the same with the diatom data in a three-point scale. Monte Carlo 
permutation tests were used to select a set of environmental variables that relate best with species assemblages. The 
diagram ordination was illustrated by principal component analysis (PCA), where the diatoms’ species composition is 
related to the sites; if the site point is closer to the species point, then there is greater participation of the species in 
the sample. In the diagrams of the PCA analysis, the environmental variables were presented as the vectors, the sites 
or substrates as the points, and the species as the triangles. A location of the point near the vector of a given variable 
indicates that this species prefers the conditions set precisely by this variable. Both of the above, multivariate analysis 
ordinations (PCA, CVA) were performed using the Canoco 4.5 software (ter Braak & Šmilauer, 2002). The PCA indirect 
ordination was presented as the diagram of diatom species and their appropriate genera.

Results
A total of 124 diatom species belonging to 39 genera were found in two nameless karst water streams in the Krásno-

horská Dlhá Lúka Village and in the Gombasek Cottage Settlement in central-eastern Slovakia (the Silická Plateau). 
The vast majority of the diatoms were typically epilithic or epiphytic forms, which developed on the stone surfaces, 
mud, filamentous algae (Cladophora glomerata, Vaucheria sp., Ulothrix zonata, Spirogyra sp.), and submerged moss-
es (Brachythecium rivulare, Polytrichum strictum, and Scapania undulata). Diatom assemblages were dominated by 
Gomphonema acuminatum (25%), Cocconeis placentula (12%), and Frustulia vulgaris (10%) and are illustrated by LM 
micrographs. The most frequently encountered diatoms were members of the genera Pinnularia (10 species), followed 
by Gomphonema (8), Eunotia (7), Neidium (7), Nitzschia (6), and Staurosirella (5). Only five species appeared in four 
sampling sites: Paraplaconeis cracoviensis, Navicula tripunctata, Gomphonema acuminatum, Gyrosigma attenuatum 
and Amphora ovalis. 

The rare species Paraplaconeis cracoviensis (Fig. 4), which, until now, was only identified in the Kobylanka stream 
ca. 30 km northwest of Kraków in Poland (sample 6 found by Lange-Bertalot and Wojtal, 2014) as a new species for sci-
ence was described. This species is characteristic for alkaline springs and streams, mesotrophic, oligo- β-mesosaprobic, 
calcium-rich waters with moderate-high conductivity. It is also a species occurring in two studied, nameless karst water 
streams in the Silická Plateau (Slovak Karst). 

The most interesting taxa from the ecological point of view were: Luticola nivalis from waters with the highest values 
of calcium (125.34 mg/L) and SiO2 (30.99 mg/L), Encyonema ventricosum and Gomphonema truncatum from streams 
with water of high conductivity. 

The frequency occurrence of every recorded taxa was based on the observation of four samples from each site (Ta-
ble 2). The number of diatom species varied depending on the type of microhabitat substrate specificity; on stones there 
were 62 species, whereas nearly twice more were on mosses (119). The Shannon-diversity index was 3.0 for stones 
and 4.6 for mosses. Both microhabitats contained abundant populations of Cyclotella distinguenda, Cymatopleura el-
liptica, and Gomphonema truncatum, occurring on stones and accompanied by Cocconeis pediculus Ehr. Whereas on 
mosses, there were large populations of Diploneis krammeri, Gyrosigma attenuatum and Amphora ovalis. 

The highest species diversity was in the sampling sites GP4.8 and GP4.4, and the lowest on KP3.5 and GP4.7. Site 
GP4.4 was the most atypical, and characterized by the absence of small species and the presence of many large-size 
diatoms: Hantzschia calcifuga, Gyrosigma attenuatum, Stauroneis phoenicenteron and Frustulia vulgaris. Green alga 
Cladophora glomerata provides a suitable substrate for colonization by following diatoms: Cymatopleura distinguenda, 

Table 1. Average of physico-chemical waters parameters in study sites KP and GP during observation period 2011–2013.

Site pH EC* tH2O Q** Ca Mg Na K HCO3 SO4 Cl SiO2 TDS†
[µS/cm] [ºC] [L/s] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L] [mg/L]

KP 7.82 617 9.4 179 125.14 10.37 1.19 0.65 368.35 51.77 3.59 4.90 559

GP 8.10 608 8.4 25 125.34 8.50 3.93 4.91 374.86 30.85 10.38 30.99 567
* EC – electric conductivity
** Q – discharge
† TDS – total dissolved solids
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C. elliptica, C. solea and Frustu-
lia vulgaris. While xanthophyte 
Vaucheria sp. was substrate for 
species: Achnanthidium minutis-
simum, Nitzschia commutata and 
Denticula tenuis. Other common 
taxa included: Navicula tripuncta-
ta (on mud), Hantzschia calcifuge 
(on filamentous algae) and Ul-
naria biceps (both on stones and 
mosses), observed in karst water 
streams, characteristic for waters 
neutral to alkaline pH. Among 
dominating species from the ge-
nus Achnantidium, e.g. Achnan-
thidium minutissimum prefers 
waters with circumneutral pH, 
whereas A. pyrenaicum indicat-
ed the alkaline waters. Gompho-
nema pumilum, recorded in the 
material collected from thalli of 
Vaucheria sp., showed high vital-
ity in environments ranging from 
mesotrophy to eutrophy.

The Shannon-Wiener diversity 
index (Fig. 5) was calculated for 
diatoms, and its highest value H´ 
was recorded for site GP 4.8 (H´ 
= 4.25), and the lowest for KP 3.5 
(H´ = 4.06). This analysis showed 
that the significance of the cor-
relation data depends on the 
substrate type, e.g. Vaucheria sp. 
thalli. The intermediary ordination 
analysis for the complete data 
from the four sampling sites was 
performed. It was concluded that 
the gradient along first ordination 
axis is connected with Eunotia 
implicata, E. intermedia, E. minor. 
On the other side of the axis were 
the species preferring a different 
type of substrate. PCA analysis 
showed a relation between dia-
tom assemblages at each site and 
selected environmental variables. 
The first ordination axis account-

ed for 37.7% of the variation in diatom species composition among sites, and the second ordination axis accounted for 
23.5% (Fig. 6). Discrimination analysis was done to determine the species differences between four sampling sites. The 
results analysis showed that these sites do not differ in terms of diatom species composition. None of the canonical 
axes were significant in the presented model. Therefore, the analogical CVA analysis was done for the same diatom 
data, but the substrate was taken into account (Fig. 7). The analysis showed that the significance of the correlation data 
depends on the substrate type, e.g. Vaucheria sp. thalli. The species that preferred this type of substrate were: Neidium 
affine, Gomphonema acuminatum, G. brebissonii and G. truncatum. This dependent variable was explained by 4.8%, 
the total data of the variance (Fig. 8). Correlations of remaining substrata with species turned out to be insignificant. 

Figure 4, a,b,c,d,e Paraplaconeis cracoviensis Lange-Bertalot and Wojtal, sp. nov. LM. Light 
micrographs (LM) of valves from two nameless streams (the Krásnohorská Dlhá Lúka Village 
and the Gombasek Cottage Settlement). LM views of several specimens showing variation in 
valve size and shape.
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Figure 6. Principal component analysis (PCA) for the diatom 
assemblages in four sites (GP4.4, GP4.7, GP4.8, KP3.5). The 
first ordination axis accounted for 37.7% of the variation in 
diatom species composition among sites. Abbreviations of 
species names in Fig. 6 consist of three letters of a generic 
name and three letters of a species name. 
Abbreviations of species names: Achnanthes sp. (Ach. sp.); 
Achnanthidium affine (Ach. aff.); Achn.̀ minutissimum (Ach. 
min.); Achn. minutissima var. cryptocephala (Ach. cry.); Achn. 
pyrenaicum (Ach. pyr.); Amphora copulata (Amp. cop.); Ano-
moeoneis sphaerophora (Ano. sph.); Aulacoseira ambigua 
(Aul. amb.); Brachysira neoexilis (Bra. neo.); Brachysira vitrea 
(Bra. vit.); Caloneis alpestris (Cal. alp.); Caloneis amphisbae-
na (Cal. amp.); Caloneis silicula (Cal. sil.); Caloneis sp. (Cal. 
sp.); Campylodiscus hibernicus (Cam. hib.); Cocconeis pe-
diculus (Coc. ped.); Cocconeis placentula var. euglypta (Coc. 
eug.); Craticula cuspidata (Cra. cus.); Cyclotella distinguenda 
(Cyc. dis.); Cyclotella meneghiniana (Cyc. men.); Cymatopleu-
ra elliptica (Cyc. ell.); Cyclotella solea (Cyc. sol.); Cymbella 
affinis (Cym. aff.); Cymbella aspera (Cym. asp.); Cymbella sp. 
(Cym. sp.); Denticula tenuis (Den. ten.); Diatoma mesodon 
(Dia. mes.); Diatoma tenuis (Dia. ten.); Diatoma vulgaris (Dia. 
vul.); Diploneis krammeri (Dip. kra.); Encyonema minutum 
(Enc. min.); Encyonema prostratum (Enc. pro.); Encyonema 
ventricosum (Enc. ven.); Epithemia turgida (Epi. tur.); Eunotia 
arcus (Eun. arc.); Eunotia exigua (Eun. exi.); Eunotia implica-
ta (Eun. imp.); Eunotia intermedia (Eun. int.); Eunotia maior 
(Eun. mai.); Eunotia paludosa (Eun. pal.); Eunotia praerupta 
(Eun. pre.); Eunoti sp. (Eun. sp.); Fragilaria capucina (Fra. 
cap.); Fragilaria crotonensis (Fra. cro.); Fragilaria sp. (Fra. 
sp.); Fragilariformis virescens (Fra. vir.); Frustulia rhomboides 
(Fru. rho.); Frustulia vulgaris (Fru. vul.); Gomphonema acum-
inatum (Gom. acu.); Gomphonema angustum (Gom. ang.); 
Gomphonema brebissonii (Gom. bre.); Gomphonema clava-
tum (Gom. cla.); Gomphonema gracile (Gom. gra.); Gompho-
nema parvulum (Gom. par.); Gomphonema pumilum (Gom. 
pum.); Gomphonema truncatum (Gom. tru.); Gomphonema 
sp. (Gom. sp.); Gyrosigma acuminatum (Gyr. acu.); Gyrosig-
ma attenuatum (Gyr. att.); Gyrosigma obtusatum (Gyr. obt.); 
Hantzschia amphioxys (Han. amp.); Hantzschia calcifuga 
(Han. cal.); Luticola nivalis (Lut. niv.); Melosira varians (Mel. 
var.); Meridion circulare var. constrictum (Mer. cir.); Navicula 
angusta (Nav. ang.); Navicula tripunctata (Nav. tri.); Navicula 
sp. (Nav. sp.); Neidium affine (Nei. aff.); Neidium alpinum (Nei. 

alp.); Neidium ampliatum (Nei. aml.); Neidium dubium (Nei. dub.); Neidium productum (Nei. prod.); Nitzschia commutata (Nit. com.); Nitzs-
chia dubia (Nit. dub.); Nitzschia gracilis (Nit. grac.); Nitzschia linearis (Nit. lin.); Nitzschia sp. (Nit. sp.); Paraplaconeis cracoviense (Par. 
cra.); Pinnularia borealis (Pin. bor.); Pinnularia gibba (Pin. gib.); Pinnularia interrupta (Pin. int.); Pinnularia macilenta (Pin. mac.); Pinnularia 
neomajor (Pin. neo.); Pinnularia mesolepta (Pin. mes.); Pinnularia microstauron (Pin. mic.); Pinnularia viridis (Pin. vir.); Pinnularia sp. (Pin. 
sp.); Placoneis anglica (Pla. ang.); Planothidium lanceolatum (Pla. lan.); Rhoicosphaenia abbreviata (Rho. abb.); Selaphora pupula (Sel. 
pup.); Stauroneis agrestis (Sta. agr.); Stauroneis anceps (Sta. anc.); Stauroneis construens (Sta. con.); Stauroneis phoenicenteron (Sta. 
pho.); Staurosirella leptostauron var. leptostauron (Sta. lep.); Surirella angusta (Sur. ang.); Surirella brebissonii (Sur. bre.); Surirella sp. (Sur. 
sp.); Tabellaria fenestrata (Tab. fen.); Tabellaria flocculosa (Tab. flo.); Tabelaria ventricosa (Tab. ven.); Ulnaria biceps (Uln. bic.); Ulnaria 
ulna (Uln. uln.).

Figure 5. The Shannon diversity index for diatoms from four 
sites (GP4.4, GP4.7, GP4.8, KP3.5). The only statistically signif-
icant difference was between sites KP3.5 and GP4.8 (p < 0.005, 
Kruskal-Wallis test).
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Figure 7. Canonical variates analysis (CVA) of 
diatoms species composition was done on four 
sites (GP4.4, GP4.7, GP4.8, KP3.5). The differ-
entiation along the 1st axis was not statistically 
significant (F = 1.08, p = 0.7). Names of species 
- see abbreviations Fig. 6.

Figure 8. Canonical variates analysis (CVA) of 
diatoms on diversified substratum: stone, mud, 
mosses and filamentous algae (Cladophora 
glomerata – Cla. glo.; Vaucheria sp. – Vau. sp.; 
Ulothrix sp. – Ulo. sp.; Spirogyra sp. – Spi. sp.). 
Diversification along first canonical axis was 
statistically significant (F = 1.4, p = 0.02). The 
only variable differentiating data was Vauche-
ria sp. thalli (Monte Carlo test, p = 0.03). The 
variable marked with an asterisk explains 4.8% 
of the total variability. Names of species - see 
abbreviations, Fig. 6.
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Discussion
Although observational studies like ours limit the assessment of mechanisms, the individual and collective patterns 

emerging from environmental, biological and spatial factors, and their shared variance, provided us with further detailed 
insight into what factors determine the structure of diatom assemblages in the karst water streams of the Slovak Karst. The 
inclusion of the biological component was particularly relevant. It helped to increase our understanding of the potential role 
of biological interactions at the microhabitats scale in karstic streams, for which our current knowledge is still limited. Stud-
ies on diatom biodiversity in the karst water streams of Slovak Karst are important because these microhabitats are con-
sidered to be more sensitive toward the structure of the substrate than the typical streams (Cantonati, 1998; Poulíčková 
et al., 2004; Buczkó, 2006). According to our knowledge, there are not many studies about karst phenomena and photo-
synthetic organisms. The indices of biotic integrity in this study revealed high species richness, diversity, and balanced 
distribution of the diatom species assemblages. The composition of natural karst water streams is related to factors such 
as the weathering resistance of carbonate rocks, reflected mainly in total mineral content (Wojtal and Sobczyk, 2012). 

Generally, it is important to recognize the substrate and to understand mechanisms of tufa calcification in karst 
waters. Stones and filamentous algae are two of the most common substrates in fast-running waters, which are rare in 
the karstic areas. In our two karst streams in central-eastern Slovakia, macroalgae, such as Cladophora, Vaucheria, 
Ulothrix and Spirogyra, were relevant substrates for development of diatom assemblages, compared to the results of 
Wojtal and Sobczyk (2012), suggesting that two kinds of strata, epilithic and bryophytic, influenced the diatom assem-
blages and could provide data useful for water-quality monitoring. Barbiero (2000) observed epilithic diatoms on natural 
and artificial substrates and determined that the differences between the substrates were insignificant. 

Diatom assemblages in karst water streams were dominated by Pinnularia, Gomphonema and Achnanthidium spe-
cies. The widespread distribution of adnate species Achnanthidium minutissimum and A. pyrenaicum may indicate the im-
portance of the physical environment in controlling biotic assemblages (Weilhoefer and Pan, 2006). Achnanthidium minu-
tissimum, found in two karst water streams, is considered to represent a benthic periphytic habitat, however it has also 
been reported as tychoplanktonic or planktonic (Ehrlich, 1995). Krammer and Lange-Bertalot (1991) and Poulíčková et 
al. (2017) noted that A. minutissimum is one of the most frequently occurring diatoms in freshwater benthic samples. This 
species was reported from alkaline and acidic, oligotrophic and hypertrophic waters, and its apparent ubiquity is puzzling; 
and therefore, sometimes questioned (Round et al., 1990). Potapova and Hamilton (2007) concluded from SEM obser-
vations that ultrastructural characters do not discriminate among taxa within the Achnanthidium minutissimum complex. 

The relatively large species richness generally confirms the findings of other studies carried out in the Wyżyna Kra-
kowsko-Częstochowska Upland (Poland). This karst is formed in Upper Jurassic calcareous rock, where Wojtal (2009) 
described 307 taxa from Kobylanka stream, while Kawecka (2012) found 414 species in 27 karst streams in the Tatra 
National Park. The karst springs diatom epilithic assemblages in Bosnia and Herzegovina were studied by Dedić et 
al. (2015). Lai et al. (2016) also noted epilithic diatom assemblages in a karst spring of Sardinia (Italy) and confirmed 
ecological potential of the karst features. In relation to trophy, diatoms of a wide ecological spectrum, from oligo- to 
eutrophic, were most frequent in the typical streams but rare in the karst streams. Diatoms are a significant constituent 
of epilithic assemblages in karst water streams of central-eastern Slovakia. 

Our studies contribute to improving the knowledge of the diatoms in the Slovak Karst and suggested that all kinds 
of substrates can be successfully inhabited by diatoms. Hall and Smol (1999) mentioned that the diatom assemblages 
on various substrates become uniform in meso- and eutrophic waters, where there is nutrient limitation. The general 
variability of the karstic streams environment in central-eastern Slovakia play a very important role in determining the 
distribution of diatoms. In all cases, our study showed that diatom assemblages in karst water streams of the Slovak 
Karst required ecological monitoring. However, spatial gradients were also evident over these relatively small micro-
habitats, which may reflect high dispersal effects, although biotic factors have largely been overlooked in karst water 
stream studies at similar or larger spatial scales. Our data offered that it seems to be crucial to assess an effect of biotic 
factors on diatom assemblage structure in addition to environmental and spatial indicators. On the other hand, we could 
risk underestimating the total conservation of these diatom assemblages.  

Conclusions
In two nameless karstic streams of the Slovak Karst (Krásnohorská Dlhá Lúka Village and Gombasek Cottage 

Settlement), 124 species on seven substrates, such as stones, mud, submerged mosses and filamentous algae, i.e., 
Cladophora glomerata, Vaucheria sp., Ulothrix zonata, and Spirogyra sp., were observed. Both species richness and 
Shannon-Wiener indices showed congruent biotic integrity. The diatom assemblages were mostly structured by en-
vironmental factors, calcium and pH gradients, confirmed by canonical variates analysis (CVA) and Monte Carlo per-
mutation tests. The unique spatial and biological gradients, specific to different guilds related to each other, were also 
evident. The Slovak karstic streams should be especially protected and regularly monitored. 
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Abstract

Absolute dates of cave bears from Northern Italy are rare. The first radiocarbon date from Covoli di Velo Cave (Verona 
Province, Veneto, N. Italy) from a cave bear first phalanx is reported; its value is 29,130 ± 0.90 14C yr BP. The date, 
combined with morphological features of dentition suggest that cave bear populations that lived in Northern Italy were 
relatively underived compared to other European populations, hinting at patters of migration. Comparison of dental 
morphology suggest that the Covoli di Velo bear is Ursus spelaeus.

Introduction
In recent years, knowledge of the paleobiology of the cave bear (Ursus spelaeus Rosenmüller, 1794) has greatly 

expanded. This is a consequence of numerous studies on the morphometry (historically the most common study) on 
the morphodynamics of the dentition (i.e. Torres, 1988 a-f; Withalm, 2001; Rabeder, 1999, 2014; Grandal d’Anglade 
and López-González, 2004; Sabol, 2005; Tsoukala et al., 2006; Baryshnikov and Puzachenko, 2011; 2017; Cvetković 
and Dimitrijević, 2014; Frischauf, 2014; Robu, 2016; Plichta et al., 2017), absolute dating, as well as genetics (Hofreiter 
et al., 2002; Orlando et al., 2002; Rabeder et al., 2004; Pacher and Stuart, 2008; Spötl et al., 2014, 2017; Martini et al., 
2014; Döppes et al., 2016, 2018; Baca et al., 2016, 2017; Fortes et al., 2017; Gretzinger et al., 2017; Terlato et al., 2018 
and so on). The most important results of this knowledge have been to modify the phylogenetic tree of the cave bear. In 
fact, when considering overall the genetic data, different species of cave bears have been identified (Ursus ingressus, 
U. spelaeus eremus and U. spelaeus ladinicus) (Rabeder et al., 2004) with their distribution throughout Europe (Doppes 
et al, 2018). In Italy, morphometric and morphodynamic studies are numerous (i.e. Santi and Rossi, 2001, 2014; Santi et 
al., 2003, 2011; De Carlis et al., 2005; Rabeder et al., 2004), but genetic studies and reports on absolute dating are very 
rare. With this in mind, the present study presents the results of the first absolute dating with 14C (authorization MBAC- 
SBA-VEN 05 0015108 19/11/2014), performed on the first phalanx of U. spelaeus found in recent surveys coordinated 
by one of the Authors (R.Z.), in sector B L1/Z2 sup. 1 of the excavation in the Covoli di Velo Cave (Grotta inferiore) 
(Verona, Veneto) (cadastral number 44 V VR) (Fig. 1 A). The specimen (I.G.VR 63925) is stored in the Department of 
Geology and Paleontology, Civic Museum of Natural History of Verona (Veneto region, Northern Italy). This new infor-
mation greatly improves the state of knowledge gathered in prior excavations (Bona et al., 2006). 

Covoli di Velo Cave: Research History
Since the 18th Century, Covoli di Velo Cave has been the object of study by the most important noted naturalists 

of the Verona area. The first definite report of this site goes back to the late 1700’s, when the Abbot Fortis, in a letter 
(24 September 1785) sent to the Count de Cassini, (Fortis, 1786) described and identified the bones from the cave as 
“amfibj” (amphibians). A few years later, Serafino Volta (1796) corrected Fortis, proposing that the bones belonged to 
continental animals. Later, Catullo (1844) visited the cave confirming the presence of a lot of bones, and Massalongo 
(1851) accurately described both the Covoli di Velo Cave geology and added to the collection of fossils from the site. 
With his precisely detailed description of the Covoli di Velo Cave, Massalongo proposed some hypotheses supported 
by tables and by beautiful illustrations, on the origin of both the cave and bones. Although some of the hypotheses were 
not accurate, the study by Massalongo is considered the first scientific study on the Covoli di Velo Cave. 

Omboni (1875) published an important memoir about this cave in which he described and illustrated various pale-
ontological remains. He pointed out the problem of the lack of research and of excavations using scientific methods, 
and that this created a risk of lost scientific knowledge about the history and taphonomy of the accumulated fossils. 
Omboni also mentioned the problem of illegal excavations, which went on for decades and ruined a significant amount 
of paleontological data. In fact, while some scientists gathered a paltry number of fossils, the locals (Benetti and Cris-
toferi, 1968; Benetti and Sauro, 1999) made profits by selling cave sediments as topsoil, and sold the bones, whole or 
1Department of Geology and Paleontology, Civic Museum of Natural History, Lungadige Porta Vittoria 9, I-37129 Verona, Italy 
2Department of Earth and Environmental Science, University of Pavia, Via Ferrata 1, I-27100 Pavia, Italy 
3Reiss-Engelhorn-Museen, Zeughaus C5, 68159 Mannheim, Germany  
4Curt-Engelhorn-Zentrum Archäometrie gGmbH, D6, 3, D-68159 Mannheim, Germany  
5 Geologist freelance, Verona, Italy  
C Corresponding Author:  gsanti@unipv.it

Journal of Cave and Karst Studies, September 2018 • 145



146 • Journal of Cave and Karst Studies, September 2018

Rossi, Santi, Zorzin, Döppes, Friedrich, Lindauer, and Rosendahl

crushed, as good fertilizer. For these reasons, the collection of bones was eventually prohibited. However, the illegal 
excavations by collectors and dealers, continued for many decades. In the first half of 20th Century, a few authors 
studied the Covoli di Velo Cave, but did not add scientific data (Fabiani, 1919).   

In 1970, speleologists from the Centro Ricerche Idrologiche e Speleologiche Veronese (C.R.I.S.V.) discovered a 
new room (Benetti, 1973); that discovery confirmed that the explorations of the galleries with fossils was far from com-
pleted. Only in 2001 did the Ente Parco Naturale Regionale della Lessinia close the Grotta Inferiore, and the Museo 
Civico di Storia Naturale di Verona begin a series of paleontological excavations with the authorization of the Ministero 
dei Beni e delle Attività Culturali that continued until 2008. 

Stratigraphy of the Grotta Inferiore of Covoli di Velo Cave
The karst system of Covoli di Velo Cave is located in one of the most interesting areas of the central-eastern part of 

the Lessini Mountains (Verona province-Veneto) because of its geology and paleontological content (Bon et al., 1991).  
The cave opens into the Valley of Covolo, a tributary of the deep Valley Illasi (Fig. 1A).

The karst system of the Covoli di Velo Cave is composed of three main chambers: Grotta superiore and Grotta in-
feriore or Grotta dell´orso (totalling 364 m long), the Covolo dell´Acqua (65 m long), and some minor tunnels. The cave 
principally has a sub-horizontal direction, with the mouth of the cave opening at about 870 m above sea level. The cave 
is formed in oolitic calcarenites, a local dolomitization of the Calcari Grigi di Noriglio Formation (Lower Jurassic).  

In the cave, the connections between the passageways, are often limited and may be blocked by large alluvial and 
collapse deposits, that in various ways close the chambers (Zorzin and Rossi, 1999). The Grotta inferiore of the Covoli 
di Velo (cadastral number 44 V VR), preserves a great quantity of Ursus gr. spelaeus fossils. For this reason in Octo-
ber 2001, the Geology and Paleontology Section of the Civic Museum of Natural History of Verona (Zorzin and Bona, 
2002) began a long series of excavations performed with scientific methods; about 3,000 specimens (most belonging 
to Ursus spelaeus) were gathered.

Besides the Ursus fossils, the macrofauna association is composed of: Crocuta spelaea, Canis lupus and Capra 
ibex. The microfauna assemblage is composed of: Glis glis, Microtus arvalis, Microtus agrestis, Microtus oeconomus, 
Chionomys nivalis, Dinaromys bogdanovi, Terricola sp., Sorex minutus, Myotis blythi, Myotis sp., Miniopterus schreiber-
si, and Rhinolophus sp.

Paleontological excavations have been performed in the small areas inside the “sala terminale,” located about 150 
m from the entrance, along the western wall, called sector A and another, called sector B on the eastern side (Fig. 1B).

Stratigraphy of Sector A
Sector A is an area of about 12 m2, divided in squares, where the team started working in 2001 and continues until 

now. Each 1-meter-grid square, is designated by at least one letter followed by a number (AA1, AA2, AA3, A1, A2, A3, 
B1, B2, B3, C1, C2, C3). At the conclusion of the last excavation, a depth of 2.8 m had been reached, using the cave 
floor as the datum mark on the wall of the cave as zero level (Fig. 1C).

From trampling surface these levels have been identified as: 
Level 0: It is the uppermost level, principally composed of landslide material coming from the collapse of the above 

wall, with calcareous blocks of variable dimensions, up to 1 m2. Among the clasts the matrix is composed of dark clay. 
This level reaches a maximum depth of 90 cm; a few bones, including ibex, a very important vertebrate for paleoenvi-
ronmental interpretations, were found.

Level 1: This level is composed of slightly laminated, clayey silt. The layers alternate between yellow, silty sheets 
with a maximum thickness of 1 mm, probably formed during periods of slightly fast-moving water through the cave 
system, and other sheets, black in colour. The dark layers probably are an accumulation of organic material, that per-
haps settled out of especially calm waters. Sand lenses, with clasts of 2-3 mm in size, have also been observed. The 
thickness of level 1 reaches 40 cm and is paleontologically barren. 

Level 1B is characterized by layers of laminated, clayey silt among numerous, large rock blocks, some with a volume 
of up to 250 dm3, and other smaller clasts. This level can be interpreted like level 1, but the sheets of clayey silt have 
been deformed by the rock blocks. The thickness of this level is about 40 cm, and this level is very poor in fossils.

Level 2 is composed of especially angular clasts of various sizes. The matrix is of dark clay. Clasts are placed in a 
sub-horizontal disposition, forming the evident surfaces. At present, three, main paleosurfaces are identified; the sur-
faces are characterized by clasts and bones, also placed in a sub-horizontal position, and by an increased presence 
of sandy and clayey components. The matrix shows a blackish coloration from the accumulation of organic material, 
which is the consequence of animal decomposition. In alternation to these surfaces, there are lenses of laminated, 
clayey silt with maximum bed thickness of 1 mm. This level is the richest in fossils. On the three paleosurfaces abun-
dant limb bones, a large fragment of a skull belonging to U. spelaeus, and one metatarsal of a wolf, were found (Zorzin 
and Bona, 2002).
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Stratigraphy of Sector B
Beginning in 2002, excavations concentrated in sector B on a surface of about 9 m2. Each 1 m2 grid is designated by 

letters and numbers (L1, L2, L3, M1, M2, M3, N1, N2, N3). The depth of the excavation has been 1.8 m (October 2008) 
from the cave floor, located 1 m below the datum mark (Fig. 1D). 

At present there are two stratigraphic levels:
Level Z1:  This level is composed of a finely laminated, clayey silt with 1 mm thick beds, alternating with black beds. 

The yellow layers are mainly composed of silt and probably formed by the accumulation of fine material, carried by 
water and deposited in relatively calm waters. Alternating with those beds are black layers, formed by the deposition of 

Figure 1. A - Geographical location of the Covoli di Velo Cave (Verona, Veneto region). B - Map view of the Covoli di Velo 
Cave showing the location of sectors A and B. C - Vertical section of portion of B2 and B3 grids in sector A (drawing F. 
Bona). D - Map view of the sector B showing some level Z1 sediment, and the distribution of bones and clasts in the Z2 
(drawing F. Bona).
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organic material, perhaps deposited from remarkably calm waters. Some gravel and sand lenses are also found. The 
level Z1 is 90 cm thick. Bone fossils are absent.

Level Z2:  Five distinct layers (paleosurfaces), formed by poorly sorted and angular clasts and bones, sub-horizon-
tally deposited, have been identified (Fig. 2). The matrix is clayey in composition and brown in color due to accumulation 
of organic substances. Included within the paleosurfaces are some lenses of clayey silt with laminae of 1 mm maximum 
thickness. All paleosurfaces of level Z2 are rich in U. spelaeus bones, some of which are large in size; among them, 
some almost complete skulls have been found. Furthermore, some bones of ibex and a femur of a wolf have also been 
collected (Zorzin et al., 2005).

The clear, stratigraphic similarity between the levels 1 and 2 of sector A and levels Z1 and Z2 of sector B, allows us 
to hypothesize a depositional uniformity in the levels of two excavation areas. It is still not clear if the paleosurfaces of 
levels 2 and Z2 can be considered as distinct, separate levels, or if they are different areas of a single level. This ques-
tion can be solved only by future excavations.

In December 2004, sediment samples from different levels of sector B were collected to search for micromammals 
(Bona et al., 2006) and three cores were collected to extract pollen. From these studies Bona et al. (2006) preliminarily 
concluded that at least two analysed pollen samples (lev. Z2 sup. 3 and lev. Z2 sup. 5) indicated an age attributable to 
about 18,000 years 14C.

Material and Methods
The Curt Engelhorn-Centre for Archaeometry (CEZA) received a bone sample (cave bear, first phalanx from L1/Z2 

sup.) to determine the age by 14C with the MICADAS Accelerator at their subsidiary institute, Klaus-Tschira-Archaeome-
try Center. Collagen was extracted from the bone and the fraction > 30kD separated by ultrafiltration. This fraction was 
freeze-dried and combusted. The CO2 was catalytically reduced to graphite.

The radiocarbon data is shown in Table 1. The 14C age is normalized to δ13C = −25 ‰ (Stuiver and Pollach, 1977). 
The δ13C value comes from the measurement of the isotope ratios in the accelerator; its error is approximately 2-3 ‰. 
The value can be different than the true value of the sample material because of isotope separation during sample 
preparation, and in the ion source of the accelerator. So, the value is only used to correct the fractionation effects. The 
value is, therefore, not comparable with the measurement in a mass spectrometer for stable isotopes (IRMS) and is not 
used for further data interpretation. 

The C:N ratio and carbon content of the collagen extracted are comparable to modern bones, and the collagen 
preservation of the sample is good.

Radiocarbon data is, by default, reported as conventional 14C age yr BP. This should not be taken as a calendar age. 
The origin of this convention lies in the fact that, originally, the 14C data was converted to an age by using the radioactive 
decay equation, the radiocarbon half-life and the assumption that the atmospheric 14C content is constant over time. 
Unfortunately, it turned out that the atmospheric content is not constant.  Radiocarbon is produced in the atmosphere 
by interaction of neutrons with nitrogen, while neutrons are produced by galactic, cosmic rays entering the atmosphere. 
14C production rates vary due to changes of cosmic ray influx, which is driven by solar and terrestrial magnetic varia-

Figure 2. Vertical section of sector B with the 
list of the species found in stratigraphic se-
quence (drawing M. Accordini and F. Bona).
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tions and other sources (Damon et al., 1978). To cope with this, a calibration curve was established using several other 
methods, such as dendrochronology (until approximately 10,000 BC), Uranium-Thorium dating of speleothems and 
corals, and varve counting, to name a few. The chronologic limitations of radiocarbon dating are due to the half-life of 
14C, which is 5,730 ± 0.40 years. After 10 half-lives, usually, most of the isotopes are decayed, therefore no material 
older than 50,000 years can be dated reliably with this method (Reimer et al., 2013; Olsson, 2009).

Calibrated ages are usually quoted with a 1-sigma error range, corresponding to a confidence probability of 68.3%. 
It rises to 95.5% for 2-sigma. The calibration here was performed using the program SWISSCAL 1.0 (L. Wacker, ETH 
Zurich) with the INTCAL13 dataset.

Discussion and Conclusion
The results of the 14C dating performed on the first phalanx of the Ursus spelaeus (I.G.VR 63925) (29,130 ± 0.90 yr 

BP), combined with pollen and faunal content preserved in the sector B of the cave (Figs. 1C-2), indicates an age of 
about 10,000 years older than initial estimates (Bona et al., 2006, Table 2). Using pollen data from levels Z2 surfaces 
3-5, an indirect date of 18,000 yr BP had been proposed (Bona et al., 2006). These associations suggest the presence 
of two geological intervals (level Z2 and Z1), corresponding to two different climatic phases. In particular, inside level Z2 
(the lower one), the presence of Capra ibex, Chyonomis nivalis, Dynaromis bogdanovi, Microtus eoconomus, Microtus 
arvalis and Microtus agrestis suggests a cool climate and a landscape characterized by poor forest cover with open 
spaces. The pollen data from the surfaces 3 and 5 of this level (Bona et al., 2006, Table. 2) confirms this reconstruction. 
In the level Z1, the disappearance of the Capra ibex, Chionomys nivalis, Dinaromys bogdanovi and Microtus oecono-
mus, and the appearance of the Glis glis confirms an increase in forest cover, even if it is characterized by the presence, 
on its margins or inside it, of open space as indicated by the presence of Microtus arvalis and Microtus agrestis and the 
appearance of Terricola sp. and Sorex minutus. During this phase the climate was more humid and warm, as the pollen 
data also indicates (Bona et al., 2006).

The new date derived from the phalanx of U. spelaeus of the level Z2 surface 1 pushes back earlier age estimates 
by about 10,000 yr. This new date coincides perfectly with the climatic conditions during the advance of the ALGM (Al-

Table 1. Dating of the phalanx Iº from Covoli di Velo Cave (Verona, Veneto, North Italy).

Labor 
No. 
MAMS Site C14 (yr BP) 13C (‰) Cal 1 sigma Cal 2 sigma C:N C (%)

Collagen 
(%)

24061 Covoli di Velo 29,130 ± 
90

−15.6 cal BC 32,110 
− 31,461

cal BC 32,518 − 
31,382

3.3 37.4 10.7

Table 2. Several radiometric datings of Italian cave bears.
# SITE Region Radiometric dating

k yr BP
Source

1 Conturines Trentino Alto-Adige 87±0.5  to 108+8/-7 (230Th/U) Withalm (1995)

2 Conturines Trentino Alto-Adige 107.2-115.8 to 41.9-47.5 (Uran 
series)

Rabeder et al. (1994)

3 Conturines Trentino Alto-Adige 40.19±0,9 Döppes et al. (2018)

4 Conturines Trentino Alto-Adige >49 Döppes et al. (2018)

5 Conturines Trentino Alto Adige >50.579 to >46.435 Spöttl et al. (2018)

6 Grotta Generosa Lombardy 38.2±1.4 Bianchi-Demicheli and Oppizzi 
(2001)

7 Grotta Generosa (Level 2) Lombardy 39.2±1 to 51.2±4 Bona (2004)

8 Grotta Generosa (Level 4) Lombardy 46.7±2.4 Bona (2004)

9 Grotta Generosa (Level 6) Lombardy 47.8±2.6 to 50.8±5 Bona (2004)

10 Fontana Marella (FM1) Lombardy 21.81±0.2 Perego et al. (2001)

11 Fontana Marella (FM2) Lombardy 22.31±0.2 Perego et al. (2001)

12 Buse di Bernardo Trentino Alto-Adige 25.78±0.2 to 25.1±0.2 Avanzini et al. (2000)

13 Paina Veneto 19.686±54 Terlato et al. (2018)

14 Trene Veneto 19.948±55 Terlato et al. (2018)

15 Chiostraccio Cave Tuscany 24.030±0.1 Martini et al. (2014)
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pine Last Glacial Maximum) before a temperate-humid phase, indicated by the travertine deposits of the Sarca Valley, 
dated between 28,600 ± 0.300 yr BP and 33,200 ± 0.550 yr BP with AMS 14C dating (R.J. Van de Graaf Laboratorium of 
Utrecht University) (Avanzini et al., 2000). The date of 29,130 ± 0.90 yr BP for the U. spelaeus population of the Covoli 
di Velo Cave is especially interesting, being close to the estimated time of extinction for cave bears about 24,000 14C yr 
ago (Pacher and Stuart, 2008), although a more recent paper has estimated a slightly younger period (20,930 ± 0.140 
14C yr ago) (Baca et al., 2016). Given dates on bears from other caves in Italy (Table 2), the Covoli di Velo cave bear 
is probably from one of the last populations living in Italy (a specimen found in the Chiostraccio cave, Siena, Tuscany, 
dated at 24,030 ± 0.100 14C yr BP (29,200 – 28,550 cal yr BP) is the youngest cave bear in Italy (Martini et al., 2014). It 
is coeval with the Gamssulzen population (U. ingressus) (Austria) (38,000 – 25,400 yr BP) (Rabeder, 1999), a popula-
tion often utilized for comparison in evolutionary studies. Recently Terlato et al. (2018) produced two new chronological 
data for Paina and Trene localities (Berici Hills, Veneto region) of 19,686 ± 54 and 19,948 ± 55 respectively and actually 
considered the youngest cave bear in Italy.

Recently Rabeder (pers. com.) suggested that the Covoli di Velo population belongs to the U. ingressus species 
which inhabited mostly Eastern Europe, having been found in Romania, Slovenia, Ukraine, Czech Republic, Slovakia 
and Greece, but also found in Switzerland, Austria and Germany. 

However, although several morphometric studies (i.e. Stoppini et al., 2007; Santi and Rossi, 2008; Rossi and Santi, 
2013) indicated a very similar size range in both populations (the Covoli and Gamssulzen), the Covoli di Velo bears have 
very simple features in the dentition. The Gamssulzen population and other of U. ingressus have derived upper fourth 
premolars compared to other cave bears (Rabeder et al., 2004). The Covoli di Velo population retains simple premolars, 
and is, consequently, particularly different from U. ingressus. The Covoli di Velo population shows strong similarity to 
U. spelaeus, which is more widely distributed in the western-central Europe regions (Rabeder et al., 2009), unlike U. 
ingressus (Rabeder et al., 2004). 

The conclusion is that cave bears in the Italian Alps were evolutionarily conservative with large size and retention 
of simple dental morphologies. It is possible that a small number of bear populations with more-derived denture, for 
example the Basura cave population (Liguria region) (Quiles, 2004), migrated from the western Alps region, and/or 
members of a population from the eastern regions of the Europe, could have migrated into Italy. Rabeder (1995) and 
Withalm (2014) have hypothesized that the more-derived populations appeared in the eastern regions of Europe and 
later moved to the west through alpine areas, creating the mix of archaic and modern features that characterized cave 
bear populations at the end of the Pleistocene. However, the lack of more-derived populations in the eastern Alps might 
be because the more-derived cave bears migrated to the south toward Greece, as indicated by the presence of U. in-
gressus in the Loutrá Aridéa (Macedonia) (Tsoukala et al., 2006). To test all the hypotheses of evolution and migration, 
more morphological and genetic data from confidently-dated cave bear populations are necessary.
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Abstract 

The study is the first report of the fungal air quality in the Demänovská Cave of Liberty, Slovakia, which is one of the 
most visited caves in Slovakia (Low Tatras). A total of 108 air samples were collected in June 2014 using the microbi-
ological air sampler “Air Ideal 3P” and Potato Dextrose Agar medium. Fungi were identified based on phenotypic tests 
and ITS regions analysis. Air samples collected from underground sites contained fewer propagules of fungi (from 86.7 
to 126.7 colony-forming units per m3 of air) than outdoor air samples (391.7). Altogether, the incidence of 18 different 
fungal species were found in the air of the cave, and most of them were isolated from the indoor samples. Cladosporium 
macrocarpum spores dominated in this study. The fungal species such as Bjerkandera adusta, Exophiala xenobiotica, 
Fusarium lateritium, Penicillium aurantiacobrunneum, and Trichoderma citrinoviride were detected for the first time in 
the internal air of underground sites. Overall, fungal air quality of the Demänovská Cave does not pose a biological 
threat to people and animals with undamaged immune systems according to most standards of fungal sir contamina-
tion. However, some of the airborne fungi detected in the cave can pose a risk to persons and animals with weakened 
immune systems or people who have fungal allergies.

Introduction
The earth’s atmosphere has a great impact on the quality of life, especially in these times when the air quality has 

dropped significantly (Bruce et al., 2000; Darçın, 2014). However, Hippocrates mentioned in the Corpus Hippocraticum 
manuscript that some of the air components can be the cause of human illness (Mammas and Spandidos, 2016). As-
sessment of outdoor and indoor air pollution of buildings and public places is more frequent than underground sites. 
Poor indoor air quality of buildings can affect the deterioration of the health of residents such as skin and respiratory 
problems, poisoning, malaise and general weakness (Stolwijk, 1991; Romagnoli et al., 2016). The problem of poor 
indoor air quality is very serious and it can affect up to 3 billion people worldwide. The term “sick building syndrome” 
(SBS) was introduced in 1983 to describe the situation where a building affects human health (WHO, 1983). Moreover, 
it should be emphasized that microscopic fungi and their secondary metabolites (i.e. mycotoxins) play a major role in 
SBS. The fungal spores can constitute up to 70% of all bioaerosol pollution of indoor air (Brickus et al., 1998; Reynolds 
et al., 2001). 

Atmospheric air and subterranean ecosystems are among the most inhospitable habitats for mycobiota, mainly due 
to lack of nutrients, and in the case of underground sites, also due to low temperatures (Poulson and White, 1969). 
Consequently, fungi usually occur as spores suspended in the air in these environments, which are also reproductive 
dispersal structures (Barton and Northup, 2007; Kokurewicz et al., 2016). On the other hand, environmental stress is 
one of the main factors determining evolution; and therefore, fungi that can tolerate or adapt to unfavorable living con-
ditions in the underground are usually extremophile species (Rampelotto, 2013). These species most often have a high 
potential to secrete various biologically active compounds that, among others, may pose a risk to human and animal 
health, e.g. mycotoxins (Barton and Northup, 2007; Zain, 2011). 

Natural and artificial underground ecosystems are mainly the place of occurrence of fungi belonging to the phylum 
Ascomycota (Vanderwolf, et al., 2013). In the summer, fungi of the genera Cladosporium usually dominate underground 
sites, and Penicillium species in the winter (Pusz et al., 2015; Ogórek et al., 2017). Currently, 44 genera of airborne 
fungi have been detected in Slovakian caves, and most species belong to the Penicillium (Nováková, 2009; Ogórek et 
al., 2016 a, b, c, d; 2018). Moreover, Penicillium species are significantly related to increased incidence of SBS, aller-
gic respiratory diseases, and they can also cause opportunistic mycosis in humans and animals (Eschete et al., 1981; 
Hoffman et al., 1992; Pekkanen et al., 2007). Thus, it is important to do mycological monitoring of air in underground 
habitats, especially in the case of tourist facilities and/or those used by hibernating bats.

The main goal of this research was to assess the fungal air quality during summer in Demänovská Cave of Liberty, 
which is open to tourists, by determining the number and species composition of cultivable, microscopic fungi in the air 
of this cave. Additionally, we wanted to check: (1) whether the mycological quality of air within the investigated under-
ground sites poses a risk to the health of workers and tourists, and (2) influence of air temperature and humidity on the 
concentration of fungal spores in the air.
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Material and Methods
Description of the study area

The study was carried out in the Demänovská Cave of Liberty, “Demänovská jaskyňa slobody” (48°99′8″ N, 19°58′5″ 
E), which is part of the biggest cave system in Slovakia – the Demänová Caves system (Fig. 1). The cave passages are 
8126 m long, and its entrance lies at an elevation of 870 m a.s.l. It is formed in the Middle Triassic, dark-gray Gutenstein 
limestones of the Krížna Nappe, along the tectonic faults. These faults are shaped by corrosive and erosive activity 
of ponor allochthonous water flows of the Demänovká River and its tributaries (Marušin, 2003). Currently, the cave is 
inhabited by four species of bats, with the most frequent being the greater mouse-eared bat (Myotis Borkhausen) and 
the whiskered bat (Myotis mystacinus Kuhl) (Slovak Caves Administration, 2018). According to Nudziková (2014), this 
cave is the most visited underground facility in Slovakia, e.g. it is estimated that 111,261 tourists visited the caves in 
2014. However, there are no reports about mycological air quality in this cave.
Air sampling

The air samples were collected on June 5, 2014 from indoor and outdoor air of the cave (Fig. 1), using the microbi-
ological air sampler “Air Ideal 3P” (bioMérieux), and Potato Dextrose Agar (PDA, Biocorp) (Ogórek et al., 2013). It was 
programmed for air sample volumes of 50 L, 100 L, and 150 L, and the measurement in particular sampling sites was 
performed in six-plicate for each volume. Additionally, the air temperature and relative humidity were measured nine 
times at each sampling site, using a LB-522 thermohygrometer (Label, accuracy: ±1%). The air samples in Petri dishes 
with PDA were incubated from 4 to 21 days at 25±1 °C. After incubation, the colonies that appeared on the medium 

Figure 1. Geographic location of Slovakia (A) and Demänovská Cave of Liberty (B). Sampling location (C) on the tourist route: E1 – 
entrance to the cave, E2 – exit from the cave, I – sampling location outside the cave, from II to VI – sampling locations inside the cave. 
Scale bars: A = 500 km, B = 100 km, C = 100 m.
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were counted. The colony-forming unit concentrations were expressed as CFU per cubic meter of air using the formula 
X = (a × 1000) / V, where a is the number of colonies obtained on a Petri dish, and V is the air volume sampled (m3). 
Then, fungal colonies were subcultured on PDA medium for phenotypic and molecular identification.
Morphological and molecular identification

Overall, fungal structures were observed on PDA, and additionally on Malt Extract Agar (MEA, Biocorp), Cza-
pek-Dox Agar (1.2% agar, Biocorp), and Czapek Yeast Autolysate Agar (CYA) for Penicillium and Aspergillus. Then, 
fungi were identified using the taxonomic literature (Jülich, 1979; Golubev, 1981; Tanaka et al., 2001; Frisvad and Sam-
son, 2004; Keirle et al., 2004; Chilvers and du Toit, 2006; de Hoog et al. 2006; Houbraken et al., 2011; Vitale et al., 2011; 
Bensch et al., 2012; Jung et al., 2014; Visagie et al., 2014; Hernández-Restrepo et al., 2016; Kim et al., 2016). DNA was 
isolated from fungal colonies cultured on PDA according to the original, hexadecyltrimethylammonium bromide- (CTAB) 
based method (Doyle and Doyle, 1987), modified as described by Ogórek et al. (2012). The internal, transcribed spacer 
region of fungal rDNA was amplified using the primer ITS1 (5′-TCCGTAGGTGAACCTGCGG-3′) and ITS4 (5′-TCCTC-
CGCTTATTGATATGC-3′) (White et al., 1990). Polymerase chain reactions were performed in a T100 Thermal Cycler 
(Bio-Rad), according to Ogórek et al. (2016a). The PCR products were verified by electrophoretic separation on the 
gel of 1.2% agarose. Then, they were purified by using Clean-UP (A&A Biotechnology) and sequenced by Macrogen 
Europe (Netherlands).
Data analyses

BioEdit Sequence Alignment Editor was used for the analysis of the obtained fungal ITS sequences (http://www.
mbio.ncsu.edu/bioedit/bioedit.html). Next, fungi were identified to species by using the BLAST algorithm (http://www.
ncbi.nlm.nih.gov/), that compared the obtained sequences with those deposited in the GenBank database. The se-
quences were placed in GenBank databases (Table 1). The data from the number of airborne fungal colonies were 
subjected to statistical analysis by using a Statistica 12.0 package. For this purpose, one-way analysis of variance 

Table 1. Airborne fungi detected in the Demänovská Cave of Liberty and results of BLAST (all E values were zero). A + 
indicates that the fungus was cultured from the air samples.

Fungi

Air Identity with Sequence from GenBank
GenBank 

Accession No.Outside Inside Accession
Query 

Cover, % Identity, %
1 Aspergillus elegans Gasperini + FM201287.1 97 99 KX426973.1

2 A. flavus Link + LN482443.1 99 99 KX426971.1

3 A. niger Tiegh. + KP940595.1 100 99 KX426976.1

4 Bjerkandera adusta (Willd.) P. Karst. + + FJ228211.1 98 99 KX426963.1

5 Botrytis cinerea Pers. + KP151610.1 98 99 KX426964.1

6 Cladosporium cladosporioides (Fresen.) 
G.A. de Vries

+ KJ589547.1 98 88 KX426970.1

7 C. macrocarpum Preuss 1848 + + KM977762.1 98 99 KX426960.1

8 Coprinellus disseminatus (Pers.) J.E. 
Lange 1938

+ JN159561.1 97 100 KX247294.1

9 Cutaneotrichosporon curvatus (Diddens 
& Lodder) A.M. Yurkov, X.Z. Liu, F.Y. 
Bai, M. Groenew. & Boekhout

+ NR_130657.1 99 99 KX426975.1

10 Discosia sp. + + KU325138.1 90 96 KX426977.1

11 Exophiala xenobiotica de Hoog, J.S. 
Zeng, Harrak & Deanna A. Sutton

+ KJ522804.1 96 99 KX426972.1

12 Fusarium lateritium Nees + + JN391185.1 99 99 KX426966.1

13 Microdochium seminicola M. Hern.-
Restr., Seifert, Clear & B. Dorn

+ + KP859023.1 98 99 KX426969.1

14 Penicillium aurantiacobrunneum 
Houbraken, Frisvad & Samson

+ + NR_121509.1 97 99 KX426962.1

15 P. brevicompactum Dierckx + + KT876695.1 100 99 KX426968.1

16 P. crustosum Thom + HQ850913.1 97 82 KX426967.1

17 Phlebiopsis gigantea (Fr.) Jülich + KP676120.1 97 99 KX426965.1

18 Trichoderma citrinoviride Bissett + JX125617.1 97 99 KX426974.1

∑ species 10 15 ∙∙∙
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(ANOVA) and the Tukey HSD (honest significant differences) test at α ≤ 0.05 were used. The Pearson correlation co-
efficient r was used to determine the relation between the temperature and humidity of the air and the concentrations 
of airborne fungal propagules.

Results and Discussion
The results of this study show that the indoor air temperature (6.8–8.5 °C) of the examined cave in the summer was 

lower than the outdoor air 
(16.9 °C) and correlated 
positively with the con-
centration of airborne fun-
gal propagules (p < 0.05, 
r = 0.98). A similar situa-
tion was not reported for 
relative humidity of the air, 
which was lower outside 
the cave (61.1%) than in-
side (81.7–98%) (Table 2, 
Fig. 2). According to Tang 
(2009), these factors 
most affect the survival of 
fungi in the environment. 
However, the survival of 
mycobiota in the air also 
depends on other factors 
that were not measured 
in these studies, such as 
ultraviolet radiation, pres-

Figure 2. The climate parameters and measured concentrations of airborne fungal propagules at the 
sampled locations in the Demänovská Cave of Liberty: location I – outside the cave, locations from II to 
VI – inside the cave.

Table 2. Average number of airborne fungal propagules (CFU m−3) detected in the Demänovská Cave of Liberty (ND = not 
detected).

Fungi
Sampling Location

Ia II III IV V VI
Aspergillus elegans N D ND 10.1 a ND ND ND

A. flavus ND 16.7 abc 15.0 a 11.7 ab 15.0 abc 8.3 a

A. niger ND ND 23.4 a 20.0 ab 25.0 ab 28.3 a

Bjerkandera adusta 63.0 b** 26.7 ab 18.3 a 11.7 ab 13.3 ab ND

Botrytis cinerea 51.6 bc ND ND ND ND ND

Cladosporium cladosporioides ND ND ND ND ND 15.0 a

C. macrocarpum 146.8 a 31.7 a 26.7 a 28.3 a 30.0 a 46.7 a

Coprinellus disseminatus 4.5 d ND ND ND ND ND

Cutaneotrichosporon curvatus ND ND ND ND 3.3 c ND

Discosia sp. 6.2 d 3.3 c ND ND ND ND

Exophiala xenobiotica ND 1.7 c ND 1.7 b ND ND

Fusarium lateritium 5.0 d ND ND ND 5.0 bc 11.7 a

Microdochium seminicola 13.3 cd 5.0 c ND ND ND ND

Penicillium aurantiacobrunneum 48.0 bc 6.7 c ND ND ND ND

P. brevicompactum 33.3 bcd ND 6.7 a ND ND ND

P. crustosum ND 11.7 bc ND 13.3 ab ND ND

Phlebiopsis gigantea 20.0 cd ND ND ND ND ND

Trichoderma citrinoviride ND ND ND ND 6.7 bc ND

Total 391.7 A** 103.3 C 100.2 CD 86.7 D 98.6 CD 126.7D
a I – the outdoor air samples, II-VII – the indoor air samples;
b For each location, the number of fungal spores followed by the same letter are not statistically different, and others are (Tukey HSD test, α ≤ 0.05). Small letters indicate the differences 
between fungal species in a given location; they refer to means in columns. Capital letters indicate the effect of a particular location on the total concentration of fungal spores; they refer to 
means in rows.
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sure, and atmospheric pollution, mainly by chemical particles (Niazi et al., 2015). Additionally, the presence of aeromycota 
in underground niches is closely related to the season of the year, the external environment, air currents, anthropogenic 
factors, and the presence of bats (Pusz et al., 2014, 2015 Kokurewicz et al., 2016; Ogórek et al., 2017; 2018).

This study is the first report of mycological air quality in the Demänovská Cave of Liberty. The external air of the 
cave was more contaminated by fungal propagules than the indoor air (pI, VI < 0.001), but aeromycota occurring in the 
underground sites is richer in species. Overall, we detected from 86.7 to 126.7 fungal spores per m3 of indoor air of the 
cave, and these values of fungal spore contaminations were similar to those in other Slovakian caves (Ogórek et al., 
2016b, c, d). The highest number of airborne spores was discovered in Location VI, and the smallest number of spores 
was recorded in Locations IV (pIV, VI < 0.001) (Tables. 1, 2). The concentration of fungal spores in the air is an important 
factor of biosafety, because elevated levels can have a negative effect on the health of people and animals (WHO, 
1990; Choi et al., 1999).

Currently, there are 
no official mycological air 
quality standards relating 
specifically to underground 
sites, but there are such 
requirements with respect 
to indoor air of buildings. 
Therefore, we could con-
clude that the mycological 
quality of air in the investi-
gated sites does not pose 
a risk to human health with 
an unimpaired immune 
system, according to most 
standards of fungal air con-
tamination, i.e. the Amer-
ican Industrial Hygiene 
Association, the World 
Health Organization, or the 
European Confederation 
Commission. For example, 
the most stringent stan-
dard among them states 
that the concentration of 
airborne fungi should not 
be higher than 500 spores 
per m3 (WHO, 1990; Choi 
et al., 1999). Thus, in this 
study, the numbers of air-
borne fungal spores were 
at much lower levels.

The species diversity of 
airborne fungi was higher in 
the air inside Demänovská 
Cave of Liberty than out-
side it (Tables. 1, 2). This 
trend is consistent with 
other reports on aeromy-
cological research of un-
derground sites during the 
summer (Pusz et al., 2014, 
2015). Altogether, 18 dif-
ferent fungal spores were 
detected in the air samples 
of the cave. Fungal spores 

Figure 3. New airborne fungal species for underground sites discovered in Demänovská Cave of Liber-
ty, 7-day-old (A, B, C, E) or 21-day-old culture (D) at 25±1 °C, top and bottom view of a colony on media 
PDA (A, B, C, D, E1), MEA (E2), Czapek-Dox Agar (E3), and CYA (E4), and the characteristic structure 
of fungi under the optical microscope on PDA: A – Bjerkandera adusta B – Exophiala xenobiotica, C – 
Fusarium lateritium, D – Trichoderma citrinoviride, E – P. aurantiacobrunneum. Scale bars: A – D = 10 
µm, E = 20 µm.
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belonging to Bjerkandera adusta, Exophiala xenobiotica, Fusarium lateritium, Penicillium aurantiacobrunneum, and 
Trichoderma citrinoviride were discovered for the first time in underground sites (Tables. 1, 2; Fig. 3). The presence of 
these new species can be associated with anthropogenic factors, and the presence of bats in the Demänovská Cave of 
Liberty, because those factors can contribute to the qualitative and quantitative changes of fungal communities inhab-
iting underground areas (Griffin et al., 2014; Kokurewicz et al., 2016; Ogórek et al., 2016b). 

Aerobiological investigations of mycobiota show that the fungal propagules of Cladosporium are most commonly 
detected in the atmosphere, as well as in the indoor air of underground sites (Larsen and Gravesen, 1991; Stępalska et 
al., 1999; Pusz et al., 2014). These spores also dominated in the air of Demänovská Cave of Liberty, especially C. mac-
rocarpum spores (p < 0.001), which constituted for over 32% of all detected spores (Table 2). Cladosporium spores are 
one of the most allergenic biological particles in the air, which can cause allergic rhinitis, asthma or allergic alveolitis. 
However, almost 3,000 spores of this fungi in one cubic meter of air are required for the emergence of respiratory aller-
gies in humans (Rapiejko et al., 2004). Therefore, the level of Cladosporium spores detected in the air samples of the 
Demänovská Cave of Liberty does not constitute a significant allergic risk to visitors, because we detected a maximum 
of 61.7 spores of Cladosporium in 1 m3 in the air of this cave.

An important group of the fungal community in the internal air of Demänovská Cave of Liberty constituted species 
belonging to Aspergillus and Penicillium (Tables. 1, 2), which are also commonly found in the bioaerosols of under-
ground sites (Nováková, 2009; Vanderwolf et al., 2013). Their spores, as with the above-mentioned Cladosporium, are 
also strongly associated with allergic respiratory diseases, especially asthma (Pekkanen et al., 2007). Additionally, 
they can also cause opportunistic mycosis in mammals, including humans (Eschete et al., 1981; Hoffman et al., 1992). 
Overall, it should be noted that many of these fungal spores obtained from the Demänovská Cave of Liberty are not 
pathogenic. Still, some of them can pose a risk to persons with weakened immune systems (Nowicka, 2003).

Conclusions
Mycological monitoring carried out in underground ecosystems, with particular emphasis on sites open to tourists, or 

important from the point of view of wintering bats, is a relatively new venture. Regular monitoring will allow observation 
of qualitative and quantitative changes taking place in fungal communities inside underground ecosystems, and it will 
be possible to maintain biological safety for people and animals in such sites. The species diversity of airborne fungi 
was higher in the air inside the Demänovská Cave of Liberty than outside it, and Cladosporium macrocarpum spores 
dominated in this study. Moreover, research of this type has allowed the detection of new airborne species for under-
ground ecosystems (Bjerkandera adusta, Exophiala xenobiotica, Fusarium lateritium, Penicillium aurantiacobrunneum, 
and Trichoderma citrinoviride).

Nevertheless, it is difficult to explain the occurrence of these new species. One of the reasons may be the accuracy 
of research methods, but it can also be associated with anthropogenic factors, as well as the presence of bats in this 
cave. Pearson correlation analysis showed that the levels of airborne fungal spores were correlated positively with air 
temperature. The concentration of fungi in the air of the investigated sites does not pose a health risk for people with 
an unimpaired immune system. However, some of the airborne fungi detected in the Demänovská Cave of Liberty can 
pose a risk to persons and animals with weakened immune systems or people who have fungal allergies. Moreover, it is 
likely that the mycological quality of air in these sites may deteriorate, which is why their further monitoring is important, 
and should be regularly performed.
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