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        Abstract



        This review elucidates current knowledge on the significant role of fungi and lichens in the biodeterioration of stone monuments. The effect caused by many epilithic lichen species in the deterioration of different types of stone has been extensively investigated and demonstrated. Nonetheless, many aspects of the deterioration mechanisms of microcolonial fungi (MFC) and endolithic lichens are still to be proved. An interesting hypothesis has recently been put forward involving the secretion of siderophores like compounds. Lichens can provide bioprotection for stone surfaces, acting as a barrier against weathering, retaining moisture, increasing waterproofing, reducing thermal stress and erosion, and absorbing pollutants. Nevertheless, the evaluation of biodeterioration vs. bioprotection cannot be generalised, since it can vary according to the behaviour of different species, as well as being affected by both the lithotype and the environment. In addition to the laboratory studies, more field studies of biological communities are required, to analyse their establishment and succession in natural conditions and after conservation treatments. In order to guarantee the best decision for stone conservation, cleaning operations should not be based on a generalised approach, but should rather be based on a careful evaluation of different aspects concerning biodeterioration and bioprotection.
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      INTRODUCTION


      Research on the biodeterioration of stonework has increased considerably over the second half of the last century [1, 2]. From a biological point of view, stone represents an extreme habitat with large variations in environmental factors such as temperature, water availability, UV radiations and nutrients. Moreover, vertical or subvertical surfaces are even more difficult to be colonized due to higher desiccation conditions [3].


      The role of photoautotrophs and chemioautotrophs, pioneer colonizers, has been investigated in depth in recent decades, and the importance of heterotrophs in stone deterioration has been confirmed [2, 3]. The role of fungi in geomicrobiology and in the deterioration of monuments has for many years been neglected or underestimated, as they were considered secondary colonizers compared to other microorganisms (chemiolithotrophic bacteria, cyanobacteria, algae) or lichens. The importance of fungi in the decay of rocks was asserted strongly by Krumbein [4] who, at the beginning of the 1990s, observed black fungi on marble monuments and realized their role in stone deterioration [5, 6].


      On the other hand, the role of lichens in biodeterioration of stone works have been recognised by many authors [7-11] and their effectiveness in the deterioration of rocks and neogenesis of minerals was the object of recent papers and review [12-16].


      Microorganisms can establish different relationships with the substrate: epiliths, growing on the stone surface, and endoliths, living in the interior of the stone. Endoliths are subdivided according to, their ecological niche in chasmoendoliths colonizing preexisting fissures and cavities, cryptoendoliths, colonizing structural cavities within porous rocks, and euendoliths, actively dissolving and penetrating into the stone [17]. Some species are known to be strictly endolithic (e.g. endolithic lichens), while other microorganisms can live on and/or within the rock. The chemical and structural characteristics of lithotypes, surface roughness, porosity and their state of conservation, as well as environmental conditions and climate are the key factors influencing the establishment and growth of microorganisms [3, 18]. A high stone bioreceptivity together with favourable environmental conditions can induce a rapid biological colonization in just a few years [19, 20], and cleaning and restoration treatments can positively or adversely affect the subsequent recolonization [21, 22].


      Stone biodeterioration is ascribed to two different mechanisms: biogeophysical or mechanical processes and biogeochemical processes. They are not mutually exclusive but are assumed to act cooperatively; moreover biodeterioration is one of those factors that can contribute to stone decay together with other chemical and physical weathering.

    


    
      FUNGI


      Two main groups of fungi, ecologically and taxonomically separate, were isolated from stone monuments: (i) Hyphomycetes and Coelomycetes and (ii) black meristematic or MCF, and black yeasts [23-26].


      The species belonging to the first group are common both in the soil and in the air, they generally develop in moderate and humid climate where organic substances are available. Hyphomycetes include species with colourless or brightly coloured colonies (hyaline Hyphomycetes) and species producing dark brown, green-black, or black colonies (dematiaceous Hyphomycetes). Hyphomycetes excrete organic acids and can actively dissolve carbonates, they produce different kinds of pigments, but only a few species are melanine producers [23, 27]. They generally require high levels of humidity and organic substances to develop. In spite of their presence in biofilms on outdoors stone monuments [27-30], they are frequently responsible for the deterioration of wall paintings, caves and restored stone artifacts [3, 31-33].


      The MCF belongs to Ascomycetes, principally to the orders Chaetothyriales, Dothideales, and Capnodiales [24, 34, 35], and were isolated mostly, but not exclusively in arid and semi-arid environments. Previously black fungi were known mainly as plant, animal and human parasites and were only occasionally isolated from air or soil. The isolation of MCF and black yeasts by conventional culture techniques were notoriously very hard [36], but isolation protocols are now available [37]; moreover, identification of the isolates is often impossible on the basis of culture and microscopic morphology which requires application of molecular diagnostics [38]. Although cultural features and the microscopic morphology of species are highly characteristic, taxa are genetically extremely diverse, suggesting a considerable phylogenetic distances between different species [39].


      The deterioration of stone and minerals induced by fungi is generally ascribed to biogeophysical and biogeochemical processes that are not mutually exclusive but are assumed to act together, and the latter are believed to be more important. The filamentous structures of fungal hyphae favour their penetration into the substrate, depending on its structure, chemical composition and state of conservation. Fissures, cracks, cavities, pores and grain boundaries represent advantage for penetration and provide a more favourable microhabitat compared to the stone surfaces. Fungi can also perforate intact minerals [40]. Penetration can be also favoured by turgor pressure inside hyphae and melanin. Moreover, EPS produced by fungi facilitate fungal biofilm formation and the attachment to the rock, and increase mechanical pressure giving rise to shrinking and swelling [39].


      Biogeochemical processes involve the production of metabolites which react with stone to form secondary minerals. Fungi excrete a large number of organic acids (oxalic, citric, acetic, formic, gluconic, glyoxylic, fumaric, malic, succinic, and pyruvic), which can act as chelators [23, 27, 41]. In addition, the role of carbonic acid derived from the respiratory carbon dioxide production, should be taken into account. Precipitation of secondary minerals (carbonates and oxalates) on and within rock had been formed during fungal colonization and mineral dissolution, forming a crust on the rock surface and mineral precipitation around hyphae that can progressively cement fissures and cracks [42]. Moreover fungi produce siderophores, low molecular weight structures generally classified into two structural groups hydoxamates and catecholate compounds, which have a high specificity for chelating or binding iron [23, 27, 39]. Their role in the etching of microfractures on olivine and other silicate has been shown in laboratory experiments [43].


      The major part of studies dealing with stone monuments alterations have concerned the Mediterranean basin, which is characterized by dry and hot climate or temperate climate [6, 44, 45], and to a lesser extent tropical climates [29, 46]. Sterflinger [23] and Burford [45] reported some lists of common fungal species isolated from building stone and rocks (sandstone, marble, granite, limestone, soapstone, quartzite, andesite, and basalt) in various geographical and climatic zones. Hyphomycetes prevail in moderate and humid climate but can also be found in tropical climate, they usually produce organic acids and pigments of different color, whereas the species from arid and semiarid climate usually do not produce acids and always display a brown-black pigmentation due to melanin [23, 46]. A number of recent investigations focused on fungi growing on limestone in tropical climates; after 6 and 9 months of outdoor exposure of limestone coupons inoculated with microorganisms from black biofilm 977 isolates were obtained, and 90% of the species detected belonged to the Ascomycota [47]. One hundred and seventeen isolates of melanized fungi were subsequently recovered, by classical and molecular methods, from limestone surfaces located in the Mediterranean island of Mallorca; many of them do not correspond to any sequence deposited in public databases, suggesting they could be of unknown genera [37].


      Many authors believe that black meristematic fungi, or microcolonial fungi (MCF), are the most important in the deterioration of stone [6, 48]. Despite their heterotrophy, these fungi can grow on exposed stone being oligotrophic, with only a limited supply of carbon, which might be contained in dust, waste microbial products, or pollutants [49- 51]. It is well known that stone surfaces are exposed to high levels of solar radiation, high temperature, and to prolonged periods of desiccation alternating with rainy and damp periods. MCF contain melanin as cell wall pigment, which protect them against environmental agents (e.g. UV radiation, Xand y-rays) and cellular lysis. Moreover, mycosporines and carotenoids (ß-carotene, s-carotene, phytoene, torulene and torularhodin) may protect fungi against excessive UV radiation, act as antioxidants, osmoprotectors and provide desiccation tolerance [25, 35, 52].


      Microcolonial fungi together with cyanobacteria, algae and lichens, are poikilohydric microorganisms and can have active metabolic or dormancy periods according to water availability. As they are resistant to multiple and variable stress factors, and have a wide range of tolerance, they are considered poikilo-tolerant. Usually, in oligotrophic conditions they form small black clump-like colonies on stone, consisting of isodiametrically dividing cells, from which hyphae can branch (Fig. 1). Where there is an abundant supply of carbon and optimal environmental conditions, meristematic fungi can grow profusely on and into the stone, causing a large dark colouration. Widespread fungal colonization has been found in a Venetian cemetery, forming a grey patina that fully covered the limestone surfaces of the partially buried tombstones surrounded by a thick vegetation [53] (Fig. 2). In a similar environment, the inner garden of the archaeological museum of the city of Messina, a statue sculpted in Carrara marble was covered by a black patina caused to fungal growth [54, 55]. The grey colour of ‘Noto’ calcarenite in Southern Sicily (Italy) is also due to predominantly fungi [56]. It is likely that this kind of patina is more common on stone monuments than suggested in the literature. It is important to note that, where analyses have not been performed, grey-black patinas are often misinterpreted and ascribed to the presence of photosynthetic microorganisms (cyanobacteria and/or algae) which can form patinas of a similar appearance or to accumulation of airborne particulate matter. MCF can also form orange patinas or spots on granite and sandstone, due to the presence of carotenoids [23].


      [image: ]
Fig. (1)


      Marble (A, C) and limestone (B, D) surfaces colonized by black meristematic or microcolonial fungi (MCF). Marble cross sections (E, F) showing the penetration into the substrate along intercrystalline spaces.


      According to a conceptual model for rock microcolonial fungi proposed by Chertov and Gorbushina [57] the availability of organic nutrients is the dominant factor limiting their development on stone surfaces in European temperate and Mediterranean climates, even under favourable climatic conditions, while the growth becomes very intensive in the presence of water. It is therefore recommended that organic matter be removed from monuments in order to prevent fungal growth.


      Black fungi can also form associations with algae not resulting in a well-defined thallus structure, the so-called “borderline lichens” and they often co-occur on the same stone surface with lichens [58]. It is well known that fungi can form dark rock varnishes in desert environments, due to the oxidation of manganese and iron, but similar alterations have not been recorded on stone monuments [1, 23, 59].


      As demonstrated in both laboratory and field experiments, in the absence of an external carbon source, the establishment of fungi on stone is essentially dependent upon the characteristics of the substrate. Marble slabs exposed outdoors were colonized after 6-8 years, once superficial roughness had increased [60, 61], whereas porous stone and mortars were colonized after just a few months of exposure [23]. Hoppert et al. [62] studied colonization on samples taken from a linear transect in an Austrian glacial recession area with a known age of exposure. They found that black fungi were the first colonizers, having appeared 1-2 years after the rock was exposed in the atmosphere, followed by green algae, cyanobacteria and endolithic lichens.
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Fig. (2)


      (A) Tombstones in the Old Jewish Cemetery (Venice, Italy). Grey discoloration of limestone (Istrian stone) due to colonization by black meristematic fungi. (B) Cross section stained by PAS. (C) Resin casts showing the fungal distribution pattern (bar = 0.1 mm). (D) Detail of endolithic hyphae (bar = 20µm). (E) Micrograph of fresh slide of the black meristematic fungus colonizing the stone.


      Synthetic materials used for the treatment of stone during conservation practices can favor the growth of fungi, representing an increase in nutrient sources [3]. The application of biocide in combination with these compounds can, however, reduce the risk of fungal colonization [22, 63]. Black meristematic fungi frequently colonize fillings made up with inorganic materials (powdered marble, calcium carbonate, sand, quartzite) and acrylic resin, achieving a surface development and penetration to a depth of 1 cm, depending on grains size [64].
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Fig. (3)


      Biopits formed by black colonies of Lichenothelia sp. on limestone (A), SEM photograph at higher magnification (bar = 0.1mm) (B).


      MCF growth is not limited to the stone surface, on marbles black fungi penetrate into the intercrystalline spaces contributing to the loosening and detachment of crystals and leading to the formation of pitting (or biopitting) [45, 48]. The pigmentation of fungal cells decreases with greater depth and the hyphae appear colourless, underling the light protective function of black pigments [6, 53, 62]. Sterflinger and Krumbein [48] considered dematiaceous fungi as being one of the principle agents responsible for biopitting on Mediterranean marble and limestone (Fig. 3). They described four different types of pitting and isolated fungal strains from all of them. The inoculation of marble samples with fungi has shown that they are able to penetrate the substrate actively and produce pits. Camara et al. [65], studying fungal colonization on three dolostones from monuments and natural outcrops, confirmed that the intercrystalline penetration was the initial stage of stone fungi interactions, followed by intracrystalline penetration and finally the complete disaggregation of the crystals. The different stages of interactions with the dolostones depend on the extent and type of porosity. These observations were confirmed in a study on the deterioration of four Romanesque churches in Segovia (Spain) [66]. It is, according to other authors, difficult in many cases to establish whether the pits are of biological origin or whether they represent a site with favorable conditions for the growth of microorganisms [67]. Lombardozzi et al. [68] created an interactive on-line biopitting database using the literature on this topic and found that cyanobacteria are the group most associated with pitting.


      So far the mechanism of deterioration achieved by microcolonial fungi is not completely understood. It is well known they do not produce organic acids [36, 69, 70], unlike Hyphomycetes, and for this reason some authors supported the physical penetration of MCF due to mechanical forces and suggested an important role of cell rigidity, melanin, turgor pressure and directional growth [71, 72].


      Favero-Longo et al. [73] investigated in the laboratory the interactions of some MCF (Coniosporium perforans, C. uncinatum and Sarcinomyces petricola) and endolithic lichens with carbonate (travertine, limestone, marble) and silicate (granite, gneiss, sandstone) rocks. The penetration patterns of tested strains were different in the different lithotypes and reached a depth alike those reported for lichens, from some hundreds of microns to several millimeters. The release of iron-chelating molecules (siderophores-like compounds) were observed in cultures and the dissolution of an iron-poor limestone upon incubation with desferrioxamine, a hydroxamate siderophore, confirmed the ability to mobilize calcium under iron limitation. These results suggest that siderophore-like compounds likely represent the repeatedly invoked chemical agents responsible for biodeterioration of both silicate and carbonate rocks, such as pitting and etching.


      According to Cutler and Viles [26] patinas produced by fungi might have a protective effect on stone surfaces.

    


    
      LICHENS


      The deterioration ability of lichens is essentially due to the mycobiont which is in strict contact with the substrate. Generally lichen species present on monuments do not vary from the species present on the surrounding rocks and, given that the possibility to take samples from stone monuments is often very limited, many studies on lichen-stone interactions were performed on samples coming from natural rocks.


      Biodeterioration is generally attributed to a combination of physical mechanisms (e.g. pressure exerted by expansion and contraction of the thalli, adhesion of rhizines and hyphal penetration) and chemical factors, due to the interaction of carbon dioxide, organic acids and lichen substances with complex properties. The action of epilithic species on different lithotypes, e.g. carbonatic rocks, sandstone, granite, serpentinite, volcanic tuff, schist, gneiss, limestone, obsidian, and dolomite, was largely investigated [66, 74-84]. Endolithic lichens were generally less studied notwithstanding their large spreading on monuments, although papers dealing with topic increased in the last decades.


      Thalli of epilithic lichens develop on the stone surface but their hyphae generally penetrate the substrate in much or less extent. The capacity of lichens to alter the substrate is related both to physiological differences among species and to the physico-chemical characteristics, texture and structure of the substrate. Thallus penetration in the stone is especially related to its texture and mineralogical-petrographic features. Epilithic crustose lichens can firmly adhere to the substrate forming a well defined border line with either no or negligible penetration, they can penetrate along pre-existing fractures and cleavage planes of minerals or show a major hyphal penetration within the rock matrix. In lichen thalli from siliceous or intermediate rocks, clasts of different minerals (calcite, quartz, feldspar, micas, etc.) detached from the substrate were frequently observed, they often showed sign of corrosion and etching on their faces. In thalli from limestone, minerals deriving from the substrate were less frequently observed. Some clasts can derive from wind or rain transportation and are included in the thalli by passive uptake mechanisms, as well as inorganic microspherules of different composition.


      The neoformation of minerals by lichens, due to the interactions of oxalic acid and other compounds with chelating ability, is well known and depends both on the species and the chemical composition of the substrate. Calcium oxalates, in the two hydration forms whewellite and weddellite, are the most common biomineralogical products and are formed and deposited extracellularly between hyphae. The occurrence of calcium oxalate is generally higher on calcareous rocks and rocks containing calcium bearing minerals, nevertheless it can be present also in lichens growing on substrate where calcium is almost absent. Calcium oxalates can deposit in different parts of epilithic lichens, depending on the species: only on the thallus surface, on the surface and inside the thallus, in the whole thallus and even within the stone down to the depth reached by fungal hyphae penetrating it [74, 79] (Fig. 4). Magnesium, copper, ferric or manganese oxalates can be formed depending on the mineralogical composition of the substrate. Iron oxides and hydroxydes were identified as reddish layer on lavas, basalt, granite, and sandstone [13]. Lichens can decompose minerals such as biotite, quartz and feldspars and form siliceous relicts and amorpous silica, as well as poorly ordered alumino-silicates.


      Among the most deteriorating lichens we can remember Dirina massiliensis f. sorediata , a particularly aggressive species responsible for the biodeterioration of stonework and frescoes (Fig. 5). It is coastal lichen occurring both on limestone and siliceous rocks, generally in rather shaded situations on steeply inclined surfaces [85, 86]. On calcareous substrata a lot of calcium oxalate, deriving from the calcium chelation by oxalic acid, accrues in the thalli together with substrate materials, namely calcite, gypsum and pigments (if present in the substrate), and causes a thickening of the thalli (Fig. 6). The high content of inorganic oxalate in the white thalli gives them a “gypsum appearance” and some authors referred to them as lichen encrustations whereas others do not recognize the lichen nature of these “encrustations”.


      Hyphae penetrate into the calcite substrate to a depth of 20 mm and calcium oxalate is also deposited within the stone. The deteriorative action of this lichen can also concern other kind of substrate, such as stucco, brick, mortar, acidic stone and the glass/lead interface of glass windows [85]. Seaward [86] reported a dramatic spread in Europe and, more particularly, in England of this species as consequences of environmental changes, and particularly of atmospheric pollution which caused a rapid disappearance of other pollution-sensitive species. The vegetative reproduction allowed a fast colonization of large areas of artworks’ surfaces in few years, also in areas not exposed to rainfall as D. massiliensis does not need to be directly wet by rainwater.


      In spite of their large presence on stone monuments, endolithic lichens have been much less studied in depth than epilithic ones and even today, due to their inconspicuous growth, they are overlooked and not always recognized by people involved in stone conservation [87-90]. The development of biomass inside the stone and the depth of penetration vary a lot among different species. A thorough study on the anatomy of five calcicolous endolithic lichens showed that the photobiont layer reaches about the same depth in the substrate, generally to 100-180 µm, but the distribution pattern and the depth of penetration of hyphae within the stone vary considerably among species [88]. Verrucaria baldensis has the thickest and deepest thallus reaching 2.7 mm from the surface. According to other authors, hyphae of endolithic lichens can occasionally reach a depth of 19 mm. After the death and the detachment of fruiting bodies pitting formation appears on the stone surface; pits diameter ranges from 0.2 to 1-2 mm, depending on the size of ascocarps of different species (Fig. 7A). These empty pits, also called biopits, that are progressively enlarged by water action (rainfall, water run off, water accumulation) forming pits of major dimensions. These biopits can coalesce and form larger interconnected depressions (called (biotroughs) successively enlarged and the stone surfaces previously colonized by endolithic lichen appear deteriorated more rapidly than uncolonized surfaces. The microscale biopitting induced by endolithic lichens could give rise to mesoscale features as solution basin development on limestone [91]; however at the end of these processes no evident traces of the processes responsible of its formation (with or without biological mediation) are recognizable.


      [image: ]
Fig. (4)


      Thin sections of (A) Caloplaca flavescens on Vicenza stone, (B) Diploschistes euganeus on shingle, (C) Lecidea fuscoatra on shingle, (D) Dirina massiliensis on biocalcarenite. Calcium oxalates are deposited only on the surface (A); in the whole thallus (B); in the thallus and in the substrate, along the hyphal bundles (C). (E) SEM photograph of calcium oxalate (weddellite) deposited outside fungal hyphae (bar = 10µm).
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Fig. (5)


      Dirina massiliensis growing on a marble capital of S. Fosca church (Torcello, Venice) (A) and on frescoes of Villa Rossi (Gattaiola, Tuscany) (B). (C) Thin section, cross polarized light, showing the large amount of calcium oxalate formed and deposited outside fungal hyphae (in blue). (D) Cross section showing the lichen thallus and large bundle of hyphae (in blue) penetrating into the substrate.
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Fig. (6)


      Portal of Mantes cathedral (France) colonized by Dirina massiliensis (A). Particular of thalli growing on limestone (B) and the same area after the treatment and removal of lichens (C). Note the strong deterioration of substrate (erosion, loss of material) induced by lichens.


      Inflated hyphae, also called oil hyphae for the high lipid content, are peculiar to endolithic lichens and represent a morphophysiological adaptation to a peculiar environment although their function is not properly understood. Moreover, the presence of many hyphal clews arranged in more or less sphaerical voids (c. 20-80 µm in diameter) produced by the dissolution of the substrate, at a certain distance from the surface, were recognized in three endolithic species, Petractis clausa, Encephalographa elisae, and Strigula endolithea, [88, 92, 93] (Fig. 7B, C). The function of these structures and as much they are widespread in endolithic lichens is unknown. Nevertheless, this should be taken into account in the evaluation of the effects of restoration treatments to kill endolithic lichens that could determine an increase in the water-holding capacity of the stone leaving empty cavities and ducts on and within the rock.


      The production of calcium oxalates in endolithic lichens, unlike epilithic species, does not seem to be a peculiar characteristic; it was surely detected only in one species, Verrucaria rubrocincta [89]. The finding of calcium oxalate in some species by few authors [94-96] was not confirmed by others [88, 90, 97, 98]. Moreover, Verrucaria rubrocincta penetrates more than 0.5 cm and forms a surface layer of fine-grained calcite (micrite), with sparse hyphae, which accumulates on the surface; this micrite is absent on the unhabited rocks, witnessing a biomineralisation process [89].
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Fig. (7)


      Biopitting on a limestone surface after a biocidal treatment of an endolithic lichen (A), arrow: perithecium. Thin section of Petractis clausa on limestone showing the distribution pattern of voids created by the lichen (B). Interconnections of hyphae in and among the voids (C) (bar = 0,1 mm).


      Mycobionts and photobiont of two endolithic lichens (Bagliettoa baldensis and B. marmorea) were isolated and inoculated on limestone and four marbles to investigate lichen-rock interactions under controlled conditions and the results were compared with the analyses of lichen colonization in situ [99]. After one year of incubation of mycobionts, different penetration depth and patterns were observed according to the different lithotypes, strongly depending on their petrographic features. Hyphal penetration in the rocks in situ was, as expected, stronger. Algae did not penetrate the rock specimens in vitro after a year, supporting the hypothesis that their occurrence within the rock is not due to an active penetration.


      Endolithic lichens actively dissolve carbonates by means of an unknown mechanism, purportedly related to the secretion of chelating substances, or the release of respiratory carbon dioxide. The production of active forms of carbonic anhydrase, an enzyme which catalyses the reversible hydration of CO2, was demonstrated by immunofluorescence and histochemical localization and in vivo activity tests in endolithic lichens immersed in the substrate or free of it [100]. The enzyme accelerates the hydration of respiratory CO2 and consequently the dissolution of carbonate rocks. The involvement of oxalic acid in the dissolution of stone was excluded since the studied species do not produce calcium oxalate. Moreover, as previously reported for MCF, mycobionts of three endolithic lichens (Bagliettoa baldensis, B.marmorea and Acrocordia conoidea) actively penetrate and produce siderophore-like compounds in culture suggesting their possible involvement in the deterioration of both silicate and carbonate rocks [73].

    


    
      LICHENS: BIOPROTECTIVE OR BIODETERIORATIVE EFFECT?


      In spite of evident deterioration induced by lichens on stone monuments, all the other causes of weathering should be considered and evaluated very carefully. In some cases, lichens may exert a certain protection against other abiotic degradation factors even though they have deteriorative effects. Starting from nineties it was hypothesized that lichens could have a function of bioprotection towards stone monuments acting in an active or passive way. Lichens could have a protective role on porous stone reducing the intensity of water exchange and the action of other weathering agents such as wind, marine aerosols and pollution [76, 101, 102], and could also have a protective effect against sand disaggregation [103]. More widespread exfoliation, salt efflorescence, flaking, powdering and honeycombing of non-colonized surfaces would support this hypothesis. In the last decade, many authors sustained and investigated possible bioprotective effects exerted by both epilithic and endolithic lichens. Fiol et al. [104, 105] observed by in situ and laboratory experiments that the loss of lithic particles from a limestone surface was substantially reduced by lichen cover. Mottershead and Lucas [106] through in field observations and measures on the development of two epilithic lichens, Aspicilia calcarea and Diploschistes diacapsis , on a soluble rock (gypsum) stated their bioprotective action. The thalli act as a protective umbrella reducing the erosion of the substrate by the solvent effect of rain. Carter and Viles [107] demonstrated, with field and laboratory experiments, that Verrucaria nigrescens retains moisture in the thalli and reduces thermal stress in the surface of limestone. Chiari and Cossio [108] studied a sandstone, made main of pure quartz, covered by lichens. In the outer stone surfaces, colonized by epilithic lichens, weddellite – representing a typical byproduct of lichens and minerals from dust deposition were present, and no evidence of etching was observed. Moreover, the porosity of the core sandstone was the same of that measured in the outer part where hyphae filled the preexisting pores.


      A conceptual model of bioprotection limestone by epilithic lichens was proposed by Carter and Viles [109]: lichens act as an umbrella protecting the substrate from rainfall and atmospheric deposition. Lichens can absorb/reflect solar radiation protecting the stone from temperature variations and thermal stress, depending on the colour of the thalli (dark thalli, e.g.Verrucaria nigrescens, absorb heat causing an increase of temperature fluctuations and thermal gradient in the rock surface) [110], also as a barrier protecting stone from water penetration, and reducing or neutralizing the negative action of wind, rain, pollutants and marine aerosols. A protective function is also attributed to a “patina and crust formation” after the death of lichens, mainly composed of oxalate remains with entrapped organic and mineral matter. The positive effect of the presence of hard, almost insoluble calcium oxalate patina at the lichen-rock interface is also stressed by McIlroy de la Rosa et al. [111]. Obviously the presence of hard, almost insoluble encrustations on stone surfaces may reduce the action of other weathering agents but the name ‘patina’ attributed to deposition or layers of oxalates resulting from lichens can lead to misunderstanding. As previously reported oxalate location on, within thalli and/or substrate varies a lot among species and lichen death generally entails the detachment of thalli and their content from the substrate without leaving an “hard, insoluble patina”, except in some rare cases.


      The lichen covered tuff of Cappadocian monuments showed a higher vapour diffusion resistance and slower penetration of water if compared with no-colonized one [112]. This moisture-controlling function of lichens was confirmed in a study carried out on the microflora colonizing the stone of Angkor Wat and other Cambodian temples [30, 113]. The biodeterioration effects on minerals were demonstrated, nevertheless, the measurements of the capillary water uptake showed that lichens protect stone from rapid water uptake whereas cyanobacterial biofilm increases it. According to the authors “lichen patina regulated the humidity, thermal transmission and water vapor diffusion, reducing thermohygric stresses to the stone at Angkor Wat”. Concha-Lozano et al. [114], comparing samples from well preserved and deteriorated limestone monuments in Nîmes and from quarries, found that the thick network of endolithic hyphae can act as a barrier increasing waterproofing of the stone and slowing down the sulphate diffusion into the stone. These results are very promising, nevertheless a standardization of water absorption measurements in situ should be necessary as environmental humidity, and consequently water content of lichens, could entail noteworthy variation in the results. The knowledge of the species on which measures are carried out is another very important factor. According to Hoppert et al. [62] homogeneous carbonate rocks, due to the absence of fissures, that are preferentially colonized by euendolithic organisms which actively bore cavities and channels in the substrate whereas siliceous, crystalline or sedimentary rocks are preferentially colonized by chasmoendolithis and cryptoendolithis which build up a network with the porous rocks temporarily stabilizing the surfaces and reducing weathering.


      As regards endolithic lichens, colonizing most of the carbonatic rock surfaces, there is not a common statement about their protecting or deteriorating role. According to Carter and Viles [109] endolithic lichens are rarely likely to act bioprotectively. The exposition of lichen covered limestone to artificial rainfall demonstrated that Verrucaria nigrescens (epilithic), although causing certain deterioration, protects the stone surface from the action of water and other subaerial processes. V. baldensis (endolithic) creates a secondary porosity favouring the physic-chemical action of runoff and wind leading to surface lowering. The same species are considered bioprotectant during the lifespan of the lichen, but on long-term surface lowering of limestone previously colonized is likely to occur more rapidly than uncolonized surfaces [91]. Cucchi et al. [115] studied the effects of twenty endolithic lichens on limestone measuring in situ the rate of dissolution on colonized and uncolonized surfaces using a micro erosion meter (MEM) and a traversing erosion meter (TMEM). Preliminary results, after the first years of measurements, suggest a bioprotective action of endolithic lichens because no colonized surfaces show a greater rate of rock surface lowering.


      Finally biodeterioration and bioprotection are not mutually exclusive and can occur simultaneously in a species or community. The experiments were generally carried out on one or few species and it is noteworthy that a species may act positively in a certain environment but adversely in another. Verrucaria nigrescens may act protectively in a wet temperate environment but in a dry hot environment the biodeteriorative effect may continue amplifying temperature fluctuations of the substrate [109].


      From the examination of the literature on stone deterioration it is noticeable that the effect of a certain number of species on some lithotypes was deeply investigated showing differences and peculiarities in the decay induced by different species and even by the same species on different lithotypes. This is why it is often difficult to give an overall evaluation of lichen contribution to the deterioration of stone monuments showing abundant and manifold lichen colonization, as usually it is if environmental conditions are favourable to growth. An index of Lichen Potential Biodeteriogenic Activity (LPBA) was proposed to quantify lichen impact on stonework taking in account of cover, reproductive potency, depth of hyphal penetration, physical and chemical action, hyphal spread and bioprotection [116]. The application of the index to some case studies highlights its effectiveness for a more thorough evaluation of biodeterioration induced by lichens on different stoneworks with respect to cover only. Moreover, the authors suggest a statistical validation of the index carried out by an international research network, based on the examination of more case-studies on different lithotypes and various climatic regions.


      It is well known that lichen colonization on outdoors monuments depends on many different factors: the environment, the orientation, the type of substrate, and the availability of nitrogen compound. A correct identification of lichen species is a fundamental preliminary step of whatever study, moreover the ecological study of lichen communities growing on monuments permits to investigate the most important factors favoring their growth and spreading, therefore it is very useful to evaluate if preventive measures can direct methods to eliminate them.


      Moreover, it would be important monitoring the population or community dynamics on stone monuments, nevertheless few studies on this topic have been done. The dynamics of colonization of lithobiontic organisms were studied along a linear transect in a glacial recession area with known age of exposure: the first colonizers were fungi, followed by green algae and cyanobacteria and, finally, by endolithic lichens [62]; furthermore in all stages of biofilm development bacteria surrounded by extracellular polymeric substances (EPS) were present.


      Only some papers focused on recolonization after restoration. Calcareous statues and marble sculptures located in a garden environment respectively in North Italy and Portugal were monitored. Species richness and composition of lichen communities on a calcareous statue before restoration and after 8 and 12 years were compared [117]. The percentage of colonized areas and the total number of species were higher before restoration (c. 90%, 25 species) with respect to the second (c. 60%, 17 species) and the third surveys (c. 70%, 20 species). The comparison of lichen recolonization on statues of three Venetian villas showed that the use of hydrorepellent products failed to new lichen growth in the long term and, depending on the product used, first signs of biological colonization appeared after few weeks or months. In addition, a different hydrorepellent products application could give rise to unsightly streaking on stone surface due to preferential water paths and their subsequent biocolonization [118]. This pattern may be enhanced by the complex geometry of the statues. Nevertheless, the recolonization can be related to local environmental conditions in addition to the products and/or methodologies used during restoration [21, 119]. The development of a regular and long-term maintenance program together with the modification of environmental conditions, whenever possible, are the best choice for the preservation of stone monuments [22].

    


    
      CONCLUSION


      In spite of a lot of studies showing the deterioration of stone and minerals induced by fungi and lichens, many aspects concerning the mechanisms of biodeterioration achieved by MCF and endolithic lichens require further in-depth analyses. Important and promising results were obtained in the last years thanks to the progress in the cultivation of MCF and aposymbionts of endolithic lichens. A lot remains to be understood about the degree of diffusion among different species and the function of some peculiar characters, such as oil-hyphae and hyphal clews.


      The bioprotective effects of epilithic and endolithic lichens were sustained and demonstrated by some experimental studies. Nevertheless, usually it is impossible to establish if a species, and even more a lichen community, possess a biodeteriorative or bioprotective effect, as it is also influenced by stone and environmental characteristics.


      Likewise the population or community dynamics on stone monuments, before and after restoration, need more investigations and could give an important contribution to the conservation science in Cultural Heritage.
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