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PRESERVING THE DANUBE LIMES IN SERBIA:
A REVIEW OF THE BIODETERIORATION OF TRAJAN’S BRIDGE*
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I -

researching and documenting the condition of 
building remains of the former Roman Danube border, 
originating from the period from the 1st to the 6th cen-

necessary to preserve all their values, to include them 

-

the creation of the nomination dossier named Fron-
-

conducted by the Institute of Archaeology and 
Institute for the Protection of Cultural Monuments of 
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1

project 
2 

and tries to offer recommendations for the production 
-

ples of compatibility and preservation of the environ-
-

Promising 
Natural Alternatives for the Cultural Heritage Safe-

e 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 

-

-

umental structure consisting of masonry pillars on the 

3 It 

in the period from 103 to 105 AD in order to enable 
the crossing of the Danube river by the Roman army 

Pontes on the present-day Serbian side of 
the river and  in today’s Romania.4

5
6 (Fig. 2

1

2

3

4

5

6

Fig. 1
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Figs. 

-
ter level and humidity fluctuation, and is additionally 

present state of preservation (preparing it for future steps 

-

-

-
ternal environment, the design and choice of materials, 

construction practices, the properties of the materials 

subsequent maintenance.7 Due to the influence of the 

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 

and observing the monument for the purpose of its 

7 Van Hees et al.
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protection and conservation includes the research of 
the materials used for its construction and later inter-

-
ground research (construction, materials, historical 

the condition (in general and of components, in order to 

analyses (for the investigation and confirmation of de-

(in order to propose the preventive or remedial treat-
9A significant step in this process is the deter-

mination of the degree of biodeterioration of the in-
vestigated monument.

9

 
 

MoDeCo2000

MoDeCo2000

A

C

B

D



147

Nikola Emilija

-

deterioration. From comparing its present condition 

-
-

imal (although individual deterioration of the building 
material itself cannot be recognised in detail due to the 

Fig. 3
same conclusion applies to changes in biological coloni-

10

(Fig. 4 11

10 Archive of the Institute of Archaeology (photos from 1963, 
-

11  project (2020, 2021, and 

-

Fig. 4
MoDeCo2000
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penetration (Fig. 4  12, and by using image soft-
-

again to its natural rate.
-
-

order to obtain data on the actual degree of biological 
endangerment of the monument.

MATERIALS AND METHODS

Study site and sampling points

both sides of the river that each consisted of four pillars, 
-

13

-

-
ying degrees of preservation.14 As for the remains of the 
approach section on the territory of Serbia, one pillar 

15

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 

-
search in order to investigate the state of the pillar 

the pillar closest to the river, in situ microscopy and 
-

the northern side of the pillar, but some samples also 

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 

In situ microscopy

portable Dino-Lite Edge digital microscope AM-

-
-

gi, based on the morphology of thalli and observed 

16

Lichenometry
-

identified as Lecanora campestris
-
-

200917 -
L. campestris in a range from 0.12 to 

2.3 mm per year.

Bryological analyses

transported to the laboratory, under sterile conditions, to 
et al.19

Optical microscopy
-

plied to collect samples for optical microscopy.20 In 
-

-

-

12 Archive of the Institute of Archaeology (the photos are not 
dated, but they present the monument after the completed restora-

-

13

14

15

16

17

19

20
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et al.,21 
22 23

Isolation and identification of culturable fungi

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 

-1; 
-

incubation period, morphologically different colonies 

and the microscopic characteristics of reproductive 

-
24

Ecological statistics
-

25

a
sub strata; b
sub stratum; c
analysed substratum.

RESULTS

Preservation state of the investigated pillar

Bridge is represented by different processes of loss of 

effected by degradation in the upper and in the central 

are in a better condition. Preservation state varies, 

-

in a state of spalling and erosion, and the alveolisation 

the porous stone in the core of the pillar, the most pro-

there is also scaling and delamination of the stone 
-

deterioration of materials (Fig. 5

-
-

-
 

south sides of the pillar, a concentration of organisms 

the recessed and relatively flat parts of the structure 

-
tected on the investigated pillar, especially on its top.

In situ assessment of surface infestation
Severe macrofouling in the form of lichen infesta-

Fig. 6 Fig. 6
documented both visually and in more detail via in 
situ microscopy (Fig. 7
observation alone, a gradient of colonisation, in terms 

21

22

23

24

25
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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 

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, 

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 MoDeCo2000 project)

Сл. 5. Детериорација ступца – јужна страна у 2020. години (А) и северна страна у 2020. години (B);  
детериорација камена и опеке у 2020. години (C, D); детериорација опеке и малтера у 2020. години (Е)  
и у 2022. години (F) (Архива пројекта MoDeCo2000)
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for the most part, free from infestation (Fig. 6
-

In addition to lichenised fungi, fully developed 
moss thalli in the form of scattered tufts are sporadical-

of mortar in some instances (Fig. 6 -
termined to be , Grimmia 
pulvinata, Pohlia sp. and Tortula muralis G. pul-
vinata and T. muralis being the most prevalent mosses 
documented at the studied location (

Microbial proliferation on brick,  
mortar and stone surfaces

revealed the dominant presence of lichen soredia in 
mass (
chains of melanised mycobiont, alone (

-
chen primordia formation. Melanised clusters of cells, 

also found permeating stone fragments (

Fig. 6
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Table 1.  

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 + + + +

SS + + +

Penicillium sp. SS +

SS +

Moniliaceae SS + + + +

Dematiaceae SS + + + +

SS + + +

Caloplaca decipiens + +

Lecanora campestris +

Lecanora dispersa + +

+ +

Porpidia crustulata +

Verrucaria sp. + +

sp. +

VS + +

Grimmia pulvinata VS + + +

Pohlia sp. VS + +

Tortula muralis VS + +

Apatococcus sp. + +

cf Haematococcus pluvialis +

+ + + +

sp. +

in situ
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addition, various fungal structures, such as fragment-
ed hyphae (

of Pleosporales, chains of Alternaria dictiospores, 
 and Helminthosporium

a mass of Cladosporium conidia, alone or bound to 

from the genera Apatococcus and 
as -
totrophic biofilm components on stone and mortar, all 

findings prove that the mortar, although clean and 
-

-
nated by phototrophic microorganisms, i.e., green algae, 
among them Haematococcus pluvialis and -

and trichal Cyanobacteria (
a mass of soredia and various associations of mycobiont 
and photobiont could also be observed.

Culturable mycobiome

Ascomycota  the only 
isolated representative of the phylum Zygomycota. 

Aspergillus 
Alternaria

Cladosporium -

that did not form reproductive structures in the cul-
tures, i.e., Mycelia sterilia of both the Moniliaceae 
and  families.

-
scopic analysis and identification of lichen and moss 

onally submerged parts of the bridge. Due to species 

Fig. 7 in situ  

in situ
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Fig. 8. :  
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comparing communities documented on dry and on 
occasionally submerged parts of the bridge.

DISCUSSION
-

26

-
nal factors and proposing the actions to avoid the 
damage is a necessary activity prior to conservation. 

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.27

especially important for the remaining parts of the 

In a travelogue from the end of the 19th century, 
-

sides of the pillar, and that the core had hardened so 
much that they could not do anything to it.

-
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 

not spare a single part of the preserved pillar, and it 
affected all the types of construction materials pres-

very high bioreceptivity and are in the later stages of 
biological succession, characterised by the advanced 

-
ed, since colonisation of monuments is greater on sub-

-
tain more moisture.29

in the process of bioprotection against a multitude of 

as the one observed on the studied site, has great eco-

-

-
late formation, carbonic and various organic acids that 

-
chanically, due to hyphal penetration, contraction of 

into the porous material over the course of several 
decades.30

-
ble chromatic alterations.31 All of the lichens docu-

-
tion being -
ported to cover significant areas but does not induce 
evident modifications.32 -

-
quences as damage, usually manifested as discoloura-

biodeterioration capacity is largely due to the accumu-
lation of Ca
G. pulvinata33

documented. Furthermore, the death of mosses can 
cause indirect damage to monuments by enriching and 

of successive species of the higher plant.34 Since plant 

Bridge, especially on its top, it is necessary to careful-

its elimination, since the removal of higher plants 
35 -

failure of the structure.36

26

27

29

30

31

32  

33

34

35

36
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Asco-
mycota and Zygomycota
a typical fungal community that originated from the 

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 

they only act as allochtoon transients that do not par-
-

community, documented in the samples analysed via 
microscopy, mainly consisted of various lichen struc-

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.37

the studied type of monument since they are the most 
adapted to the stressful factors (UV, temperature fluc-

characterise it.

-

-
ince of Dacia by the Roman state in 271, the bridge 
definitely lost its purpose. Since it provided an oppor-

navigation.
-

important for scientific research in disciplines outside 

of multidisciplinary research of historical monuments. 

lichen thalli of L. campestris

crustose lichens increases early in life and later appro-

and is dependent of ever-changing environmental fac-

difficult to establish. It is nonetheless important since 
-

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 
-
-

the additional assessment of the influence of the fac-

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-

form a unity in the structure, and “a single system”.39 

-
-

Moreover, resistance can be developed to the applied 

40

architectural interventions need to provide protection, 
but can also add value to the monument itself, thus 
encouraging its conservation.41

and our activities must physically protect the monu-
ment, but not endanger its influence and significance,42 

37

39

40

41

42
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-
tion for the future.

CONCLUSIONS

A visual inspection of the remains of the most pre-

its structure have a severe level of deterioration, among 
-

stones, according to the visual observations on site, 
-
-

stage of biological succession and the advanced state 
-

vironment favourable for the biocolonisation together 
-
-

festation.

necessary to conduct deep research into all deteriora-
-

research. Furthermore, only by including the analyses 

adequately recognise the causes of deterioration and 

plan segments must be connected to the threat from 
-

further biological colonisation.

and that the monument has been generally decaying, it 
is necessary to prepare plans for its protection in the 

In order to develop future conservation plans for the 
preservation of precious monuments of the Danube 

-
search on their building materials and construction, as 

-
jan’s Bridge represents a valuable contribution to this 
development.
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-

-
-

-

-
-

-

-

-
-

-

-
-
-

-
-

Caloplaca, Lecanora, Parmelia, Porpidia, Verru-
caria , 
Grimmia, Pohlia Tortula

-
-

-
Cyanobacteria Chlorophyta rodova Apatococcus, 

, Haematococcus -

Ascomycota 
(Alternaria, Aspergillus, Cladosporium, Penicilli-
um Zygomy-
cota
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