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ARTICLE INFO ABSTRACT

Keywords: The thallus—substrate relationship of Tephromela atra var. calcarea was investigated to determine whether the

Biodeterioration colonisation of carbonate-rich rock can be related to a “superficial decalcification” of the substrate, as claimed by

Calcite some authors. Fragments of thalli still adhering to the substrate from the TSB herbarium were embedded in

Carbonate-rich substrate . . . . . . .

Oxalat epoxy resin to obtain cross-sections, which were analysed by FPA-FTIR microspectroscopy in reflection mode to
Xalates . . . . . . . . . .

FTIR acquire chemical imaging data reflecting the spatial distribution of molecular components. The cross-sections

XRD were then stained with periodic acid-Schiff, and the percentage of hyphal spread was measured in selected
areas of 2 mm? at fixed distances along vertical transects from the thallus-substrate interface to the hyphal-free
substrate. X-ray diffraction (XRD) was performed on additional fragments to detect any biomineralization
products present. The hyphae of T. atra penetrated all calcareous substrates to a maximum depth of 0.8 mm, also
piercing single calcite clasts. Hyphal spread varied greatly between substrates, with a minimum in compact
limestone and a maximum in porous limestone. XRD analyses showed the presence of the biominerals whewellite
and weddellite in varying amounts, and confirmed the presence of calcite in all samples, except in one occurring
on Roman brick. High-resolution FTIR chemical maps showed the presence of calcite in medium/high to high
concentration at the thallus-substrate interface. No evidence of calcite depletion was observed. These results do
not support a significant carbonate depletion of the surface of the carbonate-rich rock colonised by T. atra, whose
hyphae can actively penetrate the calcite clasts.

1. Introduction

Among the diverse organisms that colonise lithic substrates, lichens
can be particularly damaging to the integrity of the rock, as the hyphae
of the mycobiont can physically penetrate between the crystals, while
various groups of organic substances can attack the mineral compo-
nents, and eventually form biominerals which accumulate in the thallus
and at the thallus-substrate interface (Gadd, 2021). Identifying the
biomineralization products of lichens is a crucial step towards under-
standing thallus-substrate interactions and clarifying their effects on
stone surface (Silva et al., 1999). In order to gain a deeper insight into
these mechanisms, numerous analytical techniques have been used in
the field of cultural heritage preservation in recent decades and are
constantly being improved to achieve higher resolution and sensitivity.
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Pioneering work on the pedogenetic role of lichens has utilised tech-
niques such as Differential Thermal Analysis (DTA) and Differential
Thermogravimetric Analysis (DTG) (Mitchell et al. 1966; Syers et al.
1967; Ascaso and Galvan, 1976). These techniques were superseded by
infrared (IR) spectroscopy, which was first introduced by Ascaso et al.
(1982) to study the weathering of calcareous rocks. Nowadays, bio-
mineralization products are frequently identified by X-ray Diffractom-
etry (XRD), and Scanning Electron Microscopy coupled with Energy
Dispersive Spectrometry (SEM-EDS). These methods contributed
significantly to the study of e.g. the mechanisms of calcium oxalate de-
posit formation (Ascaso et al., 1982; Salvadori and Zitelli, 1981; Wilson
et al. 1981), and the role of lichen compounds in the dissolution of
minerals (Adamo and Violante, 2000). The main disadvantage of XRD is
the relatively low sensitivity: Biomineralization products with
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concentrations below c. 2 % are generally not detectable, and matrix
effects must also be considered. This problem was bypassed by the
introduction of Fourier transform (FT)-Raman spectroscopy, FT-infrared
spectroscopy (FTIR) and by XRD instrumentation improvements.
FT-Raman spectroscopy was first applied in a pioneering study on the
effects of Dirina massiliensis f. sorediata on Renaissance frescoes (Edwards
et al. 1991), and since then it has been applied to many other lichens
(Prieto et al. 2000; Seaward et al. 1998; Edwards, 1997; Edwards et al.
1997, 2002, 2005). This technique allows to investigate the interface,
the substratum, the incorporation of substratum material into the
incrustation, as well as the lichen metabolites eventually present in the
sample (Edwards et al. 1998, 1999; Edwards and Seaward, 1993; Holder
et al. 2000; Seaward et al. 1995), with all the advantages of low laser
power needed for the irradiation of the material. FTIR was first applied
in a study on the bioalteration caused by lichens to the Greek monu-
ments of Selinunte, Sicily (Gorgoni et al. 1992), with the advantage of a
high resolution combined with the small amount of material requested
for the analysis. Now it is certainly one of the most common methods
adopted in the field of stone biodeterioration (e.g. Mazzotti et al. 2021;
Pinna et al. 1998; Rampazzi, 2019; Scarciglia et al. 2012).

The last generation X-ray diffractometers improved accuracy, speed,
and versatility for multiple applications without any manual interven-
tion. X-ray microdiffraction was used for the first time in a study on the
relationships between calcareous substrata and endolithic lichens
(Pinna et al. 1998). Like FT-Raman spectroscopy, X-ray microdiffraction
can be performed not only on powdered samples, but also directly on
cross sections, with the great advantage that the analysis is performed on
intact material, that can be used for subsequent analyses, such as specific
staining or EDS microanalysis. It also provides information on the
identity and distribution of the crystalline phases present (Appolonia
et al. 1996). X-ray microdiffraction is now frequently used in the field of
biodeterioration, as this technique is highly sensitive and
non-destructive. These features are particularly important when sam-
pling is a serious limitation, such as in the studies of art works.

In this study, high-resolution FPA FTIR-microspectroscopy is used,
together with the last generation XRD, in a study on the thallus—sub-
strate relationship of the lichen Tephromela atra var. calcarea. The aim is
to verify the alleged “superficial decalcification” of the substratum that
would explain the occasional presence of silicicolous lichens on
carbonate-rich rock. This hypothesis was originally proposed by Asta
and Roux (1977) in a paper on saxicolous lichen vegetation in the French
Alps for rocks such as calcescist, flysch, gneiss and schist, which contain
varying amounts of calcium carbonate and effervesce strongly to HC1 6 N
at depth, but only slightly on the exposed surface. Further data in sup-
port of this phenomenon were presented by Asta and Lachet (1978), who
explained the lower carbonate content in the superficial layer as a result
of its progressive chemical dissolution by carbonic acid. In the following
years, this explanation was extended by other authors to some lichens
(among others: Diploschistes actinostomous, Lecanora sulphurea, Lecidea
fuscoatra, Lecidella asema, Placopyrenium bucekii, Rhizocarpum lecanor-
inum, and Tephromela atra s.lat.; see Nimis and Tretiach, 1999), that
typically grow on siliceous substrates and occasionally occur on
calcareous rocks such as limestone and dolomite. This substrate shift (or
rather expansion) is apparently more common in the perimediterranean
regions, where it has been documented quite frequently (Nimis, 1993),
and less so at higher latitudes (Wirth, 1995), although T. atra is known to
occur on limestone, e.g., in Oland, Sweden (Froberg et al., 2006). If the
“superficial decalcification™ of calcescist, flysch, gneiss and schist is
certainly a real fact (the chemical dissolution of the carbonates leaves a
more porous substratum, enriched in the siliceous components), the
same phenomenon seems unlikely in limestone and dolomite, composed
of almost 100 % calcium carbonate (CaCOs) or calcium/magnesium
carbonate (Ca/MgCOs3).

The hypothesis of a “superficial decalcification” of limestone and
dolomite was already refuted by Salvadori and Tretiach (2002) on the
basis of XRD data of three lichens — including T. atra — and their

International Biodeterioration & Biodegradation 206 (2026) 106215

substrates but is nevertheless regularly taken up in the more recent
literature (e.g. Biiltmann, 2012; Biiltmann et al., 2015; Nimis et al.,
2018; Roux et al., 2025). We therefore considered it useful to provide
additional data obtained through the most advanced techniques, which
allowed for the spatial localization of molecular components (chemical
imaging) with unprecedented precision, thus further refining previous
interpretations.

2. Materials and methods

Ten specimens of Tephromela atra var. calcarea occurring on brick (n
= 1), calcarenites (n = 6), calcareous schist (n = 1), and limestones (n =
2) were selected from the TSB herbarium, University of Trieste
(Supplementary Information Table S1; species nomenclature according
to Nimis, 2025). The samples were observed with a Leica MZ16 ste-
reomicroscope and photomicrographs were taken with an iPhone 11
camera. Small fragments of the colonized substrates, measuring c. 10 x
15 x 10 mm or less, were sampled using a chisel and hammer.

2.1. Cross-sections: preparation, staining and characterization

A selection of the colonized substrate fragments was embedded in a
two-component epoxy resin (2K, Borma Wachs B.P.S., Jesolo, IT), and
polished using a manual polisher LS3V (Remet, IT) with P 50, 200, 600
and 1000 abrasive discs and then manually with P 1200 and 1500
abrasive paper under tap water. The cross-sections were photographed
with a Wild Heerbrugg Leica M420 stereomicroscope and an iPhone 11
camera, and analysed by LUMOS II FTIR (see below). To investigate the
penetration of the hyphae into the substrates, the cross-sections were
stained with periodic acid-Schiff (PAS) according to Whitlatch and
Johnson (1974), with minimal changes to the protocol (Supplementary
Methods S1.1). The stained cross-sections were observed under the
stereomicroscope, and a new series of stereophotographs was taken with
a Canon EOS R10 camera and compared with the photomicrographs
taken with the LUMOS II FTIR, to locate the exact spots where the FTIR
analyses had been performed. The stereophotographs of each sample
were used to measure thallus thickness using ImageJ software, while
penetration of the hyphae into the substrate was quantified by graphical
processing of the digital colour stereophotographs according to Ame-
trano et al. (2017), using software Fiji (ImageJ) and its Color Segmenta-
tion plugin (Supplementary Methods S1.2). To calculate the hyphal
spread, i.e. the per cent area occupied by the hyphae in a cross section, a
transect perpendicular to the outer surface was defined on each stained
cross-section (Fig. 1), and a maximum of four to five rectangular areas of
2.5 mm x 0.8 mm (2 mm?) were selected, starting from the outer sur-
face, with each area 0.8 mm from the previous area.

2.2. Analysis of (bio-)minerals

To investigate the mineralogical composition of the substrate and
any biomineralization products present, some of the fragments obtained
from the herbarium specimens were ground in an agate mortar. Samples
of 450-600 mg each were analysed with an Empyrean X-ray diffraction
platform (Malvern Panalytical, UK) in Bragg-Brentano geometry, with
Cu-Ka radiation source operating at 40 kV and 40 mA, automatic optics
on both incident and diffracted beams and a strip detector working in 1D
mode. Five scans for each sample were collected in the range 5-75 °26
using a step interval of 0.0084 °26, with a step counting time of 15.24 s
and then merged. To identify the mineral phases in each X-ray powder
spectrum, the Panalytical Highscore Plus 3.0c software and PDF-2/ICSD
databases were used.

To obtain information on the spatial distribution of the chemical
compounds present at the thallus—substrate interface (chemical imag-
ing), Fourier transform infrared (FTIR) spectroscopic analyses of pol-
ished, unstained cross-sections (see above) were performed using a
LUMOS II FTIR microscope (Bruker Group, Bruker Optics, US) equipped
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Fig. 1. Cross-section stereophotograph of Tephomela atra var. calcarea occur-
ring on calcarenite (TSB 37937), stained with periodic acid-Schiff. The three
grey areas arranged along a vertical transect were selected for the estimation of
the percentage hyphal cover (PHC); the hyphae are highlighted in false colour
(red) and eventually marked by yellow arrows. Further explanations in the
main text. (For interpretation of the references to colour in this figure legend,
the reader is referred to the Web version of this article.)

with a Focal Plane Array (FPA) detector (32 x 32 detector elements)
cooled with liquid nitrogen. FPA-FTIR images (from one to three for
each cross-section) were acquired in reflection mode within a spectral
range of 4000-750 cm ™, each as a single FTIR image (1024 spectra)
covering a sampling area of approximately 150 x 150 pm?2, with a res-
olution of 4 cm ™! and co-adding 128 scans. Each individual spectrum in
the FTIR image represents molecular information obtained from an area
of approximately 5 x 5 pm? on the sample plane. The background was
acquired, prior to measurements, on a gold mirror. The collected FTIR
spectra were processed using OPUS 8.2 software.

Table 1
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2.3. Scanning electron microscopy (SEM) analysis

A selection of stained cross-sections (at least one per herbarium
specimen) was mounted on aluminium stubs coated with double-sided
carbon tape and then gold coated using the Emitech K550X sputter
coater (Quorum Technologies, UK) with the pulsed rod evaporation
method. Samples were analysed using a SEM Gemini 300 (Zeiss, DE);
images were acquired by analysing secondary electrons, using an ac-
celeration voltage of 5 kV and a working distance of 5 mm.

3. Results

The PAS-stained cross-sections (Figs. 1, 4-6) were used to morpho-
metrically characterize the thalli of T. atra and their relationship to the
substrate. Thallus thickness varied between samples, from a minimum of
0.40 mm (TSB 37462) to a maximum of 1.65 mm (TSB 38681) (Table 1).
The hyphae of the medulla were directly associated with those that
penetrated into the substrate, as could be observed by SEM in the
samples that had been PAS-stained (Fig. 2a and b): the acidic solution
caused a superficial dissolution of the carbonate, thus revealing a
network of hyphae that were otherwise embedded in the rock matrix
(Fig. 2¢). Endolithic hyphae were easily recognised in all samples at a
depth of 0.8 mm in the substrate, with coverage ranging from a mini-
mum of 1.7 % in the compact limestone of TSB 38681 to a maximum of
42.1 % in the porous limestone of TSB 37006 (Fig. 3). At a depth of 2.4
mm from the stone surface, hyphae were consistently found in the
substrate only in the Roman brick (TSB 44405), with a coverage of 22.7
%, while, in all other samples, penetration was negligible, with less than
1 % coverage (TSB 37006, 37462, 37937, 38683). Some hyphae were
still detectable at a depth of 4 mm, but in this case the coverage was
negligible, and varied between a minimum of 0.03 % and a maximum of
0.11 % in TSB 35822, 37006, 37937 and 38683 (Fig. 3). These hyphae
were always in direct contact with the carbonate clasts. Individual hy-
phae did not necessarily follow the contact zone between two neigh-
bouring clasts, but were observed to penetrate perpendicularly into the
clasts, forming holes with smooth edges (Fig. 2d-f), suggesting that
penetration is achieved by active calcite dissolution.

The (bio-)minerals detected by XRD are given in Table 2 (for an
example of the relative spectra see Fig. SI 1). Calcite was the main
constituent of the substrate in all samples except TSB 44405 (Roman
brick, which was rich in quartz and feldspar). Dolomite was only found
in low amount in TSB 37462. Two biominerals, whewellite and wed-
dellite - the stable monohydrate and metastable dihydrate forms of
calcium oxalate, respectively - were detected in all samples except TSB
37006 (no whewellite) and TSB 44405 (neither form detected with
XRD). The minerals analysed by FTIR and their relative abundance are
listed in Table 1. High-resolution chemical maps (Figs. 4-6) made it
possible to visualise the exact spatial distribution of the compounds in
the cross sections. Calcium oxalate, peak at 1315 em™! (Frost, 2004),

Thallus thickness and distribution of calcium oxalate (Ox) and calcite (Cal) according to the FTIR analyses carried out on resin-embedded cross-sections of the
specimens of Tephromela atra var. calcarea from SI Table S1. * both calcite and quartz [Qz] in TSB 33382; **quartz and feldspars in TSB 44405.

TSB Thallus thickness (mm) Cortex Photobiont layer Medulla Thallus/substratum interface Substratum

Ox Cal [Qz]*** Ox Cal [Qz]*** Ox Cal [Qz]*** Ox Cal [Qz]*** Ox Cal [Qz]***
33382 1.48 - n/a - -[] - -[+(>)] - ++ [++(>)] - ++ [++/+++]
35822 1.01 n/a n/a n/a n/a - - - ++(>) - +++
37006 1.22 n/a n/a n/a n/a ++(<) - + ++ + 4t
37462  0.40 - - - - - - - +4+(>) - ++(>)
37937 0.99 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
37940  1.43 +++ n/a ++(<) n/a +++ ++ +H(<Q) ) n/a  ++++
37941 0.97 n/a - n/a - n/a - n/a ++(>) n/a +++
38681 1.65 ++ - ++ - +(>) + ++ ++(>) - +++(>)
38683 0.86 n/a n/a n/a n/a n/a n/a n/a n/a n/a n/a
44405 0.41 + [-] ++ [-] ++ [+] +(<) [++] - [++1

-, absent; +, low; ++, medium; +++, high; ++++, very high; <, decreasing with depth; >, increasing with depth; n/a, not analysed.
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Fig. 2. SEM micrographs of cross-sections of Tephromela atra var. calcarea stained with periodic acid-Schiff (PAS) showing (a,b) the transition zone between medulla
(asterisks) and substrate, which has been partially removed by the acidic PAS stain, revealing the hyphae that were originally within the substrate (calcarenite-
calcidurite, TSB 35822, a; bioclastic limestone, TSB 37006, b); (c) network of endolithic hyphae emerging from the partially removed carbonates (bioclastic
limestone, TSB 37462); (d-f) individual hyphae (arrows) penetrating calcarenite clasts (TSB 38681, d,e; TSB 35822, f); the insert in Fig. d shows an enlargement of

the partially broken hypha (arrowhead) penetrating the substrate.
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Fig. 3. Hyphal coverage area (%) of the specimens of Tephomela atra var.
calcarea of Table 1 measured in three areas of 2.5 x 0.8 mm each, selected at
increasing depths in the substrate as shown in Fig. 1. Further explanations in
the main text.

showed a distribution extending from the upper cortex to the thal-
lus-substrate interface (TSB 37940, 38681, 44405 — Fig. 5) or from the
medulla to the upper part of the substrate (TSB 37006, data not re-
ported). In both cases the calcium oxalate abundance generally
decreased from the thallus to the interface and substratum layers. In
some cases, such as TSB 37941, in addition to a decrease in the medulla,
a slight increase in the intensity signal was observed at the interface

between thallus and substrate, which disappeared in parallel with the
disappearance of the hyphae. The characteristic calcite peak (876 cm ™!,
see White, 1974) was detected in all samples at the interface between
thallus and substrate (with medium to high signal intensity), except in
TSB 44405 (Roman brick) (Fig. 5a-c,e). Across the analysed
cross-sections, however, regions exhibiting variable FTIR signal in-
tensity were observed, suggesting heterogeneous distribution of calcite.
Comparison of the FTIR chemical maps with the stereophotographs of
the PAS-stained cross-sections (Figs. 4-6) revealed that the areas with
less calcite were occupied by hyphae penetrating the substrate. In areas
where no hyphae were present, calcite was detected in equal or slightly
higher amounts than at the lichen-substrate interface (i.e. the signal
intensity was from medium to very high).

4. Discussion

In a study on the thallus-substrate relationships of three lichens
occurring on different substrates, including T. atra, Salvadori and Tre-
tiach (2002) were able to demonstrate, on the basis of calcium distri-
bution maps by SEM-EDS, that calcareous substrates do not exhibit
calcium depletion at the thallus-substrate interface (Salvadori and
Tretiach, 2002, Figs. 15-18). From this, they concluded that the car-
bonate content does not decrease from the rock’s interior to the surface
when it is colonised by lichen thalli. However, their results cannot be
regarded as definitive proof against the “superficial decalcification”
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Table 2

Minerals detected by XRD in the specimens of Tephromela atra var. calcarea from Table S1.
TSB Calcite Dolomite Feldspars Quartz Whewellite Weddellite
33382 +++ - - ++ + +
35822 4+ - - - + +
37006 + - - - - ot
37462 o+ + - - + ++
37937 e+ - - - + +
37940 U - - - + +
37941 o+ - - - + +
38681 ot - - - + +
38683 ot - - - + +
44405 - - + ++ - -

-, absent; +, low; ++, medium; ++-+, high; ++++, very high.

Intermediate

intensity of calcite

High presence of

calcite

internal

external

o

A NS A

1“0 120
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896 — 857 cm!

Fig. 4. Cross-section stereophotograph of Tephomela atra var. calcarea occurring on calcarenite (TSB 37941), stained with periodic acid-Schiff (a); the yellow
rectangle corresponds to the area analysed by FTIR, whose results are given in (b) and (c), respectively, showing the morphological map of the analysed area and the
extracted spectra of the four selected points, from the inner to the external layers. In (d), calcite distribution map based on the signal recorded at 876 cm ™! (c)
overlapping the morphological map (a, yellow rectangle). (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version

of this article.)

hypothesis, as the mapped calcium ions may be bound not only to car-
bonate, but also to other anionic groups, in particular oxalates, which
are among the most common biomineralization products of some epi-
lithic lichens, and occur also at the thallus-substrate interface (Syers
et al., 1967). Perhaps for this reason, other authors have further claimed
that “silicicolous” species only occur on calcareous rock when its surface
is superficially decalcified (Biiltmann, 2012; Biiltmann et al., 2015;
Nimis et al., 2018; Roux et al., 2025), although they have not provided
any experimental evidence for this decalcification. In this work, we
identified by XRD (but not unequivocally by FTIR, see below) the two
forms of calcium oxalates, the stable monohydrated whewellite (COM)
and the metastable dihydrated weddellite (COD) in all specimens of
T. atra studied, with the exception of TSB 37006 (bioclastic limestone;
weddellite only) and TSB 44405 (Roman brick; presence of calcium
oxalates suggested by FTIR but not confirmed by XRD). It is worth noting
that the lack of clear distinction between the two oxalate forms in FTIR
spectra is not due to a limitation of the technique itself — which is, in
principle, capable of resolving such differences based on subtle shifts in
diagnostic absorption bands (Bazin et al., 2016; Conti et al., 2011;
Tonannavar et al., 2016) — but rather to spectral distortions introduced
by the reflectance mode, which affected the reliability of band assign-
ments. These XRD-based results confirm the observations of Salvadori
and Tretiach (2002), who found that in thalli occurring on siliceous
substrates only whewellite is formed, while in calcareous substrates both
forms are present, probably due to the high content of calcium ions
originating from the progressive dissolution of the carbonate matrix
(Giordani et al., 2003). Interestingly, the highest concentration of

calcium oxalate crystals occurred in the medulla (Table 1), and in some
cases traces of calcium oxalate were also observed inside the rock (e.g in
TSB 37006 on bioclastic limestone, see Table 1). The accumulation of
calcium oxalate, which in some cases can be quite impressive, explains
why the thalli of T. atra that occur on calcareous rocks are typically
thicker than those on siliceous rocks. For this reason, they were often
assigned to a different taxon, which was segregated from the silicicolous
taxon [T. atra (Huds.) Hafellner var. atra] at the form (T. atra f. pachy-
thallina Th. Fr.), variety [T. atra var. calcarea Jatta], or species level
[T. cypria (Korb.) Hafellner] (Nimis, 2025). However, a taxonomic study
by Muggia et al. (2008) based on specimens occurring sympatrically in
the Mt. Amiata area (C Italy) on siliceous vs. carbonate-rich rocks has
shown that the calcicolous taxon does not form a monophyletic lineage
distinct from the silicicolous taxon. This result was confirmed at a global
level by a phylogenetic multi-locus analysis (mycobiont nuclear ITS and
two protein-coding genes, beta tubulin and the DNA replication
licensing factor minichromosome maintenance complex 7), which
showed that thalli collected on calcareous rocks are not distinct from
specimens collected on other rock types (Muggia et al., 2014).

Even if the calcium map of Salvadori and Tretiach (2002) cannot per
se refute the hypothesis of “superficial decalcification”due to the diffuse
presence of calcium oxalates at the thallus-substrate interface and in the
medulla, all the data shown here indicate that T. atra can indeed grow in
direct contact with the carbonate matrix, whereas the original hypoth-
esis assumes that the lichen is not in direct contact with the carbonate
matrix but is isolated by a layer of carbonate-free substrate. Indeed, the
chemical imaging performed with FPA-FTIR microscope enabled a
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Fig. 5. Cross-section stereophotographs of Tephomela atra var. calcarea occurring on Roman brick (TSB 44405) (left column: a, c, e) and calcareous schist (TSB
33382a) (right column: b, d, f), stained with periodic acid-Schiff (a, b); the yellow rectangles correspond to the areas analysed by FTIR, with corresponding spatial
distribution maps of calcium oxalate (c); calcite (d); quartz and feldspars (e); quartz (f). (For interpretation of the references to colour in this figure legend, the reader

is referred to the Web version of this article.)

semi-quantitative description of the calcite profile at the
lichen-substrate interface, showing that substantial amounts of calcite
are still present under the thalli of T. atra, even in the areas heavily
colonised by hyphae (Fig. 4b-d). This spatially resolved chemical in-
formation was not accessible with earlier approaches. In particular,
chemical imaging via FPA-FTIR microscopy represents a significant
methodological advance over conventional techniques that lack spatial
resolution, as the high sensitivity of this technique enables the deci-
phering of subtle interactions at microscale bio-mineral interfaces. Our
SEM observations are consistent with the FTIR and XRD analyses and
show that the hyphae are not only in physical contact with the calcite
clasts, especially at the thallus-substrate interface, but can also pene-
trate them, not through pre-existing cracks or along the contact surfaces
between adjacent clasts or crystals, but by forming pits — and probably
by an active chemical dissolution not unlike that of euendolithic lichens.

Epilithic lichens can penetrate deep into the substrate with their
hyphae, as can be observed when the thallus is removed mechanically, e.
g by scraping: Bundles of hyphae remain visible in the interstices of the
rock. In siliceous rocks (e.g. granite, schist, andesite, etc.), growth usu-
ally occurs through the discontinuities of the substrate, as we have seen
in the Roman brick (TSB 44405), and along the contact zone of neigh-
bouring rock clasts or crystals, which are thus physically separated by
the water-dependent change in the turgor of the hyphae, leading to a
progressive weakening of the rock (Arino and Saiz-Jimenez, 1993).
However, the chemical attack on the rock surfaces, which certainly
occurs occasionally, as documented by Prieto et al. (1997, 2000), Car-
ballal et al. (2001), Silva et al. (1999) in mica and quartz crystals, is

certainly less impressive than the dissolution carried out by euendolithic
lichens, i.e. lichens that live almost entirely embedded in the
carbonate-rich rock and cause distinct microkarstic corrosion phenom-
ena, from the mesopits produced by their fruiting bodies to furrows
along the boundary of two neighbouring thalli (Gehrmann et al., 1992;
Pinna et al., 1998; Tretiach, 1995). The hyphae of euendolithic lichens
are able to penetrate the individual calcite crystals, in which they form
circular holes with a smooth surface (Pinna et al., 1998), clear evidence
that this is achieved by chemical dissolution of the carbonates, leading
to an increase in substrate porosity (Morando et al., 2017). Here we were
able to document (Fig. 2d-f) that T. atra is capable of actively chemical
dissolving the calcareous matrix, with hyphae that can penetrate
perpendicularly into the individual calcite clasts. It must be emphasised
that the mechanism of carbonate dissolution by lichens is still largely
unknown, although organic acid and respiratory CO5 release has been
occasionally mentioned (Fry, 1924). Notwithstanding this ability in
carbonate penetration, that implies the direct metabolic action of T. atra,
the physical nature of the substrate significantly influences the extent of
hyphal penetration by T. atra. The minimal hyphal spread in compact
limestone compared to that in the more porous bioclastic limestone
(Fig. 3) clearly emphasises the role of substrate properties in colonisa-
tion efficiency. Differences in the type and extent of porosity have been
recognised as relevant factors for determining the extent of fungal
colonisation in sedimentary rocks (Camara et al., 2008), and this finding
has been confirmed also in epi- and endolithic lichens (Favero-Longo
et al., 2009; Morando et al., 2017).
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Fig. 6. Calcite distribution maps based on the signal recorded at 876 cm™~! by FTIR superimposed on stereophotographs of Tephomela atra var. calcarea, stained with
periodic acid-Schiff, occurring on calcarenites (TSB 38681, a; TSB 37941, b), bioclastic limestones (TSB 37006, c), and calcarenites—calcidurites (TSB 35822, d). Bar

= 500 pm.
5. Conclusions

The hypothesis of “superficial decalcification” of carbonate-rich
rocks to explain the occurrence of a silicicolous lichen such as Teph-
romela atra was challenged using FTIR distribution maps of calcite and
matching stereophotographs of PAS-stained cross-sections. In all sam-
ples a high calcite content was found at the interface between the thallus
and substrate. Areas with less calcite were occupied by hyphae, some of
which were shown to penetrate the calcite clasts, most likely by active
chemical dissolution. The occurrence of T. atra on carbonate-rich rocks
and the intimate contact of its hyphae with the calcite clasts suggest that
this lichen has a greater substrate tolerance than expected in terms of pH
and mineralogical composition, as it appears to cope successfully with
high levels of carbonate, bicarbonate, and calcium ions, which cause the
deposition of oxalates (most often whewellite and weddellite, as iden-
tified by XRD) in the medulla, with strong morphological changes at the
thallus level.
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