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Abstract

Although ceramic objects a ~ an important part of the worldwide cultural heritage, few investigations
on the effects of lithobiontic growth on their outdoor conservation are available in the literature. Many
aspects of the interaction between lithobionts and stones are still unknown or strongly debated, as in the
case of equilibria between biodeterioration and bioprotection. This paper describes research on the
colonization by lithobionts on outdoor ceramic Roman dolia and contemporary sculptures of the
International Museum of Ceramics, Faenza (Italy). Accordingly, the study i) characterized the
mineralogical composition and petrographic structure of the artworks, ii) performed porosimetric

measurements, iii) identified lichen and microbial diversity, iv) elucidated the interaction of the



lithobionts with the substrates. Moreover, v) the measurements of variability in stone surface hardness
and in water absorption of colonized and uncolonized areas were collected to assess damaging and/or
protective effects by the lithobionts. The investigation showed how the biological colonization depends
on physical properties of the substrates as well on climatic conditions of environments in which the
ceramic artworks are located. The results indicated that lichens Protoparmeliopsis muralis and
Lecanora campestris may have a bioprotective effect on ceramics with high total porosity and pores
with very small diameters, as they poorly penetrate the substrate, do nu: negatively affect surface
hardness and are able to reduce the amount of absorbed water limitit,> t.1e water ingress. By contrast,
Verrucaria nigrescens, here widely found in association with . ~ck-dwelling fungi, deeply penetrate
terracotta causing substrate disaggregation, with negative co."~ecquences on surface hardness and water
absorption. Accordingly, a careful evaluation of the r>4at ve and positive effects of lichens must be
carried out before deciding their removal. Rer ardiag biofilms, their barrier efficacy is related to their
thickness and composition. Even if thin, the ' can impact negatively on substrates enhancing the water

absorption in comparison to uncolonized gars.

Keywords
Outdoor ceramic artworks; . “criaeometry; porosity; lithobionts; biodeterioration; bioprotection; black

meristematic fungi; bioreceptivity; metabarcoding.

1. Introduction

The occurrence of rock-dwelling organisms - called lithobionts - on outdoor stone artworks is well-
known and has been described in many papers so far (Favero-Longo and Viles 2021; Pinna, 2021).
Although bare and exposed rock surfaces are considered an extreme habitat characterized by intense

fluctuations in light, temperature, and hydration, lithobionts, such as lichens and biofilm-forming



microorganisms, have developed a variety of strategies to endure such conditions (Gorbushina and
Broughton, 2009; Spribille et al., 2022). Lichens have been recently redefined as self-sustaining
ecosystems formed by the interaction of an exhabitant fungus (mycobiont), an extracellular
arrangement of one or more photosynthetic partners (green algal and/or cyanobacterial photobiont(s))
and an indeterminate number of other microscopic organisms (the lichen microbiome, mostly including
bacteria and additional fungi) (Hawksworth and Grube, 2020). Multiple genotypes of all these different
partners can occur in a single symbiotic thallus, but it generally appea: . as a visually distinct, structured
individual, which is the symbiotic phenotype of the primary funo=' uortiier, of which it bears the name
(Honegger, 2012; Allen and Lendemer, 2022). Biofilms are ay Xregations of microorganisms (bacteria,
algae, fungi, protozoa) and their extracellular products (extre ~cllular polymeric substances - EPS, also
called extracellular matrix - ECM), which keep the ~e''s paysically and functionally together and
attached to a surface, giving rise to a supracel’ular organization (Flemming et al., 2007, 2016).
Although there are similarities between licr.ons and biofilms, including the binding of their structures
by EPS (Carr et al., 2021), the prominence o’ the primary fungal partners in the structural and
functional control of the symbiotic “onsurtia of lichens, reflected in their systematic placement in
Kingdom Fungi, make them hini i al entities different from microbial biofilms.

Lithobionts interact either w.*th each other forming complex communities or with the rock substrate.
The rock surface habitat includes various differentiated microhabitats. Epilithic organisms thrive
predominantly on the surface and a minor component of the biomass or of the thallus develops inside
the rock, while endolithic organisms live just beneath the surface using a thin layer of the rock surface
for protection against the environmental adverse conditions (e.g., light protection and storage of water)
(Omelon, 2016).

Subjects related with colonization by microorganisms and lichens on stone artworks are biodiversity,

deteriorative or negligible effects, protection, esthetical disfigurements, chromatic alterations, control



and preventive actions. Understanding of the effects of lichen and microbial development on stones is
essential to plan appropriate conservation procedures (Favero-Longo and Viles, 2021; Pinna, 2021).
Like natural rock outcrops, stone artworks differ in surface texture, hardness, porosity, pH and
chemical composition, i.e. characteristics that make them favorable or unfavorable to microbial
colonization. The susceptibility of stone materials to hold organisms is called bioreceptivity, a term
coined by Olivier Guillitte (Guillitte, 1995), which, in other words, indicates the aptitude of a stone to
be vulnerable to organisms’ colonization. According to Guillitte’s furt..>r definition of this concept, the
primary bioreceptivity is the potential of a healthy material to be ~nI . ed; the secondary
bioreceptivity is the condition of a material deteriorated by ab. ~tic and biotic factors; finally, the
tertiary bioreceptivity is the condition of a material affecten = numan activities (e.g., application of
water repellents and consolidants, biocides, etc.). San .art.n et al. (2021) have recently proposed to
split Guillitte's tertiary bioreceptivity into twe wi'n tertiary bioreceptivity used for human actions that
cause physical changes to the materials (for ‘nstance the use of mechanical and laser methods), and
quaternary bioreceptivity when new mater al;, as coatings or chemicals that can leave residues, are
added to stones.

At present, many relevant studies h=.ve documented and discussed the interaction between biological
growths and cultural heritay~ and the importance of mechanical/physical and chemical biodeterioration
processes and their negative effects on the durability on historical objects of art has reached growing
attention of professionals in charge of the conservation management (among others Seaward, 1997; de
los Rios et al., 2009; Sterflinger, 2010; Favero-Longo et al., 2011; Miller et al., 2012; Onofri et al.,
2014; Salvadori and Casanova, 2016; Morando et al., 2017; Urzi et al., 2018). However, despite
considerable research efforts, there are still general issues that need to be addressed. Many aspects of
the interaction between microbial communities, lichens and stone materials are still unknown. Not

surprisingly, in recent times many papers have reported that the homogeneous and widespread



colonization of outdoor stones, rather than exerting biodeterioration, may act as a protective layer
shielding the materials from other factors that cause decay, such as wind and rainwater (Pinna, 2014;
Liu et al., 2020). In particular, bioprotection may derive from a passive action of the lithobionts, with
their biomass providing an umbrella-like effect, or from an active consolidation of the mineral surfaces
by dissolution-reprecipitation, and biomineralization processes (Naylor et al., 2002; Carter and Viles,
2005; Liu et al., 2022). Remarkably, biodeterioration and bioprotection processes do not necessarily
result mutually exclusive and may be contemporarily activated by a sge ~ific lithobiont on a lithic
substrate. The final effect of stone surface durability derives from the hufance between the two
contrasting processes under a specific (micro-)climate conditicn (bBungartz et al., 2004; Carter and
Viles, 2005; Mcllroy de la Rosa et al., 2013). However, info.vation on such equilibria and their
consequent effects on stone conservation is still limit < to few case studies, representative of a limited
number of lithobionts, lithologies and enviror ner.al conditions, so that further investigations are still
needed.

Studies on lichen and biofilm interactinns wih stone materials have been performed mainly on
granites, sandstones, marbles, and c*her calcareous lithologies. Lesser investigations are available on
ceramic objects although thev 2re 2r, important part of the worldwide cultural heritage (Pena-Poza et
al., 2018; Quagliarini et al., 2019; Guiamet et al., 2019; review in Fomina and Skorochod, 2020).
Bioreceptivity of ceramics mainly relates to physical characteristics such as porosity and surface
roughness (Gazulla et al., 2011; Coutinho et al., 2015). In vitro tests performed inoculating microbial
communities, isolated from outdoor artworks, on ceramic roofing tiles demonstrated that these
substrates are highly bioreceptive to microbial colonization (Laiz et al., 2006). The smooth and
impermeable surface of glazes is more resistant to microbial colonization. The results available for

lichens, mostly dealing with bricks and ceramic roofing tiles, generally displayed biogeochemical



interaction patterns yielding biodeterioration effects (Radeka et al., 2007), and the physical detachment
of mineral layers has been also documented (Seaward et al., 2004; Guiamet et al., 2019).

This study focused on outdoor ceramic Roman dolia and contemporary sculptures of the International
Museum of Ceramics (MIC), Faenza (Italy), and included aspects of their production and state of
conservation connected to the biological colonization by lichens, a black fungal biofilm overgrowing
lichens and other biofilms. It aimed at verifying the hypothesis that the interactions of lithobionts with
the ceramics may positively affect physical properties related to surface durability, namely water
absorption and surface hardness. Thus, microscopic samples of th~ c. 2. nic substrates were taken to
perform archaeometric investigations, including the character..ation of the mineralogical composition
and petrographic structure, and to carry out porosimetry mec2tirements. Lichen and microbial diversity
on the ceramic surfaces were characterized by direct . ~.d raicroscopic observations, and by
metabarcoding analyses. The interaction of tb - lit.obionts with the substrates was elucidated by
microscopic methods. The variability in sto. e surface hardness and the water absorption of colonized
and uncolonized areas were quantified hy ‘clarometric measures and the sponge method, respectively,
to better illustrate and highlight any nrowctive effects generated by the biological colonization.
Analyses performed on each of ui.» ceven artworks are summarized in Table S1. The information

collected has provided indic>tiuns for the definition of the restoration project.

2. Materials and methods

2.1 The artworks selected for the study and the climatic survey

The MIC is located in Faenza (latitude 44°28°33° N, longitude 11°88°33°” E, 36 m at sea level), a
town of the SE part of the Po Plain, which is characterized by the sub-Mediterranean variant of the
temperate macro-bioclimate (Pesaresi et al., 2017). Air temperatures range from av. 6°C in winter to

av. 24°C in summer, and RH values from av. 75% in winter to av. 56% in summer (dataset 2011-2021,
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obtained by the Osservatorio Meteorologico Torricelli - a civic institution specialized in meteorology,
based in Faenza and not far from the MIC). Table S2 shows the yearly average values of temperature
(min and max) and annual precipitation in the period 2011-2021.

Five Roman terracotta dolia are in the internal garden of the MIC (Fig. 1a). Four are in contact with the
ground and grass while one is placed on a brick base. The bigger one (inventory n. 10366,1 h 165 x @
120 cm) comes from Giarre (Sicily) where it was purchased in 1940 for the MIC by Domenico
Rambelli, a distinguished artist and teacher at the Royal School of Ceramics of Faenza. The dolium was
housed indoors until 1950. The other four dolia (inventory n. 19074-20577, respectively h 77 x @ 84
cm, h 83 x @84 cm, h57 x@61cm, h44,5x @ 46,5 cm) are .malier than the great one. They come
from San Paolo in Civitate (the ancient Teanum Apulum) in ™ :ylia, where they were found in the 1960s
and donated to the MIC by Germano Belletti in 1978. "neur location in the museum's garden dates to
the second half of the eighties. The top openirgs c all dolia are covered with an iron cap.

Other ceramic objects have been included n. this study, that are two contemporary sculptures located

on a tiled terrace of the MIC, namely “V/ol wr.es” by Vladimir Tsivin (made in 1982, inventory n. 20807
h 68 x 120 x 50 cm) (Fig. 1b) and “?ig 1.1achine that grinds” by Romano Mazzini (made in 1992,
inventory n. F283 h 98 x 110 v 12?2 cm) (Fig. 1c). Tsivin's work is a refractory ceramic, while
Mazzini's sculpture is a sen.:-rerractory slipped earthenware. Both works have been exhibited outdoors
since 2010.

Temperature (T) and relative humidity (RH) were monitored in the garden (July 27-November
13/2021, and February-June/2022) and in the terrace (July 27/2021-January 26/2022, and February-
June 2022) using Tinytag TGU-4500 sensors (Gemini Data Loggers).

The state of conservation of the dolia is affected by a widespread biological colonization, as well as by
abiotic deterioration of the terracotta, combined with efflorescence, in some areas. A preliminary

diagnostic investigation had been conducted for the characterization of the degradation patterns
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(Mazzotti et al., 2021). The state of conservation of the two sculptures instead had not been
investigated so far.

2.2 Mineralogical and petrographic investigations

All the dolia and the sculptures were investigated. Some small samples of the ceramic materials were
collected from the inner surface of the dolia, when possible, and from preexisting lacunae of both dolia
and sculptures, by using a scalpel. Multiple methodologies such as optical microscopy on thin sections
(OM), X-ray powder diffraction (XRPD) and energy-dispersion X-Ri, fluorescence (XRF-EDS) were
conducted.

The microstructure, the minero-petrographic composition, ai..! the deterioration forms (when present)
were observed on thin sections by optical microscopy :‘nder transmitted polarized light (PLM,
Olympus BX51).

XRF-EDS was used to determine the chemic” « co nposition of ceramic bodies. The X-ray spectrometer
S2 PUMA (Brucker) was employed setting the following working conditions: palladium tube power
4kW, power generator 50KV. The an=ly<'s was performed on a glass disk (diameter 40mm; analysis
area 37mm) obtained by melting 1y of sumple powder mixed with 9g of melting mixture (lithium meta-
and tetraborate) and 3 drops oy lithium iodide. A Claisse Fluxer 10 was used to reach a melting
temperature of 1150°C. 1.2 analysis was performed by using a calibrated program specific for
ceramics. The chemical composition is reported as weight percent oxides.

Qualitative mineralogical analyses of powdered samples (XRPD-X-ray Powder Diffraction) were
obtained with a Bruker D8 Advance X-ray diffractometer equipped with the LynxEye detector; the
XRPD data were collected in the range 4-64 26 with a step-size of 0.020° and a scan velocity 1°/min in
low background conditions. The interpretation of the diffraction patterns was made by using as
reference the ICDD (International Centre for Diffraction Data) database (XRD 2022 PDF® Database

Products).



2.3 Pyrolysis gas chromatography-mass spectrometry (Py-GC-MS)

The Py-GC-MS analysis was performed on a sample (around 5 mm?®) from the sculpture “Volumes” to
better characterize its composition. We selected only this sculpture because it had a colonization very
different from the dolia and the other sculpture. We wanted to go into the details of its composition to
understand if it was a cause, among others, of the diverse colonization. The instrumentation consisted
of a micro-furnace Multi-Shot Pyrolizer EGA/Py-3030D (Fronuxr Lab) coupled with a gas
chromatograph 6890 Agilent Technologies (Palo Alto, USA) eorin.~7 with split/spitless injector. The
GC was coupled with a 5973 Agilent Mass Selective Detec*or (Palo Alto, USA) single quadrupole
mass. The pyrolysis temperature was 550°C with the Py ©.C interface at 180°C. The sample was
inserted in the stainless-steel cup and then into tl.= micro-furnace. Pyrolysis was performed both
without and with 5 pl of 1,1,1,3,3,3-hexan -thv (disilazane (HMDS, chemical purity 99.9%, Sigma
Aldrich Inc., USA), as silylation agent fo. the in situ thermally assisted derivatization of pyrolysis
products, to replace hydroxylic and carho; vl.c hydrogens with trimethyl silyl groups. Chromatographic
separation was performed on a fusd siica capillary column HP-5MS (stationary phase 5% diphenyl-
95% dimethylpolysiloxane, 20\~ 'ength x0.25 mm inner diameter, Hewlett Packard, USA) with a
deactivated silica pre-colun.n (2 m x 0.32 mm i.d., Agilent J&W, USA). Chromatographic conditions
were as follows: initial temperature 36°C, 2 min isothermal, 10°C/min up to 300°C, and 30 min
isothermal. The carrier gas was helium (99.9995% pure), the flow was 1.0 mL/min and the split ratio:

1:10. The analytical procedure is reported in Bonaduce and Andreotti (2009).

2.4 Porosimetry measurements
Porosimetry measurements were carried out to characterize the total open porosity and the pore size

distribution of the ceramic body of the dolia and the sculptures. A very small fragment from each
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artwork (around 1 cm®) was analyzed by using PASCAL 240/140 Mercury porosimeter (Pascal 240
measures pore size diameter in the range 10000 and 8-10nm, and Pascal 140 measures pore size
diameter in the range 100-3.5um). Since mercury is a non-wetting liquid, it does not spontaneously
penetrate pores by capillary action, but must be forced by external pressure. The required pressure is
inversely proportional to the size of the pores. Mercury fills the larger pores first and, as pressure
increases, the smaller ones. The volume and size distributions are determined according to the
Washburn equation. This investigation provided the pores size distribu:on, the percentages amounts of
small and big pores and the value of total open porosity. The ok<e,*=dons of thin sections under the

optical microscope added information about objects’ porosity.

2.5 Survey and sampling of biofilms and lichens ar < ir vestigations by optical microscopy

The biological colonization was firstly assess” d th-ough naked eye observation and then was observed
under a hand lens (9x magnification). On e«"h dolium, a survey of the percentage coverage of different
lithobiontic components (lichens, biofi'ms rosses), and of specific lichen diversity, was conducted. In
particular, per each dolium, couple ~f piuts (h % I: 10 x 5 cm) were established on surfaces displaying
different inclinations (betweer 3c° ~nd 155°) on the left and the right of the North- and South-facing
axes at 3-7 different distancos vetween the opening and the ground depending on the dolium size
(number of plots: n = 10 on inv. 19074 and 19075, n =8 on inv. 19076; n = 6 on inv. 19077; n= 14 on
inv. 10366,1). Six plots were also distributed on horizontal, sloped and vertical surfaces of Mazzini’s
statue.

Microsamples of lichens and biofilms were collected from the dolia and the sculptures and observed
with a Zeiss Stemi 2000-C stereomicroscope and a Nikon Eclipse 50i microscope. Lichens were
identified with standard methodologies (microscopy study of morphological and anatomical characters,

color spot tests), using Clauzade and Roux (1985) and the online keys published in Italic, the
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Information System of the Italian Lichens (see Nimis & Martellos, 2020), accessed in the period May-
July 2021 and January 2023. Nomenclature follows Nimis (2016); ecological indicator values for each
species (pH, pH of the substratum; Sl, solar irradiation; AR, aridity; EU, eutrophication; PO,
poleotolerance) are reported following Nimis (2022).

A preliminary characterization of the biofilm-forming microorganisms was performed observing their
morphological and anatomical features with the optical microscope Zeiss Axioplan 2, thereafter
supported with metabarcoding analyses (see below).

Fragments of substrates colonized by biofilms and lichens were t2"e,. *»th the aid of a lancet and used
to 1) perform the metabarcoding analyses and ii) investigate th.. lithobionts-rock interaction. Both the
number and the dimension of the samples were limited for ¢ wservative reasons. It was not possible to
take samples of all lichens because the configuration * th 2 objects did not allow it. Fragments of the
samples were embedded in epoxy resin, dry-¢ our d and polished. The cross sections were examined at
the microscope Zeiss Axioscop, which featwes a halogen bulb and a mercury lamp for visible and
ultraviolet illuminations, respectively, 2nd is equipped with a video camera. Some cross sections were
stained with Periodic Acid Schiff (7 AS, Sigma Aldrich, St. Louis, MO, USA), according to Whitlach
and Johnson (1974). PAS allows 1 visualize the biological component within the lithic substrate since
it stains carbohydrates. It is .'seu to detect cells as well as extracellular polymeric substances (EPS)
on/inside rocks. Six lichens and microorganisms’ cross sections were stained, namely, Lecidea
fuscoatra (n=1), Protoparmeliopsis muralis (1), Lecanora campestris (1), Verrucaria nigrescens (1)
and a black-gray layer of fungal biofilm overgrowing V. nigrescens (2). They were selected for their

wide distribution on the surfaces.

2.6 Metabarcoding analysis
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Metabarcoding analyses were performed on black-gray layers of fungal biofilm overgrowing lichens
scraped from two dolia (surfaces of inv. 10366,1 and 19074, selected as representative of this
prominent microbial phenomenology) and Mazzini’s sculpture, and on a biofilm from Tsivin’s
sculpture. The total DNA was extracted from 30 mg of scraped material by means of the DNeasy Plant
Pro Kit (Qiagen, Milano, Italy) following the manufacturer’s instructions. The obtained DNA was
quantified by means of the NanoDrop 1000 Spectrophotometer (Thermo Fisher Scientific, Milano,
Italy). In order to evaluate the microbial communities, targeted metabi ~oding profiling of the samples
was carried out by sequencing the rDNA ITS2 region of fungi an” \/C /4 region of rDNA 16S of
prokaryotes. More in detail, 20 ng per sample of DNA were ai.»nlitied using the primer sets fITS9-1TS4
(White et al., 1990; lhrmark et al., 2012) and pro341f (Taka.~sni et al., 2014)-806rB (Apprill et al.
2015) for fungi and prokaryotes, respectively. The tw > pr'mer sets were added with the following
Illumina overhang adapter sequences: forwarr ov¢ rhang, 5’-
TCGTCGGCAGCGTCAGATGTGTATA~LSAGACAG-[locus specific target primer], reverse
overhang, 5’-GTCTCGTGGGCTCGGAC ATGTGTATAAGAGACAG-[locus specific target primer].
The PCR conditions for fungi were: an iiitial step at 95°C for 15 min, 27 cycles at 95°C for 30 s, 57°C
for 30 s, 72°C for 30 s, and a fina! extension step of 72°C for 7 min. The conditions for prokaryotes
were: an initial step at 94°C for 3 min, 30 cycles at 94°C for 45 s, 57°C for 45 s, 72°C for 60 s and a
final extension step of 72°C for 10 min. For all specimens, DNA extracted was amplified in triplicate
and pooled prior to the purification by means of the Wizard® SV Gel and PCR Clean-Up System
(Promega). Purified products were quantified with Qubit dSDNA BR Assay kit and Qubit Fluorometer
2.0 (Thermo Fisher Scientific, Milano, Italy) following the manufacturer's protocol and sent for

Illumina MiSeq sequencing (2 x 250bp) to IGA technologies (Udine, Italy).

2.7 Bioinformatic and data analysis
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For each sample, DNA raw reads included forward and reverse sequences in separate files. Sequencing
adapters and primers were then removed, and the sequences were analyzed using the bioinformatics
platform QIIME2 (Quantitative Insights Into Microbial Ecology 2, version 2019.7; Bolyen et al. 2019).
The DADAZ plugin (Callahan et al. 2016) was used for quality control, the denoising and the removal
of chimeric sequences. The taxonomic assignment was achieved using as reference database the
UNITE QIIME release for fungi version 10.05.2021, and Greengenes 13_8 99% OTUs full-length
sequences (Robeson 11 et al. 2020, Bokulich et al. 2018) for prokaryot:. The datasets generated for this
study can be found in the NCBI Sequence Read Archive (SRA-NTK: kitps://www.ncbi.

nlm.nih.gov/sra) under project accession numbers (PRINA85C120; PRINA850127).

2.8 Sclerometric measurements

Variability in stone surface hardness was mee .ure 4 using an Equotip Piccolo 2, DL-type (Proceq,
Switzerland), a rock surface hardness rebou.>d device ideal for use on soft and weathered surfaces
(Morando et al 2017). In brief, the DL nro e, that is a 2.78 mm diameter spherical tungsten carbide test
tip, impacts at 11.1 N mm against i e test surface. The ratio between the velocity after and before
impact (V2/V1 x 1000) is me=<u, ~* and expressed by the Leeb Hardness (HL) unit.

The measures were perforn.>q in areas of two dolia (inv. 19074 and 19075) colonized by the lichens
Protoparmeliopsis muralis and Verrucaria nigrescens, and in uncolonized parts, which were all
localized above the major curvature, near the edges of the openings. The two lichen species were
selected for their high frequency and cover, and the dolia were selected because the two species were
widespread on their surfaces. The thalli were gently removed with a scalpel and 9 micro-areas
corresponding to the substrate beneath the lichens and to the uncolonized terracotta were selected.
Following the Simple Impact Method (SIM; Wilhelm et al., 2016), fifteen measures were carried out on

each of the 27 micro-areas to evaluate the rock hardness of the surface and subsurface of the colonized
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and uncolonized substrate. Data were visualized as boxplots obtained using Origin (Pro), Version 2021
(OriginLab Corporation, Northampton, MA, USA); significant differences between colonized and
uncolonized parts were evaluated by ANOVA with post-hoc Tukey’s test using Systat 10.2 (SYSTAT,

Evanston, IL, USA).

2.9 Water absorption by contact sponge method

The measurements of water absorption on different lithobiontic compu.:ents (lichens and biofilms) and
on uncolonized areas were performed on three dolia, selected as r~nic=zntative of the main colonization
patterns observed on the five dolia, in different meteorologica. seasons. In particular, the measurements
on lichens were carried out on areas mostly colonized by L. «~inpestris and P. muralis (inv. 19074 and
19075) and L. gr. fuscoatra (inv. 10366,1), while thns> or biofilms dealt with the black-gray layer of
fungal biofilm overgrowing V. nigrescens (in* . 1°J74 and 19075) and a green and black biofilm (inv.
10366,1). The water absorption analysis wa. not applied on the two sculptures because the colonization
pattern and the ceramics were different

Surfaces colonized by lichens and *ofinns were compared to uncolonized surfaces to assess their
differences in water absorption a1 :valuate a potential barrier-effect of the biological component.

A set of measurements w.s repeated on parcels of dolia inv. 19074 and 19075 from which the
lithobiontic components had been recently mechanically removed with a lancet. Such measurements
did not provide information about the effect of lithobionts when they are anchored to the terracotta
surface, but about the substrate conditions once they naturally decay or are removed by restorers.

The measurements were performed on the dolia in December 2020, May and October 2021, and, after
the removal of lithobionts, in December 2022 using the contact sponge method that has been
standardized by the European Committee for Standardization (EN 17655, 2021). It consists of a 1034

Rodac plate (5.6 cm in diameter) containing a natural fiber Calypso sponge by Spontex that was
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imbibed with approximately 5 ml of distilled water. This makes the sponge thicker than the rim of the
plate. The plate was pressed on the stone surfaces for 30 s. Nine spot measurements for each dolium
were carried out in situ on selected zones (three spots with lichens, three spots with biofilms, and three
uncolonized spots). Water absorption was determined by calculating the difference, in mg/cm?,

between the plate weights measured before and after contact with the surfaces. Specific morphologies
of the biological colonization and the uncolonized zones were taken as reference points of sponge
reposition.

Formula (1) calculates water absorption per square centimeter ane .t uf time.

W, (mg/cm? min) = m-mg/At

where

m; initial weight of the sponge inside the plate (mg)

m¢ weight of the sponge inside the plate after “.onf.ct (mg)

A sponge area (0.2376 cm?)

t time (0.5 min)

Generalized Linear Model (GLM, was applied to evaluate the influence of the different substrates
(each dolium), lithobiontic ~mcnization (lichen, biofilm, uncolonized), and measurement period
(winter, spring, autumn) o.. tne water absorption before the removal of lithobionts. In particular, a
factorial ANOVA was carried out by SYSTAT 10.2 (Systat Software Inc., San Jose, CA) to detect
significant differences in water absorption according to the different predictors (dolium, litobiontic

community, season).

3. Results

3.1 Microclimatic monitoring of dolia and sculptures’ locations
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Even though the data of T and RH of the garden and the terrace referred to a short period (July 2021 -
June 2022), nonetheless they provided relevant indications about the climatic conditions of the two
places. Although the two locations of the dolia and the sculptures are housed in the same building, the
environments are quite different. The garden is a meadow at ground level with some trees and
surrounded by the museum buildings. The terrace, on the second floor, is totally exposed to sunlight, is
made of a light stone and is close to the adjacent roof made of metal. These materials contribute to
creating a peculiar microclimate in summer with high temperature anc :~w RH.

In July and August 2021, the average values of T and RH were 2f 1 T und 57.8 % in the garden, and
28.2°C and 50.7 % RH in the terrace. These values appear rati.>r similar but, observing the single series
of data, it appears that in many days the temperature in the 1."rdace reached values around 52°C (Fig.
S1), while the maximum temperatures in the garden v «.re 10t higher than 40°C. These latter values are
similar to the maximum temperatures of the ¢’¢y . Faenza registered by the Osservatorio
Meteorologico Torricelli (Table S2). The a«*a of February-June 2022 confirmed the trend (Fig. S1). In
March, the terrace’s temperature reachad {2°C on some days, and in April, May and June there were
values around 30-35°C, 40°C and - 3-50"C, respectively. The RH had many oscillations and variations
(around 20-85% in March, Arrit o7 May, around 20-54% in June). In the garden, T and RH were
instead close to the values 1. stered by the Osservatorio Meteorologico Torricelli. Therefore, the
temperature and RH values lead to define the terrace microclimate as fairly extreme in summer. The
climatic variation between the two places changed in the second half of September 2021 even though
the differences remained, with higher T and lower RH in the terrace than in the garden (October
average values 15.0°C and 77.6 % RH in the terrace, 13.6°C and 82.8 % RH in the garden). In winter
(2021/22) the av. value of temperature was 4.6°C, similar to that of the dataset 2011-2021, while the

RH av. value 91.7% was quite far from RH 75% of the dataset.
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3.2 Archaeometric characterization of dolia and sculptures

The big dolium 10366,1, showed a very coarse body characterized by inclusions (maximum size about
2 mm, around 10% in volume) of volcanic origin (pumice, basalt fragments with needle-like
microcrystals of plagioclase, phenocrystals of plagioclase and pyroxenes, olivine, and rare hornblende),
and by iron nodules (Fig. S2). The natural aplastic inclusions (<100um) had the same origin as the
coarse grains.

The microstructure of the small dolia was different from that of the inv. 10366,1 as the matrix was very
fine and homogeneous (Fig. S3). The abundance of natural aplasti~ 1..~'usions was around 15% in
volume. The minero-petrographic composition mainly consisw. 1 ot a clayey raw material with silicate
detrital grains such as quartz, feldspars, and micas. Iron noa.'ss were also present.

Regarding the chemical compositions (Table 1), the s>*ap e from the inv. 10366,1 showed the lowest
calcium content (~4% CaQ) and the highest ir in content (~11% Fe,03), the latter connected to the iron
nodules and the volcanic grains identified n. thin section. The four small dolia contained medium
calcium content (CaO>5%). The samp'e fiari the inv. 19074 had a quantity of SO3 greater than 2%,
due to degradation phenomena.

The mineralogical compositior ' ti‘e similar in the five dolia, was characterized by quartz, anorthite,
pyroxene, gehlenite, illite/n.’~a and traces of hematite. Calcite peaks were also detected in all samples
but inv. 19075. Gypsum and hexahedrite were detected in the dolia 19074 and 19075, respectively. The
presence of gypsum confirmed the deterioration by external pollution, as suggested by the chemical
composition.

The two sculptures displayed different microstructures. The sample from Tsivin’s sculpture showed a
ceramic matrix with well distributed aplastic inclusions (less than 100um in size and around 10% in
volume) made of silicate grains such as quartz and feldspars. The coarse inclusions (dimensions greater

than 500mp and approx. 3% in volume) consisted of quartz grains, residues of chamotte and crystals of
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moissanite (SiC - silicon carbide) (Fig. S4). Interestingly, the Py-GC-MS analysis, carried out without
the silylating agent, identified the characteristic pyrolytic profile of casein (pyrrole, toluene,
methylphenol, benzeneacetonitrile, benzenepropanonitrile and dichetopiperazine - DKPs) (Orsini et al.,
2017). The analysis also identified a quite high amount of levoglucosan, derived from the pyrolysis of a
polysaccharide, and aliphatic hydrocarbons attributable to a paraffin. The same analysis carried out
with the silylating agent (Fabbri and Chiavari, 2001) confirmed the presence of the polysaccharide and
identified a lipid characterized by a fatty acid profile with a relatively ...ah abundance of lactic and
myristic acids (data not shown). The co-presence of this lipid with n."v,accharide and casein suggests
the use of milk or powdered milk added to the ceramic by the . rtist.

The sample from Mazzini’s sculpture showed a brownish ce, ~vnic matrix (Fig. S5) composed of quartz
and feldspars (grains in the range 100-250mp and 10-15% in volume). The coarse inclusions (up to 1
mm) were grogs of highly fired ceramics and net.morphic rock fragments (probably micaschists) with
evident alteration patterns. A very thin dark 'ayer was present on the external surface (Fig. S5).

The mineralogical composition of both sct Irures was indicative of a typical stoneware ceramic paste
probably obtained by using kaolin ¢z main clayey raw material. Tsivin’s artwork contained mullite,
corundum, cristobalite, quartz an.' roissanite, while Mazzini’s sculpture only cristobalite and mullite.
Moissanite is an artificial p ~auct that was intentionally added by the artist and probably used as a

temper with aesthetic purpose, i.e., to give a high brilliance to the paste.

3.3 Porosimetry measurements of dolia and sculptures

The total open porosity measurements confirmed the differences between the big dolium (inv. 10366,1)
and the small four. The pore size distribution graph of inv.10366,1 shows a Gaussian’s curve in which
the mode, the most frequently occurring size-class, coincides with the pores with a diameter around

0.2um (Fig. 2a). However, the graph shows a bimodal pore size distribution with a less frequent mode
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of pores around 10um. The shape of the curve is likely the result of degradation that affected the
microstructure causing the decreasing of small pores and the consequent increase of percentage number
of big pores, or the partial or total closing of big pores leading to the main presence of small pores.
However, the second hypothesis is unlikely as the percentage of the cumulative pore volume is very
high in correspondence to the small pores. The total open porosity is 28.65%.

The pore size distribution curves of the four small dolia are quite similar (Fig 2b). They are Gaussian’s
curves with a small tail toward pores with smaller diameters that coulc e due to substrate alteration.
The mode and median are almost coincident and the most frequert!v >~curring size-class is in the range
0.4-0.7um. The total open porosity is around 36-41%, higher .>an e big dolium. This type of curve
suggests a good level of treatment of the clayey raw materia.> chat caused a high level of sorting and so
a substantial homogeneity of dimensions.

As regards the sculptures, the porosimetry curves .ndicate specific microstructures. The ceramic body
of Mazzini’s sculpture is characterized by a “i-modal pore distribution (Fig. S6). The first mode is in
the micropores area and coincides with the 0.03um diameter dimensional class, while the second mode,
the most frequently occurring, corrosponds to the Sum size-class. The spatial range of pore diameter is
comprised between 0.008 and 10 1. The total open porosity is 28%.

On the contrary, the pore ai*rivution curve of Tsivin’s artwork is a Gaussian’s curve with a right
asymmetric tail in the macropore area (Fig. S6). The class of pores with diameter 0.3um is the modal
class and the median is shifted towards the right side and coincides with the 0.7um size class. The total
open porosity is around 27%. The spatial range of pore diameter is comprised between 0.008-100mp.
Polarized light optical microscopy of thin sections of the two sculptures showed pores (>100my) with
different shapes. As for Mazzini’s sculpture, the porosity was low and mainly formed by voids that
surrounded the large inclusions and were caused by clay matrix shrinkage. Some ring-shaped voids

were due to the kneading process.
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3.4 The biological colonization of the dolia and the sculptures

The biological colonization of the dolia and the sculptures is morphologically characterized as layers of
variable thickness, extension, and color, mainly due to the development of epilithic crustose lichens
and biofilms.

The colonization was similarly distributed on the surfaces of the small four dolia. The areas above the
major curvature were quite entirely covered by lichens, particularly th: ~dges of the openings (apart
from the parts protected by metal covers) and the surfaces immedi=te s+ pelow (Fig. 3). Those below the
major curvature and next to the ground were predominantly cc'onized by green-algal biofilms or
uncolonized. Thus, the average biological cover percentages ~7 these dolia ranged from 66 to 86%.
Diversely, the big dolium was characterized by a diffcv2nt and unevenly distributed colonization in
comparison to the others (Table 2 and vide inf.a). with lichens and mosses mostly limited to the upper
north-facing area. The surface facing south- *est and the bottom part (around 60 cm from the ground)
were almost completely lacking colonizatir. The average lithobiontic cover percentage was about
20%.

Twenty-two lichen species wera \’<t2d (Table 2), which, with reference to ecological indicator values
(Nimis, 2022), mostly share *oierance of high (direct) solar irradiation (max Sl 4-5), xeric conditions
(max AR 4-5), rather eutrophicated situations (max EU 4-5), and are reported for highly disturbed
synanthropic areas (max PO 3). The presence of few hygrophytic species (max AR 2) was only
remarkable on the north-facing and bottom parts of some dolia.

On the small dolia, the quite continuous lichen mosaic above the major curvature (inclination between
30° and 65°) was dominated by the crustose species Lecanora campestris, Lecidea fuscoatra,
Protoparmeliopsis muralis and Verrucaria nigrescens (Table S3). The foliose lichens Phaeophyscia

orbicularis and Physcia adscendens also occurred in limited areas. Along the major curvature
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(inclination around 90°), the copious growth of Flavoplaca citrina was present. A black-gray layer
widely covered parts of the dolia, mainly on the major curvature and below it. At first observation, it
was seemingly formed by lichens and biofilms. The layer was very thin, just some hundred microns,
and its distribution on the surface was uneven. The observations with the hand lens and the microscopic
analysis of layer’s fragments demonstrated that it was a sort of mosaic formed by the lichens
Verrucaria nigrescens and Acarospora gallica and by primordia of other crustose unidentifiable
species. In this mosaic, few thalline areoles were healthy while the otr.es were visibly overgrown by a
biofilm dominated by black meristematic fungi (Fig. 4a) that, at v~ric''< degrees, caused eventually the
disappearing of the lichens. This black-gray layer (characteriz.tion by metabarcoding in section 3.5)
occupied a more extensive surface on the dolia inv. 19074 a .~ 19076, where it also dominated above
the major curvature.

As for the big dolium, the number of lichen sy 2cies was lower than that of three small dolia. On the
part facing north below the opening’s edge, ~ large lacuna composed of cement, a material different
from the original terracotta, hosted sparse “hzlli of Myriolecis dispersa and M. albescens. The lichen
Lecidea fuscoatra and mosses were also found in this area and in the close terracotta, while the
hygrophytic Scoliciosporum s=2rohzmni was abundant on terracotta parts close to the ground. On the
part facing south, lichen coionization was extremely poor (max cover above major curvature 5%) and
mostly due to Verrucaria nigrescens. The part facing north-east had a more widespread colonization,
mainly formed by green and black biofilms, and the lichens Flavoplaca citrina and Lecidea fuscoatra.
The green and black biofilms were mainly composed by coccoid (Trebouxia sp.) and filamentous
(Ulothrix sp.) green algae, and were well developed only in this area where, presumably, there were a
micro-niche peculiar for its environmental conditions, and very favorable to the algae. Although the

biofilm was seemingly formed only by algae, the observation of cross sections displayed a different
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“scene” because just below the surface there were colonies of black meristematic fungi arranged in
clumps (Fig. 4 m, n, 0). The algae, instead, grew on the surface and did not diffuse in the substrate.
Lichen colonization on Tsivin’s artwork was extremely scarce (Fig. 1b), limited to few sparse thalli of
Acarospora gallica on the legs’ surfaces. Differently, lichen cover was remarkable on the horizontal
surface of Mazzini’s statue (Fig. 1c), including most of the species already reported for the dolia (Table

2), and the black-gray layer also occurred.

3.5 Metabarcoding of the lichen-associated microbial commuriti.~

High quality ITS2 sequences obtained from the black-gray lay.r ranged between 25,219 (inv. 19074)
and approx. 13,000 (inv. 10366,1 and Mazzini’s sculpture). ,* single OTU was recognized from sparce
black mycelia on Tsivin’s sculpture. Ninety fungal O ™Js were inferred, of which 18% were shared by
more than one investigated surface (Fig. 5a). "410s. OTUs were attributable to Ascomycota (av. 59%), a
few to Basidiomycota, Chytridiomycota anu Mortierellomycota (5%), while others were taxonomically
unidentifiable (36%; Table S4a).

In samples from the big dolium ancu Maz.zini’s sculpture, readings attributable to lichen-forming fungi
of genera Verrucaria (Verrucaria.»c, Eurotiomycetes) and Acarospora (Acarosporales,
Lecanoromycetes) strongly ,revailed (approx. 90%), while they subordinately occurred in the case of
the smaller dolium inv. 19074 (36%) (Fig. 5¢). On this latter, readings attributable to non-lichenized
fungi of genus Knufia (Chaetothyriales, Eurotiomycetes) were prevalent. Other non-lichenized fungi of
classes Dothideomycetes (with OTUs mostly attributable to genera Devriesia and Extremus,
Capnodiales, and to Didymella and Alternaria, Pleosporales), Eurotiomycetes (with OTUs attributable
to genera Cladophialophora, Coniosporium and Exophiala, Chaetothyriales) and Sordariomycetes

(with OTUs mostly attributable to genus Fusarium) abundantly occurred in terms of OTUs and
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readings on the dolia and on Mazzini’s sculpture. The single OTU from Tsivin’s sculpture was
attributed to Cladosporium sp.

High quality 16S sequences, achieved from the same scraped layers, ranged between 4000 and 1300
and were assigned to a total of 120 OTUs, of which 15% were shared by more than one surface (Fig.
5b; Table S4b). Readings ascribable to chloroplastic DNA of green algae abundantly occurred (19% of
the total) (Fig. 5d). Other OTUs are mostly segregated in phyla Proteobacteria (mostly
Alphaproteobacteria), Actinobacteria, and Bacteroidetes (mostly Cytc..2agia), with the number of

unidentified sequences being only remarkable in the case of the s=my'» rom Mazzini’s sculpture.

3.6 The interaction of lichens and the black-gray layer w.*% the terracotta

Microscopical observations of cross sections showed ~ec.es-specific patterns of penetration within the
terracotta. Protoparmeliopsis muralis did not ieer ly diffuse in the substrate even though the thallus
was well developed and spread on the surfaces. Observing the cross sections stained with PAS, it
appeared that the hyphal penetration crmg arent propagated inside the substrate only locally and down
to approx. 200 um (Fig. 4 g, h, i). I :nwever, quartz and felspar crystals on the surface have been
detached by the hyphal expan<ini. “imilarly, Lecanora campestris did not deeply penetrate within the
substrate (up to 500 um), bu* a uense network of hyphae pervasively developed down to 400 um and
was able to envelop and detach terracotta fragments (Fig. 4j).

PAS-stained cross sections of Lecidea fuscoatra showed hyphae inside the substrate down to around 1
mm, but the majority were located in a sublayer of about 300 um from the surface where they wrapped
terracotta particles such as big quartz crystals and fragments containing iron that were present inside
the thallus (Fig. 4 k, 1). The hyphal penetration component of this lichen was less abundant than that of

Lecanora campestris.
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Although the thallus of Verrucaria nigrescens was thin, it included fragments of the substrate in its
carbonaceous basal layer. Its hyphae have been found in high amounts inside the substrate at more than
1 mm from the surface (Fig. 4 e, f).

The terracotta under the black-gray layer was colonized by a dense network of hyphae belonging either
to the lichen mycobionts or to the lichen-associated fungi (Fig. 4 b, c, d). The hyphae diffused a lot into
the substrate, going into voids, surrounding iron minerals and quartz and feldspar crystals down to
around 2 mm, and forming clusters of hyphae inside (Fig. 4 b, ¢, d). It . oeared to be a very peculiar
pattern of colonization, in which the biological development bega~ v.**" lichens (mainly Verrucaria
nigrescens and Acarospora gallica) and then black fungi oveivew the lichens and eventually prevailed

on them.

3.7 Water absorption and substrate hardne ss 0. surfaces uncolonized and colonized by lichens
and biofilms

GLM analyses showed a significant cntr bution of both the measuring time (F-ratio=6.245, P=0.003)
and the presence/type of lithobiori: c cuver (F-ratio=3.163; P=0.048) in regulating the substrate water
absorption (W,) measured by ~o:.*a.t sponge method (Table 3a). Table 3b reports the W, values of the
three considered dolia - the "ig one and inv. 19074 and 19075 - as representative of the total biological
colonization. In December 2020 the values were low because the substrate retained air humidity and
rainwater, while in May and October 2021 it was drier. However, regardless of the climate, it is worth
noting that the W, values of the uncolonized spots are always, but in one case, higher than that of
colonized areas. The values of water absorption over time of spots characterized by the continuous
covering of lichens on dolia inv. 19074 and inv. 19075 (mostly Protoparmeliopsis muralis and
Lecanora campestris) were lower than those of uncolonized spots (Table 3b). The same behavior was

accomplished by areas with the black-gray layer of fungi overgrowing Verrucaria nigrescens, which
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took a bit more water than the lichen mosaics. The above-mentioned exception regarded the areas with
thin green-black algal biofilm of inv. 10366,1 that absorbed an amount of water much higher than that
of uncolonized spots. This was more noticeable in the measures of May and October 2021, when there
were low water quantities in the substrate. In October 2021 the spot with the green-black algal layer
and the uncolonized one displayed values of W, equal to 2.52 and 0.80, respectively. Nevertheless, on a
statistical basis, the influence of physical characteristics, such as porosity, of this dolium was not
significant (F-ratio=2.336, P>0.05).

On a new winter season, after the removal of the lithobionts (Tab'~ o2}, the surfaces of dolia inv. 19074
and inv. 19075 previously covered by the continuous lichen mosaic of P. muralis and L. campestris,
and by the black-gray layer of fungi associated to V. nigi.~cens, showed W, values higher than the
previous ones. However, the surfaces earlier covere!! oy the continuous lichen mosaic still displayed
lower values than those of the uncolonized .urf.ces. By contrast, those previously colonized by the
black-gray layer showed the highest W, vai.es.

Sclerometric measurements by Equotin sxowed average values of surface hardness ranging between
415 and 450 Leeb units (Fig. 6). "=ma.kably, surface hardness values measured beneath the thalli of
Verrucaria nigrescens were sian,ficantly lower than those of surfaces colonized by Protoparmeliopsis

muralis and of uncolonizea curiaces. These micro-areas displayed similar hardness.

4. Discussion

Porosity has been indicated as a crucial factor driving the bioreceptivity of ceramic materials, because
of its influence on the absorption and movement of water, and thus on the water availability for
microorganisms (Coutinho et al., 2015). In this work, different ceramic objects exhibited different
porosity values that relate to i) production processes, ii) chemical and mineralogical composition of the

raw materials, iii) the firing conditions and iv) environmental and microbial weathering (Tschegg,
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2009) (see sections 3.3 and 4.1). According to the previous literature, ceramics displaying higher
porosity showed higher bioreceptivity, although microenvironmental differences caused by objects’
different geometries and/or locations may also contribute to the observed colonization patterns. On the
other hand, this study supported the proposed hypothesis that lithobiontic colonization influences
physical properties related to artworks’ durability, combining negative effects for conservation as the
detachment of mineral fragments and a species-specific surface hardness reduction, with positive ones
as the reduction of water absorption, at least until the lithobionts arc not removed from the ceramic
surface.

The provenance of the dolia, the relationships between «-chaeometric production processes and
substrate porosity, the influence of this latter on lithobion.'~ colonization in combination with other
microenvironmental factors, and the impact of diffe.nt lithobiontic components - including lichens,
algal biofilms, and associated fungi - on the ubs.rate physical properties are detailed in the next sub-

sections.

4.1 Archaeometric results

The results of the archaeometric. ;~vastigations provided notable information about dolia’s provenance.
After comparing the compo.itiun and microstructure of the small dolia with some Roman ceramics
found in the Apulian territory (Gliozzo et al., 2019), a good compatibility appeared. So, according to
Gliozzo et al. (2018), it was plausible to hypothesize the use of materials of the clay deposits in the area
close to Gargano and in the Ofanto valley, which are sub-Apennine marly-silty clays with surface
sandy lenses.

Following the museum's documentations, the big dolium was instead compared with ceramics and
lithic artifacts from Sicily, in particular from the Etnean area. Franco and Capelli (2014) identified a

group of wine amphorae of the 1-6th centuries BC characterized by elements of volcanic origin
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(fragments of basalts, derived plagioclase, and pyroxene from lava effusions of Etna), and by a
quarzitic and sedimentary component, as production of the Etna/Catania area. The ceramic paste of the
big dolium fitted well with the above-reported description. Its provenance from the Etna’s area was also
supported by comparison with millstones crafted with volcanic stones outcropping in the Messina
territory (Di Bella et al., 2016).

Considerations regarding the physical properties of ceramics and, thus, of the artworks under
examination are worth mentioning. The microstructure, including porc.'ty, and the firing temperature
are key factors that affect the state of conservation of ceramics (C~let ot al., 2016; Maritan, 2020). In
particular, porosity and pore size distribution deeply influence the aurability of the ceramic materials
more than other physical or mechanical properties. It is woi.~ noticing that the pore structure is formed
during the ceramics production and is influenced by t.~. ct.emical and mineralogical composition of the
raw materials, and by the firing conditions. O’ «en ',orosity connects the interior parts of ceramics with
the external environment causing the poten..al fluids’ storage and their circulation. The effective
porosity, which includes the open and the ntarconnected pores, can favour the circulation of the fluids
and then constitutes the main pathv. 2y tur the damage (Anovitz and Cole, 2015). According to the
literature (Cultrone et al., 200/ ,orran et al., 2008), a considerable decrease in the porosity and a
beginning of vitrification ou~urs at firing temperatures between 1050 and 1100°C, with a consequent
decrease of pores’ radius. The increase of the firing temperature causes a progressive elimination of the
smaller pores due to the increase of the liquid phase (Amoros et al., 1992). The process results can vary
when coarse inclusions are present in the ceramic paste. It could be the case of the big dolium and the
two sculptures where the coarse inclusions can contribute to the formation of pores and voids. The two
clusters of pores of these artworks not only influence the water absorption but also the rate of water

diffusion. In contrast, the microstructure of the small dolia is very fine. Most of the pores are
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characterised by diameters ranging 0.01-1.00 um, which likely do not favour the diffusion of

percolation solutions inside the ceramic paste.

4.2 Ceramic bioreceptivity to lichen and biofilm colonization

The detection of lichens and microbial communities on the examined objects reflects the well-known
high bioreceptivity of stone substrates located outdoors, and in particular of ceramics (Coutinho et al.,
2015). Most lichen species colonizing the dolia and the statues are cor..mon constituents of lichen
communities on siliceous stone heritage surfaces, which often shave ,:>gphytism and photophytism -
related to direct sun irradiation- and nitrophytism -related to ti.~ location in green areas (Nimis et al.,
1992). With this regard, the location of the dolia in the cente. of the MIC garden on a meadow,
perfectly displays the mentioned environmental cond.*on,, while that of the statues on the building
terrace only agrees with the highly irradiated ~.nd *.eric conditions, while not with a high nutrient
availability, a fact that likely partially expla.n the lower colonization observed on Mazzini’s and
Tsivin’s works. On the other hand, gecme rir, features and the quantified differences in porosity of the
dolia and the two statues may furtt.~r coatribute to explain different lichen covers as well as the
different diffusion of microbia! bi~f:Ims. In particular, the big dimension of dolium inv. 10366,1
together with its (sub-)hori>mal surfaces above the major curvature at about 140 cm from the ground
and the low porosity values, are likely less favorable to organic (dust) deposition and water availability.
Accordingly, lichen colonization on this dolium is limited to nine species only, two of which are
calcicolous species associated to the concrete integration on a side of the object. Unfortunately, the
quality of historic images of the dolium before its entry to the museum (see Mazzotti et al., 2021) did
not allow to recognize if the other detected species may be remnants of a previous colonization,
although the fact that the dolium had been thereafter cleaned cannot be ruled out. Oppositely, the higher

proximity of the small dolia to the grass and the higher porosity determine a higher bioreceptivity,

28



causing the quite complete lichen cover observed above the major curvature and the dominance of
nitrophytic species, as Protoparmeliopsis muralis, Flavoplaca gr. citrina and Verrucaria nigrescens
(while the presence of foliose Physciaceae is likely related to the presence of a tree in the nearby of the
dolia). Differences in bioreceptivity seem to prevail rather than the period of permanence outdoors of
the different dolia. The archival documentation (Mazzotti et al., 2021) reports that the big dolium had
been located outdoors long before its arrival at the MIC. Afterwards, it was placed indoors from 1940
to 1950, then again outdoors until nowadays. Despite remaining outdc. s for a much longer period than
the other four dolia, which were positioned in the garden in the se~a,.~ lialf of the eighties in a cleaned
state, the distribution of the colonization is very uneven.

As in the case of the big dolium, the low porosity of the staw'~s is reflected by a sparser colonization in
the case of Mazzini’s work, mostly located in the hni*~on al areas more favorable to water retention, or
quite null in the case of Tsivin’s work. The p «t cf the terrace where this latter sculpture is located can
be regarded as an ecological micro-niche tu: its peculiar environmental conditions. The combination of
very high temperatures (reaching around :2C), strong solar irradiation and low relative humidity (av.
50.7%) in summer contributes to c.~atirg a very harsh situation for microorganisms to grow. Mazzini’s
sculpture is in the same plare >, but the environmental condition is mitigated by its geometrical
configuration because parts 21 it, including the mentioned horizontal areas, are shaded by other parts
(Figure 1c). Although the relatively low number of considered objects and the different states of several
variables considered for each of them prevent a statistical support, all these considerations agree with
the important relationships of material properties -remarkably porosity- and “architectural” geometries
to determine the microenvironmental conditions which contribute to make a certain substrate colonized
after a certain time of surface exposition, or not (Sanmartin et al., 2021).

In this context, it is worth considering the thin black-gray layer extensively observed on the small dolia

and on Mazzini’s statue, formed by the thalli of Verrucaria nigrescens and Acarospora gallica, by
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primordia of other crustose unidentifiable species and by non-lichenized black fungi ‘parasitizing’ the
thalli and widely causing their disappearing. It is a peculiar pattern of biofilm-like lithobiontic
colonization that, at the best of our knowledge, has not been described in other papers dealing with
heritage stone objects, although it may have some implications for conservation issues. The fact that
lichens can provide favorable microhabitats for the growth of other deteriogenic lithobionts had been
indeed demonstrated, but the phenomenon was mostly related to the cavities determined by the hyphal
penetration, particularly in calcareous rocks (de los Rios et al., 2002; Lohrabi et al., 2017). On the other
hand, the thalline biomass is now widely accepted as a cradle of hicersity, with the main symbiotic
partners (mycobiont and photobiont) more or less strictly ass. ~iated with bacteria (bacteriobionts) and
additional fungal partners (Hawksworth and Grube, 2020,. 7 hese latter, i.e. the lichen mycobiome,
include the asymptomatic endolichenic fungi, which >re r:lated to fungal endophytes of plants, and the
symptomatic lichenicolous fungi, for whick the literature reports a commensal to mildly parasitic
lifestyle in the host thallus but, usually, no. *he observed aggressive behavior (see review in Grube and
Muggia, 2021). Only a few lichenicol~us sracies produce extensive damage, causing deactivation and
decay of the host structures (Die'ericn et al., 2018; see review in Grube and Muggia, 2021). A
particular feature of the doli=2’s fi'ngi relates to the fact that they colonize and parasitize only the
lichens Verrucaria nigresccns and Acarospora gallica while do not develop at all on thalli of other
species that grow close to them. In the case of V. nigrescens, this peculiar trait may be explained by the
absence of secondary metabolic substances (Nimis, 2022), which in other species exert an allelopathic
function against rock fungi (Gazzano et al., 2013) and may thus possibly regulate their overgrowth.
However, A. gallica produces gyrophoric and lecanoric acid, so that factors other than the absence of
secondary metabolites would also contribute to the observed differential susceptibility to fungal

overgrowth.
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Higher number of reads attributable to non-lichenized rock-inhabiting fungi was just obtained from
dolium inv. 19074, on which the biofilm of meristematic fungi overgrowing V. nigrescens was
prominent, while the sequences attributable to the lichen hosts prevailed in the other metabarcoding
analyses related to the big dolium and Mazzini’s statue. Fungal diversity recognized on the examined
ceramic objects agrees with that reported on other monumental rock surfaces, with dominance of the
orders Chaetothyriales, Capnodiales, and Pleosporales of Dothydeomycetes (Onofri et al., 2014). This
class is considered very diverse in terms of species, also includiig several plant pathogens, and
epiphytes and rocks colonizers. Its component of rock inhabitine Dethideomycetes has been suggested
as terroirs/refuges for plant associated fungi (Ruibal et al., z.13). Among the fungal genera found on
dolia inv. 19074 and, at a lesser extent, inv. 10.°G,1 there are Cladophialophora and
Coniosporium/Knufia (Chaetothyriales). They have b>.n ' requently found in different lichen hosts that,
though, lacked any pathogenic symptoms (s e r¢view in Grube and Muggia, 2021). Other identified
genera on the dolia and on Mazzini’s .~ulpture surfaces were Exophiala (Chaetothyriales) and
Devriesia (Capnodiales - this last wae th.» only genus present on the sculpture). Fungi belonging to
these genera are known as microc:loniul fungi, characterized by meristematic and/or yeast growth as
stress tolerant forms (Ruibal »t a:  2013; Onofri et al., 2014), although their production of explorative
thin hyphae has been also chserved (Tonon et al., 2021 with refs. therein). All the genera have been
frequently found on stone monuments in urbanized areas and on natural crops (Onofri et al., 2014; Isola
et al., 2022). They can thrive under extreme conditions including irradiation, temperature, salinity, pH,
and moisture. They are stress-tolerant colonizers involved in biodeterioration of stone heritage
(Sterflinger, 2010; Isola et al., 2016, 2022). Regarding the dolia, the hyphae of meristematic fungi
developed isolated or as aggregates well beyond the lichen thalline biomass, and penetrated within the
substrate, often arranged in clumps. In vitro experiments demonstrated that Coniosporium/Knufia

species are able to produce chelating compounds and acids, and to lower the culture media pH, while
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Exophiala species do not (Favero-Longo et al., 2011; Isola et al., 2022). Therefore, although the limited
sample set of metabarcoding analyses likely did not allow an exhaustive characterization of the fungal
diversity on the dolia, nevertheless it was sufficient to detect several fungi which could physically
and/or chemically affect the ceramic substrate of MIC artworks. In the terrace corner hosting Tsivin’s
statue, even black fungi seemed to not endure the stressful microniche. Only a few dark-pigmented
hyphae of Cladosporium species were found on the surfaces hosting the few sparse very little thalli of
Acarospora gallica. The limited lichen colonization and the absence o ather sources of organic matter
in the protected terrace may be the factor limiting meristematic f'ny* sven though nutrients (milk and
paraffin) could be potentially present in the substrate itself.

On dolium inv. 10366,1 a different biofilm was also obse. “uole. It covered a wide surface and was
formed by an external layer of green algae and by ~uloies of black meristematic fungi arranged in
clumps just below the surface. Some of thesr fur gi are likely belonging to genera growing on dolium
inv. 19074 as it shares 10% of fungal specic~ with inv. 10366,1. As in the case of lichens, differences in
dimension and geometry of the objert i:= ‘ntrinsic physico-chemical properties (porosity, chemistry
and mineralogical composition), ai. ' coi.servation history likely explain the diverse colonization.
Bacterial communities associate™ (0 the lichen thalli show a composition compatible with those
reported in other studies, w:*h a predominance of Alphaproteobacteria and subordinate Actinobacteria
and Betaproteobacteria (e.g. Aeschenbrenner et al., 2016). In general, their presence seems less

involved in biodeterioration patterns.

4.3. Damaging and protective effects of the black-gray layer, algal biofilms and lichens on the
substrates
The bio-weathering of dolia’s terracotta was related primarily to the black-gray layer formed by black

meristematic fungi and the lichens Verrucaria nigrescens and Acarospora gallica. A dense network of
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hyphae belonging either to the lichens or to the fungi developed inside the substrate down to 2 mm.
Although the thallus of Verrucaria nigrescens was thin, it included fragments of the substrate in it. Its
hyphae were found in high amounts inside the substrate at more than 1 mm from the surface, in
agreement with previous observations on ceramic tiles (Kiurski et al., 2005) and sandstone (Tonon et
al., 2022). The other lichens (Protoparmeliopsis muralis, Lecanora campestris and Lecidea fuscoatra)
mostly showed a lower hyphal penetration, down to 400 pum or less. Some of these results have been
confirmed by the measurement of stone surface hardness (Fig. 6) and . W, values after the removal of
the lithobiontic coverage (Table 3). The surface hardness values ~t .~r:acotta under Protoparmeliopsis
muralis were similar to those of the uncolonized substrae, tnus demonstrating that this lichen
developed mainly on the surface, while Verrucaria nigresc-ris penetrated the terracotta’s bulk as the
substrate values under it were much lower thar ‘rtos. of the uncolonized areas, as reported on
sandstone (Tonon et al., 2022) and limestone Mc.anao et al., 2017). These results have confirmed that
the technique is a useful and suitable tool .» measure the hardness of biodeteriorated surfaces, also in
the case of ceramic objects. The highast v.lues of W, after the lithobiontic removal detected in the
spots previously colonized by the :'ack -gray layer of the fungal biofilm associated with V. nigrescens
similarly confirm a biophysic2l c*f.ct negatively affecting the surface durability. On the contrary, the
removal of the continuous 'icien mosaic of the less penetrating species exposed surfaces with the
lowest W,, suggesting some bioprotection likely due to an umbrella-like sheltering effect.

Regarding water absorption before the removal of lithobionts, areas continuously covered by less
penetrating epilithic crustose lichens and those colonized by the black-gray layer absorbed less water
than uncolonized areas in all the monitoring measurements (Table 3). The result was noticeable in the
small dolia inv. 19074 and 19075 while in the big dolium inv. 19066,1 the difference between
colonized and uncolonized areas was not that high. This can be due to the pores’ diameters of the

terracotta. Inv. 10366,1 presents a quite high frequency of pores with diameters ranging 5-100 pm,
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while most pores of the other two dolia range 0.1-0.7 pum. The total open porosity of inv. 19074 and
19075 is higher than that of inv. 10366,1, 36-41% and 28.65%, respectively. This physical
characteristic accounted for the much higher water absorption of uncolonized areas of inv. 19074 and
19075 in comparison to inv. 10366,1. Nonetheless, the reduced amount of water absorbed by colonized
areas was much notable in small dolia. This is likely due to the continuous lichen covering of small
pores while the covering of big pores of inv. 10366,1 is not so continuous. Quite the same happened
when the substrate was covered by thick black-gray layers, thougt. "vith a slight increase of water
absorbed, likely because the layers were not continuous. On the ~.**=ry, the thin green-black biofilm
on inv. 10366,1 absorbed a higher amount of water than ‘e uncolonized areas. These results of
measurements performed on colonized surfaces indicatea *:at lichens on ceramics with high total
porosity and pores with very small diameters are ahlc (0 educe the amount of absorbed water limiting
the water ingress. Accordingly, limestone sur’ace’, covered by lichens, including V. nigrescens, showed
lower values of water absorption before t1.> mechanical removal of thalli (Morando et al., 2017). On
substrates having pores with big diameate s the effect is reduced even though it is almost the same.
Regarding biofilms, their barrier e:ficacy relates to their thickness and composition. In particular, the
algal biofilm on the big doli''m *mpacts negatively on substrates enhancing the water absorption in
comparison to uncolonizea pars, likely because of the association with black fungi.

Regarding the hypothesis of potential positive effects of biological colonization on ceramics, the study
thus showed a heterogeneous balance between biodeterioration and bioprotection for the different
lithobionts, with some results being particularly worth of mentioning. First, poorly penetrating lichens
did not influence surface hardness and contributed to reducing water absorption either when they
colonized the stone or even after their removal. Second, the balance was in the direction of
biodeterioration in the case of Verrucaria nigrescens, the black-gray layer deriving from its overgrowth

by a fungal biofilm, and the green-black biofilm on the big dolium. Therefore, the equilibrium between
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biodeteriorative and bioprotective action of lichens is species-specific. Third, the bioprotection and
biodeterioration of the examined lithobionts has been discussed for ceramics located in temperate areas,

but equilibria may change in other climatic conditions.

5. Conclusions

This paper has analyzed and identified the lichen and microbial diversity on ceramics with different
composition, structures and porosity. The biological colonizatic,, depended on these physical
properties, on stone surface geometries as well as on climatic cori.i~%s of environments in which the
ceramics artworks are located. An interesting result regarde ! the overgrowth of black meristematic
fungi on two lichen species, Acarospora gallica and Verrucsria nigrescens, a process that ended up in
the deactivation and disappearance of the lichens.

The results demonstrated that certain licken species (P. muralis, L. campestris) may have a
bioprotective effect on ceramics with high *otal porosity and pores with very small diameters as they
poorly penetrate the substrate, do not nea.ively affect surface hardness and are able to reduce the
amount of absorbed water limiting "he vvater ingress. By contrast, another species (V. nigrescens), here
widely found in association witt, vcck-dwelling fungi, deeply penetrates terracotta and is confirmed as
agent of substrate disaggrey~tion, with negative consequences on surface hardness and W,, becoming
operational after the removal of the biomass. Accordingly, a careful evaluation of the negative vs
positive effects of lichen communities must be carried out before deciding their removal from an
artwork. Regarding biofilms, their barrier efficacy is related to their thickness and composition. Even if
thin, they can impact negatively on substrates enhancing the water absorption in comparison to
uncolonized parts. However, it would be possible that the higher amount of water adsorbed by the

biofilms is also caused by their water-retain properties. Therefore, water can be partially kept inside the
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biofilms and does not completely enter the ceramic. This hypothesis will be evaluated by further

research.
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Figure 1. Ceramic artworks at the International Museum of Ce -amics (MIC). a) Roman dolia located in
the internal garden of the MIC. The inventory numbers are 1. “icated; sculptures b) Volumes by
Vladimir Tsivin and c) Big machine that grinds by Rcr.iar.o Mazzini located in the terrace of the MIC.
Figure 2. Open porosity (cumulative pore vol'.me blue line) and pore size (relative pore volume, red
histograms) of (a) inv. 10366,1 - the big do.:*im, and (b) inv. 19075 representative of the four small
dolia.

Fig. 3. Distribution of biological cc ‘eraye (%) on terracotta by lichens (light gray bar), algal biofilms
(white bar), and mosses (dark ara ' har) as a function of the inclination of surfaces of the dolia and
Mazzini’s sculpture.

Figure 4. Lithobiontic colonization of the dolia. a) Stereomicroscopic image that shows the black-gray
layer formed by lichens overgrown by a biofilm of black fungi; b) cross sections of Verrucaria
nigrescens showing its carbonaceous black-basal layer that diffuse into the substrate, surround crystals,
form clusters and affect the lichens' structure; c¢) cross section showing meristematic black fungi
(arrows) penetrating beneath the lichen thalli; d) the microphotograph shows the section of lichens
parasitized by fungi stained with PAS that makes well visible the compact network of hyphae,

belonging either to the lichens or to the fungi, that grows into the substrate; e, f) cross sections (one
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stained with PAS) of the lichen Verrucaria nigrescens showing fragments of the substrates incorporated
in the thallus and the hyphal diffusion into the substrate; g, h, 1) cross sections before and after staining
with PAS of the lichen Protoparmeliopsis muralis; j) cross sections stained with PAS of the lichen
Lecanora campestris showing terracotta fragments surrounded by thallus and penetrating hyphae; k, 1)
cross sections of the lichen Lecidea fuscoatra before and after staining with PAS; m, n), o inset of n)
cross sections of algal biofilms and black meristematic fungi on dolium inv. 10366,1 displaying the
hyphal diffusion within the substrate (arrows). Scale bars: 50 pm (f), ¢ um (b, ¢, d, 1, 0), 500 um (g,
k, m, n), I mm (e, h, j, I).

Figure 5. Metabarcoding results. Venn diagrams showing the 1. 'mber of shared fungal (a) and bacterial
(b) OTUs between samples from inv. 10366,1, inv. 19074, a..? {sivin’s and Mazzini’s sculptures;
number of sequence reads for (¢) the different orders .~ fvagi and the different classes of bacteria (d)
on the big dolium (inv. 10366,1), a representa’ «ve ,mall dolium (inv. 19074), and on Mazzini’s and
Tsivin’s sculptures.

Figure 6. Surface hardness (Single Imract Mzasurement) of dolia in areas colonized by
Protoparmeliopsis muralis (PM) ai.1 Ves rucaria nigrescens (VN), and uncolonized (Control). Boxplots

not sharing at least one letter 2ve _“caificantly different (ANOVA, Tukey’s test; P<0.05).
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Table 1. Anhydrous chemical composition (% by weight of oxides), open porosity (%) and prevalent

pore size (um) of dolia and sculptures.

SiO;

Al,0;

TiO,

F6203

CaoO

K>O

Na20

MgO

P,0s

SO;

Pore
size

INV.
10366,1

56,88

20,06

1,46

11,07

4,33

2,54

1,03

2,25

0,38

0,00

0.2 (1C)

Porosity 28.65

INV.
19074

58,62

15,43

1,07

7,86

8,32

3,16

0,91

1,71

0.C

2,73

0.4-0.7

41,22

INV.
19075

55,15

16,66

0,98

8,89

12,77

2,77

J,8:

1,85

0,12

0,00

0.4-0.7

36.03

INV.
19076

57,33

17,84

1,09

8,02

9,0

3,61

0,87

2,03

0,22

0,00

0.4-0.7

37.41

INV.
19077

58,72

19,07

0,7
&

7,23

7,31

2,70

1,34

2,19

0,26

0,00

0.4-0.7

36.01

Mazzini

n.a.

n.a.

n.a

n.a.

n.a.

n.a.

n.a

n.a.

n.a.

n.a.

(0.03) 5

28

Tsivin

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.

n.a.
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Table2. The biological colonization of dolia and sculptures. For each lichen species, ecological

indicator values (Nimis, 2022) are reported: pH of the substratum (pH), solar irradiation (SI), aridity

(AR), eutrophication (EU) and poleotolerance (PO)

[ordinalscalesforeachindexavailableathttps://italic.units.it/index.php?procedure=base&t=59&c=60].

Inv.

10366,1 19074

Biological colonization pH SI AR EU PO Inv.
Lichens (tot. species) x (9
Acarospora gallica H. Magn. 2-3 35 4 3-4 12
Brianaria sylvicola (Kérb.) S. Ekman & M. Svenss. 1-2 12 2 1 1 X
Candelaria concolor (Dicks.) Stein 34 45 34 35 13
Candelariella vitellina (Hoffm.) Mull. Arg. 13 35 34 25 13
Circinaria hoffmanniana (S. Ekman & Froberg ex R.Sant.) A. Nordin 35 35 34 35 13
Flavoplaca gr. citrina (Hoffm.) Arup, Frodén & Sgchting 3-5 45 34 45 "3 X
Gyalolechia flavovirescens (Wulfen) Sgchting, Frodén & Arup 3-4 34 3 3-4 1.
Lecania turicensis (Hepp) Miill. Arg. 3-5 34 3 5 13
Lecanora campestris (Schaer.) Hue 2-4 45 3 2-3 13

Lecidea fuscoatra (L.) Ach. (including Lecidea grisella Florke) 2-3 45 35 _4 13 X
Miyriolecis albescens (Hoffm.) $liwa, Zhao Xin & Lumbsch 35 5. 3 3-4 13 X
Myriolecis dispersa (Pers.) $liwa, Zhao Xin & Lumbsch 4-r £ 45 24 23 X
Phaeophyscia orbicularis (Neck.) Moberg 2-5 5 34 45 1-3
Physcia adscendens H. Olivier 2-5 45 34 35 13
Protoparmeliopsis muralis (Schreb.) M. Choisy z 35 34 35 1-3
Scoliciosporum sarothamni (Vain.) Vézda -3 23 2 1-2 1 X
Verrucaria nigrescens Pers. f. nigrescens 35 35 255 25 13 X
Xalocoa ocellata (Fr.) Kraichak, Lucking & Lumbsch 45 45 34 23 12
Xanthocarpia crenulatella (Nyl.) Frodén, Arup & Sgchting 4-5 4 3-4 4 1-2
Xanthoparmelia sp. (young brown thallus) X
Xanthoria parietina (L.) Th. Fr. 24 35 34 34 13

Unidentified sorediate crustose taxon (R-)

Mosses

Algal biofilms

Prominent growth of black fungi on anc heneath lichens
Black fungi

X\'4)

X

X X xX x X

Big
machine
Inv. Inv. Inv.  Volumes  that
19075 19076 19077 by Tsivin  grinds
by
Mazzini
x(15) x(16) x(8) x (1) x(7)
X X X X X
X X X
X
X X X
X X
X X X
X
X X
X X
X X
X X X
X X X X
X X
X X
X X X
X
X X X X
X
X
X
X
X
X X X X
X
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Table 3. Water absorption (W,). (a) Summary of the generalized linear model on measurements

performed before the lithobiontic removal. (b) W, measurements (mg cm™ min™) collected in different

seasons on surfaces colonized by lichens and biofilms, and uncolonized (average values +SD). At each

measuring time and, separately, for the big and the small dolia, measurements not sharing at least one

letter are significantly different (ANOVA with Tukey’s post-hoc test; P<0.05). (c) Measurements on

small dolia after the removal of lithobionts. Measurements not sharing at least one capital letter are

significantly different (ANOVA with Tukey’s post-hoc test; P<0.05); acterisks indicate significant

differences with respect to measurements collected in the same se~su., wut before the removal of

lithobionts.
a Parameter .
Source Sum of squé ves ~ df Mean-Square F-ratio P
Absorbed water Dolia T 0ac7 2 T 0.079 2,336 0.104
Lithobionts n2.0 2 " 0.106 3,163 0.048
Season 0. 20 2 " 0210 6,245 0.003
Error - 525 75 " 0.034

b Season

winter (2020.12.14)
spring (2021.05.18)
autumn (2021.10.05)

winter (2020.12.14)
spring (2021.05.18)

autumn (2021.10.05)

winter (2020.12.14)
spring (2021.05.18)
autumn (2021.10.05)
c winter (2022.12.16)
winter (2022.12.16)
winter (2022.12.16)

Dolia Inv. 10366,1

Lithobionts

W, (mg em? min?)

Inv. 19074 & 19075

Lithobionts

W, (mg cm?min)

Lichens [mostly | gr.
fuscoatra]

Biofilm [gre. 7 biack
biofilm . € alg 1e and fungi]

‘!~ colonized

0.25:0.05 (a)

0.67+0.05 (a')
0.690.26 (a")

0.67+0.41 (a)
1.17+0.10 (b")

2.52+0.87 (b")

0.50£0.12 (a)
0.75£0.13 (a')
0.8£0.42 (a")

Lichens [mostly P. muralis ,
L. campestris ]

Biofilm [black-gray layer of fungi
overgrowing V. nigrescens ]

Uncolonized

Lichens (after removal)
Biofilm (after removal)
Uncolonized

0.24+0.13 (a)
0.84+0.64 (a')
1.49+1.25 (a")

0.38£0.24 (a)
0.98+0.47 (a')

2.04+0.64 (ab")

1.10£0.38 (b)
2.38+1.09 (b')
3.55+1.43 (b")
0.72+0.32 (A)*
2.13+0.86 (B)*
1.68+0.81 (AB)
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Highlights
e Lichen and microbial diversity on ceramics with different composition and porosity

Biodeterioration and bioprotection effects of lithobionts colonizing ceramics

Black fungi on and beneath the lichens Acarospora gallica and Verrucaria nigrescens

Interactions between lichens and ceramics affecting surface hardness

Lichens reduce the amount of absorbed water limiting the water ingress
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