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Abstract 

 

Anthropogenic and natural risks can cause severe damage to cultural heritage sites and structures. The 

project STORM deals with these hazards on-site, where it is especially important to analyze the early 

detection of biological colonization on wall paintings, frescos and stuccoes. This deterioration is an 

undesirable change caused by microorganisms which may contain chlorophyll, an aspect to carefully 

observe with specified systems.  

Four systems from three case studies, based on the induced fluorescence technique of spectroscopy, 

are discussed and compared on three aspects: technical qualities, framework, and practical use and 

outcome.  

The results and comparison show that the SFS sensor, used at the STORM project, is in general more 

effective, compact and cost-effective for the early detection of biological colonization than the LIF 

sensor, the Biofinder and the chlorophyll fluorescence technique with PAM. All systems have a high 

future potential, but more research needs to be done for the further improvement and development of 

detecting early biological colonization in engineering and cultural heritage. 

In addition, specific modifications, necessary changes and different purposes for all the systems are 

therefore discussed in this dissertation. A future use could be to use them in detecting biological 

colonization on surfaces in civil engineering, like concrete, stone and metal. This is applied to structures 

like buildings, dams, silos, cooling towers, bridges, tanks, pipelines and sewers. 

 

Keywords: cultural heritage, risk hazards, STORM, Tróia, biological colonization, induced 

fluorescence technique  
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1 Introduction 

 

1.1 Personal motivation 

 

First, I wanted to work on a subject that has a connection with the restoration of buildings. The way 

engineers and scientists can preserve an old structure from the past until many more years is truly 

fascinating for me. Since I was little, I was always captivated by the beauty of ancient temples from 

different cultures. The Greek and Roman constructions were interesting: from the way they could 

accomplish such massive architectural pieces, until the finest details in the artwork of the walls, columns 

and ceilings.  

 

With this in mind, my supervisor got upon the project of ‘Safeguarding Cultural Heritage through 

Technical and Organisational Resources Management’ (STORM). To summarize, a lot of institutions 

work together in one project to protect some of Europe’s heritage sites against climate change and 

natural hazards, like biological colonization. One of those sites is currently deployed in Tróia, next to 

Lisbon, Portugal. As this project is active at the moment, it is something that represents my concerns 

towards all ancient buildings from our ancestors: how can we defend and protect these structures 

against mother nature and humanity, so we can still see the beauty of it later and keep knowing what 

past cultures would have been like? They have a crucial part in our history, they speak for the people 

that used to live earlier and it is of great importance that we keep these things ‘alive’.  

 

As a result, STORM is for me the way to explore the engineering part on how to solve this, especially 

with concerns towards biological colonization. My motivation lies more in the future with this project. 

STORM and two other projects are used as a case study within this dissertation to discover and compare 

different systems for the early detection of biological contamination in cultural heritage. By this, other 

heritage sites in the world can take advantage from this in the future, to protect their past.  

 

Through this method of thinking, we got up to the subject of this dissertation. 

 

 

1.2 Scope and goals 

 

The main goal of this dissertation is to explain and compare four techniques or systems of spectroscopy 

that are used for the early detection of biological colonization in cultural heritage sites. These systems 

are laser-induced fluorescence (LIF), spectral fluorescence signature (SFS), the Biofinder and 

chlorophyll fluorescence –  partly in combination with Pulsed Amplitude Modulation (PAM).  
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Therefore, the project of STORM and two other case studies were selected, where the two techniques 

used at STORM are the most important ones. During the work of this thesis, on-site measurements were 

made at the Roman Ruins of Tróia with the SFS sensor, in corporation with the company of INOV.  

 

It is critical to note that these systems are non-destructive techniques (NDT) and that they are based on 

the technology of induced fluorescence within the field of spectroscopy. The project of STORM should 

give a good idea on how they handle with different risks and hazards in cultural heritage. By having a 

critical view of what STORM is developing at their site in Tróia, this dissertation can make an overview 

of what is of good potential and where it can be added in the future.  

This dissertation also describes what the possible added value can be of these systems in the future of 

civil engineering – so not only for the part of biological colonization of frescos or other art structures in 

cultural heritage. 

 

This dissertation will address the following questions: 

− How can these four systems help in the early detection of biological colonization in cultural 

heritage? 

− What are the advantages and shortcomings of the techniques, regarding the case studies, or 

what is result of the comparison between the four systems in induced fluorescence? 

− What modifications or necessary changes can be further done for improving these systems and 

where else are they used in cultural heritage or in engineering?  

− Could these systems be used in other civil engineering applications? 

 

 

1.3 Thesis structure 

 

The first chapter gives an introduction to this dissertation. It gives general information about the personal 

motivation of the project, as well as the scope and goals, and the structure of the thesis.  

 

The second chapter of the thesis, the state of the art, goes about the research questions of the scope 

and goals. Therefore, the state of the art will give an introduction about the STORM project, where the 

Roman Ruins of Tróia, and Tróia itself, are also discussed. This is followed by a short overview of 

hazards and their impact on cultural heritage, with special attention for biological risks, like biological 

colonization. Finally, a brief description follows of some (spectroscopic) sensors/systems that are used 

to detect biological colonization.  

 

The methodology that will be used for the dissertation is explained in the third chapter. There will be a 

comparison between the four systems, based on induced fluorescence, that are used for the early 

detection of biological colonization in cultural heritage. For this comparison, the theory of the four 

systems is explained, together with their monitoring campaign description. The latter is defined as the 

different goals, the methods of surveying, the measurements spots, etcetera. 
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In the fourth chapter the results of the diverse case studies will be written down and discussed.  

 

The fifth chapter goes about the comparison of the four systems, by analyzing their advantages and 

shortcomings. This comparison happens on three different aspects – technical qualities, framework and 

practical use and outcome, where a general comparison is made in the end. After this comparison, 

modifications and necessary changes are suggested to create extra value in the future. Other uses of 

the techniques will also be highlighted, as well as the future potential in civil engineering.   

 

In the last chapter the conclusion of the dissertation is formed with these future possibilities.  

 

The appendices give further information to the body of the dissertation.  
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2 General overview and scope 

 

The second chapter will give a short overview of how the STORM project works, what the Roman Ruins 

are inside Tróia and what their risks and hazards involve. The biological colonization in cultural heritage 

will be further discussed, extracting information from this case study. The chapter also looks at important 

different techniques or systems (mainly in spectroscopy) that can detect biological colonization.  

 

2.1 STORM 

 

First of all, it is important to sketch the sphere where STORM works in. It will give a clue of the size of 

the project, how other people will see their activities, what their goals are, how STORM can contribute 

to the society and what the community can expect from them. 

 

STORM stands for ‘Safeguarding Cultural Heritage through Technical and Organisational Resources 

Management’. It is a project that received funding from the European Union’s Horizon 2020 research 

and innovation programme under grant agreement n°700191. Horizon 2020 was established by the 

Decision from the Council of Europe of December 13th of 2013 (Regulation (EU) No 1291/2013). Horizon 

2020 wants to strengthen the capacities to preserve and manage tangible cultural heritage in Europe at 

risk from climate change (Neto, Pereira, & Ramos, 2017). 

 

This lies within the Sendai framework for Disaster Risk Reduction 2015-2030, which is an agreement 

out of the United Nations Office for Disaster Risk Reduction (UNISDR) with seven global targets to 

reduce disaster risks (UNISDR.org, 2018). One of the programmes from the European Commission is 

the goal of “mitigating the impacts of climate change and natural hazards on cultural heritage sites, 

structures and artefacts” (Marsella, Concetti, & Sciarretta, 2017). Two projects are funded under this 

topic: STORM and HERACLES, which stands for ‘Heritage Resilience Against CLimate Events on Site’. 

More information about this European program can be found through the CORDIS link 

(https://cordis.europa.eu/programme/rcn/665083_en.html) (CORDIS.europa.eu, 2015). 

 

The project of STORM started at the first day of June in 2016 and the duration of the project is 36 months 

(Storm Consortium, 2017a). STORM works with different work packages (WP) to guide them through 

the process. Each WP has its own steps, focusses or objectives. On their website, STORM explains 

that their main subject is “the starting from previous research experiences and tangible outcomes, so 

STORM can propose a set of novel predictive models and improved non-invasive and non-destructive 

methods of survey and diagnosis, for effective prediction of environmental changes and for revealing 

threats and conditions that could damage cultural heritage sites” (STORM-project.eu, 2018).  
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The goal is to use their strategies, systems and technologies in future projects, so more cultural heritage 

sites can be protected against the dangers of nature and mankind (Neto, Pereira, & Ramos, 2017). The 

different risks and natural hazards are briefed in the next chapter, with special attention to biological 

colonization. The goals of STORM partly overlap with the main goal of this dissertation: to see if the 

systems, used at the Roman Ruins of Tróia, can be useful elsewhere, and how they compare with other 

techniques or which further modifications are needed. 

 

The STORM project will be carried out by a multidisciplinary team of institutions with complementary 

skills, to provide functional and effective solutions to support all the actors involved in cultural heritage 

sites (sites, organizations, governments and citizens) (Neto, Pereira, & Ramos, 2017). The STORM 

Consortium, as they call themselves, is composed of 20 partners from seven different countries 

(Germany, Austria, Italy, Greece, Portugal, United Kingdom and Turkey) and the International Centre 

for the Study of the Preservation and Restoration of Cultural Property (ICCROM) (Neto & Pereira, 2016).  

 

Inesc Inovação - Instituto de Novas Tecnologias (INOV) is one of the main partners of the STORM 

Consortium. They contribute in the project by developing and testing two portable induced fluorescence 

sensors (LIF and SFS – on-site and in the laboratory) capable of the early detection of biological 

contamination developing on the surface of frescos inside the Roman Ruins of Tróia. 

INOV also provides technical support to one of the principal beneficiary partners of the STORM project, 

Tróia Resort, which manages the archaeological site of the Roman Ruins of Tróia (INOV.pt, 2018). 

 

The results of STORM will be tested in relevant case studies in five different countries: the Baths of 

Diocletian in Rome (Italy); the Old Town of Rethymno (Greece); the Mellor Heritage Site (United 

Kingdom); the Roman Ruins of Tróia (Portugal); the Ancient City of Ephesus (Turkey); as well as one 

other relevant site run by an associated partner in Pompei (Italy) (Neto, Pereira, & Ramos, 2017) 

(STORM-project.eu, 2018). The main location of importance in this thesis situates itself at the Roman 

Ruins of Tróia. 

 

2.2 Tróia and the Roman Ruins 

 

Tróia is a sandy peninsula, located near Setúbal, next to Lisbon, with dunes and beaches (Rebêlo, 

Ferraz, & Brito, 2009). Setúbal is separated from Tróia by the Sado river, a distance of about three 

kilometres (Storm Consortium, 2017c). 

P. L. Rebêlo, M. Ferraz and P. O. Brito also state that “it is located on the left margin of the Sado River 

mouth near the foot of the Arrábida Mountain, on the west coast of Portugal. (…) It is 25 km long, has a 

maximum width of 1.8 km and a maximum height of 27 m” (2009: p. 2). The location can be seen on 

Figure 1. 
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Figure 1: Location of the Tróia peninsula (Rebêlo et al., 2013) 

 

P. L. Rebêlo, M. Ferraz and P. O. Brito state that “in the north, where the peninsula is wider and with a 

lower relief, foredune ridges are dominant, in the south, the peninsula is thinner, has a higher relief, 

blowouts are dominant and a well-developed precipitation ridge, facing the estuary, is present” (2009: 

p. 5). 

 

The reshaping of the peninsula and especially the consequences on the peninsula are mainly due to an 

important happening in the history of Portugal on the first day of November 1755. A large earthquake 

with a magnitude of 8.5 ± 0.3 on Richter scale struck the offshore region of Portugal, followed by a 

tsunami. Lisbon and Setúbal were heavily damaged. The result was that even locations along the coast 

had a trace of destruction because of the resulting tsunami (Rebêlo et al., 2013). P. L. Rebêlo et al. 

mention that the “tsunami had a strong impact on eroding and reshaping the Tróia Peninsula coast” 

(2013: p. 6) – see Figure 2. 

 

 

Figure 2: Three historical maps of the northern part of Tróia peninsula. (A) 1760, (B) 1802; and (C) 1852 (Rebêlo 
et al., 2013)  
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A Strategic Environmental Assessment (SEA) was carried out in 1998 and in 1999 (completed in 2002) 

in Tróia, for keeping the natural values and the economic development, with a set of guidelines and 

restrictions. The SEA process was important for the planning of the peninsula (Andrade et al., 2005).  

Nowadays, the Tróia peninsula is mostly undergoing tourism development by the private company of 

Tróia Resort, sustaining new set-ups and a large number of activities. Residents on Tróia are scarce 

now (Storm Consortium, 2017c). The goal is to enhance the space in an environmental and urban way 

(Sardinha, Carvalho, & Costa, 2006).  

 

A first example was the construction of a new marina in the north of Tróia (Silveira, Kraus, & Psuty, 

2011; Sardinha, Carvalho, & Costa, 2006). Tróia Resort now also exploits apartments, townhouses, and 

single-family homes. Thirdly, they are maintaining two walking tracks for tourists to discover Tróia: the 

Caldeira and Pine Forest Trail (Caldeira lagoon); and the Beach and Dune Trail (pine forest). The next 

goal of Tróia Resort is that they want to maintain different species and biodiversity on the peninsula. 

Furthermore, people can engage themselves in different activities or sports like the Tróia Golf 

Championship Course, tennis, padel, football, beach volleyball and petanque (Troiaresort.pt, 2018). 

 

The Roman Ruins – a Natura 2000 site (Troia-Resort.pt, 2018) – are located on the east edge of the 

peninsula of Tróia, located in the private belongings of Tróia Resort. The ruins spread around two 

kilometers in that area. Since 1910, it is archived as a National Monument, where Tróia Resort “is 

responsible for the maintenance, conservation, and valorisation of this archaeological site and is the 

entity promoting and financing this project” (Storm Consortium, 2017c: p. 110). Tróia Resort exploits 

guided tours with archaeologists, but a self-guided visit is also possible (Troiaresort.pt, 2018).  

 

The Roman Ruins of Tróia have survived over 2000 years and the remains date back from the first 

century B.C. to the fifth century A.C. (Troiaresort.pt, 2018; Sardinha, Carvalho, & Costa, 2006). It is one 

of the most important cultural heritage sites in Portugal and it was one of the largest fish-salting facilities 

or storehouses in the Roman Empire (Sardinha, Carvalho, & Costa, 2006) – see Figure 3. 27 workshops 

have been identified, as compartments with vats around a courtyard for preparing salted fish (Storm 

Consortium, 2017c). The fish and its sauces were made and sold all over the Roman Empire 

(Troiaresort.pt, 2018).   

 
 

  

Figure 3: Top view of parts of the Roman Ruins of Tróia (Troia-resort.pt, 2018) (left) and a line of vats of a 
workshop (right) 
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Besides the houses, baths, cemeteries and a mausoleum, there was also a preserved Early Christian 

Basilica located at the Roman Ruins of Tróia (STORM Consortium, 2018). The building has painted 

walls (frescos) inside, coming from the fourth or early fifth century A.C. The building is 21 m long and 

11 m wide, and it was built on an abandoned fish-salting workshop (Storm Consortium, 2017c). 

 

STORM chose this place as a use case for monitoring (RRT-02). RRT-02 correlates with the north-east 

painted wall of the Early Christian Basilica – see Figure 4 and 5. Inside the Basilica, there are also 

paintings from the second or third century. In addition, the wall is partly protected against environmental 

risks by a sheltering structure above (from the 1970s). Apart from all the hazards in Tróia, the biohazard 

that has the most influence on these frescos is the biological colonization caused by microorganisms, 

mostly induced by a high humidity in the winter months. The induced fluorescence technique is therefore 

used to early detect this hazard, so treatments can be performed on time (STORM Consortium, 2018).  

 

 

Figure 4: Use case (RRT-02): plan of the Basilica within the Roman Ruins of Tróia, highlighting the north-east wall 

(Storm Consortium, 2017c) 

 

   

Figure 5: Aerial view of the site of the Basilica (left) and frescos on the north-east wall (right) (STORM 

Consortium, 2018) 
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2.3 Hazards 

 

First of all, J. L. Pedersoli Jr., C. Antomarchi, and S. Michalski define a risk as “the chance of something 

happening that will have a negative impact on our objectives” (2016: p. 9). It is the combination of the 

chance that something happens and the impact of the risk that is important. The impact is defined by 

them as the “expected loss of value to the heritage asset” (2016: p. 10). Also important to understand is 

that they say that a site can be affected, only if it is both susceptible and exposed to the hazard or risk. 

 

There are a lot of hazards that can cause damage to cultural heritage sites. J. L. Pedersoli Jr., C. 

Antomarchi, and S. Michalski (2016) give ten ‘agents’ of deterioration and loss for cultural heritage: 

physical forces, criminals, fire, water, pests, pollutants, light and UV, incorrect temperature, incorrent 

relative humidity (RH) and dissociation.  

 

The project STORM deals with a lot of hazards. Basically, all the hazards can be subdivided into two 

categories: anthropogenic hazards, i.e. caused by humans, and natural hazards. STORM wants to 

create an engineered approach, to get a better management of the situation for the recovery or 

preservation of their sites and to adjust to possible threats or actions (Marsella, Concetti, & Sciarretta, 

2017). 

 

Within the project STORM, the Roman Ruins of Tróia are affected by a number of threats from both 

categories, with special relevance for the natural ones, which have a greater impact on the 

archaeological structures. The geographical location of the site on Tróia is the most dominant cause of 

problems (STORM-project.eu, 2018; Storm Consortium, 2017c). 

 

STORM has set out a questionnaire in Deliverable 3.1 about the Roman Ruins of Tróia, where they 

evaluated the risks and hazards for that site on a scale from 1 (not relevant) to 5 (highly relevant). 

Concluding, STORM assesses the exposure to external threats of the site in Tróia (Storm Consortium, 

2017c). The evaluation of the hazards in Tróia is set out in Appendix 1.  

 

The “relevant” to “highly relevant” natural and anthropogenic hazards will be shortly described in this 

section, starting from the most relevant ones. This is then followed by a description of biological 

contamination in cultural heritage. The other possible anthropogenic, natural or biological hazards, that 

threaten the Roman Ruins and possible other sites, are to be seen in Appendix 1, to complete the 

assessment.  
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2.3.1  Anthropogenic hazards 

 

STORM Consortium states that the biggest anthropogenic hazards at the Roman Ruins are dam/levee 

failures, looting and illegal activities, vandalism and tourism-related threats (see Appendix 1, and also 

for other risks) (Storm Consortium, 2017c).  

 

There are 17 dams in the Sado river, if a multiplicity of them would collapse due to human activity, the 

river currents, with an increase in water mass, would destroy structures on the site at the coastline 

(Storm Consortium, 2017c).  

Vandalism and looting and illegal activities can be seen as one risk. These are threats regarding the 

Roman Ruins of Tróia, which could develop themselves further by an increase of recognition of the site. 

This is due to the fact that the site is listed in the Portuguese Tentative List of World Heritage since 2016 

(STORM Consortium, 2018; Storm Consortium, 2017c). Typical effects of ‘criminals’ on cultural heritage 

are the disappearance, destruction and disfiguration of artefacts, by a political, ideological or economic 

motivation (Pedersoli Jr., Antomarchi, & Michalski, 2016). 

 

2.3.2  Natural hazards 

 

STORM Consortium states that the biggest natural hazards at the Roman Ruins are tides, sea-level 

rises, coastal erosion, wind-driven saline spray, earthquakes, tsunamis, solar radiation, humidity cycle 

changes/relative humidity shocks and biological colonization (see Appendix 1, and also for other risks) 

(Storm Consortium, 2017c). The focus lies on the last hazard, which handles the main subject of the 

dissertation.  

 

The strategic location of the Roman Ruins of Tróia gave the Romans an advantage in trading their fish 

because it was built at the shore of an estuary, which is productive for trading (STORM Consortium, 

2018). Current disadvantages are the fact that threats as tidal and river currents, sea-level rises and 

coastal erosion are present. The currents are mainly developed by strong winds, the sea-level rise (0.5 

m since the Roman Empire) is due to climate change and the coastal erosion is an outcome of the 

previous two hazards. Flooding (moistening and drying of elements), the removal of sand or 

disaggregation from the coastline, and the fracture and collapse of the archaeological structures are 

consequences of these risks. Saline spray, coming from winds, could damage stone, mortars and 

stuccoes (Storm Consortium, 2017c; STORM Consortium, 2018). 

 

Furthermore, the risk of earthquakes and a resulting tsunami is prominent since the site is mapped with 

an intensity level ‘IX’ on the Modified Mercalli Scale (1956) (STORM Consortium, 2018). As mentioned 

in the introduction, Portugal was hit by an earthquake in 1755, followed by a tsunami, which caused the 

reshape of the peninsula of Tróia.  
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The ruins back then were covered with sand dunes, which suggests that there was no damage on the 

site. Now that the structures are open for public and the fact that Tróia lies on a relatively flat terrain, a 

tsunami would have a large destructive effect (Storm Consortium, 2017c).  

 

Solar radiation may cause discolouration, while air humidity and rising damp can cause moistening and 

salt transport, deteriorating the wall paintings in the bath complex. Air humidity favours another relevant 

hazard: biological colonization, discussed below (Storm Consortium, 2017c). 

 

Biological colonization is one of the most important threats of the structures at the Roman Ruins (these 

include pest, microorganisms and vegetation infestation). The pests and vegetation infestation of plants 

work slower on the site but can create damage in the long-term (STORM Consortium, 2018). Vegetation 

can cause the rupture and destruction of exposed structures, while pests (insects, birds or other animals) 

can initiate deterioration of frescos by making nests (Storm Consortium, 2017c).  

 

STORM Consortium rated in Deliverable 3.1 the seriousness of the possible consequences of biological 

colonization caused by microorganisms, on a scale from 1 to 5 (increasing in level of seriousness) 

(Storm Consortium, 2017c). The result is to be seen in Table 1. 

 

Table 1: Possible consequences of biological colonization with rating (Storm Consortium, 2017c) 

Biological colonization (fungal) Deterioration of the wall 

paintings and especially painted 

layers 

4 

Deterioration of construction 

elements 

3 

 

The biological colonization (see also Figure 6) is rated by a 4 for the deterioration of wall paintings and 

especially painted layers, while it has one lesser degree on the deterioration of construction elements 

on-site. The first hazard is mainly worth the investigation here. It is a serious threat to the wall paintings 

of the Basilica, and in general for cultural heritage (Storm Consortium, 2017c).  
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Figure 6: Biological colonization at Tróia (Storm Consortium, 2017c) 

The biological colonization caused by microorganisms is further discussed here, as it is a section of the 

biological hazards at the Tróia site. These biological hazards come forth out of environmental hazards 

(UNISDR, 2015). 

 

The UNISDR define an environmental hazard in their background paper as “a process in the 

environment either occurring naturally, like earthquakes, typhoons, or man-made, like endocrine 

disruptors, and pollution, that may cause loss of life, injury or other health impacts, property damage, 

loss of livelihoods and services, social and economic disruption, or environmental damage” (2015: p. 

17). They further state that “environmental hazards can include chemical, natural and biological 

hazards”, plus that they can be created by “environmental degradation, physical or chemical pollution in 

the air, water and soil” (2015: p. 17). 

 

A biological hazard follows out an environmental hazard, where the UNISDR sets the definition as a 

“process or phenomenon of organic origin or conveyed by biological vectors, including pathogenic micro-

organisms, toxins and bioactive substances” – like “epidemic and pandemic diseases, plant or animal 

contagion, insect or other animal plagues and infestations” (2015: p. 8). 

 

The main subject in this dissertation is focussed on plant contagion, or the colonization/biodeterioration 

of wall paintings/frescos, caused by microorganisms like algae, fungi, bacteria and lichens. This is 

observed in the Early Christian Basilica of the Roman Ruins in Tróia.  

 

The term ‘biodeterioration’ is defined by K. Sterflinger and G. Piñar as “any undesirable change in a 

material brought about the vital activities of organisms” (2013: p. 1). Non-chlorophyll-containing 

microorganisms like (cyano)bacteria and fungi, and chlorophyll-containing microorganisms like algae, 

mosses and lichens cause these problems in cultural heritage: aesthetical, physical or chemical damage 

(Sterflinger & Piñar, 2013; Veneranda et al., 2017). These microorganisms eventually form biofilms, that 

are defined as communities attached to a surface. Biofilms can contain a single species of 

microorganisms or a combination, plus, the surfaces can also be biotic or abiotic (O'Toole, B. Kaplan, & 

Kolter, 2000).  
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Some of these surfaces are eventually normal building materials like stone, concrete, or steel, but 

colonization can also initiate on other materials like glass, paint coatings and slurries (Sterflinger & Piñar, 

2013). An example of another material, which suffers from biological colonization, is wood. There, the 

scale of deterioration is dependent on the presence of water. The largest risk for wood is the contact 

with the ground or places with a lot of dry-wet cycles (Sanchez-Silva & Rosowsky, 2008).  

 

The development of a biofilm is dependent on the matter of the surface – the chemical composition and 

nature of the material – and on the environmental conditions – climate and exposure (Tolker-Nielsen, 

2015; Sterflinger & Piñar, 2013; Rosado et al., 2017).  

Colao et al. state that the main reasons for the development of biofilms in cultural heritage sites are 

“their capacity of adhesion, oligotrophy, metabolic flexibility and tolerance to adverse conditions” (2005: 

p. 1). 

 

Some of these environmental conditions are temperature, humidity, light exposure, alkaline pH values 

and the (in)organic presence of nutrients (Veneranda et al., 2017; Rosado et al., 2017). T. Tolker-

Nielsen describes the development of a biofilm in four stages: “(i) initial attachment of microbes to a 

surface or each other, (ii) formation of microcolonies, (iii) maturation of the biofilm, and (iv) dispersal of 

the biofilm” (2015: p. 1). 

 

Although the formation of biofilms was documented and recognized over 100 years, the studying of 

biofilms began only two decades ago, starting in the paper of Henrici of 1993, where he states that “it is 

quite evident that for the most part water bacteria are not free-floating organisms, but grow upon 

submerged surfaces” (O'Toole, B. Kaplan, & Kolter, 2000: p. 50). 

 

Physical damages on the surface are mostly there by the penetration of the microorganism inside the 

material, diminishing its compactness (Veneranda et al., 2017). An example of a biological deterioration 

is the bio-pitting of black fungi inside building stone. Fungi and bacteria can cause chemical and physical 

damage on paintings, costumes, ceramics, etcetera (Wei et al., 2013; Kip & van Veen, 2015; Sanchez-

Silva & Rosowsky, 2008; Sterflinger & Piñar, 2013).  

Fungi is thus corrosive and it penetrates into the material. It makes pits up to two centimeter diameter 

inside the stone. It is a chemical and mechanical degradation/attack, on for example marble, limestone 

and granite (Sterflinger & Piñar, 2013). Fungi damage the biomass of the material, enriches the nutrients 

on it, so the biofilm can create higher concentrations (Veneranda et al., 2017). 

 

Furthermore, biological colonization is also present on mural paintings (excavated in Pompei for 

example). In the case study of M. Veneranda et al. (2017) it was concluded that volcanic material 

residues on the surface of a wall are like nutrients for microorganisms. It can also be found in churches, 

caves and catacombs (Sterflinger & Piñar, 2013). T. Rosado et al. (2017) found several microorganisms 

on the frescos of Casas Pintadas that damaged their mural paintings.  
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Another example is that cyanobacteria, algae and lichens produce green-black stains. Their advantage 

is that they do not need a lot of light, which is a disadvantage for the protection of cultural heritage. That 

is why they are the most important microorganisms that damage wall paintings (Sterflinger & Piñar, 

2013).  

‘Foxing’ are red-brown spots from fungal microorganisms that can cause structural degradation of 

materials, and bacteria can cause the deterioration of paper (Sterflinger & Piñar, 2013). 

Furthermore, archaea contain carotenoid pigments inside their cell membranes and leave typical rosy 

stains on surfaces (Sterflinger & Piñar, 2013). These are mostly aesthetical damages, that can also 

come from other chlorophyll-containing microorganisms like cyanobacteria, algae and lichens 

(Veneranda et al., 2017).  

To prevent this destruction of cultural heritage from happening, it is crucial to early detect these 

microorganisms, so procedures can be made to prevent the growth of biofilms (Rosado et al., 2017). 

The consecutive solutions for the reduction of biological contamination are climate control, frequent 

cleaning and phenomenological monitoring (Sterflinger & Piñar, 2013). 

 

For example, cleaning the surfaces from volcanic materials or other nutrients that favour the growth of 

biofilms (Veneranda et al., 2017). Other solutions are the use of biocides, fumigation with gases, gamma 

radiation or heat, micro-climates and the modification of light (Delgado Rodrigues et al., 2004; Charola 

et al., 2007; Charola, McNamara, & Koestler, 2011; Sterflinger & Piñar, 2013). 

 

Going further on the biological colonization of mural paintings, the north-east wall of the Early Christian 

Basilica at the Roman Ruins of Tróia is a use case (RRT-02) (and case study) for monitoring the 

contamination with the induced fluorescence technique. The frescos are 3.11 m high, they have 

geometric, vegetal and occasional figurative motifs and are well preserved (STORM Consortium, 2018).  

 

Green stains are present on the wall, causing bleaching and maybe disaggregation of the surface, 

caused by an increase in humidity and condensation in the winter months. As mentioned before, the 

wall is partly protected by a sheltering structure, which gives a protection against the rain, but less 

protection to direct solar radiation. The sunlight gets through small openings, affecting the frescos inside 

the Basilica. The inner parts of the protective shed are open, giving rise to air humidity, condensation 

and temperature conditions. Anti-vegetation geotextile, layers of sand and damp-proof membranes were 

inserted to partly protect the pavements and the tombs (Storm Consortium, 2017c; STORM Consortium, 

2018).  

 

Other problems that the site deals with are surface run-offs, salt efflorescence and sub-florescence, 

abrasion of films, cement presence, eroded elements, cracks, reached sunlight through different 

openings in the day, etcetera (Storm Consortium, 2017c).   
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2.4 Systems to early detect biological colonization 

 

As mentioned in the previous part of this dissertation, it is important to prevent the destruction or loss of 

cultural heritage caused by biological contamination, especially on painted stucco and frescos. If an 

early detection of the microorganisms, or environmental conditions that favour those (humidity, 

temperature and condensation), can be made, procedures and actions can be initiated to avoid the 

growth of contaminating biofilms (Rosado et al., 2017; Veneranda et al., 2017). This part will give a brief 

overview of non-destructive systems, techniques or sensors (NDTs) that are used to detect or help 

detect biological colonization. They are partly based on the STORM sensor development, with special 

attention to the induced fluorescence technique, later used in the comparison.  

 

2.4.1  Importance of NDTs 

 

It is clear that the methods of surveying and diagnosis are best non-invasive and non-destructive, so 

cultural heritage will be best preserved. There is a bigger need for these methods because sampling is 

sometimes restricted and could damage the site (Colao et al., 2005). Still, some tests could always be 

micro-destructive (Svahn, 2006). The use of NDTs, to evaluate a surface, makes it possible to detect 

their behaviour without destroying or damaging it (Barreira & de Freitas, 2007). 

 

The development of NDTs has started since the beginning of the conservation of cultural heritage, and 

it gains more and more relevance. Different applications of NDTs are explained in the rapport of H. 

Svahn (2006), see Table 2. 

 

Table 2: Diverse applications of NDTs (Svahn, 2006) 

NUMBER OF 

METHOD 

APPLICATION 

1 Measuring the roughness/relief and weathering of stone 

2 Analyzing and measuring of the salt content in a material 

3 Measuring the water absorption of the material 

4 Investigating the inner structure of the material 

5 Identifying and analyzing substances at the surface 

6 Analyzing the strength and mechanical properties of the material 

7 Measuring moisture in building materials 

8 Measuring the colour of a material 

 

Method number 5 from Table 2, that identifies and analyzes the substances at a surface, is the most 

important in the case of biological colonization since biofilms are present at the surface of another 

material. H. Svahn (2006) further states that there are different groups within NDTs: geophysical 

methods, spectral analytical methods, and tactile and visual assessment methods.  
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The second group “analyzes properties in the surface by the use of electromagnetic radiation that is 

absorbed or emitted by the material” (Svahn, 2006: p. 12), they are fast and optical (Lavrov et al., 2012). 

These are the most important ones and are further discussed for the subject of the dissertation, after in 

situ imaging and colourimetry methods, and some specific methods for material condition diagnosis. 

 

2.4.2  STORM sensor development 

 

The methods that are used at STORM are divided into three categories. All these methods are traditional 

or novel, like the induced fluorescence technique, and used alone or in a network with other techniques, 

to get more information (Storm Consortium, 2017b). 

 

Deliverable 1.2 goes about the non-invasive and non-destructive methods of surveying and diagnosis. 

It states that the first category goes about surveying methods, that “deals with mapping the geometrical 

and/or key physical properties” (Storm Consortium, 2017b: p. 14). It also gives examples of these 

methods like GSP, GNSS, theodolite instrumentations, ground penetrating radar and infrared thermal 

imaging. 

 

The second category goes about the permanent diagnosis methods, which are “sensor(s) deployed 

permanently on site or at least that are used regularly” (Storm Consortium, 2017b: p. 14). Examples of 

these methods are Fibre Bragg Gating methods and climate monitoring, like weather stations for 

example. 

 

The last category goes about the occasional diagnosis methods, which are “measurements necessary 

to assess the cultural heritage composition/condition” (Storm Consortium, 2017b: p. 14). They can 

operate on site or in the laboratory (with small samples), and are the most interesting to further 

investigate, regarding the biological colonization of cultural heritage. The ones about spectroscopy are 

further examined, with special attention to the induced fluorescence technique. 

 

An important partner that has an influence in the occasional diagnosis methods for the early detection 

of biological colonization in Tróia, besides the management of Tróia Resort itself, is INOV. They are 

currently working on the development of two sensors (LIF and SFS) that are based on the induced 

fluorescence technique (INOV.pt, 2018).  

 

2.4.3  In situ imaging and colourimetry 

 

In situ imaging and colourimetry methods are first discussed in a very brief form (fibre optics microscopy, 

video endoscopy and spectrophotometer). They are efficient, simple, low cost and already available on 

the market, giving information about damage and destruction in cultural heritage. More details about 

these methods can be found in the wide literature (Storm Consortium, 2017b). 
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First of all, almost 25 years ago, the use of fibre-optics was minimal. There has been an increasing 

development of fibre components and basic fibre technologies since then. For example, the devices are 

smaller but gained functionality and versatility (Delaney & Harris, 2006; Flusberg et al., 2005).  

Fibre optics microscopes detect surface characteristics by the use of light that gets delivered to the 

specimen, whereas the reflected or excited fluorescence light is detected (fibrescope – two-photon 

microscopes) (Helmchen, 2002). The equipment also allows the digital recording of images. This cellular 

imaging can be used where traditional light microscopy cannot be used (Storm Consortium, 2017b; 

Flusberg et al., 2005). 

In cultural heritage, it is used for the detection of biological colonisation and saline efflorescence, the 

presence of localised alteration phenomena and the detection of original superimposed layers (Storm 

Consortium, 2017b). It is also used in the medical section of engineering, by creating an optical biopsy 

of inner organs or imaging the activity of the brain (Helmchen, 2002). 

 

Secondly, an endoscope (or flexoscope) is basically a camera mounted at the end of a flexible cable or 

pipe to inspect lesions/cavities/discontinuities (the interior of materials), which can also record images 

or movies as a visual examination. It is an advantage that it can be used to get to an inaccessible 

location, where for example chlorophyll-containing microorganisms are present. The cable is flexible to 

get access to the examined area and to send the image to the server. By creating multiple images, the 

process of restoration work could be described (Storm Consortium, 2017b; Lombillo, Villegas, & Elices, 

n.d.).  

On the other hand, this system is not precise enough to detect the smaller early stages of biological 

colonization on, for example, frescos or paintings. It is more efficient when it is used on a larger scale 

with bigger particles to distinguish. Other examples that are used in the same way as video endoscopy 

are flat jacks, hole-drilling, a dilatometer, radar techniques and techniques based on sonic pulses 

(Lombillo, Villegas, & Elices, n.d.). The conclusion is that it is more useful for areas where the human 

eye cannot see, and it is also used in the medical world for surgeries. It is still mentioned here as it is a 

method to inspect substances at a surface (method number 5 in Table 2). 

 

Thirdly and last, a spectrophotometer is a (portable) NDT, based on the radiation of light and their 

reflectance, which provides colorimetric analyzes (of 1 cm²) with software in the difference of the colour 

chromaticity index, saturation and brightness. It can be used before and after treatments on specific 

surfaces to see the assessment and results of cleaning (Storm Consortium, 2017b). 

Some research by P. Sanmartin et al. (2012) with a portable spectrophotometer has been devoted to 

the potential of colorimetric analyzes (colour changes) in the detection of biological colonisation 

(greening) on a granite facade in Santiago de Compostela (Spain). The measurements were done 

outside and “revealed that recolonization of the surface took no more than 129 days (just over 4 months), 

and greening was perceptible after approximately 178 days (almost 6 months)” (2012: p. 336). 

 

An example of the outside look of a fibre microscope, rigid endoscope and spectrophotometer is to see 

in Figure 7 below. 
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Figure 7: Miniature fibre-scanning confocal microscope and rigid endoscope (Delaney & Harris, 2006) (left) and a 
Minolta Chroma Meters CR-400/CR410 spectrophotometer (Storm Consortium, 2017b) (right) 

 

2.4.4  Specific methods for material condition diagnosis 

 

Secondly, a group of non-optical methods (also NDTs) is briefly overviewed: the Karsten tube, a portable 

moisture meter, conductivity measurements and infrared thermography (IRT) (all used at STORM). They 

could be handy for the observation and detection of biological colonization. 

 

The Karsten tube, pipe-shaped with an open cylindrical body of glass, lets water penetrate into vertical 

surfaces to measure the water absorption (cm³/h) under pressure (Duarte, Flores-Colen, & de Brito, 

2011; Svahn, 2006; Coimbra Pereira Apps, 2011).  

A portable moisture meter detects the surface moisture level. It can help to detect biological colonisation 

by using sodium hypochlorite at 5% because if the colour changes from yellow to red, the detection of 

microorganisms is possible (Duarte, Flores-Colen, & de Brito, 2011). Concluding, the method itself does 

not really help for the early detection of biodeterioration, it is the combination with another method that 

helps. 

These two methods come from method 3 in Table 2, to measure the absorption of water in a material. 

Other common and similar techniques here are the RILEM pipe, the contact sponge test, the 

permeability box method and the micro drop measurement (Svahn, 2006).  

 

Another comparable example is a conductivity meter, which detects the ability to conduct electrical 

current in a material. It is an indicator of the water quality, mostly used for the extraction cycles of salt 

(Storm Consortium, 2017b).  

 

These tests do not help immediately with the detection of biological colonization, but by evaluating the 

absorption of water in the wall, there can be analyzed if a higher chance of biological colonization at 

these places is possible (favourable humidity). It can help to identify the causes of degradations in 

cultural heritage (Storm Consortium, 2017b). 
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Furthermore, IRT is used to determine and map the surface temperature of materials or objects (through 

videos and pictures in false colour), inconsistencies in structures, water presence in walls and wet-dry 

processes in building materials. Thermal cameras measure the long-wave infrared radiation from the 

sample (every object above absolute zero Kelvin releases electromagnetic radiation) and then create a 

2D thermal image, without the need of lighting up the object (Storm Consortium, 2017b; Barreira & de 

Freitas, 2007; Tattersall, 2016; Svahn, 2006). IRT could help to detect humidity or temperature 

differences at walls, so prevention can take place (Storm Consortium, 2017b).  

 

  

Figure 8: Karsten pipe measurement (Svahn, 2006) (left) and path-flow information in IRT (Tattersall, 2016) (right) 

 

To conclude, all these methods are not directly involved in the early detection of microorganisms, and 

need specific help from other techniques, but they can be helpful in the characterisation of materials and 

environmental factors that can influence biofilms, like analyzing the condition of the sample (damaged 

patterns) (see the application of the methods in the STORM project at Table 3).  

By doing this, a corresponding method of cleaning, protection or prevention can be initiated (Storm 

Consortium, 2017b). 

 

Table 3: STORM applicability of specific diagnosis methods (Storm Consortium, 2017b) 

METHODS/SENSORS APPLICABILITY IN STORM 

Fibre Optics Microscope Imaging in cavities and masonry structures; observe mutations of materials 

at microscopic level; verify the efficacy in recovery intervention specially 

with consolidation and protection products 

Video endoscopy Inspecting areas covered or concealed by sand 

Spectrophotometer Surface comparisons before and after conservation treatments; 

assessment of cleaning, consolidation or hydrophobic treatments 

Karsten tube During prevention and preparation of intervention specifically during 

recovery phase, after treatment 

Conductivity measurements Presence of salts after desalinization treatments 

Infrared thermography Verify results of intervention; identify the presence of humidity; during 

structures consolidation interventions 
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2.4.5  Spectroscopic sensors 

 

As mentioned before, the most efficient sensors of the category of spectroscopic sensors that H. Svahn 

(2006) states in his “spectral analytical methods” are further discussed, with special attention for the 

induced fluorescence technique. Their degree of importance and development is discussed at the end 

of the chapter with an ad hoc benchmarking (Storm Consortium, 2017b).  

 

These techniques give a more detailed spectrum or information, are more efficient, cost-effective and 

precise (Storm Consortium, 2017b). L. Pantani et al. state that “in environmental remote sensing only 

the optical and infrared ones show a spatial resolution suitable for building monitoring” (2000: p. 345), 

like colonization. 

 

G. S. Bumbrah and R. M. Sharma define spectroscopy as “the study of interaction of electromagnetic 

radiation with matter (…) based on the phenomena of emission, absorption, fluorescence or scattering” 

(2016: p. 209) of the molecules of the sample. They are used for the qualitative and the quantitative 

analysis of a large range of samples. 

 

Basically, the investigated material or sample is illuminated by monochromatic light, and the molecules 

can then absorb and/or scatter the incident light. The collision and scattering between the photons and 

the molecules of the sample can be elastic (Rayleigh) or inelastic (Raman, fluorescence). Thus, be of 

increasing or decreasing energy and a lower or higher wavelength. Most of the times, the scattered 

radiation has the same frequency than the incoming radiation, this is called Rayleigh scattering. It is 

however also possible that the frequency is lower or higher – only a small fraction, called Raman 

scattering (Bumbrah & Sharma, 2016; Storm Consortium, 2017b).  

 

The spectrometer detects the output of scattered radiation (Rayleigh, Raman, fluorescence) and directs 

the outcome to a photodetector (charge-coupled device – CCD), changing the energy of radiation into 

electric signals. Filters are used to separate the Raman lines from intense Rayleigh scattered light 

(Storm Consortium, 2017b). 

 

In addition, the first technique goes about Raman spectroscopy, where the “specific inelastic scattering 

of radiation involves interaction of incident light with vibrating molecules” (Storm Consortium, 2017b: p. 

65) (scattering process) (Bumbrah & Sharma, 2016). A different frequency creates the Raman spectrum, 

due to the inelastic collision. In this Raman spectrum, Stokes lines appear when the frequency of the 

incident radiation is higher, anti-Stokes lines are created in the opposite way (Bumbrah & Sharma, 2016; 

Storm Consortium, 2017b). The Stokes bands are measured in Raman spectroscopy, while the anti-

Stokes band are normally measured with fluorescence samples (Bumbrah & Sharma, 2016). A basic 

set-up of Raman spectroscopy is to see in Figure 9. 
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Figure 9: Raman spectroscopy basic set-up (Storm Consortium, 2017b) 

 

The second technique is reflectance spectroscopy, where there is no difference in the frequency (or 

wavelength) of the scattered light and the incoming radiation (based on Rayleigh scattering) (Storm 

Consortium, 2017b; Bumbrah & Sharma, 2016). The reflected light gets detected and collected in colour 

and intensity by a fibre optic probe, which also excites the light from the light source to the sample. The 

spectrometer splits the wavelengths and measures the intensities (reflected and incident) using a CDD 

(Wallace et al., 2009). M. B. Wallace et al. state that by “analyzing the varying degree to which individual 

wavelengths are backscattered across a spectral range, it is possible to determine the size, number, 

and optical density of the dense structures within a tissue” (2009: p. 235). 

 

In cultural heritage, the reflectance and Raman spectroscopy can identify dyes and pigments on 

surfaces. Raman spectroscopy can further detect minerals, corrosion products, fibres, etcetera. Both 

methods are used in analyzing surface modifications (abnormalities), like detecting and assessing 

biological colonisation (Storm Consortium, 2017b; Wallace et al., 2009). 

 

The third technique is induced fluorescence spectroscopy. It looks like Raman spectroscopy – based 

on inelastic scattering, with the difference that the spectrum comes from spontaneous emissions, based 

on absorption instead of scattering. By the absorption of the radiation light, the molecule gets excited to 

a higher energy state for a few nanoseconds or microseconds, which is not so for Raman spectroscopy. 

After that, the atoms or molecules return to the ground state, producing the emission of photons (creating 

fluorescence), and therefore reducing their energy (Martín et al., 2015; Cabrita et al., 2016; Storm 

Consortium, 2017b).  

 

The sensors of induced fluorescence usually have the same structural outcome as the ones used for 

Raman spectroscopy since they have the same means in excitation and detection. The emission 

wavelengths are detected to make a spectroscopic analysis of the sample, enabling to identify 

characteristic pigments and proteins. Everything is stimulated by an external source of light, like a laser 

or a powerful flash lamp (Storm Consortium, 2017b). 
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The induced fluorescence technique is thus used for biological contamination monitoring – in vivo and 

in vitro. The most important microorganisms are chlorophyll-containing (like algae, moss and lichens), 

non-chlorophyll-containing (like bacteria and fungi), and pigments (like phycoerythrin, phycocyanin and 

carotenoids) (Cabrita, et al., 2016; STORM-project.eu, 2018; Storm Consortium, 2017b). When a high 

density is measured – an alarming level of infestation, actions need to be enhanced to protect cultural 

heritage, see Figure 10.  

 

 

Figure 10: STORM taxonomy of the induced fluorescence sensor (Storm Consortium, 2017c) 

 

The methods above are not all the possible techniques to use in cultural heritage. Other (optical) NDTs 

in identifying and analyzing substances at the surface (see method 5, Table 2) are, for example: 

Rutherford backscattering spectrometry, surface plasmon resonance spectroscopy, fluorescent lifetime 

imaging and spectroscopy, portable infrared spectroscopy, X-ray fluorescence, portable FT-IR fibre 

optics and micro-Raman spectroscopy, Fourier-transform infrared spectroscopy and particle-induced X-

ray emission spectroscopy (Svahn, 2006; Storm Consortium, 2017b). Mostly, these techniques are not 

used because of their complicated equipment, bigger costs, the need for trained personnel, less 

efficiency/versatility/selectivity, etcetera (Storm Consortium, 2017b). 

 

It has to be kept in mind that the use of the different techniques in cultural heritage is, of course, 

dependent on the problems, characteristics, conditions and scenarios of the site and the samples or 

artefacts (Storm Consortium, 2017b).  

 

Therefore, the STORM Consortium made an overall figure of merit (FOM) for the three methods 

described above. Table 4 gives an ad hoc benchmarking with eight parameters: sensitivity, selectivity, 

versatility, robustness, manufacturing cost efficiency, operation and maintenance cost efficiency, 

prospective of cost reduction in future, and potential for future development – FOM ratings go from very 

weak (1), weak (2), average (3), good (4) to very good (5) (Storm Consortium, 2017b). Table 4 will be 

shortly discussed by giving some advantages of the induced fluorescence technique. 

 

 

 

 

Figure 1: STORM taxonomy of the induced fluorescence sensor (STORM Consortium, 2017c) 
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Table 4: FOM for the three STORM-related spectroscopic methods (Storm Consortium, 2017b) 
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Induced fluorescence 4 5 5 5 4 5 5 5 4.75 

Reflectance/scattering 5 1 3 5 5 5 2 4 3.75 

Raman scattering 2 5 1 3 2 4 5 5 3.38 

 

Moreover, the induced fluorescence technique has some advantages in comparison with the other 

techniques, giving it a higher potential for the future in detecting early stages of biological colonization. 

This makes it a system worth investigating in this dissertation, using three case studies or sensors inside 

the technique itself. 

 

First of all, inelastic scattering methods “involve the characteristic energy exchange with target’s 

molecules and thus have a very good selectivity” (Storm Consortium, 2017b: p. 71) and versatility. 

Secondly, the materials that are used in the technique are mostly robust, compact and more or less 

cheaper in production (lamps, LEDs, spectrometers, etcetera). This decrease in costs for electro-optical 

components will develop itself more and more in the future. Only the use of lasers can have a higher 

maintenance cost when being replaced. Last but not least, it can detect the emission fluorescence at 

excitation by more wavelengths (Storm Consortium, 2017b).  

 

The applicability in the STORM project for induced fluorescence methods is the use of “surface 

comparisons before and after conservation treatments, and particularly in the assessment of cleaning, 

consolidation or hydrophobic treatments” (Storm Consortium, 2017b: p. 81). It came forward as the best 

potential technical solution for biological colonization (see Table 5). 

 

Table 5: Potential technical solution for biological colonization by STORM (Storm Consortium, 2017c) 

Required action Disaster Risk 

Management 

Phase 

Related hazards Requirements 

addressed 

Potential 

technological 

solutions 

Early detection 

and monitoring of 

biofilms 

Prevention and 

Mitigation 

Biological 

colonization 

REQ-RRT-MON-

05 

Induced 

fluorescence 

sensor 
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A first case study is set within the STORM project, where two methodologies were adapted for this 

technique: laser-induced fluorescence (LIF) spectroscopy and the development of a spectrometer 

capable to record spectral fluorescence signatures (SFS) (STORM-project.eu, 2018; Storm Consortium, 

2017b). Two other case studies are then also used in the dissertation: the Biofinder and chlorophyll 

fluorescence in combination with PAM.  
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3 Methodology 

 

The third chapter of the dissertation describes and justifies the proposed methodology. More information 

will be given about the systems used for the comparative study in the early detection of biological 

colonization. This chapter will explain the monitoring campaign descriptions of all three case studies, so 

it can be used for the results and comparison in chapter four and five. 

 

3.1 STORM and induced fluorescence 

 

The first case study is connected with the STORM project. STORM developed spectrometers based on 

the fluorescence method, bearing in mind the most demanding scopes and goals for their project (Storm 

Consortium, 2017b): 

− the early detection and assessment of potentially destructive biofilms like algae, moss, and 

lichens on the surface of cultural heritage artefacts, primarily on paintings and frescos; and 

− “assessing how much the external weather conditions influence biological colonization by 

plants” (STORM Consortium, 2018: p. 16). 

These cultural artefacts are located at the Tróia and Mellor archaeological sites, but their goal is also to 

reach other cultural heritage sites (Storm Consortium, 2017b).  

 

Basically, within the STORM project, two techniques inside induced fluorescence were adapted for the 

early detection of biological colonization. Those induced fluorescence sensors work by capturing or 

making a spectroscopic analysis of the induced light emission, that is stimulated by an external source 

of light, like a laser or a powerful flash lamp. This enables them to identify characteristic pigments and 

proteins of local biological infestation due to bacteria, fungi, algae, mosses, and lichens (STORM 

Consortium, 2018). 

 

By this, the first instrumentation is based on LIF spectroscopy. The second one is the development of a 

spectrometer capable to record a complete SFS, in which the combination of a bright, wide spectrum 

source and a monochromator enables to scan the excitation and emission wavelength (STORM-

project.eu, 2018; Storm Consortium, 2017b).  

 

Due to their complementarity, both LIF and SFS are being used in monitoring (STORM Consortium, 

2018). Both of them are being developed by the company of INOV, a corporation working inside the 

STORM Consortium. 
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3.2 LIF 

 

In general, LIF spectroscopy is based on the excitation of sample molecules (with a single excitation 

wavelength – 𝜆𝑒𝑥)  by strong monochromatic laser light and detecting the induced fluorescence emission 

spectrum by a low-noise CCD spectrometer (STORM-project.eu, 2018; Utkin et al. 2014).  

 

To give a short summary, complementing the second chapter, the fluorescence emission of the 

molecules is a two-stage process. First, the atoms or molecules of a sample under study are excited to 

a higher energy level by the absorption of light/photons. Then, after a few nanoseconds or 

microseconds, depending on the sample, a spontaneous emission occurs. This is a process by which a 

quantum system in an excited state undergoes a transition to a state with lower energy and emits a 

photon, contributing to the fluorescence radiation at the wavelength range of ‘𝜆 > 𝜆𝑒𝑥 ’. It is this 

fluorescence that will be detected, excited by a pulsed laser with a pulse duration of several 

nanoseconds, by a light gathering optics (collimator) (STORM Consortium, 2018; Utkin et al., 2014). 

This will be directed to the spectrometer, who converts the spectral power density into a digital form 

(Utkin et al., 2014).  

 

The principal scheme of how STORM and INOV use the LIF technology at the Roman Ruins of Tróia is 

illustrated in Figure 11 below.  

 

 

Figure 11: Principal scheme of the LIF measurements (STORM Consortium, 2018) 

 

The general setup of the LIF technology is quite common to other non-linear spectroscopy systems, like 

Raman, but each application requires other parameters and modifications (Storm Consortium, 2017b). 

For example, A. B. Utkin states in Deliverable 4.1 from STORM that “to prevent backscattered laser 

radiation from entering the collimator and saturate or damage the spectrometer, a long pass filter, with 

a cut-off wavelength slightly larger than the operating wavelength of the laser, was introduced in the 

optical path” (2018: p. 17).  
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In addition, the specifications of the emitter (laser) and the receiver (spectrometer) are set out in Table 

6 and Table 7. 

 

Table 6: Specifications of the used emitter (laser) (STORM Consortium, 2018; Quantel-laser.com, 2018) 

EMITTER 

NAME Nd:YAG laser Ultra WS2 

EXTRA INFORMATION Frequency-doubled flashlamp-pumped 

SUPPLIER Quantel (2017) 

ENERGY 32 mJ 

SPECTRAL RANGE 532 nm or 1064 nm 

AREA 0.96 cm² 

RATE 20 Hz 

PULSES 7 ns 

 

Table 7: Specifications of the used receiver (spectrometer) (STORM Consortium, 2018; OceanOptics.com, 2018) 

RECEIVER 

NAME USB4000 

SUPPLIER Ocean Optics (2017) 

DIFFRACTION GRATING VIS-NIR high-resolution type, groove density of 1200 mm-1 

(efficiently in 450-800 nm) 

CCD Toshiba TCD1304AP 

OTHER COMPONENTS Input pupil, diffraction grating, photodetector, mirrors (filters or 

lenses), microprocessor, SMA-905 optical connector 

DETECTOR RANGE 200-1100 nm 

POWER CONSUMPTION 250 mA @ 5 VDC 

 

As seen from Table 7, depending on the requirements of the application, several additional components 

like mirrors, filters, lenses and a microprocessor, automating the measurements, can be added to the 

basic scheme (STORM Consortium, 2018).  

 

The working of the spectrometer is fully explained by A. B. Utkin in Deliverable 4.1:  

“When the computer application requests the microprocessor to start the measurements, the latter then 

waits for the synchronization pulse from the laser and starts the spectral data acquisition, eventually 

collecting and sending to the control computer the requested number of digitally recorded spectra to be 

processed. The emitted laser pulse excites the fluorescence emission. This emission is captured by the 

light gathering optics and transported through an optical fibre, being introduced to the spectrometer via 

the optical connector SMA 905” (2018: p. 19). 
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Figure 12: Spectrometer by the Ocean Optics family (STORM Consortium, 2018) 

 

A. B. Utkin further states that “a special precaution was taken to eliminate the spurious signal due to the 

second- and third-order diffraction orders. The LVF-L (linear variable long pass order-sorting filter) 

coating was applied to the detector window, making only the first-order spectrum detectable by the CCD 

array” (2018: p. 19).  

 

The detector is controlled using the standard software package of OOIBase32. The data can be 

graphically represented via OOIBase32 GUI and stored in a text file (STORM Consortium, 2018). This 

software is running on an external computing device (Utkin et al., 2014). More information about the 

USB4000 and the laser can also be found on the websites of Ocean Optics and Quantel.  

 

Because the LIF spectroscopy has high radiation fluxes that are maybe dangerous for the fragile frescos 

at the Basilica, the goal for the use of LIF at the Roman Ruins is to assess how much external weather 

conditions favour biological colonization. The goal that follows is to early detect chlorophyll-containing 

biofilms like algae, moss and lichens on two samples. These can be very thin biofilms, hardly visible or 

even invisible to the naked eye (Utkin et al., 2018).  

 

By the end of July 2017, the LIF sensor was used for biological colonization measurements at the 

Basilica, operating with reduced radial exposure of about 5 mJ/cm² per laser pulse — in order not to 

damage the photosynthetic state of the plant community under investigation (STORM-project.eu, 2018). 

 

This was all done by using two samples as targets (isolated fragments of plaster of no cultural 

significance – affected by mould and lichen), strategically placed outdoors near the Basilica at the ruins 

(Utkin et al., 2018; STORM Consortium, 2018).  
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“After collecting data during a sufficiently long period of time, some correlation between the intensity of 

the fluorescence emission and weather conditions is hoped to be established” (STORM Consortium, 

2018: p. 34). The results of the LIF measurements are declared in the next chapter.   

 

 

Figure 13: The mechanical lay-out of the LIF sensor (STORM Consortium, 2018) 

 

3.3 SFS 

 

The second technique used, based on induced fluorescence, within the STORM project is SFS 

detection, that almost works in the same way as LIF. LIF is based on laser-induced fluorescence, while 

SFS is based on lamp-induced fluorescence. The wide spectrum of the lamp radiation permits to scan 

the excitation radiation wavelength using a computer-controlled monochromator. This will introduce a 

new variable parameter to the measurement conditions, turning the 2D fluorescence spectra graphs of 

LIF into 3D surfaces for SFS, in which the detected spectral density of the fluorescence emission is a 

function of both the excitation and emission wavelengths (Utkin et al., 2018; STORM Consortium, 2018; 

Martín et al., 2015). The colours in the 2D or 3D graphs show the intensity of the fluorescence (Martín 

et al., 2015). 
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Table 8: Specifications of the SFS sensor (STORM Consortium, 2018; Utkin et al., 2018) 

SFS SENSOR 

LAMP High energy pulsed xenon flashlamp 

OTHER COMPONENTS Two rotating diffraction gratings, two microcomputers (one for each wavelength), 

photomultiplier, electric power supply, two-core optical fibre cable (measuring head) 

SUPPLIER INOV 

POWER 30 W 

BATTERY 14.8 V 

 

 

Figure 14: SFS sensor: measuring head with two-core input-output fibre cable (STORM Consortium, 2018) 

 

One can see the specifications of the SFS sensor in Table 8 and the measuring head in Figure 14. The 

excitation radiation is transported to the measuring head through one of the cores of a two-core optical 

fibre cable (STORM Consortium, 2018).  

 

As A. B. Utkin states in Deliverable 4.1: “there is no off-the-shelf platform for the development of SFS 

sensors, and the instrument was developed on the basis of a standard mechanical case for precision 

optics” (2018: p. 21). The microcomputer operates the data process to the computer as a wireless 

access point (server, Wi-Fi). The software is compatible with Windows 7 or higher and is specially 

developed by LDI Innovation for the system (LDI-innovation.eu, 2018; STORM Consortium, 2018). 

 

The SFS spectrometer is capable to detect both the chlorophyll emission (in the VIS/IR range) and 

fluorescence signatures of specific proteins (in the UV range) composing bacteria and fungi because of 

the use of the wide spectrum of the xenon lamp (STORM-project.eu, 2018). 
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The goal of the SFS measurements is to detect both in vivo chlorophyll-containing biofilms like algae, 

moss and lichens, and non-chlorophyll-containing biofilms like bacteria and fungi at the north-east 

Basilica wall paintings of the Roman Ruins of Tróia (Utkin et al., 2018).  

 

The SFS sensor was developed and put into operation for two diagnosis campaigns. They were carried 

out in Tróia on 03/08/2017 and 22/09/2017 (STORM-project.eu, 2018). After that, the early detection of 

biological colonization began to be analyzed once a month from the third of August 2017 at the wall 

paintings of the Basilica (STORM Consortium, 2018).  

 

Both samples from LIF and SFS were located at the entrance or inside the Basilica, where the locations 

differ in the degree of shading. In the Basilica, SFS was used to measure seven points at the wall 

paintings – to see in Figure 16 (STORM Consortium, 2018). Only seven points were chosen since there 

was not enough time and resources to analyse the whole wall. This is equal for the LIF sensor. 

 

     

Figure 15: General review of the SFS sensor with the measuring head (left) and the software interface of the SFS 
sensor (right) (STORM Consortium, 2018) 

 

Figure 16: Located seven points at the Basilica monitored by the SFS sensor (STORM Consortium, 2018) 
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The seven points were chosen for different purposes and at various locations inside the Basilica – see 

Table 9, Figure 17 and Figure 18. 

 

Table 9: Measured points by the SFS sensor in the Basilica (STORM Consortium, 2018) 

POINTS LOCATION PURPOSE VISIBLE 

CONTAMINATION 

CLEANED 

(YEAR) 

1 & 2 North-east wall Tendency of accumulation of humidity 

and biological colonization 

Not visible Yes (2016) 

3 North-east wall Humidity cycles and possibility of 

biological colonization 

Blue-green stains No 

4 North-east wall Comparison with points 1 and 2 

Test developing invisible biological 

colonisation 

Not visible No 

5 North-west wall Compare fluorescence of visually 

different, but neighbouring points 

Normal stains No 

6 North-west wall Compare fluorescence of visually 

different, but neighbouring points 

Not visible No 

7 Interior wall Obtain pronounced signatures from a 

dense biocommunity 

Intense colonization No 

 

 

 

      

Figure 17: Measured points at the Basilica: points 1 & 2 (top-left), point 3 (top-right), point 4 (bottom-left) and 

points 5 & 6 (bottom-right) (STORM Consortium, 2018) 
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Figure 18: Measured point at the Basilica: point 7 (STORM Consortium, 2018) 

 

3.4  Data analysis of LIF and SFS 

 

The measurements coming from LIF and SFS represent quite a big amount of data. This requires a 

need in filtering the analysis of the evaluation. A. B. Utkin describes it in Deliverable 4.1: “due to large 

characteristic time of the colonisation/infestation processes, the data are recorded once a month and 

transmitted to the STORM system off-line, using a special application, representing, at the front end, a 

form to filled each data gathering campaign” (2018: p. 38). The gathering of the data at the Basilica with 

SFS took up around two hours for the measuring of seven points. The two samples of LIF were analyzed 

in the laboratory inside the company of INOV.  

 

For each measured point and the two samples covered from the Basilica, INOV set up a form with a list 

of attributes to be extracted from or calculated on the basis of the raw recorded data. This form can be 

consulted in Appendix 2. The measurements corresponding to the seven points of the Basilica frescos 

have the same attributes except for the last one (not SFS – yellow colour) (STORM Consortium, 2018).  

 

3.5 Biofinder 

 

The second application or case study is about a prototype of a hand-held fluorimeter, called the 

‘Biofinder’, which derives from the European research project “ONSITE - On-site monitoring of biological 

colonization on stone and plastered surfaces using field portable fluorescence-based techniques”. The 

technology of LED-induced fluorescence, described by Brechet in 1997, was used inside the prototype 

of the Biofinder. It consists of a LED light excitation source and a CCD for photon detection of the 

fluorescence emission (Charola, McNamara, & Koestler, 2011).  
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This work and the development of the Biofinder were set out in the case study of J. Delgado Rodrigues 

et al. (2004). The paper presents the experimental results taken with the prototypes of the hand-held 

fluorimeter in several situations where biological colonisation was studied and different biocidal 

treatments were carried out. The goal of the project was to realise a good working prototype, capable 

of detecting photosynthetic microorganisms on in situ surfaces, especially considering those involved in 

the degradation of building materials (Delgado Rodrigues et al., 2004).  

 

First, some measurements were directed to samples of buildings in San Sebastian (Spain) to evaluate 

the ability of the instrument to monitor biological colonies. Therefore, a comparison could be made 

between the results in the field with the Biofinder and the analyzed samples in the laboratory 

(fluorescence in vitro).  

Secondly, it was used to monitor the effectiveness of biocides on granite surfaces, limestone, marble, 

sandstone and plaster – on monuments in Lisbon, Évora and Tomar (Portugal). The colonizing species 

included algae, cyanobacteria and various lichens.  

A third site to test the skills of the Biofinder was set up in Tomar, Portugal. Here, they selected four 

different areas at the Church of the Convent.  

Finally, a study was carried out on the Romanesque medieval cloister of Santa Clara in Coimbra, 

Portugal. The goal of the tests performed with the Biofinder was to obtain a preliminary assessment of 

the suitability of the instrument used at that site and define an appropriate way to perform some tests 

on the biocide treatment (Delgado Rodrigues et al., 2004). 

 

Finally, the Biofinder was then also tested and used in the Gardens of the National Palace of Queluz in 

Portugal. The main goal there was to insert a minimum maintenance plan for the conservation of the 

stone elements in the garden, based on the fact that the cleaning of the sculptures (by the use of 

biocides) was not instantaneous and required some time to act on the microorganisms (Charola et al., 

2007). A. E. Charola et. al describe the aim as to “have all sculptures attain a uniform appearance, in 

harmony with the age of the gardens” (2007: p. 377).  

 

The results and the measurements of the previous cases can be found in the next chapter. 

 

3.6 Chlorophyll fluorescence 

 

The fourth and final application that is particularly interesting for the early detection of biological 

colonization, is the use of non-invasive and non-intrusive chlorophyll fluorescence imaging with PAM 

(Murchie & Lawson, 2013). This is another method that uses induced fluorescence, based on the 

Kautsky effect. A. Lavrov et. al (2012) state in their work that PAM was the most common plant 

fluorescence analysis method and it was successfully used regarding many plants. 
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E. H. Murchie and T. Lawson state that the “chlorophyll within a leaf exists as pigment–protein 

complexes in photosystem II (PSII), photosystem I (PSI), and within the light-harvesting complexes 

(LHCs) associated with each of these reaction centres” (2013: p. 3984). The energy of light that is 

absorbed by the chlorophyll molecules in the biological component (sample – leaf) can do three things: 

drive photosynthesis, dissipation as heat or it can be re-emitted as light-chlorophyll fluorescence (1 or 2 

% of the total absorbed light) (Maxwell & Johnson, 2000). These three actions are all connected with 

each other, they live in competition, so the information about the chlorophyll fluorescence yield will give 

more information about the photochemistry and heat dissipation (Murchie & Lawson, 2013).  

 

The general use of the chlorophyll fluorescence technique is thus mostly based on measuring the yield 

of chlorophyll fluorescence with PAM fluorometry (Osticioli et al., 2013). It is used to measure the 

efficiency of PSII photochemistry (Maxwell & Johnson, 2000). The chlorophyll fluorescence yield can be 

extracted by exposing the sample to the light of a fixed wavelength and measuring the re-emitted light 

at longer wavelengths. Because “chlorophyll fluorescence is a measure of re-emitted light (in the red 

wavebands) from PSII” (Murchie & Lawson, 2013: p. 3984).   

 

On the other hand, the fluorescence intensity is also important. The yield does not vary more than a 

factor of 5-6, while the intensity can vary by a greater magnitude. The ideal fluorometer is capable of 

measuring yield without changing the state of the sample. This means that the exciting light has to be 

low for the assessment of the yield of a dark-adapted sample, the system has to be selective to separate 

excited fluorescence and ambient light (sunlight in the field), and the system must give a fast response 

to the rapid changes in yield from dark-light and light-dark transitions. The pulse-modulated measuring 

light can be generated by LED or a flash discharge lamp (Schreiber, 2004).  

 

PAM fluorometry operates on a basic signal modulation in which the light source, used to measure 

fluorescence, is ‘modulated’. It is delivered in a series of signal pulses, as it is switched on and off at a 

high frequency (Soki.aq, 2014; Maxwell & Johnson, 2000). Furthermore, the detector is set to analyze 

only the fluorescence excited by the measuring light, so the yield can be detected with background 

illumination (like sunlight in the field) – a solved issue, so the sample does not have to be darkened 

anymore (Maxwell & Johnson, 2000).  

 

Kautsky and co-workers found in 1960 that when you transfer photosynthetic material from dark to light, 

the yield increases over a period of around one second (Kautsky-effect). This is due to the reduction of 

electron acceptors, i.e. the ‘closing of the reaction centre’ of PSII. Typically, the level drops after a few 

minutes (fluorescence quenching) (Maxwell & Johnson, 2000).  
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The measuring beam of PAM excites chlorophyll but is not of a sufficient intensity to induce electron 

transport through PSII. This gives F0, the minimal level of fluorescence – or “the initial fluorescence F0 

is defined as the minimal fluorescence yield of ‘dark-adapted’ samples, i.e. the photosynthetic apparatus 

is in a quiescent state and all PSII reaction centres fully open” (Eggert et al., 2006: p. 85) – and reaction 

centres are said to be open. A brief, high intensity saturating pulse of light (short duration) results in the 

formation of the maximum possible yield of fluorescence, Fm. During this pulse reaction, the centres are 

effectively closed. This is called the ‘light-doubling’ technique, where the contribution of the 

photochemical quenching is reduced to zero and no long-term change in the efficiency of the 

photosynthesis is induced (Murchie & Lawson, 2013).  

 

 

Figure 19: Events in PSII that lead to the identification of key parameters in fluorescence analysis (Murchie & 
Lawson, 2013) 

 

 

Figure 20: A stylized fluorescence trace of an experiment using dark-adapted leaf material to measure (non)-
photochemical parameters (Murchie & Lawson, 2013) 
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F0′ is measured immediately after switching off the actinic light. The difference between F0 and Fm is the 

variable fluorescence, Fv. Fv/Fm (QYmax) (value between 0 and 1) gives a robust indicator of the maximum 

quantum yield of PSII chemistry (Murchie & Lawson, 2013). So, the PSII maximum quantum yield 

(QYmax) is used to “assess the state of the photosynthetic apparatus and reflects potential efficiency of 

the primary photochemical reactions in PSII in biological species” (Osticioli et al., 2013: p. 1). “Measuring 

Fv/Fm following an appropriate period of dark adaptation has been used as one of the most common 

techniques for measuring ‘stress’ in leaves” (Murchie & Lawson, 2013: p. 3987). 

 

In the case from I. Osticioli et. al (2013), the chlorophyll fluorescence imaging can be performed with a 

portable kinetic imaging fluorometer (Handy FluorCam FC 1000-H, Photon Systems Instruments, Brno, 

Czech Republic). A. Eggert et. al (2006) used the PAM-2000 for an estimation of chlorophyll 

concentrations in aeroterrestrial biofilms based on measured initial chlorophyll fluorescence levels (F0). 

QYmax is measured in the first case, at different dark-adapted times in different periods of the year, to 

identify in-situ lichens on stone monuments (Osticioli et al., 2013). The results are stated in the next 

chapter.  

 

Table 10: Details of the fluorometer used on the gravestone slabs (Osticioli et al., 2013) 

 CHLOROPHYLL FLUORESCENCE 

FLUOROMETER Portable kinetic imaging fluorometer (Handy FluorCam 

FC 1000-H, Photon Systems Instruments, Brno, Czech 

Republic) 

EXCITING SOURCE 25x4 pulsed LEDs 

MAXIMUM WAVELENGTH 620 nm 

IMAGE CAPTURE Long pass optical filter plus a 512x512 pixel CCD 

 

Table 11: Commonly used abbreviations and equations in chlorophyll fluorescence (Murchie & Lawson, 2013) 

PARAMETER ALSO KNOWN AS FORMULA DESCRIPTION 

Fv/Fm QYmax (Osticioli et al., 

2013) 

(Fm–Fo)/Fm Maximum quantum efficiency of 
PSII photochemistry 

Fv’/Fm′  (Fm’–Fo’)/Fm′ Maximum efficiency of PSII 
photochemistry in the light, if all 
centres were open. 

Fq’/Fm′ ϕPSII, ΔF/Fm′ (Fm’–F’)/Fm′ PSII operating efficiency: the 
quantum efficiency of PSII electron 
transport in the light. 

Fq’/Fv′ qP (Fm’–F’)/(Fm’ –Fo’) Photochemical quenching: relates 
PSII maximum efficiency to 
operating efficiency. Non-linearly 
related to proportion of PSII centres 
that are open. 
See qL. 

NPQ  (Fm–Fm’)/Fm′ Non-photochemical quenching: 
estimates the rate constant for heat 
loss from PSII. 

qL  (Fq’/Fv’)/(Fo’/F’) Estimates the fraction of open PSII 
centres. 
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3.7 Summary 

 

To conclude, the methodology of this dissertation can be divided into three phases: a preliminary phase, 

a results or comparison phase and finally a concluding and discussion phase.  

 

The needed information was collected and analyzed in the first phase. All the general information (theory 

and the goals of the four systems that were selected) were described and their monitoring campaigns 

were defined. 

 

The result and comparison phase is described in chapter four and five. It explains the way this theory is 

put into practice, in showing all the results and comparing the different methods. The diverse systems 

will be compared with three different aspects: technical qualities, framework, and practical use and 

outcome, where a general comparison is made at the end. 

Chapter five gives the modifications and necessary changes to create extra value in the future. Other 

uses of the techniques will also be highlighted, as well as the future potential in civil engineering.   

 

In chapter six, the concluding and discussion phase is explained, where all these findings will be put 

together to form the conclusion and a possible future applicability. 
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4 Results of the monitoring campaigns 

 

This chapter includes the results of the four systems, based on induced fluorescence, that were set out 

in the methodology. All the results will be put together and compared in a table at the end of the next 

chapter and a conclusion will be formed afterwards, with future possibilities. 

 

4.1 LIF and SFS 

 

The reporting of LIF and SFS measurements covers the period from the fourth until the twenty-third 

month of the STORM project. All the recorded data is comprehensively discussed in detail in Deliverable 

6.2, which includes information about fusion techniques. This deliverable comes out later than the 

publication of this dissertation, so the results will be overviewed in a short version (STORM Consortium, 

2018).  

 

The LIF method was set up in early experiments in the Roman Ruins of Tróia, where two samples of 

crumbled stones and plaster were collected, slightly contaminated by a kind of green lichen (Storm 

Consortium, 2017b). The places of extraction differ in shading, so the influence of the weather conditions 

is more pronounced (STORM Consortium, 2018). A contaminated spot is to see in Figure 21 in the blue 

circle, while the clean spot is seen in the red circle. The composition of LIF and the spectra for detecting 

early biological colonization are set out in Table 12 and Figure 22.  

 

The LIF sensor was able to detect a chlorophyll-containing biofilm in the centre spot, as it detects one-

dimensional spectra, with a single excitation wavelength of 532 nm (STORM Consortium, 2018). In vivo 

chlorophyll fluorescence manifests itself in the LIF spectra as one or two peaks in the wavelength interval 

between 650-750 nm. There are two peaks visible, with some maxima of 690 and 707 nm (Storm 

Consortium, 2017b; Utkin et al., 2018).   

 

 

Figure 21: Sample of a piece of plaster to be analyzed with LIF (Storm Consortium, 2017b) 
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Table 12: Set-up of the early detection of biological colonization with LIF (Utkin et al., 2018) 

LIF DETECTION 

NUMBER OF SAMPLES 2 

BIOFILM SPECIES Lichen 

PULSE 9 ns 

ENERGY 5 mJ 

LASER Frequency-doubled Q-switched Nd:YAG solid-state laser (Ultra) 

(Quantel-laser.com, 2018) 

EXCITATION WAVELENGTH 532 nm 

COLLIMATOR Thorlabs F810SMA-635 

OPTICAL FILTER FEL0550 

CUTOFF WAVELENGTH 550 nm 

SPECTROMETER USB4000 (Ocean Optics) 

 

 

Figure 22: Typical LIF spectra obtained by the excitation of a clean plaster surface – lichen free (red) and an area 
affected by lichen infestation (blue) (STORM-project.eu, 2018) 

 

As mentioned in the methodology, the main goal of LIF in the STORM project is to hopefully find “some 

correlation between the intensity of the fluorescence emission and weather conditions” (STORM 

Consortium, 2018: p. 34). This goal was set up because the high-intensity laser light can be potentially 

dangerous for the fragile Basilica paintings. Permissions are to be obtained to fill out these experiments 

(STORM Consortium, 2018). Furthermore, the humidity and RH inside the Basilica will be monitored in 

real-time with environmental sensors, so an alert level can be inserted for interventions to take place 

(Storm Consortium, 2017c). The fluorescence intensity is measured, but the correlated results (if they 

are good or usable) of the weather conditions will be reported in WP 9, which falls at the end of the 

project, after this dissertation (STORM Consortium, 2018).  
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The goal of SFS was to detect both in vivo chlorophyll-containing biofilms like algae, moss and lichens, 

and non-chlorophyll-containing biofilms like bacteria and fungi – at the north-east Basilica wall paintings 

of the Roman Ruins of Tróia (Utkin et al., 2018). Seven well-chosen points (see Table 9) were selected 

and measured, every month, starting from the third of August 2017. 

SFS makes use of a xenon lamp, offering a wide range of excitation wavelengths. Besides the 

measuring of fluorescence intensity at the surface of biofilms, other types of parasitic signals are 

detected. A. B. Utkin explains one of these signals in Deliverable 4.1 as “fluorescence emissions from 

the base material (underlying plaster)” (2018: p. 37). This fact has to be taken into account in the results. 

The measurements of the different points are carried out in two modes: visible light (VIS) and ultraviolet 

(UV) – see Table 13. 

 

Table 13: Two distinct modes of the SFS measurements (STORM Consortium, 2018) 

DISTINCT MODE VIS UV 

EXCITATION WAVELENGTH (𝝀𝒆𝒙) 500 nm 300 nm 

EMISSION WAVELENGTH (𝝀𝒆𝒎) 670 nm 400 nm 

LONG PASS FILTER Included to supress the high-order diffraction of the 

elastically reflected excitation light of 𝜆𝑒𝑥 < 370 nm 

Excluded from 

the optics path 

 

Important to mention is that since April 2018, no G ≥ 2 has been detected, so the measuring continued 

at the frequency of once a month (STORM Consortium, 2018). The fixed list with parameters for the 

data analysis of SFS and LIF (like ‘G’) can be found in Appendix 2.  

An example of the SFS-VIS 2D and 3D spectra in vivo chlorophyll fluorescence is set out in  

 

Figure 23 (Utkin, 2018). The excitation and emission wavelengths are shown on the Y- and X-axis. The 

intensity [a.u] is set out in a scale of colours, where the dark-red colours show a clear sign of 

fluorescence. 

 

 

 

 

Figure 23: Example of SFS-VIS data – chlorophyll detection (Utkin, 2018) 
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Another test point was first carried out before the actual measurements, to see the signature of a first 

sample with visible contamination and an apparently clean surface on a second sample. The VIS spectra 

(𝜆𝑒𝑥 of 400-595 nm and 𝜆𝑒𝑚 of 625-720 nm) detected a lichen biofilm on the visible contamination sample 

and the UV spectra (𝜆𝑒𝑥 of 220-550 nm and 𝜆𝑒𝑚 of 235-650 nm) showed a light contamination of proteins 

on the apparently clean surface – see Figure 24 and Figure 25. 

 

 

Figure 24: Chlorophyll detection on the first sample by SFS-VIS (left) and no protein contamination by 
SFS-UV (right) (Utkin, 2018) 

 

    

Figure 25: No chlorophyll detection on the second sample by SFS-VIS (left) and protein contamination 
by SFS-UV (right) (Utkin, 2018) 

 

Points 1 and 2 were cleaned in 2016 and there was no contamination visible anymore (see Table 9). 

The data gave the result of the presence of an insignificant amount of fluorescence emission (M = 0) for 

both measurements in VIS and UV, pointing out that the cleaning helped to suppress the tendency of 

biological colonization (STORM Consortium, 2018).  

 

The blue-green stains at point 3 and adjacent areas do not correspond with chlorophyll. The signature 

from point 3 is completely different from points 5, 7 and the signature of a green leaf (with clear signs of 

chlorophyll). A. B. Utkin describes that the blue-green stains must be coming from some dye (STORM 

Consortium, 2018).  
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The purpose of the measurement of point 3 was to see if there was a possibility of biological colonization. 

SFS clears out that there is no chlorophyll, but it could be desirable to remove the blue-green stains 

from the wall for visual reasons. 

 

The VIS signatures from points 3, 5, 7 and a green leaf can be viewed in Figure 26 and Figure 27. Points 

5 and 7 show a clear sign of a developed biofilm and a significant infestation magnitude (M = 3 and 4 

correspondingly). It is however still important to know that these two points are not located at the wall 

paintings of the Basilica, they serve as a comparison of fluorescence with points that differ in their 

outlook (see Table 9). Especially point 7 has a very dense colonization visible to the naked eye, where 

the signature is to be compared with the SFS of a green leaf (STORM Consortium, 2018).  

 

    

Figure 26: SFS-VIS in the blue-green stains of point 3 (no chlorophyll) (left) and SFS-VIS on the biofilm of point 5 
(chlorophyll) (right) (STORM Consortium, 2018) 

 

   

Figure 27: SFS-VIS on the biofilm of point 7 (chlorophyll) (left) and SFS-VIS from a green leaf (chlorophyll) (right) 

(STORM Consortium, 2018) 
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There is a pronounced maximum of fluorescence intensity at the lower-left corner of point 3 – see Figure 

26. This corresponds to the fluorescence emission of the background plaster at the painting of the 

Basilica, as mentioned before to take into account (STORM Consortium, 2018). Because plaster can be 

covered by pigments and is therefore not always be observable (Colao et al., 2005). 

 

The purpose of point 4 was to make a comparison between points 1 and 2. The SFS data showed a 

small (few percent) increase of the chlorophyll and protein fluorescence intensity with comparison to 

points 1 and 2, without the indication of creating an alarming situation (STORM Consortium, 2018).  

 

Point 6 was chosen next to point 5, outside its visible biological contamination. It looks like it is a clean 

surface (see Figure 17). SFS-VIS data give very little contamination by chlorophyll organisms (STORM 

Consortium, 2018).  

 

   

Figure 28: SFS-VIS data of the biofilm at point 5 (left) and the apparently clean surface of point 6 (right) (STORM 

Consortium, 2018) 

 

All the other points, except point 6, do not show a noticeable or strong contamination by non-chlorophyll-

containing bacteria or fungi (proteins) (SFS-UV data). However, the signatures registered at point 6 in 

the UV mode demonstrate a noticeable contamination of the wall by some transparent non-chlorophyll 

biofilm, as it is not visible to the naked eye (STORM Consortium, 2018).  

 

A. B. Utkin states in the results of Deliverable 4.1 that “as seen from the 2D plots, the maxima of the 

protein signature are located in the point 𝜆𝑒𝑥
(𝑈𝑉𝑚𝑎𝑥)

= 281.7 nm, 𝜆𝑒𝑚
(𝑈𝑉𝑚𝑎𝑥)

= 325 nm and have the 

magnitude of 2179 and 9654 a.u. for points 5 and 6 correspondingly. Due to the absence of historical 

significance of the wall fragment in question, the transparent biofilm of point 6 is not treated, although 

its dynamics is carefully observed” (2018: p. 41). 
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“The starting wavelengths of the UV scan for excitation and emission, 𝜆𝑒𝑥 = 220 nm and  𝜆𝑒𝑚 = 235 nm, 

are close to each other; as far as the fluorescence is observed in the half-space  𝜆𝑒𝑥 <  𝜆𝑒𝑚, the scan is 

carried out within the area in the form of a parallelogram” (STORM Consortium, 2018, pp. 41-42). 

 

   

Figure 29: SFS-UV data from the biofilm of point 5 (left) and the apparently clear neighbouring surface of point 6 
(right) (STORM Consortium, 2018) 

 

4.2 Biofinder 

 

As mentioned in the methodology, the development of the Biofinder was set out in the work of J. Delgado 

Rodrigues et al. (2004). The paper represents experimental results taken with prototypes of the hand-

held fluorimeter in several situations, where biological colonisation was studied and different biocidal 

treatments were carried out.  

 

First, the effectiveness of the Biofinder was evaluated. This was done by comparing the measurements 

of monitoring biological colonization on-site with samples taken from the same site. The latter were 

analyzed using the fluorescence in vitro laboratory technique, where chlorophyll was extracted with cold 

ethanol. The samples were taken from buildings in San Sebastian (Spain): some with areas of visible 

growth of microorganisms and some with no visible contamination.  

 

The measurements with the Biofinder showed a good correlation with the amount of presented 

chlorophyll, using the extraction technique. Important to notice is that the Biofinder also detected non-

visible biocolonization (Delgado Rodrigues et al., 2004). The comparison graph between the work in the 

field with the Biofinder and the laboratory work is shown in Figure 30.  
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Figure 30: Relationship between the intensity of fluorescence (mV) with the Biofinder (X) and the concentration of 
chlorophyll (microg/g) (Delgado Rodrigues et al., 2004) 

 

Secondly, the Biofinder was used to monitor the effectiveness of biocides on contaminated granite 

surfaces, limestone, marble, sandstone and plaster – on monuments in Lisbon, Évora and Tomar 

(Portugal). The colonizing species included algae, cyanobacteria and various species of lichens 

(Delgado Rodrigues et al., 2004). 

 

The limestone from the Jeronimos Monastery caused a significant background fluorescence that could 

be higher than the one produced by the colonies of cyanobacteria. This possibility of confusion in the 

interpretation of the results must be taken into account (see Figure 31). It led to the first modification of 

the prototype: the introduction of a specific measurement sequence, capable to select only relevant 

information. The results pointed out that the Biofinder is able to differentiate between live and dead 

lichens, previously treated with a biocidal product (Delgado Rodrigues et al., 2004). 

 

First of all, there was a fluorescence signal increase when wetting the lichens with water, probably due 

to the combination of increased material transparency and a biological stimulation of algae cells. J. 

Delgado Rodrigues et. al state that “the application of water stimulates the species to open up the 

chlorophyll, facilitating the excitation of the molecules of chlorophyll and, consequently, the emission of 

radiation” (2004). An important result was that the dead treated lichens with biocidal products (‘zona 

nera 1 and 2’ - Figure 31), had no increase in their fluorescence intensity after wetting. The live lichens 

had a significant increase in their intensity of fluorescence after wetting (‘non trattato’ - Figure 31). The 

non-contaminated white stone (‘pietra bianca’ Figure 31) has a wet/dry-ratio of almost one, so the 

treatment process could be considered effective (Delgado Rodrigues et al., 2004). 

 

 

Figure 31: Wet/dry ratio between samples at the Monastery of Jeronimos (Delgado Rodrigues et al., 2004) 
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Figure 32 shows the values of the fluorescence intensity obtained by measuring a marble substrate in 

Évora. There was a widespread black colonization (right on Figure 32), besides an area where no sign 

of colonization was visible (left on Figure 32). It is worth mentioning that very low values, obtained in the 

presence of widespread black colonization were measured in conditions of absence of moisture. 

Furthermore, the fluorescence ratio in presence of moisture on the lichens is very high and solves 

completely the apparent ambiguity (Delgado Rodrigues et al., 2004). 

 

 

Figure 32: Results obtained by the Biofinder on clean and colonized marble of Évora (Delgado Rodrigues et al., 
2004) 

 

A third site to test the skills of the Biofinder was set up in Tomar, Portugal. Here, four different areas at 

the Church of the Convent were selected, contaminated by lichens, cyanobacteria and algae (Delgado 

Rodrigues et al., 2004). 

The results of the church cover (one of the four samples) can be watched at Figure 33. Interestingly, 

when the species of lichens are alive (no application of biocide, ‘non trattato’) the relationship varies 

greatly from species to species (black – orange), but when the biocide is applied, they show a 

remarkable similarity, which is not immediately detectable when the values of natural fluorescence are 

shown. Also, after the first application of the biocide, Figure 33 shows reports in the order of a wet/dry-

ratio of 1 or lower, making the lichens almost completely dead after the first treatment (Delgado 

Rodrigues et al., 2004). 

 

 

Figure 33: Fluorescence values at the site in Tomar, Portugal (Delgado Rodrigues et al., 2004) 
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Furthermore, coming from other samples at the Hospedaria cloister, the application of the biocides, with 

the toxic effect on the biological colonization, took a long time to produce the death of lichens. The 

reported wet/dry-ratio was still greater than one at the end of the fourth application, which suggests 

using a subsequent application. But the species were very sensitive to the treatment since they virtually 

died after the first application (Delgado Rodrigues et al., 2004).  

 

Finally, a study was carried out on the Romanesque medieval cloister of Santa Clara in Coimbra, 

Portugal. The cloister was subjected to periodic flooding since its construction and the selected area 

was located inside the remains of the church, with a large amount of water an insufficient light: ideal to 

allow the growth of an extremely dense coloured lichen, which completely covered the stone. At the end 

of the test, the zones showed a clear reduction of the patina from algae, but still an evident green colour, 

suggesting that the treatment had not been sufficient to eradicate such a dense colonization. The first 

point to highlight is that the colony was so dense, that even in the absence of moisture/humidity, the 

intensity of fluorescence was quite the same. That is the reason why the values are apparently 

distributed on a flat line at Figure 34. As a direct result, both measurements reached wet/dry-ratio values 

more or less similar around one. A situation that is different from the previous ones. The detector in the 

Biofinder 'saturates' at high intensities of fluorescence, giving a maximum upper value of 1100 mV. After 

that, it loses its capacity to distinguish between an intensity of this magnitude or higher. Therefore, the 

use of the relationship between the values in the absence and presence of moisture is not appropriate 

under these conditions, and values could be even misleading to evaluate the effectiveness of biocidal 

treatments (Delgado Rodrigues et al., 2004).  

 

 

Figure 34: Old Monastery of Santa Clara: fluorescence values in colonized areas and treated with biocide ‘M’ 
(Delgado Rodrigues et al., 2004) 

 

The Biofinder was then also tested later and used in the Gardens of the National Palace of Queluz. The 

main goal was to make a minimum maintenance plan for the conservation of stone elements, knowing 

that the cleaning of the sculptures is not instantaneous and requires some time – reducing the use of 

biocides to a minimum (Charola et al., 2007). A. E. Charola et. al described the ultimate objective as to 

“determine the minimum regular maintenance required to maintain a uniform appearance between all 

stone elements” (2007: p. 377).  
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The cleanings were carried out at different times and by different companies, so the garden had a mix 

of white, partly-colonised or fully colonised statues, where the statues in the shade have a far higher 

degree in biocolonization. Two biocides were selected for preliminary testing on different types of 

microorganisms: Preventol R80 (1.5-3%) and ZnCl2 (1.5-3%), before and after wetting (Charola et al., 

2007). 

 

Table 14: Wet/dry-ratio of the portable fluorimeter intensity readings after one application of biocide (Charola et 
al., 2007) 

 

 

Table 14 shows that a higher concentration of biocides reduces the wet/dry-ratio drastically. A single 

application of Preventol 1.5% was already sufficient after nine months, except for the white lichens 

(Charola et al., 2007).  

 

The conclusion was that the results had been promising: in the last two years after the applications, no 

recolonization occurred anymore – even for statues in the shade. It was also calculated that the 

maintenance work could be achieved for two persons over a period of at least two years to keep the 

stone elements clean, with a minimum of intervention (Charola et al., 2007). 

 

 

Figure 35: Statue, photographed in April 2006 (left), treated in September 2006 and shown in May 2007 (right) 
(Charola et al., 2007) 
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4.3 Chlorophyll fluorescence 

 

QYmax is measured in the first case, at different dark-adapted times in different periods of the year, to 

identify in-situ lichens on stone monuments – gravestone slabs from the British Cemetery of Florence 

(Italy) (Osticioli et al., 2013). As mentioned in the methodology, Fv/Fm (QYmax) (value between 0 and 1 – 

dimensionless parameter) is a robust indicator of the maximum quantum yield of PSII chemistry 

(Murchie & Lawson, 2013). It was also previously found that a value of 0.832 ± 0.004 for Fv/Fm is for 

healthy leaves, while lower values correlate with stress and disease (Lavrov et al., 2012; Maxwell & 

Johnson, 2000). 

 

So, the PSII maximum quantum yield (QYmax) is used to assess the state of the photosynthetic apparatus 

and reflects the potential efficiency of the primary photochemical reactions in PSII in biological species. 

The measurements were done inside the laboratory to reduce ecological factors like humidity, 

temperature and external light. The dark-adapted time was induced by covering the lichen surface with 

a wet cellulose poultice (10-30 minutes). Lichens reach a quiescent state when they are kept in a hot 

and dry environment, but they may become active when they are wetted (Osticioli et al., 2013; Charola 

et al., 2007; Charola, McNamara, & Koestler, 2011; Delgado Rodrigues et al., 2004). 

 

The chlorophyll fluorescence measurements show a light image of a sample (VIS) (a), with the Fm field 

map (b) and the QYmax values (c) – see Figure 36. The average value of QYmax was 0.64, which states 

that there is a clear sign of biological microorganisms on the sample – see also the histogram at Figure 

37 (Osticioli et al., 2013).  

 

 

Figure 36: Analyzed sample with VIS light (a), Fm (b) and QYmax (c) (Osticioli et al., 2013) 
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Figure 37: Histogram of the QYmax values (left) and the “QYmax vs. dark-adapted time”-graph (right) (Osticioli et al., 
2013) 

 

Figure 37 shows three trends on the right: the first one (black circle) – carried on the 26th of January 

2012 – states that QYmax rises with dark-adapted time (wetting the lichen) and after a few days, the 

values are even higher. This is due to the fact that the lichens are not in a quiescent state anymore 

(awakening of the microorganisms activity). The second trend (blue circle) is that after waiting several 

months for the next measurements (no sunlight and water), the lichens have reached a quiescent state 

again. The third trend is that after a few days (red circle), the QYmax
 values are much higher – same 

reason as the first trend. Also seen from Figure 37 is that there is no rise in the value of QYmax anymore 

after 20 minutes of dark-adapted time (Osticioli et al., 2013).   

 

Lichens need at least five days to reach their QYmax, without a further big increase in the percent of 

activated pixels necessary to detect them. The increase of the maximum quantum yield is not connected 

to an increase in pixels over time. The technique can thus detect small amounts of fluorescence from 

microorganisms, that are leaving their quiescent state. I. Osticioli et. al state that “this is correlated to 

the good sensitivity of the CF_PAM technique, which is capable to give a constant response of the whole 

distribution of biospecies, although the QYmax parameter has not reached yet the maximum value” (2013: 

p. 7).  

 

 

Figure 38: QYmax in days (a) and the % of corresponding activated pixels (b) – dark-adapted time of 25 minutes 
(Osticioli et al., 2013)  
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5 Comparison 

 

The advantages and disadvantages of each system will be deployed next to each other. There will be a 

comparison made between the four devices/methods. By this, shortcomings of the systems can be 

prevailed and possible modifications or thoughts on the progress of the systems can be discussed, 

together with some possible future uses. 

 

5.1 Advantages and shortcomings 

 

5.1.1  Technical qualities 

 

All the systems that are discussed in the results make use of the induced fluorescence technique. LIF 

uses a laser as emitter, SFS uses a lamp for the creation of excitation wavelengths (STORM 

Consortium, 2018), the Biofinder uses a LED light excitation source in a defined wavelength (Charola, 

McNamara, & Koestler, 2011) and the chlorophyll fluorescence PAM system uses a light source to 

measure fluorescence in a ‘modulated’ way - it is delivered in a series of signal pulses (switched on and 

off at a high frequency) (Maxwell & Johnson, 2000). 

 

i) Versatility 

 

SFS is a more modern technology than LIF, but it is still scarcely represented in the literature (STORM 

Consortium, 2018). The main advantage of SFS is that it uses the wide spectrum of the lamp radiation, 

to change the excitation wavelength, while the laser in LIF is mostly fixed to one wavelength (or it can 

switch between few wavelengths). A developed LIF sensor is thereby mainly capable of detecting the 

fluorescence of developing biofilms which contains chlorophyll like algae, moss or lichens. It is not 

possible to detect non-chlorophyll-containing microorganisms, like bacteria and fungi. This is capable 

by SFS, which has a bigger versatility by the variation of both excitation and emission wavelengths 

(Utkin et al., 2018). The LIF sensor also has a lower versatility because it only works with samples with 

enough quantum yield for the laser excitation wavelength (Utkin, 2018). Both LIF and SFS are thus 

being capable to detect chlorophyll-containing biofilms (due to algae, moss and lichens). Although the 

system of SFS was able to deal with difficult-to-detect biofilms – non-chlorophyll-containing 

microorganisms, like bacteria and fungi (STORM Consortium, 2018). “The fluorescence measurements 

were able to attribute numerous suspicious green spots at the wall paintings to some non-chlorophyll 

dye, seemingly not related to biological infestation — due to their SFSs that drastically differ from any 

in vivo chlorophyll signature recorded” (Utkin et al., 2018: p. 1). Furthermore, LIF has also been used in 

the detection of phytoplankton, terrestrial plants and macroalgae (Vieira et al., 2011). 
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The excitation and emission wavelengths of the Biofinder were optimized to detect both chlorophyceae 

algae and cyanobacteria, so it is only usable for chlorophyll-containing samples (Charola, McNamara, 

& Koestler, 2011). Therefore, the versatility of the Biofinder is suited to detect algae, cyanobacteria and 

lichens, virtually of all common species (Delgado Rodrigues et al., 2004). In dry climates, where a 

shortage of water is constant, the fluorescence values measured by the Biofinder may be very low but 

wetting usually brings a substantial increase. In biocide-treated situations, the fluorescence values may 

show a slight increase, when compared to untreated situations, but the wet/dry-ratio showed to be a 

good method to discriminate live and dead individuals of microorganisms (Delgado Rodrigues et al., 

2004). When several applications of biocides were tested, the Biofinder was able to identify the number 

of applications necessary to completely eliminate the concerned species. It can even help in monitoring 

contamination before it is even visible. In very wet environments the wet/dry-ratio seems to be 

inapplicable, but the measured values can be used in their raw condition for that purpose (Delgado 

Rodrigues et al., 2004; Charola, McNamara, & Koestler, 2011).  

PAM is able to detect a minimal amount of fluorescence coming from biospecies, which are gradually 

leaving their quiescent state. The technique with chlorophyll fluorescence can provide “reliable 

information regarding the viability of biodeteriogens on stone artefacts” (Osticioli, et al., 2013: p. 7) (in-

situ lichen characterizations of conservation treatments).  

 

ii) Sensitivity and selectivity 

 

Another important aspect to discuss is the sensitivity of the different systems. Due to less intense 

excitation radiation, the sensitivity of the SFS method is, in general, less than that of the LIF sensor 

(STORM Consortium, 2018). “However, the loss of excitation yield is partially compensated by a more 

sensitive detector with internal amplification, a photomultiplier (PMT), for some areas of the 2D 

fluorescence spectra, the sensitivity of SFS detection may be of the same order or even superior to that 

of LIF due to high, “resonant” quantum efficiency of the fluorescence process for a particular excitation-

emission wavelength pair” (STORM Consortium, 2018: p. 21). The use of LIF at other sites gave that 

the main errors come from the instability of the laser-pulse energy and the non-uniformity of the CCD 

(Lavrov et al., 2012). 

An advantage of the SFS sensor is its input slit, which creates an establishment between the sensitivity 

and the spectral resolution capacity: “the wider the slit, the more light enters inside the spectrometer; 

however, the light beam irradiates a larger area on the photodetector array, thus decreasing the spectral 

selectivity. As far as the LIF spectra in question are sufficiently smooth, it is advantageous to have a 

spectrometer more biased towards the sensitivity, using a wide slit option (200 μm wide and 1 mm high)” 

(STORM Consortium, 2018: p. 19).  

 

The sensitivity of the Biofinder is reduced in situations where biological growth is very intense and the 

fluorescence detector becomes saturated. The wet/dry-ratio cannot be obtained until the organisms 

produce a lower fluorescence intensity. In other words, if an increase of fluorescence would then happen 

in wet conditions, the Biofinder may not detect it, which reduces the sensitivity of the instrument. 
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Furthermore, the Biofinder has a good sensitivity for detecting biological microorganisms (Delgado 

Rodrigues et al., 2004).   

 

The chlorophyll fluorescence-PAM system has a good sensitivity, which is capable to give a constant 

response of the whole distribution of biospecies, although the QYmax parameter has not reached the 

maximum value yet. The system is able to detect a minimal amount of fluorescence coming from 

biospecies, which are gradually leaving their quiescent state (Osticioli et al., 2013). 

 

5.1.2  Framework 

 

A difference between the LIF and SFS sensor is that the SFS sensor, used at the Basilica in the Roman 

Ruins, is much more compact. The LIF sensor shows all the cables, components and bodywork within 

its working frame (see left and middle of Figure 40).  

A potential development for future uses, at the Basilica or at other sites, could be to work this frame out 

in a bodywork that looks more like the SFS sensor or is even more compact. This would be much handier 

for the user in question (less load). 

 

A consequence of this is that the components would be protected against any case of dangerous activity 

that could harm some components of the sensor. These could be human involvements, like dropping 

the sensor, or natural risks, like rain for example. It is never desirable to drop the sensor on the ground, 

but the case could give more protection. Normally the rain would also not affect the use of the sensor 

since the paintings of the Basilica at the Roman Ruins of Tróia are located on the inside of the building. 

The building is therefore covered by a protective roof and vertical panels that minimize the impact of 

natural hazards such as precipitation, wind and local storms. But the sensor could be damaged while 

transporting the LIF sensor from the company of INOV to the required site for taking measurements.  

 

   

Figure 39: Compact SFS sensor: general review  
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Figure 40: Portable LIF sensor (Utkin, 2018) (left), LIF sensor in the laboratory (middle) and the on-site measuring 
with the more compact SFS sensor (right) 

 

The main part of the SFS sensor has the dimensions of 15x34x35 cm³ and weighs about 6.6 kg. The 

bodywork has a power consumption of 30 W, it enables the instrument to be powered by a lithium 

polymer rechargeable battery. There is currently electricity and internet in certain areas of the Roman 

Ruins of Tróia, but not yet in the Basilica, so this modification was a must as infrastructural support 

(STORM Consortium, 2018).  

 

The laser used for the LIF sensor weights 0.9 kg and has the following dimensions: 5.1x17.0x7.6 cm³ 

(Quantel-laser.com, 2018). The visible problem with the sensor is the weight and size of the other 

connected parts/devices, like the heavy generator for the power supply (14 kg and 36x43.5x13.3 cm³) 

and the pulse generator. 

To change from LIF to SFS for the lower energy consumption and weight could be a good modification. 

It is a more robust, compact and light-weighted sensor, powered by a battery. Although the Ultra laser 

by Quantel also a relatively low-cost, compact and robust instrumentation is (STORM Consortium, 

2018). The disadvantage is thus that the total LIF sensor is much more complex, bigger and heavier (± 

55 kg). That is a reason why it was easier to take LIF samples to the laboratory.  

The main reason is that INOV does not have the time and resources to get the best materials. The SFS 

sensor is developed by INOV, but the main components are made by the company of LDI Innovation 

(LDI-innovation.eu, 2018). 

 

As to see in Figure 40 and Figure 41, the SFS sensor is also protected by using a backpack with a steel 

frame. By this, the sensor can rest on the back of the user, while the latter can keep a steady hand to 

analyze the points at the painting. Therefore, the backstraps on the LIF are still of good use.  
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Figure 41: On-site measurements with the SFS sensor: an overview of the painting (left) and the sensor in the 
backpack (right) 

  

In the papers presented by J. Delgado Rodrigues et. al (2004), A. E. Charola et. al (2007) and A. E. 

Charola, C. J. McNamara and R. J. Koestler (2011), there are no visible pictures or explanations given 

about the framework or look of the Biofinder. It is still mentioned in the paper of 2004 that the working 

prototype of the external fluorometer is economical to produce, very sensitive to detect microorganisms 

and easily marketable. It is explained as a tool that is able to meet the needs of scientists and 

technicians, and able to identify biological colonization in-situ and before contamination is visible, for 

colonies of microorganisms present on surfaces, determining the effectiveness of a possible applied 

biocide treatment (Delgado Rodrigues et al., 2004). 

For the case study of the chlorophyll fluorescence technique, a portable kinetic imaging fluorometer was 

used: the Handy FluorCam FC 1000-H, by Photon Systems Instruments (Brno, Czech Republic) – see 

Figure 42 (Osticioli et al., 2013).  

This device itself is light-weighted (1.8 kg), but there are other parts involved for extracting all the data: 

the leaf-clip (0.2 kg), the power supply (2.5 kg), the FluorCam stand (1.5 kg) and the notebook with all 

the accessories (3.5 kg). This brings the total weight up to 9.5 kg. The system is portable for chlorophyll 

fluorescence imaging in the field and at the laboratory because it is provided with a case with backstraps. 

The dimensions are 21.5x13.5x13.5 cm³, which makes it way smaller than the LIF sensor and even 

more compact than the SFS sensor (PSI.cz, 2018).  

 

 

Figure 42: Samples from the English Cemetery in Florence (left) and the portable fluorometer (right) (Osticioli et 
al., 2013) 
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Figure 43: The Handy FluorCam in a field experiment (left) and with the battery pack (right) (PSI.cz, 2018) 

   

5.1.3  Practical use and outcomes 

 

i) Field or laboratory/personnel 

 

An advantage of all the systems is that they can be used in both laboratory and field conditions. By this, 

the samples do not have to be removed from the different sites, which is one of the main important 

points of using these systems: they are non-invasive and non-destructive (NDTs). The use of 

LIF/SFS/chlorophyll fluorescence in the field is possible because it can be transported by one person 

using the back-carry straps (STORM Consortium, 2018; PSI.cz, 2018). The Biofinder can also be used 

in the field (Delgado Rodrigues et al., 2004). 

 

The personnel that is necessary to extract the information from the paintings in the Basilica with the SFS 

sensor is set at two. One person holds the measuring head at the point at the wall - without moving it, 

giving false data – while the other person starts the measurement on the computer – see Figure 44. The 

laptop and the sensor are connected through a dedicated Wi-Fi network. One person could do this at 

the same time, but then needs to hold the computer and the sensor close at the same time, which is 

practically impossible with points varying in height on the wall. The total time of measuring the data of 

all the points on the wall took only around two hours (once every month).  

The same thoughts could be made for the LIF sensor and the chlorophyll fluorescence PAM-technique 

for measuring on-site, were the sensors are connected with laptops. Maximum one or preferably two 

persons can extract the data from the sites. A third person would be unnecessary. If the data is extracted 

at the laboratory, where the laser/measuring head is already fixed at the sample, one person could do 

the measurements.  

There is no further information given in the case study of the Biofinder on how many people were 

involved to take the measurements. It is only known that two people could clean the stone elements 

with a minimum intervention in three months (Delgado Rodrigues et al., 2004).  
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Figure 44: Holding the measuring head of the SFS sensor while waiting for data extraction 

 

Furthermore, LIF also offers fast and non-contact measurements, which can be performed remotely and 

automatically. All the methods are NDTs, this is necessary for the protection of cultural heritage, that is 

assured in this way. Being non-invasive and non-destructive is still the most important point of view for 

the development of the spectroscopy sensors for the early detection of biological colonization in cultural 

heritage. 

 

LIF is not used at the paintings Basilica, for the danger of damaging the frescos with the high-energy 

pulsed laser – a permission is needed to work this out (Utkin, 2018). A range of 10 m between the sensor 

and the sample is here possible and a range of 100 m could be achieved with the same laser pulse 

energy, but with a much more intense CCD and 150 mm diameter telescope (Lavrov et al., 2012). 

The contact with the SFS sensor at the paintings in the Basilica is set at a minimum, but it is still present: 

the measuring head has to be put against the wall, on the point, to scan the area underneath it. It is, of 

course, desirable that there is no other incoming light on the point than the xenon lamp. 

 

It is also important to highlight that LIF and SFS are not a real-time assessment at the Roman Ruins of 

Tróia, where every parameter is controlled during a longer period of time. The measurements take place 

by going on site at different times of the year. Although, it allows an early detection and early treatment 

before the green stains appear (Storm Consortium, 2017c). The same thoughts can be linked with the 

use of the Biofinder and the chlorophyll fluorescence PAM-technique. In those case studies, 

measurements take place at several well-chosen moments (for example some months after the 

treatment with a biocide) to make a visual comparison with fluorescence intensity before and after 

biocide treatments. The systems differ in real-time assessment measurements like the weather station 

that is installed at Tróia. 

 

ii) Software/display 

 

All the systems, except that there is no information on the Biofinder, use some kind of computer 

preinstalled software to analyze and reproduce the data measured from the sites.  
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The data of the LIF sensor is extracted through 2D spectra. The detector of LIF is controlled using the 

software package OOIBase32 – the data can be graphically represented via OOIBase32 GUI and stored 

in a text file afterwards (STORM Consortium, 2018). It is a disadvantage that the software can produce 

similar spectra, taken from different kinds of samples. There is not always a real visible difference in the 

data. The SFS spectra show much more information-rich 2D spectra and even 3D spectra because it 

can use the excitation wavelength on the Y-axis, as well as the emission wavelength on the X-axis. This 

could be a reason to switch from the LIF system to the SFS system.  

The portable fluorometer analyzes the fluorescence signal and displays it in a false colour scale - Figure 

36(a). The FluorCam 7.0 software is compatible with Windows 2000, XP and Vista. There is a fully 

automated control of the whole FluorCam system (PSI.cz, 2018). The immediate visual feedback of the 

technique is an advantage (Osticioli et al., 2013). 

In the case study with the Biofinder, the graphs and data (fluorescence intensity in mV) are set out after 

the measurements with the Biofinder had been taken place. There is no mention of a used software. 

 

 

Figure 45: Laptop with the SFS software – waiting for the extraction of data 

iii) Costs 

 

The fact that the xenon lamp and the LEDs have lower maintenance costs than the laser, and that there 

is no permission needed to scan the points at the Basilica, is a big step forward in the use of SFS and 

chlorophyll fluorescence before LIF (Utkin et al., 2018; Utkin, 2018). The lamp can be simply replaced 

inside the bodywork of the SFS sensor, while the emitter of the LIF sensor has to be bought and installed 

again, which is more expensive than replacing a lamp. The total costs of the LIF and SFS sensors are 

estimated at around €3000, where the price of the LIF sensor could be reduced to €1000 by using 

modifications (see further) (Utkin, 2018). 

There is no information about the costs of the Biofinder, but the excitation source is used with LED and 

a CCD for the detection of photons, similar to the other systems.  

The chlorophyll fluorescence PAM-technique uses a fluorometer from Czech Republic, that is expensive 

and costs €12 990 alone. The use of the extra battery pack (for on-site measuring) costs another €490 

(PSI.cz, 2018). This apparatus should be handled with care, which highlights again the importance of a 

bodywork case for inserting the sensors when they are used at the field. 
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iv) Battery/energy 

 

As mentioned before in the part about the ‘framework’, the bodywork of the SFS sensor has a power 

consumption of 30 W, but it enables the instrument to be powered by a 14.8 V lithium polymer 

rechargeable battery (STORM Consortium, 2018). This battery was used at the measurements inside 

the Basilica of Tróia (17th of April 2018).  

The laser of the LIF sensor requires more energy consumption with an external 24 V DC standard power 

supply (Quantel-laser.com, 2018). The USB4000 spectrometer needs 250 mA at 5 V DC 

(OceanOptics.com, 2018). An improvement could be to use a more compact laser that consumes less 

electric power. Still, LIF does not require a considerable amount of power as it can be fed by batteries 

or solar panels (Utkin et al., 2014). 

The case studies with the Biofinder give no information about the consumption of energy or the use of 

batteries. 

The Handy FluorCam that is used in the case study with chlorophyll fluorescence, can be powered from 

a power supply or it can run on batteries, provided in a convenient bag carried on the shoulder. The 

electrical output is 90-260 V and the maximum power input is 200 W (PSI.cz, 2018).  

 

v) Area detection 

 

In general, the use of spectrophotometers is a NDT applicable to all materials, provided with a sufficiently 

large surface area for the analysis (about 1 cm²) (Storm Consortium, 2017b). 

This is followed by A. B. Utkin, who states in Deliverable 4.1 that “the emitter's optical train for the LIF 

sensor, adapted for the STORM application (laser head, frequency-doubling unit and the beam forming 

optics), irradiates an area of about 0.96 cm² on the sample surface” (2018: p. 18). 

The measuring head of the SFS sensor also does not allow to detect a greater surface than around 1 

cm² - this is, for example, clear to see on Figure 17.  

The case study with the Biofinder gives no information about area detection. 

The portable fluorimeter allows to gather the fluorescence intensity over a larger area of several cm² - 

the imaged area is up to 31.5x41.5 mm or 13.0725 cm² (PSI.cz, 2018), with respect to the used 

laboratory microscopy approaches (Osticioli et al., 2013). This area is much larger than the ones used 

at STORM, which is an advantage.  

  



61 
 

5.1.4  Results 

 

All the different parameters of the previous comparison of the diverse techniques were put together in a 

final table (Table 15), which can be used for technicians to choose between the different systems: 

 

Table 15: Comparison between LIF, SFS, the Biofinder and the chlorophyll fluorescence PAM technique for 

several parameters 

                 SYSTEMS 

 

PARAMETERS             

LIF SFS BIOFINDER CHLOROPHYLL 

FLUORESCENCE 

PAM 

VERSATILITY/TYPES OF 

MICROORGANISMS 

Chlorophyll: 

algae, lichens 

and moss 

Chlorophyll and 

non-chlorophyll: 

algae, lichens, 

moss, bacteria 

and fungi 

Chlorophyll: 

chlorophyceae 

algae and 

cyanobacteria 

Chlorophyll: algae, 

lichens and moss 

SENSITIVITY/SELECTIVITY Highest Less than LIF Saturated Minimal amount of 

fluorescence 

ROBUSTNESS/WEIGHT Not compact/55 

kg 

Compact/6.6 kg No info Compact/9.5 kg 

FIELD OR 

LABORATORY/PERSONNEL 

Both/Two 

persons 

Both/Two 

persons 

Both/No info Both/Two persons 

SOFTWARE/DISPLAY Software – 2D 

spectra 

Software – 2D/3D 

spectra 

No info/Graphs 

after 

measurements 

Software – 2D 

data 

ACQUISITION COSTS €3000 €3000 No info €12 990 

BATTERY/ENERGY-NEED 24 V 14.8 V No info 90-260 V 

AREA DETECTION Around 1 cm² Around 1 cm² No info 13 cm² 

 

As seen from Table 15, all the parameters are in the advantage of the newly developed SFS sensor by 

INOV and LDI Innovation, except that other systems are better with their area of detection and sensitivity. 

The most important innovation is the fact that the sensor can also detect non-chlorophyll-containing 

organisms, like bacteria and fungi. This is not detectable with the other systems. The general conclusion 

is that more research is needed for the development of more compact, cheaper and precise systems. 

Since there are not enough visitors at the Roman Ruins of Tróia, these systems are not of the importance 

that they can exploit their full potential. With a bigger capital and more experienced people working on 

these systems, the latter can be involved in larger projects of cultural heritage in Europe, where more 

visitors are the norm and the importance of cultural artefacts is higher.  

 

Knowing the advantages, disadvantages and shortcomings of the different systems and techniques, it 

is now possible to search for modifications and improvements. Thoughts on the development of the 

sensors will be put out in the next parts.  
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There will also be a discussion or explanation on how the diverse systems can be used in other parts of 

engineering and cultural heritage, where there will be an outcome in the use of the techniques in civil 

engineering. 

 

5.2 Improvements, modifications and diverse purposes 

 

In the second chapter, NDTs were discussed and explained, which could help in the early detection of 

biological colonization in cultural heritage. Three optical spectroscopic methods were analyzed: induced 

fluorescence, (elastic) reflectance/scattering, and Raman scattering. The induced fluorescence 

technique came forward as the most prospective method in the future, for the early detection of biofilms, 

“while the reflectance/scattering can be successfully used for characterisation of wide, squaremetre- 

scale areas of well-developed vegetation” (Storm Consortium, 2017b: p. 73). Three case studies – 

LIF/SFS, the Biofinder and chlorophyll fluorescence (with PAM) – based on induced fluorescence, were 

set out in the methodology, with an outcome in results and a comparison. 

 

What modifications or necessary changes can be further done for improving these systems and where 

else are they used in cultural heritage or in engineering? It is important to think how they can be used 

at other sites than the ones in the case studies, and how those systems can be implemented in other 

parts of (civil) engineering.  

 

5.2.1  LIF 

 

A developed LIF sensor is mainly capable of detecting the fluorescence intensity of chlorophyll-

containing biofilms, like algae, moss or lichens. A possible improvement could be to try to detect non-

chlorophyll-containing microorganisms, like bacteria and fungi. 

 

J. Sjöholm et. al (2009) described the use of a multi:YAG laser cluster in LIF (four individual Nd:YAG 

lasers in one system) to detect hydroxide (OH), in which they can activate one laser at a time to vary 

the time separation between pulses. To excite specific chemical molecules, other laser radiations than 

532, 355 or 266 nm were required, the same correlated wavelength could be found with a tunable laser. 

An option was to use an optical parametric oscillator (OPO), by “splitting the pump laser beam into two 

different wavelengths in a nonlinear crystal” (Sjöholm, et al., 2009: p. 2) – two BBO crystals in this case  

The idea to implement a tunable nanosecond-pulsed OPO light source can be applied to other 

applications like LIF or anti-Stokes Raman spectroscopy (Baxter et al., 2000).  

 

The whole range from 405 nm to 2630 nm could be analyzed, but modifications were necessary to 

prevent damaging back reflections. The conclusion stated by J. Sjöholm et. al (2009) was that the 

efficiency of the OPO unit was measured around 25% and did not vary for diverse lasers. 
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Furthermore, J. Sjöholm et. al mentioned that it was important that “the beam direction of the four laser 

beams had to be precisely overlapped and the energy per pulse had to be monitored with the use of a 

diode in order to ensure that all four pulses from the OPO had the same energy and wavelength” (2009: 

p. 4). 

Another way J. Sjöholm et. al (2009) tackled the problem of tunable radiation for the multi:YAG laser, 

was to convert the output with four dye lasers – each one pulsed by one of the multi:YAG lasers – and 

recombining the beam afterwards. It excluded a reduce in the dye laser’s performance in energy and 

beam profiles (by a rapid sequence of pulses), which is due to the limited time to exchange the dye 

solution in the cells between consecutive pumping pulses and the following depletion effects. But it 

created the following problems: a bigger and inconvenient system to work with, plus a difficultness in 

reconnecting the beams, if the fundamental wavelength from the dye laser is the desired wavelength. 

 

In addition, OPO might not deal with depletion effects as the dye laser, so one OPO can be used instead 

of the possibility of four dye lasers (Sjöholm et al., 2009). J. Sjöholm et. al state another advantage of 

OPO: “an OPO has the advantage of gaining in conversion efficiency with increasing pump power thus 

taking full advantage of the high power of the multi:YAG laser system” (2009: p. 2). The OPO solution 

is also possible for combustion-diagnostic methods – combustion media such as flames, furnaces and 

engines – that only need UV intensity and are limited by the tunability of the (dye) laser (Baxter et al., 

2000). 

 

Another possible improvement of the LIF sensor from the case study is to lower the weight of the system. 

The total system weighs around 55 kg, which is a barrier for transportation and measurement-taking. 

The sensor is not compact and does not fit in a normal car, so transportation has to be paid and 

organised. The company of INOV does not have enough time, resources and money to invest in new 

materials, but a possibility of lowering the weight is to use a more compact and reliable diode laser or 

LED. The laser that is now deployed (Ultra by Quantel) has the issue of the heavy Ultra ICE450 power 

supply, which weighs 14 kg alone. Also, the Ultra laser rack weighs as extra material. 

The improvements of LEDs give new applications for solid-state light sources (Martín et al., 2015). There 

are also more advantages of high-power diode lasers (HPDL) in comparison to other lasers. These go 

in terms of compactness, higher energy efficiency, lifetime (typically from 4000 up to 10 000 hours), 

lower running costs and theoretically unlimited average power (Li, 2000). HPDLs can be powered by 

batteries or a two-phase/three-phase mains supply. The typical conversion efficiency is 20–30% (50% 

max.), although theoretical values can be up to 90%. While this is 15% for CO2 lasers, 1–5% for arc 

lamp pumped Nd:YAG lasers and 1–2% for excimer lasers, thus another advantage (Li, 2000). But there 

are also some disadvantages about the diode lasers, like poor focus ability and lower power density. 

Examples like poor beam coherence or quality and asymmetry, “can be overcome by the introduction of 

diode-pumped solid-state lasers like the fibre lasers and diode-pumped Nd:YAG lasers or optical fibre 

beam delivery” (Li, 2000: p. 248; Utkin et al., 2014). Nd:YAG lasers have a high efficiency and resistance 

to thermal effects – decreased heat losses (Utkin et al., 2014).  
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The most important aspect for INOV is still to create a more compact system with less electric power, 

so transportation and measurement-taking are more ongoing and not preventing them from going on-

site.  

 

Furthermore, a more expensive improvement or possible technical solution in the sensitivity and weight 

of the LIF sensor could be to use an intensified CCD (ICDD) spectrometer. It could be used for long-

range detection or systems with low-power sources. Cost reduction can also take place to use a curved 

diffraction grating as an additional imaging mirror (Utkin et al., 2014). 

 

Next to modifications of LIF, there are also other uses of the technique in engineering.  

Firstly, LIF can be used to measure different kinds of parameters like the number of density of species, 

temperature, species concentration, velocity and pressure. It can also be used to detect diverse 

molecules like hydroxide, oxide, acetone, diacetyl, toluene and other carbonyls and aromatic 

compounds (Hanson, Spearrin, & Goldenstein, 2016). So, the use of LIF in engineering applications 

could help us out in very hostile environments such as internal combustion engines. The equipment of 

the LIF sensor can be used in field conditions, with access to difficult to reach areas because of the non-

invasive, contactless measuring. It could be attached or installed on an aeroplane (or drone in the 

future), to detect larger areas of biological colonization or areas that are harder to reach, making 

inspection faster and less intense (Lavrov et al., 2012).  

 

Secondly, LIF was successfully used for the estimation of the impact of fire and drought stress on cork 

oak and maritime pine in a study of A. Lavrov et. al (2012). A. Lavrov et. al (2012) studied that the 

maximum fluorescence intensity in green leaves occurs at a wavelength of approximately 737 nm. After 

water deficit increased in the researched cork oak leaves, because of the drying, the maximum changed 

to 722 nm in two days (Figure 46). Then a new local maximum formed at 685 nm. The plant health 

criterium was the 𝐼685/𝐼740 ratio value: the higher the ratio, the less healthy the plant is. The distance 

between the LIF sensor and the samples was 1 m, comparable with the measurements at the Roman 

Ruins of Tróia (Lavrov et al., 2012). 

 

   

Figure 46: Changing fluorescence spectra (LIF) of cork oak leaves in days (left) and the matching 𝐼685/𝐼740 

parameter (right) (Lavrov et al., 2012) 
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Thirdly, LIF was operated as a remote sensing technique for the in-situ detection of chlorophyll spectra 

of intertidal microphytobenthos (MPB) – microalgae in biofilms – in mud and sand sediments at 

Alcochete, Tagus Estuary, Portugal – the first application of LIF in this study (Vieira et al., 2011).  

These microalgae communities in shallow coastal zones are one of the most important producers in 

those ecosystems (Utkin et al., 2014). The MPB biomass was determined and microalgal migrations 

were tracked by diurnal and tidal cycles and changes in irradiance levels (Vieira et al., 2011). The peak 

fluorescence intensity was at 685 nm and the intensity increased with the MPB concentration. It was 

furthermore possible to distinguish two kinds of algae: red and green/brown (Utkin et al., 2014).  

 

A fourth application to mention is the detection and mapping of oil spills in water and the thickness and 

the type of oil, which gives more information for the surveillance and planning/prevention of this hazard. 

The installation was set out on a small ship, where the laser radiation was sent downwards to the water 

by a mirror on a mounted arm. The detection by the CDD or ICCD was supported by a telescope of 80 

mm. ICCD could detect more water pollution (other organic contaminants than only oil) (Utkin et al., 

2014).  

 

LIF can be put into practice to determine changes in the biological viability after cleaning treatments, 

like the Biofinder or chlorophyll fluorescence. L. Pantani et al. (2000) measured the fluorescence spectra 

of green algae on a dolomitic marble substrate. Figure 47 shows that the intensity is lowered after the 

treatment, what indicates that LIF can be involved in the treatment efficiency. 

 

 

Figure 47: Fluorescence intensity of green algae on marble after (dotted line) and before treatment (full line) 
(Pantani et al., 2000) 

 

F. Colao et. al state that “the first attempt to apply LIF technique to fresco and to the problem of 

biodeteriogens identification” (2005: p. 3198) was used at a Byzantine crypt in Tomis (Constanta) for 

painted frescos. The target working distance inside the crypt was 1.5 m and the environment was very 

small, with a high humidity and the presence of dust. The light source was a solid-state laser, emitting 

in the UV spectra (355 nm), so it was possible to detect bacteria and fungi. The fungi community was 

characterized for the first time and confirmed by a laboratory analysis (Colao et al., 2005). 
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The last application goes further on the last one: recently other bacteria – eight non-hazardous species 

as simulants for highly pathogenic bacteria – were detected by using the LIF technique with the Nd:YAG 

laser Spitlight 600-10 (pulses at 355 nm). The measurements were done at a distance of 22 m. For 

creating a 280 nm radiation, an OPO was involved. The different bacteria could be distinguished by 

more than 90% and a specificity of more than 97% (Duschek et al., 2017).  

 

5.2.2  SFS 

 

SFS makes use of a xenon lamp, where the VIS spectra (𝜆𝑒𝑥 400-595 nm and 𝜆𝑒𝑚 625-720 nm) records 

chlorophyll-containing microorganisms on biofilms and the UV spectra (𝜆𝑒𝑥 220-550 nm and 𝜆𝑒𝑚 235-

650 nm) shows possible contaminations of proteins on apparently clean surfaces.  

A possible improvement in the use of the SFS sensor could be to extend the detection range for the 

emission wavelengths to longer wavelengths in the VIS spectra. As seen from  

 

Figure 23, the maximum fluorescence intensity is measured at an excitation wavelength of 426 nm and 

an emission wavelength of 684 nm. These maximum values are not yet on the end of the Y- or X-axis, 

but they are at the limit in Figure 48 (𝜆𝑒𝑚 = 719.4 nm and 𝜆𝑒𝑥 = 421.6 nm) (Utkin, 2018). 

 

 

Figure 48: Maximum emission wavelength of the SFS sensor (Utkin, 2018) 

 

A. B. Utkin used the SFS sensor with a more expensive photodetector, which gave the following results 

on Figure 49: 

 

Figure 49: SFS-VIS spectra of a green leaf on the surface with a more expensive photodetector (Utkin, 2018) 



67 
 

The excitation wavelength is almost similar (426.6 nm), but there are now two maxima of the emission 

wavelengths: 684.5 and 733 nm. It was only possible to register up to 719-720 nm without the expensive 

photodetector. The chlorophyll fluorescence spectrum of plants gives typically two maximum spectra, 

where it is assumed that most of the fluorescence comes from PSII. One maximum in the red region 

(684-695 nm) – from main electronic transitions – and one in the far-red region (730-740 nm) – from 

vibrational sublevels with increasing intensity by self-absorption (Vieira et al., 2011).  

Comparable with the LIF technique is that SFS also benefits in the detection of oil pollution, which can 

create serious environmental problems. The effectiveness and use of LIF could be higher for this 

application since SFS is sometimes too complex or used by inexperienced personnel. Suspicious 

samples of heavy, engine and diesel oil, and gasoline were analyzed in the laboratory – using a 270-

850 nm LED. The results gave a clear differentiation, see Figure 50 (Martín et al., 2015). 

 

 

Figure 50: Fluorescence intensity of oil, gasoline, engine oil and heavy oil (Martín et al., 2015) 

 

5.2.3  Biofinder 

 

The prototype of the Biofinder consists of a LED light excitation source and a CCD for photon detection 

of the fluorescence emission. To detect chlorophyceae algae and cyanobacteria, the exciting and 

emission wavelengths were optimized (Charola, McNamara, & Koestler, 2011).  

A recent new development was worked out in the aftermath of the name of the ‘Biofinder’ from J. 

Delgado Rodrigues et. al (2004), A. E. Charola et. al (2007) and A. E. Charola, C. J. McNamara & R. J. 

Koestler (2011).  
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iTram Higiene has developed a product called the ‘BioFinder’, which is a tool to early detect biofilms on 

open surfaces. The idea is the most important aspect since the method probably does not work on 

paintings, frescos or at other surfaces of cultural heritage sites (because of the low 4.5 pH). It is therefore 

more used in the food industry. Affected surfaces of biological colonization can be detected by a simple 

visual inspection – foaming reaction of white microbubbles – after spraying the BioFinder on the surface. 

Cleaning can be done with water afterwards (itramhigiene.com/en/catalogos.aspx, 2018). 

The development of more sensitive and intense CCD cameras and better LEDs have been carried out 

in the last years, which is good for the future potential of systems like the Biofinder and the technique of 

chlorophyll fluorescence with PAM (Tretiach, Bertuzzi, & Salvadori, 2010).  

 

5.2.4  Chlorophyll fluorescence 

 

The darkening of the leaf or sample, to determine F0, is a technical difficulty to assess the Fv/Fm ratio. 

This can be done by using far-red illumination or the use of a black cloth or wet cellulose poultice 

(Maxwell & Johnson, 2000; Osticioli et al., 2013). A better way of declaring data could be the 

measurement of another parameter: Fv/Fo. It is not a direct measure of efficiency, but it is more sensitive. 

K. Maxwell et. al (2000) state that if the experiments with chlorophyll fluorescence do not have a good 

set-up, data can be impossible to read – combining this technique with for example gas exchange 

measurements, can get the full picture. 

Furthermore, using PAM with chlorophyll fluorescence is a good technique. The fluorimeters are costly 

to buy, but they have a low maintenance/operating cost, excellent performance, plus they are user-

friendly, sensitive and can give a large number of data in a short time (Tretiach, Bertuzzi, & Salvadori, 

2010). Recently it has been possible to power an entire system using solar panels because there are 

sometimes power supply issues with single systems (Murchie & Lawson, 2013).  

 

Another purpose or system that looks like the PAM technique is the Plant Efficiency Analysis (PEA), 

based on the Kautsky effect, which uses “the continuous wave excitation and measures the rapid rise 

of fluorescence intensity after a dark-light transition” (Lavrov et al., 2012: p. 272). A disadvantage of this 

system is that it needs contact with the material or sample, which takes a lot more time and effort when 

a large number of plants needs to be analyzed. It is also difficult to use, when some areas on-site are 

not easy to access. A Handy PEA fluorometer was used for measuring F0 and FV/Fm, so LIF could be 

benchmarked against those values (Lavrov et al., 2012).  

 

Algal colonisation was also detected on anthropogenic surfaces in Germany, like building facades and 

roof tiles using chlorophyll as the biomarker. In this research, the concentrations of chlorophyll are 

calculated using the initial fluorescence level F0 of algae (measured using PAM-2000), where a good 

correlation is expected. Mapping the colonisation was done by an Imaging-PAM, using a CDD with 

480x640 pixels, imaging 17x22 mm areas (Eggert et al., 2006). 
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Chlorophyll fluorescence can also be used to monitor the biological development of chlorophyll on stone, 

treated by biocides. S. Eyssautier-Chuine et. al (2016) used a bioclastic limestone with four biocides, 

similar to the Biofinder used by J. Delgado Rodrigues et al. (2004). These biocides create stress in the 

microorganisms by suppressing the photosynthetic process. The chlorophyll fluorescence of algae on 

the stone was detected with Imaging-PAM – saturating light pulses with LEDs, 5 cm distance, CCD with 

640x480 pixels, 30 minutes dark-adapted time (for Fo). All four biocides had a diverse pattern of efficacy 

(Eyssautier-Chuine et al., 2016).  

Also M. Tretiach, S. Bertuzzi and O. Savadori (2010) discussed the efficacy of three biocides on two 

lichens – different ecology, on natural limestone of Italian stone artefacts – in the field and in the lab, 

with PAM equipment (Mini-PAM). It was carried out on dark-adapted thalli (black velvet cloth). 

E. H. Murchie and T. Lawson (2013) give some extra different applications for chlorophyll fluorescence, 

like the relationship to the CO2 assimilation rate in leaves. It can also be used as a screening platform, 

by monitoring different samples at the same time by Imaging-PAM. Imaging-PAM also allowed 

assessing spatial and temporal heterogeneity. Other applications are the visualisation of different 

degrees of resolutions in images (high-resolution microscope), and the combining of chlorophyll 

fluorescence with other techniques like infra-red gas exchange or thermography (Murchie & Lawson, 

2013). 

 

5.3 Future use in civil engineering 

 

The central question to track down and one of the main goals and scopes of this dissertation is to 

determine how these sensors and techniques, based on induced fluorescence, could be implemented 

in civil engineering applications.  

 

Induced fluorescence is mainly used for the detection of chlorophyll-containing microorganisms on 

surfaces in cultural heritage, and recently the SFS sensor could also detect non-chlorophyll-containing 

microorganisms, where the total excitation spectra with a xenon lamp was not used before. As 

mentioned before and by STORM, the SFS is a more modern technology than LIF, but it is still scarcely 

represented in the literature (STORM Consortium, 2018). 

 

The most important aspect in case of civil engineering is that species like algae, bacteria and fungi can 

cause construction damage on buildings (inside or outside) due to biological 

colonization/biodeterioration, and these systems can help to detect it. Also, the visual contamination of 

elements like walls, ceilings, floors, silos, cooling towers, dams, bridges, tanks and pipelines is not 

desirable. The growth and development of a biofilm is still dependent on environmental factors and on 

the underlying surface, but it is capable of developing itself on its own (Pacheco Torgal et al., 2014; 

Cwalina, 2008). Influences of colonization can come from the building’s location, operation, design, 

occupancy and activity (Adams et al., 2016).  
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This biodeterioration is also known as microbiologically induced deterioration (MID), where S. Wei et al. 

state the definition as “any undesirable change in the properties of a material caused by the vital 

activities of organisms” (2013: p. 1001). It is calculated from a US estimation that around 30% of the 

deterioration of materials comes from microorganisms (Cwalina, 2008).   

 

Conditions where these organisms grow are, for example, the availability of water and a low pH, these 

can be aggressive environments around marine structures like ports and sea platforms, sewage systems 

and wastewater treatment plants (Wei et al., 2013). Especially the corrosion of iron, steel, concrete and 

stone is a problem for cultural heritage or a problem in buildings, ships, sewage systems, etcetera (Kip 

& van Veen, 2015).  

 

In the beginning, concrete is usually immune for corrosion because of its high pH by Ca(OH)2, but after 

erosive contacts with water and other materials, the surface gets rougher. Together with humidity and 

nutrients, this is a good environment for bacteria, fungi, algae and lichens to grow. This growth reduces 

the pH in months or years, which causes more and more different kinds of microorganisms to grow 

biofilms on the surface. They can penetrate inside the concrete matrix through microcracks or capillaries. 

This can lead to an increase in the porosity, which can lead to surface wear and a higher diffusivity. The 

latter can lead to corrosion of the reinforcement inside the concrete – see Figure 51. Fungi and bacteria 

can also cause chemical and physical damage by boring into stone (Wei et al., 2013; Kip & van Veen, 

2015; Sanchez-Silva & Rosowsky, 2008). Mostly it are carbonates, inorganic sulphur compounds, acids, 

oils and fats that cause these problems (Cwalina, 2008).  

 

 

Figure 51: Concrete biodeterioration with steel reinforcement (Sanchez-Silva & Rosowsky, 2008) 
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Therefore, the detection of non-chlorophyll-containing microorganisms like bacteria and fungi, could be 

of good use in civil engineering, where these microorganisms deteriorate concrete and other materials. 

Especially SFS could use its 3D spectra (full excitation and emission wavelength) to represent the 

intensity of fluorescence of biofilms on the surfaces. Another main advantage of the systems discussed 

in this dissertation (comparison) is that they are NDTs and they can be used on-site, so samples are not 

mandatory. 

The off-site method in the laboratory has advantages and disadvantages, while newer applications on-

site are now available – for example air sampling: to give a molecular analysis of particles in the air 

(related with human health) (Adams et al., 2016).  

 

After detection, the protection of the concrete against MID can be made. This could be treatments with 

biocides, using protective coatings on the outside or use water repellents on the inside – changing of 

the concrete matrix, electrochemical interference (anodic/cathodic protection) (Wei et al., 2013; Kip & 

van Veen, 2015). Another possible solution for biological colonization on buildings is the use of self-

cleaning surfaces (Pacheco Torgal et al., 2014). 

 

On the contrary, metal and stone/concrete corrosion could be prevented or helped with biological 

microorganisms, like forming protective layers or using self-healing concrete. In the last technique, 

carbonatogenic bacteria are attached to the matrix, reinforce the material and can repair small cracks 

(Kip & van Veen, 2015). It is an effective repair technique, which is bio-based, eco-friendly, durable and 

cheaper since repairing cracks in concrete is one of the largest costs at the moment (Krishnapriya, 

Venkatesh Babu, & Prince Arulraj, 2015).  

 

Currently, there is research going on about the actual working of this technique at the Magnel Laboratory 

of Concrete Research at the Faculty of Engineering and Architecture, in the University of Ghent 

(Belgium). The method is called Microbially induced CaCO3 precipitation (MICP). The efforts of the 

technique have been discussed for over a decade. It can be used for strength improvement (variable 

improvements), surface consolidation (for competing with surface treatments) and the self-healing of 

cracks (promising results). The conclusion is that this technique needs to be further examined in 

efficiency before contractors and building companies will use this often in the future (De Belie, 2016). B. 

Cwalina (2008) states that further research should be done on biodeterioration processes and all the 

methods that give protection against them. 

 

A small application of the detection of bacteria and fungi could be with the help of detecting biological 

contamination in an HVAC system, which is a heating, ventilating and air-conditioning system in a 

building. These microorganisms could affect the health of the persons inside rooms by producing 

allergens, toxins and bacterial volatile organic chemicals. It is important to clean the system when there 

are signs of microbial growth: inspection should be done regularly. This lies in combination with the 

biological contamination of walls inside buildings, which could also affect the indoor quality of air (Li, 

Wei, & Li, 2011). 
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Important to see it that these systems, like SFS, do not have enough capability in area detection to fully 

detect biological colonization on walls and buildings. The detection of 1 cm² is too small to be used in 

general applications of civil engineering. There is a need to make these systems better to use them on 

a larger scale and to make them more applicable for bigger surfaces. It is difficult to early detect 

biological colonization on concrete walls, when you can only pick random spots of 1 cm². 

Therefore, it is more presumable to use these systems in cultural heritage sites, where small analyses 

and measurements can be made to prevent occurring damage on artefacts.  

 

6 Conclusions 

 

This dissertation intended to analyze four systems, based on the induced fluorescence technique, in 

order to early detect biological colonization in cultural heritage. The final chapter of this dissertation 

concludes the main contributions and gives potential future developments in other (civil) engineering 

applications.  

 

6.1 Main contributions 

 

The main goal of this dissertation was to explain and compare four NDTs, based on the induced 

fluorescence technique of spectroscopy, that are used for the early detection of biological colonization 

in cultural heritage sites: LIF, SFS, the Biofinder and chlorophyll fluorescence in combination with PAM. 

The further modifications or necessary changes for improving these systems were also discussed.  

 

To summarize, three case studies were selected, with an important role for the STORM project (LIF and 

SFS) and the Roman Ruins of Tróia. The project of STORM gave an idea of how they handle different 

risks and hazards in cultural heritage.  

 

The LIF sensor was used for biological colonization measurements at the Basilica, using two samples 

of crumbled stones and plaster. The LIF sensor was able to detect a chlorophyll-containing biofilm in 

the centre spot of a sample. The other main goal of LIF was to hopefully find some correlation between 

the intensity of the fluorescence emission and weather conditions, because the high-intensity laser light 

could be potentially dangerous for the fragile Basilica paintings. The humidity and RH inside the basilica 

were monitored in real-time with environmental sensors. The fluorescence intensity was eventually 

measured, but the correlated results (if they are good or usable) of the weather conditions will be 

reported in WP 9, which falls at the end of the project, after this dissertation. 

 

The SFS technique was able to detect both in vivo chlorophyll-containing biofilms, like algae, moss and 

lichens, and non-chlorophyll-containing biofilms, like bacteria and fungi – at seven points in the Basilica 

of the Roman Ruins of Tróia. This was possible by the use of a xenon lamp, offering a wide range of 

excitation wavelengths, so bacteria and fungi could be detected in the UV spectra. 
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The goal of the project with the Biofinder was to realise a good working prototype, capable of detecting 

photosynthetic microorganisms on in-situ surfaces, especially considering those involved in the 

degradation of building materials. The Biofinder could monitor the effectiveness of biocides on 

contaminated granite surfaces, limestone, marble, sandstone and plaster on monuments in Lisbon, 

Évora and Tomar (Portugal). The colonizing species included algae, cyanobacteria and various species 

of lichens.  

Chlorophyll fluorescence was used to measure QYmax at different dark-adapted times in different periods 

of the year, to identify in-situ lichens on stone monuments. The maximum quantum yield raised with 

dark-adapted time (wetting the lichen) and after a few days, the values were even higher – due to the 

fact that the lichens were not in a quiescent state anymore (awakening of the microorganisms activity). 

After waiting several months for the next measurements (no sunlight and water), the lichens had reached 

a quiescent state again. It was concluded that lichens need at least five days to reach their QYmax, 

without a further big increase in the percent of activated pixels necessary to detect them. The technique 

can thus detect small amounts of fluorescence from microorganisms, that are leaving their quiescent 

state. 

 

The four systems were then compared to each other on three aspects: technical qualities, framework, 

and practical use and outcomes. Different parameters were chosen to do this: versatility, selectivity, 

sensitivity, robustness/compactness, use in the field or laboratory, personnel needed, software/display, 

costs, battery/energy, area detection and surfaces/materials.  

 

Concluding, the outcome stated that almost all the parameters are in the advantage of the newly 

developed SFS sensor by INOV and LDI Innovation. It had the highest versatility, a good selectivity, it 

was more compact, cheaper and needed a low energy source. The only parameters that other systems 

were better at were the area of detection and maybe its sensitivity. The most important innovation was 

the fact that SFS can detect non-chlorophyll-containing microorganisms, which other systems cannot 

detect.  

 

LIF could be advanced by the use of OPOs, so more wavelengths could be analyzed – tunable laser. 

The weight of the LIF sensor could be reduced by using more compact lasers, without the heavy power 

supply. This could be done by adopting a diode laser. Other improvements are the use of an ICCD and 

a cost reduction by changing a curved diffraction grating into an additional imaging mirror. SFS could 

be modified by a more expensive photodetector, so the detection range for the emission wavelengths 

to longer wavelengths in the VIS spectra could be extended. Furthermore, iTram Higiene developed the 

“BioFinder”, to early detect biofilms on open surfaces. The idea is the most important aspect since the 

method probably does not work on paintings, frescos or at other surfaces of cultural heritage sites 

(because of the low pH of 4.5). Affected surfaces of biological colonization can be detected by a simple 

visual inspection – foaming reaction of white microbubbles – after spraying the BioFinder.  
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Also, the development of more sensitive and intense CCD cameras and better LEDs are good for the 

future potential of systems like the Biofinder and the technique of chlorophyll fluorescence with PAM. 

 

The technique of chlorophyll fluorescence with PAM could be modified by using the measurement of 

Fv/Fo, which is more sensitive. If experiments with chlorophyll fluorescence do not have a good set-up, 

data can be impossible to read. Combining this technique with for example gas exchange 

measurements could get the full picture. Recently it has also been possible to power an entire system 

of this technique using solar panels because there are sometimes power supply issues with single 

systems.  

The general conclusion is that the potential of the systems is high, but it is clear that more research 

needs to be done for the further improvement and development of these different techniques in the use 

of early detection of biological colonization in cultural heritage. This goes in the development of more 

compact, cheaper and precise systems. This is especially the case for the LIF sensor, which is too big 

to use, and the chlorophyll fluorescence fluorimeter, which is too expensive for the needs of STORM. 

Since there are not enough visitors at the Roman Ruins of Tróia, these systems are not of the importance 

that they can exploit their full potential. With a bigger capital (for further modifications and necessary 

changes) and more experienced people working on these systems, the latter can be involved in larger 

projects of cultural heritage in Europe, where more visitors are the norm and the importance of cultural 

artefacts is higher.  

 

6.2 Future developments in engineering 

 

The final goal of this dissertation was to see where else these four systems could be used in (civil) 

engineering applications. The four systems could be developed further in the future, by the use of 

modifications and necessary changes, to create more value for the early detection of biological 

colonization in cultural heritage and other (civil) engineering applications. 

 

LIF could be used in the future in hostile environments such as internal combustion engines, by detecting 

a range of diverse molecules like hydroxide, oxide, acetone, diacetyl, toluene and other carbonyls and 

aromatic compounds. It could also be attached to aeroplanes or drones, to reach harder to access areas, 

to make inspection faster. Furthermore, LIF and SFS could be used to detect oil pollution in water. 

The Biofinder and chlorophyll fluorescence technique could be both used for the examination of the 

effectiveness of biocides on cultural heritage.  

Chlorophyll fluorescence could be introduced in detecting algal colonization on building facades and 

roof tiles. Another application is the outcome of the relationship to the CO2 assimilation rate in leaves, 

being a screening platform by using Imaging-PAM and using it with other techniques like infra-red gas 

exchange or thermography. 
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The most important aspect is that these systems could help in detecting biological colonization on 

surfaces in civil engineering like concrete, metal, wood, steel, stone, etcetera. These microorganisms 

damage buildings and materials and this colonization could take place at dams, silos, cooling towers, 

bridges, tanks, pipelines and sewers. A small application could be to detect microorganisms in HVAC-

systems to protect the health of people. Although it is important to see it that these systems do not have 

enough capability in area detection to fully detect biological colonization on walls and buildings. The 

detection of 1 cm² is too small to be used in general applications of civil engineering. There is a need to 

make these systems better to use them on a larger scale and to make them more applicable for bigger 

surfaces. It is difficult to early detect biological colonization on concrete walls, when you can only pick 

random spots of 1 cm². 

Therefore, it is more presumable to use these systems in cultural heritage sites, where small analyses 

and measurements can be made to prevent occurring damage on artefacts.  

 

After this detection, protection could be put forward by adopting biocides, using protective coatings on 

the outside or water repellents on the inside, changing the concrete matrix with microorganisms like 

fungi and bacteria (MCIP), exploring self-cleaning surfaces and using electrochemical interference.  
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Appendix 

 

Appendix 1. Natural and anthropogenic hazards and threats rated in relevance (Storm Consortium, 

2017c) 

 

NATURAL HAZARDS AND THREATS 1 2 3 4 5 

GEOLOGICAL HAZARDS      

Earthquakes     x 

Mass movements Landslides   x   

Land subsidence/liquefaction x     

Rockslides x     

Avalanches x     

Soil creep x     

Volcanic eruption x     

Erosion: coastal erosion     x 

HYDRO-METEOROLOGICAL HAZARDS      

Storms Cyclones/typhoons/hurricanes x     

Thunderstorms/lightning x     

Hailstorms/ice storms/dust storms x     

Tornadoes x     

Strong winds: local storms   x   

High waves x     

Flooding Flash floods x     

River/lake floods x     

Coastal floods  x    

Mass movement dam-induced floods x     

Storm surges x     

Wildfires x     

Tsunamis     x 

Air temperature & 

humidity 

Sea-level rises     x 

Heat waves/cold waves  x    

Frost/freeze/snow loading x     

Thermal shock x     

Salinization (e.g. salt-water intrusion)  x    

Change in freeze-thaw events x     

Rising damp   x   

Droughts x     

Precipitation Intense rainfall   x   

Surface runoff x     

Altered water table      

Changes in soil chemistry x     
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Humidity cycle changes/relative humidity 

shocks 

   x  

Prolonged wet periods/prolonged dry 

periods 

x     

Deforestation and desertification x     

Wind Wind   x   

Wind driven rain   x   

Wind driven particles: saline spray     x 

Pollution and 

climate 

SO2, NO3 and O3 air concentration x     

Acid rain x     

Ocean acidification x     

Tides (tide currents and sea waves)     x 

Solar radiation    x  

BIOLOGICAL HAZARDS      

Animal stampede x     

Biological colonization (including pest, microorganisms and 

vegetation infestation) 

   x  

Biological 

decomposition 

Proliferation of invasive species x     

Spread of existing and new species of 

insects (e.g. termites) 

x     

Increase in biofilms of algae, bacteria, 

fungi and/or moss growth 

x     

Decline of original plant materials x     

 

ANTHROPOGENIC HAZARDS AND THREATS 1 2 3 4 5 

INDUSTRIAL/TECHNOLOGICAL HAZARDS      

Critical 

infrastructure failure 

Transportation system failure x     

Telecommunication system failure x     

Cyber incidents x     

Lifeline failures (e.g. electricity and gas 

lines) 

x     

Dam/levee failures    x  

Explosion and 

pollution (disaster) 

Factory explosions x     

Fires/urban conflagrations x     

Hazardous materials spill (including 

chemical, radiological and biological) 

 x    

Industrial pollution  x    

Urban/traffic pollution x     

Ground surface water pollution x     

Toxic wastes x     

Nuclear radiation x     

Waste mass movement x     

VIOLENCE AND CONFLICT      
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War/armed conflict/civil unrest x     

Terrorism x     

Explosive/radiological attack x     

Fires and explosions x     

Looting and illegal activities  x    

Vandalism    x  

INAPPROPRIATE USES      

Tourism-related threats (e.g. sudden change in temperature 

and relative humidity; increased footfall) 

 x    

Increase in recognition/prominence   x   

Inappropriate ritual/spiritual/religious and associative uses x     

Accidental damage  x    

Occasional use-related threats (e.g. concert vibration)  x    

DEVELOPMENT PRESSURE      

Land use change x     

Constructions and infrastructure expansion (e.g. traffic and 

construction vibrations) 

x     

Renewable/non-renewable energy facilities x     

Major visitor accommodation and associated infrastructure x     

Interpretative and visitation facilities      

Large-scale/improper archaeological excavation  x    

Encroachment/illegal development x     

Mining activities x     

 

Appendix 2. Fixed list for the data analysis of the LIF and SFS measurements (STORM 

Consortium, 2018) 

 

NR. PARAMETER NAME EXTRA DESCRIPTION 

1 M Infestation 

magnitude 

M = 0: biological components below the detection 

threshold 

M = 1: thin biofilm, invisible to the naked eye, 

M = 2: biofilm that does not significantly change the 

artefact appearance 

M = 3: biofilm that is sufficiently developed to alter 

the artefact appearance 

M = 4: highly developed biofilm that obscures the 

artefact surface 

2 G Infestation gravity G = 0: no action or action planning is needed (e.g., 

detection of a biofilm of any thickness in a sentinel 

(monitoring) sampling point located in the wall 

surface without painting or of a stable bio-community 

that does not present risks of paint deteriorating) 
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G = 1: indicates the necessity of paying some 

attention to the surfaces located in the vicinity of the 

measurement point, planning periodic inspection and 

diagnosis 

G = 2: warns about the possibility of biofilm growth 

in the near future, which may be dangerous for 

culturally important parts of paintings located in the 

vicinity of the measurement point. Frequency of the 

diagnosis and inspection must be increased 

G = 3: intervention of the competent conservation 

entity should be requested for carrying out a more 

profound diagnosis and, eventually, removing 

biological deposits from the painting 

G = 4: emergency intervention of the competent 

entity is needed for the painting 

conservation/restoration 

 

NR. PARAMETER NAME EXTRA DESCRIPTION 

3 𝐹𝑆𝐹𝑆
(𝑉𝐼𝑆𝑚𝑎𝑥)

= 𝐹 (𝜆𝑒𝑥
(𝑉𝐼𝑆𝑚𝑎𝑥)

, 𝜆𝑒𝑚
(𝑉𝐼𝑆𝑚𝑎𝑥)

) 

Principal maximum of SFS in VIS mode (𝜆𝑒𝑥 

= 425 nm, 𝜆𝑒𝑚 = 700 nm) 

Maximum intensity of the IF 

emission of chlorophyll 

containing on the infestation 

plants 

4 𝜆𝑒𝑥
(𝑉𝐼𝑆𝑚𝑎𝑥)

 Excitation wavelength of the principal 

fluorescence maximum in the VIS mode 

 

5 𝜆𝑒𝑚
(𝑉𝐼𝑆𝑚𝑎𝑥)

 Emission wavelength of the principal 

fluorescence maximum in the VIS mode 

 

6 𝐹𝑆𝐹𝑆
(𝑈𝑉𝑚𝑎𝑥)

= 𝐹 (𝜆𝑒𝑥
(𝑈𝑉𝑚𝑎𝑥)

, 𝜆𝑒𝑚
(𝑈𝑉𝑚𝑎𝑥)

) 

Principal maximum of SFS in UV mode (𝜆𝑒𝑥 

= 285 nm, 𝜆𝑒𝑚 = 325 nm) 

Maximum intensity of the IF 

emission of the proteins 

characteristic for the 

infestation organisms 

7 𝜆𝑒𝑥
(𝑈𝑉𝑚𝑎𝑥)

 Excitation wavelength of the principal 

fluorescence maximum in the UV mode 

 

8 𝜆𝑒𝑚
(𝑈𝑉𝑚𝑎𝑥)

 Emission wavelength of the principal 

fluorescence maximum in the UV mode 

 

9 𝜎𝐿𝐼𝐹

= ∫ 𝐹𝐿𝐼𝐹(𝜆𝑒𝑚) 𝑑𝜆𝑒𝑚

𝜆𝑐ℎ𝑙
(𝑚𝑎𝑥)

𝜆𝑐ℎ𝑙
(𝑚𝑖𝑛)

 

[counts x nm] 

Integral magnitude of the LIF signal in the 

spectral range of interest 

𝜆𝑐ℎ𝑙
(𝑚𝑖𝑛)

=650 nm and 

𝜆𝑐ℎ𝑙
(𝑚𝑎𝑥)

=750 nm 

 


