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Abstract 
This study meticulously investigates the dynamics of photoinhibition and the mecha-
nisms of primary photosynthetic activity recovery in lichens found in Antarctica and the 
sub-Antarctic regions. Advanced methodologies were utilised, such as Kautsky's kinetic 
analysis and the OJIP test. The study carefully details the response of various lichen 
species to intense light stress, outlining both immediate effects and subsequent recovery 
processes. Our findings reveal that these lichens employ a range of adaptive strategies, 
specific to each species, to mitigate the effects of photoinhibition, thereby emphasizing 
their remarkable resilience and ecological importance in harsh environments. Notably, 
the investigation reveals the sophisticated interplay between inherent photoprotective 
mechanisms and the ecological adaptations that enable these lichens to thrive under such 
harsh conditions. The study not only advances our knowledge of plant physiology under 
stress but also enriches our insights into the survival strategies of terrestrial organisms 
facing global environmental changes. Three types of photoinhibitory treatments differing 
in their duration and strength were applied to 7 lichen species from Antarctica and South 
America (Isla Navarino). The lichens responded with a decrease in photosynthetic proc-
esses in photosystem II (FV/FM and ΦPSII declined), although they showed almost com-
plete recovery in the following 5 h. This was attributed to the activation of photoprotec-
tive mechanisms, non-photochemical quenching (NPQ) in particular, during photoin-
hibitory treatments. Chlorophyll fluorescence parameters derived from slow Kautsky 
kinetics were correlated with those derived from the OJIP curve. Our study presents data 
that supports the conclusion of significant photoresistance of the studied lichen species 
in the hydrated state to photoinhibition induced by high doses of photosynthetically 
active radiation (PAR). 
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Introduction  
 
     Lichens are remarkably robust organ-
isms with unique characteristics of stress 
tolerance that allow them to exist in some 
of the harshest environments on Earth 
(Armstrong 2017). They are common in 
the Antarctic and Subantarctic regions, as 
they experience extreme cold, rampant hu-
midity fluctuations, high wind exposure, 
and intense UV radiation, among other 
stressors (Perera-Castro et al. 2021, Colesie 
et al. 2023). These conditions present a 
challenge for photosynthetic organisms. 
Lichens develop from a symbiotic rela-
tionship between fungi and their photo-
synthetic companions, which can be algae 
or cyanobacteria (Carr et al. 2021). These 
species exhibit remarkable adaptations that 
allow them to survive for long periods and 
flourish naturally under extreme condi-
tions. Therefore, lichens are ecologically 
important and can live long enough to con-
tribute a higher percentage of terrestrial 
biomass in some of the exposed spaces 
(Armstrong 2021). Lichen habitats are mi-
crohabitats with high levels of light ex-
posure. Photoinhibition is the reduction in 
photosynthesis under the influence of so-
lar radiation (Pospíšil 2016). It occurs 
when photosynthetic organisms absorb 
more light than they can use, damaging  
the photosynthetic apparatus. This is ulti-
mately manifested in depressed growth of 
plants (Zavafer and Mancilla 2021, Shi et 
al. 2022). Photoinhibition of photosynthe-
sis is characterized by partial photode-
struction of PSII, partial involvement of 
photoprotective reactions, and resynthesis 
processes with gradual restoration of PSII 
(Balarinova et al. 2014). Barták et al. 
(2021) conducted a recent study on how 
thallus desiccation affects primary photo-
synthetic processes. According to the find-
ings of this study, in lichen photobionts, 
when their relative water content (RWC) 
decreases to less than 20%, defense mech-
anisms on the chloroplastic apparatus are 
initiated (Barták et al. 2021). Similarly, in 

2023, Barták et al. investigated the alterna-
tions in primary photochemical processes 
of photosystem II due to a temporary 
photoinhibitory impact and concluded that 
Xanthoria elegans has effective non-photo-
chemical quenching mechanisms in addi-
tion to a high degree of resistance against 
photoinhibition (Barták et al. 2023). Li-
chens in regions with high solar radiations, 
such as Antarctica, face physiological chal-
lenges due to photoinhibition. A detailed 
comprehension of the intricate mecha-
nisms underlying photoinhibition and the 
subsequent recovery processes is neces-
sary to comprehend how lichens adjust to 
and regulate high levels of sun radiation. 
The responses of photosynthetic mecha-
nisms to light stress and their recovery 
were examined in this study using ad-
vanced techniques, such as Kautsky's ki-
netic method and the OJIP test. The chlo-
rophyll fluorescence of plants is altered by 
the Kautsky effect, which occurs as plants 
move from darkness to light. This impact 
offers important information regarding the 
photosynthetic activity and general health 
of plants under stressful circumstances 
(Aucique-Perez and Ramos 2024). Chloro-
phyll fluorescence is a noninvasive meth-
od that provides information on a plant's 
photosynthetic system. It is an indicator of 
the stress effects on plants (Kohzuma et al. 
2021). One of the key methods to measure 
the efficiency of photosynthesis is through 
the use of the OJIP test. This was achieved 
by examining the sharp rise in fluores-
cence triggered by chlorophyll, also re-
ferred to as the induction curve (Khan et 
al. 2021, Akinyemi et al. 2023). The OJIP 
test helps us analyze the issues that occur 
before and after photoinhibition with pho-
tosystem II (PSII) efficiency. OJIP in-
cludes O, J, I, and P points, through which 
the electron transport processes in PSII can 
be analyzed (Zabret and Nowaczyk 2021). 
These approaches are crucial for under-
standing the complex photosynthetic re-
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sponses of lichens that include Pseudo-
cyphellaria glabra, Nephroma antarcti-
cum, Cladonia sp., Himantormia lugubris, 
Ramalina terebrata, Parmelia sp. and 
Physcia sp. We chose these lichens based 
on their distribution within the diverse 
microclimates of the Antarctic and sub-
Antarctic regions. Antarctic lichens exhib-
it varying levels of photoinhibitory resis-
tance. Researchers have found that certain 
lichens, such as Xanthoria elegans (Barták 
et al. 2023) and moss Sanionia uncinata 
(Orekhova et al. 2021), as well as various 
macrolichens (Barták et al. 2021), effec-
tively protect themselves from high levels 
of light stress. These lichens experience 
minimal photoinhibition, meaning that they 
can quickly recover after exposure to in-
tense light. The Antarctic lichens Usnea 
antarctica and U. aurantiaco-atra have 
been studied under medium light stress 
conditions. The results revealed differ-
ences in their susceptibility to photoinhibi-
tion, with U. antarctica displaying a high-
er resistance. Further analysis of chloro-
phyll fluorescence parameters and pigment 
content variations support the resilience of 
Antarctic lichens to photoinhibitory condi-
tions (Balarinova et al. 2014). Antarctic li-
chens have developed strong strategies to 
protect themselves from excessive sun-
light, allowing them to thrive even in chal-
lenging, high-light environments. Lichens, 
such as Cetraria islandica, Lobaria pul-
monaria, Peltigera aphthosa, P. membra-
nacea, Pseudocyphellaria gilva, and Sticta 
sublimbata showed resistance to photoin-
hibition (Ndhlovu et al. 2023). These li-
chens exhibit different levels of sensitivity 
to sunlight. Pale colored lichens are more 
likely to experience photoinhibition, com-

pared to dark colored lichens (Mafole et al. 
2017). Moreover, desiccation inhibits pho-
tosynthesis in lichens, making them sus-
ceptible to photoinhibition, which high-
lights lichens’ reliance on desiccation-
induced chlorophyll quenching for photo-
protection (Wieners et al. 2018). In addi-
tion, Xanthoria elegans, a lichen from Ant-
arctica, demonstrates remarkable resistance 
to photoinhibition through effective photo-
protective mechanisms, enabling it to tol-
erate short-term exposure to high-light lev-
els (Barták et al. 2023). In these studies, 
diverse responses of lichens to photoinhi-
bition, as well as protective mechanisms, 
contributed to their survival in high-light 
environments. Therefore, we hypothesized 
that these seven lichen species collected 
from Antarctica and the sub-Antarctic re-
gions would show different reactions to 
photoinhibition and recovery. This will be 
influenced by their unique ecological ad-
aptations and physiological traits. Specifi-
cally, we expect that lichens from different 
microhabitats (with varying light exposure 
and moisture levels) will show varying de-
grees of photoinhibition and recovery, re-
flecting their local environmental adapta-
tions. The selected species represent a di-
verse array of ecological niches and physi-
ological characteristics, offering a compre-
hensive understanding of the factors im-
pacting their ability to withstand extreme 
light conditions. Furthermore, a strong and 
positive relationship is expected between 
the maximal quantum yield (FV/FM) of 
PSII and the performance index on an 
absorption basis (PIABS): lichens with 
higher photochemical yield are expected to 
be less stressed and will cope significantly 
better.  
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Material and Methods 
 
Lichen collection and management 
 
     Lichen species, such as Pseudocyphel-
laria glabra, Nephroma antarcticum, Cla-
donia sp., Himantormia lugubris, Ramalina 
terebrata, Parmelia sp. and Physcia sp. 
(see Fig. 1), were collected from the Ant-
arctic and subantarctic regions during     
the winter field camps (January to March 
2024). Lichens were collected at Navarino 
Island (54.9604 S, 67.6557 W, 210 m 
a.s.l.), King George Island (62.1792 S, 
58.9104 W, 35 m a.s.l.), and Galindez 
Island (65.2458 S, 64.2578 W, 18 m a.s.l.) 
(see Table 1). The samples were shipped 
to a lab in Brno, Czech Republic in a dry 
state. The thalli were re-wetted 48 or 72 

hours before the start of experiments. The 
thalli were regularly soaked with deminer-
alized water after being placed into Petri 
dishes with Pur-Zellin® Hartmann wad-
ding. Fluorometric testing was used to con-
firm optimal hydration. Upon reaching its 
maximum levels, FV/FM indicated that the 
sample was optimally hydrated. The thalli 
were kept at 5°C and exposed to low ir-
radiance of 10 μmol m-2 s-1 PAR. Sam-
pling sites were selected to encompass a 
different range of ecological conditions, in-
cluding variations in substrate type, mois-
ture levels, and light exposure. 

 

 
 
Fig. 1. Lichen species used for photoinhibition experiments: (A) Pseudocyphellaria glabra,       
(B) Nephroma antarcticum, (C) Cladonia sp., (D) Himantormia lugubris, (E) Ramalina terebrata, 
(F) Parmelia sp. and (G) Physcia sp.  
 
 
Light stress exposure 
 
     Lichen thalli were exposed to three dif-
ferent light intensities such as 1 000 μmol 
m-2 s-1 (1 hour), 2 000 μmol m-2 s-1 (1 hour), 
and 2 000 μmol m-2 s-1 (2 hours) to induce 

short-term photostress. A homogeneous 
light source was used, consisting of a spe-
cial LED setup (UTEE, Technical Univer-
sity Brno, Czech Republic) with 17 high-
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intensity warm white LEDs (Luxeon Warm 
-White, Philips Lumileds, USA), emitting 
a continuous light spectrum. Thalli from 
various species such as Parmelia sp., 
Nephroma antarcticum, Ramalina terebra-
ta, Himantormia lugubris, Cladonia sp., 
Parmelia sp., and Physcia sp. were placed 

horizontally in separate petri dishes for 
exposure. During the exposure, the thal-   
li were kept moist. During the recovery 
phase, the thalli were covered with cellu-
lose paper moistened with demineralized 
water (Pur-Zellin®, HartMann) at regular 
intervals to prevent desiccation stress. 

 
Chlorophyll fluorescence measurements 
 
     The impact of high-intensity light on 
experimental lichen species, and the PSII 
of their photobionts, respectively, were as-
sessed using several chlorophyll fluores-
cence measurements. The values of the 
chlorophyll fluorescence parameters were 
recorded in the experiment: (a) before pho-
toinhibitory treatment (Control), (b) af-  
ter photoinhibition, followed by recovery 
phases (c) 30 min., (d) 60 min., (e) 120 min. 
and finally (f) 180 min. after the photoin-
hibitory treatment. The recovery period 
was carried out in laboratory conditions 

(under 10 μmol m-2 s-1). A FluorCam (HFC-
010, Photon Systems Instruments, Czech 
Republic) fluorometer was used for the 
measurements of chlorophyll fluorescence. 
To evaluate the effect of photoinhibito-   
ry treatment, slow Kautsky kinetics (KK) 
supplemented with quenching analysis 
were used (for method see e.g. Barták et 
al. 2023). The chlorophyll fluorescence pa-
rameters assessed included FV/FM, ΦPSII, 
Fo/Ft, relative fluorescence decrease (RFD), 
and non-photochemical quenching (NPQ).  

 
Fast chlorophyll fluorescence transients (OJIPs) measurements 
 
     Fast chlorophyll fluorescence transients 
(OJIPs) were recorded using a FluorPen 
FL 1000 fluorometer (Photon Systems 
Instruments, Czech Republic) to evaluate  
the effects of photoinhibitory treatment on 
photosystem II (PSII) functionality. Meas-
urements were taken at several time points: 
before the photoinhibitory treatment as      
a control, immediately after exposure to    
2 000 μmol m-2 s-1 for 120 min., and dur-
ing recovery at 60 and 180 min. post-treat-
ment following a 5-min. dark adaptation 

period. The FluorPen software (Photon 
Systems Instruments, Drásov, Czech Re-
public) was used to extract parameters 
from OJIP curves. These parameters offer 
insights into the yields and energy fluxes 
absorbed per PSII reaction center and/or 
per cross section. Some of the parameters 
selected for detailed analysis included the 
photosynthetic performance index (PIABS), 
the initial donor side limitation per PSII 
reaction center (DIo/RC), and the electron 
transport rate per reaction center (ETo/RC). 

 
Statistical Analysis 
 
     The data were statistically analyzed    
by analysis of variance (ANOVA) using 
SPSS 20 software. The mean ± standard 

deviation (SD) of five separate replications 
was reported. GraphPad Prism 9.0.0 was 
used for plotting figures. 
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Species Collection  
site Site characterization 

Pseudocyphellaria 
glabra Navarino Is. Tierra del Fuego. Notophagus-dominated forest floor. 

Annual mean air temperature 6.0°C. 
Nephroma 
antarcticum Navarino Is. Tierra del Fuego. Notophagus-dominated forest floor. 

Annual mean air temperature 6.0°C. 

Cladonia sp. Navarino Is. Tierra del Fuego. Forest-free tundra. Wet place.  
Annual mean air temperature 6.0°C. 

Himantormia 
lugubris King George Is. Fildes peninsula, neighbourhood of Artigas station, 

Antarctica. Annual mean air temperature -0.9°C. 

Ramalina terebrata King George Is. Fildes peninsula, neighbourhood of Artigas station, 
Antarctica. Annual mean air temperature -0.9°C. 

Parmelia sp. Galindez Is. Coastal vegetation oasis.  
Mean annual air temperature -4.0°C. 

Physcia sp. Galindez Is. Coastal vegetation oasis.  
Mean annual air temperature -4.0°C. 

 
Table 1. Collection sites and site characterization of various lichen species. 

 
Results 
 
Photoinhibition-induced decrease in FV/FM and consequent recovery 
 
     Figure 2 illustrates the photoinhibition 
and subsequent recovery effects on the 
maximum quantum yield of PS II (FV/FM) 
in Antarctic and sub-Antarctic lichens ex-
posed to 1 000 µmol m-2 s-1 for one hour 
and 2 000 µmol m-2 s-1 for one and two 
hours. Significant decreases in FV/FM were 
observed due to photoinhibition across all 
species, followed by a recovery. ANOVA 
indicated significant differences among 
species (p < 0.0001). P. glabra showed a 
46.3% decrease in FV/FM after exposure to 
1 000 µmol m-2 s-1 for one hour, recovering 
to 97.1%, but did not return to control 
levels. Severe photodamage was observed 
after exposure to 2 000 µmol m-2 s-1 for 
one hour (78.3% decrease) and two hours 
(77.5% decrease), with incomplete re-
covery (89.1% and 91.3%, respectively). 
N. antarcticum experienced a 46.3% de-
crease after exposure to 1 000 µmol m-2 s-1 
for one hour, recovering to 94.2%. Severe 
photodamage occurred after exposure to   
2 000 µmol m-2 s-1 for one hour (58.4% de-
crease) and two hours (58.4% decrease), 
with partial recovery (86.3% and 90.7%, 
respectively). R. terebrata exhibited the 

highest susceptibility with a 95.1% de-
crease after exposure to 1000 µmol m-2 s-1 
for one hour, recovering to 85.4%. A 
57.4% decrease was observed after expo-
sure to 2 000 µmol m-2 s-1 for one hour, 
recovering to 79.6%. H. lugubris showed 
an 80.2% decrease after exposure to 1 000 
µmol m-2 s-1 for one hour, with almost 
complete recovery (93.8%). A 29.6% de-
crease after exposure to 2000 µmol m-2 s-1 
for one hour, recovering to 96.2%. The da-
ta reveals that exposure to 2 000 µmol m-2 
s-1 light intensity for one hour causes sig-
nificant photodamage with an FV/FM ratio 
of 47.6%, rising to 100% during final re-
covery. Cladonia sp. experienced a 59.3% 
decrease after exposure to 1 000 µmol m-2 
s-1 for one hour, with a final recovery of 
93.2%. A notable early decline (29.6%) 
after 2 000 µmol m-2 s-1 for one hour, with 
a final recovery of 96.2%. Parmelia sp. 
exhibited an 85.7% decrease after expo-
sure to 1 000 µmol m-2 s-1 for one hour, 
with complete recovery. Severe photo-
damage (44.7% decrease) after exposure to 
2000 µmol m-2 s-1 for one hour, recovering 
to 97.3%.  
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Fig. 2. Time courses of the maximum quantum yield of photosystem II (FV/FM), recorded in (a) 
Pseudocyphellaria glabra, (b) Nephroma antarcticum, (c) Ramalina terebrata, (d) Himantormia 
lugubris, (e) Cladonia sp., (f) Parmelia sp. and (g) Physcia control  (before PI), immediately after 
the photoinhibitory treatment (after PI), and after 30, 60, 120, and 180 min. recovery (R30, R60, 
R120, and R180). Data points represent the means of five replicates ± standard deviations (error 
bars).  
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     Furthermore, after exposure to 2 000 
µmol m-2 s-1 for two hours, the FV/FM   
ratio showed a slow improvement, imply-
ing some recovery of photosynthetic effi-
ciency up to 97.1%. Physcia showed a 
36.3% decrease after exposure to 1 000 
µmol m-2 s-1 for one hour, recovering to 
86.3%. Severe photodamage (52.3% de-
crease) was observed after exposure to      

2 000 µmol m-2 s-1 for one hour, recover-
ing to 95.2%. Post-hoc Tukey's analysis 
indicated significant recovery differences 
between species, with Parmelia sp. and   
N. antarcticum exhibiting strong recovery 
rates, while R. terebrata and H. lugubris 
showed greater susceptibility to photodam-
age. 

 

 
Photoinhibition-induced decrease in ΦPSII and consequent recovery 
 
     Figure 3 illustrates the recovery of the 
quantum yield of PS II (ΦPSII) in different 
lichen species following photoinhibition. 
ANOVA results confirm significant dif-
ferences across conditions for all species  
(p < 0.001). P. glabra exhibited full recov-
ery of ΦPSII to 100% after a 19.8% inhi-
bition when exposed to 1 000 µmol m-2 s-1 
for one hour. However, after exposure to  
2 000 µmol m-2 s-1 for one hour, ΦPSII de-
creased by 55.7% but recovered to 94.7%, 
and after two hours of exposure, ΦPSII de-
clined by 71%, recovering to 86.8%, indi-
cating some resilience (Fig. 3a). In N. ant-
arcticum, ΦPSII decreased by 58.2% after 
exposure to 1 000 µmol m-2 s-1 for one 
hour, recovering to 100%. However, at ex-
posure of 2 000 µmol m-2 s-1 for one hour, 
ΦPSII efficiency decreased by 58.2%, gradu-
ally increasing to 76.7% during recovery, 
and after two hours of exposure, ΦPSII de-
creased by 76.6%, recovering to 83.3% 
during the final recovery phase (Fig. 3b). 
R. terebrata showed a 95.1% decrease in 
ΦPSII after exposure to 1 000 µmol m-2 s-1 
for one hour, recovering to 81.9%, and 
completely recovered to 100% after inhibi-
tion by 38.5% at exposure of 2 000 µmol 
m-2 s-1 for one hour. After two hours of ex-
posure to 2 000 µmol m-2 s-1, ΦPSII recov-
ered to 96.8% after inhibition up to 41.6%, 
indicating restored photosynthetic function 
(Fig. 3c). H. lugubris displayed a consis-
tent increase up to 81.4% in ΦPSII during 
recovery after 66.6% photoinhibition at    
1 000 µmol m-2 s-1 for one hour. Complete 
recovery of ΦPSII was observed after expo-

sure to 2 000 µmol m-2 s-1 for one hour, 
and after two hours of exposure, ΦPSII in-
creased to 97.7% during recovery (Fig. 3d). 
Cladonia sp. showed a consistent 90.4% 
increase in ΦPSII during recovery after 
35.6% inhibition by 1 000 µmol m-2 s-1 ex-
posure for one hour. ΦPSII gradually recov-
ered after 59.3% inhibition by 2 000 µmol 
m-2 s-1 exposure for one hour, reaching 
100%, and after two hours of exposure, 
ΦPSII increased to 83.3% during recovery 
(Fig. 3e). Parmelia sp. showed an 88.7% 
inhibition after 1 000 µmol m-2 s-1 exposure 
for one hour, with a progressive increase 
up to 92.8% in ΦPSII during recovery. After 
exposure to 2 000 µmol m-2 s-1 for one 
hour, ΦPSII declined by 39.4%, then recov-
ered to 89.6%, and after two hours expo-
sure, ΦPSII indicated a recovery of up to 
92.8% (Fig. 3f). In Physcia, an initial de-
cline in ΦPSII up to 38.3% was observed 
after exposure to 1 000 µmol m-2 s-1 for one 
hour followed by a recovery to 90.9%. 
After exposure to 2 000 µmol m-2 s-1 for 
one hour, ΦPSII decreased by 69.6%, re-
covering to 94.7%, and a sustained in-
crease in ΦPSII was observed, reaching up 
to 95% during recovery following 67.3% 
inhibition caused by 2 000 µmol m-2 s-1 ex-
posure for two hours (Fig. 3g). Post-hoc 
Tukey's analysis indicated significant re-
covery differences between species, with 
P. glabra and N. antarcticum showing   
the highest resilience, while R. terebrata 
and H. lugubris displayed slower recovery 
rates. 
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Fig. 3. Time courses of the quantum yield of photosystem II (ΦPSII), recorded in (a) 
Pseudocyphellaria glabra, (b) Nephroma antarcticum, (c) Ramalina terebrata, (d) Himantormia 
lugubris, (e) Cladonia sp., (f) Parmelia sp., and (g) Physcia control (before PI), immediately after 
the photoinhibitory treatment (after PI), and after 30, 60, 120, and 180 min. recovery (R30, R60, 
R120, and R180). Data points represent the means of five replicates ± standard deviations (error 
bars). 
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Photoinhibition-induced decrease in Fo/Ft and consequent recovery 
 
     Figure 4 illustrates the recovery trends 
of the Fo/Ft ratio in different lichen species 
following photoinhibition. ANOVA results 
indicated significant differences among 
species, light levels, and exposure times  
(p < 0.01). P. glabra showed an increasing 
trend in Fo/Ft during recovery up to 96.3% 
after photoinhibition (decrease from con-
trol) of 29% at an exposure of 1 000 µmol 
m-2 s-1 for one hour but did not completely 
return to control values, indicating suscep-
tibility to prolonged exposure to intense 
light. After photoinhibition of 54% at an 
exposure of 2 000 µmol m-2 s-1 for one 
hour, recovery was incomplete, reaching 
only 90.5%. Further, after photoinhibition 
of 72.7% at an exposure of 2 000 µmol   
m-2 s-1 for two hours, Fo/Ft recovered up to 
94.3%, staying lower than control levels 
due to the continuing effect of intense light 
exposure (Fig. 4a). In N. antarcticum, the 
Fo/Ft ratio declined by 13.41% after expo-
sure to 1 000 µmol m-2 s-1 for one hour, fol-
lowed by a complete recovery to 98.7%. 
After photoinhibition of 49.2% at an expo-
sure of 2 000 µmol m-2 s-1 for one hour, the 
Fo/Ft ratio increased to 90.6%, and after 
photoinhibition of 22.1% at an exposure of 
2 000 µmol m-2 s-1 for two hours, it in-
creased to 99.2% (Fig. 4b). In R. terebrata, 
the Fo/Ft ratio was inhibited by 23.1% after 
exposure to 1 000 µmol m-2 s-1 for one hour, 
followed by recovery to 93.4%, remaining 
below control ranges. After photoinhibition 
of 23.2% at an exposure of 2 000 µmol     
m-2 s-1 for one hour, the Fo/Ft ratio in-
creased to 97.7%, and after photoinhibi-
tion of 51.8% at an exposure of 2 000 µmol 
m-2 s-1 for two hours, it rose to 87.8%  
(Fig. 4c). In H. lugubris, the Fo/Ft ratio de-
clined by 7.1% after exposure to 1 000 µmol 

m-2 s-1 for one hour, recovering to 99.1%. 
After photoinhibition of 46.7% at an expo-
sure of 2 000 µmol m-2 s-1 for one hour, the 
Fo/Ft ratio recovered to 94.8%, and after 
photoinhibition of 46.7% at an exposure of 
2 000 µmol m-2 s-1 for two hours, it recov-
ered to 97.6%, though it remained below 
initial conditions (Fig. 4d). In Cladonia sp., 
the Fo/Ft ratio showed an early decline of 
44.6% after exposure to 1 000 µmol m-2 s-1 
for one hour, followed by recovery up to 
96.2%. After photoinhibition of 39.2% at 
an exposure of 2 000 µmol m-2 s-1 for one 
hour, the ratio increased to 94.8%, and af-
ter photoinhibition of 40.2% at an expo-
sure of 2 000 µmol m-2 s-1 for two hours, it 
recovered up to 82.6% (Fig. 4e). In Par-
melia sp. the Fo/Ft ratio rose to 80.6% after 
photoinhibition of 52.4% at an exposure of 
1 000 µmol m-2 s-1 for one hour. After 
photoinhibition of 25.6% at an exposure of 
2 000 µmol m-2 s-1 for one hour, the Fo/Ft 
ratio recovered to 97.3%, and after pho-
toinhibition of 31.2% at an exposure of        
2 000 µmol m-2 s-1 for two hours, it reached 
82.6% (Fig. 4f). In Physcia, the Fo/Ft ra- 
tio indicated recovery up to 100% after 
photoinhibition of 19% at an exposure of        
1 000 µmol m-2 s-1 for one hour, and de-
spite high light stress of 2 000 µmol m-2 s-1 
for one hour, the Fo/Ft ratio remained 
steady, reaching up to 99.4% after photoin-
hibition of 12.8%. After photoinhibition of 
57.2% at an exposure of 2 000 µmol m-2 s-1 
for two hours, the Fo/Ft ratio recovered up 
to 79% (Fig. 4g). Post-hoc Tukey's tests 
highlighted significant recovery in N. ant-
arcticum and Physcia, while P. glabra and 
R. terebrata showed greater susceptibility 
to photodamage. 
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Fig. 4. Time courses of the Fo/Ft, recorded in (a) Pseudocyphellaria glabra, (b) Nephroma 
antarcticum, (c) Ramalina terebrata, (d) Himantormia lugubris, (e) Cladonia sp., (f) Parmelia sp. 
and (g) Physcia control (before PI), immediately after the photoinhibitory treatment (after PI), and 
after 30, 60, 120, and 180 min. recovery (R30, R60, R120, and R180). Data points represent the 
means of five replicates ± standard deviations (error bars).  
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Photoinhibition-induced decrease in RFD and consequent recovery 
 
     Figure 5 illustrates the recovery trends 
of the relative fluorescence decrease (RFD) 
in different lichen species following pho-
toinhibition. ANOVA results indicated sig-
nificant differences among species, light 
levels, and exposure times (p < 0.05).      
P. glabra showed increasing trends in 
RFD during recovery up to 96.3% af-     
ter inhibition of 80.8% at an intensity of   
1 000 µmol m-2 s-1 for one hour but did not 
completely return to control values, indi-
cating susceptibility to prolonged expo-
sure to intense light. After a considerable 
initial decrease of 89.2% at an intensity   
of 2 000 µmol m-2 s-1 for one hour, RFD 
showed complete recovery up to 100%. 
However, a sharp decline of 81% in RFD 
was observed, followed by a rise in recov-
ery to 85% after exposure to 2 000 µmol 
m-2 s-1 for two hours (Fig. 5a). N. antarcti-
cum showed ongoing stress with a recov-
ery trajectory up to 90.4% after inhibi-  
tion of 73% at an intensity of 1 000 µmol 
m-2 s-1 for one hour, indicating improve-
ment but not fully returning to baseline. 
After inhibition of 79.5% at an intensity of 
2 000 µmol m-2 s-1 for one hour, RFD re-
covered considerably to 97.8%, and after  
a significant initial decline of 82.2% at      
2 000 µmol m-2 s-1 for two hours, it re-
bounded to 83.8% (Fig. 5b). R. terebra-   
ta recovered from photoinhibition stress, 
showing a varying recovery up to 94% af-
ter initial photoinhibition of 77.6% at an 
intensity of 1 000 µmol m-2 s-1 for one hour. 
After inhibition of 68.6% at an intensity of 
2 000 µmol m-2 s-1 for one hour, RFD re-
covered to 100%, and after inhibition of 
65% at 2 000 µmol m-2 s-1 for two hours, it 
improved to 92.8% (Fig. 5c). H. lugubris 
showed resilience to photoinhibitory con-
ditions, with RFD rising to 96.5% af-      
ter inhibition of 60.8% at an intensity of         
1 000 µmol m-2 s-1 for one hour. After a 

significant decline of 58.4% at an inten-
sity of 2 000 µmol m-2 s-1 for one hour, 
RFD gradually recovered to 98.3%. Af-  
ter a decline of 72.4% at an intensity of     
2 000 µmol m-2 s-1 for two hours, RFD 
progressively rose to 91.1% (Fig. 5d). In 
Cladonia sp., the RFD showed a slight in-
crease in recovery up to 97.3% after an 
initial decline of 59.7% at an intensity of  
1 000 µmol m-2 s-1 for one hour. After a 
noticeable stress response and gradual rise, 
RFD recovered up to 98.3% after inhibi-
tion of 89.7% at an intensity of 2000 µmol 
m-2 s-1 for one hour. During the recovery 
phase, Cladonia sp. showed final recov-
ery up to 70.8% after initial inhibition of 
61.3% at an intensity of 2000 µmol m-2 s-1 
for two hours (Fig. 5e). In Parmelia sp.  
the recovery phase showed a gradual in-
crease in RFD, reaching 75% after an 
initial decrease of 53.1% at an intensity of 
1 000 µmol m-2 s-1 for one hour, indicating 
ongoing stress despite signs of recovery. 
After a severe initial fall of 65% at an in-
tensity of 2 000 µmol m-2 s-1 for one hour, 
RFD mildly rebounded to 86.3%. After   
an initial decline of 63.9% at an inten-   
sity of  2 000 µmol m-2 s-1 for two hours, 
RFD showed a modest rebound to 76.9% 
(Fig. 5f). In Physcia, RFD declined dra-
matically by 83.3% after exposure to         
1 000 µmol m-2 s-1 for one hour but gradu-
ally improved in recovery phases, reaching 
up to 84.2%, indicating sluggish recovery 
in overall vigor. After a sharp decline of 
74% at an intensity of 2 000 µmol m-2 s-1 
for one hour, RFD gradually recovered to 
90.2%, and after initial stress of 79.8% at 
2 000 µmol m-2 s-1 for two hours, RFD re-
covered to only 94% (Fig. 5g). Post-hoc 
Tukey's tests highlighted significant recov-
ery in N. antarcticum and R. terebrata, 
while P. glabra and Physcia showed great-
er susceptibility to photodamage. 
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Fig. 5. Time courses of the relative fluorescence decrease (RFD), recorded in (a) 
Pseudocyphellaria glabra, (b) Nephroma antarcticum, (c) Ramalina terebrata, (d) Himantormia 
lugubris, (e) Cladonia sp., (f) Parmelia sp., and (g) Physcia control (before PI), immediately after 
the photoinhibitory treatment (after PI), and after 30, 60, 120, and 180 min. recovery (R30, R60, 
R120, and R180). Data points represent the means of five replicates ± standard deviations (error 
bars).  
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Dynamic non-photochemical quenching responses to photoinhibitory treatment 
 
     Figure 6 illustrates the non-photochemi-
cal quenching (NPQ) response of Ant-
arctic and sub-Antarctic lichen species ex-
posed to various photoinhibitory light in-
tensities: 1 000 µmol m-2 s-1 for one hour, 
and 2 000 µmol m-2 s-1 for one and         
two hours, followed by recovery periods. 
ANOVA results indicated significant dif-
ferences among species, light levels, and 
exposure times (p < 0.01). P. glabra 
showed a moderate increase in NPQ after 
exposure, indicating a stress response, fol-
lowed by a gradual decrease during recov-
ery. At a higher intensity of 2 000 µmol m-2 
s-1, a more pronounced initial increase in 
NPQ was observed, suggesting a stronger 
stress response, with a subsequent decline 
indicating recovery over time (Fig. 6a).   
N. antarcticum experienced a significant 
increase in NPQ immediately after expo-
sure to 2 000 µmol m-2 s-1 for two hours, 
indicating a strong stress response. This 
NPQ level then gradually decreased during 
recovery, suggesting partial restoration of 
photosynthetic efficiency. At lower light 
intensities, NPQ levels fluctuated less and 
remained lower and more stable, indicat-
ing a less pronounced stress response or 
better resilience under those conditions 
(Fig. 6b). R. terebrata showed an in-   
tense protective response at an exposure of  
1 000 µmol m-2 s-1, with a sharp peak in 
NPQ immediately following photoinhibi-
tion, followed by a significant decrease as 
recovery began. NPQ values returned clos-
er to baseline levels by the end of the re-
covery period. At a higher light intensity 
of 2 000 µmol m-2 s-1 for one and two 
hours, the peaks were less pronounced, 
and the overall stress response was stead-
ier (Fig. 6c). H. lugubris exhibited a reac-
tive increase in NPQ, peaking after pho-
toinhibition and then gradually declining 
over the recovery periods. At lower inten-
sities (1 000 µmol m-2 s-1 for one hour), 

NPQ levels remained the lowest, suggest-
ing lesser intensity or more effective re-
covery mechanisms (Fig. 6d). Cladonia sp. 
showed a sharp peak in NPQ immediate- 
ly after photoinhibition at both 1 000 and      
2 000 µmol m-2 s-1 intensities for one hour, 
indicating rapid activation of protective 
mechanisms. NPQ values then declined 
notably during recovery, approaching base-
line levels, indicating recovery of photo-
synthetic efficiency. NPQ showed the most 
pronounced reaction at an intensity of       
2 000 µmol m-2 s-1 for two hours, with       
a sharp peak and a slower decline, indi-
cating sustained stress or slower recov-  
ery (Fig. 6e). Parmelia sp. demonstrated a 
strong stress response with a sharp peak in 
NPQ at an intensity of 2 000 µmol m-2 s-1 
for two hours, followed by a noticeable 
decline, although NPQ levels remained el-
evated relative to control, suggesting some 
sustained stress. At intensities of 1 000 and 
2 000 µmol m-2 s-1 for one hour, NPQ 
showed more moderate increases, with      
1 000 µmol m-2 s-1 consistently maintain-
ing the lowest NPQ throughout the ex-
periment (Fig. 6f). Physcia showed a peak 
in NPQ immediately after photoinhibition 
at an intensity of 1 000 µmol m-2 s-1 for 
one hour, with a steady decline during 
recovery, suggesting effective protective 
mechanisms. At an intensity of 2 000 µmol 
m-2 s-1 for one hour, NPQ showed a similar 
pattern but with a slightly higher peak, 
indicating more intense stress. However, at 
an intensity of 2 000 µmol m-2 s-1 for two 
hours, NPQ demonstrated the highest peak, 
indicating the most severe stress response, 
with a gradual decrease over the recovery 
period (Fig. 6g). Post-hoc Tukey's tests 
highlighted significant recovery in R. tere-
brata and Cladonia, while P. glabra and 
Physcia showed greater susceptibility to 
photodamage.  
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Fig. 6. Time courses of the non-photochemical quenching (NPQ), recorded in (a) 
Pseudocyphellaria glabra, (b) Nephroma antarcticum, (c) Ramalina terebrata, (d) Himantormia 
lugubris, (e) Cladonia sp., (f) Parmelia sp., and (g) Physcia control (before PI), immediately after 
the photoinhibitory treatment (after PI), and after 30, 60, 120, and 180 min. recovery (R30, R60, 
R120, and R180). Data points represent the means of five replicates ± standard deviations (error 
bars).  
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OJIP fluorescence profiles reflecting photoinhibition and consequent recovery 
 
     The OJIP graph illustrates varying re-
sponses to photoinhibition and recovery 
phases among different species (Fig. 7). 
General response to photoinhibitory treat-
ment was a decrease in chlorophyll fluores-
cence values, forming OJIP curves found 
immediately after the photoinhibitory treat-
ment (i.e. lowering and flattening of the 
curve). This phenomenon, however, was 
more pronounced in several species (e.g. 
N. antarcticum, Cladonia sp.) while it was 
hardly distinguishable in other ones (e.g. 
H. lugubris). N. antarcticum exhibited a 
strong initial fluorescence decline appar-
ent immediately after photoinhibitory treat-
ment that gradually leveled off during the 
recovery period, indicating effective resil-
ience to photoinhibition. In contrast, Clado-
nia sp. experienced a significant decline 
during the post-inhibition phase with only 
partial recovery, indicating persistent dam-
age. P. glabra displayed an increase in 
fluorescence, particularly during recovery, 
which suggests a strong compensatory re-

sponse to stress. Parmelia sp. showed con-
sistent fluorescence, indicating stable pho-
tosynthesis at the level of PS II functioning 
regardless of stress. Physcia sp., exhibited 
a mild improvement from the post pho-
toinhibition state during its recovery, indi-
cating that it possesses effective protective 
mechanisms against photoinhibition. OJIPs 
recorded in H. lugubris, thanks to the black 
colour of thallus (see more in Discussion) 
showed minimal changes throughout the 
phases, indicating potential vulnerability 
and lack of effective recovery. During pho-
toinhibition, R. terebrata showed a moder-
ate decrease in chlorophyll fluorescence 
that was only partially recovered, indicat-
ing some resilience and an inability to ful-
ly restore photosynthetic efficiency. These 
fluorescence profiles provided insights in-
to each species’ capacity to handle and re-
cover from light-induced stress, highlight-
ing the variability in their photoprotective 
and recovery mechanisms. 

 
Temporal dynamics of photosynthetic performance index (PIABS) in lichen species 
after exposure to photoinhibitory treatment 
 
     The photosynthetic performance index 
(PIABS) for various lichen species after 
photoinhibitory treatment, as shown in 
Fig. 8, revealed diverse adaptive responses. 
Figure 8a illustrates a continuous increase 
in PIABS for P. glabra indicating enhanced 
photosynthetic efficiency during recovery. 
N. antarcticum demonstrated strong resil-
ience, with a significant rebound in PIABS 
after an initial drop, indicating an effective 
recovery mechanism. R. terebrata exhib-
ited minimal fluctuations in PIABS, reflect-
ing stable photosynthetic activity through-
out the experiment. H. lugubris and Phys-

cia sp. displayed variable PIABS patterns 
but generally indicated recovery over time. 
Cladonia sp. maintained relatively steady 
PIABS values, suggesting consistent photo-
synthetic performance. In contrast, Parme-
lia sp., experienced a slight decrease in 
PIABS, which may suggest some difficulties 
in fully overcoming the photoinhibitory 
stress. Each species' response underscores 
different strategies to manage and recover 
from light-induced stress, highlighting the 
ecological versatility and resilience of li-
chens in adapting to harsh conditions. 
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Fig. 7. Time courses of OJIP fluorescence progression, reflecting the photosynthetic efficiency of 
Photosystem II in various lichen species under distinct stress and recovery scenarios. Observations 
were made for Nephroma antarcticum, Pseudocyphellaria glabra, Cladonia sp., Parmelia sp., 
Physcia sp., Himantormia lugubris, and Ramalina terebrata. The graphs illustrate fluorescence 
responses from the control condition (C), immediately post-photoinhibitory treatment (2 hours PI 
at 2 000 µmol m-2 s-1), and during two recovery intervals (R1, R2). Time is plotted on a logarithmic 
scale on the X-axis, while fluorescence intensity is displayed on the Y-axis. Each data point 
represents an average of five replicates.  
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Fig. 8. Time courses of the photosynthetic performance index (PIABS), recorded in (a) 
Pseudocyphellaria glabra, (b) Nephroma antarcticum, (c) Ramalina terebrata, (d) Himantormia 
lugubris, (e) Cladonia sp., (f) Parmelia sp., and (g) Physcia control (before PI), immediately after 
the photoinhibitory treatment (after PI), and after 60 and 180 min. recovery (R60 and R180). Data 
points represent the means of five replicates ± standard deviations (error bars).  

PI
A

B
S 

PI
A

B
S 

PI
A

B
S 

PI
A

B
S 



SENSITIVITY TO PHOTOINHIBITION 

69 

Electron transport rate dynamics in lichen species after photoinhibitory treatment and 
during recovery phases 
 
     Fig. 9a illustrates that after photoin-
hibition, P. glabra experienced a notice-
able decline in ETR with a slight recovery 
by R180, indicating a temporary impact   
of light stress on photosynthetic electron 
transport, with some potential for recov-
ery. Similarly, N. antarcticum exhibited an 
initial drop in ETR post-treatment, fol-
lowed by a significant rise during recovery 
(Fig. 9b). This indicated not only resil-
ience but also an enhancement in photo-
synthetic capacity under recovery condi-
tions. Figure 9c illustrates that R. terebrata 
experienced a rapid decrease in ETR im-
mediately after treatment and a partial re-
covery by R180, indicating susceptibility 
to photoinhibition and a gradual recovery 
process. H. lugubris displayed a sharp de-

crease in ETR after treatment, followed by 
a dramatic rebound at R60, before declin-
ing again (Fig. 9d). Cladonia sp. main-
tained a relatively steady ETR with minor 
fluctuations, reflecting stable photosyn-
thetic activity (Fig. 9e). Parmelia sp. ex-
hibited a significant increase in ETR at 
R60, suggesting a strong but possibly tem-
porary rebound in photosynthetic efficien-
cy (Fig. 9f). Physcia, on the other hand, 
showed a slight but steady decrease in 
ETR from control through recovery, indi-
cating a mild but continuous effect of pho-
toinhibition on electron transport efficien-
cy (Fig. 9g). These distinct patterns high-
light the varied strategies lichens employ 
to cope with and adapt to photoinhibitory 
conditions. 

 
Dynamics of dissipation in lichen species after photoinhibitory treatment and during 
recovery phases 
 
     Fig. 10 shows the dissipation index 
(DIo/RC) for seven lichen species at dif-
ferent stages: control, immediately after 
photoinhibitory treatment, and during re-
covery phases at 60 and 180 minutes.      
P. glabra exhibited a significant increase 
in DIo/RC after treatment, indicating a 
strong dissipative response, which then 
sharply decreased by R60 (Fig. 10a).       
N. antarcticum displayed a similar peak 
post-treatment, followed by a significant 
reduction, indicating rapid recovery (see 
Fig. 10b). R. terebrata maintained relative-
ly stable DIo/RC levels, indicating consis-
tent energy dissipation across all phases 
(Fig. 10c). (Fig. 10c). H. lugubris showed 

varying dissipation rates, peaking at R60 
(Fig. 10d). Cladonia sp. demonstrated a 
peak at control, followed by a decrease 
post-treatment and a slight recovery by 
R180 (Fig. 10e). Parmelia sp. exhibited a 
significant increase in dissipation at R60, 
indicating a delayed response to stress  
(see Fig. 10f). Lastly, Physcia maintained 
steady DIo/RC levels, indicating minimal 
changes in energy dissipation across the 
measured periods (Fig. 10g). These pat-
terns highlight the diverse strategies of li-
chens in managing energy not utilized in 
photochemistry under stress and recovery 
conditions. 

 
Correlation analysis between FV/FM and PIABS  
     
     The correlation plot showed a positive 
relationship between the maximal quantum 
yield of PSII (FV/FM) and the Performance 

Index on an absorption basis (PIABS) a-
mong various lichen species (Fig. 11). 
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Fig. 9. Time courses of the electron transport (ETo/RC), recorded in (a) Pseudocyphellaria glabra, 
(b) Nephroma antarcticum, (c) Ramalina terebrata, (d) Himantormia lugubris, (e) Cladonia sp., 
(f) Parmelia sp., and (g) Physcia control (before PI), immediately after the photoinhibitory 
treatment (after PI), and after 60 and 180 min. recovery (R60 and R180). Data points represent the 
means of five replicates ± standard deviations (error bars).  
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Fig. 10. Time courses of the dissipation (DIo/RC), recorded in (a) Pseudocyphellaria glabra, (b) 
Nephroma antarcticum, (c) Ramalina terebrata, (d) Himantormia lugubris, (e) Cladonia sp., (f) 
Parmelia sp., and (g) Physcia control (before PI), immediately after the photoinhibitory treatment 
(after PI), and after 60 and 180 min. recovery (R60 and R180). Data points represent the means of 
five replicates ± standard deviations (error bars). 
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     Data under control conditions general-
ly appear in the upper right quadrant, dis-
playing high values for both FV/FM and 
PIABS, which indicates optimal photosyn-
thetic efficiency and minimal stress. Fol-
lowing exposure to photoinhibitory stress, 
a clear migration of data points toward 
lower values for both metrics was ob-
served, aligning with expectations that 
stress diminishes photochemical yield and 
overall performance. During the recovery 

phase, many species demonstrated a trend 
towards recovery, evidenced by their 
movement back towards higher values, al-
though not consistently returning to base-
line levels. This behaviour across different 
conditions confirms the correlation be-
tween higher photochemical yields and 
better stress management capabilities in 
lichens, supporting the scientific under-
standing of their adaptive responses to en-
vironmental stresses. 

 

 
 
Fig. 11. Correlation between FV/FM and PIABS across lichen species and conditions.  
 
 
Discussion 
 
     This research comprehensively exam-
ined the impact of photoinhibition and the 
ensuing recovery processes under varying 
light exposure in lichens located in the 
Antarctic and Subantarctic regions. Time 
courses of FV/FM and ΦPSII recorded during 

photoinhibitory treatment showed similar 
shapes to those recorded for a variety of 
photoinhibited lichen species (Barták et  
al. 2004, Balarinová et al. 2014), i.e., a 
photoinhibition-induced decline with con-
sequent recovery with well-distinguished 
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fast- and slow-phase. The recovery dy-
namics within the first 30 minutes of pho-
toinhibitory treatment show significant de-
crease across the studied lichen species. 
There is an average reduction of 32%  
from the initial photosynthetic capacity for 
FV/FM and 34% for ΦPSII, indicating sig-
nificant photoprotection engagement but 
not reaching baseline levels. At the end of 
the recovery period, the 30-minute values 
show further decreases of 27% for FV/FM 
and 29% for ΦPSII relative to the final re-
covery states, highlighting ongoing recov-
ery processes. Such a fast and effective 
fast phase of recovery indicates the suffi-
cient capacity of photoprotective mecha-
nisms to cope with photoinhibition which 
is reported in lichens from sunny habitats 
(e.g. Singh et al. 2013). In lichens, mecha-
nisms comprise quenching of excitation 
energy via high light-induced violaxanthin 
to zeaxanthin conversion (Demmig-Adams 
et al. 1990), the state 1-2 transition (Wend-
ler e.g. Veerman et al. 2007), and struc-
tural changes in the arrangement of PS II 
supercomplex (Kosugi et al. 2018). These 
findings imply that lichens quickly acti-
vate photoprotective responses to efficient-
ly reduce initial photodamage, demonstrat-
ing their ecological adaptations and inher-
ent resilience to high light stress. 
     The time courses showed species-spe-
cific and dose-dependent differences, how-
ever, in general, they were comparable to 
the data presented for Antarctic lichen spe-
cies (Barták et al. 2004, 2023). Our results 
indicate almost full recovery of FV/FM and 
ΦPSII after 3 hours from the termination of 
the photoinhibitory treatment which indi-
cates a high capacity of the experimental 
species to cope with short-term strong 
photoinhibition. Among the investigated 
species, R. terebrata showed the least re-
sistance to photoinhibition compared to   
P. glabra, N. antarcticum, H. lugubris, 
Cladonia sp., Parmelia sp., and Physcia 
genera. R. terebrata showed significant ini-
tial photodamage as reflected by a sharp 
decrease in the FV/FM ratio following ex-

posure to intense light. Although there was 
some recovery noted, the FV/FM ratios re-
mained below initial levels, indicating on-
going stress. During the recovery phase, 
the quantum yield parameter ΦPSII showed 
signs of improvement but did not return   
to baseline values, highlighting a compro-
mised restoration of photosynthetic effi-
ciency. Furthermore, the partial recovery 
observed in the Fo/Ft ratio underscores the 
species’ difficulty in fully returning to con-
trol conditions, with the relative fluores-
cence decrease (RFD) also indicating simi-
lar trends of incomplete recovery. Addi-
tionally, NPQ peaks early and declines 
sharply, indicating a strong but transient 
photoprotective response (Fig. 2-6). N. ant-
arcticum and H. lugubris both suffered 
significant photodamage. Although they 
somewhat recovered, they did not return to 
their initial states. Physcia experienced ini-
tial damage but recovered better than the 
previous two, indicating a more robust 
adaptation to high-light stress. P. glabra 
showed strong resilience with a robust re-
covery, indicating effective photoprotec-
tion. Parmelia sp., and Cladonia sp., dem-
onstrated varying levels of resistance and 
recovery capacity, with Parmelia sp., show-
ing substantial recovery, and Cladonia sp., 
effectively mitigating initial damage and 
almost completely restoring its photosyn-
thetic capacity, displaying superior adap-
tive strategies. These species' varied re-
sponses showcase their diverse physio-
logical and ecological adaptations to cope 
with intense light environment (Fig. 2-6).  
     Fast recovery FV/FM and ΦPSII might be 
associated with a high capacity of lichen 
photosynthetic apparatus to cope with high 
light stress thanks to activation of pro-
tective mechanisms associated with non-
photochemical quenching (NPQ), which 
generally increases in high light-treated 
lichens in hydrated state (Vráblíková et al. 
2005). Increased NPQ is typically record-
ed in lichens after tens of seconds of high-
light treatment. Apart from such physio-
logical short-term responses, some consti-
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tutive ones protect photobiont cells due to 
the high absorption of light in the upper 
cortex. Such a mechanism is allowed by 
the presence of melanins that are synthe-
sized by the fungal partner and absorb 
incident light both in the UV and PAR 
parts of the spectrum. Therefore, mela-
nized lichens are rather resistant to pho-
toinhibition (Mafole et al. 2019). In Ant-
arctic and Subantarctic lichens, several oth-
er substances synthesized by a fungal part-
ner play a role in photoprotection in li-
chens from sunny microhabitats. They are 
typically studied by acetone rinsing meth-
od (see e.g. Solhaug and Gauslaa 1996, 
Carniel et al. 2017) and consequent ab-
sorption spectra of the extract (for Umbili-
cariaceae see e.g. Martic et al. 2016). 
     The shape of slow Kautsky kinetis 
(KK) of chlorophyll fluorescence recorded 
during an exposition to actinic light is af-
fected by photoinhibitory treatment and 
activation of photoinhibitory treatment-in-
duced quenching mechanisms. This leads 
to an overall decrease in chlorophyll fluo-
rescence signals distinguished on the KK, 
i.e. O, P, M, S, T. For photoprotection, a 
decrease in background chlorophyll fluo-
rescence (Fo) is of great importance since 
it relates to the chlorophyll fluorescence 
signal emitted from light-harvesting com-
plexes (LHCs). Photoinhibition-induced de-
crease in Fo (see Fig. 2-6) is associated 
with protective mechanisms consisting of 
the light-induced detachment of LHCs, 
their aggregation and effective quenching 
of absorbed light energy. Moreover, state 
1-2 transition plays a role in some pho-
toinhibited lichens providing a pathway 
for LHC deenergitization thanks to de-
livery of absorbed light energy to PS I. 
Therefore, Fo decrease is a short-term re-
sponse of lichen photosynthetic apparatus 
to photoinhibitory treatment. It is well 
documented, that Fo decreases immediate-
ly after a lichen sample is exposed to ex-
perimental light of about 2 000 µmol m-2 s-1. 
Photoinhibition-induced negative changes 
to PS II functioning are well-documented 

in the decrease in RFD apparent in all ex-
perimental species when measured imme-
diately after the termination of photoin-
hibitory treatment. Since RFD is consid-
ered a general description of the vitality of 
photosynthetic apparatus, it might be con-
cluded that all experimental lichen species 
showed a reversible response and achieved 
almost 100% recovery indicating that they 
might be ranked as photoinhibition resis-
tant. OJIPS methodologies offer insight in-
to the photosynthetic resilience, recovery 
patterns, and robustness of lichen species. 
P. glabra demonstrates significant resil-
ience. Their photosynthetic performance 
index (PIABS) shows a continuous increase 
after photoinhibitory treatment, suggesting 
an efficient recovery mechanism due to an 
advanced antioxidative defense system 
(Fig. 8). N. antarcticum also demonstrates 
strong recovery dynamics, with significant 
rebounds in PIABS and electron transport 
rate (ETR), indicating its robust adaptive 
mechanisms to quickly restore photosyn-
thetic efficiency post-stress (Fig. 8, 9). Con-
versely, Parmelia sp. experiences a slight 
decrease in PIABS and struggles to fully 
overcome photoinhibitory stress (Fig. 8). 
This vulnerability could reflect a less ef-
ficient photoprotective response, potential-
ly limiting its distribution and abundance 
in harsh environments. R. terebrata main-
tains minimal fluctuations in PIABS through-
out the experimental period (Fig. 8), re-
flecting stable photosynthetic activity that 
may be attributed to its structural and 
physiological traits buffering against ex-
treme conditions. H. lugubris and Physcia, 
although displaying variable patterns in 
PIABS and ETR, generally indicate recov-
ery over time (Fig. 8, 9). This may be at-
tributed to their flexible metabolic adjust-
ments during stress recovery phases. Last-
ly, Cladonia maintains relatively stable 
PIABS values and experiences minor ETR 
fluctuations, indicating consistent photo-
synthetic performance and a potential evo-
lutionary advantage in persisting under 
varying environmental stresses (Fig. 8, 9). 
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Morphological traits play a crucial role in 
determining the susceptibility and resil-
ience of lichens to photoinhibition. The 
structural characteristics, such as thallus 
thickness and the arrangement of photo-
biont layers, can significantly impact how 
light is absorbed and dissipated within the 
thallus. These traits may help explain why 
some species exhibit better recovery rates 
than others. For instance, thicker thalli may 
provide more substantial protection against 
intense light, aiding in the dissipation of 

excess energy and reducing the incidence 
of photoinhibition (Armstrong 2017). These 
interspecific differences show the resil-
ience and ecological versatility of lichens, 
demonstrating the various adaptive strate-
gies that allow these organisms to survive 
in extreme conditions. Our study not only 
expands the understanding of lichen pho-
tobiology but also contributes to predicting 
the responses of polar biota to increasing 
photodynamic pressures. 
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