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Abstract Altamira Cave (north of Spain) contains one of the
world's most prominent Paleolithic rock art paintings, which
are threatened by a massive microbial colonization of ceiling
and walls. Previous studies revealed that exchange rates
between the cave and the external atmosphere through the
entrance door play a decisive role in the entry and transport
of microorganisms (bacteria and fungi) and nutrients to the
interior of the cave. A spatial-distributed sampling and mea-
surement of carrier (CO2) and trace (CH4) gases and isotopic
signal of CO2 (δ

13C) inside the cave supports the existence
of a second connection (active gas exchange processes) with
the external atmosphere at or near the Well Hall, the inner-
most and deepest area of the cave. A parallel aerobiological
study also showed that, in addition to the entrance door, there
is another connection with the external atmosphere, which
favors the transport and increases microorganism concentra-
tions in the Well Hall. This double approach provides a more
complete knowledge on cave ventilation and revealed the

existence of unknown passageways in the cave, a fact that
should be taken into account in future cave management.

Keywords Caves . Gases . Bacteria . Fungi . Cave
management

Introduction

Altamira Cave (Spain) is listed as a World Heritage UNESCO
site due to its world famous collection of Paleolithic paintings
and engravings. The Paleolithic rock art was preserved due to
the special environmental conditions, characterized by low
rates of water infiltration and precipitation of mineral deposits,
and the maintenance of very stable microclimate due to the
limited air exchange with the external atmosphere.

Before its discovery, Altamira Cave was likely an oligotro-
phic environment with a limited air exchange with the outside
atmosphere. Nevertheless, agricultural and livestock uses of
the top soil, archaeological digs in the cave sediments, the
numerous conditioning works to facilitate visits, as well as the
massive visits transformed this once pristine ecosystem into
one with an abundance of available nutrients (Saiz-Jimenez
et al. 2011). In fact, in the past, cave visitors produced a strong
environmental impact on the cave ecosystem by transporting,
releasing, and causing re-suspension of aerosols within the
cave (Dredge et al. 2013).

Entry and dispersion of microorganisms and nutrients into
the interior of the cave depended on the exchange rates
between the cave atmosphere and exterior through the en-
trance (Cuezva et al. 2009). These exchange rates were higher
during the summer season (June–September) (Cuezva et al.
2011). Therefore, one of the main objectives of the corrective
measures implemented in recent years to manage and protect
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this site was focused on minimizing the exchange rates
through the entrance and reinforcing the isolation of the cave
area with the highest presence of rock art (Polychrome Hall),
limiting thus the dispersion of microorganisms and the supply
of nutrients by airflow (Saiz-Jimenez et al. 2011). The cave
ventilation model in Altamira Cave was proposed based on
the assumption that there was only a single known cave
entrance. However, the existence of another possible point
of entry of microorganisms and nutrients in the cave was
suspected in light of some aerobiological analyses (Porca
2011), and this knowledge would be essential to take the most
suitable measures for ensuring the conservation of rock art.

Here, we have used a double analytical approach that
included a multiparametric survey of atmospheric gases
which was developed for determining the spatial distribution
of carrier (CO2) and trace (CH4) gases and isotopic signal of
CO2 (δ

13C), and an aerobiological study conducted to quantify
the concentration and diversity of airborne microorganisms

and their spatial distribution inside the cave. Both analyses
were performed during summer seasonwhen the exchange rate
between the cave and exterior atmospheres are maximal
according to Cuezva et al. (2011). It was expected that this
approach will shed some light on the cave atmosphere dynam-
ics and will contribute to the management and conservation of
this geological and cultural heritage site.

Material and methods

Site

Altamira is a well-studied cave in Cantabria, northern Spain
(43°22′40″N, 4°7′6″W) (Fig. 1). It is one of many caves in
the upper vadose area of the tabular polygenic karstic system
developed within Cretaceous bedrock. The cavity (270 m in
length) is situated at 152 m a.s.l., and has a depth of 3–22 m

Fig. 1 a Altamira Cave map
with location of the aerobiologi-
cal and atmospheric gases sam-
pling points inside the cavity and
sampling path considered for
Fig. 3. b Geographic location of
the cave
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(averaging 8 m) below the surface. The cavity has a single
entrance in a topographically higher position and includes a
number of main halls having a downward slope from the
outside access to the deepest part of the cave. At present, the
cave is permanently closed to visitors. The main entrance is
closed by a metal gate (slotted surface <4 %; thermally
insulated) acting as the initial barrier to stop the exchange
of matter with the outside. In addition, a second door isolates
the entrance hall of the crossing and the rest of the cavity
(mainly Polychrome Hall and Walls Hall, Fig. 1).

Distribution of atmospheric gases

Cave air parameters are influenced by the interaction pro-
cesses with the soil and the exterior atmosphere. In order to
characterize soil, atmospheric, and cave levels of CO2,
δ13CO2 and CH4, 38 air samples were successively taken
during a 3-day long campaign in July 2012, comprising the
following locations: exterior air (7), soil air (8), and cave air
along the whole inner space (23) (Fig. 1; Table 1). Air
samples were obtained by filling Tedlar sampling bags with
a capacity of 1 L and with lock valves, especially designed to
ensure the inertness and impermeability of air samples. Both
cave and outside air bags were filled by using a hand air
pump and a micro-diaphragm gas pump of 1.8 L/min at
atmospheric pressure was used for soil air sampling. The
samples were immediately analyzed after sampling by using
a laser-based analyzer (Picarro G2101-i) that employs cavity
ring-down spectroscopy (CRDS-WS) (Crosson 2008). This
is a field-deployable CRDS analyzer capable of performing
in situ and real-time measurements of atmospheric levels of
carbon dioxide (12CO2 and

13CO2), CH4, and water vapor.
Isotopic relationship δ13CO2 is automatically measured as a
calculation from 12CO2 and

13CO2 concentrations and con-
sidering the correction due the presence of other target spe-
cies (CH4, H20v). Precisions of 200 ppb, 10 ppb, and 0.3 %
are guaranteed for 12CO2,

13CO2 and δ13CO2, respectively.
Precision of 0.1 ppm was obtained for CH4 in the studied
level range (0–2 ppm).

Aerobiological study

An extensive aerobiological sampling all over the cave was
conducted to quantify the concentration of airborne micro-
organisms (bacteria and fungi). Some specific applications
of these aerobiological techniques in subterranean environ-
ments have been previously published (Jurado et al. 2010b;
Fernandez-Cortes et al. 2011; Porca et al. 2011). Briefly, a
Duo SAS (Surface Air System) model 360 sampler
(International PBI, Milan, Italy) containing Petri dishes with
dichloran rose bengal chloramphenicol agar was used for the
sampling of fungi. The antifungal agent, dichloran, was
added to the medium to reduce colony diameters of

spreading fungi. The presence of rose bengal in the medium
suppresses the growth of bacteria so does chloramphenicol
and restricts the size and height of colonies of the more
rapidly growing fungi (King et al. 1979). For bacteria, the
medium trypticase–soy agar was used. Duplicate samples of
100 L in air volume were selected as the most appropriate
method for easy counting. The plates were incubated (fungi
at 25 °C for 5 days and bacteria at 28 °C for 2–4 days) and
counted. After counting, all morphologically distinct colonies
were isolated in pure culture. The isolates were grouped based
on sequence similarity. Representative sequences of each clus-
ter were assigned GenBank numbers HF952623-HF952709.

Fungal mycelium and bacterial biomass were scraped
from the plates and transferred to a 1.5-mL Eppendorf tube
containing 500 μL lysing buffer and 200 μL glass beads. The
mixture was shaken in a cell disrupter (Fast Prep-24, Solon,
OH) at full speed for 3 min. Amplification of DNA was
performed with fungi-specific primers, ITS1 (5´-TCC GTA
GGT GAA CCT GCG G-3´) and ITS4 (5´-TCC TCC GCT
TAT TGATAT GC-3´) described White et al. (1990) for the
internal transcribed spacer regions (ITS), and bacteria-specific
primers, 616 F (5´-AGA GTT TGA TYM TGG CTC AG)
(Zimmermann et al. 2005) and 1522R (5´-AAG GAG GTG
ATCCAGCCGCA-3´) (Edwards et al. 1989) for prokaryotic
16S rRNA gene. Amplification protocol was performed using
the following thermal conditions: 94 °C for 2 min; 35 cycles
of 94 °C for 15 s, 55 °C for 16S rRNA gene or 55 °C for ITS
regions during 1min; 72 °C for 2 min, and a final step of 72 °C
for 10 min. Amplification products were sequenced in an ABI
3700 sequencer (Applied Biosystems). A similarity search
was performed using the BLAST algorithm at the NCBI
database (National Centre for Biotechnology Information,
http://www.ncbi.nlm.nih.gov/).

Results and discussion

Spatial distribution of atmospheric gases

The atmosphere of Altamira Cave is characterized by a high
thermo-hygrometric stability, relatively high levels of air
CO2 with light isotopic signatures and CH4 concentration
lower than the external atmosphere (Garcia-Anton et al.
2012). Data obtained during the survey carried out in July
2012 (Table 1) were in agreement with previous studies
(Sanchez-Moral et al. 2010). Mean values of cave air sam-
ples were of 1,274 ppm for CO2, −21.8‰ for δ13C isotopic
signal and 0.76 ppm for CH4. Soil air showed mean values of
1,211 ppm of CO2, 20.6‰ of δ13C and 1.7 ppm of CH4. The
exterior air sampled during the fieldwork registered mean
values of 433 ppm for CO2, −10.7‰ for δ13C and 1.8 ppm
for CH4. Exterior and cave air samples fit the Keeling model
(Keeling 1958; Pataki et al. 2003) with a very high
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correlation degree (R2=0.99 in Fig. 2a). Variation of the
isotopic signal is linearly dependent on the inverse of CO2

concentration for atmospheric and cave air samples
(expressed as parts per millions) and δ13C decrease as CO2

concentration reached higher values (Fig. 2a). The y-
intercept value (−28.3‰) points to the soil as the source of
CO2. According to Keeling model, CO2 concentration of cave

air is the result of mixing the background atmospheric CO2

with soil-produced CO2. CH4 and CO2 values for air samples
from the external and cave environments showed a logarith-
mic inverse relationship reaching the lowest values when air
presented a higher CO2 concentration (Fig. 2b).

The entire set of results obtained corresponds to the sum-
mer season during which the prevailing and highest air

Table 1 Data obtained for air samples taken during a survey carried out on July 2012

Origin Sampling
point

Sampling day Sampling
time (GMT)

CO2 (ppm) 12CO2 (ppm) 13CO2 (ppm) δ13C (‰) CH4 (ppm)

Soil air 23 July 2012 1153 1,262.3 1,248.5 13.7 −20.3 1.5

23 July 2012 1157 1,226.4 1,213.0 13.4 −20.3 1.5

24 July 2012 0745 967.7 957.2 10.5 −21.2 1.7

24 July 2012 1046 1,203.8 1,190.7 13.1 −22.0 1.7

24 July 2012 1515 1,162.3 1,149.6 12.7 −20.2 1.7

26 July 2012 0735 1,956.7 1,935.4 21.3 −22.8 1.5

23 July 2012 1305 964.5 954.0 10.5 −18.8 1.8

26 July 2012 0758 942.8 932.5 10.3 −19.4 1.8

Cave air 1 23 July 2012 1127 674.5 667.2 7.4 −17.3 1.4

2 23 July 2012 1131 1,058.8 1,047.3 11.5 −21.4 0.9

3 23 July 2012 1134 978.0 967.4 10.6 −20.7 0.8

4 23 July 2012 1138 1,063.8 1,052.3 11.6 −21.3 0.7

5 23 July 2012 1143 1,093.1 1,081.2 11.9 −21.3 0.7

6 23 July 2012 1145 1,097.6 1,085.7 11.9 −20.5 0.7

7 23 July 2012 1149 2,401.7 2,375.6 26.0 −24.3 0.2

8 23 July 2012 1152 1,428.0 1,412.4 15.5 −22.3 0.4

9 23 July 2012 1154 1,343.5 1,328.9 14.6 −22.0 0.5

10 23 July 2012 1158 1,373.8 1,358.9 14.9 −22.4 0.4

11 23 July 2012 1201 1,720.5 1,701.8 18.7 −23.3 0.4

12 23 July 2012 1204 1,563.6 1,546.7 17.0 −22.7 0.3

1 26 July 2012 0712 697.5 689.9 7.6 −17.6 1.5

3 26 July 2012 0718 833.5 824.5 9.1 −19.8 1.3

4 26 July 2012 0725 1,236.3 1,222.8 13.4 −22.2 1.2

5 26 July 2012 0728 1,000.4 989.5 10.9 −20.6 1.1

6 26 July 2012 0731 1,087.2 1,075.4 11.8 −21.5 0.9

7 26 July 2012 0734 1,829.0 1,809.2 19.8 −24.3 0.5

8 26 July 2012 0737 1,388.7 1,373.6 15.1 −23.2 0.8

9 26 July 2012 0739 1,356.1 1,341.4 14.7 −23.1 0.7

10 26 July 2012 0741 1,371.1 1,356.2 14.9 −23.3 0.7

11 26 July 2012 0744 1,195.7 1,182.7 13.0 −21.8 0.8

12 26 July 2012 0746 1,508.3 1,491.9 16.4 −23.7 0.6

Exterior air 23 July 2012 1150 419.1 414.5 4.6 −10.0 1.8

23 July 2012 1300 413.3 408.8 4.5 −10.0 1.8

23 July 2012 1450 413.1 408.6 4.5 −9.2 1.8

24 July 2012 0737 442.1 437.2 4.9 −10.4 1.8

24 July 2012 1507 421.8 417.1 4.6 −10.0 1.8

26 July 2012 0805 460.7 455.6 5.1 −11.8 1.9

26 July 2012 0805 467.5 462.4 5.1 −11.6 1.8

Sampling points are referenced in Fig. 1
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exchange between the cavity and the external atmosphere is
established. The external air inlet causes changes in cave
micro-environmental conditions. A comparison of the data
obtained on the 23rd and 26th of July precisely showed that
the ventilation process was active during the sampling cam-
paign. On these days, there was a decrease in the concentra-
tion of CO2 and a significant increase in air CH4 (Fig. 2b).
These changes were very pronounced in areas not directly
connected to the main entrance and even higher than those
recorded at or near the entrance hall (e.g. Grave Hall, Well
Hall, Polychrome Hall). These data indicated a process of
ventilation likely through the system of interconnected fis-
sures and pores of the host rock and not only through the
cave entrance.

Overall, cave areas influenced by the external atmosphere
presented lower CO2 concentration, lighter heavier isotopic
signal and higher CH4, while the opposite pattern characterized
the zones with a greater isolation level. Both opposite patterns
in relation to the gas exchange degree with the exterior have
been marked by dashed line circles (Fig. 2), corresponding to
the most connected and isolated zones (cave entrance and
Grave Hall, respectively). Inside the cave, the lowest CO2

concentration and heaviest δ13C values corresponded to the
entrance hall and identified this area as the one most directly
connected to the exterior (Fig. 3). The influence of external
atmospherewas also pronounced in the PolychromeHall while
internal parts of the cave showed lower isotope signal values,
maximum CO2, and minimum CH4 concentrations in the
innermost areas. Surprisingly, the most isolated zone identified
by the target gases relationship (CO2–CH4) did not correspond
to the area farthest from the entrance (Well Hall) but, however,
it coincided with an intermediate and deeper area (Grave Hall).
In the Grave Hall, the lowest CH4 concentration, highest CO2

concentration, and lighter isotopic signal of air were registered
(Figs. 3 and 4). However, in the innermost part of the cave
(Well Hall), a change of trend was noticed despite being
roughly 200 m far from the only known human accessible
entrance. The Well Hall is the farthest hall from the entrance
(except for Horse-tail zone, an inactive meander
completely filled by sediments) but a slight increase in
CH4 together with a decrease in CO2 concentration with
heavier isotope values suggested an additional process of
ventilation likely through a second external connection near
or in the Well Hall area.

Fig. 2 a Isotope ratio (δ13C)
plotted against the inverse
of CO2 concentration for
atmospheric and cave air
samples. The linear fitting is
based on a two-endpoint
Keeling plot model (Keeling
1958; Pataki et al. 2003). b
Plotted relationship between the
target gases (CO2 and CH4).
The cave air samples are shown
by solid squares and the exterior
air by open triangles. Arrows
indicate the prevailing renewal
of cave air during the 3-day-
long monitoring period
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Aerobiological study

Usually, airborne fungi exist as spores while most airborne
bacteria are attached to dust particles (Che 2004). We found
that the concentration of fungal spores outdoors was higher
than inside the cave (Table 2). Inside the cave, the concentra-
tion of fungal spores was higher in the halls and galleries close
to the entrance door (Kitchen Hall, Crossing, Polychrome
Hall) and it was reduced towards the interior of the cave
(Walls Hall) (Figs. 3 and 4). The concentration of fungal
spores reached minimum in the Grave Hall and Great Hall,
where it ranged between 10 and 21 colony forming units
(CFU) per cubic meter. However, fungal distribution changed
in the Well Hall, which showed 50 CFU/m3. This discontinu-
ity is likely a consequence of a direct connection of this hall
with the exterior, as indicated by the gas concentrations (CO2

and CH4) and the carbon isotopic signature data.
Upon identification we found that the spores of the genus

Cladosporium represented 80.3 % of the total abundance in
the cave, followed by the genus Epicoccum with 14.7 %
(Table 2). Minor percentages were obtained for Acremonium
(2 %), Penicillium (1.3 %), Aspergillus (0.4 %), etc. In the

halls near the entrance (Kitchen Hall, Crossing, Polychrome
Hall, and Walls Hall) Cladosporium spores attained a concen-
tration of 79.3 %, followed by Epicoccum (15.9 %).

The genera Cladosporium (72 %) and Epicoccum (14 %)
accounted for 86 % of the fungal taxa found in an outdoor air
study (Flannigan et al. 2001). These genera comprise cosmo-
politan air-borne and soil-borne fungi. Cladosporium spores
are present in Europe and North America outdoor environ-
ment throughout the year (Cooley et al. 1998; Aira et al.
2012). This genus represented from 40 to 80 % of the total
spores in the air of many European cities (Spieksma 1995).

The growth, sporulation, and dispersal of Cladosporium
seem to be very sensitive to environmental changes. Aira
et al. (2012) found that many of the stations in north Spain
presented a peak of spore concentrations in summer, the
same season of our cave sampling. Clearly, concentrations
of Cladosporium spores in indoor air are influenced by out-
door concentrations and indoor growth sources. In accordance
with this last fact, the air of Nerja Cave, southern Spain,
showed 50.2 % of Aspergillus/Penicillium and 17.1 % of
Cladosporium. This high Aspergillus/Penicillium concentra-
tion was promoted by the installation of a wooden stage for a

Fig. 3 Airborne bacteria, fungal spores (colony forming units per cubic meter of air) and mean concentrations of gases (CO2 and CH4) in function of
distance to entrance along a profile of Altamira Cave
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festival of music and dance which, together with the high
relative humidity reached in this season, favoured the devel-
opment of these fungi (Docampo et al. 2011); likewise, the
comparatively high abundance of Cladosporium in Altamira
Cave likely denotes an external influence (see Table 2). We
suggest that the abundance of Cladosporium and Epicoccum
all over Altamira Cave can be a consequence of an outdoor air
influence reflected in the existence of two connections with
the exterior, one, the cave entrance, and the second at the end
of the cave, likely in the Well Hall, which promoted air
exchange and ventilation. In fact, 84 % of the fungal spores
present in the Well Hall were identified as Cladosporium and
the remaining were identified as Trichoderma gamsii, a cos-
mopolitan soil-borne fungus (Kubicek et al. 2008). In addi-
tion, the Cladosporium sp. and Epicoccum nigrum sequences
from isolates collected outdoor are identical to those collected
inside the cave, which confirms that the presence of these two
genera in the air of Altamira Cave is due to transport from the
exterior due to ventilation and wind currents.

The concentration of airborne bacteria inside the cave
was higher than that registered outside (Table 3). This
spatial pattern could be attributed to the massive presence
of bacteria on the walls and ceiling of the halls and galleries
close to the entrance (Kitchen Hall, Crossing, Polychrome

Hall, and Walls Hall; Fig. 1), which form distinguishable
colonizations or microbial mats coating the rocks
(Schabereiter-Gurtner et al. 2002; Saiz-Jimenez et al.
2011). Wind currents favour the entry and transport of
bacteria into the cave. In addition, wind currents promote
aerosols detachment from rock surfaces with condensed
water, which can also remove and suspend bacteria from
the cave walls and ceiling. The higher concentrations of
airborne bacteria were found in the Crossing and the en-
trance gallery to Polychrome Hall (Figs. 3 and 4).
Considering the samplings in the transect entrance–
Polychrome Hall, the most abundant bacterium in the air
of Altamira Cave wasMicrococcus luteus (85.3 %), follow-
ed by different species of Pseudomonas (6.8 %) and
Bacillus (1.8 %). It is noteworthy to mention that the out-
door abundance of M. luteus (36.4 %), Bacillus spp.
(36.3 %), and Rhodococcus corynebacterioides (27.2 %),
also denotes the influence of the transportation of external
bioaerosols inside the cave. The dissemination of M. luteus
even reached the Walls Hall, although it CFU per cubic
meter is nine times lower than the concentration registered
in the Polychrome area. After the Walls Hall, M. luteus
disappeared or was present at a low abundance (Great
Hall) but reached in the Horse Tail gallery contents similar

Fig. 4 Spatial distribution of
airborne bacterial and fungal
spores levels (colony forming
units per cubic meter of air) and
mean concentrations of gases
(CO2 and CH4) in Altamira
Cave, showing the isolated
areas and those with a
prevailing air exchange
with exterior
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to those of the Walls Hall. Again the influence of a possible
second connection with the exterior in the Well Hall is
suggested by the increasing number of bacteria in this hall
(740 CFU/m3, from which 89.2 % belonged to Bacillus
weihenstephanensis, a soil-dwelling bacterium) in compar-
ison with the samplings obtained in the nearby halls (Great
Hall: 360 CFU/m3 and Horse Tail Gallery: 280 CFU/m3).
Outdoor abundance of B. weihenstephanensis was 27.2 %.
However, we were not surprised to observe lower counts
(150 CFU/m3) in the Grave Hall than in the other parts of
the cave. The Grave Hall is located in a lower topographical
level and is partially isolated from the rest of the cave.
The sequences from isolates of M. luteus and B.
weihenstephanensis collected outdoor and those from
isolates collected inside the cave revealed to be identi-
cal, which confirm the strong influence of outdoor air
on Altamira Cave.

A plethora of potentially pathogenic bacteria and fungi
were isolated from the cave air. Cladosporium has been

recognized as a human pathogen, although infections are
not very common. Cladosporium cladosporioides can cause
pulmonary and cutaneous infections (De Hoog et al. 2000).
In addition, Cladosporium species have the ability to trigger
allergic reactions to sensitive individuals. Prolonged expo-
sure to elevated spore concentrations can provoke chronic
allergy and asthma. Concentrations of 3,000 Cladosporium
spores per cubic meter of air are generally taken as the
threshold concentrations for clinical significance. However,
individuals may react at lower concentrations depending on
their sensitivity. Ballero et al. (2000) suggested that 100
spores per cubic meter is sufficient to trigger early allergic
symptoms, a figure lower than that found in the air of
different Altamira Cave halls. Similar allergy was reported
for Epicoccum nigrum (Bisht et al. 2008).

To mention only a few relevant bacteria in the cave, M.
luteus can produce bacteremia, pneumonia, and endocarditis
(von Eiff et al. 1996; Salar et al. 1997; Usó et al. 2003;
Jurado et al. 2010a), P. putida causes bacteremia and wound

Table 2 Concentration of fungal spores at different locations in Altamira Cave (as colony forming units per cubic meter)

Location Accession number of
representative isolate

Taxonomic affiliation based on the sequence
similarity of the ITS region and % similarity

CFU/m3 Total

Exterior HF952623 Epicoccum nigrum 100 % 798 1,750
HF952628 Fusarium sp. 99 % 725

HF952629 Cladosporium sp. 100 % 217

HF952637 Botryotinia fuckeliana 99 % 10

Kitchen Hall HF952638 Cladosporium sp. 100 % 176 250
HF952642 Acremonium sp. 97 % 27

HF952624 Epicoccum nigrum 100 % 20

HF952639 Cladosporium cladosporioides 99 % 20

HF952641 Penicillium sp. 99 % 7

Crossing HF952630 Cladosporium sp. 100 % 271 330
HF952644 Cladosporium macrocarpum 100 % 38

HF952625 Epicoccum nigrum 100 % 12

HF952643 Metacordyceps chlamydosporia 99 % 8

Polychrome Hall (access gallery) HF952645 Cladosporium sp. 100 % 90 90

Polychrome Hall (end) HF952631 Cladosporium sp. 100 % 185 390
HF952626 Epicoccum nigrum 100 % 150

HF952648 Cladosporium sp. 99 % 40

HF952647 Penicillium chrysogenum 100 % 10

HF952646 Aspergillus sp. 99 % 5

Walls Hall HF952632 Cladosporium sp. 100 % 136 170
HF952649 Cladosporium sp. 99 % 20

HF952627 Epicoccum nigrum 100 % 14

Gallery between Walls Hall and Grave Hall HF952633 Cladosporium sp. 100 % 10 10

Grave Hall HF952634 Cladosporium sp. 100 % 10 10

Great Hall HF952635 Cladosporium sp. 100 % 21 21

Well Hall HF952640 Cladosporium cladosporioides 99 % 25 50

HF952651 Cladosporium sp. 99 % 17
HF952650 Trichoderma gamsii 100 % 8

Horse Tail gallery HF952636 Cladosporium sp. 100 % 10 10
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Table 3 Concentration of bacteria at different locations in Altamira Cave (as colony forming units per cubic meter)

Location Accession number of
representative isolate

Taxonomic affiliation based on the sequence
similarity of the 16S rRNA gene and % similarity

CFU/m3 Total

Exterior HF952652 Micrococcus luteus 99 % 357 980
HF952653 Rhodococcus corynebacterioides 99 % 267

HF952654 Bacillus weihenstephanensis 99 % 267

HF952655 Bacillus sp. 99 % 89

Kitchen Hall HF952658 Micrococcus luteus 99 % 776 830
HF952656 Cupriavidus necator 99 % 27

HF952657 Naxibacter sp. 99 % 9

HF952659 Arcobacter sp. 100 % 9

HF952660 Escherichia coli 100 % 9

Crossing HF952662 Micrococcus luteus 99 % 1,182 1,330
HF952663 Exiguobacterium sibiricum 99 % 64

HF952661 Gordonia malaquae 99 % 21

HF952664 Arthrobacter oxydans 99 % 21

HF952665 Oerskovia enterophila 99 % 21

HF952666 Bacillus pumilus 99 % 21

Polychrome Hall (access gallery) HF952669 Micrococcus luteus 99 % 1,467 1,800
HF952667 Pseudomonas putida 99 % 213

HF952672 Bacillus pumilus 99 % 48

HF952668 Acinetobacter radioresistens 99 % 24

HF952670 Massilia varians 99 % 24

HF952671 Pseudomonas stutzeri 99 % 24

Polychrome Hall (end) HF952673 Micrococcus luteus 99 % 456 590
HF952676 Pseudomonas koreensis 100 % 49

HF952678 Naxibacter sp. 99 % 37

HF952677 Pseudomonas mosselii 99 % 24

HF952675 Bacillus sp. 99 % 12

HF952674 Acinetobacter radioresistens 99 % 12

Walls Hall HF952679 Micrococcus luteus 99 % 164 210
HF952682 Staphylococcus pasteuri 100 % 15

HF952681 Microbacterium sp. 99 % 15

HF952680 Streptomyces sp. 99 % 8

HF952683 Bacillus sp. 99 % 8

Gallery between Walls Hall and Grave Hall HF952685 Pseudomonas putida 100 % 309 450
HF952684 Kocuria carniphila 99 % 90

HF952686 Acinetobacter johnsonnii 99 % 39

HF952687 Bacillus pumilus 99 % 12

Grave Hall HF952688 Massilia timonae 99 % 60 150
HF952690 Acinetobacter haemolyticus 98 % 50

HF952691 Staphylococcus epidermidis 99 % 30

HF952689 Bacillus cereus 99 % 5

HF952692 Bacillus sp. 99 % 5

Great Hall HF952695 Stenotrophomonas maltophilia 99 % 200 360
HF952698 Acinetobacter lwoffii 99 % 54

HF952696 Staphylococcus sp. 99 % 36

HF952699 Micrococcus luteus 99 % 18

HF952697 Bacillus pumilus 99 % 18

HF952694 Pseudomonas stutzeri 99 % 18

HF952693 Pseudomonas chlororaphis 99 % 16

Well Hall HF952704 Bacillus weihenstephanensis 99 % 660 740
HF952700 Massilia timonae 99 % 60

Environ Sci Pollut Res (2014) 21:473–484 481



infections (Yoshino et al. 2011), B. weihenstephanensis pro-
duces enterotoxins associated with a diarrhoeal type of food
poisoning (Stenfors et al. 2002). Infections associated with
Stenotrophomonas maltophilia most commonly include re-
spiratory tract infections (pneumonia and acute exacerbations
of chronic obstructive pulmonary disease), bacteremia, infec-
tions of the bones, urinary tract and soft tissues, eye
infections, endocarditis, and meningitis (Brooke 2012).
Last but not least, although not isolated from air,
Altamira Cave walls includes among other pathogenic
bacteria Aureimonas (=Aurantimonas) altamirensis. This
emerging pathogen was isolated from cystic fibrosis, kerati-
tis, and corneal ulcer (Luong et al. 2008), bacteremia (Mendes
et al. 2009), pleural effusions (Téllez-Castillo et al. 2010), and
from a catheter (García-Lozano et al. 2012).

To summarize, the entry of airborne microorganisms by
transportation of aerosols is possible only in areas with direct
communication with the exterior. During the summer season
the door of Altamira Cave favours the direct communication
with the external atmosphere, where warm and wet air en-
tering to the cave results in the formation of clouds of water
microparticles (hydroaerosols) that move towards the interi-
or of the cave. Each hydroaerosol acts as potential adherence
nucleus for dust particles (solid aerosols) and microorgan-
isms in the air. The displacement of the aerosols increases
liquid water and organic matter availability towards the
interior of the cave which favours the development and
dissemination of microbial colonies. Thus, in the case of
Altamira Cave, one would expect that the area near the cave
entrance has the highest level of airborne microorganisms in
relation to deeper halls. However, a change in the trend of
trace gases and a positive anomaly in bioaerosols in the Well
Hall in relation to nearby halls and galleries reveal a second
connection with the external atmosphere at this cave site.

The Well Hall is the farthest site from the cave entrance
but it is close to the well-developed drained network at
surface, located towards southeast at lowest karst levels
(Elez et al. 2013). There, a big doline, aligned and genetical-
ly related to existing fractures, entails that the sub-horizontal

host and soil cover is thinner. Consequently, not only trans-
port gas but also allochthonous matter may easily reach the
interior of the cave through fractures and rock discontinuities
due to its proximity to the doline.

A few years ago, the current closure system of the cavity
was installed to minimize cave ventilation process (Saiz-
Jimenez et al. 2011). However now there is evidence that cave
and karst ventilation processes occur not only through the cave
entrance door. During the warm, dry season there is an active
process of ventilation through a second small entry or by the
network system of fissures and pores of the host rock, which
effects are noticeable in certain areas far from the cave entrance.

Conclusions

In Altamira Cave, the main threat for the conservation of
Paleolithic rock art is the opening of the entrance door, which
reinforces the role of the air as a vehicle for the transport and
dispersion of airborne microorganisms and nutrients inside
the cave. Most of the frequent microorganisms inside and
outside the cave are the same.

The study of atmospheric gases (CO2, CH4, and the iso-
topic signal of CO2) combined with aerobiology provided
very useful information on the cave atmosphere dynamics
and can help in the management of any show cave. We have
shown that the data are consistent with the existence of a
second connection favouring the entry and transport of air-
borne microorganisms in the innermost area of the cave. In
fact, an increased level of airborne microorganisms in the
Well Hall in relation to nearby halls and galleries reveals a
clear connection with the external atmosphere at this cave
site, far from the original entrance. On the other hand, the
spatial distribution of carrier (CO2) and trace (CH4) gases
and isotopic signal of CO2 (δ

13C) also support this assump-
tion and suggests a slight but direct connection (active gas
exchange processes) with the external atmosphere at this
cave site. The discovery of a second and unknown access
to the cave is a threat for the conservation of the rock art and

Table 3 (continued)

Location Accession number of
representative isolate

Taxonomic affiliation based on the sequence
similarity of the 16S rRNA gene and % similarity

CFU/m3 Total

HF952702 Streptomyces sp. 99 % 10

HF952703 Streptomyces microflavus 99 % 5

HF952701 Bacillus pumilus 99 % 5

Horse Tail gallery HF952708 Micrococcus luteus 99 % 165 280
HF952707 Arthrobacter parietis 99 % 49

HF952706 Microbacterium oleivorans 99 % 33

HF952709 Staphylococcus sp. 99 % 25

HF952705 Massilia timonae 99 % 8
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reinforces the need to assess the impact of the second exter-
nal connection, which should be taken into account in future
cave management and preservation guidelines. Also cave
managers should be aware of the potential risks for human
health due to the presence of abundant airborne microorgan-
isms inside the cave.
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