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Abstract

In this study, we investigated responses of the Photochemical Reflectance Index (PRI), and Normalized Difference Vegeta-
tion Index (NDVI) to gradual dehydration of several Antarctic lichen species (chlorolichens: Xanthoria elegans, Rhizoplaca
melanophthalma, Physconia muscigena, cyanolichen: Leptogium puberulum), and a Nostoc commune colony from fully wet
to a dry state. The gradual loss of physiological activity during dehydration was evaluated by chlorophyll fluorescence param-
eters. The experimental lichen species differed in thallus color, and intrathalline photobiont. In the species that did not exhibit
color change with desiccation (X. elegans), NDVI and PRI were more or less constant (mean of 0.25, —0.36, respectively)
throughout a wide range of thallus hydration status showing a linear relation to relative water content (RWC). In contrast,
the species with apparent species-specific color change during dehydration exhibited a curvilinear relation of NDVI and PRI
to RWC. PRI decreased (R. melanophthalma, L. puberulum), increased (N. commune) or showed a polyphasic response (P.
muscigena) with desiccation. Except for X. elegans, a curvilinear relation was found between the NDVI response to RWC in
all species indicating the potential of combined ground research and remote sensing spectral data analyses in polar regions
dominated by lichen flora. The chlorophyll fluorescence data recorded during dehydration (RWC decreased from 100 to 0%)
revealed a polyphasic species-specific response of variable fluorescence measured at steady state—F, effective quantum
yield of photosystem II (@pg;), and non-photochemical quenching (qN). Full hydration caused an inhibition of @pg; in N.
commune while other species remained unaffected. The dehydration-dependent fall in ®pg;; was species-specific, starting
at an RWC range of 22-32%. Critical RWC for @pgp; was around 5-10%. Desiccation led to a species-specific polyphasic
decrease in F and an increase in qN indicating the involvement of protective mechanisms in the chloroplastic apparatus
of lichen photobionts and N. commune cells. In this study, the spectral reflectance and chlorophyll fluorescence data are
discussed in relation to the potential of ecophysiological processes in Antarctic lichens, their resistance to desiccation and
survival in Antarctic vegetation oases.
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Introduction

Spectral reflectance indices are commonly used in plant
Communicated by M. Horbowicz. physiology with numerous applications for higher plants (see
e.g., Sun et al. 2014) and lichens (Bechtel et al. 2002). The
main application is remote sensing in vegetation cover stud-
ies focused on the presence/absence of vegetation, species
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reflectance curves are used typically to evaluate species-
specific differences (Rees et al. 2004; Kiang et al. 2007).
Recent technologies allow to distinguish particular lichen
species by spectral patterns in near UV, visible and NIR as
shown by Calvifio-Cancela and Martin-Herrero (2016) in
Antarctic vegetation oases. Within the last few decades, a
new trend has appeared to study changes in spectral indi-
ces in relation to ongoing physiological processes using
both field and laboratory-based measurements. Photosyn-
thetic measurements using chlorophyll fluorescence have
been taken in combination with spectral reflectance since it
allows a non-invasive evaluation of the physiological status
of a plant and analysis of its limiting factors (Perez-Priego
et al. 2015). The Normalized Difference Vegetation Index
(NDVI), and Photochemical Reflectance Index (PRI) are
the most frequently used spectral indices both in controlled
experiments and in the field. In higher plants, a decrease in
NDVI is associated primarily with a decrease in chlorophyll
contents (e.g., Chen and Chen 2008), water stress (Palumbo
et al. 2008; Fabido et al. 2012) and the water regime (Yebra
et al. 2013). However, a great variety of stressors has been
studied using the NDVI approach ranging from leaf ageing
(Letts et al. 2008), low light effects (Jiang et al. 2005), and
salinity (Naumann et al. 2008) to ozone-caused damages to
the leaf photosynthetic apparatus (Meroni et al. 2008). In
lichens, NDVTI has been used to assess the water status much
less frequently than in higher plants, however, a variety of
field and laboratory experimental set ups has been used to
address different aspects of lichen ecophysiology. Gloser and
Gloser (2007) reported a species-specific NDVI decrease
with thallus dehydration. Garty et al. (2000) used NDVI
as an early indicator of the negative effects of heavy metal
impact on lichens, in particular their primary photosynthetic
processes. Recently, NDVI was used in the vegetation map-
ping of several components (including lichens) of Antarctic
vegetation oases at a few locations along the Antarctic Pen-
insula (Haselwimmer and Fretwell 2009).

The majority of reflectance indices are derived from the
red and infrared wavelengths of the light spectrum. The
PRI, however, exploits shorter wavelengths that are related
to photosynthetic pigments, xanthophylls in particular.
Specifically, reflectance at 531 nm is associated with the
de-epoxidation state of xanthophyll cycle pigment, i.e., the
violaxanthin to zeaxanthin conversion (Gamon et al. 1990;
Gamon and Surfus 1999). Therefore, PRI is commonly used
as an estimator of a short-term radiation and water stresses
that generally activate zeaxanthin formation (e.g., Ripullone
et al. 2011) and an increase in energy dependent- and non-
photochemical quenching. The zeaxanthin-independent part
of the non-photochemical quenching mechanisms, however,
can not be detected by PRI (Fréchette et al. 2015). PRI, how-
ever, is also sensitive to actual photosynthetic pigment pool,
the ratio of chlorophyll to carotenoids in particular, which
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is slowly changing and thus useful in long-term studies in
higher plants (see, e.g., Gamon and Berry 2013). In cyanoli-
chens, PRI is related to xanthophylls, since cyanobacteria
do possess them (see Zakar et al. 2016 for review). They
stabilize the structure of PSII. In Nostoc commune, which is
a typical lichen-forming cyanobacterial species, apart from
zeaxanthin which is reported for the species (Arima et al.
2012), the involvement of some special carotenoids, such
as, e.g., p-cryptoxanthin, caloxanthin, and nostoxanthin
(Takaichi et al. 2009 for N. commune) can not be excluded.
Recently, Trnkova and Bartak (2017) reported dehydration-
induced changes in PRI in Antarctic Nostoc sp. colonies.

PRI has recently been used as a good estimator of photo-
synthetic performance in leaves of higher plants (e.g., Trotter
et al. 2002). That is why it is used in the studies exploiting
simultaneous chlorophyll fluorescence parameters meas-
urements (e.g., Guo and Trotter 2004). Several chlorophyll
fluorescence parameters, effective quantum yield of PSII in
particular (see e.g., Tubuxin et al. 2015) might be used for
evaluation of photosynthesis. When scaled-up to the canopy
level, PRI has a wide range of applications in the estimation
of radiation use efficiency (RUE) of different ecosystems
(Garbulsky et al. 2011), such as, e.g., grasslands (Balzarolo
et al. 2015), evergreen conifers (Wong and Gamon 2015),
Mediterranean vegetation dominated by a small broadleaf
evergreen shrub (Stagakis et al. 2014), and a tropical ever-
green forest (Nakaji et al. 2014).

Within the last decade, several attempts have been made
to calculate the PRI and NDVI indices for lichen-dominated
polar ecosystems using satellite data in vegetation mapping
studies (Casanovas et al. 2015). A very promising approach
for future studies in polar regions is using a combination of
several techniques, composed of satellite spectral data, refer-
ence spectra of lichens (Harsanyi and Chang 1994), ground
and laboratory studies focusing on the hydration depend-
ence of PRI and NDVI (Bartak et al. 2015a, b), made at
the pixel and subpixel levels using satellite data. Moreover,
increased application of satellite data analysis (Fretwell
et al. 2011) and unmanned automatic vehicles will help to
evaluate species patchiness in lichen-dominated small-area
research plots more than the mid-resolution used typically
in satellite imagery (Casanovas et al. 2015).

In lichens, the spectral reflectance and photosynthetic
parameters of the thallus depend on actual hydration (Aubert
et al. 2007). Interspecific differences accross a wide spec-
trum of species, however, exist depending mainly on the
optical properties of a particular lichen, intrathalline con-
tent and composition of pigments and secondary metabo-
lites. Our earlier studies conducted on autotrophs from
polar regions showed dehydration-dependent changes in
the spectral indices PRI and NDVI in Umbilicaria (Bartdk
et al. 2015a) and colonies on non-lichenized N. commune
(Trnkova and Bartdk 2017). Since dehydration-induced
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changes in lichen spectral properties and the changes in
photosynthetic performance happen simultaneously during
thallus desiccation, simultaneous measurements of PRI,
NDVI and chlorophyll fluorescence parameters related to
the primary photochemical processes of photosynthesis are
beneficial. The approach can evaluate the critical dehydra-
tion at which photochemical processes are limited and relate
it to particular PRI and NDVI in different lichen species.
Such an approach allows for relating the effective quantum
yield of PSy; (Dpgyp), which characterises the functioning of
PS; and consequent steps of photosynthetic linear electron
transport in the thylakoid membranes of the chloroplast, to
PRI, an indicator of the involvement of xanthophyll cycle
pigments. PRI is, therefore, used as an estimator of pro-
tective non-photochemical processes activated in the chlo-
roplastic apparatus of lichen symbiotic algae during desic-
cation. In our study, we studied chloro- and cyanolichens,
and non-associated N. commune. The aim was to evaluate
interspecific differences in PRI and NDVI changes in des-
iccating thalli. Such species-specific response of PRI and
NDVI to dehydration would help to interpret spectral data
for small-scale areas dominated by lichens in future studies.
The objective of the study was to find species-specific differ-
ences in the two indices and relate the dehydration-induced
changes in PRI and NDVT to different photobionts (alga/
cyanobacteria), desiccation-induced decline in primary pho-
tosynthetic processes, and thallus optical properties, thallus
color change from wet to dry state in particular. Last but
not least, the aim of the study was to find the most sensitive
spectral reflectance indices for particular species, i.e., those
exhibiting the largest difference between wet and dry state.

Materials and methods
Sample collection and handling

Several lichen species from James Ross Island, Antarctica
(Fig. 1) were used in the experiments: Xanthoria elegans,
Leptogium puberulum, Rhizoplaca melanophthalma, Phy-
sconia muscigena, as well as a non-lichenized N. commune
colony. The experimental species represent typical domi-
nants of vegetation oases of the northern part of James Ross
Island (Laska et al. 2011). The species samples were col-
lected in February 2015 from deglaciated field sites: (1) a
long-term research plot (63°48°03"S, 57°52° 50", see Bar-
tak et al. 2015a, b for details, P. muscigena), (2) a coastal
terrace (63°48710"S, 57°55709"W, R. melanophthalma),
and a deglaciated foothill of Berry Hill (63°48°51"S,
57°51°35"W, L. puberulum, X. elegans), see Fig. 1. After
collection, the samples were delivered to the Czech Ant-
arctic station Mendel, where the experiments were taken.
Typically, ten samples sized at least 9 cm? (segments) were

taken for each species for (1) spectral reflectance, and con-
secutive (2) chlorophyll fluorescence measurements. The
experimental species differed in the color and optical prop-
erties of the upper thallus surface, and symbiotic intrathal-
line photosynthetizing partners (photobiont)—see species
characteristics below.

Species characteristics

Xanthoria elegans is a foliose chlorolichen that has a uni-
cellular green alga Trebouxia sp. as a photobiont. It forms
typically flat lobate rosettes up to 6 cm wide or larger colo-
nies over stone and soil surfaces. Thallus color is typically
bright orange, however, some deep orange ecotypes could be
found as well. The thallus possesses a variety of secondary
metabolites such as, e.g., dominating parietin, and supple-
mentary compounds such as fallacinal, emodin, teloschistin
and parietinic acid. X. elegans is a cosmopolitan species
colonizing various harsh habitats, including maritime and
continental Antarctica (@vstedal and Lewis Smith 2001).
On James Ross Island, X. elegans grows on stony substrates
well supplied by water, typically in shallow depressions or
a microrelief with enhanced snow accumulation. X. elegans
is tolerant to nitrogen (Munzi et al. 2012) and shows a high
resistance to a variety of stressors such as, e.g., UV-B (Mon-
teiro Estévao 2015) and freezing temperatures (Bartak et al.
2007).

Rhizoplaca melanophthalma is an umbilicate, Trebouxia-
possessing chlorolichen with a polyphyllous, sometimes
squamulose or pulvinate, thallus. Thallus color varies from
usually light yellow to greenish yellow. When R. melano-
phthalma stays in a dry state for a long time in the field, the
color may change to slightly brownish or grayish. Apothecia
may form on a majority of the upper surface of the lichen.
Since the apothecia color may vary from yellowish brown
to black, the optical properties of the lichen differ to a large
extent. For this reason, we involved two ecotypes of R. mel-
anophthalma into this study: pale (with dominant yellow
color and fewer apothecia), and black (with numerous black
apothecia prevailing over the upper surface). Only a few
studies have investigated the presence of secondary metab-
olites in the thallus. For example, Cansaran et al. (2006)
reported usnic acid in R. melanophthalma.

Leptogium puberulum is a Nostoc-possessing cyanoli-
chen thriving and photosynthesizing in long-term wet
habitats such as temporal streams and seepages (Schlensog
etal. 1997). It can, however, survive occasionally at places
insufficiently supplied by liquid water thanks to its abil-
ity to hydrate from water vapor (Haranczyk et al. 2000).
On James Ross Island, it occurs in similar habitats as X.
elegans. The thallus of L. puberulum is blackish-brown
to brownish-green, especially in the fully wet state. The
upper and lower surfaces of the thallus are of the same
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«Fig. 1 Map of James Ross Island (Antarctica) with indication of sam-
pling sites of individual experimental species: Physconia muscigena
(sampling site 1), Rhizoplaca melanophthalma (sampling site 2), X.
elegans, L. puberulum (sampling site 3). Source: Czech Geological
Survey. 2009. James Ross Island—northern part. Topographic map
1:25,000. First edition. Praha, Czech Geological Survey. ISBN 978-
80-7075-734-5

color but the lower one is lighter. The thallus typically
has numerous suberect to erect lobes forming a complex
overlapping three-dimensional structure. UV-B absorbing
compounds were detected in ethanol extracts with peak
absorption at 202, 250 and 302 nm but these have yet to
be identified in Antarctic L. puberulum samples (Bartak
et al. 2015b).

Physconia muscigena is a foliose Trebouxia-possess-
ing chlorolichen quite common in maritime Antarctica
(Dvstedal and Levis Smith 2001). It forms clusters up to
12 cm in diameter. Lobes are generally linear, 1-3 mm
broad, usually ascending. The thallus of P. muscigena
is pale gray-brown to dark brown. The upper surface
might be lightly to heavily coated with pruina that dis-
appear when the thallus gets wet and its color turns into
a brighter green. On James Ross Island, P. muscigena is
quite common in moist habitats (Block et al. 2009). Typi-
cally, it grows on the soil surface or over mosses. Its opti-
cal properties and secondary metabolites have been little
studied, however, Kumar et al. (2014) reported phenolics,
flavonoids and proanthocyanidins for the species while
secalonic acid A (accessory pigment) and variolaric acid
have also been reported for the species (LIAS database,
http://liaslight.lias.net/).

Nostoc commune can be found in Antarctica in many
terrestrial habitats as individual filaments encapsulated in
exopolysaccharidic envelopes. The filaments are composed
of numerous vegetative cells and N-fixing thick-walled
heterocysts. Alternatively, N. commune forms large sheet-
like colonies up to several hundreds of square centimeters.
These are found as crusts when dry and inactive, but rap-
idly change to gelatinous physiologically active jelly-like
structures when wet (e.g., Novis et al. 2007). In Antarctica,
N. commune colonies thrives well in water-supplied micro-
habitats such as, e.g., shallow ponds, streams and seepages
as reported from several Antarctic regions including the
Antarctic Peninsula (Broady 1996), and James Ross Island
(Komarek et al. 2015). N. commune is highly resistant to
many environmental stress factors, such as, e.g., extreme
temperature (Sand-Jensen and Jespersen 2012), UV-radi-
ation (Ehling-Schulz and Scherer 1999; Monteiro Estévao
2015), freeze—thaw cycles (Gupta 2011) and dehydration.
On James Ross Island, N. commune colonies are formed
mainly in seepages and represent a substantial component
of the vegetation cover of long-term research plots estab-
lished in such a habitat (Bartak and Vaczi 2014).

RWC of lichen thalli during dehydration

The thalli segments of individual species were placed on a
wet disk of paper on the bottom of Petri dishes and hydrated
in closed dishes. The segments were sprayed by demineral-
ized water regularly each 6 h for 24 h. Fully hydrated thalli
segments (i.e., those exhibiting maximum individual weight
after 24 h—tested on laboratory scales) were depried of
water droplets remaining on thallus surface by a blotting
paper gently and than used for measurements. Measurements
of spectral reflectance indices and photosynthetic measure-
ments were done in ten samples for each species desiccating
from a fully hydrated to a fully dry state. On each sample, a
single measurement was done (i.e., 10 measurements =rep-
licates). During the desiccation, room temperature was kept
constant (18 °C, 40% RH) and the lichen thalli were left
in open Petri dishes to desiccate naturally. Relative water
content (RWC) was gravimetrically evaluated before spec-
tral measurements. Samples were weighed on an AS 310
analytical scale (RADWAG, Poland), and RWC calculated
according to the equation:

RWC(%)Z[(Fm_ Dm)/( Wm_ Dm)]XIOO’ (])

where F,, is the actual fresh mass (weight) of a sample, D,
is the mass of the fully dry sample (oven-dried sample at
35 °C for 24 h), and W,,, is the mass of the fully wet sample.

NDVI and PRI measurements

NDVI and PRI of the lichen thalli segments were meas-
ured repeatedly during gradual dehydration from fully wet
(RWC=100%) to dry (RWC =0-10%) states. The NDVI
was measured by a PlantPen NDVI 300 (Photon System
Instruments, Czech Republic) while the PRI was meas-
ured by a PlantPen PRI 200 (Photon System Instruments,
Czech Republic). Both instruments use a particular spectral
reflectance for calculation of the indices using the following
equations:

NDVI = (R749 — Reeo)/ (R740 + Reeo)- 2
PRI = (Rs79 — Rs31)/(Rs79 + Rs3)- 3)

Chlorophyll fluorescence

Chlorophyll fluorescence parameters were measured inde-
pendently on PRI, and NDVI measurements. On light-accli-
mated samples (segments of thallus, area of about 4 cmz),
variable chlorophyll fluorescence (F\), effective quantum
yield of photochemical processes in PSII (@pg;;), and non-
photochemical quenching (qN) were measured in response
to RWC when the samples were desiccated from a fully
hydrated to dry state. In this study, variable fluorescence is
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understood as the chlorophyll fluorescence signal induced
by a light incident on desiccating lichen samples. Therefore,
it is sensu stricto a steady state fluorescence emitted from
a light-adapted sample, and thus abbreviated F,. Samples
were let to dry at room temperature (25 °C) with RH of 70%
(measured by a HOBO datalogger, OnSet Computers, USA)
under moderate light (60 umol m~2 s~! of photosyntheti-
cally active radiation). According to the sample dimension/
weight and complexity of the thallus structure, dehydration
time varied between 10 and 18 h. During that time, sam-
ple weight and chlorophyll fluorescence parameters were
measured repeatedly every 5 min. A Mettler scale (Mettler
AE-100, Germany) and a fluorometer (PAM 2000, H. Walz,
Germany) were used for these purposes. Variable chloro-
phyll fluorescence at steady state—F, was measured by a
fluorometer. Effective quantum yield of the photochemical
processes of photosynthesis in photosystem II (@pg), and
non-photochemical quenching (qN) were calculated from
measured data by routine procedures as described earlier in
Bartak et al. (2004) and expressed as dependent on RWC.
Particular chlorophyll fluorescence parameters were calcu-
lated as:

‘I’PSH = (F,,n - FS)/Fr,na “4)

qN:(Fm_FI/n)/(Fm_Fo)’ )
where F,; is the maximum chlorophyll fluorescence recorded
on a dark-adapted sample (5 min) after application of a satu-
ration pulse, F is the maximum chlorophyll fluorescence
recorded on a light-adapted sample after application of a
saturation pulse, F is the steady state fluorescence in a
light-adapted sample, and F, is the minimum chlorophyll
fluorescence. Chlorophyll fluorescence parameters were
plotted against RWC for each parameter and experimental

species. Then, the RWCs at which the chlorophyll fluores-
cence parameters showed changes were evaluated. These
were RWCs at which (a) the first sign of decline (F, @pgyp)
or increase (qN) was apparent and (b) a parameter equaled
to zero (critical RWC). Three different phases were found
in the F/®pg/qN to RWC relationships: (1) phase I at high
hydration associated with suprasaturation effect, (2) phase II
found in a wide range of RWCs typical by a linear increase/
decrease of particular parameter with ongoing dehydration,
and (3) phase III found typically at the RWC fall from 30 to
0%. The phase III exhibited a typical S curve of particular
parameter.

Spectral reflectance

Reflectance spectra were measured on leaf size-scale in dry
and wet thalli of the experimental lichen species. Before
measurements on wet lichens, the thalli were rehydrated in
between two wet sheets of papers placed in a Petri dishes
for 24 h. During the wetting period, thalli were placed into a
fridge (5 °C) and exposed to a dim light (10 umol m~2 s~ of
photosynthetically active radiation). For the leaf size-scale
measurements, a PolyPen RP 400 spectral reflectometer
(Photon Systems Instruments, Czech Republic) was used.
The instrument measured within a wavelength range from
320 to 800 nm with sampling interval of 2 nm. For each
species and the treatment (wet/dry), at least six spectra were
measured and mean spectrum calculated. From the spectral
curves, the following spectral indices were calculated: Gree-
ness index (GI), Modified Chlorophyll Absorption in Reflec-
tance Index (MCARI), Transformed CAR Index (TCARI),
Normalized Phaeophytinization Index (NPQI), and Structure
Intensive Pigment Index (SIPI)—see Table 1 for equations.
Hydration-dependent differences in the above-listed spectral

Table 1 List of spectral
reflectance indices used in this

Index specification (abbreviations)/equation

Source

study for wet and dry thalli of
experimental lichen species P.
muscigena, R. melanophthalma,
X. elegans, L. puberulum, and
colony of N. commune

Greeness Index (G)
G=Rss54/Re7

Modified Chlorophyll Absorption in Reflectance Index (MCARI)
MCARI = [(R;00— Rg70) — 0.2 X (R799 — R550)] X (R700/Re70)

Transformed CAR Index (TCARI)

Smith et al. (1995)
Daughtry et al. (2000)

Haboudane et al. (2002)

TSARI=3X [(Ry00— Re70) — 0.2 X (R0 — Rss0) X (Ry00/Re70)]

Normalized Phaeophytinization Index (NPQI)

NPQI— (Ryy5— Ry35) (Ryy5+ Ry35)

Structure Intensive Pigment Index (SIPI)

SIPI— (Ryg9 — Ryso)/(Ro90 + Reso)

Barnes et al. (1992)

Penuelas et al. (1995)

Greeness Index, MCARI and TCARI are parameters of chlorophyll contents and most sensitive indicators
of vigorous growth and effective productivity. NPQI is a typical stress indicator evaluating phaeophytiniza-
tion, i.e., degradation of chlorophyll molecules phaeophytin, a pigment involved into charge separation in
photosystem II. Phaeophytization is responsible for a blueshift in the pigment spectrum of lichens. SIPI
is typically attributed to nutritional status and photosynthetic pigments contents (typically carotenoid to
chlorophyll a ratio). Recently, SIPI is, similarly to PRI, considered an indicator of effective photosynthetic

processes
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reflectance indices were calculated as a difference between
dry and wet values for particular species. Consequently, spe-
cies-specific effects of hydration on the shape of the spectral
curves and spectral reflectance indices were evaluated and
discussed.

Statistical analysis

For spectral indices, species-specific differences and the dif-
ferences related to hydration status (wet/dry) were analyzed
using an ANOVA (STATISTICA v. 13, Dell Inc.), the LSD
test in particular.

Results

PRI declined with progressive dehydration from fully wet
(RWC=100%) to a dry state (RWC =0%) in a majority of
the studied species. N. commune and P. muscigena, however,
showed a slight increase and a biphasic response (a decrease
followed by an increase) with dehydration, respectively.
The PRI dehydration-response curves (Fig. 2) differed in
their shapes as well as the range of PRI values reached dur-
ing dehydration. A linear relation was found in X. elegans
(Fig. 2a) and R. melanophthalma (Fig. 2c—pale ecotype).
PRI changed only a little throughout the whole RWC range
in X. elegans (—0.3 to —0.4), while the relation was much
steeper in R. melanophthalma reaching PRI values within
the range of 0 to —0.1. Moreover, the black R. melanoph-
thalma ecotype (Fig. 2d) showed somewhat higher PRI val-
ues than the pale one (mean difference 0.016). In contrast to
this expectation, the shapes of the PRI to RWC curves did
not differ much between the cyano- and chlorolichens. The
only difference was that, apart from the shape of the rela-
tion, the PRI values were found to be somewhat higher (even
positive) in N. commune (—0.04 to 0.02) and L. puberulum
(—=0.12 to —0.04)—see Fig. 2b and e, respectively. In L.
puberulum, a PRI response curve was apparent in the desic-
cating sample which showed more or less no PRI change
within the RWC range of 30-100%. With pronounced
thallus dehydration (RWC declining from 30 to 0%), PRI
decreased exponentially. The minimum PRI value of —0.14
was found in the fully desiccated L. puberulum thallus. In
N. commune, PRI responded to dehydration within a narrow
range (— 0.05 to 0.02) showing a curvilinear increase in PRI
with increasing RWC, in contrast to Nostoc-possessing L.
puberulum. The P. muscigena dehydration-response curve
showed a somewhat complex curvilinear PRI to RWC rela-
tionship. PRI declined in the RWC range of 75-100% until
the minimum of about — 0.15, then it rose with dehydration
(RWC decline from 75 to 10%). PRI then remained more or
less constant reaching a value of —0.06 under severe thallus
dehydration (RWC 0-10%). In general, P. muscigena showed

PRI within the range of —0.04 to —0.15 (Fig. 2f). The PRI
values decreased at the initial phase of dehydration (RWC
decline from 100 to 75%). Then, PRI increased with further
dehydration (RWC decline from 75 to 0%).

NDVI to RWC relationship was curvilinear in majority
of the studied species (Fig. 3). In X. elegans, however, the
relationship was linear (Fig. 3a). The observed linear rela-
tionship showed a slight increase in NDVI with dehydration.
The thallus did not show any visible change in color remain-
ing bright orange in all stages of dehydration. Other spe-
cies showed curvilinear responses of NDVI with maximum
values found at the RWCs ranging within 20-50% (Fig. 3,
B, C, D, and E, respectively). For N. commune, R. melano-
phthalma—both pale and black ecotype, and L. puberulum,
NDVlI increased from fully wet (RWC =100%) to a partially
dehydrated state reaching species-specific maxima at 20 (R.
melanophthalma—pale ecotype, Fig. 3c), 30 (R.melanoph-
thalma—->black ecotype, Fig. 3d, L. puberulum, Fig. 3e), and
50% RWC (N. commune, Fig. 3b). P. muscigena (Fig. 3f)
showed rather constant NDVI values within the RWC range
of 50-100%. With dehydration from the RWC of 50-0%, it
declined in a curvilinear manner.

In all studied species, F exhibited a biphasic course with
desiccation (Fig. 4). Phase I was typified by a constant-rate
gradual decrease in F from fully (RWC=100%) to a par-
tially dehydrated state (typically 30-40% RWC). Then, a
much faster decline in F followed in phase II, occurring
with a decrease in RWC from 30 to 5%. In all species, phase
II led to an S-curve relationship of F to RWC. Phase I, how-
ever, differed interspecifically in the rate of F decline with
RWC fall. It was slow in P. muscigena, R. melanophthalma,
and L. puberulum resulting in shallow decline, in contrast
to the much steeper F decline recorded in N. commune. F
decreased linearly in R. melanophthalma with decreasing
RWC from 100 to 30%. Then, F decreased rapidly with fur-
ther dehydration (RWC from 30 to 5%), showing an S-curve
relation, and reached zero at 5% RWC. Similarly, L. puberu-
lum showed two phases of F; decrease with dehydration.

Maximum @pg;; values were found at the full hydration
state (RWC =100%) for a majority of the species (see, e.g.,
P. muscigena, Fig. 5). N. commune, however, showed a water
suprasaturation effect resulting in decreased @pgy; (to about
60% of maximum) at full hydration (RWC within 80-100%,
denoted as phase I hereafter). Surprisingly, L. puberulum
possessing Nostoc sp. as the photosynthesizing partner, had
a different dehydration-response curve with a typical more
or less constant increase in @pg;; when RWC decreased
from 100 to 25% (phase II), followed by a decrease in the
RWC range of 25-0%. A suprasaturation effect on @pg;; was
also apparent in the chlorolichen P. muscigena, however,
the @pg; inhibition was found only in a very limited extent
(100-95% of RWC) of hydration (phase I). In N. commune,
an increase in @pg; was found with further dehydration
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Fig.2 Courses of Photochemical Reflectance Index (PRI) of experi-
mental species in response to relative water content (RWC) recorded
during gradual dehydration from fully wet (RWC-100%) to dry state
(RWC=0%). X. elegans (a), N. commune (b), R. melanophthalma—
pale ecotype (¢), R. melanophthalma—black ecotype (d), L. puberu-
lum (e), P. muscigena (f). Data points and best-fit line/curves are

of the colony (RWC decrease from 80 to 30%, phase II).
Maximum @®pg;; was reached at a RWC of 30% followed by
a consequent decline with further dehydration (phase I11,
RWC below 30%). Critical RWC, at which ®pg reached
0, was found at 5% in N. commune. In R. melanophthalma,
and P. muscigena, ®@pgy;; remained constant and even slightly
increased within a wide range of decreasing RWC values

@ Springer

presented. Equations: a (y=3x10"*xx—0.3703, R>=0.2312), b
(y=8.1798 x 1078 xx* = 1.5421 x 10> x x> + 5 x 10~ *x x + 0.0014,
R?=0.7252), ¢ (y=7x107*xx—0.0825, R*=0.8996), d (y=—3.4
729% 107 x x>+ 103 xx—0.0679, R>=0.8973), e (y=0.0616xx/
(8.1889+x)—0.0821, R2=0.8423), f (y=2.6847x 107" xx—2.979 %
107 xx+ 10" xx—0.0631, R>=0.6366)

(from 100 to 24% RWC), however, further dehydration led
to a rapid S-curve decrease in @pgy; followed by full Dpgy
inhibition at a RWC of 5%.

Non-photochemical quenching (qN, Fig. 6) increased lin-
early with desiccation from 100 to 30% RWC. With more
pronounced dehydration (RWC decrease from 30 to 5%
RWC), gN increased to a maximum of 1. Such a biphasic
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Fig.3 Courses of Normalized Difference Vegetation Index (NDVI)
of experimental species in response to relative water content (RWC)
recorded during gradual dehydration from fully wet (RWC-100%) to
dry state (RWC=0%). X. elegans (a), N. commune (b), R. melanoph-
thalma—pale ecotype (c¢), R. melanophthalma—black ecotype (d), L.
puberulum (e), P. muscigena (f). Data points and best-fit line/curves
are presented. Equations: a (y=—10"*xx+0.2662, R>=0.0842), b

response was, however, species-specific. In phase I (RWC
decline from 100 to 30-40%), a small increase in qN was
apparent in P. muscigena, R. melanophthalma, and N. com-
mune, while no increase was found in L. puberulum. Phase
II, with further decline in RWC from 20/30-0%, was typified

(y=—5.1052% 107 x x> +5.5%x 10 xx+0.2348, R*=0.5756), ¢ (v
=—27118x1073xx>+2.5x 1073 xx+0.2407, R*=0.4896), d (v
=5.7573x 107 xx* = 107 xx*+0.0042 x x+0.169, R>=0.5257), e
(y=exp(—0.5x (In(x/89.7022)/0.8883)*)/x) +0.2011, R*=0.7915), f
(y=0.1151 % (1 — exp(—0.0608 x X)) +0.1526 X (1 — exp(— 0.0608 X x))
+0.1804, R>=0.8704)

by a more or less S-shaped increase of qN to the maximum
value. Interspecific differences were apparent in terms of the
RWCs at which qN equaled 0. It was reached at 8% RWC in
N. commune, while more pronounced desiccation was neces-
sary for R. melanophthalma (2%), and L. puberulum (5%).
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Fig.4 Relation of a steady state chlorophyll fluorescence (F) to
RWC during dehydration (RWC from 100 to 0%) for individual spe-
cies. Phases I (RWC from 80/90 to 100%), II (RWC 30/40-80/90%),
and IIT (RWC from 0 to 30/40%), respectively, with different slopes
can be distinguised. Data points represent pooled data of three rep-

Spectral reflectance curves

For a single species, spectral reflectance curves differed
in dry and wet state of lichen thallus (see Fig. 7). In the
chlorolichen P. muscigena, the reflectance values were
found higher in dry state. The highest difference was
found at the wavelength of 530 nm. In X. elegans and R.
melanophthalma (pale ecotype), however, both increased
and decreased spectral reflectance values were found in
wet state: (1) increased within the ranges of 380-580 nm,
and 700-780 nm, (2) decreased within the range of
580-700 nm. In the cyanolichen L. puberulum, spectral
reflectance curve was found rather flat. The reflectance
values slightly increased within the range of 400-680 nm.
Then, the rate of increase was higher in the range of
680-800 nm. The spectral curves, however, showed no
difference between dry and wet thalli. Colonies of the
cyanobacterium N. commune showed very similar shape
of the spectral reflectance curves. The spectral reflectance

@ Springer

licates. Standard deviations of the F; mean calculated for the RWC
classes (100-97%, ...,3-0% RWC, data not shown) are below 8%
(phase I), 6% (phase II), and 9% (phase III) of the mean for all the
species

curve recorded in wet state, however, showed somewhat
higher values then the curve recorded in dry state.

Spectral indices derived from the curves are presented
in Table 2. The highest relative change in numerical value
of the particular indices recorded for dry and wet state
was found for X. elegans (Greeness index: 44.8%, MCARI
93.3%), P. muscigena (TCARI —157.4%, SIPI 41.2%), and
N. commune (—187.4%).

Discussion

The PRI to RWC relationships produced species-specific
curves. The differences might be attributed to the differences
in photosynthetizing pigments in chlorolichens (possessing
Trebouxia sp.) and cyanolichens. Chlorolichens, their symbi-
otic algae in particular, possess xanthophyll cycle pigments,
the involvement of which (zeaxanthin formation) is reported
in dehydration responses in lichens (Kranner et al. 2003,
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Fig.5 Relation of effective quantum yield of photochemical pro-
cesses in photosystem II (@pg;) to RWC during dehydration (RWC
from 100 to 0%) for individual species. Phases I (attributed to hyper-
saturation effect), II, and III, respectively, with different slopes can

2005). Some cyanobacteria, N. commune specifically, have
either a reduced xanthophyll cycle pool or lack it completely
which negatively affects the PRI, which is generally attrib-
uted to the violaxanthin to zeaxanthin conversion. Since L.
puberulum has a cyanobacterium as its photosynthesizing
partner, the PRI to RWC relation in this species and N. com-
mune should differ from those measured in chlorolichens.
Data from earlier studies done on lichens from polar
regions (Jupa et al. 2012; Bartdk et al. 2015a, b), however,
support the idea that a majority of chlorolichens shows nega-
tive PRI within a wide range of thallus desiccation. Other
lichen species, however, may exhibit positive PRI values and
a decreasing trend with thallus dehydration (Stereocaulon
foliosum, Singh et al. 2013, Parmelia sp.; Gates et al. 1965).
Therefore, no general response of PRI to thallus dehydra-
tion in lichens can be postulated. Moreover, optical proper-
ties of the upper cortex, its changes during dehydration in
particular may play a role as suggested by Orekhova et al.
(2018). The study reported the changes in NDVI, PRI related
to presence/absence of the upper cortex in particular lichens.

be distinguised. Data points represent pooled data of three replicates.
Standard deviations of the &pg; mean calculated for the RWC classes
(100-97%, ...,3-0% RWC, data not shown) are below 9% (phase I),
9% (phase 1), and 10% (phase III) of the mean for all the species

Removal of the upper cortex led to a 10% increase in NDVI
values within the whole range of RWC in desiccating thalli
(RWC from 100 to 0%). Shapes of the curves in NDVI to
RWC relationship were generally the same for particular
species as shown in Fig. 3, however, some species showed a
decrease in NDVI in a higher RWC (Leptogium puberulum:
83%, P. muscigena: 51%—Orekhova et al. 2018) than in our
study. The upper cortex removal led to a slight decrease in
PRI values, the PRI to RWC relationship, however, remained
unaffected.

NDVI decreases exponentially with thallus dehydration,
as reported by Gloser and Gloser (2007) for lichens and for
the lichen components forming soil crusts in a cold desert
in China (Yamano et al. 2006). Similarly, Singh et al. (2013)
reported NDVI decrease when comparing data measured at
93 and 37% of RWC. Our data, however, indicate a slight,
species-specific decrease in NDVI at full (RWC=100%) and
close-to-full hydration. The decrease could be related to the
possibility that the maximum NDVT of the lichen thalli in
our study occurred at a hydration status that was less than
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Fig.6 Dehydration-dependent activation of non-photochemical S-curve in the phase III of dehydration. Standard deviations of the gN

quenching (gN) during RWC decrease from 100 to 0% for individ-
ual species. Typically, the phases I (90-100% RWC), II (30/40-90%
RWC), and IIT (0-30/40% RWC), can be distinguised. gN to RWC
relationship tends to be generally linear in phase II, and following a

full hydration, but a level that was not necessarily used in
the above-mentioned studies. Generally, decreasing NDVI
was found with progressive thalli dehydration (RWC fall-
ing from 30 to 0%) in all species except X. elegans which
showed almost constant NDVI for the desiccating thallus,
and a very limited range of values (0.2-0.3), see Fig. 3. Spe-
cies specificity of NDVI in response to desiccation is most
likely due to different optical properties of the desiccating
thallus. Barték et al. (2015a, b) reported species-specific
rates of NDVI decrease in three lichen species with contrast-
ing thallus color in the sequence: green (Umbilicaria arc-
tica)—reddish brown (Stereocaulon foliosum)—brownish-
black (Umbilicaria hyperborea).

The change in F decline rate found during desiccation at
the RWCs of 30-40% could be attributed to the early stage
of dehydration stress on primary photosynthetic processes
since Ppg;; and N started to decrease (Ppgyy), and increase
(gN) at the same RWC. In all the studied species, there
was an S-shaped decline of F at the RWC range from O to

@ Springer

mean calculated for the RWC classes (100-97%, ...,3-0% RWC, data
not shown) are below 6% (phase I), 5% (phase II), and 9% (phase III)
of the mean for all the species

30/40%, which might be attributed to a gradual loss of water
from the photobiont cells and a consequent decrease in the
chlorophyll fluorescence signal (Lange et al. 1989). Some
studies report desiccation-induced decrease in Fo thanks to
the changes in the optical properties of the lichen cortex
(Gauslaa and Solhaug 2001), and increased non-radiative
dissipation of absorbed excitation energy (Komura et al.
2010; Wieners et al. 2012). Desiccation-induced involve-
ment of non-radiative dissipation is demonstrated as the
increase in non-photochemical quenching (qN) found in
all species studied (see Fig. 6). Such an increase in qN is
a well described phenomenon in lichen photobionts docu-
menting the involvement of zeaxanthin formation (e.g.,
Fernandez-Marin et al. 2010), increased contents of anti-
oxidants (e.g., Kranner et al. 2005), conformational changes
of pigment—protein complexes, and thermal dissipation of
absorbed light energy (Heber 2008), dehydration-induced
PSII deactivation (e.g., Kosugi et al. 2009), and xanthophyll
cycle-independent mechanisms (Veerman et al. 2007) which
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Fig.7 Spectral reflectance curves recorded for dry and wet thalli of
chlorolichens (P. muscigena, R. melanophthalma, and X. elegans),
cyanolichen (L. puberulum), and N. commune colony. The spectra

is attributed to chlorophyll molecules aggregation in light
harvesting complexes of PSII or a new type of quenching
in PSII core antenna (Komura et al. 2010). These mecha-
nisms protect PSII from the damage caused by the desic-
cation-induced PSII overenergization and formation of
reactive oxygen species. These mechanisms, however, can
not completely prevent PSII damage caused by light dur-
ing desiccation. Therefore, continuous metabolic repair is
required to compensate for such damage. In lichens and
other desiccation-tolerant photoautotrophs during desicca-
tion, ultra-fast energy dissipation is activated (Heber et al.
2010; Heber 2012) as a part of qN. Recently, two mecha-
nisms are considered for chlorophyll fluorescence quench-
ing in desiccating lichens (Slavov et al. 2013): (1) direct
quenching of the PSII, (2) absorbed energy transfer from
PSII to PSI (spillover). The latter mechanism is considered
more efficient in Trebouxia-possessing chlorolichen Parme-
lia sulcata (Slavov et al. 2013). Thus, the strong relationship
between F and qN as found in our data (P <0.001) for all
the studied lichen species indicates the effective involvement

Wavelength (nm)

were recorded within the wavelength range of 380-790 nm. The spec-
tra are means of at least five replicates

of gN during desiccation. Similarly to lichens (e.g., Veer-
man et al. 2007), a highly effective drought-induced non-
photochemical quenching (designated d-NPQ) was decribed
recently in mosses and found stronger than that caused by
PSII charge separation or non-photochemical quenching
(NPQ)—Yamawaka and Itoh (2013). In our experimental
design, numerical values of qN recorded in dry state (RWC
range of about 0-20%) might be overestimated due to the
fact, that a decrease in F/ (see Eq. 5 for gN calculation)
is not attributed to desiccation-induced quenching exclu-
sively. Part of F/ decrease is related to the changes in opti-
cal properties (reduced transmittance) of the upper cortex.
In this way, light amount reaching the photobiont layer in
desiccated thalli was less than that in fully hydrated thalli
(RWC=100%). Such phenomenon is well documented in
desiccating lichens (Biidel and Lange 1994; Gauslaa and
Solhaug 2001). It is, however, species-specific.

The effective quantum yield of PSII in chlorolichens (P.
muscigena, R. melanophthalma) showed a typical S curve at
the RWC range from 22 to 0% RWC, as was demonstrated

@ Springer



Acta Physiologiae Plantarum (2018) 40:177

177 Page 140f 19

XopuJ JUSWISIJ SAISUIU] dINonIS—IJ[S pue ‘xapuy uonezuniydoseyq pozifewIoN—IQOJN XoPUl YV PIWIOSURI] —[ VDL ‘XSPU] 90UBIO[Y

ur uondiosqy [[AydoIo[yD payIPOIN—TIVIIN XOpU] SSOUURIN—TIL) SUOTIBIARIQQE Y} 0) A3 "pasn sem (359} ST) VAONY (SO'0=d) SOOUSISHIP 9y} JO SUOIR[NOTED IO "(}om/KIp) snjels
uoneIpAy pue sa100ds 9y} 0} PIJe[aI SOIUISPIP JUBOYIUSIS A[[eonsne)s jesrpur xapur Joddn oy) ur S19)9] QYL 'SUONBIASD PIEPUE)S PUB SJUSWAINSEIW 9AY ISEI] JE JO SUBIW dIe BIep PJUISA]

Ly— €8 I'8— V88— (% IdIS
VL8l — g8l — €691 ['LT ['LOT — I0dN
0v9 6'LCl— 0cr— Ivl— LyST— VDL (%) d8ueyd dATR[Y
8'LL £'e6 L'69 Y08 9°L8 TAVOIN
e 8y vel 981 86T D 1PM/00T X (K1p —10M)
LESO0F eL99€°0 00+ p8LI9°0 $290°0+F 2qe?607°0 LS900F oqe0TCY 0 YLYOOF p99¢9°0 M
9Te00+F ¢8€8¢°0 ¥SI00+ p9995°0 Tre00F 4944\ 8CSO0F I9LSY0 61800F qeC89¢°0 £1q
1dIS
0L100F qLE10°0 81¥0°0+F 2L9€0°0 60L0°0F ql€€0'0— 91€00F ¢06LC°0— €re00+ q8€00°0 M
02S00F 276€0°0 00200+ 2Sev00 8590°0F 91200 €920°0+ wClEC0— $900°0F 2q0800°0 £1q
I0dN
€S100+ 71500~ S1200+ p91L0°0— 81100+ qulCe0'0— 0200+ 1oS081°0— 9S10°0F qe8c0'0— M
0L00'0F eS810°0— 9re00F 2€€91'0— 0C100F qu09€0'0— 00€0°0F ;890C°0— 82€00F p9L60°0— £1q
[¥dVOL
CI100+ eLLT10°0 L9SO0F po6L01°0 8900°0F 01100 w00+ 2q10L0°0 CIS00F pc011°0 M
0€000F «6€00°0 98100+ «CL00°0 12000+ «£€00°0 ¥910°0F q8¥7¢0°0 LT000F 9¢€10°0 fiq
TdVOIN
£€60°0+F 162901 80600+ qI8LY0 8LLOOTF op79C6°0 $850°0+F RSIVO'T 12910+ 3Ce60°1 M
8Sv00F 198201 16100+ 0v9C°0 0500+ -7208°0 €1500+ p9L18°0 ¥0¥0'0F po V180 fiq
XOpUJ SSAUIID)
pIS eI\ pPIS UBIN pIS eI\ pIS UBIN pIS eI\
QUMUUIOD IOISON SUDS2]2 DILOYIUDY wmn.tagnd wmsoyda]  vugpyidouvjow vovjdoziyy DUISIOSNU DIUOISKY J Xapuj

aunuiwiod "N Jo Kuofod oy pue (suv8aja x ‘wmniagnd-7 ‘vuypyidouvou -y ‘vuaS1dsnui ) soroads uaydr| feyuswLradxa ay) JO I[[eY) Jom pue LI 10 POPIOII SIIIPUT ddoue)daPal [e1oads g ajqer

pringer

Qs



Acta Physiologiae Plantarum (2018) 40:177

Page 150f19 177

for a variety of lichens (Bartdk 2014; Bartak et al. 2015a,
b). Similarly, data form an earlier study (Nayaka and Saxena
2014) indicated that the rapid decline in potential photo-
chemical reactions in PSII (Fv/Fm) was lessened at RWCs
below 20%. In contrast, the dehydration-response curve of
@y in the N. commune colony had a polyphasic charac-
ter with 2 or 3 main phases (Fig. 5). At the RWC range of
80-100% RWC (phase I), @pg;; was more or less constant
(0.15) and related to the reduction of the diffusive flux of
dissolved inorganic carbon to the colony thanks to bound-
ary layer thickness (Sand-Jensen 2014). With further des-
iccation, phases II (@pg; increase) and III (S-shaped @pgyy
decrease) were distinguished and, similarly to Barték et al.
(2016), attributed to an increased supply of CO, into the
colony due to reduced resistance to gas exchange and dehy-
dration-induced limitation of primary photosynthetic pro-
cesses, respectively.

Response curves of PRI nd NDVI (Figs. 2, 3) had dif-
ferent shape than those of F, ®@pgp, and qN (Figs. 4, 5, 6).
In some species, however, changes in PRI corresponded to
the changes in qN. This is particularly valid for N. com-
mune. Whenever qN reached maximum at RWC of 15%,
PRI reached its maximum and remained constant with
further dehydration. Similarly to previous study (Trnkovi
and Bartak 2017), optimum RWC for NDVI was 50%. The
NDVI values could be affected by phycocynine present in
N. commune cells (Shukia et al. 2008) since the spectral
reflectances between 610 and 650 nm are included into phy-
cocynine index (see, e.g., Kutser et al. 2006).

In L. puberulum, PRI started to decline at RWCs below
20%, which coincidences with the “turning point” of @pg;
which started to decline at this RWC as well. Since the
other species did not show any of the above-described phe-
nomenon, it is not easy to interpret. Some of the studied
species, e.g., X. elegans, and R. melanophthalma do not
show any relation of PRI to F, @pgp, and qN. Therefore,
some follow-up studies are to be done to substantiate the
relation of PRI/NDVI to chlorophyll fluorescence param-
eters in lichens.

Reflectance spectra recorded for individual lichen species
and colonies of N. commune showed hydration-depended
changes. Generally, higher reflectance values were found
for dry chlorolichens compared to wet state spectra. X.
elegans showed a remarkably different spectral reflectance,
typical by a high reflectance at the wavelengths range of
500-800 nm associated with its bright-colored orange pig-
ments (Van Der Veen and Csatho 2005). It is caused by pari-
etin that have a high reflectance in the ranges of 600-680
and above 740 nm (Gauslaa and Ustvedt 2003, c.f. also
Fig. 7). Parietin is typically located in the top layer of the
upper cortex in a form of tiny extracellular crystals (Honeg-
ger 1990). Parietin shows seasonality with the highest values
recorded in summer (Gauslaa and McEvoy 2005). In dry X.

elegans thalli with crystalic parietin, the reflectance seems
to be higher then in wet thalli. Similarly, R. melanophthalma
exhibited high spectral reflectance values in the range of
530-800 nm which might be related to a high contents of
extracellular yellow pigments, usnic and pulvinic acids in
particular (Piovano et al. 1997). The yellow usnic acid is one
of the most common lichen substances having an absorption
in 220 and 290 nm (Huneck and Yoshimura 1996). Strong
reflectance of usnic acid is reported by Nelson et al. (2013)
for Cladonia stellaris in the ranges 520-600, 620-680, and
above 720 nm (c.f. Fig. 7, R. melanophthalma). Therefore,
usnic acid might be responsible for the reflectance increase
in the range of 450-600 nm and above 720 nm (see Fig. 7).
Pulvinic acid, has an absorption ain 256 and 347-357 nm
(Huneck and Yoshimura 1996; Hauck et al. 2009). For pul-
vinic acid derivates, absorption at 405-412 nm is reported
(Huang et al. 2009). Surprisingly, data on pulvinic acids
reflectance are not available, however, reflectance in the
range of 500-700 might be expected. Reflectance spectra
for dark-pigmented P. muscigena, L. puberulum, and N.
commune were similar to those reported by Bechtel et al.
(2002). The spectra, however, did not show an increase of
spectral reflectance at about 750 nm as reported by Gloser
and Gloser (2007) for dark-pigmented Umbilicaria hirsuta.
The increase is typical rather for the lichens that posses
green or green-brownish color of thallus as demonstrated
by, e.g., Rees et al. (2004) and Singh et al. (2013). In all
species, a minimum at about 660—-675 nm was found in wet
thalli which relates to the chlorophyll absorption maxima at
662 and 642 nm.

The spectral reflectance indices (Table 2) showed that
they differed to a large extent in wet and dry lichen thalli.
SIPI (expressing the ratio between carotenoids and chlo-
rophylls) showed a big difference in P. muscigena, which
demonstrate a change from brownish-black color in dry
state to bright green when the thallus is wet. NPQI proved
to have an indicative value in desiccating lichens since it
showed more than 100% change between dry and wet state
in majority of the tested lichens. In conclusion, all the tested
indices showed a substantial difference between dry and wet
state. In follow-up studies focused on lichens, therefore, we
suggest to measure the spectral reflectance indices (GI,
MCARI, TCARI, NPQI, SIPI and possibly the other indi-
ces) in response to RWC, so that they could be related to
either primary photosynthetic processes (Ppgy; in particular)
during dehydration or protective mechanisms activated in
photosynthetic apparatus of photobionts, gN in particular.
Such approach has a great potential for future field-based
ecophysiological studies in lichen-dominated Arctic and
Antarctic ecosystems. Recently, similar studies exploiting
vegetation spectral indices and LANDSAT data are done
in cryptogamic cover in South African drylands exhibiting
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different hydration within a growing season (Rodriguez-
Caballero et al. 2016).
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