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Abstract Cultural heritage objects are very fre-
quently visited by tourists, the presence of which is
considered to affect the bacterial and fungal aerosol
levels in these facilities. Therefore, this study had two
main aims with the first to determine the morning/
evening changes in the concentration of bacterial and
fungal aerosol as well as particulate matter in the
selected historical objects of Krakow: churches,
crypts, libraries, and museums. The second aim was
to establish the most possible factors affecting the
quality of air in the examined sites using data mining
techniques: principal component analysis (PCA) and
cluster analysis (CA). Bacterial and fungal aerosol
levels were measured in ten historical objects by six-
stage Andersen impactor. Particulate matter (PM,,
PM,, PM,s and PM;), temperature, and relative
humidity (RH) were also assessed. Unlike dusts, the
microbial aerosol concentrations were not always
significantly lower in the morning than in the evening.
For bacteria, these relationships varied depending on
the site, while for fungi, the morning concentrations
were mostly higher than the evening ones. Both PCA
and CA indicated that the bacterial and fungal aerosol
concentrations were not associated with the particulate
matter levels, which might suggest different sources of
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those two air pollution components. Temperature and
RH appear to be more important in shaping the
microbial aerosol levels and fungi are more dependent
on RH than bacteria.
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analysis - Historical objects - Indoor air - Principal
component analysis

1 Introduction

Historical objects such as churches, monasteries, their
crypts, libraries or museums are peculiar, but not
uniform, environments. Even libraries or museums
can differ from one another. They often store valuable
collections of different origin and structure (Harkawy
et al. 2011), made of a variety of materials including
paper, wood, textiles, leather, paintings, stone, glass,
and metals (Ciferri et al. 2003). This makes them be
under constant risk of biodeterioration. This risk is
related not only to the exposure of the exhibitions to
microorganisms with cellulolytic, proteolytic or
lipolytic properties, but also to specific microclimatic
conditions (air temperature and humidity) prevailing
in cultural heritage objects, or type and amount of light
received by collections or chemical reagents present in
the environment (Harkawy et al. 2011; Karbowska-
Berent et al. 2011).
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Among microbiological agents, fungi and bacteria
have the greatest influence on the hygienic conditions
and therefore affect the preservation of the collections
(Karbowska-Berent et al. 2011). Their presence and
abundance in historical objects is affected by a number
of factors, including microclimatic parameters, such
as temperature and relative humidity prevailing
indoors. The microclimatic parameters of historical
buildings are the result of their age, type of construc-
tion, availability to the public, number of tourists and
visitors, and technical means such as ventilation type.
Indoor aerosol-forming microorganisms have their
sources both outdoors and indoors. In naturally
ventilated buildings, outdoor fungal spores are major
sources of indoor fungi during spring and summer
(i.e., the growing season) (Lehtonen and Reponen
1993). Another factor that may affect the presence and
abundance of indoor bacterial and fungal aerosols is
accumulated dust, where microorganisms can dwell
and proliferate. Also the presence of water (i.e.,
increased humidity) can increase the concentration of
microbial aerosol, particularly in materials, such as
wallpaper, carpets, or ventilation duct surfaces (Chao
et al. 2002). The spectrum of microorganisms present
in the air depends largely on their ability to colonize
the environment and to conduct their living processes
(Kowalski and Pastuszka 2018). In the case of
bacteria, their reaction to changing temperature and
relative humidity of air may vary significantly even
within the same structural classification (i.e., Gram-
positive or Gram-negative bacteria). Among many
diverse observations, a universal one was that the
temperature exceeding 24 °C appears to decrease the
survival of aerosol-forming bacteria. On the other
hand, the effects of relative humidity are much more
complex, with experimental conditions having often a
considerable impact on the outcome of the experi-
ments (Tang 2009).

Among various pollution problems, the pollution of
air has raised major concerns worldwide, due to its
widespread nature, damage to the environment and the
resulting health risks. The issue of indoor air pollution
is one of the most important, as people spend most of
their time (approx. 80%) indoors (Leung 2015). Also,
the above-mentioned factors affect the health and
wellbeing of people staying indoors—in the case of
historical objects, these are tourists, visitors, or
workers. It needs to be emphasized that microorgan-
isms are present in most indoor environments. If the
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biological agents occur in low concentrations and they
do not include pathogenic microorganisms, they do
not pose threat to people. The problem of microbio-
logical contamination occurs when the level of
microbiological contaminants increases above a cer-
tain limit, considered as an acceptable level for a
particular environment. The airborne route is the most
important in spreading of microorganisms indoors
(Gotofit-Szymczak et al. 2013). Usually, airborne
microorganisms occur as bioaerosols and much more
rarely as free particles. Bioaerosols constitute from 5
to even 34% of indoor air pollution—these of diam-
eters below 5.0 um usually stay suspended in the air,
while larger ones sediment on the surfaces (Stetzen-
bach et al. 2004). The health threats in cultural
heritage institutions result from the inhalation of air
contaminated with microorganisms. The main conse-
quences of such exposure are allergic reactions,
infections, and mycotoxicoses (Skora et al. 2015).
Epidemiological studies showed that infectious and
non-infectious diseases caused by inhalation of micro-
bial aerosols depend not only on the chemical
characteristics and biological properties but also on
the concentrations of microorganisms in the respira-
tory system (Husman et al. 1993; Chen et al. 2010). It
is believed that microbial concentrations of healthy
indoor environments should be lower than the outdoor
concentration at the same location (Mehta et al. 2013).
However, many studies on indoor—outdoor air quality
show that the concentrations of indoor pollutants are
higher than those found outdoors (Chen and Zhao
2011).

The microbiological quality of indoor air is usually
assessed based on quantitative and/or qualitative
determination of bacterial and fungal aerosol. The
culture-based methods are still the most popular, as
most of the available threshold limit values are
referred strictly to such methods (Gérny 2004,
Harkawy et al. 2011). Having all the above in mind,
the aims of this study were: (1) to determine the
morning/evening differences in the concentration of
bacterial and fungal aerosols and particulate matter in
the selected historical objects in Krakéw, divided into
four groups: churches, crypts, libraries, and museums
and (2) to establish the most possible factors affecting
the quality of air in the tested sites by using different
statistical methods, including cluster analysis and
principal component analysis.
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2 Materials and methods

The study was conducted in ten historical objects,
classified into four groups churches, crypts, libraries,
and museums located in one of the most popular Polish
tourist cities—Krakéw. The site located on the Main
Market Square was treated as an external background
control (Fig. 1). Table 1 presents the description of
the sampling sites along with basic environmental
parameters measured during the study. Sample col-
lection was performed over a period of one year, once
per each season (spring—15th April, summer—20th
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August, autumn—3rd November, winter—30th Jan-
uary). The sampling dates were selected by taking into
consideration the microclimatic parameters, such as
temperature, humidity, precipitation, wind speed and
by excluding days with extreme weather conditions, in
order to conduct our analyzes on dates representing the
most typical weather conditions for each season.
During each campaign, the samples were collected
twice per day—in the morning (M), approx. at 6 AM
and in the evening (E), approx. at 8 PM. Collection of
air samples was conducted using a six-stage Andersen
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Fig. 1 Location of sampling point No. 11 (Background) on the Main Market Square in Krakow (based on https://geoportal360.pl)
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Instrument, UK), which allows to distinguish the
following aerodynamic diameters of bioaerosol: 7 pm
and above (stage one), 4.7-7 um (stage two),
3.3-4.7 ym (stage three), 2.1-3.3 um (stage four),
1.1-2.1 pm (stage five), and 0.65-1.1 um (stage six).
Microbial particles with diameters smaller than
4.7 um were treated as the respirable fraction (RF).
The sampling time was 5 min, which with the constant
flow rate of 28.3 L/min, gives the volume of 141.5 L of
aspirated air. The air sampler was placed at the height
of 1.5 m above the ground level to collect the air from
the human breathing zone. The following microbio-
logical media were used: Trypticasein Soy Agar
(Biocorp, Poland) and Malt Extract Agar (Biocorp,
Poland) for the isolation of bacteria and fungi,
respectively. The plates with TSA were incubated at
37 °C for 1 day, then at 22 °C for next 3 days and at
4 °C for another 3 days, while the plates with MEA
were incubated at 30 °C for 4 days, followed by
incubation at 22 °C for another 4 days. After incuba-
tion, the colonies were counted, and the results were
expressed as the number of colony forming units per
m® of air (CFU/m®). The measurements were con-
ducted in triplicates, and the presented results are
mean values of these replicates.

Temperature and relative humidity were measured
using the Kestrel 4000 Weather Meter (Nielsen-
Kellerman, USA). The concentration of dust was
measured using a DustTrak™ II Aerosol Monitor
8530 (TSI Inc., USA) laser photometer. The device
allows to measure four fractions of dust: PM,, (i.e.,
dust particles not larger than 10 pm), PM,, PM, 5 and
PM; (dust particles with diameters < 4, 2.5 and 1 pm,
respectively), using interchangeable heads. The sam-
pling time for each dust fraction was 1 min. In the case
of particulate matter, it was assumed that the res-
pirable fraction contains dust particles smaller than
4.0 pm.

Statistical analysis was performed using the Statis-
tica 13 software (StatSoft, USA). Data normality
testing was conducted using the Shapiro-Wilk test.
The significance level was set at a P value of < 0.05
for all statistical tests. A Kruskal-Wallis test was used
to verify the significance of differences in the micro-
bial aerosol and particulate matter concentrations
between times of day in the examined sampling sites.
Spearman’s correlation coefficient was applied to
assess whether there are statistically significant rela-
tionships between the concentrations of microbial

aerosol components and microclimatic parameters of
air in different groups of the tested sites and in all sites
grouped together. Cluster analysis (CA) and Principal
Component Analysis (PCA) were used to determine
the relationships between the tested microbiological
components (i.e., bacteria and fungi) of bioaerosol and
microclimatic parameters of air and to extract the most
important factors affecting the quality of air in the
examined sites. CA and PCA tests were performed for
each of the studied groups of sites (i.e., churches,
crypts, libraries, museums, and background), using the
following variables: total and respirable fraction of
bacterial and fungal aerosol, temperature, humidity,
total dust as well as respirable fraction of dust — 4 and
1 pm. Factors were extracted using principal compo-
nents, then were varimax-rotated. Euclidean distance
was adopted as a measure of similarity. Ward’s
agglomerative clustering, which involves estimating
the distance between clusters by the analysis of
variance, was adopted as a grouping method. In the
PCA, the analysis was based on the correlation matrix,
and two most important factors for each group of sites
were selected for the interpretation of results.

3 Results

As shown in Table 1, the observed concentrations of
total and respirable fractions (RF) of particulate
matter, in most cases, were higher in the evening than
in the morning, with two exceptions for Museums No.
1 and No. 3. In the Skatka Church (No. 3), the
concentrations observed in the evening were even
three times higher than the one observed in the
morning. The mean values of microclimatic parame-
ters (indoor temperature and relative humidity) ranged
from 12.5 °C in the Crypt of Meritorious (Crypt No. 2)
to 21.5 °C in the Princes Czartoryski Museum (Mu-
seum No. 1) and from 44.2% RH in the Princes
Czartoryski Library (Library No. 2) to 62.9% RH in
the Crypt of Meritorious (Crypt No. 2). The individual
values of these parameters varied even more signif-
icantly in some of the sampling sites. For example, in
Library No. 1, the temperatures ranged from 7.8 to
20.5 °C (AT 12.7 °C). Also in churches, the ranges of
temperature were quite high, i.e., AT was 11.1, 10.9,
and 10.1 °C for churches No. 3, 2, and 1, respectively.
The highest RH range was observed in Church No. 2
(ARH 40.7%, from 46.7 to 87.4%), followed by the
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ranges observed for museums, where ARH was 28.3,
25.5, and 24.8% for Museum No. 2, 3, and 1,
respectively.

Figures 2 and 3 show the mean annual values of
morning/evening concentrations of bacteria and fungi
in individual sampling sites, while Tables 2 and 3
show the morning/evening values observed in differ-
ent seasons of the year in individual sampling sites. As
shown in Fig. 2., the mean concentration of total
bacterial aerosol varied from 6.35 x 10 CFU/m’
(Crypt No. 2, morning) to 1.426 x 10° CFU/m’
(Church No. 2, morning). The mean levels of
respirable fraction of Dbacteria ranged from
5.1 x 10 CFU/m®> (Crypt No. 2, morning) to
8.02 x 10 CFU/m> (Church No. 2, morning). On
the other hand, the mean total fungal concentration
ranged from 3.55 x 10> CFU/m’> (Museum No. 2,
morning) to 1.21 x 10 CFU/m® (Library No. 1,
morning) and the mean levels of respirable fraction
of fungi ranged from 2.30 x 10> CFU/m® (Museum
No. 2, evening) to 1.19 x 10* CFU/m’ (Library No.
1, morning). Comparison of both graphs shows that the
changes in the concentration over the day are more
evident in the case of bacteria, while for fungi, these
values are more evenly distributed. Unlike dusts
(Table 1), the microbial levels did not always follow
the pattern of low concentrations in the morning and
significantly higher in the evening. This was obvious
only for Church No. 1 (St Mary’s) and Church No. 3

Fig. 2 Mean annual values 1600
of morning and evening
concentrations of total and 1400
respirable fraction (RF) of
bacterial aerosol in 1200
individual sampling sites
(CFU/m?) 1000
£
S 800
[N
O
600
400
200 I
0
& &

M Morning - total
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(Skaltka), where the evening concentrations were even
five times higher (in the Skatka Church the mean value
of the total bacterial concentration in the morning was
189 CFU/m’ while in the evening—956 CFU/m’). A
completely opposite situation was observed in the
Church No. 2 (St. Casimir the Prince), where e.g., the
mean morning concentration of total bacteria
(1426 CFU/m3) was more than five times higher than
the one observed in the evening (mean total concen-
tration of 270 CFU/m®). Also both crypts differed
from one another in terms of the morning/evening
concentrations of bacteria. Interestingly, the mean
concentrations of fungal aerosols were higher in the
morning than in the evening in eight out of eleven
studied locations (Churches No. 1 and No. 2, both
Crypts, Library No. 1, Museums No. 1 and No. 2, as
well as Background).

The Shapiro—Wilk test showed that most of the data
were not normally distributed (critical value for not
rejecting the hypothesis of Gaussian distribution of
data was set at W = 0.935 for o = 0.05; the W values
calculated for parameters measured in this study
ranged from 0.442 to 0.932 with five exceptions:
humidity in spring W = 0.939; Temperature in autumn
W = 0.958; RF of fungi in winter W = 0.960; total
fungi in winter W = 0.964 and humidity in summer
W = 0.979). Therefore, non-parametric statistical tests
were used in further analyzes. Statistical analysis
showed that the observed differences in the

G’\r Q;O, \:\' \')/ @'\ @'\r @”) \)(\b

Morning - RF Evening - total Evening - RF
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concentrations of bacterial and fungal aerosols and
dust fractions did not differ significantly between the
times of day (the H values of Kruskal-Wallis test from
0.001 for total fungi to 1.299 for total dust, p > 0.05).
This is not surprising when looking at the morning/
evening values observed in different seasons of the
year (Tables 2 and 3), In the case of total bacteria, only
in sites No. 1 and 5 (St Mary’s Church and Crypt of
Meritorious) and in the case of respirable fraction—in
sites No. 1 and 4 (St Mary’s Church and Skatka
Church) the morning values were smaller than the
ones observed in the evening throughout the year. For
fungi, no clear pattern could be observed.

The Principal Component Analysis (Fig. 4a—f,
Table 4) and Cluster Analysis (Fig. 5a—f) allowed to
identify the associations between individual sets of
data measured in this study, whether and/or to what
extent the physicochemical parameters affect the
concentration of microbial aerosol and whether the
sets of data collected in this study could be grouped
depending on the impact they make on one another.
The analysis was conducted for individual sites
(Figs. 4 and 5a—e) and for all sites grouped together
(Figs. 4 and 5f). The principal component analysis
(PCA) was based on two main factors (Fig. 4, Table 4)
that explain from 73.3% of variance (crypts) to as
much as 82.8% (background). When considering all
sites together, 70.01% of variance was explained by
the two main factors. The positions indicated by the
lines in Fig. 4 represent the correlations between the
measured values of environmental factors and the PC1

> N 3 > s
A S SR RGN
NO)
X
Morning - RF Evening - total Evening - RF

and PC2. For churches, museums and background PC
1 is negatively associated with dusts (total and
respirable fraction) and positively—with bacterial
and fungal aerosol along with temperature. For crypts,
both PC1 and PC2 are negatively correlated with
fungal aerosol and humidity, PC1 is negatively
correlated with dusts while PC2 is positively corre-
lated with dusts. In the case of libraries, PC2
(explaining 27.26% of variance) is associated posi-
tively with fungal and bacterial aerosol as well as with
dusts and humidity. Cluster analysis allowed to
distinguish from two to three groups of the analyzed
factors in the examined sites. As shown in Fig. 5, the
measured parameters of air were grouped in two
clusters in the case of churches, libraries and back-
ground. One group shows a clear cluster of microcli-
matic parameters of air, i.e., humidity and dust
concentration (total dust and both respirable fractions)
and the second group clusters total and respirable
fractions of microbial aerosol with the air temperature.
For crypts and museums, three clusters were distin-
guished, but they differ between these two groups of
sites. Both in crypts and museums, there is a cluster of
total and respirable dust; in crypts, cluster 2 groups
total and RF of fungi with humidity and temperature,
cluster 3 groups bacteria only; in museums, cluster 2
groups total and RF of fungi with humidity, cluster 3
groups total and RF of bacteria with temperature.
These results are consistent with the ones obtained for
simple Spearman’s correlation analysis (Table 5),
which indicate that various groups of sites differ in

@ Springer
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Table 2 Concentration of

. - Time of day/site no.
bacterial aerosol in

Total concentration of bacteria [CFU/m3]

individual sampling sites Spring Summer Autumn Winter
(CFU/m?) depending on the
time of day (M—morning; M E M E M E M E
E—evening) 1. 177 311 403 2459 28 71 134 198
2. 212 459 5357 424 14 71 120 127
3. 634 170 311 177 481 360 155 78
4. 155 403 438 3350 42 28 120 42
5. 141 580 71 113 7 28 35 57
6. 283 806 184 382 141 14 254 21
7. 417 226 933 813 21 85 64 92
8. 926 650 1387 664 78 7 99 155
9. 177 869 841 247 0 678 57 71
10. 926 1618 1371 622 410 92 198 325
11. 661 703 339 1986 261 1293 120 14
Time of day/site no. Concentration of bacteria from the respirable fraction (aerodynamic
diameter < 4.7 pm) [CFU/m?]
Spring Summer Autumn Winter
M E M E M E M E
1. 127 226 375 2304 28 57 99 120
2. 42 438 3081 42 0 71 85 99
3. 57 113 254 106 417 353 141 49
4. 127 367 424 919 14 21 21 35
5. 141 537 21 57 7 21 35 21
6. 269 643 120 269 42 14 240 14
7. 375 141 693 629 21 78 64 64
8. 784 607 1329 594 78 7 78 113
9. 120 833 813 205 0 572 49 35
10. 516 1519 1322 551 389 71 170 269
11. 286 332 283 1477 212 1293 85 0

terms of relationships (and significance thereof)
between the examined parameters. These results
indicate that temperature and relative humidity of air
are the parameters that are more important in shaping
the levels of bacterial and fungal aerosols than the
levels of dust and that fungi are the group of
microorganisms that are more dependent on the air
humidity than bacteria.

4 Discussion

Numerous studies have reported that the exposure to
microbial aerosols, especially in large concentrations,

@ Springer

is associated with unwanted health effects, particularly
asthma and rhinitis, hypersensitivity pneumonitis and
sick building syndrome, or increased susceptibility to
infections (Chen et al. 2010). The ubiquity of mold
fungi causes an increased incidence of systemic fungal
infections in recent years. Although the systemic
fungal infections are characterized by high mortality
they are recognized only in small percentage (max.
30%). This is caused primarily by non-specific symp-
toms, similar to bacterial or viral infections
(Lawniczek-Watlczyk et al. 2018). Different concen-
trations of fungal spores have been determined to be
the threshold values for evoking the allergic symp-
toms, varying from e.g., 50 CFU/m’ of air to
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Table 3 Concentration of

Site no. Total concentration of fungi [CFU/m3]
fungal aerosol in individual
sampling sites (CFU/m®) Spring Summer Autumn Winter
depending on the time of .
day (M—morning; E— Time of day M E M E M E M E
evening) 1. 1152 438 1963 2127 261 212 763 693
2. 332 1244 2389 1364 191 389 1152 728
3. 269 184 2007 396 233 113 650 806
4. 219 85 3562 2912 71 311 148 714
5. 855 198 1929 707 1159 1392 311 813
6. 1208 855 2537 1025 233 1357 876 283
7. 1576 177 523 1569 99 120 353 1152
8. 375 417 1675 1230 290 297 488 523
9. 551 226 813 693 28 389 28 99
10. 820 325 1760 1724 537 2014 607 1025
11. 1540 1226 7774 2057 1724 2339 360 1187
Site no. Concentration of fungi from the respirable fraction (aerodynamic
diameter < 4.7 pm) [CFU/m?]
Spring Summer Autumn Winter
Time of day M E M E M E M E
1. 1138 410 1809 2000 254 170 608 671
2. 318 1187 2304 1230 184 346 707 481
3. 240 177 1774 269 212 99 643 777
4. 29 85 3512 2855 64 283 57 714
5. 771 177 1823 424 1110 1378 304 806
6. 1188 848 2502 1018 184 763 862 261
7. 1307 163 509 1420 85 113 346 728
8. 353 367 1590 982 276 290 410 509
9. 551 71 777 459 28 375 7 14
10. 806 325 1420 1562 445 1979 601 799
11. 1428 707 7498 1364 1477 2155 353 1152

3000 CFU/m?, that—having in mind their ubiquitous
nature affecting their indisputable presence in most
enclosed spaces (Pastuszka et al. 2000)—is the factor
which particular attention should be paid to. In fact,
the limit values of professional exposure or the
recommended threshold values for microbial aerosols
and substances of microbial origin still have not been
developed or have no legal status on a global scale.
This hinders the quantitative interpretation of the
results of bioaerosol concentration measurements in
the studied environment. The main reason for the lack
of universally accepted normative values for biolog-
ical factors is the methodical difficulty resulting from
the diversity of microorganisms, the lack of

standardization of measurement and experimental
methods, and the difficulty in determining the effects
of bioaerosol on the exposed human organism. The
susceptibility of an exposed individual to a given
biological agent is its individual feature, which makes
it difficult to clearly determine the effects on the
population understood as a unified group of people
(Dutkiewicz and Goérny 2002; Bonetta et al. 2010;
Gorny et al. 2011; Napoli et al. 2012; Frak et al. 2014;
Ghajari et al. 2015; Fakunle et al. 2020).

Therefore, the assessment of the quality of air in the
examined sites has been conducted based on the
recommendations of the limit values of microbial
aerosols set for occupational exposure by the
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«Fig. 4 Results of principal component analysis conducted for TRV FHIEIRI I
the concentration of microbial aerosol and physicochemical 3! SessSc s oSS oy
parameters of air measured in different groups of sampling sites A~ b b
and for all sites grouped together "
£l |smzeg3sgsesns
Interdepartmental Commission for Maximum Admis-
sible Concentrations and Intensities for Agents Harm- o E E g § § § i g g §
ful to Health in the Working Environment (Skowron R
2014). In general, the microbial aerosol concentrations g
do not exceed the threshold values (5000 CFU/m3) set E" ANASTIRNSRISY
for the occupational exposure of people working in S| S sSsSSS S
museums and related institutions (Skowron 2014), a A b
while the limit value of 150 CFU/m?>, suggesting the -~ — o o —
presence of internal source of contamination which a | 2 : R S NN
can be harmful to the preservation of stored objects Bl ©
(Skowron 2014) was exceeded in numerous observa- £
tions. However, it should be remembered that these 3 _ § § § E 2 g § lg § 3
buildings are open to the public and many factors = E ¥ N I
influence the air quality. A number of factors needs to 2
be mentioned while considering possible sources of é [_EIRINETIE
microbial aerosol in community places. According to = § S s << ? S e e ey
Fujiyoshi et al. (2017), microbial communities in g
public utility places are dominated by those of human % > At o~ Y MY O
and soil origin, but the main differences between the = _;f 3! SE3333333 E
public space and house microbiome is the number of ; = b
people using the area. Another factor that might affect é - e o o~ e o < <
the concentration of microbial aerosols is the air g nl223SS8E2228C
mixing, coupled with their particle size, as these = g N o
factors will affect the behavior of airborne microor- ‘é
ganisms (i.e., their floating in the air or sedimentation) 5|g RAhAT 28R
(Fujiyoshi et al. 2017). The detailed comparison of the g 5’ g s < °| O| < o| °| ? °| &
microbial concentrations recorded in our study with _§
the ones observed by other Authors, with division into § 28888 R2LS
particular groups of sites was discussed in the paper by % § C|> C|> Cl’ Cl’ °| e C|> C‘> C|> )
Chmiel et al. (2019). §n
Unlike in our study, Chen et al. (2010) observed § é h e NNty e e o
clear changes in the bacterial and fungal aerosol 3 E S S3sx3383333 %
concentrations over the day with the highest values f Ol Lo
recorded in the afternoon, which the Authors related to g . 8
the number of visitors. In our study, the morning = g - =
bacterial and fungal aerosol sampling was conducted 8 g % U . gf < =
in very early hours, before library or museum opening & ° ;
and before morning masses in churches; therefore, the 'cg 3 g
factors affecting the results obtained in our study are g glg
similar to those in research by Chen et al. (2010). One g g e o g i § fl
of the possible explanations of the fact that the 3 5 5 % %" 5 g z2Z o k5 Z,
morning concentrations of fungal spores in most of the 2 g ; k5 L; ‘B %E ; é g g £
sampling sites outnumbers the evening concentrations S| E e § e E S22 EZ& 2 §
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Table 5 Spearman’s correlation coefficient matrices for the parameters examined in this study—in all sites grouped together and for
different groups of sites

Total Bacteria Total Fungi Temperature Humidity Total Dust RF Dust RF
bacteria RF fungi RF dust 1 pm 4 pm

All sites

Total -
bacteria

Bacteria RF  0.874 -

Total fungi  0.412 0.389 -

Fungi RF 0.410 0.372 0.768 -

Temperature 0.451 0.470 -

Humidity 0.242 0.237 —0.480 -

Total dust — 0283 —0.210 —0.336 0.366 -

Dust RF —-0292 —-0235 -0.326 0.337 0.977 -
1 pm

Dust RF — 0280 —0.221 —-0.330 0.353 0.986 0.990 -
4 um

Crypts

Total -
bacteria

Bacteria RF  0.790 -

Total fungi -

Fungi RF —0.520 — 0.619 0.523 -

Temperature -

Humidity 0.600 0.582 0.615 -

Total dust -

Dust RF 0.940 -
1 pm

Dust RF 0.974 0.955 -
4 um

Churches

Total -
bacteria

Bacteria RF 0.789 -
Total fungi  0.717 0.683
Fungi RF 0.609 0.610 0.836 -

Temperature 0.678 0.564 0.580 0.594 -

Humidity -

Total dust — 0.427 - 0729 —0.651 -

Dust RF — 0453 - 0765 —0.709 0.976 -
1 pm

Dust RF — 0.429 —0.746 — 0.684 0.991 0.970
4 um

Libraries

Total -
bacteria

Bacteria RF  0.893 -
Total fungi -
Fungi RF 0.524 0.623 0.606 -
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Table 5 continued

Total Bacteria Total Fungi
bacteria RF fungi RF

Temperature Humidity Total
dust

Dust RF
1 pm

Dust RF
4 pum

Temperature
Humidity
Total dust
Dust RF

1 pm
Dust RF

4 um
Museums

Total -
bacteria

Bacteria RF  0.830 -
Total fungi  0.533 -
Fungi RF 0.511 0.970 -
Temperature 0.669 0.614
Humidity 0.457 0.455
Total dust
Dust RF
1 pm
Dust RF
4 um
Background control site

Total -
bacteria

Bacteria RF 0.976 -
Total fungi -
Fungi RF -
Temperature 0.738
Humidity
Total dust
Dust RF
1 pm
Dust RF
4 um

— 0.591 -
— 0.708 -
— 0.703 0.985

— 0.705 0.994

0.994

— 0417

0.967 -

0.982 0.971 -

0.881 -
0.905 0.976 -

0.905 0.976 -

Only statistically significant values are shown (p < 0.05)

could be that solar radiation during clear sunny days
have a sterilization effect on fungal spores, or at least
decreases their viability (Kowalski & Pastuszka
2018), therefore may result in lower numbers of
fungal spores proliferating on microbiological media
resulting from the evening sample collection. Also
Dybwad et al. (2014) in their study conducted at
subway stations observed consistent diurnal patterns
of significantly higher levels of bacterial aerosol at
daytime compared to very low levels at nighttime,
associating the observed fluctuations with the number

@ Springer

of passengers. The Authors studying diurnal changes
in microbial aerosol levels in underground railway
stations (Salma et al. 2007) also observed that the
changes in profiles of bacterial aerosols corresponded
to the PM, profile. This observation is even true for
the fungal concentrations in the outdoor air (back-
ground—mean total fungal levels of 2849 CFU/m’
and 1702 CFU/m? in the morning and in the evening,
respectively; and mean values of RF of fungi:
2689 CFU/m® and 1344 CFU/m’ in the morning and
in the evening, respectively), what might have affected
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the concentrations of fungi inside the studied pre-
mises. On the other hand, the mean bacterial concen-
trations in the morning were lower than the evening
ones, both for the total and respirable fraction. These
results are opposite to those of Chen et al. (2010), who
recorded that in the outdoor samples, the bacterial
concentration was lower during the afternoon sam-
pling than during the morning one and the fungal
concentrations were characterized by the opposite
trend—they were higher in the afternoon than in the
morning.

Water availability and temperature have been
determined as critical environmental factors affecting
microbial growth indoors (Burge and Otten 1999).
This has been confirmed by the results obtained in our
study, as Principal Component Analysis, Cluster
Analysis as well as Spearman’s correlation indicated
that the levels of total and respirable fraction of
bacterial and fungal aerosols appear to be influenced
by RH and temperature in most groups of the
examined sites. Also according to Sroka et al.
(2008), the growth of mold fungi, including mycotox-
igenic ones, is inseparably associated with the pres-
ence of three factors: fungal inoculum, organic or
mineral substrate providing necessary nutrients and
humidity. Therefore, the potential exposure to aerosol-
forming fungi and their toxic metabolites occurs in the
environments where these factors are present. Molds
occurring in the working environment are particularly
dangerous to humans. They cause allergic reactions,
and their secondary metabolites—mycotoxins—can
be the cause of severe intoxications. These compounds
cause acute, sub-acute or chronic toxicity effects, they
also show carcinogenic, teratogenic, genotoxic,
immunotoxic, and neurotoxic effects (Gajewska and
Glowacka 2017).

According to Tang (2009), the response of bacteria
to different values of relative humidity can vary
greatly, depending on the bacterial species, or even on
the experimental conditions. This might explain our
observations that the association of bacterial counts
with RH of air was not as evident and frequent as with
the temperature of air. This can be seen while
analyzing the results of PCA, CA and Spearman’s
correlation. Contrary to this, fungal aerosols seem to
be more closely associated with the air humidity, with
higher concentrations of spores observed at higher RH
levels, as shown clearly in Fig. 5. Also other Authors
(Erkara et al. 2008; Tang 2009; Spilak et al. 2015)

observed that while comparing bacteria and fungi, the
latter group appears to be more dependent on the
humidity of air. Spilak et al. (2015) explains that this
might be caused by the fact that high RH of air allows
fungal growth in the environment. Fujiyoshi et al.
(2017) in their review of articles concerning the
transmission of bacterial aerosols in different envi-
ronments summarizes that a general relationship
between some of the environmental factors, particu-
larly RH, has not been confirmed.

Studies show that temperatures exceeding 24 °C
appear to universally decrease the survival of aerosol-
forming bacteria (Tang 2009); however, the temper-
atures observed in our study almost never exceeded
this threshold. What also needs to be taken into
consideration is that temperature might not be signif-
icantly associated with total microbial concentrations
due to fact that outdoor temperature does not affect
indoor temperature, especially in the sites where the
cooling and heating systems are used throughout the
year, and the temperature is rather constant.

The relationship between the concentrations of
microbial aerosol and particulate matter concentration
was vague in our study. The Spearman’s correlation
showed that in the case of churches, there might be a
negative relationship between those two groups of
parameters. The PCA graphs show opposite signs of
correlations between the analyzed principal compo-
nents and dusts with bacterial and fungal aerosols. In
Cluster Analysis, total dust fractions and respirable
fractions of PM formed a cluster which was separate
from microbial levels. Also Spilak et al. (2015) did not
find any correlation between the concentration of fine
dust particles and fungal or bacterial levels. On the
other hand, according to Zhai et al. (2018), particulate
matter acts as a primary carrier for airborne microor-
ganisms; therefore, the presence of microbes in the air
should mostly depend on the concentration of PM.
Also particulate matter can offer airborne microor-
ganisms nutrients to prevent starving conditions and
maintain their metabolism. The discrepancy between
the particulate matter concentration and the levels of
microbial aerosols in our study could result from the
fact that PM and aerosol-forming microorganisms
might have different origins. This could also be the
reason for our observation that the changes in the
morning/evening levels of particulate matter differed
from the morning/evening levels of bacterial and
fungal aerosols. Similar observations as in our study
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were made by Lazaridis et al. (2015) in their study on
particulate matter and microbial load in cultural
heritage collections. They observed that particulate
matter did not show any significant correlation with
the levels of cultivable microbial aerosols, and showed
a different seasonal variability than microorganisms.
Lazaridis et al. (2015) suggested that those two
parameters might have different origins, i.e., the PM
concentrations are significantly correlated with the
number of visitors and indoor activities, while the
elevated concentrations of bacterial and fungal aero-
sols may result from damages to the exhibited
materials, damp microclimate indoors, and poor
cleaning conditions. However, even though a number
of statistical analyzes were conducted in our study, it is
difficult to clearly define all factors determining the
concentration of bacterial and fungal aerosols in
historical objects.

5 Conclusions

In this study, we attempted to determine the morning/
evening changes in the bacterial and fungal aerosol
coupled with particulate matter concentrations, and we
applied Principal Component Analysis and Cluster
Analysis to determine the most important factors
affecting the quality of air in various groups of
historical and cultural objects.

Our investigation showed that among the tested air
quality parameters particulate matter showed the most
evident differences in the morning/evening concen-
trations with the morning values significantly lower
that the evening ones. In the case of bacterial aerosols,
this regularity was less evident, while airborne fungi
showed the opposite pattern, i.e., in most cases, their
morning concentrations were higher than the evening
ones. Those discrepancies may result from different
sources of microbial aerosol and particulate matter
inside the examined premises.

In all sites, the PCA allowed to designate two main
factors that explain most of the observed variance
(from 73.3 to 82.8%). The PCA results showed that the
particulate matter levels either do not affect the levels
of bacterial and fungal aerosol or correlate negatively
with the concentrations of bacterial and fungal aerosol
(negative relation observed for churches and crypts).

Similarly as PCA, Cluster Analysis indicated that
the concentrations of microbial aerosols are much

@ Springer

more significantly associated with the temperature
than with the relative humidity, while particulate
matter forms an independent cluster. It seems that the
humidity of air is a more significant parameter in
shaping the fungal aerosol levels than temperature,
which was also observed in the correlation analysis.

The statistical methods used in our study allowed a
thorough insight into the processes and mechanisms
affecting microbial aerosol and particulate matter
levels in historical objects.
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