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Abstract

The preservation of decorated caves is a great challenge that has been reinforced by the
microbial crisis occurring at emblematic sites such as the Lascaux and Altamira caves. To date,
little is known about the microbial behavior of caves. One difficulty is that the term ‘cave’

covers a wide variety of sites and structures. Past studies concentrated on caves with microbial

disorders and were generally carried out in a time frame that was too short to gain a uate

picture of healthy microbial behaviors, the sine qua non of detecting potenti lan€e. The
@

aim of this study was to determine whether models of aeroblologlc r could be

identified in several decorated caves. We monitored aerial rates nd bacteria in five
ears or more. A model

decorated caves of the Gard department (France) for perio
e

behavior was identified in each cave. These models were ‘cav endent, and were also season-
dependent in some caves. Following our fup@al results, we suggest separating the caves into

two groups. The caves which were strongly @ by the external environment throughout

their entire length are the “non-self-pu 1n caves”. The caves which were only affected by

external environment at the ent e “self-purifying caves”
1. Introduction @
Hom iens (modern human) is currently believed to have appeared 200,000 years ago in

Africa (Stringer and Galway-Witham 2017). Several migrations from this original cradle are
thought to have led to the colonization of the whole Earth. Thus, the arrival of Homo sapiens
in Europe is estimated to have occurred around 45,000 years ago at the end of the Middle
Paleolithic (deMenocal and Stringer 2016). Numerous examples of the Paleolithic activity of
Homo sapiens, remain in France, of which caves rock art is the most striking example. The

Occitanie region is particularly noteworthy due to the quantity and the quality of its sites,
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particularly in Ardéche and Gardon canyons (Leroi-Gourhan 1984). Some of the first
inventoried decorated sites are located in this region, including the Chabot cave, which was
discovered in 1878 (Abadia and Morales 2004). The region is remarkable for the age of its cave
art, which dates back to the first part of the Upper Paleolithic (Aurignacian, ~ 43 000 — 26 000
before present).

The preservation of this heritage is a major concern, particularly since the occ ce of
microbial outbreaks on the walls of the emblematic sites of Altamira and L:Q ed by

@
algal, bacterial and/or fungal biofilms (Saiz-Jimenez et al. 2011; Bas%

labouvette
2009). These outbreaks were attributed to elements such as lightin iting tourists, which
favored algal growth, and excessive human presence in the_gay d ventilation problems,
which favored bacterial and fungal growth (Duponﬁ@ All these factors represent
disturbances for an habitat which was often cgnfined andad experienced very few exchanges
with the outdoor environment over several @ nd years (Bourges et al. 2014). Although
caves are a distinctive habitat charact d by darkness, relatively stable low temperatures,

high moisture levels and limite Ns of easily degradable organic matter (Northup and

Lavoie 2001), microbial li ertheless be abundant (Pedersen 2000). Several studies

have sought to charagte icrobial life on the rock surface (Canaveras et al. 2001;
Schabereiter-G Q 2004) as well as in cave air (Martin-Sanchez et al. 2014; Docampo
etal. 2011). 6

Despiteihis interest in cave microbiology, the relationship between microbiological rates and
the risks’of rock art deterioration remains to be studied. Indeed, most of the studies focused on
caves after a microbial outbreak or investigated microbial presence in caves that were open to
visitors. Porca et al. (2011) made a first step towards explaining this relation by proposing to
rank the caves according to their airborne fungal rates into five categories of risk, ranging from

caves with no fungal problem to caves that have been irreversibly disturbed. The study mainly
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focused on caves that had previously been visited by tourists or were still open to visitors.
However, the difficulty in the preservation of rock art heritage does not only depend on human
presence or absence, but also lies in the diversity of situations that are met in the field. Decorated
sites vary in length, ranging from rock shelters to caves that are several hundred meters long.

The volumes of caves are also very diverse, with some sites that have low ceiling tunnels and

others with ‘“cathedral” halls. The geometry of caves strongly affects thei imatic
characteristics (De Freitas and Littlejohn 1987; De Freitas et al. 1982). Cave arfs verse,
@

including paintings composed of different pigments, but also engravinx tures. It is
The

therefore difficult to produce general rules of preservation from s@

to improve current knowledge of microbiological behavior @ ncluding healthy caves

re is a real need

which are not open to the public, to understand their natetal ior
The aim of this study was to increase the knowledge o erobiological behavior in rock art
caves by monitoring the five decorated caves rd department (Occitanie region, France)

for two and a half years. The study sou o determine if a model behavior was identifiable for
each cave for fungi and bacteria,_Th y should also determine if a generalization could be

obtained from these model

2. Material&o@hods

2.1 Samplings

Airborne microbiological particles of the five decorated caves of the Gard department (France),
i.e. Bayol cave, Chabot cave, Latrone cave, Oulen cave and Points cave, were monitored during
the study (Fig. 1). These five caves have never been open to the public (excepted for scientific
studies). No major microbiological outbreak has occurred in these caves, which can therefore

be considered representative of undisturbed caves. Five season-based surveys were conducted
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to evaluate the rates of airborne microorganisms in each of the caves studied. Two sampling
periods were carried out during winter (January 2014 and February 2015); two others were
carried out during late summer (September 2014 and September 2015); and the final sampling
period was carried out during late spring (June 2016). According to the accessibility of the
caves, three out of the five caves were tested during the five sampling periods. One cave was
tested in four sampling periods; and the remaining cave was tested in just two sampli riods.
At each sampling period, three to five points were sampled in each cave accopds € size
of the caves (Table 1; Fig. 2). \

A Duo SAS Super 360 air sampler (VWR-pbi, Milan, Italy) wa %@ detect cultivable
microorganisms in cave air. At each sampling point, 50 L of ai wn through a 219-hole
impactor containing appropriate culture media in 55 mmRetridgighes. Bacteria were isolated on

nutrient agar (Merck KGaA, Darmstadt, Germany), and i were isolated on malt extract agar

(Merck KGaA, Darmstadt, Germany). The

taken to the laboratory for analysis. 6

dishes containing impacted media were then

2.2 Counting of cultivable mic nisms
The plates were incubate@hing BD/115 incubator (Binder GmbH, Tuttlingen, Germany) at 30
°C for three cteria, and at 24 °C for seven days for fungi. These incubation

er than those found in the caves, and were chosen to allow rapid microbial

incubation time. Each count was corrected using the table of the most probable count, as
recommended in the manufacturer instructions. The results were expressed as colony-forming

units per cubic meter.
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2.3 Identification of fungal strains

Fungal strains were identified up to the genus, whereas bacterial strains were only counted but
not identified.

For identifications, fungal strains were sub-cultured on malt extract agar and separated from
each other. The resulting isolated fungal strains were identified to the genus level by
crosschecking their macroscopic and microscopic characteristics with those listed i rence
books (Domsch et al. 1980; Seifert et al. 2011).

Genera that could not be distinguished by their morphology were identi.fi tlQmolecular
identification. DNA was extracted as described by (Edel et al. XI/J/ITS4 primers
(Gardes and Bruns 1993; White et al. 1990) were used to am% clear ribosomal internal

transcribed spacer (ITS) region. PCR was performed in§

DNA, 1 U of Tag DNA polymerase (Invitrggen, Carlsbad, USA), 2.5 ul of 10X Taq DNA

tions, with 1 ul of template

polymerase buffer, 1 ul of 2 mmol I'' ANTPs Scientific, Waltham, USA) and 1.5 pl of
each 10 pumol 1" primer (Eurogentec, Séraing, Belgium). Amplifications were performed on a

PrimeG thermocycler (Bibby scientifigy,Stone, UK) using the following parameters: a 4-minute

step at 94 °C, followed by s of 30 s at 94 °C, 30 s at 55 °C, and 40 s at 72 °C, and a

. PCR products were sequenced by Genoscreen (Lille,

final 10- minute extgnsi
France) using C@ S1/ITS4 primer set. Isolates were identified by BLAST comparison
to the]NCBI G

k database (Altschul et al. 1990).

2.4 Statistical analyses

2.4.1 Analyses of airborne microbiological particle counts

Statistical analyses were carried out using R 3.2.5 with o = 5 % (R Core Team 2014). The
results of microbiological counts were analyzed by a generalized linear mixed model (GLMM).

GLMMs are commonly used to analyze data from ecological surveys (Bolker et al. 2009). They



146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

167

168

169

170

are suitable means to analyze non-normal data collected from complicated designs, which
involve random and fixed effects.

Three qualitative variables were used to design the GLMM, namely the sampled cave (five
modalities, each corresponding to one of the five studied caves); the sampling season (three
modalities: Winter for January 2014 and February 2015, Late spring for June 2016, and Late

summer for September 2014 and 2015); and the sampling depth (Entrance for the fir pled

The GLMM for this study was: \

Link(pij)) = nijt = 0 + ai + B + yr + aiye + Biiyi + Wik + Eijii

where 6 is the general effect, o is the effect of the sampled c@&ﬁe effect of the sampling

season, Yk is the effect of the sampling depth, oi:yk is ghe &ffect of the interaction between the

point in each cave, and Deep cave for all other points). O

sampled cave and the sampling depth, bj:yi i effect of the interaction between the sampling
season and the sampling depth, pir is the ex al error associated to each sampled point
and & 1s the residual error. The ctfof the interaction between the sampled cave and the
sampling season has not been 1 &cause Oulen cave was not sampled during late spring.
a, f, 7, a:y and f:y were @ as fixed effects while u was considered as a random effect.
The term #;jx is kn a inear predictor. This term is obtained by submitting the variable
pijk to the link functipn of the model. The choice of the link function depends on the distribution
law o e shapes of the distributions for bacterial and fungal counts were checked before
applying the GLMM. The negative binomial link was then chosen to study these counts. This
distribution is well adapted to counts with over dispersed data (Booth et al. 2003). The
parameters of GLMM were estimated using the penalized quasi-likelihood (PQL) technique
(package MASS; glmmPQL function; Wolfinger and O'connell 1993). A Wald chi-square test

was performed to determine the significance degree of each explanatory variable in the GLMM

(package car; Anova function; Fox 2015). GLMM was completed with a Tukey’s post-hoc test
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in order to check the significance of differences between means (package Ismeans; lsmeans

function; Bretz et al. 2016).

2.4.2 Spatial distribution of the airborne microbiological particles in the caves: distance index

A distance index was calculated to check whether the distance between the sampling spot and

the cave entrance, as well as the distance between this spot and the end of the cav ad an

effect on the counts of airborne microbiological particles. The end of the cave ined as
. . .

the point from which humans could no longer progress. Although it is p t this point
was not the real end of the cave, it nevertheless represented a 1cal obstacle for
microorganisms. The index was normalized to compare cave nt sizes:

Id = Distance from the entrance of the cave—Distance to the enAo

Distance from the entrance of the cave+Distance to thegend f the cave
Id thus ranged from -1 to 1, where (-1) was t lue obtamed at the cave entrances and (1) was

the value obtained at the end of the caves.

The strength of the relation betw @ber of microorganisms and the Id was assessed
using linear and quadratic reg kage stats; Im function; Chambers and Hastie 1992).
The Pearson correlation t and root-mean-square error (RMSE, package nsRFA;
RMSE function; and Collopy 1992) were chosen to illustrate the power of the
regressions. ws the average distance between the regression curve and the
obser The 51gn1flcance of the difference between the linear and the quadratic regressions
was assgssed by comparing the analysis of the variance tables for each regression model
(package stats; anova function; Chambers and Hastie 1992). The significance of the difference
between obtained RMSE was estimated by bootstrapping the RMSE from original data (1000
replicates; package boot; boot function; Davison and Hinkley 1997). The intervals containing
95 % of the obtained values were then compared and were considered as significantly different

when they did not overlap.
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2.4.3 Structure of fungal communities

The structure of fungal communities was analysed by Principal Component Analysis (PCA;
package FactoMinR; PCA function; Husson et al. 2017). The isolated fungal genera were used
as quantitative dependent variables. Genera that represented less than 0.5 % of the total fungal
population were grouped together under the name “Other genera” to facilitate the interpretation

of the model. The sampled cave, the sampling season and the sampling depth we ed as

supplementary qualitative variables.
O
3. Results \

oy

The rates of airborne fungal particles ranged @ §' to 6340 CFU m™ over the five sampling

3.1 Airborne microbiological particle counts

3.1.1 Fungal particles

periods (Fig. 3a). Bayol, Latrone ,and Péintg caves each showed a specific fixed pattern of
airborne fungal particles over t &npling periods, despite a small number of differences
(e.g. Points cave in Junes fungal rates were clearly higher at the entrance of these
caves, before decreagi epth, and showing a slight increase again at the end of the caves
in some cases. lge showed two different patterns according to the sampling season: a
high of fu@ particles was found at the second sampling point during late summer
showingthe maximum rate of the cave, whereas lower fungal rates were recorded during winter
and late spring at the same location. The two different patterns recorded in Oulen cave could
be season-dependant, but this cannot be confirmed as the cave was tested once per season.

The general linear mixed model showed that sampled cave, sampling season and sampling
depth and the interaction between sampled cave and sampling depth affected fungal particles

rates (Table 2). The effect of the interaction between sampling season and sampling depth was
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not significant. The rates of fungal particles were highest during late summer and lowest during
late spring, and intermediate rates were observed during winter. The difference between late
summer and late spring was significantly supported by the statistical tests whereas the
differences between winter and the two other sampling periods were not (Table 3). The
significant interaction takes priority over the single effects regarding sampled cave and
sampling depth variables. No significant difference was observed between the fun tes at
the entrances of the five caves. Rates at sampling locations in the deeper parts o Qre
significantly lower than at the entrance for the Bayol and Latrone caw;, d ower than
at the entrance for the Chabot and Points caves, not significantly mﬁ%’}};

, the rates were

higher in deep cave locations than at the entrance for Oulen ¢ ignificantly though.

3.1.2 Bacterial particles 4

The rates of airborne bacterial particles range 0 to 5040 CFU m™ over the five sampling

periods (Fig. 3b). As observed for fun ounts, the patterns of bacterial distribution in each
cave were fixed, despite a small &f differences. The patterns in the Chabot and Latrone
caves were season dependent: tern in late summer and another in winter and late spring
for Chabot cave, whi cave showed one pattern in late summer, a second in winter
and possibly a thi e spring. In the Bayol and Points cave, the pattern of bacterial rates

was similar to served for fungal counts (with the exception of a diverging data at the 3™

in Points cave in September 2015), i.e. high bacterial rates at the entrance of the
caves, before decreasing with depth, and finally increasing again at the end of the caves. The
difference with fungal rates was that the final increase in growth was much stronger in the case
of bacterial rates. It is important to note that these rates were often higher at the end of the cave

than at the entrance. No particular pattern was observed for Oulen cave.

10
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The GLMM showed that all tested effects, including interaction effects, influenced the bacterial
rates (Table 2). The bacterial rates in the deeper parts of the caves during winter were
significantly lower than the rates for all other combinations of sampling date / sampling depth,
which were not significantly different from each other (Table 3). No significant difference was
observed in the bacterial rates between the entrance and the deeper parts of the caves for each
site, or between the entrances of the different caves. In contrast, the rates assessed in eeper
parts of the Latrone and Points caves were significantly lower than the ratebw in the
@
=X

3.2 Spatial distribution of the airborne microbiological parti l caves: distance index

deeper parts of the Bayol, Chabot and Oulen caves.

3.2.1 Fungal particles

The linear correlation coefficient betweengthe distancé®index and the fungal rates was

statistically significant but low, showing a poor linear relation (Fig. 4a, Table 4). The
quadratic correlation coefficient was si cantly higher than the linear coefficient, although it
was also low. The RMSE ass & quadratic regression was better than the RMSE
associated to linear regression, e difference was not significant.

The breakdown of results pling season confirmed the preceding observations, with more
pronounced dif] ig.5, Table 4). The quadratic correlation coefficient was much higher
linear

than cient in winter, showing a link between Id and fungal rates. The quadratic

cocfficient was higher than the linear coefficient in late summer, but the difference
was not’significant. Finally, the quadratic correlation coefficient was higher than the linear
coefficient in late spring, but neither of them was statistically significant. The RMSE associated
to quadratic regression was lower than the RMSE associated to linear regression for each season

studied, but the differences were not significant. The turning points of the quadratic regressions

11
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were obtained for Id values of 0.17, 0.21 and 0.35 in winter, late spring and late summer,

respectively.

3.2.2 Bacterial particles

No linear or quadratic relation was found between the distance index and the bacterial rates

(Fig. 4b, Tables 4).

@
3.3 Structure of fungal communities O

Over forty fungal genera were isolated during the five sampling peri ’\;)st abundant of
which were Penicillium (47.46 % of the isolated strains) and rium (24.99 %:; Table 5).
The first dimension of the principal component analysiﬁx igled 22.7 % of the variance of

observations and the second dimension explained 10.3%. The fungal genera Arthinium,

Cladosporium, Penicillium, Engyodontium @4 ternaria provided the highest positive

contributions to the construction of irst dimension (Table 6) and the fungal genera
Metarhizium, Alternaria and Pa Ns provided the highest positive contributions to the
construction of the secon n, whereas fungal strains belonging to Basidiomycete

division and the genega A llus’provided the highest contribution to the construction of the
negative part o gd dimension.

The fi caves@clearly separated in the PCA first dimension (Table 6, Fig. 6a). Points and
Latroné€aves shifted to the negative values, whereas Oulen and Chabot caves shifted to the
positive Ones. Bayol cave overlapped all other caves. Chabot cave was the only site significantly
correlated to the second dimension of the PCA, which meant that the construction of this
dimension was totally dependent on the Chabot cave fungal community. Chabot cave therefore

shifted to the positive values on the second dimension.

12
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The sampling seasons were poorly separated by the two PCA dimensions (Fig. 6b). Late
summer observations slightly shifted to positive values on the first dimension in comparison
with winter observations, and the observations of these two seasons were almost entirely located
in the ellipse for late spring observations.

The sampling depth was clearly separated on the first dimension of the PCA (Fig. 6¢). The

observations at the entrance of the caves shifted to positives values, whereas the ob ations

in the deeper parts of the caves shifted to negative values. O

4. Discussion %’\
o

4.1. General aerobiological behavior of the caves

The first purpose of this study was to evaluatefxhether a model of aerobiological behavior could

be identified for each monitored cave. Indeed fobiology of five caves was monitored for
two and a half years. Previous studjes f on the aerobiology of caves generally studied a

“picture” of caves by sampling 1nts but took samples on one date (Garcia-Anton et
al. 2013; Porca et al. 20 et al. 2014; Ogoérek et al. 2015; Pusz et al. 2015). Other
studies focused on ar1a ions by monitoring caves for a complete year, but took
samples from mpling point (Wang et al. 2010a; Wang et al. 2010b). These studies
cann ref(gtermine if there was a model of aerobiological behavior in the monitored
caves. After all, there are very few studies that monitored several sampling points at several
sampling dates (Docampo et al. 2011; Martin-Sanchez et al. 2014; Taylor et al. 2013), and
established a model behavior was generally not their purpose. Our study showed that a model
of aerobiological behavior can actually be identified in most of the monitored caves, for both

fungi and bacteria. Indeed, the relative distribution of aerobiological rates in a given cave did

not vary over time. This result is consistent with the observations made in studies that monitored

13
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several sampling points at several sampling dates and showed no variation in the distributions
of aerobiological rates over time, at least in the parts of the caves that were not open to the
public (Taylor et al. 2013; Martin-Sanchez et al. 2014). This result is important because it means
that variations in the shape of the distributions could be an indication of a microbiological

disorder. In the case of Chabot cave, the shape of the distribution was also clearly season

dependent.
@
4.2 Fungal behavior of the caves
The fungal rates counted in the cave air samples seemed closely li the capacity of the
propagules to move and drop inside the caves, and therefore ly linked to the airflow.

This flow occurs to a greater or lesser extent in all cave:, e g on several factors such as
the passage geometry and configuration (De Hreitas et al. 2). The direction of air movement
is strongly affected by the difference betwee sity of air inside the cave and the outside
air, and thus by differences in temperatgrg? The particles carried by the air movement drop via
several phenomena that depend on t racteristics of particles as well as the characteristics
of the support on which th avies 1967). In our study, no significant difference was
observed in the fun nted at the entrance of the caves, which suggests that all five
caves had simi iffons at this point, namely the pressure of the external environment
(Doc o et 1; Mulec et al. 2012). However, the caves were then separated into two
groups Wwhen Samples were taken further away from the entrance: caves in which these rates
counted ‘at this second sampling spot were significantly lower than the rates counted at the
entrance, i.e. the Bayol, Latrone and Points caves; and the caves in which these rates were not
lower than those counted at the entrance, i.e. the Chabot and Oulen caves. From a
microbiological point of view, we propose to call these two groups “Self-purifying caves” and

“non-self-purifying caves”.
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4.2.1 “Self-purifying caves”

The “self-purifying caves” were characterized by high fungal rates at the entrance which
dramatically decreased as the distance from the entrance increased. A slight increase was often
observed in these rates at the far end of the caves. This phenomenon was regularly observed in
past studies (Pusz et al. 2015; Garcia-Anton et al. 2013). While Garcia-Anton et al. (2013)
interpreted it as a direct connection between the far end of the cave and the exterior g@édzquez

@
general rule in our study. Indeed, the study of fungal rates in the functi$

showed that however low the correlations were, the squared re r%
&'

et al. (2016) found no evidence of such a link. The final increase in fungal rate be a

Q\nce index
as always better
adapted than the linear regression. It is important to note ifference between the

correlation coefficients of these two regressions was staiti ignificant when studying all

data and winter data. These results are consistgnt with the iypothesis of a progressive discharge

of fungal propagules from cave entrances, m ugh gravity (Kuzmina et al. 2012). At the
far end of the caves, the propagules co ejyccumulated when a large physical obstacle was
encountered, leading to the stagnati air. The inflection point of the squared regression

would therefore indicate th @ from which there was more accumulation than discharge.

Although the fungal rates ighest at the entrance in late summer, which is consistent
with previous spagi ampo et al. 2011; Wang et al. 2010a), the balance between discharge
mulat

and a curred further from the entrance than it did in winter and late spring. A

future ing a computational fluidic dynamics model similar to that describing Lascaux
cave could help to validate this hypothesis (Martin-Sanchez et al. 2014).

The study of the fungal community composition was in accordance with the conclusions drawn
from the study of the fungal rates. Penicillium and Cladosporium were the two most frequently

isolated genera in the cave air, which is consistent with previous studies (Fernandez-Cortes et

al. 2011; Pusz et al. 2015; Vanderwolf et al. 2013). These two genera, along with the genera
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Arthrinium, Engyodontium and Alternaria, were the most correlated with the first dimension of
the principal component analysis. All of these genera except Engyodontium are usually
abundant in the outside air (Wang et al. 2010a; Seifert et al. 2011). The samplings at the cave
entrances were strongly affected by the first dimension of PCA while the depth samplings were
not, suggesting that the sampling at the cave entrances was affected by outside air while the
samplings at depth were not. Similarly, Latrone and Points caves were weakly correl to the

@
case of Bayol cave was slightly more complex. The representation of this c n the PCA

I%&.;tes at this cave

minated by the genera

first dimension of PCA, which justifies their inclusion in the “self-purifying c@ . The

embraced both positive and negative values of the first dimension.

entrance were the highest of all counted rates and were parti
Penicillium and Cladosporium which strongly bias the répr ion. The same behavior was

then observed at depths in Bayol cave as in Lagrone and s caves. The ceiling of the entrance

wﬁ&

organic matter could provide a high COT@UOH of fungal propagules (Saiz-Jimenez 2012).

N\

position in the Chabot and Oulen caves confirmed their

in Bayol cave is covered by roots, and this ophic habitat and the consequent stock of

4.2.2 “Non-self-purifying ¢

The study of fungal

status of “non-self- ng”. No difference was observed in fungal rates at the entrance and

at depth in the caves, nor was any difference recorded in the composition of their fungal

he two caves were strongly correlated to the first dimension of the PCA,
indicatirfg that they were entirety affected by fungal genera that are typical of the outside
environment. Two factors could explain the differences observed between the “self-purifying
caves” and the “non-self-purifying caves”, namely the contact surface with the outside
environment, and the cave volume. De Freitas et al. (1982) highlighted how the timing and

frequency of opening and closing barriers with outside environment affects airflow intensity.
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The three “self-purifying caves” in this study are almost completely isolated from the outside
environment by a wall, while the two “non-self-purifying caves” are directly linked to the
external environment through large openings. Similarly, De Freitas et al. (1982) and Dredge et
al. (2013) underlined the effect of cave geometry and configuration on airflow. The three “self-
purifying caves” are characterized by large volumes with relatively high ceilings and downward
slopes, while it is impossible to stand up in Oulen cave, which is also the case in C t cave

therefore be explained by greater exchange with the outside environmen
0

after a relatively large first chamber. The high fungal rates in Oulen and Ch aves-could
lumes that

are too small to permit the progressive discharge of fungal propag metry of “self-
purifying caves” could conversely lead to a slow air flow througho caves, favoring a rapid
discharge of propagules just inside the entrance (Tutmd@son 2011).

The geometry of Chabot cave could also explain why t ifferent behaviors were observed
i@_

the second sampling point. This seconc@was located at the end of the entrance chamber,

according to the season. The late summer be as characterized by high fungal rates at

which is quite large. The passage the s at a right angle and becomes low and narrow. The

fungal rates were the hi te summer: under these circumstances, this particular
geometry could blo@ i w,Aeading to an accumulation of propagules in the air (Tuttle

and Stevenson

Finally, the atteﬁy Porca et al. (2011) to establish an index to describe the health of a show

applicable in the light of our results. According to this index, the two “non-self-purifying caves”
would be sorted in the fifth category (>1000 CFU m™), i.e. caves with an irreversible ecological
disturbance, yet the absence of fungal outbreak indicates that both caves seemed to be
functioning healthily. Moreover, Latrone would be the only cave considered to have no fungal

problem after the entrance (<50 CFU m™). Points cave would be sorted as an “alarming cave”
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442

requiring periodic controls and studies to identify the problem (<150 CFU m™), whilst Bayol
cave would be sorted as a “threatened cave” requiring a different type of management (<500
CFU m™). This index therefore appears to be too restrictive, and should be moderated according
to the individual characteristics of caves. Incidentally, Porca et al. (2011) explained that their

index was not suitable in case of huge caves. The question of air quality has been abundantly

studied indoors because of health concerns (Cabral 2010). As compared with these sgadies, the

fungal rates measured in depth in ‘“non-self-purifying caves” were slightlyshighi@but not
uncommon, whereas the rates measured in depth in “self-purifying caves%

with those
measured in house without visible molds (Ren et al. 2001; Haas et al . Moreover, Cabral
(2010) evaluated that the qualitative composition of fungal ity was more indicative
than the absolute concentration of fungi in determiniﬁ@air quality. The mycoflora is
dominated by the genus Cladosporium in healghy building, Whereas Penicillium and Aspergillus
are largely dominant in unhealthy buildings. ally results from the existence of indoor
humidity in unhealthy buildings, which{is#engugh to allow the sporulation of xerophilic fungi

such as Penicillium and Aspergil d, Penicillium was the dominant fungal genus in the

present study. A relative h ove 95 % is the norm in caves, while it indicates serious

problems of humidity, ildings. Thus, the dominance of the genus Penicillium can hardly be
used as an indiCrQi air quality in caves.

4.2.3 Fugfeal sienature of the caves

Despite ‘the strong influence of external conditions, Chabot cave still has its own specific
signature. Chabot cave was the only parameter correlated to the second dimension of the PCA,
which meant that this dimension solely represented the particular fungal population of this cave.
The fungal genera that contributed the most to the construction of this second dimension was

Metarhizium. This fungal genus was occasionally isolated in samples from other caves, but
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Chabot cave was the only one in which Metarhizium was frequently and abundantly found. This
genus is known to be strongly associated with the presence of insects (Roberts and Leger 2004).
It is important to note that the fungal communities of the five studied caves were strongly
marked by the presence of insects, spiders and nematode-related genera such as Engyodontium,
Beauveria, Isaria and Paecylomyces (Humber et al. 2005), which is consistent with existing
knowledge of fungal communities in caves (Bastian et al. 2009; Jurado et al. 20 Other
fungal genera found in the cave environment, such as Geomyces, D Qﬂd
Oidiodenron, were also frequently isolated. These genera are generall; % ated to the

presence of bats and bat droppings/guano (Saiz-Jimenez 2012; N{%)

: Vanderwolf et

al. 2013). @

4.3 Bacterial behavior of the caves 4

As for fungus, a bacterial aerobiological b was identified in each cave. No global
relation was identified between the dist index and the bacterial rates, while a clear relation

appeared between the fungal rate M distance of the sampling point from the entrances of
the caves, despite low corr fficients. Dredge et al. (2013) found the same results for
both fungi and bactegi lained them by the difference in the size of the particles, and
therefore by th 0

e in their aerial transport. Fungal transport was consistent with that

obseryed for la zed aerosols while bacterial transport was consistent with that observed for

etween 0.1 um and 10 pm. Similarly, the distinction between “self-purifying caves”
-self-purifying” cannot be easily established on the basis of the bacterial count, since
no statistically significant difference occurred in each cave between the rates counted at the
entrance and the rates counted at depth. The only significant difference observed was that
Latrone and Points had lower bacterial rates in depth than Bayol, Chabot and Oulen caves, and

that the rates counted inside the cave at a distance from the cave entrance in winter were lower
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than the rates observed for other seasons and other locations. The seasonal effect on aerial
bacterial rates has already been described in numerous studies (Martin-Sanchez et al. 2014;
Wang et al. 2010b; Cuezva et al. 2009) which all showed that temperature, relative humidity
and ventilation had an effect on bacterial rates. Therefore, the differences observed in our
studies could also be attributed to microclimatic variation according to the season and to
changes in the ventilation system occurring during the year. Interestingly, the bactgfial rates

@
for Bayol cave, where the same level was observed for these rates as ingno -purifying”

S

In conclusion, the aim of this study was to determine if a o@aerobiological behavior was

were lower at sample points at a distance from the entrance of “self—purifyirgz xcept

caves.

identifiable for each cave for fungi and bactgria. The st should also have determined if a

generalization could be obtained from thels in a framework of cultural heritage
preservation. This study revealed the @ce of a model behavior for airborne fungi and

bacteria in each decorated cave, ThiShresult is interesting in a framework of decorated cave

preservation because each ation from this model could be interpreted as a microbial

imbalance. The micrgbiabaithorne’behavior is cave dependent and also season dependent in
some caves. Ondthe Basis of the fungal study, the caves can be divided into two groups: “self-
purifying cave d “non-self-purifying caves”. Both groups were strongly affected by the

external€nvironment at the entrance of the caves. The “self-purifying caves” were much less
affected by external environment at depth, whereas “non-self-purifying caves” were directly
affected by the outside air, even at depth. The differences between these two groups could be
due to the size of the caves and the intensity of the exchanges with the external environment.
Finally, the microbial airborne rates proposed in past studies for healthy caves should be

redesigned to take the individual characteristics of caves into account. Indeed, the rates
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493  measured in our study exceeded the alarm thresholds in almost all five caves, despite the caves
494  being healthy and closed to the public.
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673  Table 1 Description of caves managed during the study.
Date of sampling
C Di Historical Number of
ave Iscovery monuments list sampled points January September February September June
2014 2014 2015 2015 2016
Bayol cave 1927 1931 3
Chabot cave 1878 1903 5
Latrone cave 1940 1941 5
Oulen cave 1907 1910 4
Points cave 1993 1995 4 &
674 The sampling dates are represented by grey boxes.
675 *The fourth sampling point of Points cave was not assessed in June 2016 due to a high CO; rate at the end of the cave.
676 @
677  Table 2 Effect of qualitative variables on fungal and bacterial counts@‘%’with a Wald X2
678  test associated to GLMMs.
Fungi Bacteria
Source of variation df X-value p-value -value p-value
Sampled Cave (C) 4 112 <0.001*** 91.0 <0.001%#**
Sampling depth (D) 1 325 .00 1 %% 5.78 0.02*
Sampling season (S) 2 11.6 ok 30.3 <0.001***
C:D 4 14.1 02%* 17.0 0.02%*
S:D 2 5.26 0.07 18.8 <0.001#**
679 *p <0.05, #* p < 0.01, *** p <0.001
680
681  Table 3 Effect of signific u 1ve variables on fungal and bacterial counts — comparisons
682  of the means of the r odalities.
gi Bacteria
Sampling season Wd Cave: Sampling depth Sampling season: Sampling depth Sampled cave: Sampling depth
Late summer 2yol cave: Entrance 3196a Late summer: Deep cave 1517a Oulen cave: Deep cave 3361a
Winter Chabot cave: Entrance 1820ab Late spring: Deep cave 1223a Chabot cave: Entrance 2260a
Late spring 49 Chabot cave: Deep cave 1452ab Winter: Entrance 1386a Bayol cave: Entrance 2008a
Oulen cave: Deep cave 1256ab Late spring: Entrance 1695a Bayol cave: Deep cave 1333a
Oulen cave: Entrance 1125ab Late summer: Entrance 1144ab  Chabot cave: Deep cave 1573a
Points cave: Entrance 1036ab Winter: Deep cave 539b Latrone cave: Entrance 858abc
Latrone cave: Entrance 302ab Points cave: Entrance 718abc
Bayol cave: Deep cave 166bc Oulen cave: Entrance 605abc
Points cave: Deep cave 146bc Points cave: Deep cave 430bc
Latrone cave: Deep cave 38c Latrone cave: Deep cave 372¢
683 Different letters in the columns indicate significant differences.
684
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685  Table 4 Comparison of the regression models between distance index and counts of airborne
686  microorganisms.
Fungi Bacteria
All data Winter Late spring Late summer All data
Type of , RMSE , RMSE , RMSE , RMSE , RMSE
. r 3 r 3 r 3 r 3 r 3

regression (spores.m™) (spores.m™) (spores.m™) (spores.m™) (spores.m™)
Linear 0.14%*%b 1088a 0.19%b 632a 0.22a 700a 0.15%a 1390a 0.001a 1255a
regression
Quadratic -, 5 sy 1021a 0.53%%%3 520a 0.29 667a 0.21%a 1342a (da 1229a
regression

687 *p < 0.05, #* p < 0.01, *** p < 0.001

688 Different letters in the columns indicate significant differences. @

689 \/

690 : ,

691 @

692 ‘ :

693

694

695 @

696

697

698

699

700
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701 Table S Identification of fungal strains isolated during the five sampling campaigns.

Points cave Oulen cave Latrone cave Bayol cave ot cave Total BLAST GenBank

Fungal species Jan  Sept Feb  Sept  June Jan  Sept Jan  Sept Feb  Sept  June Jan ~ Sept  Feb  Sept  June ¢ eb  Sept  June rate similarit  Accession
4 14 15 15 16 14 14 4 14 15 15 16 14 14 15 15 16 4 15 15 16 (%) y (%) number
A

Absidia sp. 0.06
Acremonium sp. ’ 0.17 99 MF788181
Albifimbria sp. Y 0.04 99 MF788182
Alternaria sp. 1.68 99 MF788183
Arthrinium sp. 4 0.94 99 MF788184
Aspergillus sp. ] 7 1.22
Aureobasidium v
5. 0.08
Beauveria sp. 1.47
Botrytis sp. ‘ 0.1
Chaetomium sp. 4 \ 0.07 99 MF788185
Cladosporium sp. 24.99
g:lletotrichum o 0.05
Doratomyces sp; 0.2 99 MF788186
Drechslera sp. 0.04 98 MF788187
flfgy"d"””“m 537 100 MF788188
Epicoccum sp. 0.27 100 MF788189
Forliomyces sp. 7 0.04 98 MF788190
Fusarium sp. 0.08 99 MF788191
Gabarnaudia sp. P 0.09
Geomyces sp. 0.38 100 MF788192
Geosmithia sp. \ V| 0.04 99 MF788193
Gliomastix sp. 0.15 99 MF788194
Isaria sp. 0.09 99 MF788195
Lecanicillium sp. 0.12 99 MF788196
Metarhizium sp. 1.12 99 MF788197
Mortierella sp. 0.03 100 MF788198
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Mucor sp.

Myriodontium sp.

Oidiodendron sp.

Paecilomyces sp.
Penicillium sp.
Phialocephala
sp.

Phoma sp.
Pithomyces sp.
Simplicillium sp.
Sporothrix sp.
Stachybotrys sp.
Stagnospora sp.
Thielavia sp.
Torulomyces sp.
Trichoderma sp.
Verticillium sp.
Wardomyces sp.
Basidiomycete

Unidentified
fungus

Mycelium sterile

0.04
0.03
0.53
7.85
47.46

0.03

0.25
0.32
0.15
0.01
0.07
0.03
0.03
0.04
0.09
0.04
0.03
1.33

0.95

1.83

99
100
99

98

99
100
99
99
99
99
99
99

99
99
99

MF788199
MF788200
MF788201

MF788202

MF788203
MF788204
MF788205
MF788206
MF788207
MF788208
MF788209
MF788210

MF788211
MF788212
MF788213

702 Grey boxes indicate the identification of fungal genera.

703 Fungal genera without accession number were identified based on morphological fe

nly?
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704

705

706

707
708

709

710

711

712

713

714

715

716

717

718

719

Table 6 Contribution of the most valuable variables to the construction of the two dimensions

of the PCA — supplementary qualitative variables significantly affected by the two dimensions

of the PCA.

Dimension 1

Dimension 2

Quz.mtltatlve Correlation p-value ngntltatlve Correlation p-value
variable variable

Arthrinium sp. 0.8 <0.001%** Metharizium sp. 0.59 <0.001***
Cladosporium sp. 0.76 <0.001*** Alternaria sp. 0.48 <0.001***
Penicillium sp. 0.74 <0.001%** Paecilomyces sp. 0.47 <0.001***
Engyodontium sp. 0.69 <0.001%** Aspergillus sp. -0.45 <0.001#***
Alternaria sp. 0.56 <0.001*** Basidiomycetes -0.54 <0.001 4@
Supplementary Estimate -value Supplementary Estimate

qualitative variable p qualitative variable

Chabot cave 0.61 0.1* Chabot cave 0.78

Bayol cave 0.66 0.3*

Points cave -0.93 0.04%*

Latrone cave -1.15 <0.001***

Entrance 0.73 <0.001%**

Deep cave -0.73 <0.001%**

*p <0.05, ¥ p <001, **p < 0.001

X<
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Fig. 1 Cave locations (graphics programs: R, package ggmap + Inkscape).

The five caves are located in the Gard department, France. Three of the caves, namely Chabot
cave, Oulen cave and Points cave, are located in the Ardeche valley. Bayol cave and Latrone
cave are located in the Gardon valley.

The maps were generated from Google Earth (Google, Mountain View, USA) on the basis of

geographical coordinates supplied by the French Ministry of Culture and Com ication

(Kahle and Wickham 2013). O
@

Fig. 2 Sampling maps of the five studied caves (graphics program: \)/
sampling points were spread out to cover the widest posil ce of the caves.
The topography of Chabot cave was supplied by Galant, P4 and Bigot, J.Y.; other Cave maps

are extracted of Leroi-Gourhan (1984).

Each number represents one sampling point where fungal an@ ates were assessed. The

Fig. 3 Count of airborne micro' particles in each cave for the five sampling dates:

% am: R).

fungi (a), bacteria (b) (graphics

Fig. 4 Study ob@n between airborne microbiological particles and the distance index:

) (graphics program: R).

was carried out for fungal data (a), and then for bacterial data (b). In each case, linear

and quadratic regressions were applied to data collected in all caves at all sampling dates.

Fig. 5 Study of the relation between airborne fungal particles and the distance index according

to the sampling season (graphics program: R).
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747

748

749

750

751

752

The linear and the quadratic regressions were applied to fungal data collected in all caves

according to the sampling season.

Fig. 6 Representation of the data according to supplementary qualitative variables of the PCA
(graphics program: R).
The data are represented according to the three supplementary qualitative variabl ed in

PCA: Sampled cave (a), sampling season (b) and sampling depth (c). The re@yeircles

@
indicate the probable position of the barycenter of observations associate& odality.

&
&

&
CPQ
c
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755  Fig. 2

Points cave Latrone cave
756

QOulen cave
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759  Fig. 4

760
®
6000
®
4000 @
®
° r=0.14
RMSE = 1088
® =024
® RMSE = 1021
®
2000 ®
®
E o (a)
@ 1.0 05 0.0 05 10
(o]
(o5
w
e
S s000 A . b4 .
(o]
o
4000 *=0.001
. RMSE = 1255
¥ =0.04
® . RMSE = 1228
3000
® ®
[ ]
® ® @ ®
L @
2000
1000
: (b)
1.0 05 0.0 05 1.0

Distance index

39



761

762

Fig. 5§
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