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Abstract

A large part of the Antarctic surface is covered by lichens since they can withstand extreme environmental conditions.
Lichens are primary colonizers and contribute to soil formation by deteriorating rocks through a combination of chemical
and physical mechanisms. Therefore, fossil remains found exposed on the surface are usually colonized by epilithic and
endolithic lichens. The objective of this work is to determine the biodeterioration generated by lichens on fossil remains and
its taphonomic implications. We identified the presence of the euendolithic lichens Lecidea andersonii and Athallia holocarpa
growing into fossil penguin bones from Antarctica. The bioerosive damage was evaluated using light and electron microscopic
techniques. Pits corresponding to apothecium and sinuous thin fissures remodeled, or in some cases produced, by hyphae
were distinguished from the cracks originating from physical weathering. The maximum depth that hyphae extend inside
the bone, probably constrained by the light supply, was established to be 2.5 mm. We provided a tool for the reconstruction

of the chronology of the taphonomic events, describing the type and magnitude of the damage into the bones.
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Introduction

Lichens are active agents in stone deterioration through a
combination of chemical and physical mechanisms. Some
lichens only inhabit natural fissures and cavities within the
rocks, and their impact is predominantly mechanical (Krum-
bein 1969; Sterflinger and Krumbein 1997).
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Lichens not only promote rocks and fossil material
weathering, but also contribute to the dissolution of miner-
als through the excretion of organic acids and ligands, as
carbonic acid forms as a result of respiration, among others
(Syers and Iskandar 1973; Barker and Banfield 1996). The
calcium oxalate secreted by the mycobiont, the fungus part
of the lichen, is formed in the thallus—substratum interface
and is closely related to the rock in its chemical compo-
sition (Syers and Iskandar 1973; Seaward and Giacobini
1988; Edwards et al. 1991, 1992, 1994a, b; Seaward 1997,
Bjelland et al. 2002). These oxalates are extremely soluble
in water and act as a chelator of metal ions (Jones et al.
1980). In this sense, secondary metabolites were observed
within the weathering rind below epilithic lichens (Bjelland
et al. 2002), and they probably act as strong chelating agents
(Syers and Iskandar 1973).

Both epilithic and endolithic lichens can mechanically
and chemically damage the inner and surface of rock and
bone. Although the precise mechanism for each species is
still unknown, this is mostly through adhesion, penetration,
and changes of volume owing to hydration—dehydration
processes of the organic material, in this case the hyphal
structures, and the release of metabolites having acidic and/
or chelating functions (Ascaso et al. 2002; De los Rios and
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Ascaso 2005). They can also facilitate the installation of
other microorganisms, which can contribute to the deterio-
ration of the substrate (Bjelland et al. 2011; De los Rios
et al. 2012; Khomutovska et al. 2021). Endolithic growth
is often interpreted as an adaptation to extreme and hostile
environments, such as the cold deserts of Antarctica, and
other hot deserts (Lange et al. 1970; Kappen et al. 1981;
Friedmann 1982; Friedman and Ocampo-Friedmann 1984;
Wessels and Kappen 1994). However, in other less hostile
and temperate regions, endolithic lichens also occur (Treti-
ach and Geletti 1997). Some species are partially epilithic
and partially endolithic, whereas others act as epilithic or
endolithic according to the phase in their life cycle (Golubic
et al. 1981). Another factor to consider is the distribution
of the lichen thallus in the fissures and cracks, which is not
only determined by the external environmental conditions,
but also by the variation of factors on a small spatial scale
such as the physicochemical features of the rock (Matthes
et al. 2001; De los Rios et al. 2005).

Endolithic growth is subdivided into subforms as
chasmo-, crypto-, and euendolithic depending on the space
the hyphae occupy (Golubic et al. 1981). Chasmolithic
lichens grow hidden between mineral grains on the rock sur-
face. Cryptoendolithic thalli need preexisting cavities inside
the rock substratum to colonize and rarely reach the surface.
These forms were first described from the Antarctica (Kap-
pen et al. 1981; Friedmann 1982; Friedmann and Ocampo-
Friedmann 1984) and later recognized in hot arid deserts
(Lange et al. 1970; Wessels and Kappen 1994). Finally, the
only forms that actively dissolve and penetrate rocks are the
euendolithic lichens, in which the substratum is integrated
as part of their thalli. Whereas crypto- and chasmoendo-
lithic lichens grow in a variety of rock types including
sandstones and granites, it was suggested that euendolithic
growth only in calcitic substrates (Bachmann 1890, 1892,
1913, 1919; Fry 1922, 1927; Doppelbaur 1959). However,
it has been reported that some endolithic lichens may have
their chasmo- and euendolithic phases at different states of
colonization (Ascaso et al. 1995).

There is considerable interest in saxicolous lichens
and other organisms living or growing on or among rocks
because they play an important role as biological weather-
ing agents on both natural outcrops and the cultural herit-
age (Nimis et al. 1992; Piervittori et al. 1994, 1996, 1998;
Adamo and Violante 1991; Ascaso et al. 2002; De los Rios
et al. 2009; Gazzano et al. 2009; Seaward 2015; Magnin
et al. 2017). However, reports of endolithic lichens over and
within bones are restricted to a few contributions (Acosta
Hospitaleche et al. 2011; Gouiric-Cavalli et al. 2018; Garcia
et al. 2020), in which only the superficial aspect of the bones
was evaluated.

We described the taphonomic attributes observed in both
surface and cross sections of fossil bones severely attacked
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by endolithic lichens, identifying the areas inside the bones
reached by the hyphaes using energy-dispersive X-ray spec-
troscopy (EDAX). A description and interpretation of the
subaerial weathering and bioerosive damage caused by
lichens within the fossils is presented.

Materials and methods
Materials

Fossils MLP 08-XI-30-3/12A, MLP 08-XI-30-3/12B, and
MLP 12-1-20-34 included in the present study were collected
during austral summer season field trips to Marambio/Sey-
mour Island organized by the Instituto Antartico Argentino.
These materials are permanently housed in the Divisién
Paleontologia Vertebrados of the Museo de La Plata (MLP),
La Plata City (Argentina).

Methods

For the identification of lichens, freehand apothecia sections
were used, which were observed under an optical micro-
scope, and spot tests were performed. Keys from @vstedal
and Smith (2001) and Olech (2004) were used to taxonomi-
cally identify the lichen species.

A binocular microscope was used for the first examina-
tion of the materials. Based on the severe bioerosive attack,
three penguin bones were selected for the present analysis.
The weathering stage was established according to Beh-
rensmeyer (1978), and the main taphonomic attributes were
described.

The fossil with the highest density of lichens, speci-
men MLP 12-1-20-34, was immersed in hydrogen peroxide
(H,0,) for cleaning, and the organic matter was carefully
removed with cotton. Transversal sections were made with
a Dremel Multi-Tool Mini with a diamond cutting wheel to
observe the inner layers of the fossil bone.

Scanning electron microscopy (SEM) observations were
made using an FEI ESEM Quanta 200 with electron source
from a tungsten filament, with accelerating voltage of 200 V
to 30 kV, at the Departamento de Mecénica, LIMF service
from the Facultad de Ingenieria (Universidad Nacional de
La Plata). Samples without metalization were analyzed in
low-vacuum (LoVac) mode with precision of 0.1-1 Torr.
Electron probe microanalysis (energy-dispersive X-ray spec-
trometry, EDAX SDD Apollo 40) enabled the recognition of
the areas of the fossil reached by hyphae through the detec-
tion of light elements from boron, resolution < 135 eV, with
a qualitative, semi-quantitative, and quantitative analysis
capacity, and patterns for chemical element microanalyses
in a sample of 1 mm?>. Backscattered electron detection was
used to recognize variations in the atomic number of the
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elements that appear in the samples (for example, Galvan
Josa et al. 2013). The grayscale expresses different elements
and helps to detect the presence of hyphae expanded within
the fossil.

Provenance

The samples were collected from Eocene levels of the Sey-
mour/Marambio Island, east of the Antarctic Peninsula,
West Antarctica (Fig. 1). MLP 08-XI-30-3/12A and MLP
08-XI-30-3/12B correspond to pedal phalanges of fossil
penguins collected in the Submeseta II Allomember (Bar-
tonian) of the Submeseta Formation, at locality DPV 13/84.
The third specimen, MLP 12-1-20-34 corresponds to a fossil
penguin coracoid collected in the Submeseta III Allomember
(Priabonian) of the Submeseta Formation, at locality DPV
16/84.

Results

Lichen identification

Two species of lichens were found in the analyzed fossil
remains, Lecidea andersonii Filson 1947 and Athailia holo-
carpa (Hoffm.) Arup, Frodén and Sgchting 2013. Both spe-

cies present an endolithic thallus, although they also show
some epilitic sections around the apothecia. Both species
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have been previously reported in the Antarctic Peninsula;
L. andersonii has a bipolar distribution, and A. holocarpa
is cosmopolitan.

External macroscopic taphonomic observations

MLP 12-1-20-34 (Figs. 2a, 3a) and MLP 08-XI-30-3/12B
(Fig. 5a) exhibit the same deterioration degree, correspond-
ing to stage 1 of Behrensmeyer (1978), whereas MLP 08-XI-
30-3/12A (Fig. 6a) corresponds to stage 2 by the damage to
the periosteal bone at the proximal end. As occurs in fos-
sils preserved in desert environments, the temperature and
humidity fluctuations of the Antarctica causes the lower sur-
face of the bone (in contact with the soil or partially buried)
to weather more slowly than the exposed surface.

The surface of MLP 08-XI-30-3/12B and MLP 12-1-20-
34 is still covered by periosteal bone and thin longitudinal
fissures parallel to the fiber structure. Small and compact
bones such as the phalanges MLP 08-X1-30-3/12A and MLP
08-XI-30-3/12B better withstand the deterioration produced
by weathering and, consequently, these bone are destroyed
more slowly than long bones. However, the proximal end of
MLP 08-XI-30-3/12A is highly damaged and the trabecu-
lar bone is already exposed. Besides, diagenetic fractures
are observed in the coracoid MLP 12-1-20-34, which also
presents deeper cracks with an associated loss of periosteal
bone.

e Marambio Station

1 Submeseta Formation
outcrops

Bodman . DPV 16/84

DPV 13/84

1 < SEYMOUR ’

ISLAND

Fig. 1 Location map showing the collection sites in Seymour/Marambio Island, Antarctic Peninsula (West Antarctica) (modified from Montes

etal. 2013)
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Fig.2 Fossil specimen MLP
12-1-20-34 a Surface of the
fossil before cleaning. Arrows
mark apothecia and thallus

of L. andersonii. b Surface

of the fossil before cleaning.
Arrows mark the traces left

by the removed apothecia and
thallus shown in a. ¢, d Fissures
and perforations generated by
lichens. The photographs were
taken with a stereomicroscope.
Scale bar: 1 mm. White arrow:
apothecia; black arrows: apo-
thecium pit; white arrowheads:
cracks

Apothecia of L. andersonii are scattered over the entire
surface of the samples growing into small holes, accommo-
dated in the spaces of the trabecular bone and also taking
advantage of the cracks. On the contrary, A. holocarpa is not
so widely spread and only appears in the surface of 08-XI-
30-3/12B, with a lower density than L. andersonii.

Internal taphonomic damage

The examination of MLP 12-1-20-34 permits recognition of
different lichenologic structures. Numerous apothecia of dif-
ferent sizes belonging to L. andersonii (Fig. 2a) are aligned
on the surface producing bioerosive damage. The damage
occasioned by the lichens was corroborated after cleaning.
Traces (Fig. 2b—d) coincident with the apothecia and thal-
lus shown in Fig. 2a are evidenced. Fissures (Fig. 2¢) and
subcircular marks (Fig. 2d) are dispersed on the surface pro-
ducing a subtle decoloration and a shallow negative relief.
The internal damage attributed to lichens is observed in
the cross section (Fig. 3a—c). Lichen remains were identified
at 2 mm (Fig. 3a, b) and 2.5 mm depths (Fig. 3a, c). The
areas attacked by lichens are shown in the image as rough
areas (Fig. 3b, c¢) in which the carbon peaks are higher than
those in the areas of the bone that are not colonized . In
contrast, we could not detect any structure or element con-
sistent with lichenologic activity in the EDAX analyses on
central areas of the fossil (Fig. 3d—g). The results obtained at
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2.7 mm depth (Fig. 3d—f) show elements compatible with the
fossil bone (phosphorus, calcium, and oxygen) and the sur-
rounding authigenic minerals such as pyrite (iron, silicium,
and others in minor proportions). Finally, the most central
portion of the fossil, at 5 mm depth (Fig. 3e—g), shows ele-
ments consistent with the fossilized bone.

Hyphae extend below the surface in MLP 12-1-20-34
(Fig. 4), and connect the apothecia that extend to a depth
of just a few micrometers below the surface (Fig. 4b). Apo-
thecia rise to the surface, generating thin and small cracks
through which hyphae also emerge (Fig. 4c). The superficial
pattern of the cracks matches with the hyphae beneath the
surface (Fig. 4d). In a cross section, hyphae penetrate up to
2 mm below the surface of the periosteal bone, reaching/
without reaching the underlying trabecular bone (Fig. 4e).

Another example is given by MLP 08 XI 30 3-12B, the
only specimen colonized by A. holocarpa from the sam-
ple examined here (Fig. 5a). A detail of one the apothecia
(Fig. 5b) enables determination of the hyphae extended into
the fossil about 1 mm depth and a second apothecium, under
which a cavity probably generated by the lichen growth
(Fig. 5¢). Small pits regularly distributed on the fossil sur-
face reveal the detachment of apothecia (Fig. 5d, ). A close-
up of these surficial circular marks evidences the presence
of hyphae related to these pits (Fig. Se).

In specimen 08-XI-30-3/12A (Fig. 6), an apothecia of
L. andersonii grows on the surface and penetrates inward
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Spectrum 6

Fig.3 EDAX analysis of fossil specimen MLP 12-1-20-34. a Cross
section of the material showing the places (b and c) selected for
EDAX analyses. Scale bar: 500 pm. b EDAX spectrum of the analy-
sis made at 2 mm surface depth. ¢ EDAX spectrum of the analysis
made at 2.5 mm surface depth. d Cross section showing cubic pyrite
at 2.7 mm depth. Scale bar: 100 pm. e Close-up of the innermost

Spectrum 4

Spectrum 2

Spectrum 7

area of the bone. Scale bar: 200 pm. f EDAX profile of the trabecu-
lae shown in (d). g Elements profile of the EDAX analysis at 5 mm
depth shown in (e), in the composition it is possible to recognize the
predominance of the elements “S” and “Fe” that make up pyrite, in
addition to the elements of bone apatite

@ Springer
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«Fig.4 Fossil specimen MLP 12-1-20-34. a Cross section showing
the periosteal compact bone and the spongy bone. Scale bar: 1 cm. b
Surface of the fossil under backscattered electron detection in black
showing small fissures surrounding the apothecia of L. anderso-
nii. Scale bar: 1 mm. ¢ A network of hyphae emerging from around
the apothecium. Scale bar: 500 pm. d The cracks correspond to the
growth direction of the hyphae. Scale bar: 100 pm. e SEM image of
the cross section, hyphae network growing into the fossil bone. Scale
bar: 1 mm. White arrow: apothecia; black arrows: apothecium pit;
white arrowheads: cracks; black arrowhead: hyphae

constituting tangles of compact hyphae in the intertrabecular
spaces (Fig. 6b). Two areas of the bones, selected at dif-
ferent depths, were compared. In the first case, detail of a
hypha is observed within the white frame (Fig. 6¢). The
carbon peak observed at the left of the spectrum obtained
at 0.5 mm depth (Fig. 6e) verifies the presence of hyphae,
whereas the other elements correspond with the fossil bone
composition (phosphorus, calcium, and oxygen) and the sur-
rounding sediment (e.g., iron, silicon). On the contrary, the
central sector of the bone, at 4 mm depth (Fig. 6d) presents
an EDAX spectrum (Fig. 6f) only with elements consistent
with the fossilized bone (phosphorus, calcium, and oxygen).

Discussion and conclusions

Our results contribute to knowledge on the bioerosive dam-
age produced by lichens on fossil bones and their tapho-
nomic history. Previous reports of bioerosion by lichens
refer exclusively to surficial traces, but we went one step
further and (traced) searched the hyphae within the bone,
determining the maximum depth to which they extend. In
this way, we provide new elements of analysis that allow us
to distinguish the traces produced by roots (see also Mikulas,
1999a, b, 2001; Francischini et al. 2020) from those gener-
ated by lichens.

Firstly, we successfully tested the use of electron micros-
copy techniques (EDAX analysis, SEM magnification,
and backscatter electron detection) to recognize the lichen
content in a fossil bone. Consequently, we were able to
distinguish the lichenologic damage from other kinds of
weathering.

There is a correspondence between the highest calcium
peaks and the sectors where hyphae were found. The organic
acids generated by the lichens could be affecting the calcium
of the fossil bones, possibly forming compounds such as
calcium oxalate, which would increase the concentration
of calcium around the hyphae of the lichen. Calcium oxa-
late is a compound that many lichens have been observed
to form as a secondary metabolite during rock weathering
(De los Rios et al. 2005; Frank-Kamenetskaya et al. 2019).
Singh et al. (2013) observed the presence of calcium oxa-
lates in traces on calcareous rocks where a community with

L. andersonii, among other lichens, lived. This allows us to
assume that L. andersonii could be an active producer of
calcium oxalates.

Some differences between the analyzed fossil specimens
were observed. L. andersonii was more frequently found
(MLP 08 XI30 3-12 A, MLP 08 X130 3-12 B, MLP 12-1-
20-34) than A. holocarp (only present in MLP 08 XTI 30 3-12
B). Both species face the same ecological constraints and
their thalli cannot continue to grow into the bone when the
light supply is insufficient. In the first millimeters towards
the center of the bone, the hyphae grow without difficulties,
reaching a maximum of 2.5 mm depth. Going deeper, where
lichen hyphae are not observed, we found crystals of sulfur
accumulated in the bone trabeculae. The sulfur associated
with fossil bones crystallizes as pyrite under anoxic or sub-
oxic conditions (Canfield 1991; Pfretzschner 2001), creating
a hostile environment for aerobic organisms. In other cases,
when sulfur appears as crystals of cubic pyrite, it has been
attributed to the bacterial activity during the early stages of
the decay processes (for example Talevi and Brezina 2019).
Besides, the presence of sulfur generates acid in the sub-
strate, and is toxic for most lichens at high concentrations.
However, some species are tolerant to these substrate con-
ditions and favor them owing to the low competition for
space (Purvis and Halls 1996). In the cases examined here,
hyphae and pyrite crystals do not share space, suggesting
that L. andersonii would be intolerant to this substrate. Fos-
sils with higher sulfur concentration could not be colonized
by lichens due to its toxicity to many species.

Although the difference in the substrate provided by
spongy and compact bone could not be evaluated properly
with regards to lichen preferences, some parameters can be
confidently established. Lichens easily grow, taking advan-
tage of preexisting cracks and holes in rocks and bones. In
the latter, diagenetic fractures and medullary cavities or
aerial spaces in the bone are used for anchoring the thallus.
Spongy bone provides an adequate rough surface, but is only
accessible when the fossil is broken. Due to its photosyn-
thetic condition, most of the thallus will be restricted to a
few millimeters above the surface where the sunlight can be
used more efficiently.

In all these cases, the lichens, invariably classified here
as euendolithics, caused different erosive damage. The
fruiting bodies, apothecia, produce holes of different sizes
(0.5-50 pm) and variable depths, associated with micro-
fissures affecting the periosteal bone around them. These
thin and microscopic fissures are also related to the hyphae
growth in the bone surface. We could also establish that the
shallower, rounded, and subrounded marks observed in the
surface of the fossils correspond to the negative relief left
by apothecia when falling. Consequently, we have expanded
the usual substratum in which euendolithic lichens grow,
including calcium phosphate substrates such as the fossilized
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«Fig.5 Fossil specimen MLP 08 XI 30 3-12 B. a Cross section show-
ing the periosteal compact bone and the spongy bone. Scale bar:
1 cm. b Cross section under backscatter electron detection mode, the
inset shows the location of apothecia and associated hyphae of A. hol-
ocarpa. Scale bar: 1 mm. ¢ Detail of the apothecium indicated in (b),
the hyphae growing into the fossil and an empty perforation previ-
ously occupied by an apothecium. Scale bar: 500 pm. d Surface under
SEM showing apothecia and perforations (white arrows). Scale bar:
100 pm. e Fracture associated with apothecium growth. Other perfo-
rations are also indicated. Scale bar: 100 pm. White arrow: apothecia;
black arrows: apothecium pit; white arrowheads: cracks; black arrow-
head: hyphae

bones analyzed here. The presence of secondary acid metab-
olites reported in both species studied here (@vstedal and
Smith 2001; Olech 2004; Arup 2009; Ruprecht et al. 2010)
would actively help penetration into the bone. The biological
activity and lichen growth produce thin sinuous fissures only
visible with high magnification, different from the linear
cracks produced by physical weathering (e.g., frost wedging,
erosion by wind or snow, transportation).

Endolithic lichens, previously found in other penguin
bones and shark teeth, leave pits and, in some cases, whit-
ish traces on the fossil surface. These lichen traces, named
as type 1 in Acosta Hospitaleche et al. (2011) were recog-
nized in early Miocene fossils from the Gaiman Formation
(Patagonia, Argentina). These individual traces, made by
Sarcogyne regularis Korb. 1855, Verrucaria sp., and Buel-
lia aff. punctiformis (DC.) A. Massal. 1852, leave grooves
lighter than surrounding bone or enameloid surfaces and
with an unbranched and intercrossed random pattern with a
constant hyporelief. We did not find these corrosive traces
in the materials examined here, where hyphae of L. ander-
sonii and A. holocarpa were mostly recognized inside the
bone rather than on the surface. Type 2 lichen traces (Acosta
Hospitaleche et al. 2011) were isolated, small, subspherical,
and slightly concave pits without associated whitish traces.
These structures, previously found in Antarctic teeth, are

equivalent to the holes belonging to the apothecia described
above.

As stated before, all these marks are useful tools for
reconstructing the chronology of the taphonomic events
in paleontological and archaeological contexts. As lichens
need light to grow, the finding of any bioerosive structure of
lichenology origin imply that the fossil was exhumed dur-
ing the time that the lichen colonized the bone. The small
fissures and/or the whitish traces related to the lichen activ-
ity crossover previous diagenetic cracks and remodel the
edges of the fractures. Besides, as we have demonstrated,
the extension of the hyphae in the interior of the bone is
constrained by sunlight, therefore, the presence of lichen in
deeper areas of spongy bone is only possible when the mate-
rial is fractured. We also recognized the damage produced
by lichens when the thalli and apothecia were completely
degraded, for example after a new burial event.

Lichen traces can also alter the morphology of preexistent
traces such as predation marks, fractures of fresh or miner-
alized bones (Cione et al. 2010; Acosta Hospitaleche et al.
2012), and wear marks on anthropological pieces of rock
(Magnin et al. 2017). Therefore, the proper recognition of
lichen traces minimizes error margins during the examina-
tion of fossils or archaeological pieces, and contributes to the
reconstruction of the taphonomic history of the bones.

Furthermore, although we observed biodeterioration by
lichens on penguin bones as a modern process, it could have
occurred in the same way in the past. The climatic condi-
tions, substrate, and taphonomic process involving lichens
could have been acting this way since Eocene times. Recog-
nition of these traces is still a challenge. Unfortunately, we
could not find an equivalent study to compare our results.
Modern lichens have been previously recognized on fossil
surfaces but never analyzed in a broader taphonomic context
such as this. Our results, including analyses of the innermost
part of the bones, are a first step in this direction.
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Fig.6 Fossil specimen MLP 08 XI 30 3-12 A. a Cross section show-
ing the periosteal compact bone and the spongy bone. Scale bar:
1 cm. b Cross section showing an apothecium on the bone surface
and the hyphae extending into the bone. Scale bar: 1 mm. ¢ Area of
the section with visible hyphae (rectangle indicated with a) where
EDAX analysis shown in (e) was undertaken. Scale bar: 50 pm. d
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Spectrum 15

Area of the section (square indicated with b), where the EDAX analy-
sis shown in (f) was undertaken. Scale bar: 500 pm. e Spectrum of
EDAX analysis corresponding to the area indicated in (c). f Spectrum
of EDAX analysis corresponding to the area indicated in (d). White
arrow: apothecia, black arrowhead: hyphae
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