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The Cave of Nerja is one of the biggest and 
most visited caves in the world. It is situated 
near the village of the same name, southern 
Spain. This coastal town, (21 metres above 
sea level), is located 65 km east of the capital 

of the province, Malaga, on the border with 
the province of Granada (Figure 1). The cave 
was discovered in 1959, although there is 
much evidence of the presence of prehistoric 
cultures that dwelled in it from the Palaeolithic 
to the Bronze Age (Sanchidrian 1994). It was 
formed by the dissolution of the calcium-
magnesium carbonate of the dolomitic rocks 
that comprise the mountain range of Almijara 
and is divided into two zones: the low 
galleries, which can be visited by tourists and 
the general public (representing a third of the 
total), and the high galleries which cannot be 
visited. The genesis of the cave started in the 
Pliocene but the greatest lithogenic activity 
took place during the middle Pliocene 
(Carrasco 1993).  

 

 
Figure 1. Location of the Cave of Nerja 

 
Nowadays, the surrounding areas have been 
developed as part of an important tourist 
resort which receives more than half a million 
visitors every year.  The inner temperature in 
the Nerja Cave remains more or less constant 
throughout the year (18-19ºC) and the small 
variations detected are due to external factors 
such as artificial lighting, which increases the 
temperature by up to 0.3ºC, and the number 
of visitors. It is estimated that the temperature 
increases by 0.1ºC per 1,000 people visiting 
the cave on the same day. The relative 
humidity values are high throughout the year, 
with an average ranging from 78 to 83%, 
although values of 100% are not rare, 

especially in summer, when the maximum 
values are reached (Liñán et al. 2002). As 
with temperature, an increase in relative 
humidity of about 2-3% occurs during the 
day. 
 
Since 2000, our research group, in 
collaboration with the Cueva de Nerja 
Foundation, has been engaged in an 
aerobiological study both outside and inside 
the cave. The aim of this study was to 
analyse the biological airborne particles in a 
natural cave highly visited to asses the 
incidence in its atmosphere and the variations 
that occur throughout the year, topic to which 
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we have found no references in the literature. 
Despite large karstic caves have always 
aroused the curiosity of both scientists and 
the general public, after an exhaustive search 
of the literature, there seems to be a shortage 
of works that address the study of the 
airborne fungal spore content inside natural 
cavities. Moreover, most studies have used 
methods based on the viable counting of 
colony forming units (CFUs), usually over a 
short period of time, which means that the 
results of our study at Nerja, which involved 
non-viable uninterrupted sampling over four 
years, cannot be compared with those 
studies. For that, two Hirst Type volumetric 
spore-traps (Lanzoni VPPS 2000) were used. 
One of them was located in the so called 
“Sala del Bélen” (Hall of the Manger) near the 
entrance and a second sampler situated in the 
“Sala del Cataclismo” (Hall of the Cataclysm) 
at the end of the visitable zone, where there is 
little external influence (Figure 2). These 
samplers present a vacuum pump that is 
regulated at a constant suction flow of 10 
l/minute so particles enter through an orifice 
of 2mm high and impact on an adhesive 
coated transparent plastic tape (Melinex®) 
supported on a clockwork-driven drum. After 
exposure, the Melinex® tape, impregnated 
with silicone fluid is cut into 24 h fragments 
(48 mm) and mounted on slides using 
glycerine jelly stained with fuchsine. Counts 
of the different fungal spore types were made 
with the aid of a light microscope, two 
longitudinal sweeps per slide being made at a 
magnification of 400X and 1000X, 
respectively. The study was carried out 
uninterruptedly from January 2002 to 
December 2005. 

 
 

Figure 2. Hirst Type volumetric spore-trap (Lanzoni VPPS 2000) 
located in the so called “Sala del Bélen”. 

Despite the problems involved in identifying 
the fungal spores, since the technique 
frequently does not enable different species or 
genera to be identified specially at species 
level, the uncommon methodology used in this 
study permits an uninterrupted sampling hour 
by hour, 365 days per year, and provides 
more complete information than other 
methods about the seasonal and diurnal trends 
of airborne biological particles inside the cave 
as well as their diversity, which might 
otherwise be undervalued as occurs in case of 
viable methods in which only fungi capable of 
growing in a culture medium can be detected 
(Simmons 2003). 
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Figure 3. Seasonal behaviour of the daily mean spore 
concentrations in the “Sala del Belén” during the different years 
studied. 

 
During our study a total of 72 fungal spore 
types were identified inside the cave of Nerja 
(Sala del Belén), 35 of which belong to 
Ascomycota and Basidiomycota phyla, 
whereas 32 spore types were included in the 
imperfect fungi group whose sexual stage 
remains unknown. Finally, Oomycota and 
Myxomycota were represented by 3 and 2 
spore types, respectively. In the case of the 
total spore distribution along the year, the 
existence of three important peaks was noted; 
a disproportionately high peak during the 
summer and two considerably lower ones in 
spring and autumn (Figure 3). This trend 
differs from the results for other zones with 
similar climatology, where only two peaks 
(spring and autumn) were observed (Elvira 
2001; Morales 2004; Díez et al. 2006). 
However, if we separate the fungal spores 
according to taxonomical groups, it is possible 
to appreciate two contrary behaviours: 
whereas imperfect fungi reached their 
maximum levels in summer, the rest of the 
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groups (Ascomycota, Basidiomycota, 
Mixomycota and Oomycota) registered their 
minimum during the same period coinciding 
with the results obtained for other localities, 
especially in those with high temperatures and 
lack of rain, the joint effect of which hampers 
the development of great part of the fungi 
during the summer (Al-Suwaine et al. 1999; 
Elvira 2001). 
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Figure 4. Aspergillus/Penicillium daily mean spore distribution in 
the “Sala del Belén” during the different years studied. 

 
The annual fungal spore index exceeded a 
value of 856,000 spores on average, which 
means a daily mean concentration of 2,345 
spores/m3. However, fungal spore levels were 
not distributed in a uniform way and there 
were considerable differences from day to 
day, since the mean daily spore counts ranged 
between 7 and 282,195 spores/m3, with 60% 
of days showing values of more than 1,000 
spores per cubic metre. Despite the high 
number of spores, it can be observed that 
more than 91% of the identified fungal spore 
types did not exceeded 1% of the annual 
index, only one type being the cause of the 
high spore counts, especially in July and 
August. This spore type is 
Aspergillus/Penicillium, which is responsible 
for 50% of the annual spore content. When 
this type is separated from the rest of the 
fungal spores, the general behaviour of the 
total spores was similar to that found by 
several authors in different localities, in which 
the highest concentrations in the air are 
detected during spring and autumn. However, 
in the case of Aspergillus/Penicillium type, the 
same behaviour for the four years could be 
observed: concentrations remained low most 
of the year with a considerable increase in the 
summer months (Figure 4). If we focus our 

attention on this summer period, it can be 
seen how a very high isolated peak only 
occurs on one day a year, after which the 
fungal spore levels sharply decrease again. To 
explain those sudden maximum concentration 
peaks, we analyzed the different activities 
carried out in the cave – a much visited 
tourist complex, in which natural conditions 
may be quite altered. First, we rejected the 
idea that it could be an isolated incident since 
they were events periodically repeated in all 
the years studied. On the other hand, these 
situations could not be the product of a 
phenomenon occurring outdoors because, 
although there is evidence of the entry of 
particles from outside through openings in the 
cave due to air movements (Docampo et al. 
2003), the spore concentrations registered 
outdoors were significantly lower. Finally, the 
particular annual distribution of the 
Aspergillus/Penicillium spores can be put 
down to a Festival of Dance and Music 
celebrated inside the cave at the end of July. 
For this spectacle, a large wooden stage is set 
up and, as result of the high relative humidity 
prevailing in the cave, especially in summer, 
with an average of over 98%, a large number 
of colonies develop on the planks of the stage 
and, consequently, the concentrations 
increase during the processes of assembly and 
dismantling (Docampo et al. 2010). 
 
Aspergillus is one of the first settlers indoors, 
capable of growing even under conditions of 
nutrient deficiency (Korpi et al. 1997) and, 
due to the small size of its spores, much of 
them can penetrate the alveoli (about 70% in 
case of oral breathing) (Reponen 1995). They 
are therefore of particular interest in clinical 
studies and are associated with a wide 
spectrum of respiratory diseases as well as 
other pathologies, including different forms of 
aspergillosis (Tomee and van der Werf 2001; 
Gupta et al. 2002; McDevitt et al. 2004). 
Studies carried out in contaminated indoor 
sites confirmed Aspergillus as an agent 
potentially capable of causing adverse health 
effects (Jussila and Komulainen 2002). In 
addition to the impact that these genera of 
fungi have on human health, another factor to 
be considered is the importance of fungi as 
causal agents of geological changes (Burford 
et al. 2003). Fungi are involved in the 
precipitation of calcium carbonate (Northup 
and Lavoie 2001), as well as in the 
degradation of limestone materials. Many of 
them produce acid compounds and pigments 
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that cause corrosion and stain substrates 
(Šimonovičová et al. 2004). 
 
Apart from Aspergillus/Penicillium type, the 
main fungal spore types were Cladosporium, 
Agaricus, Boletus, Ustilago and Didymella 
with percentages ranged between 17 and 1% 
of the total (Table 1). The annual distribution 
was similar for the different types with a high 
occurrence in the atmosphere of the cave 
during the spring and autumn periods. Other 
spore types with annual indices of over 1,000 
were Tomentella and Coprinus (annual spore 
indexes of above 5,500), followed by 
Leptosphaeria and Septoria with slightly lower 
annual index and by Diatrypaceae, Alternaria 
and Myxomycetes, with annual indices of 
approximately 1000 spores. 
 
Table 1. Main spore types identified at the “Sala del Belén” 
(percentage equal or higher than 0.05%), mean annual spore 
index and percentage reached during the studied years. 
 
Spore type Spore index % 
Aspergillus/Penicillium 430,032 50.24 
Cladosporium 146,227 17.08 
Agaricus 108,541 12.52 
Boletus 49,119 5.75 
Ustilago 13,626 1.59 
Didymella 8,339 0.97 
Tomentella 5,687 0.66 
Leptosphaeria 5,415 0.63 
Septoria 4,267 0.50 
Diatrypaceae 1,305 0.15 
Alternaria 1,110 0.13 
Myxomycete 1,065 0.12 
Agrocybe 973 0.11 
Botrytis 760 0.09 
Venturia 734 0.09 
Pleospora 655 0.78 
Helicomyces 524 0.06 
Arthrinium 429 0.05 
Torula 418 0.05 
Other types 76,807 8.43 
Total 856,033 100 
 
The results obtained by the two samplers 
installed inside the cave were compared in 
order to study the air heterogeneity in the 
cavity. In the “Sala del Cataclismo” a 
decrease in the quality and quantity of the 
spore types was detected, with only 45 spore 
types identified, as well as a fall in the number 
of spores compared with the counts registered 
in the “Sala del Belén”, which is, as 
mentioned, much closer to the cave entrance. 
However, it is important to emphasize that the 
most relevant spore types were the same in 
both sampling points, a positive correlation 
existing between the daily mean 
concentrations of the total fungal spores of 

the two halls. The areas located near the 
entrance are strongly influenced by external 
environmental conditions, while the innermost 
part is hardly affected by the exterior features 
since the internal conditions of the cave, with 
higher humidity and few oscillations in 
temperature, predominate in this area 
(Northup and Lavoie 2001). This could explain 
both the higher number of spore types and the 
percentages detected in the “Sala del Belén”, 
close to the exterior, compared with those 
recorded in the “Sala del Cataclismo”. 

Cladosporium type introduction rate (indoors/outdoors)
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Figure 5. Cladosporium mean monthly rates obtained during 2003 
in “Sala del Belén” and “Sala del Cataclismo” with respect to the 
concentrations reached outdoors (base line). Note the lack of data 
in “Sala del Cataclismo” until April the 2nd. 

 
The similar distribution patterns, as well as 
the positive correlations shown between the 
concentrations of certain spore types inside 
and outside the Cave of Nerja thanks to a 
third sampler situated outdoors, lead us to 
think that most fungal spores detected inside 
the cave, excluding Aspergillus/Penicillium 
type whose presence is due to the anthropic 
contribution previously mentioned, come from 
outside since the seasonal fluctuations largely 
reflect external meteorological parameters. 
Moreover, this view is lent weight by the lack 
of organic material as well as fungal colonies, 
mycelia and fruiting bodies inside the cave. 
According with this hypothesis, a negative 
gradient could be established from the cave 
entrance to the “Sala del Cataclismo” passing 
through the “Sala del Belén”. Firstly, they 
would be transported by the wind as far as 
the “Sala del Belén”, which is the closest hall 
to the entrance, and then continue being 
dispersed to finally reach the “Sala del 
Cataclismo”, more isolated because of the 
great distance from outside and the difference 
in ground level. These factors would make 
both the air flow and the natural ventilation 
index change, affecting the spore levels, 
which would fall, to a large extent, with the 
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journey. Also, the introduction rate varies 
depending on the season of the year and the 
size of the particles. The presence of pollen 
grains in the atmosphere of the cave 
constitutes another aspect that verifies the 
entrance of particles from outdoors since the 
spores could follow the same entrance 
mechanism (Figure 5). This would be 
consistent with the comments of authors such 
as Sterling & Lewis (1998) and Shelton et al. 
(2002), in whose studies, the fungal spores 
found indoors mainly came from outside. 
 
In addition, related to the intradiurnal (hour by 
hour) distribution it is shown an increase in 
the quantity of dust particles in the air of the 
cave coinciding with the visiting hours (from 
10 to 14h and from 16 to 18 or 20h, 
depending on the season of the year). The 
opening of the entrance and exit door as well 
as the high number of visitors favour air 
draughts and re-suspension of particles (Figure 
6). However, this rise has not been found in 
the case of fungal spores whose levels 
decreased in a great numbers of types, 
showing a more similar behaviour to outdoor 
spores. 
 

 
Figure 6. Presence of non-biological airborne particles along the 
different hours of the day. 

 
Summarising, high levels of 
Aspergillus/Penicillium spore type occurs in 
the Cave of Nerja, with isolated and dramatic 
increases in the concentrations due to human 
activity indoors. Due to the large number of 
people visiting the cave throughout the year, 
this phenomenon may represent a potential 
risk to human health. Moreover, from the 
point of view of conservation of cultural 
heritage, fungi, bacteria and other 
microorganisms have been cited as 
responsible for the bio-deterioration of the 
surfaces of historic buildings, sculptures and 
even cave paintings (Gonzalez and Saiz-
Jimenez 2004; Saiz-Jimenez and Gonzalez 
2007). Although the absence of fungal 
colonies, apart from the colonies detected 
developing on the planks of the stage during 

the festival, it must be taken into account that 
fungal spores deposited on different surfaces 
of the cave may serve as nutrient for the 
development of other microorganisms, 
especially bacteria, which could affect the 
cave conservation. 
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Introduction 
There is no question about the advantages of 
the modern technologies applied in the 
restoration and conservation of artworks. 
Many fields of science tried, and some 
succeded, to improve the means of 
investigation of the artworks conservation 
condition, by implementing investigation and 
monitoring techniques with respect to 
integrity and aspect preservation of the 
surfaces. Thus from the field of optics, many 
non-invasive and non-contact photonic 
techniques of investigation and intervention 
have emerged. Through light manipulation in 
the form of laser beams, one can interogate 
different points of interest over a surface, to 
obtain accurate data about the characteristics 
of the surface material composition (Singh and 
Thakur 2007; Salimbeni et al. 2004; Striber et 
al. 2009). 
 
The imovability of certain artworks, forced the 
specialists to travel to the site of investigation 
(museums, private collections, archaeological 
sites) with their own equipment. After taking 
samples and making the necessary tests, they 
would take the probes and partial results back 
to their laboratory, for further investigation 
and discussions. But all these processes 
would take in some cases too much time. 
Thus it was clear the need of a mobile 
laboratory that could travel to any location, 
provided with advanced photonic techniques 
for investigation-diagnosis-intervention on 
artworks, historical buildings and sites. Such a 

laboratory (Simileanu et al. 2008) provides 
non-contact and non-invasive services from 
laser cleaning and investigation, 3-D laser 
scanning and laser Doppler vibrometry to 
online micro-climate investigation, allowing 
complex intervention without risks and – very 
important – with many on-site and in real-time 
controlling procedures and feedback. 
 
Significant results of the mobile laboratory 
have been obtained at Humor Church 
(northern Moldavia) with 3D laser scanning, 
thermographs and microclimate monitoring; at 
Lady’s Church (Bucharest) with laser cleaning 
of the stoop and microclimate monitoring; at 
Hârşova Tell (near Constanta) with 3D laser 
scanning  and a data base with the 3D and 
thermal images resulted. Most of these 
methods provides information in the form of 
2D images, as images or photos or intensity 
distribution maps of certain characteristics of 
the investigated area. Even if this information 
is particularly useful to the conservers, the 
means of investigation can be considerably 
improved by buidling three-dimensional models 
for specific diagnostic techniques, or to obtain 
a corroborated complex documentation, which 
finally will give a new perspective on the 
objects investigated. 
 
In this paper we propose a novel method of 
association of the investigation techniques in 
order to provide the end-user a digital replica 
of the studied object that can display – at the 
user’s choosing – any of the object’s surface 
characteristics (provided by the investigation 
results). 
  
Research and documentation techniques on 
the ART4ART mobile laboratory  
Several investigation techniques of the mobile 
laboratory were involved in this experiment, 
due to their non-invasive, non-contact 
approach to the object. Further we will 
enumerate and explain the motivation of their 
selection. 
 
The 3-D laser scanner  
The 3-D laser scanner is a device that 
analyzes a real-world object or environment to 
collect data on its shape and possibly its 
appearance (i.e. color). The collected data can 
then be used to construct digital, three 
dimensional models useful for a wide variety 
of applications. The wavelenght of the 
scanning laser beam is 690 nm emitted at 15 
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