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Abstract 
Recently, spectral characteristics of lichens are in focus because of increasing number of 
spectral data applications in remote sensing of treeless polar and alpine regions. 
Therefore, species-specific spectral reflectance indices are measured in lichen species 
dominating polar ecosystems. Hydration status of the lichen thalli, as well as the pres-
ence of intrathalline secondary metabolites - which are UV-B absorbing compounds - both 
affects the spectral reflectance curves as well as numeric values of spectral reflectance 
indices. In the present paper, the reflectance spectra in 380-800 nm was measured in 
selected lichens to assess the effects of full hydration, and to evaluate the influence of 
secondary metabolites, they were wash out from lichen thalli with acetone (i.e. acetone 
rinsing) and then the spectra were also measured. For these experiments, Antarctic 
(Xanthoria elegans, Leptogium puberulum, Physconia muscigena and Rhizoplaca melano-
phthalma) and Argentinean lichens from mountain regions (Parmotrema conferendum 
and Ramalina celastri) were used. Changes in several spectral reflectance indices were 
evaluated and discussed in relation with hydration status and the absence of secondary 
metabolites. For the great majority of studied lichens, MCARI (Modified Chlorophyll 
Absorption in Reflectance Index) was the most effective index to reflect the changes 
between dry and wet state of thallus. 
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Abbreviations: AR – acetone rinsing, acetone-rinsed, DRY – dry sample, LI – Lichten-
thaler Index, MCARI, MCARI1 – Modified Chlorophyll Absorption in Reflectance 
Index, NDVI – Normalized Difference Vegetation Index, SRPI – Simple Ratio Pigment 
Index, NPCI – Normalized Pigment Chlorophyll Index, PRI – Photochemical 
Reflectance Index, WET – wet (fully hydrated) sample  

 
Introduction     
 
     Secondary lichen metabolites serve 
mainly as sun-screening compounds and 
have herbivore-deterring functions as well 
(for review see e.g. Solhaug et Gauslaa 
2012). These metabolites screen solar radi-
ation either by absorbance (parietin, mela-
nins) or by reflectance (atranorin) to pro-
tect the photobiont against excessive pho-
tosynthetically active radiation (McEvoy 
et al. 2007). Their concentration correlates 
with light exposure and is positively de-
pendent on UV-B radiation as well (Gau-
tam et al. 2011). Many studies demonstrated 
that high doses of UV-B induced the syn-
thesis of parietin, usnic acid, melanins, 
depsidones (lobaric acid, pannarin, etc.), 
depsides (atranorin, gyrophoric acid, etc.), 
diphenyl ethers (epiphorellic acids, buellin), 
bisxanthones (secalonic acids, etc.), myco-
sporines and mycosporine amino acids 
(MAAs), scytonemin along with classical 
pigments (melanin, carotenoids) in lichen 
thalli (for review see Nguyen et al. 2013). 
However, too high doses (more than 1.5  
W m-2) of UV-B may lead to a decrease of 
UV-B absorbing compounds due to their 
photodegradation (Estêvāo 2015). In addi-
tion, lichen secondary metabolites  have been 
involved in lichen palatability (Gauslaa      2005). 
     Many secondary compounds can non- 

destructively be extracted from air-dry liv-
ing lichens with acetone without any 
harmful effects on photosynthetic capacity 
(Solhaug et Gauslaa 1996) of photobionts 
and whole lichen thalli (e.g. Solhaug et 
Gauslaa 2001, Asplund et Wardle 2013, 
2016). Since spectral characteristics of li-
chen thalli are determined by a variety of 
mycobiont- and photobiont-produced me-
tabolites, the above-mentioned approach 
of acetone rinsing allows to study the in-
fluence of secondary metabolites on lichen 
spectral reflectance. In our study we hy-
pothesized that the reflectance spectra is 
associated to both, the content of second-
ary metabolites as well as the hydration 
status of lichen thalli. Therefore, lichen 
thalli rinsed with acetone would reflect the 
pecularities of the species studied, since 
the content of secondary metabolites is 
species-specific. The aim of this study was 
to compare spectral reflectance curves of 
chloro- and cyanolichens in wet and dry 
status and to identify the most sensitive 
spectral vegetation indices, i.e. showing 
the most apparent change between wet and 
dry lichen thallus. Another aim was to eval-
uate the changes in spectral refectance 
caused by the absence of secondary metab-
olites.  
 

 
 
Material and Methods 
 
Experimental lichens 
 
     Xanthoria elegans, Leptogium puberu-
lum, Physconia muscigena, and Rhizoplaca 
melanophthalma were collected at the north- 

ern part of James Ross Island (Ulu penin-
sula), Antarctica. X. elegans and L. puberu-
lum were collected from small stones at 
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several sites located on the northern slopes 
(140 m a.s.l., 63°48´51´´ S, 57°51´35´´ W) 
of the Berry Hill mesa. P. muscigena was 
collected from a vegetation oasis forming 
the long-term research plot located in a 
close neighbourhood of the Mendel station 
(63°48´03´´ S, 57°52´50´´ W). The long-
term research plot is located at the altitude 
of 8 m a.s.l. close to the coastal line (for 
more details see Barták et al. 2015). R. me-
lanophthalma was collected from a coastal 
terrace (63°48´10´´ S, 57°55´09´´ W). The 
altitude of the sampling site was 10 m a.s.l.   
     Continental lichens were collected from 
different areas in the province of Cordoba, 
Argentina. This area has an average tem-
perature in winter of 8.5ºC and 16.6ºC in 
summer, precipitations are concentrated in 
the summer period, with an average of  
750 mm per year. Parmotrema conferen-
dum Hale, and Ramalina celastri (Spreng.) 
Krog. & Swinsc. were collected from 

branches and stems of small trees (height 
below 2 m) from Inti-Yaco, Calamuchita 
Valley, 90 km south of Córdoba city (57° 
30´ S, 64°42´ W). The collection site is a 
pristine area with a medium density wood-
land, located at the altitude of 1084 m a.s.l.  
     Usnea amblyoclada (Müll. Arg.) Zahlbr. 
was collected from rocks at Los Gigantes, 
80 km west of Córdoba city (31°24´ S,  
64° 46´ W). This is a mountain area with 
scarce vegetation. The average height above 
sea level is 1 300 m. This species was cho-
sen because of its wide distribution in the 
Cordoba province, it can be easily sepa-
rated from the rock substrate and it had 
already been used in many biomonitoring 
studies in the area (Carreras et Pignata 2001, 
2002, 2007, Carreras et al. 2005, 2009). 
The basal parts of lichen thalli with adher-
ing pieces of rock were detached and sam-
ples were stored in the laboratory at room 
temperature until exposure. 

 
 
Sample preparation 
 
     In all experiments, the thalli of lichen 
species were first measured by a spectro-
reflectometer in dry (DRY) state. Then, 
the thalli were hydrated in closed Petri 
dishes with wet paper for 24 h and their 
spectral reflectance was measured on fully-
hydrated thalli (WET). For the third spec-
tral reflectance measurements, WET thalli 

were left to dry for 48 h at room tempera-
ture (25°C) and then rinsed in acetone. 
After that they were rinsed 4 times with  
10 ml of acetone (100%) for 15 min. each 
time. Then, the rinsed thalli (AR) were left 
at room temperature for 6 h to evaporate 
the remaining acetone before performing 
the spectral reflectance measurements.  

 
 
 
Spectral reflectance measurements 
 
     Reflectance spectra were measured with-
in the range of 380-800 nm using the Poly-
Pen RP 400 UV VIS spectroreflectometer 
(Photon Systems Instruments, Brno, Czech 
Republic). Lichen thalli (DRY, WET, AR) 
were placed into a clip that enabled a con-
stant distance from the instrument measur-
ing head. Each sample remained 1 min. in 
darkness into the clip and then, spectral 

reflectance and transmittance of the samples 
were measured. With data from reflected 
light spectra, several reflectance indices 
were calculated (see Table 1 for the list) 
using the pre-programmed routines in the 
instrument. Mean reflectance spectra for 
individual species were calculated consid-
ering five replicates for each treatment 
(WET, DRY, AR).  
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Spectral indices 
Normalized Difference Vegetation Index (NDVI)                                                                
Reference: Rouse et al. (1974)                                                                                                
 Equation: NDVI = (RNIR - RRED ) / (RNIR + RRED )  
Modified Chlorophyll Absorption in Reflectance Index (MCARI1)                                    
Reference: Haboudane et al. (2004)                                                                                      
 Equation: MCARI1 = 1.2 * [2.5 * (R790- R670) - 1.3 * (R790- R550)]  
Modified Chlorophyll Absorption in Reflectance Index (MCARI)                                      
Reference: Daughtry et al. (2000)                                                                                          
 Equation: MCARI = [(R700- R670) - 0.2 * (R700- R550)] * (R700/ R670)  
Simple Ratio Pigment Index (SRPI)                                                                                     
Reference: Peñuelas et al. (1995)                                                                                           
 Equation: SRPI = R430 / R680  
Photochemical Reflectance Index (PRI)                                                                                 
Reference: Gamon et al. (1992)                                                                                                 
 Equation: PRI = (R531- R570) / (R531+ R570)   
Normalized Pigment Chlorophyll Index (NPCI)                                                                  
Reference: Peñuelas et al. (1994)                                                                                             
 Equation: NPCI = (R680- R430) / (R680+ R430)  
Lichtenthaler Index                                                                                                            
Reference: Lichtenthaler (1996)                                                                                    
 Equation: LI = (R790 - R680) / (R790 + R680) 

 
Table 1. List of spectral reflectance indices used in this study with sources of the equations for 
particular indices. 
 
 
Results and Discussion 
 
     Spectral reflectance curves were species-
specific, as expected (see Fig. 1). Spectral 
reflectance curves curves in N. commune 
and L. puberulum exhibited more or less 
linear part within the range of 400 to 680 
nm followed by a red–edge increase which 
was more pronounced in wet compared to 
dry samples. In hydrated Antarctic chloro-
lichens (X. elegans, P. muscigena, and    
R. melanophthalma), local peaks were ap-
parent in 530 and 640 nm, followed by the 
red-edge increase in the wavelengths 
above 680 nm. In the three species, local 
minimum was found in 675 nm similarly 
to the data presented by Barták et al. (2017). 
The increase in the red-edge region was 
biphasic showing a higher rate within the 
range of 680 to 710 nm and the other in the  
range of 710 to 800 nm. The presence of 

red-edge increase in spectral reflectance is 
a characteristic of chlorolichens that has 
been reported and documented for many 
species exhibiting a great variety of colors 
of thallus (see Bechtel et al. 2002 – Umbili-
caria torrefacta, Van der Veen et Csantho 
2005 for Parmelia isidiata, Cladina arbus-
cula, Cetraria cucullata, Stereocaulon rivu-
lorum, and other species). In general, hy-
drated chlorolichens samples from Antarti-
ca showed lower reflectance values than in 
the dry state. On the other hand, lichens 
from Córdoba province (R. celastri, U. am-
blyoclada and P. conferendum) had simi-
larly-shaped spectral reflectance curves 
with the peaks and local minima in the 
same wavelengths in the DRY and WET 
state. The peak at 550 nm was higher in 
WET than in DRY state. 
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Fig. 1. Reflectance spectra measured in lichen thalli and N. commune  colony in dry state       
(DRY – ●) and fully hydrated state (WET – ○). Missing spectrum for DRY R. melanophthalma is 
due to insufficient amount of lichen thalli. 
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     In wet state, however, the peak in 540-
550 nm was more pronounced than in dry 
state. This peak has already been reported 
in green chlorolichens (see e.g. Rees et al. 
2004). In general, spectral reflectance reach-
ed higher values in wet than dry state in 
the wavelengths of 540-550 nm in the three 
Argentinean lichens. A local minimum 
found at 670-680 nm corresponds to the 
maximum absorption of chlorophyll. These 
lower values were more pronounced in wet 
than in dry state in both, Antarctic and 
Argentinean chlorolichens. In cyanolichens 
L. puberulum and N. commune, the mini-
mum was found only in wet state. Xie 
(2008) reports that in cyanolichens (Loba-
ria hallii and Peltigera praetextata) green 
light was less reflected than chlorolichen 
(Lobaria pulmonaria) which may partly 
explain the slightly higher cyanobacterial 
photosynthetic CO2 uptake in green light.  
     Among the spectral reflectance indices, 
MCARI, was the most sensitive index (i.e. 
showing the highest difference between 
DRY and WET samples) to reflect the 
changes between DRY and WET state 
(Table 2) with differences over 100% in 
all species. MCARI indices showed the larg-
est change in X. elegans due to differences 
in 670 and 700 nm (see Fig. 1).  
     PRI and LI were the other indices re-
flecting the change between DRY and WET,
especially in P. muscigena. It is well estab-
lished that PRI is associated with xantho-
phyll pigments pool activity, de-epoxidation 

state of the pigments in particular. The re-
lation is reported for higher plants (e.g. 
Ripullone et al. 2011), and mosses (Love-
lock et Robinson 2002). Therefore, PRI has 
been used as a measure of xanthophyll cy-
cle activity on a diurnal scale in chloro-
phyll-possessing autotrophs. Recently, PRI 
was used as a measure of photosynthetic 
light-use efficiency (LUE) and  as  an indicator 
of stress in higher plants and lichens, too 
(Weber et Hill 2016). Our study shows, that 
PRI is a sensitive indicator of hydration-
related changes in physiological activity of 

chlorolichens (see Table 3). The differences 
found in PRI were consistent with the data 
previously presented by Barták et al. (2016). 
For, N. commune, Trnková et Barták (2016) 
reported dehydration-induced changes in 
PRI in Antarctic Nostoc sp. colonies as 
well. In the latter study, PRI changed to 
dehydration within a narrow range (-0.05 
to 0.02) which is well comparable to our 
data (see DRY and WET data in Table 2). 
In WET N. commune and L. puberulum  
cyanolichens, PRI was related to xantho-
phylls pigments (see Zakar et al. 2016 for 
review). However, the influence of several 
carotenoids, such as e.g. β-cryptoxanthin, 
caloxanthin, nostoxanthin and orange ca-
rotenoid protein can not be excluded from 
the reflectance in the carotenoid wavelength 
range. PRI showed only slight differences 
between the DRY and WET state in the 
studied species (see Table 2), with the ex-
ception of P. muscigena. 
     Regarding NDVI, the largest relative 
change was found for P. muscigena, and 
attributed to prevailing color of thalli which 
is greyish in dry state and dark to fresh 
green in fully hydrated state (Barták, un-
published data). SRPI, showed the largest 
difference in X. elegans followed by R. me-
lanophthalma.  
     Acetone rinsing brought some minor 
changes to the values of spectral reflect-
ance indices (see Table 2, Table 3). In 
some lichen species (P. muscigena, L. pu-
berulum and U. amblyoclada), the changes 
in numeric values were relatively small 
(below 25%). This was probably due to the 
fact that acetone rinsing affects mainly 
UV-B screening compounds (190-350 nm) 
from dry lichen thallus while photosyn-
thetic pigments remain unaffected. This is 
evident in the lichen U. amblyoclada whose 
secondary metabolites are composed al-
most exclusively of usnic acid, absorbing 
within the range of 200-400 nm (for Usnea 
genus review, see Fernández-Moriano et 
al. 2016), thus this species was strongly af-
fected by the acetone washed out. 
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Table 2. The effects of dry (DRY), wet (WET), and wet thallus that has been acetone-rinsed (AR 
on spectral reflectance indices (NDVI - Normalized Difference Vegetation Index, MCARI1, 
MCARI - Modified Chlorophyll Absorption in Reflectance Index, SRPI - Simple Ratio Pigment 
Index, PRI - Photochemical Reflectance Index, NPCI - Normalized Pigment Chlorophyll Index,   
LI - Lichtenthaler Index – for equations see Table 1.) of the experimental lichen species and        
N. commune. Species R. melanophthalma, N. commune, P. muscigena, L. puberulum, X. elegans 
were from James Ross Island (Antarctica), species R. celastri, P. conferendum and U. amblyoclada 
from Cordóba Province (Argentina).  
 
 
 
In X. elegans, the cortical orange parietins 
is UV-B absorbing screen which could be 
easily washed out from dry thallus by ac-
etone (e.g. Nybakken et al. 2004). How-
ever, since the main absorbance is in UV-B 
range (see Araújo et al. 2015 for review), 
removal of parietin by acetone rinsing did 
not lead to a change in spectral reflectance 
of acetone-rinsed X. elegans at the wave-
lengths of 400-500 nm. Contrastingly to 
the above-mentioned three species, other 
species showed much bigger changes in 
acetone-rinsed thalli. This was specifically 

seen in R. melanophthalma (all spectral 
indices – see Table 3), R. celastri (PRI), 
and X. elegans (SRPI). For R. melano-
phthalma, such a huge difference can be 
attributed to specific mosaic pattern of pale 
yellow and brownish-black structures. The 
black parts are apothecia that in some cases 
may form a majority of the upper surface 
of the lichen. Therefore, the optical proper-
ties of R. melanophthalma may differ to a 
large extent due to relative proportion of 
black apothecia in the upper surface of    
R. melanophthalma thallus.  
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Table 3. Relative changes in spectral reflectance indices (NDVI, MCARI, SRPI, PRI, and LI) 
caused by hydration of a thallus (changes related to WET and DRY thallus are reported), and 
acetone rinsing (AR) – changes are related to WET thalli compared to acetone-rinsed (AR) thalli. 
 
 
     Thus, follow-up studies should be fo-
cused on spectral reflectance of R. mela-
nophthalma in response to dehydration to 

point out the likely reason of the changes 
in spectral reflectance indices. 
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