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Riassunto 
 
 

Le analisi di fluorescenza della clorofilla a (ChlaF), utilizzate proficuamente da 

molti decenni negli studi ecofisiologici delle piante superiori, sono state introdotte più 

recentemente anche per la valutazione dell’integrità dei fotosistemi degli organismi 

fotoautotrofi peciloidrici. Tra questi, il particolare interesse verso licheni e briofite è 

legato sia al loro utilizzo quali biomonitors degli inquinanti aerodiffusi, sia alla loro 

azione potenzialmente - in alcuni casi fortemente - biodeteriogena sui manufatti lapidei. 

Lo stile di vita di licheni e briofite - organismi che non sono in grado di bilanciare i 

flussi del proprio contenuto idrico da o verso l’ambiente - e le loro peculiari forme di 

crescita, rendono molto più complessa l’applicazione su di essi delle tecniche 

fluorimetriche rispetto a quanto in uso sulle piante vascolari. Inoltre, il continuo 

miglioramento delle tecnologie e delle strumentazioni obbligano ad un costante 

aggiornamento dei protocolli di indagine. 

Il presente progetto di dottorato è indirizzato al miglioramento delle metodologie di 

analisi di ChlaF, attraverso due principali filoni di ricerca: i) la valutazione 

dell’applicabilità delle tecniche fluorimetriche nel campo della conservazione dei beni 

culturali e la successiva implementazione di una innovativa metodica di controllo del 

degrado biologico che prevede l’esposizione degli organismi a shock termici; ii) la 

valutazione degli effetti di due inquinanti notoriamente fitotossici quali l’idrogeno 

solforato (H2S) e l’ozono (O3), su licheni fogliosi epifiti mediante esposizione in camere 

a condizioni controllate e in Open Top Chambers. 

Gli esperimenti, condotti sia in laboratorio sia direttamente sul campo, hanno visto 

l’impiego di due tra i più diffusi strumenti di misura di ChlaF: un fluorimetro di tipo 

PAM (Pulse Amplitude Modulation) basato sul principio di modulazione dell’impulso 

luminoso, e un PEA (Plant Efficiency Analyser) che usa una tecnica di eccitazione 

continua con luce a led. Alle misure di ChlaF sono state affiancate altre tecniche di 

analisi degli effetti dei trattamenti somministrati. 

Con riferimento ai due principali filoni di ricerca, si è dimostrato che i) l’analisi di 

ChlaF sui biodeteriogeni dei monumenti si rivela assai efficiente e molto più precisa 

rispetto ad altre tecniche quali le osservazioni in epifluorescenza o al microscopio 

confocale. I trattamenti termici a 60 °C, quando condotti su campioni idratati, portano 



 
 
Riassunto 
 

 
 

 
 
6 

alla morte di tutti gli organismi presi in esame (licheni, muschi ed epatiche). Inoltre, 

trattamenti termici a 40 °C sono sufficienti per ridurne significativamente la vitalità, 

aumentando in parallelo l’efficacia dei prodotti chimici correntemente impiegati nel 

campo del restauro. ii) L’H2S si è rivelato essere un gas fortemente tossico per i licheni: 

i maggiori danni interessano l’apparato fotosintetico ed in particolare il complesso di 

evoluzione dell’ossigeno, al quale l’H2S si legherebbe in maniera molto forte, 

sostituendosi all’acqua, fino a causare il distacco dello ione manganese. L’O3 invece 

non influenza in maniera significativa la vitalità dei talli, a fronte di una risposta 

negativa al protratto disseccamento, che è comunque specie-specifica. La notevole 

resistenza dei licheni all’O3 sembra essere legata alla disponibilità di efficaci 

meccanismi di detossificazione, necessari per fronteggiare lo stress ossidativo derivante 

dai naturali e quotidiani cicli di disidratazione-reidratazione a cui i licheni sono soggetti 

La fluorescenza clorofilliana si è rilevata un ottimo strumento di analisi, rapido, 

efficiente, poco costoso e perfettamente applicabile sia in laboratorio sia in situ; le 

tematiche affrontate aprono interessanti prospettive di sviluppo i) nel campo della 

conservazione dei materiali lapidei, con l’introduzione di una nuova e potenzialmente 

rivoluzionaria tecnica per l’eliminazione degli organismi biodeteriogeni dai substrati, e 

ii) nell’utilizzo dei licheni quali biomonitors, grazie alla dimostrazione della forte 

sensibilità di alcune specie licheniche all’H2S, e alla resistenza che tali organismi sembrano 

presentare nei confronti dell’O3. 
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Introduzione 
 
 

La prima segnalazione del fenomeno oggi noto come fluorescenza della clorofilla a 

(ChlaF, detto anche fluorescenza clorofilliana), risale al 1500, quando Nicola Monardes, 

medico e botanico spagnolo, osservò e annotò la particolare emissione di luce da parte 

di un estratto di Lignum nephriticum, diuretico tradizionale derivato dal legno di alcune 

specie arboree tropicali (Govindjee, 2004; Acuña, 2009). Successivamente, a metà del 

1600, Althanius Kircher descrisse l’aspetto bicromatico di questa luminescenza, ma è 

soltanto nel 1800 che la fluorescenza viene chiaramente identificata e descritta grazie 

alle ricerche di numerosi studiosi tra i quali Brewster (1834), Hershel (1845) e Stokes 

(1852). 

I fluorofori - tra i quali figurano anche le clorofille - quando vengono colpiti da un 

quanto di luce, si eccitano, cioè un loro elettrone di valenza viene promosso in un 

orbitale a energia maggiore. L’energia di uno stato elettronicamente eccitato può 

disperdersi in molti modi per permettere alla molecola di tornare al ground state: una 

delle possibili vie attraverso le quali ciò avviene è l’emissione di un quanto di luce con 

energia minore rispetto a quella che ha colpito la molecola. Si parla di fluorescenza 

quando la radiazione è emessa spontaneamente, immediatamente in seguito alla 

cessazione di quella eccitante. La fosforescenza invece può persistere molto più a lungo 

(anche per ore), sebbene nella maggior parte dei casi essa duri secondi o frazioni di 

secondi (Atkins, 1997). 

Lo spettro di emissione di un fluoroforo che emette una certa luce riflette il suo 

stesso stato energetico (Govindjee, 2004), la clorofilla, ad esempio, emette fluorescenza 

nell’infrarosso vicino, con lunghezza d’onda compresa tra i 630 e i 700 nm 

(Papageorgiu, 2004). Tuttavia la via di de-eccitazione attraverso l’emissione di luce è 

soltanto una delle strade percorribili per scaricare l’energia di eccitazione: quando 

presente all’interno dei fotosistemi la clorofilla può anche (i) dissipare l’energia sotto 

forma di calore e (ii) impiegarla nel processi fotosintetici utilizzando la via fotochimica. 

Tale fenomeno è permesso quando l’energia viene trasferita al centro di reazione dei 

fotosistemi e quindi alla catena di trasporto degli elettroni. 

Fluorescenza, fotosintesi, ed emissione di calore risultano dunque processi 

interdipendenti e di conseguenza, attraverso l’analisi di ChlaF, possiamo misurare il 
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grado di funzionalità dei fotosistemi, ottenendo, in maniera indiretta, una stima della 

vitalità degli organismi fotosinteticamente attivi (Baker & Oxborough, 2004). 

Per analizzare e quantificare l’emissione di fluorescenza ci si avvale dei cosiddetti 

fluorimetri, strumenti che attraverso l’esposizione dei campioni ad impulsi luminosi a 

lunghezze d’onda specifiche, sono in grado di filtrare e misurare la quantità di luce 

riemessa. Le tecnologia più comuni sono quelle sviluppate nei fluorimetri di tipo PAM 

(Pulse Amplitude Modulation) (Schreiber, 2004), basati sul principio di modulazione 

dell’impulso luminoso, e nei PEA (Plant Efficiency Analyser) (Strasser et al., 2004) che 

usano l’eccitazione continua con luce a led. Entrambi, pur concentrandosi su fasi 

differenti dei primi stadi del processo fotosintetico, sono in grado di misurare il più 

comune ed utilizzato parametro di ChlaF: lo “Yield massimo” noto più semplicemente 

come “Fv/Fm” che fornisce una stima della massima efficienza quantica con cui i centri 

di reazione del fotosistema secondo (PSII) catturano l’energia di attivazione (resa 

quantica ottimale; Genty et al., 1989). Fv/Fm viene misurato in campioni adattati al buio, 

i cui fotosistemi non sono attivi e nei quali la via fotochimica risulta bloccata. In tali 

condizioni, se un campione vegetale viene sottoposto ad un impulso di luce saturante - 

cioè  sufficientemente intenso da ridurre la catena di trasporto degli elettroni, esaurendo 

gli accettori del PSII - emetterà valori particolarmente elevati di florescenza, poiché non 

sarà in grado di convogliare l’energia attraverso la via fotochimica, ancora inattiva 

(Govindjee, 2004). 

Le misure di ChlaF sono utilizzate proficuamente da molti decenni negli studi 

ecofisiologici delle piante superiori perché relativamente semplice da eseguire, rapide, 

efficaci e poco invasive (Roháček & Barták, 1999; Maxwell & Johnson, 2000). Da 

qualche anno il loro uso è stato esteso anche nello studio degli organismi fotoautotrofi 

peciloidrici (si veda, per esempio, Schreiber and Bilger, 1993; Schlensog & Schroeter, 

2001; Tretiach et al., 2007a). 

Le ragioni principali del mio interesse per lo studio di questi organismi dipende sia 

dal loro largo impiego negli studi di biomonitoraggio degli inquinanti aerodiffusi, ai 

quali sono molto sensibili (Tayler, 1990; Nimis & Purvis, 2002; Frego, 2007), sia da 

fatto che essi possono esercitare un’azione biodeteriogena su manufatti lapidei, 

particolarmente grave nel caso questa interessi monumenti di valore storico-artistico 

(Caneva et al., 2005). 

Il presente progetto di dottorato mira al perfezionamento delle metodologie di 

analisi di ChlaF sugli organismi peciloidrici, il cui peculiare stile di vita - essi possono 

passare da uno stato di pieno turgore cellulare alla totale disidratazione senza subire 

danni permanenti (Honegger et al., 1996) - e le particolari forma di crescita, li rendono 
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fisiologicamente molto diversi dalla maggior parte delle piante vascolari e di 

conseguenza più difficili da analizzare sia in laboratorio sia in campo. L’ulteriore 

eccezionalità, in questo caso dei soli licheni, risiede nel loro essere organismi 

simbiontici; le misure di ChlaF permetteranno dunque di conoscere lo stato di efficienza 

della sola componente fotoautotrofa - il fotobionte, in genere un’alga verde o un 

cianobatterio - anche se è bene ricordare che il micobionte, cioè la componente fungina, 

dipende interamente dal fotobionte per la propria sussistenza energetica: se l’attività 

fotosintetica del fotobionte risulta danneggiata, a soffrirne sarà inevitabilmente anche il 

micobionte. 

Nel corso degli ultimi anni sono stati fatti molti progressi nell’applicazione delle 

analisi di ChlaF su licheni e briofite. Inoltre sia le metodiche di analisi sia gli strumenti 

di misura sono in costante miglioramento. Un esempio di avanzamento tecnologico si 

ha con la diffusione dei fluorimetri PEA, il cui incremento nelle prestazioni li rende 

ormai paragonabili ai più costosi PAM, almeno in termini di valutazione della resa 

quantica ottimale del PSII. 

Allo scopo di affinare le tecniche di analisi di ChlaF su muschi e licheni sono stati 

seguiti due principali filoni di indagine: (i) la valutazione dell’applicabilità delle misure 

di fluorescenza nel campo della conservazione e del restauro dei beni culturali e la 

successiva implementazione di una innovativa metodica di controllo del degrado 

biologico; (ii) la valutazione degli effetti di due inquinanti notoriamente fitotossici, 

mediante esposizione di licheni fogliosi epifiti in camere di fumigazione e in Open Top 

Chamber. 

Il nucleo centrale di questa tesi è basato su cinque articoli scientifici (tre dei quali 

già pubblicati e due sottomessi a revisione, tutti su riviste internazionali con Impact 

Factor) che affrontano i filoni di ricerca sopra esposti: in particolare i primi tre articoli 

si concentrano sull’applicazione delle analisi di ChlaF nel campo del restauro, mentre 

gli ultimi due valutano gli effetti sui licheni rispettivamente di idrogeno solforato (H2S) 

e ozono (O3). 

 

i. Controllo della crescita di licheni e briofite su substrati lapidei 

Il biodeterioramento è definito come “qualsiasi cambiamento indesiderato nella 

proprietà di un materiale causato dall’attività vitale degli organismi” (Hueck, 1968; 

Caneva et al., 2005). Per prevenire tale fenomeno, inibendo la crescita delle patine 

biologiche e devitalizzando quelle già eventualmente attecchite, esistono numerose 

metodologie chimiche, fisiche o meccaniche. Tra quelle più in utilizzate c’è l’uso di 

biocidi, sostanze usate come disinfettanti, disinfestanti, preservanti e antiparassitari che 
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possono contenere una vasta ed eterogenea gamma di principi attivi, la cui efficacia è 

generalmente organismo-specifica. I meccanismi dei biocidi posso essere assai diversi 

ed i più comuni vanno ad interessare l’integrità delle membrane biologiche e processi 

quali la fotosintesi o la respirazione cellulare. Tali prodotti possono dunque risultare 

pericolosi anche per gli operatori del restauro, i substrati e l’ambiente. 

 Numerosi sono gli organismi implicati nei processi di biodeterioramento: procarioti, 

funghi, alghe e cianobatteri ma anche piante superiori (Caneva et al., 2005). Tra i 

biodeteriogeni che più frequentemente si trovano sui monumenti in pietra, risultano 

molto dannosi i licheni ed in particolar modo quelli endolitici che vivono immersi nel 

substrato e che, per crescere, ne causano la parziale disgregazione (Tretiach et al., 

2008a): per il loro peculiare tipo di crescita, l’eliminazione totale dei talli di questi 

organismi, risulta particolarmente complessa e non può esimersi dall’utilizzo di 

trattamenti meccanici di rimozione. 

Anche le briofite, quali i muschi e le epatiche, in quanto colonizzatori dei materiali 

lapidei hanno un forte ruolo nei processi di biodegradativi (Caneva et al., 2005): le loro 

strutture rizoidali possono penetrare nei substrati fino a 5 mm di profondità (Huges, 

1982), contribuendo a favorire sia i processi fisici di degrado, sia l’attecchimento di altri 

organismi, promuovendo l’evoluzione delle successioni ecologiche (Warscheid & 

Braams, 2000). Sebbene più semplici da eliminare meccanicamente rispetto ai licheni, 

le operazioni di asportazione potrebbero non consentire la devitalizzazione completa 

delle loro strutture riproduttive e vegetative. 

Curiosamente, nel campo del restauro dei monumenti esposti all’aperto, le analisi di 

ChlaF sono state usate solo sporadicamente (p.es. Tomaselli et al., 2002; Tretiach et al. 

2008b), pur essendo molto concreta la necessità di valutare l’efficacia dei trattamenti di 

rimozione delle patine biologiche. Le metodologie finora utilizzate si sono limitate ad 

analisi visive e a saggi qualitativi o semi-quantitativi come le osservazioni in 

epifluorescenza che però spesso prevedono campionamenti di tipo distruttivo (Nugari et 

al. 1993; Monte & Nichi, 1997; Tretiach et al. 2007b). 

Nel primo articolo di questa tesi viene valutata l’applicabilità delle tecniche 

fluorimetriche su due licheni endolitici noti per la loro azione potenzialmente 

biodeteriogena (Acrocordia conoidea e Bagliettoa marmorea). Le analisi di ChlaF sui 

licheni endolitici sono una sfida particolarmente intrigante poiché gli strumenti 

attualmente in uso sono pensati principalmente per essere utilizzati sulle foglie delle 

piante superiori. I licheni endolitici invece crescono all’interno del substrato, dal quale a 

volte fuoriescono soltanto i loro corpi fruttiferi su una superficie spesso irregolare: le 

misure di fluorescenza possono di conseguenza risultare molto complesse. Il lavoro si 
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avvale del confronto con una delle tecniche più comuni utilizzate nella determinazione 

degli effetti dei trattamenti conservativi: le osservazioni al microscopio ad 

epifluorescenza. 

Nel secondo articolo viene proposta una tecnica di devitalizzazione alternativa e 

innovativa rispetto all’uso dei biocidi: l’esposizione di organismi idratati artificialmente 

- nel nostro caso licheni - a shock termici compresi tra  40 e 60°C, tali da non causare 

alcun danno al substrato. Sebbene gli organismi peciloidrici siano normalmente termo-

tolleranti quando disidratati, essi diventano termo-sensibili se idratati e dunque 

metabolicamente attivi (Kappen, 1973; MecFarlene & Kershaw 1978). L'efficacia dei 

trattamenti termici, usati da soli o in combinazione con biocidi commerciali per 

aumentarne ulteriormente l’effetto, è stata monitorata su sette specie di licheni con 

misure di ChlaF effettuate con un fluorimetro PAM, affiancate da osservazioni 

istochimiche al microscopio confocale. L’applicabilità dei trattamenti termici è stata 

testata sia in laboratorio, in condizioni controllate, sia in campo. 

Nel terzo articolo la stessa tecnica di devitalizzazione viene applicata a sei specie di 

briofite (cinque muschi e un’epatica). In questo caso è stato utilizzato un fluorimetro 

PEA e ciò ha permesso di valutare la possibilità di utilizzare anche questa tipologia di 

strumento nel campo del restauro. 

 

ii. Licheni e inquinanti aerodiffusi 

Negli ultimi decenni, numerosi studi hanno evidenziato la possibilità di usare i 

licheni quali biomonitors dell’inquinamento atmosferico. Molte specie sono infatti assai 

sensibili a SO2, NOx, metalli pesanti e molte altre sostanze inquinanti, e ciò ha permesso 

di utilizzare i licheni in centinaia di studi di biomonitoraggio (Bargagli e Nimis 2002), 

tanto che attualmente è in via di approvazione da parte del CEN (Comitato europeo di 

normazione) una norma specificamente finalizzata al loro utilizzo quali indicatori 

ambientali (Brunialti et al. 2012). 

Pur essendo questo campo applicativo molto popolare, esistono ancora numerosi 

aspetti dell’interazione licheni-inquinanti che necessitano di essere approfonditi, 

soprattutto dal punto di vista ecofisiologico. Gli ultimi due articoli della presente tesi 

sono dedicati quindi all’approfondimento degli effetti di due inquinanti notoriamente 

fitotossici - l’idrogeno solforato (H2S) e l’ozono (O3) - le cui informazioni degli effetti 

sui licheni erano ancora largamente incomplete. 

Nel quarto articolo viene preso in considerazione l’H2S (conociuto anche come acido 

solfidrico, solfuro di idrogeno o solfuro di diidrogeno), un gas incolore, assai 

maleodorante, che rappresenta uno dei principali composti dello zolfo allo stato ridotto 
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presenti nell’atmosfera (Lelieveld et al., 1997; Warneck, 2000). Esso è diffuso 

naturalmente nei pressi di vulcani attivi e sorgenti geotermiche (Möller, 1983; Lelieveld 

et al., 1997), nelle acque di palude, nelle zone di marea, e in generale, in ambienti 

fortemente eutrofizzati e anossici (Warneck, 2000). Anche alcune attività antropiche, 

quali le cokerie, gli impianti di produzione della ghisa, della carta, del cemento, la 

raffinazione del petrolio, lo sfruttamento dell’energia geotermica e molte altre, possono 

produrne grosse quantità (Dippell & Jaeschke, 1996; WHO, 2003, Arnórsson, 2004). 

L’azione tossica dell’H2S sulle piante superiori è nota da anni (p. es. Thompson & Kats 

1978; Maas et al. 1987a,b). Recentemente alcuni studi condotti in campo hanno messo 

in evidenza come anche i licheni siano sensibili a tale inquinante (Tretiach & Ganis, 

1999; Tretiach & Baruffo 2001), ma la compresenza di altre sostanze fito- e 

micotossiche ne rendono problematica l’interpretazione dei risultati. L’obiettivo di 

questo studio è di verificare in condizioni controllate di laboratorio gli effetti sulla 

simbiosi lichenica dell’H2S esponendo campioni di 5 specie di licheni fogliosi epifiti 

all’interno di camere di fumigazione con diverse concentrazioni di inquinante. 

Il quinto e ultimo articolo si concentra sull’O3 (forma allotropica triatomica 

dell’ossigeno), gas fortemente tossico che gioca un importante ruolo nel controllo della 

composizione chimica dell’aria (Logan, 1985; Wu et al. 2008) e le cui concentrazioni 

sono determinate da fenomeni di origine sia naturale sia antropica. L’O3 fa parte della 

famiglia degli inquinanti cosiddetti secondari, in quanto non esistono processi antropici 

in grado di rilasciarne direttamente grandi quantità nell’atmosfera, ma esso si forma 

naturalmente in presenza di altri inquinanti - in particolare NOX e VOC - e di 

determinate condizioni climatiche. Sebbene i suoi effetti tossici siano noti dalla fine del 

1800 l’attenzione su di esso è andata aumentando insieme all’interesse sullo smog 

fotochimico, anche detto di Los Angeles (Haagen-Smit, 1952), del quale esso è uno dei 

componenti principali e più dannosi. Lo smog fotochimico è noto per i suoi gravi effetti 

a livello di produzioni agricole (Middleton et al. 1950, Lorenzini & Nali, 2005), e ciò è 

dovuto anche agli effetti fitotossici dell’O3  che dunque è stato oggetto di indagine di 

molte decine di studi su piante vascolari. I dati disponibili per i licheni sono invece 

molto più scarsi e parzialmente contradditori (p.es. Scheidegger & Schroeter, 1995; 

Zambrano & Nash, 2000; Riddell et al. 2010; 2012). Ciò può essere dovuto all’estrema 

variabilità nelle metodiche di trattamenmto utilizzate negli esperimenti fino ad ora 

condotti, soprattutto per quanto riguarda tempi di esposizione, concentrazioni, e 

modalità di idratazione. Queste ultime, in particolare, giocano un ruolo cruciale negli 

organismi poeciloidrici e possono significativamente modificare le interazioni 

organismo-inquinante. Lo scopo del lavoro di è valutare gli effetti dell’O3 su tre specie 
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di licheni fogliosi epifiti a distinta ecologia mediante esposizione a concentrazioni 

ambientali di O3 di talli sottoposti a differenti regimi di idratazione e umidità relativa 

all’interno di camere di fumigazione aperte (Open Top Chamber). 

Quest’ultimo articolo fa parte di un progetto PRIN 2008, iniziato nei primi mesi del 

2010, che ha avuto come obiettivo l’indagine degli effetti dell’O3 sui licheni e per la 

prima volta, sui fotobionti isolati, mediante fumigazioni in condizioni controllate (oltre 

alle Open Top Chamber sono state usate camere di fumigazione chiuse). I risultati di 

tale progetto, ampiamente inediti, sono stati oggetto di approfondimento durante tutta la 

durata del corso di dottorato (vedi appendice). 
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Abstract 

The efficacy of three biocides (Benzalkonium chloride, Koretrel, and Rocima 110) 

on two endolithic lichens (Acrocordia conoidea and Bagliettoa marmorea) was 

monitored in the laboratory and in the field with portable pulse-amplitude-modulated 

(PAM) equipment. For comparison, epifluorescence microscope observations were 

carried out in the laboratory on cross-sections of treated and untreated thalli. The PAM 

equipment revealed excellent sensitivity for quantifying variations that could not be 

appreciated in epifluorescence. The two lichens showed a differential resistance to the 

biocides, probably related to the different photobionts and absorption of the active 

principle. The contribution of ChlaF techniques to the field of stone conservation is 

discussed. 

 

1. Introduction 

The identification of innovative tools for testing the effects of biocides in situ is an 

important goal in the field of stone conservation. Traditionally, the effects of biocides 

on the substratum are tested in terms of chromatic alteration, changes in water 

absorption capacity, permeability and surface tension (Nugari et al., 1993a,b; Young et 

al., 2005; Caneva et al., 1996; Nugari, 1999; Nugari and Salvadori, 2003), whereas the 

effects on the biological components are limited to qualitative or semi-quantitative 

assays on surface cover, change in colour, biomass reduction (Nugari and Salvadori, 

2008). In a small number of cases, epifluorescence observations have been used 

extensively to verify the effects of frequently-used biocides against photoautotrophic 

organisms, with the aim of identifying the best dose-effect ratio, the modality of 

application, and the time of recovery after treatments (Nugari et al., 1993a; Monte and 
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Nichi, 1997; Nimis and Salvadori, 1997; Bartolini et al., 2007). This approach is 

particularly problematic with endolithic organisms (cyanobacteria, green algae, lichens) 

that live embedded in the rock. These organisms are frequent colonizers of outdoor 

monuments made of carbonate rocks such as limestone, dolomite, and marble (Nimis et 

al., 1987; Seaward et al., 1989). Endoliths are aggressive biodeterioration agents (Pohl 

and Schneider, 2002) because they actively dissolve the carbonate crystals by means of 

highly sophisticated biochemical mechanisms (Tretiach et al., 2008a; Favero-Longo et 

al., 2009) The assessment of the effects of biocide treatments against these organisms is 

certainly problematic because laboratory evaluation involves the collection of stone 

samples that should be limited or avoided as much as possible (Salvadori and Urzì, 

2008). This study was specifically aimed at assessing the applicability of a non-invasive 

technique, the measurement of Chlorophyll a Fluorescence (ChlaF), for monitoring the 

effects of biocides on endolithic lichens. The use of ChlaF techniques in the field of 

conservation of cultural heritage has been sporadic (Wakefield and Jones, 1996; 

Tomaselli et al., 2003; Delgado Rodrigues et al., 2004; Häubner et al., 2006; Tretiach et 

al., 2008b), although they are a powerful research instrument widely used in every field 

of plant biology, from agronomy to ecophysiology (Schreiber and Bilger, 1993; 

Papageorgiou and Govindjee, 2004). 

 

2. Materials and methods 

2.1. The species 

Two calcicolous endolithic lichens with different ecology and photobiont were 

selected as target organisms. They are common inhabitants of natural limestone 

outcrops and sporadically occur on Italian stone artifacts (Nimis, 1993). 

Acrocordia conoidea (Fr.) Körb. (Fig. 1A, C, D) has epithalline, black perithecia as 

fruiting bodies, and a species of Trentepohlia C. P. F. Martius as photobiont. It occurs 

on calcareous rocks, mostly limestone, in shaded, nutrient-poor, rather humid situations, 

on steeply inclined or overhanging surfaces (Nimis, 1993). It has a wide distribution in 

temperate regions of the Northern Hemisphere, with its optimum in submediterranean 

areas. The presence of this species on Italian stone monuments is rather rare (Nimis et 

al., 1987), and its maintenance under laboratory conditions is particularly problematic 

(Tretiach and Pecchiari, 1995). Bagliettoa marmorea (Scop.) Gueidan et Cl. Roux [syn.: 

Verrucaria m. (Scop.) Arnold] (Fig. 1B, E, F) has endothalline perithecia and a 

trebouxioid alga as photobiont. It occurs on hard, compact calcareous rocks, mainly 

limestone, in rather, but not fully exposed, sub-horizontal, nutrient-poor surfaces 

(Verrucarietum marmoreae Roux). It has a European distribution centred in the 



 
Tretiach M., Bertuzzi S., Salvadori O., 2010. Chlorophyll a fluorescence as a practical tool for 
checking the effects of biocide treatments on endolithic lichens 
 

 
 

 
 

21 

southern part of the continent (Nimis, 1993), and its occurrence on Italian stone 

monuments is not uncommon (Nimis et al., 1987).  

Data on CO2 gas exchange, biomass, and growth in axenic cultures of both species 

are given by Tretiach (1995), Tretiach and Pecchiari (1995), and Favero-Longo et al. 

(2009). 

 

2.2. Collection, pre-treatment of samples, and treatment with biocides in the 

laboratory 

Collection of samples was carried out in an area of ca. 2 × 2 km, centred on the 

46VG abyss  (Classic Karst plateau, NE Italy). Healthy samples of both species were 

sampled together with the substratum with the aid of chisels and hammers. Wrapped 

individually in soft paper, the samples were immediately transported to the laboratory, 

and cut in pieces of 10.5 ± 2.6 cm2 (A. conoidea), and 6.7 ± 2.0 cm2 (B. marmorea) and 

up to 8 mm in thickness with the aid of a water-cooled circular saw. Perpendicular cuts 

Fig. 1. Habitus and polished cross-sections of Acrocordia conoidea (A, C, D) and Bagliettoa  
marmorea (B, E, F), stained with Periodic Acid Schiff (C, E) to show the hyphae penetrating into the 
substratum; arrows: photobiont colonies. Bar = 100 µm in (C, D), 80 µm in (D, F). 
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were carved on the lower surface of the largest samples to aid the detachment of small 

fragments of c. 0.8-1.2 cm2 each for epifluorescence observations (see below). All the 

samples were rinsed in running tap water, washed in distilled water, and left to dry out 

in the laboratory in darkness for one day. When dry, the samples were scanned with the 

lower surface laying on the window of an Epson Perfection 1260 scanner, and the 

surface measured converting the pixels of the images in area (cm2) with the program 

Paint Shop Pro XI (Corel Corporation, Canada). The samples were positioned in plastic 

boxes lined with absorbant paper soaked with distilled water, then kept in a growing 

cabinet at 20 °C, with a light/darkness regime of 12/12 h, and daily watered with a spray 

of distilled water. A. conoidea was exposed to 10 µmol photons m-2 s-1, and B. 

marmorea to 75 µmol photons m-2 s-1, corresponding to their respective light 

compensation value (see Tretiach, 1995). Photosynthetically active radiation (PhAR) 

flux in the 400e700 nm waveband was measured using a Micro-Quantum 2060-M 

Sensor (Walz, Effeltrich, Germany). Nearly natural spectrum light was provided by 

Osram HLX 250 W lamps. 

After two days under these conditions, 32 samples of A. conoidea and 26 samples of 

B. marmorea were treated with three biocides (A-C, Table 1) known for their good 

efficacy against lichens (Nugari and Salvadori, 2008; Tretiach et al., 2007a). The 

biocides were applied at the concentrations given in Table 1 with the aid of a soft brush. 

Each sample received an amount of active principle directly proportional to its area. A 

further 21 untreated samples of each species were kept as controls at the same 

experimental conditions. All the samples were watered daily with a spray of distilled 

water, and partially covered with a thin plastic film to avoid excessive dehydration. 

 

2.3. Biocide treatments in the field 

This part of the investigation was carried out at the same locality as sample 

collection. Koretrel was applied pure (both species), or diluted in water (1:10, 1:100, 

and 1:1000) (A. conoidea only) with the aid of a brush to lichen thalli previously 

moistened with a spray of distilled water. In the first field experiment, the whole surface 

of three lichens was treated, and 10 measuring spots were selected randomly over 

homogeneous areas. As controls, another three untreated thalli were selected on the 

same rock surface that hosted the treated ones. In the second field experiment, a strip of 

c. 1 × 5 cm was delimited on five thalli for each of the three treatments, using absorbant 

paper and tape in order to reduce contamination with the surrounding surfaces. Colour 

photographs at 1600 × 1200 pixel were taken with a Nikon Coolpix 4500, and the 
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perimeter of each strip was marked with a pencil. As controls, a further five untreated 

thallus surfaces were selected. 

 
Table 1. Biocides applied to Acrocordia conoidea and Bagliettoa marmorea in the experiments. 
 

       
 Biocide Supplier Active principle LD50 

(rat mg kg-1) 
pH Concentration 

(%, v/v) 
 

       

A Benzalkonium 
chloride 
 

Phase (C12-C18) Alkylbenzyldi-
methylammonium chloride 

450 7-8 1.5 

B Koretrel Tokai Concrete 
Industries Co. 

Alkylaminotriazine (0.98%), N’-
(3,4-dichlorophenyl)-N,Ndime-
thyl urea (0.98%), denaturated 
alkyltrihydroxybenzene 
polyoxide (0.48%) 
 

2000 5-7 0.1-100 

C Rocima 110 Phase Sn tributylnaphtenate, didecyl-
dimethylammonium chloride 
 

810 5-6 3.0 

 

2.4. ChlaF measurements 

The ChlaF measurements were carried out with a pulse amplitude-modulated 

fluorimeter Mini-PAM (Walz, Effeltrich, Germany) on dark-adapted thalli that had been 

watered with a spray of distilled water, lightly padded with humid paper, and covered 

for 20-30 min with a black velvet cloth (in the laboratory), or a black, 0.5 mm thick 

plastic film (in the field), fixed to the substratum with the aid of water-proof adhesive 

tapes. The measuring fibre optic, 100 cm long and of 5.5 mm active diameter, was 

positioned at 90° over the dark-adapted sample with the aid of a clip which had been 

covered with a black neoprene ring 1 mm thick, in order to increase the adhesion to the 

rather rough surface of the lichen samples. The ring was changed at the end of each 

cycle of measurements, with samples treated with different biocides or concentrations. 

The measuring non-actinic beam was modulated at a frequency of 0.6-20 kHz, with 

standard intensity of 0.15 µmol photons m-2 s-1; saturation light intensity was set at c. 

8000 µmol photons m-2 s-1 in order to close all the photosystems. The response signal 

was received by a photodiode protected by a long-pass filter (λ > 710 nm) to avoid 

fluorescence derived from molecules other than chlorophyll (e.g. from the substratum or 

organic molecules). 

In the laboratory experiment, ChlaF measurements were taken at increasing time 

intervals (from 0 to 16 days) in one to four measuring spot areas of each sample, 

selected after a first series of measurements which allowed to discharge those spots 

which were unusually low emitting. The remaining spots were marked on the 

corresponding digitized image for an easy identification. 
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In the field experiments, ChlaF measurements were taken from 0 to 6 h (first 

experiment), and from 0 to 64 days (second experiment) on the five central points of the 

1 × 1 cm squares of the selected strips. For easier identification of the measuring points, 

marked as the centre of each 1 × 1 square, a paper jig of c. 1 × 5 cm was stuck on the 

rock surface before darkening the lichens (see below). In a single case, 80 days after the 

treatment, ChlaF measurements were extended to a 14 × 20 cm surface around one of 

the strips treated with the 10% Koretrel solution, selected for the high homogeneity of 

the colonization of A. conoidea (Fig. 7A). A plastic grid with a 2 × 2 cm mesh was 

superimposed and affixed to the rock surface with water-proof adhesive tape, and 

darkened. A single ChlaF measurement was taken at the centre of every mesh. 

 

2.5. Epifluorescence observations 

Epifluorescence observations were carried out under a Leitz Orthoplan microscope 

on a selection of treated (n = 4) and untreated (n = 6) samples used in the laboratory 

experiment. Cross-sections of the samples were prepared with a water-cooled circular 

saw, their surface polished with P180 and P600 sand paper under running tap water, and 

carefully washed in distilled water. From three to six photographs were taken with a 

Leica DC300 digital camera for each sample. 

 

2.6. Statistics 

All calculations were performed with STATISTICA 6.0 (StatSoft Italia srl, 2001) 

and Microsoft Office Excel 2003 SP2 (Microsoft corporation, WA, U.S.A.). As 

suggested by Lazár and Nauš (1998) and Baruffo and Tretiach (2007), data are 

presented with nonparametric descriptors, and the variations of Fv/Fm between treated 

and untreated samples were statistically tested applying the nonparametric Mann-

Whitney U test. 

 

3. Results 

Probably as a result of sub-optimal maintenance conditions, the thalli kept in the 

laboratory as controls showed a slight, statistically-significant decrease in ChlaF at the 

eighth day; this was more pronounced in A. conoidea than in B. marmorea (Fig. 2D). 

Notwithstanding this constraint, the ChlaF measurements allowed the detection of 

significant differences in the sensitivity of the two lichens to the biocides. A. conoidea 

was significantly more resistant than B. marmorea to biocide A (Fig. 2A), as Fv/Fm in 

the former species was still ca. 50% of the control after 16 days, whereas in the latter 

species, it was reduced to 11% of the control after one day. In both species, Fv/Fm was 
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reduced to zero after a single day 

with biocide B (Fig. 2B), and was 

progressively lowered to almost 

zero with biocide C; in this case, 

B. marmorea was slightly more 

resistant than A. conoidea (Fig. 

2C). 

In comparison to ChlaF 

measurements, the semi-

quantitative epifluorescence 

observations (Figs. 3 and 4) were 

considerably less informative. 

They revealed an apparent 

increase in red light emission in 

the first two days after all the 

three biocide treatments. This 

phenomenon was particularly 

evident in the case of biocides A 

and B applied to A. conoidea, but 

it was not supported by the 

corresponding ChlaF 

measurements (Fig. 2). The 

epifluorescence progressively 

decreased in the following days: 

after 8 days the algal cells 

appeared as white dots in B. 

marmorea (biocides A,B), but 

were still emitting a strong 

(biocide A) or weak (biocides 

B,C) red fluorescence in A. 

conoidea, in good accordance 

with the measured Fv/Fm values 

(Fig. 2A-C). 

As the maintenance conditions had evidently slightly affected the response of our 

lichens (Fig. 2D), the behaviour of the two species was also tested in the field, although 

this part of the research was limited to the biocide demonstrated to be the most effective.  

Fig. 2. Fv/Fm measured in the laboratory in thalli of 
Acrocordia conoidea (white bars), and Bagliettoa 
marmorea (grey bars) before and after the treatment 
with Benzalkoniumchloride (A), Koretrel (B), and 
Rocima 110 (C), and in untreated thalli (D, control); 
boxplots show median and interquartile range, whiskers 
the range between 10th and 90th percentiles; the same 
letters indicate no statistically-significant difference 
within species at p = 0.05 by ManneWhitney U test 
(lowercase letters: comparison between two successive 
times; uppercase letters: comparison between treated and 
control samples); n = 32 (A. conoidea), 26 (B. 
marmorea) (A-C), and n = 21 (D, both species). 
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Biocide B, when applied pure, caused the zeroing of Fv/Fm in both species after 3 h (Fig. 

5A). If diluted in water, it was obviously less effective (Fig. 6), with a decrease of Fv/Fm 

from 19% (0.1% solution, Fig. 5C) to 63% (10% solution, Fig. 6A) after one day. The 

thalli of A. conoidea were able to recover almost completely their original Fv/Fm value 

32 days after the treatments with the 0.1 and 1% solutions (Fig. 6B, C). The recovery 

Fig. 3. Polished transverse sections of Acrocordia conoidea observed under fluorescent light at 
increasing time intervals from the beginning of the experiment. Samples treated with the biocide 
Benzalkonium chloride (column A), Koretrel (column B), and Rocima 110 (column C); control, 
column D. 
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was incomplete only in thalli treated with the 10% solution, although a general positive 

trend was also observed in this case (Fig. 6A). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

By extending the Fv/Fm measurements around one of the 1 × 5 cm strips treated with 

the 10% Koretrel solution, it was possible to give a first estimation of the biocide 

diffusion on the rock surface (Fig. 7A). Eighty days after the treatment, Fv/Fm values 

Fig. 4. As in Fig. 2, Bagliettoa marmorea. Algal chlorophylls, red in untreated material, progressively 
turn white; arrows: dead photobiont cells. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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ranged between 0.223 and 0.683 in 

a space of less than 5.6 cm (Fig. 

7B). The lowest values were 

always recorded immediately near 

the treated strip and particularly 

below it. Small microtopographic 

discontinuities, differential thallus 

development within the rock, and 

the effects of the water run off on 

the subvertical rock surface may 

help explain the observed pattern. 

 

4. Discussion 

The occurrence of endolithic 

organisms in carbonate rocks of 

outdoor artifacts is often 

underestimated because the effects 

of the colonization is confused 

with alterations of abiotic origin, 

for instance the deposition of 

atmospheric particulate matter. In 

both cases, in fact, the surfaces 

change their original colour, 

assuming hues from pure white to 

grey to black, and often only a 

careful examination of polished 

sections may reveal the ongoing 

endolithic growth (Pinna and 

Salvadori, 2008). It is not surprising, therefore, that the assessment of the efficacy of 

biocide treatments on this functional group of organisms has been dealt with only 

incidentally (Tretiach et al., 2007a). Generally, it has been based on observations of (i) 

cross-sections of small chips by epifluorescence microscopy, and (ii) surface colour 

changes. Both methods are rather problematic. The former one, largely applied in the 

field of stone restoration to monitor epilithic photoautotrophic organisms (Nugari et al., 

1993a; Monte and Nichi, 1997; Nimis and Salvadori, 1997; Bartolini et al., 1999, 2007),  

Fig. 5. Fv/Fm measured in the field in thalli of 
Acrocordia conoidea (white bars), and Bagliettoa 
marmorea (grey bars) before and after the treatment 
with pure Koretrel (A), and in the control (B); symbols 
as in Fig. 1; n = 30. 
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requires e if applied to endolithic 

organisms e a destructive approach, 

with the removal of a relatively 

thick layer of substratum (ca. 3-7 

mm), which is inadvisable because 

of the deleterious impact on the 

artifact under study (e.g. statues, 

engraved surfaces, etc.). The 

surface colour changes, which are 

related to chemico-physical 

changes of the outer layers of the 

colonized rock (Nimis and Zappa, 

1988; Tretiach et al., 2007a), are 

usually difficult to assess, are often 

merely qualitative, and occur over 

relatively long times, ranging from 

months to years (Caneva et al., 

1996). 

The application of the ChlaF 

technique can solve most of these 

problems because ChlaF is, de facto, 

a signal of the functionality of the 

photosynthetic process. At the 

beginning, the authors were 

sceptical about the feasibility of its 

application to endolithic lichens. 

These organisms have a relatively 

high chlorophyll content, from 97 ± 

9 mg Chla m_2 in A. conoidea to 

138 ± 18 mg Chla m-2 in B. 

marmorea, comparable to the 

content of some foliose 

macrolichens and plants growing in 

the same habitat (Tretiach and 

Pecchiari, 1995).  However, the algae lie at a depth of 120-180  (-250) µm from the 

outer surface, and are covered by the so-called lithocortex: a tight web of hyphae, 

Fig. 6. Fv/Fm measured in the field in thalli of Acrocordia 
conoidea before and after the treatment with Koretrel at 
increasing water dilutions (v/v, 10%, A; 1%, B; 0.1%, C), 
and in the control (D); symbols as in Fig. 1; n = 20. 



 
Tretiach M., Bertuzzi S., Salvadori O., 2010. Chlorophyll a fluorescence as a practical tool for 
checking the effects of biocide treatments on endolithic lichens 
 

 
 

 
 
30 

extracellular matrices of different nature 

(heavily pigmented in the vivid pink 

thalli of B. marmorea), and calcite 

crystals (Pinna et al.,1998). 

Notwithstanding this fact, by properly 

modifying the measuring parameters and 

the clip that hosts the optical fibre (see 

above), it has been possible to obtain 

highly reliable measurements, which 

analytically describe the effects of the 

biocides on the phototrophic symbionts 

over relatively short times, from hours to 

days to months (Figs. 5A and 6A-C). 

These results are consistent with the 

known mechanisms of the three biocides. 

Koretrel, the most effective one, 

contains two active principles that 

specifically interfere with the 

photosynthetic process: the electron 

transport chain is blocked at the level of 

plastoquinones (Metz et al., 1986), with 

inhibition of photosynthesis. 

This causes damage to the 

photosynthetic apparatus and the algae 

die very quickly (Figs. 2B and 5A). 

Rocima 110 is a mixture of 

didecyldimethylammonium chloride and 

Fig. 7. Subvertical limestone surface completely 
colonized by thalli of Acrocordia conoidea, with 
a 2 × 2 cm superimposed plastic grid (A), and 
corresponding Fv/Fm values (B) measured in the 
field at the centre of the meshes 80 days after 
the application of the 10% (v/v) water solution 
of Koretrel to the rectangular surface at the 
centre of Fig. A. The black dots of Fig. A are the 
fruiting bodies (perithecia) of the lichen. 
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Sn tributylnaphtenate: the former molecule interferes with biological membranes by 

changing their structure and permeability, whereas the second one impedes protein 

function (Caneva et al., 1996). This biocide, having a less specific mechanism, was 

actually less effective than Koretrel. However, it induced a similar pattern of ChlaF 

emission in both species (Fig. 2C). Benzalkonium chloride, on the contrary, showed 

different effects (in terms of ChlaF emission) in the two species, with A. conoidea 

apparently more resistant than B. marmorea (Fig. 2A). This different susceptibility of 

the two species to benzalkonium chloride might be related to some unknown 

physiological differences between the two photobionts, which belong to two 

phylogenetically distant groups. However, it is possible that other factors were also 

involved. One possible explanation is the different absorbing capacity of the lithocortex. 

The two species studied differ in their method of water absorption, although their 

maximum and optimal hydration does not significantly differ if expressed as mg H2O 

cm-2 (Tretiach, 1995). When at equilibrium with high ambient air humidity, the thalli of 

A. conoidea (which often occurs on vertical surfaces) are highly hydro-repellent, and 

condensation water or raindrops are not absorbed. Instead, individual droplets enlarge 

until they run off, thus avoiding the formation of a continuous water film on the thallus 

surface which would cause the drastic reduction in CO2 gas exchange (Tretiach, 1995). 

In B. marmorea, on the contrary, the thallus surface is only moderately hydro-repellent, 

and water is readily absorbed by the thallus. The relatively high resistance to 

benzalkonium chloride of lichens with Trentepohlia as photobiont [e.g. Dirina 

massiliensis f. sorediata (Müll. Arg.) Tehler] has already been observed in a previous 

study, and has tentatively been referred to the relatively high hydro-repellence of the 

thallus surface (Tretiach et al., 2008b). 

The high efficiency of biocide B against a large number of neutroand basophilic 

lichens has been documented elsewhere (Tretiach et al., 2007a). In this context, it is 

important to stress the very fast action of this biocide when applied pure under 

laboratory conditions as well as in the field (Figs. 2B and 5A, respectively). If diluted in 

water, biocide B lost part of its efficacy because the thalli of A. conoidea were able to 

recover, albeit over a relatively long period (Fig. 6B,C). The fluctuations observed in 

this process, as suggested by the lowering of Fv/Fm between the fourth and the eighth 

day in all the treated samples of Fig. 6, were most probably due to the adverse climatic 

conditions: in that period, air humidity was particularly low, dew events absent or 

negligible, and direct sunlight relatively high due to the absence of clouds. This 

combination of factors, which only slightly lowered the Fv/Fm value of untreated thalli 

(Fig. 6D), evidently reduced the time in which the photobionts of A. conoidea could be 
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metabolically active: their repair mechanisms could not work, whereas the active 

principles of the biocide (still present in the cells, although at lower concentration due to 

the diffusion process towards the nearby thalli, see Fig. 7B) could make the damage to 

the photosynthetic apparatus more intense. 

This last remark concerns the factors which may deeply influence the ChlaF levels 

and derived parameters. Exposure to selected pollutants (Deltoro et al., 1999; Calatayud 

et al., 2000; Tretiach et al., 2007b), growth of lichenicolous fungi (Jensen, 1994) and, 

above all, photoinhibitory phenomena (Leisner et al., 1996; Barták et al., 2003) 

generally induce significant changes in lichen ChlaF, and must be accounted for in any 

discussion (Jensen, 2002). An example is offered by Fig. 5B, which shows that Fv/Fm 

measured in situ in the same untreated thalli of B. marmorea was not constant over time, 

but decreased slightly during the field work. This was due to direct sunlight, which 

progressively increased from c. 200 µmol photons m-2 s-1 at 7.00 a.m. to c. 1300 µmol 

photons m-2 s-1 at 1.00 p.m. and caused a temporary photoinhibition of the B. marmorea 

thalli from which they did not fully recover after the 30-min-dark period. The more 

schiophilous A. conoidea, which typically occurs in micro-habitats where light is not 

only considerably lower but also diffuse and constant over time, did not suffer the same 

reduction in Fv/Fm (Fig. 5A). Lichens are well known for their capacity for full 

reactivation from a prolonged, severe dehydration within a relatively short time, from 

minutes to some hours (Gasulla, 2009). This is true also for endolithic lichens (Tretiach, 

1995), but it not necessarily occurs in all endolithic organisms. In a preliminary series 

of measurements on tombstones colonized by black fungi, green algae and 

cyanobacteria in the cemetery of Venice, we repeatedly observed that colonies of 

endolithic cyanobacteria may need more than 24 h to become fully active after watering. 

This is probably due to the thick gelatinous sheath surrounding the cyanobacteria, which 

modifies the kinetics of water absorption, and to differences in the protective 

mechanisms of their photosystems. 

In our opinion, the use of portable pulse-amplitude-modulated (PAM) chlorophyll 

fluorimeters will certainly increase in the field of stone biodeterioration by 

photoautotrophs, endoliths included. Their main drawback is their relatively high cost, 

which is offset, on one hand, by their very low maintenance and operating costs and, on 

the other, by the excellent performance they can guarantee. PAM chlorophyll 

fluorimeters are relatively user-friendly, highly sensitive, and can generate a high 

number of quantitative data in a relatively short time. A further interesting point is that 

an increased use of PAM fluorimeters may lead to the optimisation of protocols of 

biocide treatments, because ChlaF measurements allow the description of the response 
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time, the dose/effect ratio and the species-specific behaviour to biocide application in a 

quantitative way (as also shown in this contribution). 

In recent years, with the advance of highly sensitive CCD cameras and extremely 

strong light-emitting diodes (LED), 2-dimensional imaging of ChlaF emission has 

become a new, important tool in this field of study (Lichtenthaler and Miehé, 1997). 

The new technology offers the great advantage that it gives an overall picture of ChlaF 

activity over a large surface (approx. 10 × 10 cm, or more) of the organism, when not in 

toto. Also in this case, a large amount of data concerning the spatiotemporal variation of 

the photosynthetic process can be acquired within a short time. Two-dimensional 

imaging of ChlaF emission will become particularly important for the study of those 

photoautotrophic organisms that show a noteworthy heterogeneity in the distribution of 

photosynthetically active portions, such as lichens (Barták et al., 2004; Baruffo et al., 

2008; Gasulla, 2009). 

 

5. Conclusions 

Although liable to further improvement, the ChlaF measurements applied to 

endolithic photoautotrophs are very helpful in the field of stone conservation for three 

main reasons: (a) they allow to sampling is avoided; (c) it is possible to optimise the 

protocols for biocide treatments, particularly the response time and the dose/effect ratio. 
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Abstract 

The control of lichen growth, 

particularly important in the field of 

stone conservation of outdoor 

monuments, largely depends on the use 

of biocides, that may be dangerous for 

the users, the environment and the 

substratum. A new, alternative approach 

is proposed, which makes the most of a poorly known peculiarity of poikilohydrous 

organisms: they are thermo-tolerant (up to 65−70 °C) when dry, but thermo-sensitive 

when wet. The efficacy of thermal treatments (range: 20−55 °C), in parallel to the 

application of three biocides, was verified in the laboratory with six epi- and endolithic 

lichens. Chlorophyll a fluorescence emission was checked in treated and nontreated 

samples of all the species, whereas histochemical observations with a dead cell stain 

were carried out on one of them. The feasibility of the thermal treatments in the field 

was verified with a seventh species. The results confirm that a 6 h treatment at 55 °C is 

sufficient to kill the lichens if they are kept fully hydrated. At 40 °C the organisms are 

damaged: in this case biocides at concentrations 10× lower than in normal applications 

can profitably be used. The new protocol is simple, the field equipment cheap, and the 

negative effects associated with standard biocide treatments are absent. 

 

1. Introduction 

The surfaces of outdoor buildings are frequently colonized by photosynthetic 

organisms belonging to taxonomically unrelated groups, from cyanobacteria, to algae, 
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bryophytes and lichens.1 Over time they form complex communities, that provide the 

organic matter for heterotrophic organisms, such as heterotrophic bacteria, protozoa, 

molluscs, and arthropods.2 The production of extracellular polymeric substances, that 

facilitates the adhesion to the surfaces and the retention of nutrients and water for cell 

growth, determines the formation of more or less continuous biofilms. Thanks to both 

physical and chemical phenomena, biofilms substantially increase the progressive decay 

of the substratum (“biodeterioration”),3 determine the unaesthetic change in color of the 

surfaces, and favor the trapping of particulate materials, making the surfaces more 

difficult to clean.4 Hence colonization of stone surfaces by photoautotrophs is generally 

considered as negative, and it is opposed with a wide spectrum of actions, from 

modification of water, light and nutrient supply, to that of the chemical-physical 

properties of the substratum, for example, by using consolidants and water repellents.5 

However, the first aid for all the interventions remains the application of biocides,6 that 

are chemicals with an active, in general toxic, effect on living organisms.4,7 The 

biocides act at different cell levels, being harmful to cell membranes, enzymes, the 

photosynthetic apparatus, etc., containing one or more oxidizing agents, surfactants and 

protein denaturants.4 According to the directive 98/8/EC, their use must follow specific 

standards to ensure a high level of protection to users, the public in general, and the 

environment.8 In the field of stone conservation, groups of specialists have developed 

standard protocols for the identification of, for example, the best dose-effect ratio, the 

modality of application, and the time of recovery after treatments. Notwithstanding 

these efforts, however, the use of biocides mostly follows an empirical approach,9 and 

there are large margins for improvement and amelioration. Recently, the European 

project Biofilm Inhibitors of Damage on Materials proposed to pair biocides with other 

chemical substances, from permeabilizing agents, to pigment and exopolymer inhibitors, 

and to photodynamic agents, that increase the vulnerability of microorganisms, thus 

reducing the amount of biocide required.7,10,11 However, further routes and alternative 

methods must be tested until new products are developed, their effectiveness tested, and 

limitations proved.5 

This study was specifically aimed at verifying the applicability of a new approach 

that is simple, easy, and totally substratum-, operator-, and environment-compatible, 

that is, the use of heat shock treatments on wet, metabolically active lithobionts. As 

target organisms, we selected epi- and endolithic lichens, because they are among the 

most important biodeterioration agents of stone surfaces, thanks to the release of 

organic and inorganic chelating substances and to the physical interaction with the 

substratum.12 
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The original idea of this research derived from an accident occurred during a field 

sampling of an epiphytic lichen. An inexperienced operator erroneously kept some 

artificially hydrated thalli in closed Petri dishes during the central hours of an 

exceptionally warm summer day, causing their death. The empirical observation that it 

was so easy to kill a lichen normally considered as thermo-tolerant struck us, because in 

previous years we had experienced the high resistance of lichens to the action of some 

of the biocides used in the field of stone conservation.13,14 The thermal susceptibility of 

hydrated lichens is fully supported by literature data, because the phenomenon is well-

known to ecophysiologists,15−18 and it is not restricted to lichens, being also known in 

bryophytes,19 aeroterrestrial diatoms,20 etc. In several authoritative textbooks it is often 

treated as a sort of biological oddity, but nobody ─ to the bestof our knowledge ─ has 

ever considered the potential practical implications in the field of stone conservation. At 

this point, we drew to the conclusion that a whole set of newly designed experiments 

was needed to prove whether heat shock treatments are actually more efficient than 

biocides to devitalize the lichens, and the results form the core of this contribution. In 

order to check the treatment effects, the maximum quantum efficiency of Photosystem 

II (PSII) photochemistry, that is, Fv/Fm, was measured, because this temperature-

independent parameter of chlorophyll a fluorescence (ChlaF) emission is an ideal tool 

for checking the vitality of photosynthetic organisms, lichens included.21 Histochemical 

observations with a dead cell stain were also carried out, in order to describe the 

treatment effects on both components of the lichen symbiosis, the eterotrophic 

mycobiont and the autotrophic photobiont. 

 

2. Experimental section 

2.1. Collection and Pretreatment of Samples.  

Well developed thalli of six epi- and endolithic lichens with different ecology and 

photobionts were sampled with the substratum from rock outcrops in the Classic Karst 

plateau (NE Italy) (for details, see Supporting Information (SI) S1). One further species, 

Verrucaria nigrescens, that was used in a series of preliminary experiments, was 

collected from broken limestone slabs in an abandoned limestone quarry in the same 

area. The pieces of rock were wrapped in soft paper, and immediately transported to the 

laboratory where they were further reduced in size when necessary. Thalli less than 2 

cm in diameter were rejected. The remaining thalli were numbered and scanned with an 

Epson Perfection 1260 scanner. The color images of single thalli were analyzed with the 

program Jasc Paint Shop Pro version 7.00 (Jasc Software Inc.): they were converted into 
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black-and-white, checked manually, and pixels were converted into area units (cm2). 

The samples were then positioned on aluminum trays lined with absorbant paper soaked 

with distilled water, covered with food low-density polyethylene (LDPE) wrap, and 

then put in a growing chamber at 20 °C, with a light/darkness regime of 14/10 h, and 

10−20 µmol photons m−2 s−1. Light was provided by neon lamps (Sylvania Grolux 

T8F36W/GROG13F36W), and was checked with a Micro-Quantum 2060-M Sensor 

(Walz, Effeltrich, Germany). The samples were daily watered with a spray of distilled 

water. 

Within one week from sampling, a combination of treatments with biocides at 

different concentrations and/or heat shock treatments were applied, and pre- and post-

treatment ChlaF emission was measured under standard conditions, both in the 

laboratory (six species), and in the field (one species). After the treatments, the samples 

were kept in the growing chamber at the same maintenance conditions as described 

before. During the experiments thallus temperature was recorded with a contact 

thermometer MK5310 (Mitek, Reggio Calabria, Italy). 

 

2.2. Biocide Treatments 

Subsets of moistened thalli were treated with one of the three biocides listed in Table 1, 

which were selected for their good efficacy against photoautotrophs.22 The biocides 

were applied with a soft brush. Each thallus received an amount of active principle 

directly proportional to its area.14 Further untreated thalli were kept as controls at the 

same experimental conditions of treated samples. 

 
Table 1. Description of the biocides applied to the lichens. 
 

    

commercial 
name 

active principle LD50 
(rat mg kg-1) 

applied 
concentration 

(%, v/v) 
 

    

Biotin R 
 

n-octyl-isothiazolinone (OIT), 3-iodoprop- 
2-ynyl N-butylcarbamate (IPBC) 
 

248 (OIT) 300−500 
(IPBC) 

1.5 

Biotin T n-octyl-isothiazolinone (OIT), 
didecyldimethyl ammonium chloride 
 

300 (didecyl-dimethyl 
ammonium chloride) 

0.1-100 

New Des 50 didecyl-dimethyl ammonium chloride 
 

268 3.0 

 

2.3. Laboratory Heat Shock Treatments 

Biocide-treated and untreated samples were exposed to heat shock treatments in the 

laboratory, by introducing the material into a growth chamber at 20 ± 2, 40 ± 2, 55 ± 

2 °C for 6, 12, or 24 h in fully moistened conditions. In order to avoid dehydration, the 
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samples were placed into aluminum trays covered with food LDPE wrap. Further 

untreated, dry samples were the controls. Following heat exposure, the lichens were 

returned to the original growth chamber at c. 20 °C for acclimation after which they 

were processed for the standard ChlaF measurements. 

 

2.4. Field Heat Shock Treatments 

Healthy thalli of Protoparmeliopsis muralis occurring on some large stones were 

fully rehydrated, and some of them treated as specified above with one of the three 

biocides. The stones were then wrapped with black or transparent nylon foils, and left 

under the sun from 6 am to 6 pm in a hot summer day (2011, August 25) with clear sky 

on the flat, unshaded roof of the department building. Other colonized stones were not 

covered, and the thalli, rehydrated and eventually biocide-treated like the others, were 

left to dry out naturally. Post-treatment measurements were taken 12 h after the 

treatment, 16 days after, with samples kept under natural conditions, and two further 

days after, with stones moved to the growing chamber, and thalli kept moistened at 

20 °C. 

 

2.5. ChlaF Measurements 

In all the experiments, ChlaF measurements were carried out at increasing time 

intervals, from 0 to 18 days, in 1-4 measuring spots on each thallus. The measuring 

spots were selected after a first series of measurements which allowed to discard 

unusually low emitting spots or thalli (Fv/Fm < 0.600). The remaining spots were 

marked on the corresponding digitized images or on sketches drawn on clear 

overheadfilms superimposed to the colonized rock surfaces. 

Measurements were taken with a pulse-amplitude-modulated fluorimeter Mini-PAM 

(Walz, Effeltrich, Germany) on thalli that had been watered with a spray of distilled 

water, lightly padded with humid paper, and dark-adapted by covering them for 30 min 

with a black, 0.5 mm thick nylon film. The measuring fiber optic (length: 100 cm; 

active diameter: 5.5 mm) was positioned at 90° over the sample with the aid of a clip 

covered with a black neoprene ring 1 mm thick. Technical details on instrumental 

settings are available elsewhere.14 For basic information on ChlaF measurements 

applied to the field of stone conservation, see Tretiach et al. (2008).21 

 

2.6. Histochemical Observations 

Histochemical observations were carried out on treated and untreated samples of V. 

nigrescens after 0-16 days. The samples treated with the biocides were rinsed with 
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distilled water to remove the excess of biocide that might interfere with image 

acquisition. Transverse sections were hand cut in the central part of the thalli under a 

stereomicroscope. The sections were put on a microscope glass slide and dark incubated 

for 15 min with 50 µL of 5 µM Sytox Green dead cell stain S-7020 water solution 

(Molecular Probes, Eugene, OR) in a closed Petri dish lined with absorbant paper 

soaked with distilled water. Each glass slide was immediately observed with a confocal 

laser scanning microscope (C1-si, Nikon, Tokyo, Japan) equipped with an argon ion 

laser exiting at 488 nm. Signal from the excited dye was acquired through a 515/30 nm 

band-pass filter, while emission of chlorophyll autofluorescence was acquired through a 

650 nm long pass filter. The intensity of the laser was set at 44%. Acquisitions were 

elaborated with the Nikon EZ-C1 FreeViewer software (Nikon, Tokyo, Japan) and with 

the freeware suite ImageJ (National Institute for Health, Bethesda, MD). Sytox Green is 

used to discriminate between living and dead cells, because this stain cannot penetrate 

the membranes of living cells. When membranes are damaged, the stain enters the dying 

cells and binds the nucleic acids becoming fluorescent, with a maximum emission at 

523 nm. 

 

2.7. Statistics 

All calculations were performed with STATISTICA 6.0 (StatSoft Italia srl, Padova, 

Italy) and Microsoft Office Excel 2003 SP2 (Microsoft corporation, Redmond, WA). 

Data are presented with nonparametric descriptors,23 and the Fv/Fm variations of treated 

vs untreated samples were tested with the nonparametric Mann-Whitney U test. 

 

3. Results 

A series of preliminary experiments were carried out with Verrucaria nigrescens, a 

subcosmopolitan epilithic lichen with a very wide ecological tolerance, found both in 

natural and urban habitats, and particularly common on exposed monumental surfaces 

in the Mediterranean region. The effects of thermal treatments on the ChlaF emission of 

biocide-untreated samples is given in Figure 1. At 20 °C both dry and wet thalli showed 

a slight increase in Fv/Fm probably due to the favorable maintenance conditions, that 

allowed the recovery from a slight photoinhibition, typical of lichens growing in 

exposed, dry habitats (Figure 1e,f). Dry thalli exposed to 40 °C (Figure 1c) and 55 °C 

(Figure 1a) suffered a deep decrease of the photosynthetic efficiency after the heat 

shock treatments, but recovery was relatively fast, being complete 8 days after at 40 °C, 

and partial at 55 °C. In thalli kept moistened during the heat shock treatments, ChlaF 

emission was more drastically reduced: one day after, Fv/Fm was feeble at 40 °C (Figure 
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1d), and zeroed at 55 °C (Figure 1b), and 

recovery was only partial; once more, it 

was more pronounced at 40 °C (20% of 

the pretreatment value) than at 55 °C    

(< 10%, limited to some samples only). 

At 20 °C the three biocides caused a 

diversified response in the ChlaF 

emission of V. nigrescens (Figure 2, 

white box plots), in good accordance to 

their different active principles, and their 

concentration, with 3-iodoprop-2-ynyl 

N-butylcarbamate less effective than 

didecyl-dimethyl ammonium chloride, 

since the former is an antibiotic, the 

latter acts against the membranes, the 

photosynthetic ones included (Table 1). 

Biotin R reduced Fv/Fm to c. 50% of the 

pretreatment value, but already 8 days 

after the photobiont could fully recover 

the normal PSII photochemistry 

efficiency. With Biotin T the reduction 

of Fv/Fm was more pronounced, and 

recovery incomplete, because 16 days 

after it was only c. 60% of the 

pretreatment value. With New Des 50 

the ChlaF emission was drastically 

reduced after one day, fully zeroed at the 

fourth day, and only some samples could 

re-establish values higher than 0.100 on 

the 16th day. A strengthened 

devitalisation effect was evident when 

the biocide-treated samples of V. 

nigrescens were kept fully hydrated at 

40 °C for 12 h (Figure 2, gray box plots): in all the three sets of samples treated with 

each of the three biocides there was the immediate zeroing of Fv/Fm, and recovery was 

largely incomplete on the 16th day, with Fv/Fm that remained always below 0.100. In 

Figure 1. Effects of a 24 h thermal treatment at 
20 °C (e,f), 40 °C (c,d) and 55 °C (a,b) applied 
to dry (left column: a,c,e) and wet (right column: 
b,d,f) thalli of the epilithic lichen Verrucaria 
nigrescens on Fv/Fm, the maximum quantum 
efficiency of Photosystem II (PSII) 
photochemistry. Median, 25°−75° percentiles, 
and nonoutlier minimum and maximum are 
reported; pretreat.: pretreatment value; n = 12. 
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analogy with the results of Figure 1d, 

the thermal treatment at 40 °C was 

already sufficient to compromise the 

normal PSII photochemistry efficiency 

(Figure 2d), although there was a partial 

recovery in the following days, with a 

final value of c. 0.500 against the 

pretreatment value of 0.700. 

The histochemical observations 

(Figure 3) were perfectly congruent 

with the previous results. It was 

observed that (a) the three biocides 

damaged not only the photobiont of V. 

nigrescens, but also the mycobiont; 

from this point of view, the hyphal cells 

surrounding the photobiont cells were 

particularly reactive, probably for the 

larger cytoplasm, and the relatively 

thinner wall, that did not interfere with 

the stain penetration; (b) Biotin R was 

the less effective biocide, New Des 50 

the most effective one; (c) the 

membrane disruption was definitely 

heavier when the biocide treatment was 

followed by a thermal shock treatment; (d) a single thermal shock treatment at 40 °C for 

24 h was sufficient to damage fully hydrated thalli, whereas dry thalli remained almost 

uninjured; (e) in a few cases, the growth of free-living, coccoid cyanobacteria on the 

heatexposed thalli of V. nigrescens was observed; their colonies accounted for the slight 

recovery of Fv/Fm of Figure 2b at the 16th day, that was associated to a pronounced 

increase in the minimum emission yield (F0) (data not shown). 

Further observations were extended to five other epi- and endolithic lichens, 

characterized by different ecological requirements, and were repeated on the same V. 

nigrescens. In this experiment, the thermal shock treatments were reduced in length (6 h 

only), and the most effective biocide (New Des 50) was excluded. The results are 

summarized in Table 2. All the species showed partial (Acrocordia conoidea, V. 

nigrescens) or complete (Aspicilia contorta, Bagliettoa marmorea, Candelariella 

Figure 2. Effects of a 12 h thermal treatment at 
20 °C (white box plots) and 40 °C (gray box plots) 
after the application of the biocides Biotin R (a), 
Biotin T (b), New Des 50 (c), and in the control (d) 
on Fv/Fm, the maximum quantum efficiency of 
Photosystem II (PSII) photochemistry. Symbols 
and species as in Figure 1; n = 6. 
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vitellina) recovery after the 

treatment with Biotin R at 20 °C, 

whereas the damage was more 

intense with Biotin T, with B. 

marmorea and V. nigrescens 

dead after 16 days. Adding the 

thermal treatments to that with 

Biotin R, only A. contorta 

survived at 40 °C, and none 

species at 55 °C. With Biotin T, 

two species (A. contorta and C. 

vitellina) survived at 40 °C, 

although both were heavily 

damaged, and the recovery of A. 

contorta was less pronounced 

than with Biotin R, and all the 

species died at 55 °C. Again, the 

40 °C thermal treatment alone 

damaged all the lichens, but 

they could recover at different 

degrees: from this point of view 

A. conoidea was the most 

sensitive species, and V. 

nigrescens the most resistant 

one, suggesting that there are 

species-specific tolerance limits 

also to heat stress. Finally, the 

55 °C treatment alone was sufficient to kill all the species when kept fully hydrated. 

The feasibility of thermal treatments in the field was assessed with an experiment 

carried out with Protoparmeliopsis muralis, a widespread lichen of exposed rocks that 

is very frequent also inside large conurbations. In this case, the three biocides were 

given at two concentrations, the former being 10× more diluted than the latter (see 

Table 3). Some thalli were treated like in normal interventions carried out by restorers 

that work on monuments en plein air, others were covered with nylon foils. The rocks 

reached similar temperatures, remaining above 50 °C for at least four hours, with an        

a 

Figure 3. Hand cut transverse sections of the epilithic lichen 
Verrucaria nigrescens stained with the dead cell stain Sytox 
Green S-7020 and observed by confocal microscopy one day 
after the treatment with Biotin R (a,b,; 4% v/v), Biotin T (c,d; 
2% v/v), New Des 50 (e,f; 5% v/v) and in the control (g,h). The 
thalli were kept wet for 12 h at 20 °C (left column: a,c,e,g) and 
40 °C (right column: b,d,f,h). Figure c, arrowhead: epiphytic, 
free-living coccoid cyanobacteria; g, arrow: free ascospores 
from a nearby thallus of Rinodina sp. For further explanation 
see the text. Bar = 20 µm. 
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absolute maximum of 53 °C for c. half an hour (SI S2), but in the former case the 

lichens dried out before reaching high thallus temperatures, whereas in the latter case 

the thalli remained moistened for the whole duration of the experiment, also when their 

temperature was above 50 °C. In uncovered thalli, Biotin R failed to kill the lichen at 

both concentrations, whereas the two other biocides were effective only at the higher 

concentration, although only New Des 50 actually suppressed ChlaF emission in more 

than 50% of the samples after 18 days (Table 3). With the simple expedient of covering 

wet thalli with the nylon foils, the lowest concentration of all the three biocides was 

sufficient to reduce to zero Fv/Fm after 12 h, with no recovery in the following days. 

Also the thalli that were not treated with the biocides, but simply left moistened under 

the nylon foils, were dead after 12 h. Furthermore, no significant differences were 

observed between thalli kept under black vs. transparent foils, because the temperature 

regimes were very similar (data not shown), and light was evidently not a key factor in 

the devitalisation process. Finally, biocide-untreated thalli that were fully hydrated at 

Table 3. Change in Fv/Fm, the Maximum Quantum Efficiency of Photosystem II (PSII) 
Photochemistry, in the Epilithic Lichen Protoparmeliopsis muralis Measured in the Field at 
Increasing Time Intervals (h: Hours; d: Days) after Biocide Treatment with Biotin R and Biotin T 
Applied at Two Standard Concentrations (%, v/v), with Thalli Left to De-Hydrate Naturally in Open 
Air or Kept Wet under a Black or a Transparent Nylon Foil during the Warmest Hours of a Hot 
Summer Daya 
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dawn and left to dry out naturally were fully healthy at the end of the day, and afterward 

(Table 3). 

 

4. Discussion 

According to the classification of Nugari and Salvadori (2003),24 our method falls 

into the category of physical treatments, that are generally preferred to chemical ones 

for the scarce interaction with the constitutive materials of the treated objects. Heat 

treatments are frequently used indoors in the disinfection of organic materials (e.g., for 

the treatment of paper, parchment, silk, and wood), but they have rarely been applied to 

rock surfaces, and generally for different purposes, for example, to favor the mechanical 

removal of lichens (by applying vapor stream before or after the use of biocides).25,26 

Here we could demonstrate that short heat shock treatments at 45-55 °C are sufficient to 

kill all the lichens tested so far, but solely if they are kept fully hydrated. At lower 

temperatures (c. 40 °C) wet lichens are damaged, and to kill them it is sufficient to use 

standard biocides at concentrations 10× lower than in normal applications. In our 

middle-latitude site the same excellent results were achieved in the field with the aid of 

a plastic foil superimposed to the watered surfaces during the warmest hours of a 

summer day. Rock surfaces easily reach temperatures of 60-65 °C,19 that are obviously 

fully compatible with the life of their photoautotrophic colonizers, because they adopt 

avoidance mechanisms on the long or the short period. In the former case, the 

organisms survive in a dormant, highly resistant life cycle stage (e.g., zigospores, 

akinetes, or vegetative diaspores), re-establishing the population when the season 

becomes favorable.27 In the latter case, the organisms enter a state of dormancy by 

dehydration of their whole body, being ready to recover the normal metabolic activity 

as soon as water becomes available. Most lichens and mosses, but also many liverworts 

and aeroterrestrial microalgae, as well as some ferns and a few angiosperms behave in 

this way, and are defined “poikilohydrous”, in contrast with the “homoiohydrous” 

plants that maintain the cell water content relatively constant over time.28 In a dry 

poikilohydrous organism, tolerance to high temperatures is generally very high and is 

associated with the same process of water loss that determines the dormancy state. The 

increase in temperature, in fact, typically implies a parallel increase of water loss due to 

the increased water saturation deficit in the air, that at the beginning lowers the 

temperature of the body of the organism through evaporative cooling.29 The water loss, 

not prevented by impermeable tissues, triggers a series of dramatic events, such as the 

progressive shrinkage of the cytoplasm, the rearrangement of the membranes, the 

suspension of enzymatic activities, and the partial or total deactivation of photosystems, 
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although the cell ultrastructure is still partially preserved.30 In the meantime, chemical 

reactions are slowed down, protective mechanisms of different nature are switched on, 

whereas oxidative events are buffered by the pool of constitutive antioxidants.31 When 

the dehydration process is completed, the dry cells can tolerate the most drastic 

conditions as for temperature, vacuum, radiation, etc.,32 because macromolecules such 

as enzymes, DNA, and RNA are fully protected by a glass-like matrix formed by 

polyols, sugars and heterosides that have replaced the water of solvation.33 In such 

conditions, the increase in temperature (+10-15 °C) of our heat shock treatments 

represents just a slight worsening of the already dramatic, almost unbelievable changes 

sustained during the phase of dehydration. On the contrary, if the lichens are exposed to 

high temperatures in a fully hydrated state (because their body is artificially kept wet, or 

because the water vapor is saturating the air), they soon show the first signs of damage. 

In wet poikilohydrous organisms, heat shock exposure determines the loss of membrane 

permeability,34 membrane damage like those documented in Figure 3, and the 

denaturation of proteins.35−37 It is noteworthy that homoiohydrous vascular plants are 

more resistant to high temperatures than most wet poikilohydrous. This happens 

because the aerial organs of vascular plants (buds, flowers, and leaves) are frequently 

exposed to the risk of overheating, particularly when they experience water stress and 

grow near the soil surface.35 On the other hand, also some representatives of the 

poikilohydrous world may demonstrate an improved tolerance to high temperatures. 

The most important group is that of cyanobacteria. Some cyanobacteria are regular (and 

often the sole) colonizers of warm soil in geothermal areas, others of wet rock surfaces 

in the tropics.38 In both cases, the environment is characterized by high temperatures 

and by the presence of liquid water. For these organisms that survive to constant high 

temperatures in a fully hydrated state, the mode of survival must be physiological, 

thanks to the acquisition of special features at enzymatic and structural level. It might be 

questioned whether the shock heat technique might favor organisms with higher limits 

of heat tolerance with respect to other, less-tolerant ones (as we showed in Figure 3c), 

or even determine a sort of “tropicalisation” of the original community. Furthermore, 

organisms exposed to sublethal temperatures can acquire thermal resistance to higher 

temperatures, 39 a phenomenon that is related to the modification of the transcription of 

specific genes or gene families, and particularly to the overexpression of heat-shock 

proteins.40−42 It is also for this reason that we consider it safer to apply a broad spectrum 

biocide, though at a concentration lower than usual, after the heat shock treatment, that 

has already killed or severely damaged most of the biomass (Tables 2 and 3). In 

conclusion, the data collected so far allow to predict that heat treatments of wet, 
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metabolically active lichens might become a common approach in the field of stone 

conservation for the devitalisation of these organisms. Most probably, the same 

approach could be extended to other poikilohydrous organisms, as literature data 

suggest,19,20,34,36 although it cannot be excluded that endoliths (eterotrophic forms 

included) might prove to be particularly difficult to treat.43 Of course, the application of 

heat shock treatments in situ requires an efficient control of the surface temperature. 

The use of infrared lamps and thermal blankets might represent a significant 

improvement if compared to our nylon foils warmed up by the sun, but the best solution 

is probably offered by the microwave technology, successfully applied in indoor 

treatments against fungi, insects, etc.44,45 Microwaves are certainly fully effective on 

wet lichens (unpubl. data). Furthermore, the penetration of microwaves, that is limited 

to some millimeters, is fully compatible with the thickness of photoautotrophic biofilms 

colonizing the rock surfaces. 

 

Associated content 

S Supporting Information 

List of lichens with information on collecting sites (S1), and figure describing the 

microclimatic conditions during the in situ experiment (S2). This material is available 

free of charge via the Internet at http://pubs.acs.org. 
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Abstract 

Heat shock treatments applied to artificially hydrated lichens have been recently 

proposed as a devitalization method for outdoor stone monuments. In this work their 

efficacy were tested against bryophytes (five mosses and one liverwort), both in the 

laboratory and in the field. To make a comparison, treatments with two commercial 

biocides commonly used by restorers were also applied at three standard temperatures. 

Chlorophyll a fluorescence emission was checked in treated and non-treated samples of 

all the species, and histochemical observations by confocal microscopy with a dead cell 

stain were carried out on one of them. Heat treatments of hydrated samples at 60 °C 

caused the death of all the bryophytes. Treatments at 40 °C were sufficient to 

significantly increase the negative effects of the biocides, even at concentrations 10 

times lower than those in current use. Heat shock treatments are totally effective to kill 

the bryophytes, thus representing a potentially revolutionary approach in the field of 

stone conservation in terms of feasibility, low costs, and eco-compatibility. 

 

1. Introduction 

The identification of innovative techniques for removing the biofilms from outdoor 

monument surfaces is an important goal in the field of restoration. Lichens and 

bryophytes, are primary actors in the complex processes of biodeterioration of stone 

surfaces (Caneva et al. 2008), per se and because they favour the later invasion of 

vascular plants, that may cause even major concern, since they affect the stability of the 

buildings (Garcia-Rowe and Saiz-Jimenez 1991). Nowadays, the first aid of 

intervention against lithobiontic biodeteriogens is the application of biocides (Caneva et 

al. 2008), i.e. chemical compounds containing one or more active principles with toxic 

effects on living organisms (Gaylarde and Morton 1999; Cappitelli et al. 2011), 

consisting of oxidants, surfactants and protein denaturants that act against membranes, 
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enzymes, and/or the photosynthetic apparatus. In accordance with the directive 98/8/EC, 

specific standard protocols indicate the correct dose-effect ratio and prescribe guidelines 

to protect the workers, the environment, and the substratum. Notwithstanding these best 

applied practices, biocides are potentially harmful, especially when they are used in 

massive interventions on large surfaces. Recently, a new approach against lithobiontic 

biodeteriogens has been proposed (Tretiach et al. 2012): it is simple, cheap and totally 

operator-, environment- and substratum-compatible. It consists of short heat shock 

treatments at 40-60 °C applied to artificially hydrated, and therefore metabolically 

active, organisms. According to the classification of Nugari and Salvadori (2003), this 

approach falls into the category of physical treatments, which generally have scarce 

interaction with the substratum and no toxic effects for the operator and the 

environment. The efficacy of the new approach was tested against lichens; these 

organisms are taxonomically unrelated to bryophytes but they share the same life 

strategy: poikilohydry, i.e. the capacity to tolerate cellular water loss to different extents. 

The modification in water content from the state of full turgor to that of extreme 

desiccation (and vice versa) causes dramatic events at cellular level, such as the 

progressive shrinkage of the cytoplasm, the rearrangement of the membranes, the 

suspension of enzymatic activities, and the partial or total deactivation of photosystems 

(Honegger 1996). When dry, lichens and bryophytes are metabolically inactive and 

therefore highly thermo-tolerant; when fully hydrated they become heat-sensitive 

(Lange 1955; Nörr 1974; Meyer and Santarius 1998; Glime 2007), much more sensitive 

than the majority of homoiohydrous vascular plants. This peculiar property is well 

known to ecophysiologists, but it is considered as a sort of biological curiosity (e.g. 

Weis et al. 1988; Liu et al. 2004). No one - to the best of our knowledge - has ever 

exploited the potential practical implications, at least in the field of restoration, but, 

according to Tretiach et al. (2012), this weakness does represent an advantage if the 

goal is to kill the organisms before cleaning the stone surface in a conservative 

intervention (Caneva et al. 2008).  

This study was specifically designed (i) to verify the applicability of the new 

approach of Tretiach et al. (2012) on selected bryophytes, and (ii) to find out the best 

protocol for treating the same species in the field. 

The efficacy of the treatments was assessed by quantifying the chlorophyll a 

fluorescence (ChlaF) emission of pre- and post-treated samples; this is a non-intrusive 

technique commonly used in plant physiology studies (Adams and Demming-Adams 

2004), and recently introduced in the field of stone conservation (Tomaselli et al. 2002; 
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Tretiach et al. 2010). Histochemical observations by confocal microscopy with a dead 

cell stain were also carried out to verify the cell membrane integrity after the treatments. 

 

2. Materials and methods 

2.1. Laboratory exposure  

Well developed gametophytes of six species of bryophytes (five mosses and one 

liverwort) with different ecology and substratum preference were sampled from rock 

outcrops in the Classic Karst plateau (NE Italy) (Table 1).  

 
Table 1. Investigated bryophytes, with information concerning growth form, sampling sites, altitude (alt., 
m above sea level), collection dates and substratum. L: liverwort; M: moss. 
 
        

Species   Growth form Sampling site Alt. Collection date(s) Substratum 
              

        

Calypogeia integristipula 
Steph. 

 L Leafy Italy, Trieste Coast, 
Contovello 
 

100 13/August /2012 Sandstone 

        

Ctenidium molluscum 
(Hedw.) Mitt. 

 M Pleurocarpic Italy, Classic Karst 
Plateau, Trieste 
prov., Gropada 
 

400 11/July/2012 Limestone 

        

Homalothecium sericeum  
(Hedw.) Schimp. 

 M Pleurocarpic Italy, Trieste Coast, 
Contovello 
 

100 13/August /2012 Sandstone 

        

Hypnum cupressiforme 
Hedw. 

 M Pleurocarpic Italy, Trieste Coast, 
Contovello 
 

100 13/August /2012 Sandstone 

        

Schistidium apocarpum 
(Hedw.) Bruch & 
Schimp. 

 M Acrocarpic Italy, Classic Karst 
Plateau, Trieste 
prov., Gropada 
 

400 11/July/2012 Limestone 

        

Tortella Nitida  
(Lindb.) Broth. 

 M Acrocarpic Italy, Classic Karst 
Plateau, Trieste 
prov., Gropada 
 

 400  11/July/2012 Limestone 

        

 

The samples were put in paper bags and immediately transported to the laboratory, 

where the material was left to dry out on the bench of the laboratory for two days at 

room temperature and in darkness. In the laboratory the material was carefully cleaned 

from debris. For each species 15 groups of 8 samples each were randomly selected, 

numbered and photographed. Before measurements, the samples were subjected to a 

three-day-long conditioning process: they were positioned on flat limestone slabs, 1.5 

cm thick, put in aluminium trays lined with absorbent paper soaked with distilled water, 

covered with low-density polyethylene (LDPE) food wrap, and positioned in a growing 

chamber at 20 °C, with a light/darkness regime of 14/10 h, and 10 µmol photons m-2 s-1. 

Light was provided by neon lamps (Sylvania Grolux T8F36W/GROG13F36W), and 

was checked with a Micro-Quantum 2060-M Sensor (Walz, Effeltrich, D). The samples 

were daily watered with a spray of distilled water. Thereafter, a combination of 
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treatments with biocides at different concentrations and/or heat shock treatments of 6 

hours were applied, and pre- and post-treatment ChlaF emission was measured under 

standard conditions (see below). The samples were then kept in the growing chamber at 

the same maintenance conditions described above to observe the long term effects of the 

treatments. During the experiments, temperature and air humidity were continuously 

monitored with EL-USB-2 RH/TEMP data loggers (Lascar Electronics, Whiteparish, 

UK). 

 

2.2 Field exposure 

The field experiment was carried out in the Classic Karst plateau, in a pristine wood 

close to the village of Gropada (45°39’59’’ N, 13°50’52 E). Forty-eight well developed 

gametophytes of Schistidium apocarpum and Tortella nitida were sampled from rock 

outcrops and immediately fixed with the aid of nylon threads on 12 large stones (± 20 × 

40 cm). The stones were placed under the tree canopy for 3 days and during this period 

they were watered with a spray of distilled water in the early morning and in the late 

evening. At night the samples were covered with a wet black velvet blanket to keep 

them wet. This procedure favours the recovery of the normal activity of photosystems 

after a prolonged de-hydration, giving high values of ChlaF. On the fourth day, a 

combination of treatments with biocides at different concentrations and heat shock 

treatments were applied (see below), exposing the moss-bearing stones on a sun-

exposed rocky outcrop, where they remained for 16 days. The stones were then moved 

under a tree canopy where the samples where subjected for 3 days to the same 

conditioning process described above, in order to estimate the possible recovery in 

optimal conditions. 

 

2.3. Biocide treatments 

In the laboratory, immediately after the pre-exposure ChlaF measurements, subsets 

of moistened thalli were treated with one of the commercial biocides of Table 2, at the 

concentrations there specified. The highest concentrations, 2% and 5% respectively for 

Biotin T (BT) and New Des 50 (ND50), were those suggested by the producer (C.T.S. 

s.r.l, Altavilla Vicentina, Italy) and normally applied by restorers, whereas the total 

amount of solutions per surface unit used in the laboratory treatments were those used 

by Tretiach et al. (2012). To measure the sample surface, the flat stones were scanned 

with an Epson Perfection 1260 scanner. The colour images were analyzed with the 

program GIMP 2.8.0 (GNU Image Manipulation Program, Copyright © 1995-2012), 
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converted into black-and-white, and checked manually; pixels were converted into area 

units (cm2). 

In the field, only Biotin T was used, and the amount of solution used for unit of dry 

weight was 1.7 mL g-1. 

 
Table 2. Biocides applied to the bryophytes. 
 

    

Commercial 
name 

Active principle LD 50 (rat, mg kg-1) Applied 
concentration 
(%, v/v) 

    
    

Biotin T n-octyl-isothiazolinone (OIT), N,N-didecyl-N,N-
dimethyl ammonium chloride 
 

300 (didecyl-dimethyl 
ammonium chloride) 

0.2; 2 

    

New Des 50 N,N-didecyl-N,N-dimethyl ammonium chloride 
 

268 0.5;5 

    

 

2.4. Heat shock treatments 

In the laboratory, biocide-treated and untreated samples were exposed to heat shock 

treatments by introducing the material into a growth chamber at 20 ± 2, 40 ± 2, 55 ± 

2 °C for 6 hours in fully moistened conditions. In order to avoid dehydration, the 

samples were placed into aluminium trays covered with LDPE food wrap. After heat 

exposure, the lichens were returned to the original growth chamber at c. 20 °C for 

acclimation, and finally they were processed for the standard ChlaF measurements. 

In the field, half of the samples were watered, wrapped with black nylon foils 

together with the supporting stones and left under the sun from 10 am to 16 pm in a hot, 

windy summer day (2012, August 16). The remaining samples were not covered, and 

the thalli, rehydrated and eventually biocide-treated like the others, were left to dry out 

naturally in the sun. 

 

2.5. Chlorophyll a fluorescence measurements 

ChlaF measurements were recorded with a portable fluorimeter handy-PEA (Plant 

Efficiency Analyser, Hansatech, Norfolk, UK) on the terminal part of randomly selected 

shoots, two for each samples. Before measurements the samples were sprayed with 

distilled water, padded with humid paper and dark-adapted for 30 minutes. The sensor 

head, equipped with three light emitting diodes (LED), was positioned at 90° on the 

samples with the aid of a special leaf clip. Red actinic light with a peak wavelength of 

650 nm was provided. A light exposure of 1500 µmol photons m-2 s-1 and a duration of 

1 s was determined as sufficient to saturate the photosystems. The variable ChlaF level 

(Fv) was calculated by subtracting the minimal ChlaF level (F0) from the maximum 
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ChlaF level (Fm). The calculated ratio Fv/Fm is an indicator of stress effects on 

photosynthetic organisms that describes the quantum photochemical efficiency of PSII 

(Genty et al. 1989).  

ChlaF measurements were taken immediately before and after the biocide and/or the 

heat shock treatments, and again after 1 and 16 days; further measurements were taken 

after 3 more days in the field treatments. 

 

2.6 Histochemical observation 

Histochemical observations were carried out on treated and untreated samples of 

Homalothecium sericeum, immediately after the laboratory treatment and after 16 days. 

The treated samples were rinsed with distilled water to remove the excess of biocide 

that might interfere with the image acquisition. Single leaflets were removed from the 

shoots and put for 15 minutes into test tubes containing 50 µL of 5 µM Sytox Green 

dead cell stain S-7020 (Molecular Probes, Eugene, OR, USA) water solution. The 

incubation was performed in the dark and under agitation. The stained leaflets were 

recovered and washed in distilled water for 2 minutes to remove any stain in excess, 

then three to six leaflets were put on a glass slide and mounted in distilled water. Each 

glass slide was immediately observed with a confocal laser scanning microscope (C1-si, 

Nikon, Tokyo, Japan) equipped with an argon ion laser exciting at 488 nm. Signal from 

the excited stain was acquired through a 515/30 nm band-pass filter, while emission of 

chlorophyll autofluorescence was acquired through a 650 nm long pass filter. The 

intensity of the laser was set at 35%. Acquisitions were elaborated with the Nikon EZ-

C1 FreeViewer software (Nikon, Tokyo, Japan) and with the freeware suite ImageJ 

(National Institute for Health, Bethesda, MD, USA). Sytox Green is used to 

discriminate between living and dead cells, because this stain cannot penetrate the 

membranes of living cells. When membranes are damaged, the stain enters the dying 

cells and binds the nucleic acids becoming fluorescent, with a maximum emission at 

523 nm. 

 

2.7 Statistic 

All calculations and graphics were performed with Microsoft Office Excel 2003 SP3 

(Microsoft corporation, WA, U.S.A.), STATISTICA 6.0 (StatSoft Inc., Tulsa, OK, 

U.S.A.) and R version 2.15.1 (R Foundation for Statistical Computing). Fv/Fm values are 

presented with non-parametric descriptors (median, first and third quartile); statistical 

analyses were conducted applying the Wilcoxon paired test, as suggested by Lazár and 

Nauš (1998) and Baruffo and Tretiach (2007). 
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3. Results 

Before the laboratory treatments, the quantum photochemical efficiency of PSII was 

higher than 0.700 in all the species (Tables 3,4), confirming that the samples were 

healthy. 

After the biocide treatments at 

20 °C, all the species showed a 

decrease of ChlaF emission, whose 

intensity depended on the 

concentration of the active principle 

applied to the samples (Tables 3,4; Figs 

1,2). With the exception of a single 

biocide treatment (New Des 50 at the 

highest concentration) all the others 

allowed a partial recovery of the ChlaF 

activity. Interestingly, New Des 50 

caused stronger, more long-lasting 

effects in the liverwort and in the 

pleurocarpic mosses than in the 

acrocarpic mosses (median Fv/Fm > 200 

after 16 days), but this might be due to 

the higher biomass of the latter ones. 

The heat shock treatment of 

hydrated samples at 40 °C were 

sufficient to significantly increase the 

effect of the biocides, even at 

concentrations 10 times lower than 

those suggested by the producer. The 

most sensitive species was the 

liverwort Calypogeia integristipula: in 

this case the 6-hour exposure at 40 °C was sufficient to reduce the ChlaF emission close 

to zero, with Fv/Fm that remained below 0.100 (i.e. the threshold below which a 

photosynthetic organism is considered dead) for the whole duration of the experiment, 

whereas, in the case of the mosses, after 16 days a good recovery was observed. 

The heat shock treatment at 60 °C caused the drastic zeroing of all ChlaF parameters 

(in particular Fv/Fm)  in all the mosses as well. 

Fig. 1. Per cent decrease of Fv/Fm in Tortella nitida 
after the application of the biocide Biotin T at 0% 
(control; a,d,g), 0.2% (b,e,h) and 2% (c,f,i), 
followed by 6 hours of thermal treatment (0 day), at 
20 °C (a,b,c), 40 °C (d,e,f) and 60 °C (g,h,i). 
Recovery was measured after 1 and 16 days with 
samples kept in a growth chamber under optimal 
maintenance conditions (20 °C, RH > 95% and 10 
µmol photons m2 s-1). For each boxplot median, 
25°-75° percentiles and non-outlier minimum and 
maximum are reported; n=8. 
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The histochemical observations 

were congruent with the laboratory 

ChlaF results (Figs. 3,4): at 20 °C those 

carried out one day after the exposure 

showed no detectable effect of the 

biocide, whereas after 16 days a severe 

damage caused by Biotin T was 

observed at the highest concentration. 

The membrane disruption was heavier 

when the biocide treatments were 

followed by a thermal shock treatment: 

that at 40 °C, i.e. a temperature 

recordable on a rock surface in a sunny 

summer day, was sufficient to damage 

fully hydrated thalli. Heat shock 

treatments at 60 °C caused the dead of 

all the cells of the leaflets of 

Homalothecium sericeum: the 

chlorophyll auto-florescence (red) was 

totally absent even in the samples not 

treated with the biocides. This was 

confirmed by the bleaching and change 

in colour of the gametophytes visible at 

the end of the experiments (see Fig. 5 

for an example). 

The experiment aimed at testing the 

feasibility of heat shock treatments in the field was totally confirmative and congruent 

with the laboratory ones. The samples of Schistidium aporcarpum and Tortella nitida, 

left to dry out naturally (because not nylon-covered) reached a maximum surface 

temperature of 55 °C in dry conditions, with an average temperature of 33 °C over the 

6-hour exposure. The nylon-covered samples could not dry out, and reached a 

maximum surface temperature of 60 °C still in wet conditions, with an average 

temperature of 35 °C. The former group of samples showed a Fv/Fm decrease in 

dependence on the biocide concentration, but also a good recovery that after 19 days 

was complete at 0.2% and almost complete at 2% (Figs. 6,7 DRY). By contrast, the       

1 

Fig. 2. Per cent decrease of Fv/Fm in Calypogeia 
integristipula after the application of the biocide 
Biotin T at 0% (control; a,d,g), 0.2% (b,e,h) and 2% 
(c,f,i), followed by 6 hours of thermal treatment (0 
day), at 20 °C (a,b,c), 40 °C (d,e,f) and 60 °C 
(g,h,i). Recovery was measured after 1 and 16 days 
with samples kept in a growth chamber under 
optimal maintenance conditions (20 °C, RH > 95% 
and 10 µmol photons m2 s-1). Symbols as in Fig. 1; 
n=8. 
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Table 3. Change in Fv/Fm, the maximum quantum efficiency of photosystem II (PSII) photochemistry, in 
Calypogeia integristipula, Ctenidium molluscum, and Homalothecium sericeum after the application of 
the biocides New Des 50 and Biotin T, followed by 6 hours of thermal treatment (0 day), at 20 °C, 40 °C 
and 60 °C. Recovery was measured after 1 and 16 days with samples kept in a growth chamber under 
optimal maintenance conditions (20 °C, RH > 95% and 10 µmol photons m2 s-1). Q1, Q2, and Q3: first, 
second, and third quartile. Significant differences with pre-treatment values: ** for p ≤ 0.01; * for 0.01 < 
p ≤ 0.05; n= 8. 
 

  
 
 

 
 

 
  

 

    Calypogeia integristipula  Ctenidium molluscum  Homalothecium sericeum 

    Pre- Post-exp (days)  Pre- Post-exp (days)  Pre- Post-exp (days) 
    exp 0 1 16  exp 0 1 16  exp 0 1 16 
                  
                  

20°C H2O 1Q  0.745 0.740 0.756 0.741  0.726 0.708 0.726 0.716  0.720 0.701 0.712 0.726 
  2Q  0.753 0.758 0.764 0.750  0.728 0.721 0.731 0.727  0.729 0.717 0.734 0.739 
  3Q  0.761 0.761 0.773 0.759  0.730 0.731 0.737 0.736  0.731 0.726 0.737 0.750 
                  

 BT  1Q  0.739 0.719* 0.727 0.763*  0.711 0.485* 0.497** 0.674  0.723 0.576** 0.627** 0.726 
 0.2% 2Q  0.753 0.729 0.736 0.769  0.720 0.506 0.548 0.695  0.731 0.606 0.666 0.734 
  3Q  0.758 0.737 0.740 0.773  0.727 0.598 0.626 0.721  0.742 0.629 0.696 0.756 
                  

 ND50  1Q  0.720 0.331* 0.329* 0.648  0.681 0.421** 0.366** 0.527*  0.712 0.316** 0.269** 0.554** 
 0.5% 2Q  0.743 0.439 0.390 0.720  0.698 0.469 0.474 0.623  0.724 0.441 0.414 0.633 
  3Q  0.771 0.522 0.439 0.748  0.718 0.506 0.565 0.678  0.730 0.458 0.468 0.659 
                  

 BT  1Q  0.720 0.066** 0.103** 0.620  0.707 0.067** 0.041** 0.407**  0.719 0.088** 0.121** 0.503* 
 2% 2Q  0.746 0.128 0.150 0.646  0.716 0.158 0.060 0.499  0.728 0.206 0.163 0.582 
  3Q  0.747 0.301 0.266 0.681  0.733 0.182 0.117 0.590  0.736 0.257 0.236 0.662 
                  

 ND50  1Q  0.722 0.025** 0.022** 0.080**  0.686 0.137** 0.085** 0.096**  0.706 0.016** 0.017* 0.000** 
 5% 2Q  0.729 0.032 0.103 0.103  0.716 0.164 0.131 0.163  0.715 0.027 0.039 0.073 
  3Q  0.740 0.072 0.198 0.373  0.723 0.203 0.164 0.322  0.724 0.045 0.050 0.152 

  
 
 

 
    

 
         

40°C H2O 1Q  0.714 0.000** 0.000* 0.032*  0.695 0.415** 0.451** 0.550  0.724 0.341* 0.416** 0.666* 
  2Q  0.735 0.003 0.017 0.089  0.702 0.464 0.473 0.585  0.730 0.425 0.437 0.675 
  3Q  0.745 0.017 0.027 0.107  0.718 0.497 0.511 0.712  0.736 0.470 0.449 0.703 
                  

 BT  1Q  0.738 0.006* 0.000** 0.000**  0.682 0.111** 0.120** 0.548**  0.716 0.178** 0.249** 0.683* 
 0.2% 2Q  0.750 0.012 0.011 0.058  0.699 0.119 0.164 0.554  0.736 0.243 0.308 0.707 
  3Q  0.766 0.023 0.037 0.104  0.711 0.176 0.234 0.609  0.745 0.379 0.350 0.731 
                  

 ND50  1Q  0.744 0.004** 0.005** 0.036**  0.683 0.082** 0.094** 0.464**  0.724 0.053** 0.055** 0.266** 
 0.5% 2Q  0.748 0.018 0.010 0.081  0.702 0.095 0.125 0.570  0.736 0.087 0.129 0.311 
  3Q  0.760 0.049 0.027 0.127  0.717 0.107 0.171 0.582  0.741 0.108 0.218 0.460 
                  

 BT  1Q  0.743 0.000** 0.000** 0.000**  0.687 0.015* 0.000** 0.040**  0.736 0.015** 0.041** 0.195** 
 2% 2Q  0.746 0.004 0.020 0.014  0.706 0.024 0.000 0.106  0.741 0.037 0.062 0.266 
  3Q  0.753 0.015 0.036 0.032  0.718 0.031 0.006 0.142  0.749 0.046 0.110 0.346 
                  

 ND50  1Q  0.727 0.000** 0.000** 0.016*  0.662 0.010** 0.000** 0.047**  0.728 0.004** 0.002** 0.007** 
 5% 2Q  0.734 0.013 0.009 0.022  0.703 0.023 0.003 0.072  0.737 0.006 0.012 0.034 
  3Q  0.759 0.030 0.029 0.039  0.709 0.059 0.031 0.098  0.744 0.012 0.042 0.073 

  
 
 

 
    

 
         

60°C H2O 1Q  0.758 0.000** 0.000** 0.017*  0.700 0.000** 0.000** 0.000**  0.739 0.000** 0.007** 0.013* 
  2Q  0.761 0.005 0.007 0.026  0.710 0.000 0.000 0.000  0.742 0.014 0.011 0.044 
  3Q  0.766 0.013 0.022 0.077  0.722 0.000 0.022 0.040  0.746 0.018 0.013 0.065 
                  

 BT  1Q  0.753 0.000** 0.008** 0.022**  0.659 0.000** 0.010** 0.000**  0.714 0.000** 0.000** 0.000** 
 0.2% 2Q  0.762 0.000 0.016 0.046  0.674 0.005 0.019 0.000  0.723 0.020 0.006 0.000 
  3Q  0.765 0.009 0.033 0.063  0.687 0.012 0.030 0.051  0.730 0.027 0.014 0.028 
                  

 ND50  1Q  0.754 0.000** 0.000** 0.000*  0.657 0.008** 0.000** 0.000**  0.732 0.005** 0.000** 0.000** 
 0.5% 2Q  0.758 0.000 0.015 0.031  0.673 0.012 0.006 0.032  0.736 0.012 0.000 0.000 
  3Q  0.764 0.005 0.031 0.069  0.689 0.017 0.016 0.119  0.746 0.046 0.003 0.009 
                  

 BT  1Q  0.748 0.013** 0.000** 0.000**  0.666 0.000** 0.000** 0.000**  0.725 0.000** 0.000** 0.000** 
 2% 2Q  0.751 0.021 0.000 0.011  0.696 0.003 0.008 0.055  0.741 0.004 0.009 0.000 
  3Q  0.756 0.027 0.021 0.064  0.708 0.014 0.048 0.073  0.763 0.013 0.011 0.000 
                  

 ND50  1Q  0.759 0.000** 0.009** 0.013*  0.677 0.000** 0.016** 0.000**  0.717 0.003** 0.000** 0.000** 
 5% 2Q  0.766 0.013 0.035 0.056  0.704 0.007 0.025 0.028  0.737 0.011 0.000 0.037 
  3Q  0.768 0.021 0.061 0.084  0.733 0.016 0.030 0.078  0.745 0.029 0.013 0.100 
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Table 4. Change in Fv/Fm, the maximum quantum efficiency of photosystem II (PSII) photochemistry, in 
Hypnum cupressiforme, Schistidium apocarpum, and Tortella Nitida after the application of the biocides 
New Des 50 and Biotin T, followed by 6 hours of thermal treatment (0 day), at 20 °C, 40 °C and 60 °C. 
Recovery was measured after 1 and 16 days with samples kept in a growth chamber under optimal 
maintenance conditions (20 °C, RH > 95% and 10 µmol photons m2 s-1). Symbols as in Table 3. 
 

  
 
 

 
 

 
  

 

    Hypnum cupressiforme  Schistidium apocarpum  Tortella Nitida 
    Pre- Post-exp (days)  Pre- Post-exp (days)  Pre- Post-exp (days) 
    exp 0 1 16  exp 0 1 16  exp 0 1 16 
    

    
 

         

    
    

 
         

20°C H2O 1Q  0.726 0.721 0.734 0.739*  0.696 0.688 0.691 0.718  0.755 0.751 0.751 0.762 
  2Q  0.733 0.728 0.740 0.744  0.722 0.726 0.717 0.728  0.763 0.763 0.766 0.768 
  3Q  0.736 0.731 0.744 0.746  0.733 0.736 0.725 0.737  0.767 0.770 0.768 0.773 
                  

 BT  1Q  0.702 0.493** 0.559** 0.719  0.687 0.599* 0.651* 0.693  0.715 0.528** 0.615** 0.703 
 0.2% 2Q  0.722 0.536 0.581 0.730  0.715 0.625 0.666 0.711  0.736 0.629 0.661 0.735 
  3Q  0.740 0.583 0.612 0.744  0.748 0.632 0.683 0.718  0.755 0.670 0.688 0.752 
                  

 ND50  1Q  0.707 0.156** 0.074** 0.104*  0.698 0.324** 0.464** 0.528  0.746 0.706* 0.578** 0.682* 
 0.5% 2Q  0.718 0.237 0.163 0.434  0.703 0.396 0.566 0.611  0.752 0.713 0.643 0.711 
  3Q  0.730 0.322 0.227 0.483  0.719 0.482 0.587 0.639  0.758 0.731 0.709 0.720 
                  

 BT  1Q  0.716 0.026** 0.008** 0.254**  0.696 0.239** 0.279** 0.567**  0.745 0.173** 0.058** 0.597* 
 2% 2Q  0.724 0.070 0.027 0.332  0.706 0.373 0.387 0.602  0.746 0.384 0.251 0.686 
  3Q  0.730 0.133 0.040 0.432  0.725 0.495 0.521 0.636  0.752 0.478 0.534 0.723 
                  

 ND50  1Q  0.727 0.002** 0.000** 0.000**  0.709 0.138** 0.151** 0.000**  0.736 0.175** 0.031** 0.093** 
 5% 2Q  0.736 0.004 0.010 0.036  0.717 0.194 0.180 0.225  0.750 0.213 0.082 0.211 
  3Q  0.745 0.010 0.028 0.099  0.731 0.251 0.282 0.326  0.761 0.238 0.322 0.430 

  
 
 

 
              

40°C H2O 1Q  0.720 0.573** 0.603** 0.719  0.700 0.378** 0.442** 0.682  0.728 0.591** 0.677* 0.745 
  2Q  0.732 0.592 0.662 0.733  0.727 0.477 0.492 0.710  0.749 0.611 0.700 0.754 
  3Q  0.741 0.602 0.664 0.754  0.744 0.529 0.537 0.725  0.756 0.627 0.709 0.760 
                  

 BT  1Q  0.712 0.369** 0.312** 0.710  0.713 0.223** 0.323** 0.622**  0.742 0.382* 0.482** 0.721* 
 0.2% 2Q  0.727 0.439 0.378 0.737  0.718 0.303 0.428 0.667  0.755 0.522 0.553 0.737 
  3Q  0.733 0.482 0.455 0.740  0.722 0.379 0.519 0.693  0.763 0.540 0.621 0.743 
                  

 ND50  1Q  0.721 0.077** 0.077** 0.229**  0.699 0.058** 0.066** 0.346**  0.750 0.334** 0.386** 0.652** 
 0.5% 2Q  0.731 0.087 0.116 0.421  0.739 0.068 0.137 0.428  0.753 0.389 0.497 0.688 
  3Q  0.735 0.102 0.186 0.495  0.742 0.092 0.199 0.556  0.758 0.436 0.584 0.715 
                  

 BT  1Q  0.738 0.000* 0.005* 0.112**  0.701 0.015** 0.034** 0.235**  0.745 0.004** 0.032** 0.393** 
 2% 2Q  0.745 0.014 0.015 0.239  0.735 0.031 0.054 0.448  0.750 0.009 0.091 0.577 
  3Q  0.751 0.043 0.030 0.374  0.742 0.116 0.134 0.505  0.768 0.042 0.237 0.631 
                  

 ND50  1Q  0.721 0.003** 0.015** 0.019**  0.690 0.020** 0.015** 0.000**  0.738 0.013* 0.017** 0.027** 
 5% 2Q  0.732 0.015 0.027 0.030  0.724 0.027 0.021 0.000  0.751 0.027 0.033 0.046 
  3Q  0.738 0.036 0.034 0.045  0.737 0.050 0.029 0.221  0.756 0.055 0.088 0.116 

  
 
 

 
              

60°C H2O 1Q  0.731 0.008* 0.008** 0.000**  0.715 0.000* 0.000** 0.000**  0.734 0.000** 0.008** 0.000** 
  2Q  0.739 0.017 0.015 0.000  0.725 0.009 0.007 0.000  0.753 0.013 0.014 0.018 
  3Q  0.743 0.020 0.029 0.013  0.735 0.017 0.018 0.046  0.757 0.023 0.019 0.025 
                  

 BT  1Q  0.716 0.000** 0.008** 0.015**  0.714 0.000** 0.021** 0.000**  0.740 0.000** 0.000** 0.000** 
 0.2% 2Q  0.733 0.005 0.016 0.029  0.723 0.019 0.028 0.000  0.745 0.008 0.000 0.025 
  3Q  0.749 0.011 0.023 0.037  0.746 0.023 0.045 0.042  0.753 0.013 0.003 0.046 
                  

 ND50  1Q  0.736 0.000** 0.000** 0.000*  0.705 0.000* 0.000** 0.000**  0.745 0.000** 0.000** 0.015** 
 0.5% 2Q  0.744 0.016 0.007 0.012  0.722 0.004 0.011 0.027  0.753 0.009 0.016 0.071 
  3Q  0.746 0.021 0.027 0.033  0.748 0.021 0.015 0.159  0.760 0.020 0.023 0.093 
                  

 BT  1Q  0.725 0.000** 0.000** 0.000**  0.704 0.000** 0.000** 0.000**  0.731 0.000** 0.000** 0.037** 
 2% 2Q  0.736 0.011 0.009 0.045  0.727 0.013 0.000 0.044  0.750 0.004 0.007 0.055 
  3Q  0.744 0.032 0.015 0.100  0.746 0.027 0.016 0.110  0.761 0.015 0.011 0.063 
                  

 ND50  1Q  0.712 0.005* 0.000** 0.027**  0.738 0.009** 0.009** 0.000**  0.742 0.000** 0.000** 0.000** 
 5% 2Q  0.724 0.010 0.005 0.031  0.741 0.012 0.011 0.027  0.751 0.000 0.004 0.026 
  3Q  0.734 0.016 0.016 0.036  0.751 0.041 0.013 0.072  0.755 0.002 0.011 0.046 
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Fig. 3. Leaflets of Homalothecium sericeum stained with the dead cell stain Sytox Green S-7020 and 
observed by confocal microscopy 1 day after the treatment with Biotin T at 0% (control; a,d,g), 0.2% 
(b,e,h) and 2% (c,f,i). The thalli were kept wet for 6 h at 20 °C (a,b,c), 40 °C (d,e,f) and 60 °C (g,h,i). Bar 
= 30 µm. 
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Fig. 4. Leaflets of Homalothecium sericeum stained with the dead cell stain Sytox Green S-7020 and 
observed by confocal microscopy 16 day after the treatment with Biotin T at 0% (control; a,d,g), 0.2% 
(b,e,h) and 2% (c,f,i). The thalli were kept wet for 6 h at 20 °C (a,b,c), 40 °C (d,e,f) and 60 °C (g,h,i). Bar 
= 30 µm. 

 

 

 

 

 



 
Bertuzzi S., Candotto Carniel F., Pipan G., Tretiach M. Devitalization of poikilohydric lithobionts of 
open-air monuments by heat shock treatments: a new case study centred on bryophytes 
 

 
 

 
 

71 

wet-exposed group of samples suffered 

the complete zeroing of ChlaF emission, 

whatever the concentration of the 

biocide applied, with no recovery in the 

following days (Figs. 6,7 WET). Also 

the visual comparison of the samples at 

the end of this experiment showed 

strong differences between wet- and 

dry-exposed samples, with dry-exposed 

samples looking healthy and wet-

exposed ones looking definitely dead 

(Fig. 8). 

 

4. Discussion 

The control of biodeterioration and 

biodegradation of stone surfaces is one 

of the main goals in the field of 

restoration of cultural and historical 

heritage. Bryophytes (mosses and 

liverworts), as colonizers of stone 

materials, play an important role in the 

processes of biodegradation (Caneva et al. 2008): their rhizoids can penetrate the 

substrates up to 5 mm in depth (Hughes 1982), enhancing the chemical-physical 

processes of degradation. They also favour the colonization of other, potentially more 

dangerous organisms. In comparison with other bioderiogens, bryophytes can be 

mechanically removed more easily, but this approach does not warrant the devitalisation 

of vegetative propagules and spores. Physical or chemical treatments are therefore 

necessary to ensure a good success of the interventions. 

Our data demonstrate that short heat shock treatments at 60 °C represent a good 

method to devitalize bryophytes if they are simply kept fully hydrated. Lower 

temperatures (about 40 °C) are sufficient to damage hydrated mosses, increasing the 

devitalizing effects of standard biocides also when they are applied 10 times less 

concentrated than in standard treatments. The same temperature is intense enough to 

wholly devitalize the liverwort, that is evidently more sensitive than the five mosses 

studied so far.  

 

Fig. 5. Habit photograph of biocide untreated 
samples of Ctenidium molluscum at the end of the 
laboratory exposure [6 h at 20 °C (a) and 60 °C (b), 
followed by 16 days of recovery in a growing 
chamber; for further information, see the main text]. 
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It is known that under natural conditions, poikilohydric desiccation-tolerant 

organisms such as lichens, mosses and liverworts can tolerate higher temperature than 

those used in our experiments. Exceptionally, some species are able to survive short 

exposures at 100 °C or more (Lange 1955; Nörr 1974). This is intrinsically connected to 

their peculiar life style. Poikilohydric organisms, in fact, cannot regulate their water 

content. When temperature increases and water saturation deficit in the air increases, 

they dry out rapidly: this process promotes the lowering of the surface temperature 

through evaporative cooling (Mertens et al. 2008). At the same time, the physiological 

mechanisms that allow to face the progressive water loss at cytoplasm level help the 

organisms to cope also with the increase in temperature: chemical reactions are reduced, 

protective mechanisms are improved and the most important macromolecules (e.g. 

enzymes, electron redox transport chains, DNA, RNA, etc.) are completely protected, 

since the solvation water will be replaced by a glass-like matrix formed by polyols, 

sugars and heterosides (Newman 2006). For this reason, bryophytes and lichens can 

colonize bare rock surfaces, being commonly dry and therefore metabolically inactive 

Fig. 6. Per cent decrease of Fv/Fm in 
Schistidium apocarpum after the application 
of the biocide Biotin T at 0% (control; a,d) 
0.2% (b,e) and 2% (c,f), followed by 6 hours 
of thermal treatment (0 day) on a sun-
exposed rocky outcrop, with the samples 
watered and non-wrapped (DRY; a,b,c) or 
wrapped with a black nylon sheet (WET; 
d,e,f). Recovery was measured after 1 and 16 
days with the samples maintained in the same 
exposure site, not covered and not artificially 
hydrated, and after 3 further days under the 
tree canopy with a daily hydration. Symbols 
as in Fig. 1 and Table 3; n=16. 

Fig. 7. Per cent decrease of Fv/Fm in Tortella 
nitida after the application of the biocide 
Biotin T at 0% (control; a,d) 0.2% (b,e) and 
2% (c,f), followed by 6 hours of thermal 
treatment (0 day) on a sun-exposed rocky 
outcrop, with the samples watered and non-
wrapped (DRY; a,b,c) or wrapped with a 
black nylon sheet (WET; d,e,f). Recovery 
was measured after 1 and 16 days with the 
samples maintained in the same exposure 
site, not covered and not artificially hydrated, 
and after 3 further days under the tree canopy 
with a daily hydration. Symbols as in Fig. 1 
and Table 3; n=16. 
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when the substratum reaches 

temperatures of 60-65 °C, that are 

potentially incompatible with the 

survival of the majority of vascular 

plants, that are homoiohydric. When 

fully hydrated, by contrast, 

poikilohydric organisms have a lower 

short-term heat tolerance in 

comparison with homoiohydric 

vascular plants (Havaux 1993; Meyer 

and Santarius 1998; Glime 2007; 

Wahid et al. 2007): the increase in heat 

sensibility when the cells are in a full 

turgor state is dramatic, since there is 

an inverse relationship between 

hydration and heat tolerance (Glime 

2007). At temperatures just above 

35 °C, if their body is kept wet 

artificially, or when water loss is 

impossible because air relative 

humidity is close to saturation, 

poikilohydric organisms rapidly suffer 

damage at cell level: the negative 

effects on net photosynthesis is prominent, as shown by Meyer and Santarius (1998), 

who correlated the lowering in Fv/Fm with damage to photosystems and cell membranes, 

and with the progressive degradation of photosynthetic pigments. This is confirmed by 

several other studies (Larcher 2003; Liu et al. 2004) and also by the present data set, 

that shows the complete zeroing of Fv/Fm, and the complete fading of chlorophyll 

autoflorescence in all the samples exposed at 60 °C. 

Although limited to two species only, our simple field experiment demonstrates that 

this low-technology technique is perfectly applicable in situ, since at middle latitudes it 

is possible to achieve high temperatures with the aid of black plastic foils superimposed 

to the watered surfaces during the warmest hours of a summer day. During a bright 

sunny day similar results can be obtained even in alpine habitats (Hearnshaw and 

Proctor 1982). Of course, in situ application of heat shock treatments would require a 

more efficient control of surface temperature, that should be independent of seasonality 

Fig. 8. Habit photograph of biocide-untreated 
samples of Schistidium apocarpum at the end of the 
field exposure [6 h of DRY (a) or WET (b) thermal 
treatment followed by 16 days of recovery; for 
further information, see the main text]. 
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and weather conditions. Therefore, the recourse to specific technologies such as infrared 

lamps, thermal blankets, vapour stream or a microwave source, is required. Actually, 

vapour stream has been already used in the restoration field but just to favour the 

mechanical removal of lichens (Formica Castoldi 1988; Orial and Marie-Victoire 2002), 

while microwaves are probably very effective on lichens (Olmi et al. 2011; our unpubl. 

data). Further research in this area is therefore highly desirable in order to transform our 

approach into a technique fully applicable in the field. 

Recently, Speranza et al. (2012) have argued that ChlaF could be not perfectly 

confirmative about the effects of the devitalisation treatments, since it only describes the 

state of the photosystems and not that of the organism in toto. This argument would be 

even more pertinent for lichens, symbiotic organisms that are composed by two (or 

more) partners, of which only one (the photobiont) is photosynthetically active. 

However, the present study, as well as that of Tretiach et al. (1012), shows that there is 

perfect congruity between ChlaF and histochemical data. It is likely that the Fv/Fm 

measurements do not actually give a complete picture of all the effects of devitalisation 

treatments, but they are certainly accurate enough to quantify the efficacy of different 

biocides, allowing the optimization of treatments in term of time, concentration, and 

application modality. 

In conclusion, it is conceivable that heat shock treatments of wet, metabolically 

active poikilohydric organisms might become a common approach in the field of stone 

restoration (Nishida and Murata, 1996; Souffreau et al., 2010), although some of them 

could reveal a remarkable tolerance to heat exposure, as observed by Sterflinger (1998) 

and Selbman et al. (2011) in some Antarctic black fungi. Moreover, the new technique 

might favour the most heat tolerant species, like some bryophytes that are able to 

colonize mineral soils in geothermal areas (Glime, 2007; Wilberscheid, 2008). For these 

reasons biocides should not be replaced in toto, but they should be better directed 

against the more resistant organisms or against spores and vegetative propagules, whose 

heat resistance is certainly higher and deserves further experimental work. 
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Abstract 

The effects of hydrogen sulphide (H2S) on five lichens with different photobionts, 

ecology, and tolerance to the pollutant were studied by means of samples exposed in 

closed chambers containing two known H2S solutions. The H2S concentration in the 

void volume at equilibrium with the liquid phase was measured by gas chromatography-

mass spectrometry, combined with the use of solid phase micro extraction (GC/MS 

SPME). It was determined as 8 and 28 ppm H2S in the absence of lichen material, and c. 

2 and 10 ppm H2S respectively with living lichen material inserted for 8 hours in the 

exposure chambers. Significant differences in the species-specific emission of 

chlorophyll a fluorescence (ChlaF) were observed, with a pronounced depression of 

Fv/Fm already detectable after 2 h exposure at 28 ppm H2S in all the species. The 

decreased intensity was positively correlated to sample surface and, to a lesser extent, to 

the species-specific pre-exposure Fv/Fm value. Dark-exposed samples were less affected 

than light-exposed ones. All four chlorolichens could recover the pre-exposure ChlaF 

emission after two days in the absence of H2S, both in the light and in the dark, whereas 

the cyanolichen did not recover when kept in the dark. The results are thoroughly 

discussed on the basis of the known action mechanisms of H2S on the photosynthetic 

apparatus of vascular plants and cyanobacteria. 

 

1. Introduction 

Hydrogen sulphide (H2S) is the main reduced sulphur compound cycling through 

the atmosphere (Lelieveld et al. 1997; Warneck 2000). It is naturally released by 

volcanic phenomena (Möller 1983), and bacterial breakdown of organic matter in 

anoxic environments, such as swamps, rice fields and sewers (Warneck 2000). 

Anthropogenic sources, which account for c. 10% of the total global emissions, are 

petroleum refineries, pulp mills, tanneries, and geothermal fields exploited for energy 
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production (Axtmann 1975; Arnórsson 2004). Both natural and anthropogenic sources 

may have possible adverse environmental effects. H2S is in fact a broad-spectrum 

poison, noxious to life (Beauchamp et al. 1984; Reiffenstein et al. 1992) because it 

impacts on all the enzymatic activities in which metals, as cofactors, are involved. H2S 

also affects photosynthetic organisms, reducing CO2 fixation rate and growth of vascular 

plants and marine algae, although some cyanobacteria are tolerant or use H2S as an 

electron donor instead of H2O (Thompson & Kats 1978; Cohen et al. 1986; Maas et al. 

1987a, b, 1988; Koch et al. 1990). Some field evidence also supports the negative 

effects of H2S on lichens. For example, significant changes in biomass, cover and 

species composition of epiphytic lichen communities have been documented around 

geothermal fields or geothermal springs releasing H2S (Loppi 1996; Tretiach & Ganis 

1999). Concentrations of 2 ppm H2S or lower can reduce photosynthesis and linear 

growth of a relatively tolerant species, Parmelia sulcata Taylor (Tretiach & Baruffo 

2001), modifying the content of selected elements at an extra- and intracellular level 

(Tretiach et al. 1999). These field results, however, are not fully confirmative, because 

in geothermal fields and springs H2S is often associated with toxic elements such as 

arsenic, boron and mercury (Arnórsson 2004), that may have synergistic effects on 

lichens (Loppi et al. 1998). Furthermore, the natural oxidation of H2S in the air leads to 

the formation of SO2, a pollutant that is notoriously highly toxic for lichens (Gries et al. 

1995; Deltoro et al. 1999). This study was specifically aimed at verifying, from a 

physiological standpoint, the effects of H2S on lichen photosynthesis in the absence of 

other pollutants. Samples were exposed in small exposure chambers under controlled 

conditions, in order to keep constant all those factors that could potentially influence the 

response to H2S (e.g. thallus hydration, temperature). The vitality of samples was 

estimated by measuring Fv/Fm, that is the maximum quantum efficiency of Photosystem 

II (PSII) in capturing the activation energy (Genty et al. 1989), because previous studies 

have shown that this parameter is particularly apt to describe the negative effects of H2S 

on the photosynthetic process (Maas et al. 1988). Our hypotheses were the following: 1) 

lichens are sensitive to H2S even at low air concentrations; 2) cyanolichens differ from 

chlorolichens in H2S tolerance; 3) the lichen response to H2S is modulated by light; 4) 

the dose-effect relationship is modulated by the surface/dry weight ratio of samples. 

 

2. Material and Methods 

2.1. Lichen sampling and pre-treatments 

Five  lichens  with  different  ecologies  and  photobionts  were  used  (Table 1).  The  four 
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chlorolichens (namely Flavoparmelia caperata, Parmelia sulcata, Parmotrema 

perlatum, and Pseudevernia furfuracea) show a different distribution around an H2S 

emitting vent, suggesting a different tolerance to the pollutant (Tretiach & Ganis 1999); 

furthermore, they have frequently been used in our laboratory for basic and applied 

research (Baruffo et al. 2008; Piccotto & Tretiach 2010; Piccotto et al. 2011; Tretiach et 

al. 2005, 2007a, b), and the factors influencing their chlorophyll a fluorescence (ChlaF) 

emission under artificial laboratory conditions are relatively well known. Peltigera 

praetextata was added as a representative of heteromerous cyanolichens. The lichen 

samples were collected in natural sites far from known air pollution sources. Entire 

thalli were detached from the substratum, when necessary using the blade of a cutter, 

put in Petri dishes, immediately transported to the laboratory, left to dry out for 24 h at 

room temperature under diffuse light (< 10 µmol photons m–2 s–1), and then carefully 

cleaned of foreign material and dead parts. Samples of 10 ± 0.5 mg were selected from 

the terminal parts of lobes, because these portions have considerably higher ChlaF 

emission than the central ones (Tretiach et al. 2007b; Baruffo et al. 2008). 

Experiments were carried out within ten days of the lichen samplings. Before 

measurements were made, the samples were immersed in distilled water for 3 min and 

placed on rigid plastic nets within plastic boxes containing water at the bottom, that 

were covered (but not sealed) with transparent plastic wrap. The boxes were placed in a 

growing chamber for 48 h at 20 ± 1°C, with a light/dark regime of 14/10 h. 

Photosynthetically active radiation (PhAR) flux in the 400-700 nm waveband, provided 

by neon lamps (Sylvania Grolux T8 F36W/GRO G13 F 36W), and checked using a 

Micro–Quantum 2060–M Sensor (Walz, Effeltrich, Germany), was set between 18 and 

35 µmol photons m–2 s–1, from the most sciophilous (Parmotrema perlatum) to the most 

heliophilous (Peltigera praetextata) species, corresponding to one sixth of the 

respective PPFDIk value (photosynthetic photon flux at which the quantum yield of CO2 

assimilation is the highest). 

 

2.2. Lichen exposure to H2S 

For exposure to H2S, 600 ml commercial glass jars were used. In each of them, four 

squared glass beads were attached with cyanoacrylic superglue (Loctite Super Attak ®, 

Henkel) at three quarters of the total height, and a glass slide was pasted on the beads. 

The closing cap was modified replacing the flat metal upper part with a clock glass of 

similar size, sealed with a commercial neoprenic glue (Artiglio ®) on the threaded 
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border in order to also allow light penetration from above. All materials were inert to 

H2S (Ma et al. 2000). 

 

Table 1: Investigated lichens and collection data. 
 
             

Species  Photobiont(s)  Sampling site  Collection 
date(s) 

 Substratum pH1) H1) N1) H2S 
tol. 2) 

                                                

    2-3 3 1-3 1-2 

        

Flavoparmelia 
caperata 
(L.) Hale  

Trebouxia 
crenulata 
Archibald 
T. gelatinosa 
Archibald 

 

Italy, Classic 
Karst Plateau, 
Gropada,  
400 m alt. 

 

June 13, 
2008 

 

N-exposed 
bark of 
Fraxinus ornus 
L. 

    

                          

    1-3 2-3 1-3 4 

        

Parmelia 
sulcata 
Taylor   

T. arboricola 
De Puymaly 
T. impressa 
Ahmadijan 

 

Italy, Classic 
Karst Plateau, 
Gabrovizza, 
230 m alt. 

 

July 2, 
2008 

 

N-exposed 
bark of 
Fraxinus ornus 
L. 

    

                          

     2 2-3 1-2 1 

        

Parmotrema 
perlatum 
(Huds.) 
M.Choisy 

 

T. crenulata 
Archibald 
T. decolorans 
Ahmadijan 

 

Italy, Classic 
Karst Plateau, 
Borgo Grotta 
Gigante, 250 m 
alt. 

 

June 13, 
2008 
July 29, 
2008 
Dec. 10, 
2008 

 

N-exposed 
bark of 
Quercus 
petraea (Matt.) 
Liebl. 

    

                          

    2-4 3 1-2 ? 

        

Peltigera 
praetextata 
(Sommerf.) 
Zopf 

 

Nostoc sp. 

 

Italy, Carnic 
pre-Alps, 
Andreis, 
Bosplans, 
500 m alt. 

 

July 5, 
2008 
July 27, 
2008 
April 4, 
2009 

 

Soil 

    

                          

    1-2 3-4 1-2 3 

        

Pseudevernia 
furfuracea 
(L.) Zopf var. 
furfuracea  

T. jamesii 
(Hildreth & 
Ahmadjian) 
Gärtner  

Italy, Carnic 
Alps, 
Ampezzo, Pura 
Pass, 
1400 m alt. 

 

May 11, 
2008 

 

Twigs of Larix 
decidua Mill. 

    

                                   1) Categories of acidophytism (pH),  hygrophytism (H), and eutrophication (N) according to Nimis & Martellos (2008). 2) The scale 
of H2S tolerance, ranging from 1 to 5, is based on the field data of Tretiach & Ganis (1999). 

The chambers, immersed in a water bath at 20°C, were alternatively filled with 200 

ml of distilled water, 8.7 × 10–7 M and 8.7 × 10–6 M H2S solutions (Carlo Erba Reagenti, 

Rodano, MI, Italy) to achieve, in the air contained in the void volume, a theoretical 

concentration of 0 (control), 5 ppm H2S (treatment 1) and 50 ppm H2S (treatment 2), as 

calculated according to the reactivity of H2S in distilled water and to Henry’s law. 

Immediately after, four samples of the same species, with an optimum thallus water 

content of c. 140–160% in parmelioid lichens, and c. 160–180% in Peltigera pratextata, 

were positioned on the upper side of the glass slide of each chamber; the chambers were 

closed and left for 2, 4 and 8 h under light (experiment A), and in the dark (experiment 

B). Three replicates, for a total of 12 samples of each species, were run for each 
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concentration and for each exposure time. In experiment A, samples of all five species 

were exposed to half the respective PPFDIk value. Nearly natural spectrum light was 

provided by Osram HLX 250 W lamps, and PhAR flux was checked with the sensor 

inserted inside the exposure chambers in the same position as the lichen thalli. In 

experiment B, samples of Parmotrema perlatum and Peltigera praetextata were kept in 

the dark from the last watering on, and during the following exposure, which lasted as 

in experiment A. 

 

2.3. ChlaF measurements 

ChlaF measurements were carried out on the same samples before and after 

exposure in the chambers containing distilled water or one of the two H2S solutions. For 

pre-exposure measurements, the samples were taken out of the growing chamber, 

immersed for 3 min in distilled water, gently shaken by hand, and dark-adapted for 30 

min. For post-exposure measurements, the closed exposure chambers were darkened for 

30 min with a black velvet cloth, and the samples were measured immediately after the 

opening of their respective exposure chamber. In this case, no further watering was 

necessary, because the water content of the samples did not change significantly due to 

the water vapour saturation of the small volume. The measurements were carried out 

after 2, 4 (experiment A only) and 8 h of exposure, using different sets of samples. To 

verify the possible recovery of ChlaF emission, the samples were sprayed with distilled 

water at the end of the post-exposure measurements, and put in the growing chambers at 

the same pre-conditioning ,conditions described above. ChlaF measurements were 

carried out after 24 h and, when necessary, after 48 and 72 h, following the same 

procedures described above. 

All ChlaF measurements were carried out with a pulseamplitude-modulated 

fluorimeter Mini-PAM (Walz, Effeltrich, Germany; signal detection l: >710 nm; 

emission maximum of the measuring light source: 650 nm; standard intensity: 0.15 

µmol photons m–2 s–1; modulation frequency: 0.6 kHz). The measuring fibre optic, 100 

cm long and with an active diameter of 5.5 mm, was put at 90° over the upper surface of 

the samples, always in the same position. The pulsing modulated red light was turned 

on to obtain F0 (minimal ChlaF level), and a 0.8 s saturating light pulse (c. 8 000 µmol 

photons m– 2 s – 1) was applied to obtain Fm (maximum ChlaF level). Fv/Fm 

(maximumphotochemical quantumyield) was calculated as (Fm - F0)/Fm. In order to 

compare values obtained at different internal temperature of the instrument, the data 

were standardized at the emission observed at 18°C, as described by Baruffo & Tretiach 

(2007). 
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2.4. Specific thallus area of samples 

The specific thallus area (STA, cm2 mg–1 dry weight) was determined in 12 samples 

of each species. To measure the area, fully hydrated samples were carefully laid 

between two glass plates and scanned at 600 dpi with a Perfection V100 scanner (Epson, 

Japan). The upper surface colour images were analyzed with the program Jasc 2 Paint 

Shop Pro version 7.00 (Jasc Software Inc), by transforming them into black-and-white 

images, by checking them manually, and finally by converting pixels into area (cm2). 

Pseudevernia furfuracea produces isidia, finger-like vegetative propagules that 

significantly increase the exchange surface of the thallus, up to 200–300% (Tretiach et 

al. 2005). Because moderately isidiate samples were used in our H2S experiments, a 

lower correction percentage (120%) was applied. The dry weight of samples was 

measured after 24 h at 80°C and after a further 2 h at room temperature in a glass 

chamber containing drying silica. 

 

2.5. Determination of the actual H2S exposure concentrations 

The complex equilibria to which the H2S molecules are involved suggested an 

analytical control of the actual concentration values inside the exposure chambers. This 

was done by using the 50/30 mm divinylbenzene/carboxen/polydimethylsiloxane 

(DVB/CAR/PDMS) highly cross-linked fibre (Supelco Inc., Bellefonte, PA, USA) as a 

H2S trap, as suggested by Fan (2004), Cai et al. (2006), and Vazquez-Landaverde et al. 

(2007) in their studies on the quantification of sulphur compounds by CAR and PDMS 

or CAR, DVB and PDMS. In order to introduce the fibres inside the exposure chambers, 

the metal caps were opportunely modified. They were pierced, the hole subsequently 

closed with a 2 mm thick rubber with foil glued on the external face of the cap, and the 

fibres singularly injected with the aid of a fibre holder for manual sampling after 2, 4 

and 8 h from the filling of the exposure chambers with distilled water (used as control) 

or one of the two H2S solutions. Three sets of three chambers each were analyzed: 1) 

without lichen material, 2) with samples of Parmotrema perlatum or Peltigera 

praetextata of the same dry weight used in experiments A and B, and 3) with samples of 

the same species devitalized at 70°C for 24 h. The exposed fibres were then singularly 

introduced in the circuit of an Agilent 5973 Network gas chromatograph-mass 

spectrometer (Agilent Technologies, Palo Alto, CA, USA), connected to a bonded phase 

fused silica BP20 column (length 30 m; internal diameter 0.25 mm; film 0.25 mm), in 

which ultra-pure helium (99.9999%) was used as a carrier gas. The calibration curve 

was obtained by diluting a certified gas mixture of 52.7 ppm H2S with ultra-pure N2. 

The curve allowed us to estimate H2S concentrations in the range 2–50 ppm with a per 
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cent relative error of 15% at the lower concentration, and 4% at the higher concentration, 

mostly due to the manual use of the syringe (Arthur & Pawliszyn 1990). 

 

2.6. Statistics 

All statistical analyses were performed with Microsoft Office Excel 2003 SP2 

(Microsoft corporation, WA, USA) and STATISTICA 6.0 (StatSoft Inc., Tulsa, OK, 

USA). The Shapiro-Wilk’s test was used to check the Fv/Fm pre-exposure values of each 

species for normality, and skewness and kurtosis were evaluated in order to describe the 

symmetry and shape of the data distribution curves. Since in three species there was a 

noticeable deviation from a Gaussian distribution curve, the Fv/Fm values are presented 

with non-parametric descriptors (first, median and last quartile), as suggested by Lazár 

& Nauš (1998) and Baruffo & Tretiach (2007), and the statistical analysis was based on 

non-parametric tests (i.e. the Mann-Whitney U test for comparison of H2S treated vs. 

control samples, and the Wilcoxon matched pairs test for comparison of pre- and post-

exposed samples). 

 

3. Results 

The two H2S solutions contained at the bottom of the hermetically-closed exposure 

chambers equilibrated quickly with the air contained in the void volume. Thus, gaseous 

H2S concentrations were already stable after 2 h, remaining constant at c. 8 and 28 ppm 

H2S after 4 h, with a slight but not statistically significant increase after 8 h in the 

exposure chambers with the higher concentration solution (Fig. 1). 

The introduction of living, fully hydrated samples into the exposure chambers 

heavily modified the final H2S concentrations in the air. After 8 h, H2S decreased to c. 2 

ppm at the lower concentration (-80%), and to 14 ppm at the higher concentration         

(-50%). Peltigera praetextata absorbed more H2S than Parmotrema perlatum, although 

the difference was not statistically significant due to the high standard deviation of the 

data sets (data not shown). With dead, air-dry samples the H2S decrease was less intense 

(Fig. 1), although the difference between the two species persisted. 

Pre-exposure ChlaF levels differed significantly among the five lichens (Table 2). F0 

ranged between 23 and 49% of the respective Fm. The lowest Fv/Fm value was recorded 

in Peltigera praetextata, a lichen with Nostoc as photobiont. Among the remaining four 

chlorolichens, the highest median value was observed in Parmelia sulcata, the lowest 

one in Pseudevernia furfuracea. The ChlaF emission of lichens was heavily reduced at   

1 
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one in Pseudevernia furfuracea. The ChlaF emission of lichens was heavily reduced at 

the end of the exposure experiments A and B, according to dose and duration of H2S 

exposure (Tables 3 & 4). 

In the light experiment A (Table 3), at the lower dose, there was a slight but 

statistically significant reduction in Fv/Fm after 4 h, which became more intense and 

evident after 8 h. At the higher dose, negative effects were already detected after 2 h, 

with a slight statistically significant lowering of Fv/Fm in all the lichens, but more 

evident in Peltigera praetextata and Pseudevernia furfuracea. After 4 h, the 

phenomenon intensified, with Flavoparmelia caperata much more affected than after 2             

a 
 
Table 2. Pre-exposure values of samples used in experiments A ( light) and B (dark). 
 

 Experiment  F0 Fm  Fv/Fm 
            mean ± s.d. mean ± s.d.  Q1 Q2 Q3 
                           Flavoparmelia caperata A  435±86 1661±345  0.728 0.741 0.752 

         Parmelia sulcata A  279±50 1194±227  0.757 0.765 0.775 
         Parmotrema perlatum A  347±117 1414±470  0.726 0.736 0.744 
         " B  378±68 1417±262  0.722 0.737 0.746 
         Peltigera praetextata A  255±27 640±78  0.581 0.602 0.624 
         " B  256±42 522±96  0.459 0.505 0.543 
         Pseudevernia furfuracea A  421±109 1273±366  0.648 0.664 0.687 

                           
Measurements are given as meaneone standard deviation (F0 and Fm) and 1st quartile (Q1), median (Q2) and 3rd quartile 
(Q3) (Fv/Fm). n = 108 in A, 72 in B. 

Fig. 1. Mean ± one standard deviation of H2S concentration measured in the void volume of the 
exposure chambers after 2, 4 and 8 h after the introduction of 8.7×10–7 (A) and 8.7×10–6 (B) M H2S 
solutions. Concentrations were measured without lichen material (control) and with living or dead 
samples of Parmotrema perlatum. � control; � living samples; � dead samples; significant differences 
compared with the control (* for 0.05 > P ≥ 0.01; ** for P < 0.01) are marked (n = 3). 
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Table 3. Experiment A: per cent decrease of Fv/Fm with respect to the pre-exposure values of Table 2 after 2, 4 
and 8 hours (post exp.) in the light in fumigation chambers containing distilled water (a), 8.7 × 10–7 (b) and 8.7 
× 10–6 (c) M H2S solutions; the recovery was measured after 1, 2 and/or 3 days without H2S. 

                                  Species    2 hours  4 hours  8 hours 
                     Recovery  Recovery  Recovery 

    

Post exp. 

1 day 2 days  

Post exp. 

1 day 2 days  

Post exp. 

1 day 2 days 3 days 

                                                             Q1  
1.2* 0.7  .. 

  
3  -0.1

 
..

  
5.0 ** 2.7** 1.2 

 
4.1** 

             Q2 
 

2.1
 

1.6 
 

.. 
  

1 
 

-1.0
 

..
  

4.9 
 

3.6
 

2.2 
 

3.0
 

             

a 

Q3 
 

1.1
 

1.2 
 

.. 
  

0 
 

-1.0
 

..
  

3.8 
 

2.9
 

2.8 
 

3.3
 

                    
         Q1  

2.1** 0.6 
 

.. 
  

5.7 ** 0.7
 

..
  

5.8 ** 4.0** ..  
 

..
 

             Q2  
2.4

 
0.4 

 
.. 

  
2.5 

 
0.9

 
..

  
6.3 

 
4.8

 
.. 

 
..

 
             

b 

Q3  
1.0

 
0.1 

 
.. 

  
0.8 

 
0.7

 
..

  
4.3 

 
3.6

 
.. 

 
..

 
                    

      Q1 
 

10.2**, ## 2.8 
 

.. 
  

44.5 **
, ## 4.2**, ## ..

  
58.9 **

, ## 10.9**, # 8.1 ** , # 7.8** 

             Q2 
 

10.6
 

1.0 
 

.. 
  

42.2 
 

4.4
 

..
  

53.6 
 

6.9
 

4.7 
 

4.5
 

             

Flavoparmelia 
caperata 

c 

Q3  
6.6

 
1.3 

 
.. 

  
27.2 

 
5.5

 
..

  
35.7 

 
4.3

 
3.1 

 
3.3

 
                

        Q1  
1.9** 0.6 

 
.. 

  
1 ** 1.8* ..

  
1.6 * 2.2** ..  

 
..

 
             Q2 
 

1.9
 

0.4 
 

.. 
  

2 
 

1.2
 

..
  

0.4 
 

2.4
 

.. 
 

..
 

             

a 

Q3 
 

2.3
 

0.3 
 

.. 
  

3 
 

1.7
 

..
  

1.0 
 

1.9
 

.. 
 

..
 

                    
    *      Q1  

0.0* -2.2 
 

.. 
  

0.6 ** 0.7
 

..
  

5.1 ** , # 6.4** .. 
 

..
 

             Q2  
1.4

 
0.2 

 
.. 

  
1.1 

 
0.8

 
..

  
4.7 

 
5.6

 
.. 

 
..

 
             

b 

Q3  
1.6

 
0.1 

 
.. 

  
1.6 

 
1.0

 
..

  
3.3 

 
4.3

 
.. 

 
..

 
                    

    *      Q1 
 

2.8** , # -0.1 
 

.. 
  

10.8 ** , ## 2.9
 

..
  

20.8 ** , ## 8.6**, ## .. 
 

..
 

             Q2 
 

3.3
 

0.7 
 

.. 
  

7.7 
 

2.3
 

..
  

17.0 
 

6.3
 

.. 
 

..
 

             

Parmelia 
sulcata 

c 

Q3  
3.0

 
0.3 

 
.. 

  
6.3 

 
2.6

 
..

  
6.4 

 
5.1

 
.. 

 
..

 
                

       Q1  
2.4** 1.3 ** ..  

  
3.6 ** 3.0** ..

  
1.3 ** 0.3  0.8 

 
..

 
             Q2 
 

2.5
 

1.6 
 

.. 
  

4.2 
 

3.3
 

..
  

1.8 
 

1.4
 

0.4 
 

..
 

             

a 

Q3 
 

1.6
 

1.7 
 

.. 
  

3.2 
 

2.5
 

..
  

0.6 
 

0.6
 

-0.2 
 

..
 

                    
        Q1  

1.9* 0.8 
 

.. 
  

4.2 ** 3.3** ..
  

4.6 ** , ## 1.1** .. 
 

..
 

             Q2  
1.9

 
0.8 

 
.. 

  
3.2 

 
2.4

 
..

  
3.6 

 
1.5

 
.. 

 
..

 
             

b 

Q3  
1.7

 
0.7 

 
.. 

  
2.9 

 
2.2

 
..

  
4.7 

 
1.4

 
.. 

 
..

 
                    

       Q1 
 

5.0** , ## 2.2 
 

.. 
  

17.4 ** , ## 4.5**, ## ..
  

15.8 ** , ## 5.3**, ## 1.8 ** , # ..
 

             Q2  
4.1

 
1.0 

 
.. 

  
14.0 

 
3.2

 
..

  
8.3 

 
4.6

 
0.9 

 
..

 
             

Parmotrema 
perlatum 

c 

Q3  
3.8

 
1.3 

 
.. 

  
9.7 

 
2.6

 
..

  
6.5 

 
4.3

 
0.7 

 
..

 
                

    Q1  
6.0** 5 ** 6.7 ** 

 
7.0 ** 18.0** 10.2** 

 
4.1  15.2** 9.3 ** ..

 
             Q2 
 

5.3
 

3 
 

6.0 
  

5.0 
 

12.4
 

8.8
  

3.3 
 

14.3
 

9.7 
 

..
 

             

a 

Q3 
 

5.3
 

2 
 

5.1 
  

2.1 
 

5.7
 

3.5
  

1.6 
 

10.7
 

4.4 
 

..
 

                    
 **     Q1  

5.2** 11.0 ** 6.8 
  

31.8 ** 12.2** 6.6** 
 

17.3 ** , # 5.0**, # 8.7 ** ..
 

             Q2  
3.7

 
9.2 

 
5.5 

  
6.6 

 
12.9

 
6.6

  
9.3 

 
2.6

 
7.5 

 
..

 
             

b 

Q3  
6.5

 
8.8 

 
5.1 

  
4.6 

 
4.7

 
3.5

  
7.1 

 
3.9

 
2.6 

 
..

 
                    

 **     Q1 
 

64.0** , ## 23.1 ** , ## 7.8 
  

71.3 ** , ## 24.2** 12.6** 
 

56.6 **
, ## 17.2** 17.8 ** ..

 
             Q2  

47.8
 

16.1 
 

8.1 
  

54.8 
 

11.9
 

11.1
  

45.5 
 

1.8
 

16.0 
 

..
 

             

Peltigera 
praetextata 

c 

Q3  
39.2

 
13.1 

 
4.8 

  
50.6 

 
7.3

 
9.2

  
37.8 

 
8.1

 
12.9 

 
..

 
                

      Q1  
2.7** 4.2 * .. 

  
1.7 ** 0.8  ..

  
5.1 * 2.6* .. ..

 
            Q2 
 

3.6
 

2.8 
 

.. 
  

4.1 
 

2.0
 

..
  

4.4 
 

2.3
 

.. ..
 

            

a 

Q3 
 

3.5
 

3.1 
 

.. 
  

4.9 
 

2.6
 

..
  

2.4 
 

2.0
 

.. ..
 

                    
      Q1  

2.4** 5.4 ** ..  
  

4.6 ** 7.5** ..
  

5.4 ** 4.4** ..  ..
 

            Q2  
4.4

 
4.4 

 
.. 

  
6.1 

 
6.6

 
..

  
2.6 

 
1.8

 
.. ..

 
            

b 

Q3  
4.4

 
4.8 

 
.. 

  
7.4 

 
4.6

 
..

  
3.7 

 
1.6

 
.. ..

 
                   

      Q1 
 

28.5**, ## 6.7 ** ..  
  

51.8 ** , ## 11.5**, ## ..
  

62.7 **
, ## 46.0** , ## .. ..

 
            Q2  

15.9
 

4.6 
 

.. 
  

49.8 
 

11.6
 

..
  

59.2 
 

30.9
 

.. ..
 

            

Pseudevernia 
furfuracea 

c 

Q3  
7.8

 
3.8 

 
.. 

  
49.4 

 
10.8

 
..

  
51.8 

 
17.3

 
.. ..

 
                                           
                  

Q1: 1st quartile; Q2: median; Q3: 3rd quartile. Significant differences with pre-exposure (* for 0.05 > P ≥ 0.01; ** for P < 0.01), and control 
(# for 0.05 > P ≥ 0.01; ## for P < 0.01) values are marked (n = 12). 
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Table 4. Experiment B: per cent decrease of Fv/Fm with respect to the pre-exposure values of 
Table 2 after 2 and 8 hours (post exp.) in the dark in fumigation chambers containing distilled 
water (a), 8.7 × 10–7 (b) and 8.7 × 10–6 (c) M H2S solutions; the recovery was measured after 
1 and 2 days without H2S. 
  
                              Species    2 hours  8 hours 
                   Recovery  Recovery 

    

Post exp. 

1 day 2 days  

Post exp. 

1 day 2 days 

                                               Q1 
 

0.6
 

1.7 * .. 
  

0.6  -0.5  -0.2 
 

        Q2 
 

0.9
 

1.0 
 

.. 
  

-0.4
 

-1.6
 

0.0 
 

        

a 

Q3 
 

1.2
 

1.0 
 

.. 
  

-0.1
 

-0.8
 

-1.0 
 

             
      Q1  

-0.9
 

-0.7 
 

.. 
  

-3.1** -4.5** .. 
 

        Q2  
-0.1

 
0.4 

 
.. 

  
-4.0

 
-4.5

 
.. 

 
        

b 

Q3 
 

-0.3
 

0.4 
 

.. 
  

-1.2
 

-2.0
 

.. 
 

             
    Q1 
 

1.1** 0.5 
 

.. 
  

3.0** , ## 2.9*, ## 1.8 # 

        Q2  
1.5

 
0.8 

 
.. 

  
3.7

 
1.8

 
0.2 

 
        

Parmotrema 
perlatum 

c 

Q3  
0.7

 
0.3 

 
.. 

  
4.4

 
1.9

 
0.4 

 
              

   Q1 
 

1.6
 

7.7 * 40.6 ** 
 

0.6  22.3** 16.3 * 

        Q2 
 

-3.9
 

6.0 
 

30.0 
  

1.0
 

14.7
 

13.0 
 

        

a 

Q3 
 

-1.5
 

-1.4 
 

21.1 
  

-2.7
 

11.1
 

5.4 
 

             
   Q1 
 

9.8* 10.4 ** 25.8 ** 
 

7.0
 

25.6** 32.0 ** 

        Q2 
 

4.4
 

8.6 
 

14.5 
  

-0.2
 

18.1
 

29.6 
 

        

b 

Q3  
7.6

 
12.8 

 
11.8 

  
2.8

 
13.5

 
22.3 

 
             

  Q1 
 

6.8# 36.0 ** , # 50.9 * 
 

53.2**, ## 56.2**, ## 72.3 ** , ## 

        Q2 
 

6.9
 

24.7 
 

35.8 
  

53.2
 

50.4
 

67.5 
 

        

Peltigera 
praetextata 

c 

Q3  
8.5

 
16.0 

 
19.7 

  
40.2

 
48.6

 
57.8 

 
                                
 

Q1: 1st quartile; Q2: median; Q3: 3rd quartile. Significant differences with pre-exposure (* for 0.05 > P ≥ 0.01; ** for 
P < 0.01), and control (# for 0.05 > P ≥ 0.01; ## for P < 0.01) values are marked (n = 12). 

h, and Parmelia sulcata and Parmotrema perlatum still relatively unaffected. After 8 h, 

all the species had lower Fv/Fm values, although the phenomenon was a little less intense 

in Paltigera praetextata, because some of the samples tolerated the exposure better. The 

observed decrease of Fv/Fm derived from a significant drop of Fm in all species, although 

in P. praetextata there was also a parallel increase of F0 (data not shown). The decrease 

in Fv/Fm in the light-exposed samples, which lay within 8.3–59.2% of the pre-exposure 

values after 8 h, was totally reversible, because the respective pre-exposure values were 

fully re-established in all the lichens after the post-exposure recovery of 1–3 days in the 

absence of H2S (Table 3). 

In this experiment, all the lichens suffered from the effects of H2S in proportion to 

the exposed surface of the samples (Fig. 2). The observed per cent decrease of Fv/Fm, 

however, was also related to the pre-exposure median value of the photosynthetic 

quantum yield of each species: the lichens with lower pre-exposure values, in fact 

showed a greater decrease in Fv/Fm and vice versa (Fig. 3). In the no-light treatment 

(experiment B), the samples of Parmotrema perlatum and Peltigera praetextata 

suffered a less pronounced decrease of Fv/Fm than in experiment A (Table 4). However, 

under the new experimental conditions the cyanolichen was totally unable to recover; 
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after two days with neither H2S nor 

light its photosynthetic quantum yield 

was still declining, while the 

chlorolichen recovered fully. 

 

4. Discussion 

The maximum photochemical 

quantum yield is strongly related to the 

efficiency of PSII, and therefore the 

sharp, sudden decline of Fv/Fm 

observed in all the species in both 

experiments (Tables 3 & 4) can be 

interpreted as a direct effect of H2S on 

PSII. However, since the decrease of 

Fv/Fm was primarily related to a drop 

in the maximum ChlaF level (Fm), a 

block of the electron transport chain 

can also be postulated. These results 

are fully congruent with those 

concerning the action mechanism of H2S on other oxygenic photosynthetic organisms, 

and vascular plants in particular (see e.g. Thompson & Kats 1978; Maas et al. 1988). 

Since H2S inhibits metalloenzymes, in a similar way to cyanide and azide ion 

(Reiffenstein et al. 1992), the activity of all electron transport chains, essential for the 

functioning of the light phase as well as for mitochondrial respiration, are seriously at 

risk in the presence of H2S. However, the most sensitive target of the photosynthetic 

process seems to be the oxygen-evolving complex, OEC (Sivaraja et al. 1988). This 

enzyme is involved in the photolysis of water molecules which are the source of the 

electron flux that, drawn by the photosystem reaction centres, goes through the electron 

transport chains to NADP+, consequently reduced to NADPH+H+. The inhibition of 

OEC necessarily implies the block of PSII and of the NADPH+H+ production. 

At low H2S concentrations, the inhibition of OEC might derive from the oxidation 

status of the OEC cofactor that contains the catalytic site(s) (DeRose et al. 1994; Barber 

2002). According to the widely accepted S-state model, OEC passes through five 

successive states, from S0 to S4, which represent progressively more oxidized forms of 

the Mn4O5 complex, and are more or less stable (Kok et al. 1970).  Interestingly, a 

strong OEC inhibitor, hydroxyl-amine (NH2OH), is known to directly interfere with the 

Fig. 2. Correlation between specific thallus area 
(STA, cm2 mg–1 dry weight, x-axis), and Fv/Fm 
per cent decrease after 4 h exposure to the 8.7 × 
10-6 M H2S solution ( y-axis). Median, 25° –75° 
percentiles (boxes), non-outlier minimum and 
maximum (whiskers) and outlier (circles) are 
reported: a, Flavoparmelia caperata; b, Parmelia 
sulcata; c, Parmotrema perlatum; d, Peltigera 
praetextata; e, Pseudevernia furfuracea (n = 12). 
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states S1 and S2, which become 

unstable and fall into the state S0, 

instead of passing to the successive, 

more oxidized state S3, thus 

determining the immediate block of the 

photolytic process. According to this 

model, the lowering of intracellular 

H2S partial pressure by metabolic 

consumption (S is a cellular macro-

nutrient for any plant cell), or by 

equilibrium with a H2S-free 

atmosphere, should allow a relatively 

fast recovery of OEC activity, as 

actually observed in our post-exposure 

recovery treatment in light-exposed 

samples (all species, see Table 3). 

At high H2S concentrations, OEC becomes inactive for the detachment of the 

Mn4Ox complex (Sivaraja et al. 1988). In this case, recovery in the absence of H2S is 

more problematic and requires more time, because the damaged OECs must be 

substituted, partially or in toto, together with other impaired components of the 

photosynthetic apparatus (as it probably occurred in Peltigera praetextata, the sole 

species that increased F0 after exposure at the higher H2S dose). Some of our results are 

congruent with a purported damage to OEC caused by the detachment of the Mn4OX 

complex, since at the higher H2S dose the Fv/Fm values significantly increased after the 

recovery period, but the recovery periods were longer than at the lower H2S dose and 

recovery itself was incomplete, at least for some of the samples of Parmotrema 

perlatum and Pseudevernia furfuracea. Hashimoto et al. (1996) suggested that free 

OEC subunits are frequent in the thylakoid lumen, representing c. 20-50% of the whole 

pool, and they are more stable in the dark. This possibly explains the different result of 

light vs. dark-exposed samples observed in this study. However, this difference might 

also be related to another peculiar feature of OEC. The physical bond between catalytic 

site(s) and substratum (the H2O molecule or the interfering H2S molecule) is formed 

during the rapid transition from S4 to S0. In the dark, almost all the OECs are in S1 

because this state is thermodynamically more stable than the others (Kok et al. 1970). 

This would determine a certain resistance to the H2S attack because S4, the sole state to 

be fully capable of interacting with the substratum, would be virtually absent. 

Fig. 3. Correlation between median pre-exposure 
Fv/Fm (x-axis) and per cent decrease of Fv/Fm after 
4 h exposure to the 8.7 × 10–6 M H2S solution (y-
axis). Symbols as in Figure 2 (n = 12). 
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The different response intensity observed among the species certainly depends on 

several phenomena. For example, some vascular plants can metabolize H2S in the form 

of water-soluble, sulphur-containing compounds such as cysteine, glutathione, and g-

glutamylcysteine (De Kok et al. 1986; Maas et al. 1987b; Buwalda et al. 1990; Stuiver 

& De Kok 2001; Westerman et al. 2001), but not in the form of sulphates (Maas et al. 

1987b). As regards lichens, nothing is known from this point of view, but Tretiach et al. 

(1999) actually observed an enrichment of the total sulphur content in thalli of Parmelia 

sulcata grown near an H2S-emitting vent, with a significant increase in the intracellular 

content. We can argue, however, that in our experiments H2S concentrations were too 

high and exposure periods too short to allow the photobionts to keep the intracellular 

sulphur concentration constant by accumulating sulphur compounds. Certainly, the 

samples were able to absorb H2S both actively and passively, as shown by the different 

concentrations within the exposure chamber containing living and dead material (Fig. 1). 

However, it is not hazardous to assert that the post-exposure Fv/Fm variation among 

species primarily depends on the resistance to H2S diffusion opposed by the thallus. 

This is obviously determined by the surface/volume ratio, of which STA is a good 

proxy, and by the nature of the outer layers, histochemically and anatomically highly 

variable among species. A third factor, the thallus water content, was near the species-

specific optimum and remained relatively constant during the exposures; it therefore has 

little importance in this context. In fact, thalli with smaller STA were less affected than 

thalli with larger STA (Fig. 2). Furthermore, the analysis of H2S concentration inside 

the exposure chambers showed that thalli of Peltigera praetextata, with their greater 

exchange surface, absorbed more H2S than thalli of Parmotrema perlatum, which is 

denser and more compact. In this case, the peculiar anatomy of Peltigera praetextata 

also probably favoured the H2S absorption, because in this lichen the lower face is 

ecorticated, with interhyphal medullary spaces that open freely outward (Vitikainen 

1994), whereas in the other four chlorolichens it is corticated, with hyphae that are 

agglutinated. It is noteworthy, however, that the sole species with a pseudocyphellate 

upper cortex, Parmelia sulcata, was relatively more resistant to H2S than the other 

chlorolichens with a non-pored upper cortex (e.g. Flavoparmelia caperata, Parmotrema 

perlatum). Although apparently inexplicable, this relative resistance of Parmelia sulcata 

accords well with the field observations of Tretiach & Ganis (1999), which identified 

this lichen as the most resistant foliose species among those colonizing the trees around 

a natural H2S vent. 

Further species-specific differences in H2S tolerance were observed in a field survey 

that certainly suffers from the shortcomings addressed in the introduction (Tretiach & 
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Ganis 1999). For example, basophilic species are less tolerant than acidophilic species, 

with the latter occurring nearer to the H2S source, probably because H2S acidifies 

rainfall, fogs, and the water runoff of trunks. The acidification modifies the chemical 

properties of the tree bark (e.g., availability of some elements, see Bates & Brown 

1981), and consequently also the element content of lichen thalli is affected at both an 

extra- and intracellular level (Tretiach et al. 1999). This may have heavy effects at a 

metabolic level, causing the perturbation of some important metabolic pathways (e.g. 

calcium oxalates are not deposited on the wall of the hyphae of the medulla, see 

Tretiach et al. 1999). In the meantime, H2S causes the reduction of photosynthesis (as 

confirmed by this study) and growth (Tretiach & Baruffo 2001), and this may modify 

the competitive fitness for space occupancy and, over long periods, the species 

composition of lichen communities (Tretiach & Ganis 1999). There is, however, a 

further point that deserves attention. Some lichens, mainly crustose and all of them with 

a green alga as photobiont, possibly Trebouxia, are actually favoured by the presence of 

H2S. In some cases this is simply the result of competitive phenomena: several crustose 

species are often pioneers that colonize the smooth bark of young trees, and are 

overgrown by foliose species that arrive in a second phase of the colonization and have 

faster growth rates (Degelius 1964, 1978). In other cases, however, the story looks 

different. The most glaring example is offered by Lecanora conizaeoides, a lichen 

whose present, declining distribution in Western Europe is strictly related to sulphur 

availability (mainly in the form of SO2, see Edwards et al. 2009). Laundon (2003) 

identified the primeval sites of this species in H2S fumaroles of southern Europe, where 

it is actually very abundant and often the sole lichen able to colonize dead trunks, twigs 

and, exceptionally, also peaty soil and plant debris. ChlaF measurements taken near an 

H2S vent on well-developed thalli of L. saligna, a further H2S tolerant species 

(Czyzewska 1991), revealed high Fv/Fm median values (c. 0.695) when co-occurring 

thalli of Parmelia sulcata were below 0.530 (Baruffo 2007). Tolerance mechanisms at 

the photobiont level must thus be hypothesized, and are badly in need of further study. 

It is worth noting that near natural H2S sources cyanolichens, that is lichens with 

cyanobacteria as main photobiont, are rare (Shimizu 2004). This might be related to the 

sensitivity of their photobionts to H2S. Actually, cyanobacteria differ greatly in H2S 

sensitivity. Some of them are very tolerant to H2S, using it as an electron donor 

alternative to H2O, like green sulphur bacteria (Cohen et al. 1975, 1986; Belkin & 

Padan 1983). 

Other cyanobacteria preserve photosynthesis by means of an active oxygen 

resistance mechanism, mediated by PSII (Miller & Bebout 2004). A third group, more 
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numerous, is very sensitive to H2S because their photosynthetic process is blocked by a 

mechanism very similar to that described in vascular plants (Miller & Bebout 2004), but 

inhibition is extended to the active transport of CO2 inside the cell (Espie et al. 1989). 

Adaptive mechanisms to environmental conditions can further complicate the picture: 

for example, the mechanism of resistance to H2S is developed only when cyanobacteria 

are exposed to high concentrations of the pollutant, and is lost if they grow in the 

absence of H2S (Miller & Bebout 2004). Nostoc, the cyanobiont of Peltigera and many 

other cyanolichens, belongs to the third group, and our results are certainly congruent 

with this. However, the strong decrease of Fv/Fm observed in P. praetextata (-54.8% at 

the higher concentration after 4 h) needs some further comment. As discussed above, a 

diriment factor may be the high absorption of the pollutant through the sample surface. 

A further one is the progressive modification of light absorption and emission under the 

light intensities of both exposure and post exposure regimes, because phycobilisomes, 

that contribute to F0 (Miller & Bebout 2004) causing the lowering of Fv/Fm (Sundberg et 

al. 1997), are highly plastic from this point of view, and rapid in their re-allocation 

(Tandeau de Marsac & Cohen-Bazire 1977; Liu et al. 2005). This might also explain the 

different recovery kinetic observed between light- and dark-exposed samples of P. 

praetextata. Otherwise, we should hypothesize that only under light the cyanobionts 

have the ability, or perhaps the stimulus, to restore the adequate multi-enzymatic pool 

necessary to sustain the photosynthetic activity. Much more experimental work, 

however, is needed to verify the behaviour of cyanolichens, ideally if selected among 

those with phyletically distant cyanobionts. 

 

5. Conclusion 

The toxic effect of H2S on lichens is indisputable, as we observed a pronounced 

decrease of Fv/Fm even after short exposure times, positively correlated to sample 

surface and, to a lesser extent, to the pre-exposure Fv/Fm value. The lichen tolerance to 

H2S seems to be species-specific and it is determined, at least partially, by the 

photobiont (Nostoc vs. Trebouxia). Finally, the results are fully congruent with the 

hypothesis that the block of the photosynthetic process is primarily determined by the 

block of the oxygen-evolving complex. 
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Abstract 

The combined effects of water availability and ozone (O3) on chlorophyll a 

fluorescence (ChlaF) were studied in three epiphytic lichens selected for their different 

ecology. The samples were exposed in open top chambers (OTCs) under different 

watering regimes with O3 AOT40 in the range 0 - 50,000 ppb. Further samples were 

exposed in a nearby wood, as controls. ChlaF measurements were taken before exposure, 

after 3– and 6–week exposure and after a subsequent 2–day recovery period to verify 

the long-term effects of O3 exposure. All species tolerated the pollutant well. However, 

there was a strong influence associated with the mode of exposure: the ChlaF emission 

remained steady over time in the controls, whereas it varied significantly in chamber-

exposed samples, with a strong decrease of Fv/Fm in non-watered and morning-watered 

samples, and a small decrease in evening-watered samples. ChlaF emission 

characteristics were also influenced by the weather conditions of the day preceding 

measurements, with some species-specific differences possibly related to species 

ecology. The ozone-tolerance of lichens is thoroughly discussed on the basis of the 

cellular mechanisms that allow these organisms to overcome the oxidative burst 

associated with the cycles of dehydration-rehydration typical of poikilohydrous 

organisms. 

 

1. Introduction 

Tropospheric ozone (O3) is an important component of global change that is mostly 

determined by human activities, such as the incomplete combustion of fossil fuels 

(gasoline, diesel, etc.) (Logan 1985; Wu et al. 2008). O3 has direct, deleterious 

consequences on plants and animals, exerted through the fast formation of Reactive 

Oxygen Species (ROS) that are particularly damaging to cell membranes, enzymes and 
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DNA (Pell et al. 1997). In vascular plants ROS are readily formed as soon as O3 enters 

the leaf through stomata by diffusion (Laisk et al. 1989), and therefore a large number 

of vascular plants are very sensitive to O3. Lichens, composite organisms consisting of a 

symbiotic association of a fungus (the mycobiont) and one or more photosynthetic 

partners (the photobionts), have been studied only sporadically in relation to ozone 

toxicity, notwithstanding their frequent use as biomonitors of air pollution (Bargagli and 

Nimis 2002). The few field studies available so far show that high concentrations of O3 

do not cause an appreciable impoverishment of the lichen flora (Ruoss and Vonaburg 

1995; Lorenzini et al. 2003), at least if peroxyacetylnitrates or other organic pollutants 

are not co-occurring  (Sigal and Nash 1983; Egger et al. 1994; Zambrano and Nash 

2000). Physiological studies gave more conflicting results. No significant consequence 

to O3 exposure were detected by Rosentreter and Ahmadjian (1977), Calatayud et al. 

(2000) and Riddell et al. (2010; 2012), while limited effects were identified by Nash 

and Sigal (1979), Ross and Nash (1983), and Tarhanen et al. (1997). Severe damage to 

the integrity of photosystems, the collapse of a high percentage of photobiont cells and, 

occasionally, blanching of the thallus surface were instead reported by Scheidegger and 

Schroeter (1995). The latter study, frequently cited in the literature as a proof of lichen 

sensitivity to O3 pollution, was based on lichens fumigated with O3 in Open Top 

Chambers (OTCs). Riddell et al. (2012), however, identified a clear chamber-effect 

associated with lichen exposure in OTCs and, therefore, it might be argued that the 

conclusions of Scheidegger and Schroeter (1995) were influenced as much by the 

exposure conditions than by the pollutant itself. A critical point is certainly the artificial 

rehydration process to which samples are typically subjected in this type of exposure. In 

contrast to vascular plants, lichens are poikilohydrous organisms, and therefore their 

water status varies passively according to the surrounding environmental conditions 

(Nash 2008). In the OTCs lichens must be artificially watered. This process might affect 

lichen response to O3 as a consequence of small differences in timing, frequency and/or 

intensity of sample watering. In fact, a recent field study with lichen transplants 

suggests that water availability is the key factor moderating O3 resistance, because daily 

rehydrated thalli can repair O3 damage effectively and replenish their reservoir of 

antioxidants (Tretiach et al. 2012b). 

In this work the effects of O3 on three epiphytic lichens with different ecologies 

were investigated by exposing portions of thalli subjected to different hydration regimes 

in OTCs with O3 AOT40 in the range 0 - 50,000 ppb. To estimate the response of 

lichens to the different treatments, chlorophyll a fluorescence (ChlaF) emission was 

measured. This is a non-destructive technique commonly used in plant physiology and 
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nowadays frequently applied also to lichens (e.g. Scheidegger and Schroeter 1995; 

Calatayud et al. 2000; Tretiach et al. 2007). Derived ChlaF parameters can provide 

reliable information about the state of  photosystems and relationships with a wide 

range of environmental factors, including specific pollutants (Baker and Rosenqvist 

2004; Nash 2008; Bertuzzi and Tretiach 2013). 

 

2. Material and methods 

2.1. Lichen sampling and pre-treatment of samples 

Three lichens, characterized by relatively well known biologies, were chosen: 

Xanthoria parietina (L.) Th. Fr., Flavoparmelia caperata (L.) Hale and Parmotrema 

perlatum (Huds.) M. Choisy. The species have different ecological requirements and 

resistance to pollutants, as shown in Table 1 and references cited therein; their 

photobionts are green coccoid algae of the genus Trebouxia de Puymaly (Ahmadjan 

1993; 2001). 

 
Table 1. Investigated lichens, with respective photobionts, sampling sites, altitude (alt., m above sea 
level), collection dates, substrata, species-specific photosynthetic photon flux at which the quantum yield 
of CO2 assimilation is the highest (PPFDIk, µmol photons m-2 s-1) (Piccotto and Tretiach 2010) and 
categories of acidophytism (pH),  hygrophytism (H), eutrophication (N), poleophobism (Pol.) according 
to Nimis and Martellos (2008). 
 

Species Photobionts Sampling site Date(s) Substratum PPFDIk  pH H N Pol. 
                         Xanthoria 
parietina (L.) 
Th.Fr. 

T. irregularis 
Hildreth & 
Ahmadjian 
T. arboricola 
de Puymaly 
 

Italy, Friulan-
Venetian 
Plain, Udine,  
prov., Latisana 

29-June-
2010 

Northerly 
exposed 
bark of 
Juglans sp. 

131 2-4 3-5 3-4 3-1 

          Parmotrema 
perlatum 
(Huds.) 
M.Choisy 

T. crenulata 
Archibald 
T. decolorans 
Ahmadijan 
 

Italy, Classic 
Karst Plateau, 
Trieste prov., 
Borgo Grotta 
Gigante 

23-June-
2010 

Northerly 
exposed 
bark of 
Quercus 
petraea 
(Matt.) 
Liebl. 

108 

      

2 2-3 1-2 3-2 

Flavoparmeli
a caperata 
(L.) Hale 

Trebouxia 
crenulata 
Archibald 
T. gelatinosa 
Archibald 
 

Italy, Classic 
Karst Plateau, 
Trieste prov., 
Borgo Grotta 
Gigante 

23-June-
2010 

Northerly 
exposed 
bark of 
Fraxinus 
ornus L. 

112 2-3 3 1-3 3-2 

          
 

The samples were collected from deciduous trees in sites of NE Italy far from 

known air pollution sources (Table 1). Several healthy-looking thalli were detached 

from the bark using a sharp blade, put in open petri dishes and immediately transported 
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to the laboratory, where the material was left to dry out at room temperature, in 

darkness for two days. Randomly selected thalli were then closed in petri dishes, sealed 

in vacuum bags and sent to the OPAL project laboratories at Imperial College’s 

Silwood Park campus in Ascot, GB, for the following exposure experiments. Here the 

thalli were carefully cleaned of debris and bryophytes; 52 (X. parietina) and 78 (F. 

caperata and P. perlatum) samples were randomly cut from different thalli, numbered 

and photographed. Each sample (60±5 mg dry weight) was tied with nylon threads to a 

small cork strut (2.5×4.0×0.3 cm) to facilitate moving and exposure, and kept dry under 

diffuse light (< 10 µmol photons m-2 s-1) until use, within a maximum of 21 days from 

sampling. Prior to exposure, the samples were subjected to a conditioning process for 

two days: they were immersed in distilled water for 3 minutes every 12 hours and, in the 

remaining time, placed on rigid plastic nets within plastic boxes containing water at the 

bottom; the boxes were covered (but not sealed) with transparent plastic wrap (> 95% 

RH) and placed in an incubator at 20±1 °C, with a light/dark regime of 12/12 h and a 

light intensity corresponding to one sixth of the species-specific photosynthetic photon 

flux at which the quantum yield of CO2 assimilation is the highest (see Table 1). 

 

2.2. Sample exposure 

The lichen samples were exposed for 6 weeks from July to September 2010, with a 

delay of one week between two successive species, starting with P. perlatum and 

finishing with X. parietina, in eight Open Top Chambers (OTCs) ventilated with 

charcoal filtered air. In six chambers, O3 generated using an O3 generator (model 

GEN02-03, Bio-Fresh Ltd. UK), was added to filtered air to expose samples to different 

pollutant concentrations. Concentration measurements were continuously recorded with 

an O3 monitor (model 202, 2B Technologies Inc., Boulder, Colorado, USA). The 

accumulated ozone exposure (AOT40) was calculated above a threshold concentration 

of 40 ppb as Σ(c–c0) for every (c–c0) > 40 ppb.  

The samples were positioned 2 m above ground on the north-facing portion of the 

internal wall of each OTC. Small black cardboard panels were placed perpendicular to 

the wall between three contiguous samples to avoid direct light. The samples within 

each OTC were divided into three groups (A-C) of three samples each, that were 

subjected to different hydration regimes: watered with a spray of distilled water at 9:00 

am (“morning watered”, group A); watered at 6:00 pm (“evening watered”, group B); 

non-watered (group C). During exposure, therefore, group C could benefit only from the 

humidity of the air, whereas the two others were certainly active for some hours during   

1 
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the O3 treatment (group A) or immediately after it (group B). Watering took place at 

9:00 am and not earlier (e.g. at dawn) in order to coincide the period of lichen activity 

with that of ozone exposure, that took place from 9.00 to 18.00, simulating the natural 

daily pattern of O3 (Lorenzini and Nali 2005). 

One further group of samples (group D; namely, 4 samples of X. parientina and 6 

samples of F. caperata and P. perlatum) was exposed in a wood on the trunks of some 

oaks only 100 m away from the OTCs. These samples were exposed to normal rainfall 

and dew events, and served as control to check the effects of microclimatic conditions 

within the OTCs. 

 

2.3. ChlaF measurements 

ChlaF measurements were taken before and after 3 and 6 weeks of exposure, and 

after a further two days of recovery in the incubator under the conditions described 

above, to verify the long-term effects of O3 exposure. ChlaF measurements were carried 

out with a pulse-amplitude-modulated fluorimeter Mini-PAM (Walz, Effeltrich, D), 

positioning the measuring fibre optic (length: 100 cm; active diameter: 5.5 mm) at 60° 

on the upper surface of terminal parts of lobe margins, because these portions have 

considerably higher ChlaF emission than the central ones (Tretiach et al. 2007). The 

modulated light was turned on to obtain F0 (minimal ChlaF level). A saturating light 

pulse of ca. 8,000 µmol photons m-2 s-1 for 0.8 s was emitted to obtain Fm (transient 

maximum ChlaF level) and thus to calculate Fv (variable ChlaF level, i.e. Fm-F0) and 

Fv/Fm (maximum quantum efficiency of PSII photochemistry) (Genty et al. 1989). An 

external actinic light provided by a light unit FL-460 (Walz, Effeltrich, D) with halogen 

lamp was turned on to record the Kautsky effect at an intensity consistent with the 

specific PPFDIk value of each species (Piccotto and Tretiach 2010; see Table 1). Once 

the peak Fp was achieved, saturating light pulses were applied at 60 s intervals during 

actinic illumination to determine the photochemical (qP) and non photochemical (qN 

and NPQ) quenching (see, e.g. Roháček 2002; Baker 2008).  

 

2.4. Microclimatic and sample water content measurements 

During exposure, air temperature, humidity, and solar irradiation were continuously 

collected, outside and inside the chambers. The following instruments were used: air 

temperature and humidity data logger iButton (Maxim Integrated, San Jose, CA, USA); 

contact thermometer MK 5310 (Mitek, Reggio Calabria, I); quantum radiometer HD 

2302.0 (Delta Ohm, Padua, I). In order to know the thallus relative water content 

immediately before watering, and to estimate the time of dehydration of sprayed 
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samples, measurements were taken with a Protimeter mini-3 (Parametrics, Shannon, 

Ireland) on samples used as references. The electronic circuit of this instrument 

measures the resistance of the material to the passage of a low voltage current between 

two needles driven in at a distance of 1 cm. The reading values are given as ordinal 

numbers, from 6 (low water content) to 25 (high water content). The thallus relative 

water content (%RWC) was then estimated on the basis of a calibration curve built up in 

the laboratory at 20°C for each species. 

 

2.5. Statistics 

All calculations were performed with Microsoft Office Excel 2003 SP3 (Microsoft 

corporation, WA, U.S.A.), STATISTICA 6.0 (StatSoft Inc., Tulsa, OK, U.S.A.) and R 

version 2.15.1 (R Foundation for Statistical Computing). Fv/Fm values are presented 

with non-parametric descriptors (median, first and third quartile). Statistical analyses 

were conducted applying the non-parametric Mann-Whitney U test, also known as 

Wilcoxon non-paired test, as suggested by Lazár and Nauš (1998) and Baruffo and 

Tretiach (2007). 

 

3. Results 

The ambient O3 AOT40 registered outside the OTCs during the 6-week period was 

less than 400 ppb, comparable with the concentration of a non-polluted site, whereas the 

O3 AOT40 in the OTCs ranged from 0 (control) to 50 ppm h (Table 2). 

 
Table 2. O3 AOT40 (ppm h) measured during the 3- (a) and 6-week (b) exposure of the three target 
lichens in the 8 Open Top Chambers. 
 

  AOT 40 (ppm h) 
          
  1 2 3 4 5 6 7 8 
          
          

Xanthoria parietina a   0.000   0.000   2.674   3.460   6.368   5.716   8.537 26.153 

 b   0.000   0.021   3.670   7.318 11.687 14.232 19.754 46.893 
          
Flavoparmelia 
caperata 

a   0.000   0.000   3.128   4.113   4.600   6.514 10.311 16.649 

 b   0.000   0.021   3.271   8.292 11.670 15.393 21.300 43.376 
          

Parmotrema 
perlatum 

a   0.000   0.000   4.256   7.718   4.523   6.020 13.251 13.115 

 b   0.000   0.000   4.822 10.608 11.546 10.503 17.863 36.088 
          

 

Pre-exposure ChlaF levels significantly differed among the three lichen species 

(Table 3). However, all Fv/Fm values were higher than 0.700, confirming that the 

samples were healthy before exposure. 
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Table 3. Pre-exposure values of minimum (F0) and transient maximum (Fm) emission yield of chlorophyll 
a fluorescence, maximum efficiency of PSII (Fv/Fm, where Fv= Fm-F0), and non photochemical quenching 
(NPQ) measured in the three target lichens before the exposure experiment. Measurements are given as 
mean±one standard deviation (F0 and Fm) and 1st quartile, median and 3rd quartile (Q1, Q2, Q3) (Fv/Fm 
and NPQ). 
 

      

  F0 Fm Fv/Fm NPQ 
          

 
n 

mean ± 
SD 

mean ± 
SD Q1 Q2 Q3 Q1 Q2 Q3 

         

          

Xanthoria 
parietina 

52 273±28 1086±121 0.740 0.751 0.758 0.379 0.450 0.574 

          

Flavoparmelia 
caperata 

78 318±32 1238±126 0.733 0.746 0.756 0.488 0.566 0.710 

          

Parmotrema 
perlatum 

78 344±42 1254±158 0.716 0.725 0.738 0.406 0.528 0.679 
          

          

 

The watering regimes applied to the sample groups A-C in the OTCs were 

responsible for a large variation in degree and time of thallus hydration, and purportedly 

of metabolic activity. Significant differences were observed among the three species, 

with X. parietina typically remaining wet for longer times (> 1 hour) than the two 

parmelioid lichens (Fig. 1a,b). Depending on ambient weather conditions, morning-

Fig. 1 Example of the variation in relative water content (RWC %) observed in samples 
of the lichens Xanthoria parietina (a,b), Flavoparmelia caperata (c,d), and Parmotrema 
perlatum (e,f) exposed in the OTCs during a sunny, warm day (a,c,e) and a rainy, cool 
day (b,d,f). 
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watered samples remained wet for no more than two hours on warm and dry days, 

although they were wet for longer periods on cold and rainy days (Fig. 1). Evening-

watered samples, on the other hand, remained wet for most of the night, and sometimes 

even until late morning on rainy days (Fig. 1f).  By contrast, non-watered samples rarely 

reached RWC above 30% (F. caperata, P. perlatum) or 50% (X. parietina), and then 

only on rainy days or when ambient humidity was higher than 90%. Non-watered 

samples were therefore arguably metabolically inactive for most of the exposure period. 

Fig. 2. Decrease of Fv/Fm after 3-week and 6-
week exposure and after recovery with respect 
to the pre-exposure values (Table 3) in samples 
of Xanthoria parietina (a-c), Flavoparmelia 
caperata (d-f), Parmotrema perlatum (g-i) 
exposed in the wood and in OTC without O3 
(boxplot) and with the highest O3 AOT40 (solid 
triangles). For each boxplot median, 25°-75° 
percentiles and non-outlier minimum and 
maximum are reported; n= 4 in a-c, n=6 in d-i. 
A: morning-watered samples; B: evening-
watered samples; C: non-watered samples; D: 
control samples exposed in the wood; 
statistically significant differences are marked 
(**: p ≤0.01; *: 0.01 < p ≤ 0.05; Mann-Whitney 
U test). 
 

Fig. 3. Decrease of NPQ after 3-week and 6-
week exposure and after recovery with respect 
to the pre-exposure values (Table 3) in samples 
of Xanthoria parietina (a-c), Flavoparmelia 
caperata (d-f), Parmotrema perlatum (g-i) 
exposed in the wood and in OTC without O3 
(boxplot) and with the highest O3 AOT40 (solid 
triangles). Symbols as in Fig. 2. 
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The post-exposure ChlaF emission 

values of the wood-exposed controls did not 

significantly change with respect to pre-

exposure levels, whereas that of the OTC-

exposed samples varied greatly (Figs. 2,3; see 

also Online Resource 1,2). Interestingly, no 

significant differences were observed between 

O3-free and O3-exposed samples in the OTCs, 

and no significant relationship was observed 

between O3 AOT40 and Fv/Fm (Fig. 4) or any 

other measured ChlaF parameter (e.g. NPQ, 

see Online Resource 3). The observed Fv/Fm 

decrease illustrated in Fig. 2 reflected, on one 

hand, the gradient of xerophytism among 

species (Table 1) - low in X. parietina, 

intermediate in F. caperata and more 

pronounced (up to 60%) in P. perlatum - and, 

on the other hand, the watering regime applied 

to the sample groups. In fact, the evening-

watered samples maintained Fv/Fm values 

similar to (X. parietina and F. caperata,), or 

slightly lower (P. perlatum) than the outside 

controls, whereas the morning-watered and 

non-watered samples suffered a pronounced 

Fv/Fm decrease, from 15% (X. parietina) to 

80% (P. perlatum). In F. caperata and X. 

parietina watering treatments modified NPQ 

in two different ways (Fig. 3).  Morning 

watering was associated with an increase in 

NPQ (from +20% to +100%), whereas 

evening watering was associated with a 

decrease of between 20% and 50%. In P. 

perlatum the two watering treatments caused a 

significant decrease in NPQ (ca. ─50%) (Fig. 

3). 

Fig. 4. Relationship between O3 AOT 40 (ppm h) 
in the OTCs after 6-week exposure and the 
respective Fv/Fm values measured in Xanthoria 
parietina (a) Flavoparmelia caperata (b) and 
Parmotrema perlatum (c). a: morning-watered, y 
= -0.00099x + 0.61, r2 = 0.031, p = 0.51; 
evening-watered, y = -0.00037x + 0.71, r2 = 
0.045, p = 0.42; non-watered, y = -0.00086x + 
0.58, r2 = 0.02, p = 0.60. b: morning-watered, y = 
-0.0018x + 0.54, r2 = 0.073, p = 0.20; evening-
watered, y = -0.00029x + 0.67, r2 = 0.0094, p = 
0.65; non-watered, y = -0.0016x + 0.61, r2 = 
0.16, p = 0.051. c: morning-watered, y = -
0.0032x + 0.40, r2 = 0.12, p = 0.10; evening-
watered, y = -0.00071x + 0.66, r2 = 0.0097, p = 
0.65; non-watered, y = -0.00041x + 0.42, r2 = 
0.0017, p = 0.84. 
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The decrease in Fv/Fm was similar between the two 3-week exposure periods in F. 

caperata. In X. parietina the Fv/Fm decrease was more pronounced after the second 3-

week exposure period, whereas the opposite was true for P. perlatum. This suggests 

that the duration of exposure was not a key factor. By contrast, the weather conditions 

of the last days of exposure, and particularly the very last day, seem to be more 

influential, with a negative impact of high light (Table 4). 

 
Table 4. Mean values (± one standard deviation) of photosynthetic photon flux density (PPFD), air 
temperature and relative humidity within the OTCs, and period of time (h) during which the relative water 
content of the exposed thalli of the three target lichens was above 60% (RWC > 60%); measurements 
taken the day before the ChlaF measurements of Fig. 1 (boxplot), at the end of the 3- (a) and 6-week (b) 
exposure. 
 

      

  PPFD 
(µmol photons m-2 s-1) 

Air temp. 
(°C) 

RH 
(%) 

RWC > 60% 
(h) 

                  Xanthoria parietina  a 204±24 18.5±1.7 84.5±4.4 9 
 b 160±74 16.7±0.6 75.0±5.1 3 
      Flavoparmelia caperata  a 244±48 16.7±1.0 88.5±2.4 9 

 b 518±116 17.0±1.0 62.8±2.5 2 
      Parmotrema perlatum a 452±138 18.5±1.0 62.5±3.7 2 

 b 320±25 20.8±0.6 79.3±2.9 9 
           

 

Interestingly, the conditioning process of two days applied to all samples at the end 

of the exposure allowed the total or partial recovery of the original ChlaF emission (Figs. 

2,3 and Online Resource 1,2, right hand column). Xanthoria parietina recovered fully. 

In contrast, morning-watered samples of F. caperata and P. perlatum, and non-watered 

samples of P. perlatum, did not reach pre-exposure values of Fv/Fm, a sign that the 

environmental conditions within the OTCs were not completely suitable for these two 

lichens, irrespective of ozone treatments. 

 

4. Discussion 

In this study, the species-specific tolerance of three foliose epiphytic lichens to O3 

has been tested by exposing portions of healthy thalli in OTCs under different watering 

regimes.  After a fumigation of 6 weeks, no significant effects were observed that could 

be traced back to the action of the pollutant. This suggests that the functionality of 

photosystems is not impaired by ozone, supporting recent findings by Calatayud et al. 

(2000) and Riddell et al. (2010, 2012). However, our three lichens clearly suffered a 

chamber effect, likely associated with small increases in air temperature and light, and 

reduced air humidity. Watering regime did, however, have a strong effect on the 
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efficiency of lichen photosystems, because non-watered and morning-watered samples 

showed a stronger Fv/Fm decrease than the evening-watered ones. The decrease in non-

watered samples is not surprising since Hájek et al. (2001, 2006) demonstrated that 

Fv/Fm is sensitive to desiccation. Indeed, a recent study by Tretiach et al. (2012b) 

showed that the prolonged lack of rain, high temperatures and high light can decrease 

the maximum quantum yield of PSII photochemistry, as seen in unwatered samples of 

all three species. The low chlorophyll a fluorescence typical of thalli desiccated for long 

periods is likely to be associated with a long-wavelength quencher embedded in the 

antenna complex of photosystem II that captures absorbed energy faster than the 

reaction centres, dissipating it as heat (Heber et al. 2006). This  specific protective 

mechanism would be progressively activated and de-activated according to thallus 

hydration (Veerman et al. 2007). 

The pronounced difference between morning- and evening-watered samples is 

particularly intriguing. The samples were exposed in the same chambers, so this 

excludes a single chamber effect. An explanation must therefore take into account the 

environmental conditions to which the two sample groups were exposed when 

metabolically active. Evening-watering generally occurred when temperatures were low, 

and there was no light or just dim light, evidently the best conditions to avoid negative 

effects on the photosystems; indeed these samples registered the highest Fv/Fm, apart 

from chamber-free (wood-exposed) controls. In contrast, the high RWC of morning-

watered samples suggested that they were metabolically active from 9.00 am to c. 12.00 

am, even on the warmest days, when evening-watered samples were completely dry. 

The combination of high hydration and high light (typical of the middle part of the day 

and worsened by the increased transmittance through the hydrated cortical layer) is 

obviously rather unnatural for an epiphytic lichen: lichens generally dry out as soon as 

the conditions become sunny and warm, and a fully hydrated thallus experiences high 

light only exceptionally, e.g. immediately after a thunderstorm (Green et al. 1995; 

Jonsson et al. 2008; Gauslaa et al. 2012). Furthermore, lichens, thermo-tolerant when 

dry, are thermo-sensitive when they are metabolically active (Kappen 1973; Macfarlane 

and Kershaw, 1978; Tretiach et al. 2012a). Therefore, the Fv/Fm decrease of morning-

watered samples can be explained as the consequence of the exposure of wet thalli to 

relatively high light and relatively high temperatures, as supported by NPQ (Fig. 3) and 

qP (not shown) values. 

It is worth noting that in many vascular plants O3 is highly phytotoxic, due to the 

effects of production of reactive oxygen species (ROS) on cell membrane permeability, 

via lipid peroxidation, and oxidation of sulphydril groups in protein and enzymes 
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(Lorenzini and Nali 2005; Sharma and Davies 1997). Our experiment demonstrated that 

whatever the water regime applied, O3 was not harmful for the three lichens studied. 

Given the moderately high ozone exposures in this experiment, the question is how 

lichens can escape this damage. An important source of ROS production is water stress 

(França et al. 2007). As poikilohydrous organisms, lichens gain and lose water very 

rapidly. The change in water content from the extreme desiccation state to full turgor 

(and vice versa) causes dramatic changes, such as the progressive shrinkage of the 

cytoplasm, rearrangement of the membranes, suspension of enzymatic activities, and the 

partial or total deactivation of photosystems (Honegger et al. 1996). These effects are 

accompanied by alterations in the ionic strength and pH of the cytoplasm and by an 

intense oxidative burden (Kranner and Birtić, 2005), against which lichens have evolved 

a set of antioxidant defences, from non enzymatic mechanisms (e.g. ascorbic acid, 

glutathione, carotenoids, tocopherols), to scavenging enzymes (superoxide dismutases, 

catalases and ascorbate peroxidases) (Gechev et al. 2006). Lichens are therefore well 

equipped to face an internal source of ROS that takes origin from the peculiarity of their 

life style, i.e. the strong fluctuation of their water content (Valencia-Istas et al. 2007). 

The stress derived from an exposure to ozone, like the one applied in this study, would 

be just a small input to a larger oxidative stress that is faced almost daily.  

In conclusion, this study suggests that lichens are actually O3-tolerant organisms; 

this is not because they act as O3-avoiders, but it is probably due to the high level of 

natural defences against different forms of oxidative stress, including that caused by O3. 

Furthermore, we demonstrated that the use of lichen transplants in OTCs is a good 

approach to test the effects of pollutants in these organisms if precautions are taken to 

limit chamber effects in relation to air temperature and humidity. Since an essential pre-

requisite to OTC studies is the artificial watering of lichen samples, it is necessary to 

mimic the natural daily cycle of rehydration and dehydration, and we therefore suggest 

that pre-dawn- or evening-watering is  recommended in such protocols.  
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Conclusioni 
 
 

Il presente lavoro rappresenta un contributo alla conoscenza della fenomenologia 

della fluorescenza della clorofilla a (ChlaF) e al perfezionamento delle sue metodiche di 

applicazione sugli organismi peciloidrici, in particolare licheni e briofite. Come 

osservato in passato (p.es. Sundberg et al., 1997; Tomaselli et al., 2002; Tretiach et al., 

2007) le misure di ChlaF si sono  dimostrate essere uno strumento di analisi molto 

efficiente, rapido, e relativamente poco costoso. La loro piena applicabilità sia in 

laboratorio sia in campo, dovuta anche alle dimensioni sempre più ridotte degli 

strumenti di misura (fluorimetri), ha aiutato ad espanderne di molto l’utilizzo, tanto che 

in alcuni casi esse hanno prima affiancato e poi sostituito le più complesse e lente 

misure di scambi gassosi. Ulteriori miglioramenti, sia strumentali sia nei protocolli 

applicativi, sono costantemente in corso e quasi quotidianamente vengono prodotti 

nuovi lavori in campo agronomico o ecofisiologico che ne fanno applicazione. 

Ciononostante le analisi di ChlaF non si possono di certo dire esenti da problemi, in 

particolar modo quando esse vengono applicate a briofite e licheni. Nel presente lavoro 

si sono messe in evidenza alcune di queste criticità e al contempo si è cercato di porre 

rimedio ad altre già note. 

Per esempio, come già segnalato da Baruffo (2006), nell’uso in campo le misure di 

ChlaF risultano fortemente influenzate dalle condizioni microclimatiche dei giorni 

immediatamente precedenti le stesse. Questo limite, già conosciuto per le piante 

superiori (Adams & Demmig-Adams, 2004), è ancora più condizionante negli 

organismi peciloidrici i quali, incapaci di bilanciare i flussi del proprio contenuto idrico 

verso o dall'ambiente esterno, dipendendo dalle precipitazioni atmosferiche o 

dall’elevata umidità per l’attivazione del loro metabolismo. Inoltre, per fronteggiare i 

periodi di siccità, briofite e licheni vanno incontro a drastici cambiamenti intra- ed 

extra-cellulari che consistono in una riduzione delle reazioni chimiche e in una 

maggiore protezione delle macromolecole più importanti (p.es. enzimi, catene di 

trasporto di elettroni, DNA, RNA) che avviene attraverso la sostituzione dell’acqua con 

una matrice vetrificata formata da polialcoli, zuccheri e glicosidi (Newman, 2006). Tali 

arrangiamenti interni, investendo anche le membrane e l’attività enzimatica, portano 

all’inattivazione dei processi fotosintetici (Honegger, 1996). Alla ripresa dell’attività 
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metabolica, l’organismo va incontro ad un processo inverso, che tuttavia può richiedere 

del tempo per restituire ai fotosistemi la piena funzionalità. In questo lasso di tempo, più 

o meno lungo a seconda dello stato di disidratazione, delle modalità di idratazione, 

dell’umidità relativa, etc., le misure di ChlaF possono risultare estremamente variabili e 

quindi occultare gli effetti degli agenti stressanti che si desidera indagare. 

Il contenuto idrico può avere una forte influenza anche sugli effetti fotoinibitori 

dell’eccessiva illuminazione e quando le misure di ChlaF vengono eseguite 

immediatamente dopo una lunga esposizione alla luce diretta - sia in laboratorio sia in 

campo - i principali parametri di fluorescenza risultano molto bassi, con una chiara 

correlazione tra sensibilità allo stress luminoso e grado di sciafilia delle specie (Gauslaa 

& Solhaug, 2004; Piccotto & Tretiach, 2010). 

Come si è visto, tra i parametri ambientali che influenzano maggiormente la ChlaF - 

e non solo essa - c’è anche la temperatura. Effetti a lungo termine sono però registrati 

solo nel caso che essa ecceda i 40°C con gli organismi tenuti artificialmente idratati. 

Per ovviare a gran parte di queste problematiche, correggendo gli errori dovuti ad 

alla possibile fotoinibizione o al non perfetto stato di idratazione, è necessario 

implementare semplici procedure, applicabili sia in laboratorio sia in situ: il 

mantenimento per alcuni giorni - in genere non più di due o tre - in condizioni 

ambientali per quanto possibile standardizzate, fornendo al contempo un’idratazione 

quotidiana, è in grado di mimare i naturali cicli di idratazione-reidratazione che 

tipicamente affrontano gli organismi peciloidrici alle nostre latitudini. L’eliminazione 

del rumore di fondo dovuto alle condizioni espositive va a discapito della possibilità di 

cogliere gli effetti stressogeni sul brevissimo tempo; permangono dunque solo quelli a 

medio e lungo termine. 

Un ulteriore elemento di criticità, rispetto a quanto in uso sulle le piante vascolari, è 

legato ai parametri di ChlaF connessi alla cosiddetta fase luminosa, anche nota come 

curva di Kautsky (Tyystjärvi et al. 1999; Basker 2008). Nei licheni, l’alta variabilità di 

NPQ (estinzione non fotochimica della fluorescenza), qP (estinzione fotochimica), ETR 

(rateo di trasporto degli elettroni), e di molti alti parametri, è certamente legata a 

numerosi fattori fisiologici, quali la struttura, lo spessore ed il colore del cortex 

superiore e la densità delle alghe. Ciò è confermato dal fatto che le medesime misure 

eseguite sulla solo componente algale isolata si sono rivelate assai più affidabili (dati 

non pubblicati). 

Al contrario Fv/Fm si è confermato come un parametro molto efficiente nel 

discriminare gli effetti delle sostanze fitotossiche, con l’unica eccezione dell’ozono (O3). 
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Ciò non sorprende, perché i licheni si sono già dimostrati altamente resistenti a tale 

inquinante (p. es. Calatayud et al., 2000; Riddell et al., 2010; 2012). 

Le due tipologie di strumentazione utilizzate attualmente per misurare la ChlaF sono 

entrambe capaci di misurare Fv/Fm, fornendo risultati affidabili e simili tra loro (dati non 

pubblicati). Le differenti tecnologie utilizzate hanno permesso da un lato al PEA di 

rivelarsi più comodo e rapido per le analisi in situ, essendo in grado di fornire più 

informazioni attraverso un unico impulso di saturazione, dall’altro lato al PAM di 

risultare più versatile e preciso quando gli effetti dello stress portava ad abbassamenti 

molto drastici dell’attività dei fotosistemi. Sicuramente ulteriori confronti di 

intercalibrazione tra i due fluorimetri sono auspicabili per permettere una sempre 

migliore confrontabilità del dato. Inoltre sarebbe auspicabile che le misure di 

fluorescenza venissero sempre affiancate da osservazioni istochimiche oppure 

dall’analisi di uno o più parametri fisiologici o biochimici, scelti in base alle esigenze 

del protocollo sperimentale e/o dei risultati attesi.  

Come indicato nell’introduzione, in nucleo centrale della presente tesi è stata basato 

su cinque articoli scientifici, ai quali si rimanda per una discussione più dettagliata 

riguardo al raggiungimento di singoli obiettivi. 

In generale, per quanto riguarda il primo filone di ricerca - “Controllo della crescita 

di licheni e briofite su substrati lapidei” - si è potuta apprezzare un’ottima congruenza 

tra misure di ChlaF e osservazioni istochimiche. Le prime si sono anzi rivelate spesso 

più precise, a fronte di un minore investimento di tempo e della possibilità di utilizzare 

una maggiore numerosità campionaria. Alcuni autori hanno evidenziato come sia 

possibile che il parametro Fv/Fm possa non fornire un quadro completo di tutti gli effetti 

dei trattamenti di devitalizzazione (Speranza et al., 2012); per i motivi sopra esposti, si 

potrebbe in parte concordare con tale osservazione; tuttavia nei nostri studi Fv/Fm si è 

rivelato sufficientemente accurato da quantificare l’efficacia di tutti i trattamenti, 

consentendo l'ottimizzazione delle modalità applicative degli stessi. 

L’introduzione di una tecnica totalmente inedita di devitalizzazione dei più comuni 

biodeteriogeni peciloidrici, semplice, poco costosa e molto più eco-compatibile rispetto 

al tradizionale uso dei biocidi, può rappresentare un approccio rivoluzionario nel campo 

del restauro delle superfici lapidee dei monumenti. 

Con riferimento al secondo filone di ricerca - “Licheni e inquinanti aerodiffusi” - si 

sono verificati per la prima volta in laboratorio gli effetti dell’idrogeno solforato (H2S) 

sui licheni, dopo che numerosi studi di campo avevano già ipotizzato un’azione 

inibitoria della fotosintesi. Tale azione risulta specie-specifica ed ulteriori 

approfondimenti sono auspicabili per meglio comprenderne la variabilità. 
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L’effetto dell’O3 sui licheni risulta invece quasi del tutto assente. Se presente, esso 

viene mascherato da quello di fenomeni legati ai naturali cicli di disidratazione 

reidratazione in grado di generare un stress foto-ossidativo di natura analoga, ma più 

forte, rispetto a quello dell’O3. I licheni non si comportano dunque da avoidants nei 

confronti di questo inquinante ma la loro resistenza dei all’O3 potrebbe invece essere 

dovuta alla presenza di un consistente pool di antiossidanti sfruttati in maniera del tutto 

naturale nei complessi cicli vitali dei licheni. Questa ipotesi, ulteriormente confermata 

da esposizioni all’O3 di licheni e dei loro fotobionti isolati in camere di fumigazione 

chiuse (dati non pubblicati), da un lato chiude la porta all’utilizzo dei licheni quali 

biomonitors dell’ozono, dall’altra apre interessanti prospettive per quanto riguarda lo 

studio delle strategie con le quali questi organismi riescono a contrastare gli effetti di un 

inquinante notoriamente fitotossico che causa ogni anno perdite economiche assai 

consistenti in campo agricolo. 
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