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Abstract. — One of the most significant monuments of the Roman Danube Limes is Trajan’s Bridge, built in the period

from 103 to 105 AD. The remains of the pillars on the Serbian bank of the Danube were partially restored four decades ago.

Today, the pillar that is closest to the river, which has not undergone conservation, is subject to different types of deterioration.

During the comparison between the present condition of the pillar and those recorded in photos over the last six decades,

we can estimate that its level of material loss has not overly changed. However, the difference in biological growth is visible.

The primary aim of this study was to record the degree of infestation and endangerment of the monument and check for possible

risks of mortar deterioration where mortar is in direct contact with severely infested bricks. Moreover, a characterisation of

the biodeteriogens was performed. Special emphasis was given to fungi as the main agents of deterioration. A precise assessment

of the level of risk they pose to this monument was made as a basis for the formulation and implementation of appropriate

conservation treatments. Severe macrofouling by epilithic lichenised fungi and mosses was documented. Even areas where pillars

lack visible infestation, thriving microbial communities characterized by the presence of various fungal structures, as well as

structures of trichal Cyanobacteria, and Chlorophyta were recorded. Similarities between communities documented on brick,

mortar, and stone surfaces, estimated via Serensen’s quotient of similarity, were high, with the highest similarity documented

between mortar and stone.

Key words. — biodeterioration, Trajan’s Bridge, lichens, Danube Limes in Serbia, historical mortars, historical brick,

historical stone, Roman monument

n the last few years, several projects have been in-
itiated in the Republic of Serbia with the aim of
researching and documenting the condition of
building remains of the former Roman Danube border,
originating from the period from the 15! to the 6 cen-
tury, drawing up conservation and management plans
necessary to preserve all their values, to include them

in the life of local communities and to make them ac-
cessible to visitors. The main project is connected to
the creation of the nomination dossier named Fron-
tiers of the Roman Empire — The Danube Limes (Ser-
bia), conducted by the Institute of Archaeology and
Institute for the Protection of Cultural Monuments of
Serbia — Belgrade, with the aim of including the Limes
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Fig. 1. View from the northwest to the remains of Trajan s Bridge on the Serbian bank of the Danube in July 2021
(Archive of the Institute of Archaeology, Belgrade)

Cn. 1. Iloineg ca ceseposaiiaga na octuatuxe Tpajanosoi mocitia na cpickoj oovanu ynasa y jyny 2021. iogune

(Apxusa Apxeonowxol unciuuiyina, beoipag)

on the UNESCO World Heritage List.! The scientific
project Mortar Design for Conservation — Danube
Roman Frontier 2000 Years After (MoDeC02000)>
examines the lime mortars of these historic buildings
and tries to offer recommendations for the production
of conservation mortars while respecting the princi-
ples of compatibility and preservation of the environ-
ment, using local raw materials and traditional tech-
nologies. The latest inclusion is the project Promising
Natural Alternatives for the Cultural Heritage Safe-
guard: A Force of Nature (PROTECTA), aimed at in-
vestigating causes of the decay of cultural heritage
objects and buildings in Serbia, and the development
of non-invasive, eco-friendly, and safe biocontrol
methods to combat deteriogenic microorganisms re-
sponsible for the damage, in order to achieve sustaina-
ble restoration and conservation.

Among the most significant monuments of the
Roman Danube Limes, which today stretches through
several European countries, is Trajan’s Bridge, the re-
mains of which can be found today on both sides of
the river: in present-day Serbia (the village of Kostol)
(Fig. 1), and Romania (the town of Drobeta—Turnu
Severin) (44°37°8.3”N 22°40°3.1”E). This once mon-
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umental structure consisting of masonry pillars on the
banks and in the river bed that, together, supported the
wooden construction had a total length of 1,130 m.3 It
was designed by Apollodorus of Damascus and built
in the period from 103 to 105 AD in order to enable
the crossing of the Danube river by the Roman army
under Emperor Trajan during the conquest of Dacia.
Along with the bridge, two forts were erected for its
protection — Pontes on the present-day Serbian side of
the river and Drobeta in today’s Romania.*

The masonry remains of Trajan’s Bridge situated
in Serbia were archaeologically investigated in 1979
and 1980, after which two embankment pillars out of
four were partially restored ¢ (Fig. 2). Initially, three
pillars were on dry land, while the environment of the

I UNESCO 2022; Kora¢ et al. 2014, 32-34.

2 Nikoli¢, Jovigié¢ 2022, 9-11.

3 Bjeli¢ 2020, 23; More on wooden construction, see in:
Gusi¢ 1996, 259-261; Mehrotra, Glisi¢ 2015, 65-72; Bjeli¢ 2020:
22-32.

4 Taparmanun, Bacuh 1980, 7-8.

3 Ibid, 7-50; Tapamanun et al. 1984, 25-84.

6 Tymmuh 1985, 77.
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Fig. 2. Remains of Trajan's Bridge before excavations: from 1963 (A), and 1973 (B) (Archive of the Institute
of Archaeology), after excavations in 1981 (C) (Archive of the Institute of Archaeology); and from 2021 (D)
(Archive of the MoDeCo02000 project)

Cn. 2. Ocinayu Tpajanosoi mociua iipe uckoiagarea: uz 1963. iogune (4) u 1973. iogune (B) (Apxusa Apxeonowxoi
unciuuitiyina, beoipag),; naxon ucroiiasarsa 1981. iogune (C) (Apxusa Apxeonowxol unciuuiiyitia, beoipag);

uus 2021. iogune (D) (Apxusa iipojexizia MoDeCo02000)

one closest to the river depended on the water level (Figs.
1 & 2). Construction of the Iron Gate hydropower
plant system caused the rise of the Danube, which led
to the building of the defensive embankment around
the remains, into which water later penetrated.

Since the monument is in the area of constant wa-
ter level and humidity fluctuation, and is additionally
influenced by air pollution, wind, and precipitation, it
was necessary to carry out the initial assessment of its
present state of preservation (preparing it for future steps
in the conservation plan). This has been done through
the implementation of the MoDeC02000 and PRO-
TECTA projects, which incorporated archaeological
and architectural assessments, recorded which building
materials were used, implemented laboratory research
of mortars, as well as reviewed the state of its conser-
vation (report on the degree of biodeterioration).

The factors that impact building materials are: ex-
ternal environment, the design and choice of materials,
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construction practices, the properties of the materials
themselves, execution of the building works, as well as
subsequent maintenance.’” Due to the influence of the
environment (moisture and water, salts, air pollution,
variations in temperature, exposure to fire, dynamic
loading, and soil subsidence), and the properties of
authentic and conservation materials and their use and
maintenance in construction, there are many types of
deterioration of building materials. Some of these,
based on environmental factors, are frost damage, salt
crystallisation, formation of different compounds and
crusts, dissolution and leaching, erosion, swelling, spal-
ling, cracking, and biological growth on masonry.®
The diagnostic process of collecting information
and observing the monument for the purpose of its

7 Van Hees et al. 2004, 644—645.
8 Ibid, 645.
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Fig. 3. Eastern side of the pillar — remains in 2020 (A), and in 1979 (B);
western side of the pillar — remains in 2020 (C), and in 1979 (D)
(Archives of the Institute of Archaeology, Belgrade — 1979 and the MoDeC02000 project — 2020)

Cn. 3. Hcinouna cipana ciayiiya — ociuayu y 2020. iogunu (A) u 1979. iogunu (B);
saiiagna cipana ciyiya — ociwiayu y 2020. iogunu (C) u 1979. iogunu (D)
(Apxusa Apxeonowxoi uncmuiiyitia, beoipag 3a 1979. ioguny u apxuea upojexiia MoDeCo02000 3a 2020. ioguny)

protection and conservation includes the research of
the materials used for its construction and later inter-
ventions. We can recognise four components in the
process of a building conservation assessment: back-
ground research (construction, materials, historical
development, past interventions and uses); survey of
the condition (in general and of components, in order to
mark the symptoms of deterioration that can lead us to
the conclusions regarding possible causes); detailed
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analyses (for the investigation and confirmation of de-
terioration causes); and prognosis with risk assessment
(in order to propose the preventive or remedial treat-
ments).’A significant step in this process is the deter-
mination of the degree of biodeterioration of the in-
vestigated monument.

9 Henry, Stewart 2011, 165.
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Fig. 4. Biocolonisation on the northern side of the pillar: in the period from the late 1980s to the 1990s (4) (Archive
of the Institute of Archaeology), and in 2020 (B) (Archive of the MoDeCo02000 project), from the late 1980s and
1990s (C) and from 2020 (D), images enhanced using DStretch app (RGB0) (Archive of the MoDeCo02000 project)

Cx. 4. Kononusayuja na cesepHoj cillipanu cilyiiya: y uepuogy KacHux ocamgeceiiux u iokom gegegeceiiux ioguna
20. sexa (A) (Apxusa Apxeonowxol unciwiuiyiva, beoipag) u'y 2020. iogunu (B) (Apxusa ipojexiia MoDeC02000);
U3 KACHUX ocamgeceiniux u wwoxkom gegegecetniux ioguna XX eexa (C) u uz 2020. iogune (D),

Goumioipaguje obpahene y3 yiompedy annuxayuje aDStretch (RGB0) (Apxusa iipojexiia MoDeCo02000)

Research aim

The masonry pillar of Trajan’s Bridge on the Ser-
bian bank of the Danube, which is closest to the river
and which remained unrestored, shows signs of severe
deterioration. From comparing its present condition
with photographs taken from 1963 up to the rise of the
Danube, but also with those taken afterwards, we esti-
mate that the overall change in material loss was min-
imal (although individual deterioration of the building
material itself cannot be recognised in detail due to the
lower quality of black and white photos) (Fig. 3). The
same conclusion applies to changes in biological coloni-
sation and subsequent deterioration when comparing
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the present state with images taken in the period from
2004 onwards.'? However, comparing these images
(Fig. 4B, D)!! with the few colour images created in

10° Archive of the Institute of Archaeology (photos from 1963,
1965, 1966, 1967, 1969, 1973, 1979, and 1981); archive of the MoDe-
Co2000 project (photos from 2020, 2021 and 2022); archive of the
Institute of Archaeology (photos from 2004, 2007, 2008, 2013, 2019
and 2021);

11 Archive of the MoDeC02000 project (2020, 2021, and
2022); archive of the Institute of Archaeology (photos from 2004,
2007, 2008, 2013, 2019 and 2021); the image used (2020) was en-
hanced using the DStretch application (https://www.dstretch.com/).
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the period closer to the that connected to the water
penetration (Fig. 4A, C) 12, and by using image soft-
ware enhancement, we can see a more noticeable dif-
ference in the continuous biological colonisation. The
growth might have been accelerated after the water
penetration, but was evidentially slowed down later
again to its natural rate.

Through this study, the characterisation of the bio-
deteriogens was performed, focusing on lichens (li-
chenised fungi) as the most dominant colonisers, in
order to obtain data on the actual degree of biological
endangerment of the monument.

MATERIALS AND METHODS

Study site and sampling points

Trajan’s Bridge had twenty masonry pillars with
platforms in the river bed that supported the wooden
structure, as well as the approach masonry sections on
both sides of the river that each consisted of four pillars,
the remains of which are still visible (28 pillars in to-
tal)!3. These masonry parts of the bridge were built of
brick, stone, and lime mortar. Underwater research es-
tablished that pillars that carried the platforms with a
wooden construction are in the river bed, but with var-
ying degrees of preservation.!# As for the remains of the
approach section on the territory of Serbia, one pillar
was preserved at a height of 8.38 m,!> while the other
pillars were preserved only at the foundation level.
After the excavation, a partial restoration of two pillars
on the bank and the platform simultaneously built with
the best-preserved pillar was executed. However, the
best-preserved pillar remained unprotected in this pro-
cess. Since the visual observation of the monument most
often does not provide sufficient data for the report on
its endangerment, different steps were taken in our re-
search in order to investigate the state of the pillar
more thoroughly using laboratory research. The first
one was the determination of biodeteriogens.

To identify the main agents of biodeterioration of
the pillar closest to the river, in situ microscopy and
sampling were carried out on several parts of its ma-
sonry structure. The samples were taken mainly from
the northern side of the pillar, but some samples also
came from its eastern and western sides. This was
conditioned by the possibility of a physical approach
to the infested surfaces and, thus, on the inaccessible
southern side only a visual inspection of the structure
was performed together with a photographic record.
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In situ microscopy

Direct observation of lichen growth on brick,
mortar, and stone surfaces was performed using the
portable Dino-Lite Edge digital microscope AM-
7915MZTL. Image processing and measurements
were achieved via DinoCapture 2.0 v1.5.39.A soft-
ware. Identification of the documented lichenised fun-
gi, based on the morphology of thalli and observed
reproductive structures, was performed using a dicho-
tomous key by Smith.!®

Lichenometry

The maximum diameter of the single largest ob-
served lichen thalli with uniform radial growth (later
identified as Lecanora campestris) was measured to
date the minimum age at which the surface of Tra-
jan’s Bridge was exposed to lichenised fungi coloni-
sation, per the LL method described in Bradwell
2009'7 and taking into account the documented radi-
al growth rate of L. campestris in a range from 0.12 to
2.3 mm per year.'®

Bryological analyses

Mosses growing on the surface of bricks, mortar,
and stone were carefully removed with a scalpel and
transported to the laboratory, under sterile conditions, to
be identified using a dichotomous key by Frey et al.!®

Optical microscopy

A non-aggressive adhesive tape method was ap-
plied to collect samples for optical microscopy.2? In
laboratory conditions, samples were stained with Lac-
tophenol Cotton Blue-glycerol mixture and analysed
with a Zeiss Axio Imager M1 microscope using Axio-
Vision Release 4.6 software. Detected cyanobacteria
and algae were identified on the basis of cellular mor-

12 Archive of the Institute of Archaeology (the photos are not
dated, but they present the monument after the completed restora-
tion works, and it is known they were made before 2004); the image
used (late 1980s, or 1990s) was enhanced using the DStretch appli-
cation (https://www.dstretch.com/).

13 Tapanrammm, Bacuh 1980, 8; Bjeli¢ 2020, 22.

14 Karovi¢, Nenadovi¢ 2014, 95-97.

15 Tapamanun, Bacuh 1980, 16.
16 Smith 2009, 1-1046.

17 Bradwell 2009, 61-69.
18 Joshi et al. 2021, 1-16.
19 Frey et al. 2006, 1-512.
20 Urzi, de Leo 2001, 1-11.
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phology using identification keys by John et al.,?!

Komarek and Anagnostidis,?? and Ettl and Girtner.?3

Isolation and identification of culturable fungi

Samples for the isolation of culturable fungi were
collected with sterile swabs, after which the swab tips
were immersed in 2 ml microtubes (Sarstedt Inc.) with
1 ml of a 30% glycerol-Mueller Hinton Broth medium,
frozen, and transported to the laboratory under sterile
conditions. From each microtube, after a 1 min treatment
in a vortex mixer (ZX3, VELP Scientifica), 100 pl was
pipetted onto plates containing Potato Dextrose Agar
(PDA) supplemented with streptomycin (500 mg L!;
streptomycin sulphate salt, Sigma-Aldrich) to sup-
press bacterial growth. Inoculation was performed in
triplicate. Inoculated plates were incubated in an oven
(UE 500, Memmert) at 25+2 °C for 7 days. After the
incubation period, morphologically different colonies
were reinoculated onto PDA and incubated under the
same conditions to obtain axenic cultures. Isolated
fungi were identified based on colony morphology
and the microscopic characteristics of reproductive
structures, observed with the Zeiss Axio Imager M1
optical microscope and AxioVision Release 4.6 soft-
ware, using identification keys.2*

Ecological statistics

The similarity between the communities document-
ed on brick, mortar, and stone surfaces was evaluated
using Serensen’s quotient of similarity (QS) calculated
using the following formula:23

Qs=2a/(2a+2b+ 2c)
where a — number of taxa common to two analysed
substrata; b — number of taxa unique to one analysed
substratum; ¢ — number of taxa unique to the other
analysed substratum.

RESULTS

Preservation state of the investigated pillar

The most pronounced deterioration of Trajan’s
Bridge is represented by different processes of loss of
building materials. It is mostly related to bricks, then
stone, while its least expression is on mortar. The
bricks that formed the face of the preserved pillar, as
the most exposed to external factors, are substantially
effected by degradation in the upper and in the central
parts of the pillar, while the bricks in the lowest zone
are in a better condition. Preservation state varies,

149

however, for parts that are always above the water and
for those whose submergence depends on the varia-
tions in the level of the Danube. Most of the bricks are
in a state of spalling and erosion, and the alveolisation
of a number of bricks with occasional cracking is also
noticeable, as well as the formation of deposits, with
pronounced discolouration in the lowest zone. As for
the porous stone in the core of the pillar, the most pro-
nounced deterioration is alveolisation with erosion, but
there is also scaling and delamination of the stone
blocks of the restored platform, which is mostly in wa-
ter. The mortar is the least affected by these changes,
but alveolisation with erosion can be observed as well.
The northern side of the pillar has the highest level of
deterioration of materials (Fig. 5).

The bricks of the researched pillar are the most
endangered by biodeterioration, followed by the stone.
However, the mortar is visually mostly spared of in-
festation. The most pronounced presence of all colo-
nizers, on the best-preserved pillar, is on the exposed
bricks of its northern side. They are somewhat less
present on the southern side, where its visible struc-
ture is also made of exposed bricks. On the eastern
and western sides, where stone is mostly observed,
colonisation is less common. Looking at the north and
south sides of the pillar, a concentration of organisms
in the form of vertical strips is noticeable, which seem
to “flow” from the top of the monument to its base and
are scattered on the protruding parts of the ruin, while
the recessed and relatively flat parts of the structure
are mostly spared. This can indicate the presence of a
precipitation flow that is stopped in protruding spots,
creating favourable conditions for the growth of fungi
and other organisms. The growth of plants is also de-
tected on the investigated pillar, especially on its top.

In situ assessment of surface infestation

Severe macrofouling in the form of lichen infesta-
tion of brick (Fig. 6A-D) and stone (Fig. 6F—H) was
documented both visually and in more detail via in
situ microscopy (Fig. 7). On the basis of the visual
observation alone, a gradient of colonisation, in terms
of substrate bioreceptivity, could be established, with

21 John et al. 2003, 1-896.

22 Komarek, Anagnostidis 2005, 1-786.

23 Ettl, Gértner 2014, 1-773.

2 Raper, Fennell 1965, 736-737; Samson et al. 2019, 1-481.
25 Krebs 1999, 1-620.
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Fig. 5. Deterioration of the pillar — southern side in 2020 (A), and northern side in 2022 (B);
stone and mortar deterioration in 2020 (C, D); brick and mortar deterioration in 2021 (E), and in 2022 (F)
(Archive of the MoDeCo02000 project)

Cn. 5. Hetmepuopayuja ciuyiya — jysxcua ciapana y 2020. iogunu (A) u cegepra ciupana y 2020. iogunu (B);
getiepuopayuja kamena u otexe y 2020. iogunu (C, D), geiiepuopayuja oiiexe u maniepa y 2020. iogunu (E)

uy 2022. iogunu (F) (Apxusa upojexiia MoDeC02000)

bricks being the most susceptible to lichen infestation,
followed by stone, while large mortar surfaces, for the
most part, remained clean. Predominant colonisers
were epilithic crustose and foliose lichens identified
as Caloplaca decipiens, Lecanora campestris, L. dis-
persa, Parmelia saxatilis, Porpidia crustulata, as well
as lichens of the genera Verrucaria and Xanthoria.
Based on the diameter of the largest lichen thalli of L.
campestris, and taking into consideration the minimal
growth rate of this lichen and the fact that, to the best of
our knowledge, the studied part of the bridge was never
cleaned of infestation and restored, it was calculated
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that the lichen colonisation of Trajan’s Bridge could
have started as early as 800 years ago.

In contrast to the bricks and stone, the mortar was,
for the most part, free from infestation (as was previ-
ously mentioned), with the only exception being thin
connecting layers between bricks (Fig. 6A). In these
instances, colonisation presumably occurred due to
the proximity of the infested bricks and the inoculum
transfer between closely positioned and connected
bricks. Furthermore, the lower part of the pillar, often
submerged in water, was easily distinguishable from
the rest of the pillar by the grey discolouration and was,
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Fig. 6. Lichen and moss infestation of brick (A—D), mortar (E), and stone (F—-H) of the pillar in September, 2022,
lower, usually submerged part is discoloured and infestation free (I-J) (Archive of the PROTECTA project)

Cun. 6. Hughectiayuja oiiexe ciiyiiya auwajesuma u maxosunama (A—D), maniiepa (E) u kamena (F—H)
y ceniiiembpy 2022. iogune, gorvu, ViiasHOM HOWIOUbEHU geo je uslyouo 0ojy u nema ungecuiayuje (I-J)

(Apxusa tipojexiia PROTECTA)

for the most part, free from infestation (Fig. 61-J),
with the occasional dried lichen and moss thalli occur-
ring on bricks.

In addition to lichenised fungi, fully developed
moss thalli in the form of scattered tufts are sporadical-
ly present on bricks, as well as stone and the thin layer
of mortar in some instances (Fig. 6E). These were de-
termined to be Brachythecium glareosum, Grimmia
pulvinata, Pohlia sp. and Tortula muralis, with G. pul-
vinata and T. muralis being the most prevalent mosses
documented at the studied location (Table 1).
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Microbial proliferation on brick,

mortar and stone surfaces

Optical microscopy of the adhesive tape samples,
taken from the surface of bricks, mortar and stone, has
revealed the dominant presence of lichen soredia in
mass (Fig. 8A), rhizines, as well as in clusters and/or
chains of melanised mycobiont, alone (Fig. 8B) or in
association with green algae in different phases of li-
chen primordia formation. Melanised clusters of cells,
very reminiscent of microcolonial fungi (MCF), were
also found permeating stone fragments (Fig. 8C). In
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Documented taxa Sample type Mortar Stone Brick Submerged area
Fungi

Filamentous fungi

- Ascomycota -
Alternaria alternata SS + +
Alternaria infectoria SS + + +
Alternaria sp. SS +
Aspergillus flavus SS + +
Aspergillus niger SS + +
Aspergillus nidulans SS +
Aspergillus ochraceus SS +
Cladosporium cladosporioides SS + + + +
Cladosporium sphaerospermum SS + + + +
Epicoccum nigrum SS + + +
Penicillium sp. SS +

- Zygomycota -
Rhizopus stolonifer SS +

- Unidentified -
Mycelia sterilia — Moniliaceae SS + +
Mycelia sterilia — Dematiaceae SS + +
Yeasts SS + + +
Lichenized fungi

- Ascomycota -
Caloplaca decipiens IM/AT + +
Lecanora campestris IM/AT +
Lecanora dispersa IM/AT +
Parmelia saxatilis IM/AT +
Porpidia crustulata IM/AT +
Verrucaria sp. IM/AT + +
Xanthoria sp. IM/AT +

Plantae

Bryophyta
Brachythecium glareosum VS + +
Grimmia pulvinata VS + + +
Pohlia sp. VS +
Tortula muralis VS +
Chlorophyta
Apatococcus sp. AT + +
cf Haematococcus pluvialis AT
Desmococcus olivaceus AT + + +
Trebouxia sp. AT +

AT — adhesive tape; IM — in situ microscopy; VS — voucher specimen; SS — sterile swab

Table 1. List of taxa documented on various substrata of the pillar;
microbial proliferation on brick, mortar and stone surfaces (Archive of the PROTECTA project)

Tabena 1. Jluctia wlakcona 3abenexnceHux Ha pasmusuiiium Cyucupamuma ciayuya,
iponugpepayuja MUKpoopianuzama Ha nospuiunama otieke, manitiepa u kamena (Apxusa ipojexiia PROTECTA)
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Fig. 7. Details of epilithic foliose and crustose lichen thalli, with clearly visible apothecia, observed via in situ
portable microscope (Archive of the PROTECTA project)

Cn. 7. Hdettiamu edunuitickux (ponuo3nux KpycilosHux wanycd 1uuajesd, cd jacHo youmusum aioiieyujamd,
Hocmatipanu in situ perocHum muxpockotiom (Apxuea tipojexitia PROTECTA)

addition, various fungal structures, such as fragment-
ed hyphae (Fig. 8G) with visible chlamydospores,
sporangia, darkly pigmented ascospores presumably
of Pleosporales, chains of Alternaria dictiospores,
Epicoccum and Helminthosporium conidia, as well as
a mass of Cladosporium conidia, alone or bound to
trichomes and spider webs (Fig. 8D-F), were very
abundant within all samples. Furthermore, green algae
from the genera Apatococcus and Trebouxia, as well
as Desmococcus olivaceus, were observed as pho-
totrophic biofilm components on stone and mortar, all
of whom are known to be lichen photobionts. These
findings prove that the mortar, although clean and
lacking visible infestation, possesses a thriving micro-
bial community. The biofilm from the occasionally
submerged area of the bridge, as expected, was domi-
nated by phototrophic microorganisms, i.e., green algae,
among them Haematococcus pluvialis and D. oliva-
ceus, and trichal Cyanobacteria (Fig. 8H-K), although
amass of soredia and various associations of mycobiont
and photobiont could also be observed.

Culturable mycobiome

A total of 12 filamentous fungi from six genera
were determined as part of the culturable mycobiome of
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different substrata of Trajan’s Bridge (Table 1). The
greatest diversity was documented on mortar and
stone, with eight fungal species each, followed by the
previously submerged area of the bridge (7) and finally
the exposed bricks (5). The majority of isolated fungi
were Ascomycota, with Rhizopus stolonifera, the only
isolated representative of the phylum Zygomycota.
With four documented species, the genus Aspergillus
was the most diverse, followed by Alternaria (3) and
Cladosporium (2). Furthermore, the culturable mycobi-
ome also consisted of several yeasts, as well as fungi
that did not form reproductive structures in the cul-
tures, i.e., Mycelia sterilia of both the Moniliaceae
and Dematiaceae families.

On the basis of the results obtained by the isolation
of the culturable mycobiome, together with micro-
scopic analysis and identification of lichen and moss
specimens, Sgrensen’s quotient of similarity was calcu-
lated to determine the similarity between the communi-
ties documented on brick, mortar, and stone surfaces, as
well as those present on the surface of dry and occasi-
onally submerged parts of the bridge. Due to species
overlap, the obtained QS values for mortar-stone-brick
substrates were especially high (in the range from
0.57 to 0.65) with the highest similarity documented
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Fig. 8. Optical micrographs of adhesive tape samples from various substrata of the pillar:

A. soredia in mass, B. melanised clusters of mycobiont,; C. melanised clusters permeating stone substrata;
D. Alternaria-like dictiospore;, E—F. Cladosporium-like conida in mass; G. melanised hyphal fragments,
H-K. various stages of green algae and trichal cyanobacteria (Archive of the PROTECTA project)

Cn. 8. Odtiuuxe mukpoipaguje y3opaxa agxesusHe paxe ca pasiuyuiiiux Cyiuciapaima ciayuya:

A. copeguje y macu; B. menanuzosanu xnacitiepu muxoouoniia,; C. menaHuzo8anu Kidaciiepu Koju Upoxcumayy
kamenu cyiciapain, D. guxiiuociiope Alternaria wuiia, E—F. Cladosporium—xonuguje Cladosporium iuiia y macu,
G. menanusosanu xugainu gpaimeniiiu, H-K. pasnuuuitie ghaze s#cugoitinol yuxayca senenux aniu u puxaiHux
yujanooaxitiepuja (Apxusa upojexiia PROTECTA)
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between mortar and stone incorporated within. Further-
more, a high QS value of 0.57 was also obtained when
comparing communities documented on dry and on
occasionally submerged parts of the bridge.

DISCUSSION

It is a well-known fact that “maintenance-free ma-
terials do not exist”.2® The detection of the possible
damage that can occur as a result of external or inter-
nal factors and proposing the actions to avoid the
damage is a necessary activity prior to conservation.
In the case of the remains of Trajan’s Bridge in Serbia,
it is very important to consider the change in the envi-
ronment and its influence on building materials, since
some materials are stable in one environment, but can
be very vulnerable in different conditions.?” This is
especially important for the remaining parts of the
bridge pillars not initially constructed in water, but
now partially submerged in the varying water level.

In a travelogue from the end of the 19" century,
Felix Kanitz (1829-1904) wrote that the pillar of Tra-
jan’s Bridge in its upper part was damaged due to
weather conditions. He also pointed out that the local
villagers tore off the stone blocks lining the shorter
sides of the pillar, and that the core had hardened so
much that they could not do anything to it.2® There is
no mention of the condition of the brick lining on the
longer sides. However, there is a possibility that some
bricks were damaged or have even completely disap-
peared over time, due to the separation of entire units
by villagers, but more probably due to the tearing of
their fragments (as a result of the impossibility of
complete unit separation from the strong concrete core
to which the brick lining was tightly bound).

Biological colonisation on the Trajan’s Bridge did
not spare a single part of the preserved pillar, and it
affected all the types of construction materials pres-
ent. The predominant presence of lichens and mosses
indicates that the bricks, stone, and mortar possess a
very high bioreceptivity and are in the later stages of
biological succession, characterised by the advanced
state of the deterioration process. This is not unexpect-
ed, since colonisation of monuments is greater on sub-
strates with higher porosity or rough surfaces that re-
tain more moisture.2’ Although known to be involved
in the process of bioprotection against a multitude of
weathering factors, lichen infestation, as pronounced
as the one observed on the studied site, has great eco-
logical implications due to its marked paedogenetic
activity, which causes reduced substrate cohesion. Li-
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chens deteriorate substrate biogeochemically, via oxa-
late formation, carbonic and various organic acids that
form cation—ligand complexes with minerals altering
the substrate composition (biocorrosion), and biome-
chanically, due to hyphal penetration, contraction of
the thalli and adhesion of rhizines, which are assumed
to act cooperatively and penetrate a few millimetres
into the porous material over the course of several
decades.?? Furthermore, due to their slow but constant
growth, they cover considerable areas with undesira-
ble chromatic alterations.3! All of the lichens docu-
mented in the study are from the surrounding rocks
and are known colonisers and deteriogens of cultural
heritage monuments worldwide, with the only excep-
tion being L. dispersa, which has been previously re-
ported to cover significant areas but does not induce
evident modifications.3? The chemical and mechani-
cal activity of mosses is, likewise, not without conse-
quences as damage, usually manifested as discoloura-
tion, green-grey patches, and extracted minerals, is
known to occur over an extended period of time. Their
biodeterioration capacity is largely due to the accumu-
lation of Ca2" within the thalli, such is the case with
G. pulvinata®3, for whom this process is very well
documented. Furthermore, the death of mosses can
cause indirect damage to monuments by enriching and
increasing the humus content that supports the growth
of successive species of the higher plant.3* Since plant
growth has been recorded on the pillar of Trajan’s
Bridge, especially on its top, it is necessary to careful-
ly register the species and make decisions regarding
its elimination, since the removal of higher plants
should be done as soon as they grow.3> Their appear-
ance starts in the mortar joints, and the roots can exert
mechanical stresses on this bonding material, which
get higher as the plants grow, eventually causing the
failure of the structure.

26 Balksten, Strandberg-de Bruijn 2021, 367.
27 Henry, Stewart 2011, 122.
28 Kosti¢ 2011, 217-218.
2% Henry, Stewart 2011, 152.
30 Ibid; Salvadori, Municchia 2016, 39-54.
! Ljaljevi¢-Grbié et al. 2017, 304-310.
32 Piervittor et al. 1998, 263—277; Guiamet et al. 2012,
339-344.
33 Dakal, Cameotra 2012, 36.
34 Ibid.
35 Elena Charola 2016, 18.
36 Steiger et al. 2011, 230.

w
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The culturable mycobiome, dominated by A4sco-
mycota and Zygomycota to a lesser extent, represents
a typical fungal community that originated from the
surrounding soil and vegetation, and was deposited
via the air onto the surface of the monument. Although
frequently isolated from this type of cultural heritage
object, for the most part they possess no role in the pro-
cess of biodeterioration, since their particular ecology
does not allow them to establish critical mass easily or
at all on these extreme types of substrata. In that sense,
they only act as allochtoon transients that do not par-
ticipate in the complex process of microbial deteriora-
tion. On the other hand, an actively growing microbial
community, documented in the samples analysed via
microscopy, mainly consisted of various lichen struc-
tures and black yeast-like MCF permeating the stone
and leading to the development of the biopitting phe-
nomenon, i.e., the formation of pits in sizes ranging up
to 2 cm in diameter and depth.3” The dominance of
extremophile organisms, such as these, is expected in
the studied type of monument since they are the most
adapted to the stressful factors (UV, temperature fluc-
tuation, periods of water freezing in fissures, etc.) that
characterise it.

It is not precisely known for how long Trajan’s
bridge was in use. Dion Cassius (c.155 — ¢.235) wrote
that it was demolished by the Romans as early as the
time of Hadrian so that it would not be used by barbar-
ians to cross the Danube, while Procopius (500-565)
wrote that the bridge gave way under the rush of the
river. Most likely, after the abandonment of the prov-
ince of Dacia by the Roman state in 271, the bridge
definitely lost its purpose. Since it provided an oppor-
tunity for barbarians to make quick incursions, it soon
began to represent a threat to the border region. This is
probably why the upper structure was removed, and
the last recorded use of the bridge was during the time
of Constantine the Great. At a low water level in 1858,
16 pillars in the river bed were visible. Two of them
were destroyed in 1909 for the purpose of unhindered
navigation.3®

The study conducted on the current state of pres-
ervation of the remains of Trajan’s Bridge can be also
important for scientific research in disciplines outside
of biology and conservation, showing the significance
of multidisciplinary research of historical monuments.
The calculation that lichen colonisation of Trajan’s
Bridge could have started as early as 800 years ago can
be interesting for landscape research. This estimate was
based on the lowest known growth rate of measured
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lichen thalli of L. campestris. However, bearing in
mind that the radial growth rate of many foliose and
crustose lichens increases early in life and later appro-
aches a constant growth rate for an indefinite period of
time or enters senescence when growth rate decreases,
and is dependent of ever-changing environmental fac-
tors, the precise time period in which the studied pillar
was subjected to the deteriogenic activity of lichens is
difficult to establish. It is nonetheless important since
we do not have records of any pillar cleaning treat-
ments and the time period necessary for the establish-
ment of such large thalli is considerable.

Based on the visual inspection of the damage to
Trajan’s Bridge and on the determination of biodeteri-
ogens given in this study, in combination with the re-
sults of the research on building materials, along with
the additional assessment of the influence of the fac-
tors of the external environment, the most adequate
method of its preservation should be proposed. It is
also important to mention that all present building ma-
terials need to be treated together, as mutually interde-
pendent, since bricks and stone bonded with mortar
form a unity in the structure, and “a single system”.3’
The biological growth of the masonry is dependent of
external conditions, but also of the bioreceptivity of
the colonised materials, with the presence of water be-
ing the most important factor. The elimination of bio-
logical growth is an easy task but it is known that it will
regrow again as long as favourable conditions exist.
Moreover, resistance can be developed to the applied
chemicals (biocides) and, in the end, can cause the
growth of more aggressive forms of infestations.*0

In this process, possible architectural/restoration
works that will protect the investigated monument from
external factors must be considered as well. Modern
architectural interventions need to provide protection,
but can also add value to the monument itself, thus
encouraging its conservation.*! However, determining
the priorities in this process is extremely important,
and our activities must physically protect the monu-
ment, but not endanger its influence and significance,*?
offering a carefully balanced relationship between

37 Sterflinger, Pifiar 2013, 9637-9646.

38 Mirkovié 1986, 112—113; Tapamanun, Bacuh 1980, 8, 11.
39 Odgers, Henry 2012, 47.

40 Elena Charola 2016, 18.

41 Hebbelinck et al. 2001, 31.

42 Nikoli¢ 2018, 34.
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what we inherited and our contribution to its preserva-
tion for the future.

CONCLUSIONS

A visual inspection of the remains of the most pre-
served pillar of the Trajan’s Bridge on the Danube
bank in Serbia showed that bricks and stone present in
its structure have a severe level of deterioration, among
which the most pronounced are the loss of brick mate-
rial and the one caused by biodeteriogens. Brick and
stones, according to the visual observations on site,
have a high level of bioreceptivity. However, laborato-
ry research showed that the mortar itself is very recep-
tive as well, and that the whole structure is in the later
stage of biological succession and the advanced state
of the deterioration. The exposed location and the en-
vironment favourable for the biocolonisation together
with the high level of bioreceptivity of the used build-
ing materials make this monument very prone to in-
festation.

During future studies on the monument, it will be
necessary to conduct deep research into all deteriora-
tion types registered in this review and plan the neces-
sary interventions in accordance with the results of the
research. Furthermore, only by including the analyses
of all external and internal factors that can influence
the state of the monument in further research can we
adequately recognise the causes of deterioration and
minimize its actions, which can sometimes lead to
damage to the whole structure. One of the conservation

plan segments must be connected to the threat from
biological agents, with proposals for the future main-
tenance of the monument and maximum reduction of
further biological colonisation.

Given that this study has shown a high degree of
biodeterioration of Trajan’s Bridge’s remaining pillar,
that other types of deterioration are present as well,
and that the monument has been generally decaying, it
is necessary to prepare plans for its protection in the
very near future, and try to slow those processes down,
which are mostly natural and thus inevitable, but
whose direction of development and dynamics we can
certainly influence with adequate maintenance.

In order to develop future conservation plans for the
preservation of precious monuments of the Danube
Limes in Serbia that aspire to be part of the UNESCO
World Heritage List, it is very important to do the re-
search on their building materials and construction, as
well as the state of their preservation. As such, the study
of the biological colonisation of the remains of Tra-
jan’s Bridge represents a valuable contribution to this
development.
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OYYBAIBLE IYHABCKOI' IMMECA Y CPBUJNA:
INPUKA3 BUOAETEPUOPALIMJE TPAJAHOBOI' MOCTA

Kmwyune peuu. — Guonerepuopanuja, TpajaHoB MOCT, JTUIIAjeBH, TyHAaBCKH JuMec y CpOHju, HCTOPH)CKH MaJITEPH,

HCTOPHjCKA OIEeKa, HCTOPUjCKH KaMEeH, PUMCKH CIIOMEHHUK

Jenan o Haj3HAYAJHUJUX CIIOMEHUKA PUMCKOT' TyHAaBCKOT JIMe-
ca, KOjH Cce JaHaC MPOTEXe KPO3 HEKOIMKO EBPOIICKUX 3eMasba,
jecre TpajanoB mMocTt, moauruyT y nepuoxy ox 103. no 105. ro-
nuHe. tberoBu ocranu ce Hanase y nanammsoj Cpouju u Pymynu-
ju. Ox Hekajia BEJIMYAHCTBEHOI MOCTA Ca 3UIAHUM CTYMIMMa
KOjH Cy HOCHJIM JPBEHY KOHCTPYKIIHjY, JaHAC Cy OCTalll CaMo
CTYIIM Ha obanama, ca JeJIMMHYHO MTO3HATUM CTabeM O4yBa-
HOCTH OHMX mox BojxoM. Ocrauu crydara Ha CpIICKOj CTpaHu
JlyHaBa OTKOIIAHH Cy U JICTUMHYHO PeCTaypUpPaHH IPE YSTHPH
nenenuje. Jlanac je crybar HajOIMKH peld, KOju HUje OHo moj-
BPrHYT KOH3EPBALMjH, OJIOKAH Pa3IMYUTUM BpCTama JieTe-
puopanuje, mpe cBera 300r BUCOKOT HUBOA CIOJBHUX yTHUIIAja.
[Ipema Bu3yeTHOM ONaxkarby, HajU3paXKCHUjH BUIOBHU JICTEPHO-
paryje ClloMeHrKa Cy Be3aHH 3a I'yOUTaK MaTepHjajia OreKe U
nHpecTaIyjy ornexe U KaMeHa, 10K je MaiaTep, YHHU ce, HajMa-
e yrpokeH. [TpuikoM nopelera cafalimber cTamba CTymna ca
OHHMM BHJJBHBUM Ha (oTorpadujama TOKOM MOCIEABUX MECT
JIelieHHja, MOKEMO HPOLICHUTH Ja CE CTEICH HhEroBe AeTepro-
paumje Huje ApacTUYHO mpoMeHuo. Melhytum, pasnuka y Ouo-
JIOIIKOM pacTy je BUJbHBA KaJla Ce CaJallibe CTAmhe YIIOpeIH
ca OHHM 3a0elIeKeHIM OJIM3y TPEHYTKA Kaja je Boja IpoApia y
pocTop oxdOpamOeHor HacuIa u3rpaheHor 300T Moan3ama Hil-
Boa JlyHaBa y CKJIONY aKTMBHOCTH XHJPOCHEPIeTCKOT CHCTEMA
Bepaana. C 063upoM Ha HaBECHO, IPUMAPHU LIIJb OBOT HCTpa-
JKUBama je OMo Ja ce YTBPAU CTeNeH WH(ecTaluje U yrpoxe-
HOCTH CIIOMEHMKA ¥ YTBP/JY ITOTCHIMjAIHI PH3HK JIeTepHOpa-
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LIMje MaJITepa y KOHTAKTy ca HH(PECTUPAHOM ONEKOM. Y Ty CBPXY
Cy OKapaKTepHCaHU 3a0eiexeHn OuopereproreHu. [loceban
aKIICHAT je CTAaBJbCH Ha IVbHBE KA0 MO3HATE IVIABHE Y3POUHUKE
mpoI1ieca JIeTepropalnje Kako Ou ce Mpeunu3HO YTBPANUO CTEICH
pu3MKa Koju TMpHCyTHA (yHranHa 3ajeHUIa MpeacTaBsba 3a
0Baj CHIOMCHUK a CBE y LHJbY (hOpPMHUpaba U MMILIEMEHTALH]e
aJIeKBaTHOT IIPOTOKOJIA 3a KoH3epBalrjy. KoncratoBaHa je uH-
TEH3WBHA KOJIOHH3AI[Hja OTleKe M KaMeHa eTMIHTCKIM JIHIIaje-
Buma ponosa Caloplaca, Lecanora, Parmelia, Porpidia, Verru-
caria n Xanthoria, ka0 1 MaXOBUHaMa pofioBa Brachythecium,
Grimmia, Pohlia w Tortula. Ha nenoBuma crioMeHHKa KOjU
HUCY MMaJll BUJUbMBY MH(ECTAlHUjy WIN CHMITOME OHozaeTe-
puopanyje Takohe je KOHCTaTOBAaHO MPUCYCTBO OpOjHUX (yH-
TaJHUX CTPYKTypa, Kao IITO Cy COpeAHje JINIIajeBa, KIacTepu
MHUKPOKOJIOHHjATHUX TJBHBA M CIIOPE 3a MOJIHO M OECIOIHO
Pa3MHOXKaBare MEJIAHM30BaHUX IJbUBA, AJIH U CTPYKTYpE TpHU-
xanuux Cyanobacteria w Chlorophyta rodova Apatococcus,
Desmococcus, Haematococcus v Trebouxia. Ykynuo 12 ¢una-
MEHTO3HHX IJbHMBA M3 6 POOBA Cy M30JI0BAHE Ca ITOBPIIMHE
crioMeHHKa. JIOMHHUPajy NpeICTaBHULM paszena Ascomycota
(Alternaria, Aspergillus, Cladosporium, Epicoccum n Penicilli-
um), TOK je 3abenexeHa caMo jeiHa TJbUBa U3 paszaena Zygomy-
cota. CimuHocTH u3Mel)y 3ajennuna 3a0ene)KeHnX Ha OMelH,
MaJTepy u KaMeHy, npouemene npema CopeHCEeHOBOM MHICKCY
CIIMYHOCTH, BUCOKE Cy U y oricery ox 0,57 1o 0,65, ca Hajehom
cinmyHOIIhy 3a0eseKeHOM 3Mel)y ManTepa 1 KaMeHa.
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