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Abstract
Mosses are considered highly resistant against desiccation because they maintain photosynthetic activity even when severely 
dehydrated. In our study, we investigated changes in the photochemical processes of photosynthesis, as well as the spectral 
reflectance parameters during controlled rehydration and desiccation in two Antarctic species, i.e. Brachythecium austro-
glareosum and Bryum pseudotriquetrum. Changes in primary photochemical processes were evaluated by chlorophyll fluo-
rescence, i.e. slow Kautsky kinetics supplemented with saturation light pulses. In desiccating thalli, an effective quantum 
yield of photosynthetic processes in PS II (ΦPSII) remained unchanged within low to moderate desiccation, i.e. with a relative 
water content (RWC) decrease from fully wet (100%) to semidry (30%). Below 20% RWC, ΦPSII showed a species-specific 
decline, as well as steady-state fluorescence  (FS). A half-decrease in ΦPSII was reached at an RWC of 12.6% (B. austro-
glareosum) and 9.8% (B. pseudotriquetrum). Rapid light–response curves showed a strong limitation of photosynthetic 
electron transport (ETR) at an RWC below 20% in both species. The ΦPSII and ETR data suggested that both species were 
desiccation-tolerant and well adapted to harsh Antarctic environments. However, B. pseudotriquetrum was more resistant in 
a state of severe dehydration (RWC below 20%) than B. austro-glareosum. Spectral reflectance indices responded to desic-
cation either (a) similarly in the two species (normalised difference vegetation index [NDVI]), (b) with similar trends but 
different values (modified chlorophyll absorption in reflectance index [MCARI] and greenness index [GI]) and (c) species-
specifically (photochemical reflectance index [PRI]).

Keywords Antarctica · Dehydration · Rehydration · Chlorophyll fluorescence · Light response curves · Brachythecium 
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Abbreviations
ChlF  Chlorophyll fluorescence
KK  Kautsky kinetics of chlorophyll fluorescence
FV/FM  Potential yield of photochemical photosynthetic 

processes in PS II
ΦPSII  Effective yield of photochemical photosyn-

thetic processes in PS II

NPQ  Non-photochemical quenching of chlorophyll 
fluorescence

FS  Steady-state fluorescence
RLCs  Rapid light curves
ETR  Electron transport rate
RWC   Relative water content
WP  Water potential
NDVI  Normalised difference vegetation index
PRI  Photochemical reflectance index
PSII  Photosystem II
MCARI  Modified chlorophyll absorption in reflectance 

index
GI  Greenness index
CARI  Carotenoid index
CIred-edge  Red-edge chlorophyll index
CCRI  Carotenoid/chlorophyll ratio index
Pq  Phaeophytisation index
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Introduction

In addition to lichens, mosses are dominant components of 
non-vascular flora in the Polar Regions, based on their abil-
ity to cope with a variety of harsh conditions. Due to their 
poikilohydric character, mosses are well adapted to repeated 
dehydration/rehydration and long periods spent in a dry 
state, which may be quite frequent events in Polar Regions.

Most moss species are highly resistant to desiccation. 
Some genera, however, are considered sensitive to drought 
stress (Jassey and Signarbieux 2019; Rastogi et al. 2020). 
The desiccation/rehydration cycles can be repeated several 
times without causing major changes in the functioning of 
the moss (Stoklasa-Wojtasz 2012). It has been established 
that mosses can withstand considerable desiccation (water 
content of 5% ± 10% of their dry weight), followed by recov-
ery to normal vitality upon rehydration (Alpert 2000). This 
ability is a common property of bryophytes and a high num-
ber of mosses have been experimentally verified to be desic-
cation-tolerant (Wood 2007). Bryophytes are frequently sub-
jected to cyclical desiccation–rehydration events and have 
evolved remarkable constitutive and inducible mechanisms 
of desiccation tolerance to survive in arid desert environ-
ments (Li et al. 2014). Studies conducted by Bewley (1979), 
Bewley and Krochko (1982), Proctor (1990), Oliver et al. 
(1993), Tuba et al. (1996) and Hu et al. (2016) focused on 
desiccation tolerance-evaluated photosynthesis at different 
thallus hydration levels ranging from a fully wet to dry state. 
These studies used gas exchange and/or chlorophyll fluores-
cence (ChlF) measurements to evaluate hydration-dependent 
changes in photosynthesis.

The exploitation of ChlF is beneficial in photosynthetic 
studies because methods based on ChlF can detect the 
impact of environmental stressors. Stress-induced changes 
in the functioning of photosynthetic systems can be sensed 
without any damage to leaves. Within the past number of 
decades, several aspects of photosynthetic processes have 
been studied using ChlF, such as reactivation of photo-
synthetic activity in moss and lichen thalli after rewetting 
(Schlensog and Schroeter 2001). The idiosyncrasies of 
several ChlF techniques and their proper application were 
reviewed by Kalaji et al. (2014). In mosses, ChlF was used 
to evaluate the effects of different stressors. Baxter et al. 
(1991) used ChlF to study moss response to different con-
centrations of bisulphite ions. Photosynthetic response to 
freezing was determined in mosses by Rütten and Santarius 
(1992) by measuring the freezing-induced decrease in ChlF 
ratio  (FV/FM), the results indicating an increased sensitiv-
ity to frost damage in young and old tissue. Similarly, Del-
toro et al. (1999) reported a freezing-induced decrease in 
photosynthetic  CO2 fixation, accompanied by an increase 
in non-photochemical quenching of ChlF. The effect of 

photoinhibition on photosynthesis and the growth of arctic 
moss was studied under field and laboratory conditions by 
Murray et al. (1993). The study reported a moderate light-
induced decrease in  FV/FM in Sphagnum sp., indicating 
sensitivity to photoinhibition in open habitats of the Alas-
kan tundra. Since the 1990s, chlorophyll fluorescence has 
been used in the measurement of moss photosynthetic pro-
cesses under different degrees of thallus desiccation. Seel 
et al. (1992a) studied changes in the activity of PS II dur-
ing drying and gradual rehydration in Tortula ruralis ssp. 
ruraliformis and Dicranella palustris mosses. The results 
showed differences in PS II activity between the mosses 
rehydrated immediately after reaching a dry state and those 
that remained in a dry state for one week before rehydra-
tion. Changes in ChlF parameters during drying and conse-
quent rewetting were highlighted in a study by Deltoro et al. 
(1998a), who found species-specific responses, e.g. the capa-
bility of mosses from xeric but not hydric and mesic habi-
tats to restore photochemical activity after rewetting from a 
dry state. Recently, several detailed studies focused on the 
underlying mechanisms of moss photosynthesis resistance 
to dehydration, e.g. the glassy state of thalli in rapidly desic-
cating mosses and the activity of violaxanthin de-epoxidase 
(Fernández-Marín et al. 2011), protective mechanisms based 
on energy dissipation during moss desiccation (Hamerlynck 
et al. 2000), the rate of mRNA loss during rapid drying and 
its synthesis during rehydration, as well as a turnover of 
mRNAs stored in the dried state (Oliver et al. 2000). Gene 
expression analysis suggested that jasmonic acid signalling, 
proteosomal activation and alternative splicing are compo-
nents of desiccation tolerance mechanisms in mosses (Tor-
tula ruralis in Oliver et al. 2009). Pressel and Duckett (2010) 
reported that in the de- and repolymerisation of microtubules 
during a drying–rewetting cycle in a moss protonemata plays 
a role during fast and slow desiccation.

For a better understanding of the mechanisms of moss 
resistance to desiccation, an integrated approach can be 
used. Typically, such studies combine different approaches 
that include special ChlF techniques. Tuba et al. (1996) 
analysed the  RFd parameter measured in parallel with gas-
exchange during a drying-rehydration cycle (Tortula rura-
lis ssp. ruralis). Detailed analysis of ChlF parameters, their 
interspecific differences, particularly in response to drying 
and remoistening, was conducted by Csintalan et al. (1999) 
for three species (Rhytidiadelphus loreus, Anomodon viticu-
losus and Grimmia pulvinate) with different degrees of des-
iccation tolerance. Bartošková et al. (1999) and Nabe et al. 
(2007) showed that dehydration-induced changes in chloro-
phyll emission and the absorption spectra of Rhizomnium 
punctatum indicated the grouping of chlorophyll molecules, 
as well as the reabsorption of ChlF. The study explored 
time relations of the recovery of photosynthetic activity and 
 CO2 uptake following rehydration of a desiccation-tolerant 
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moss. In other studies such as e.g. Zhang (2016), changes 
in ChlF parameters, based on different water content were 
underscored.

Although many of the protective mechanisms of bryo-
phytes are common within vascular plants, there are funda-
mental interspecific differences in their response to desic-
cation. Marschall et al. (2018) reported desiccation-tolerant 
(Porella platyphylla) and desiccation-sensitive (Sphagnum 
angustifolium) mosses. Recently, moss tolerance to desic-
cation and underlying physiological mechanisms were stud-
ied using a wide range of methods and approaches. These 
included measurements of (1) the ionic conductivity of cel-
lular membranes (Šinžar-Sekulić et al. 2005), (2) the accu-
mulation of osmoprotective compounds, (3) the activation of 
ROS scavengers, protection against ROS-induced damage, 
and the repair of ROS-induced damage (Hu et al. 2016), 
(4) the protection of membrane integrity by restructuring 
the cell membrane and the synthesis of osmolytes following 
disruption of the membrane (Mahajan and Tuteja 2005) and, 
most recently, (5) a genetic approach focused on transcrip-
tomes during the hydration–dehydration–rehydration cycle 
(Bryum argenteum in Gao et al. 2015).

Spectral characteristics of thalli may change in poikilo-
hydric autotrophs such as lichens (Barták et al. 2018) and 
mosses (Van Gaalen et al. 2007) during desiccation. In the 
case of mosses, however, only a small number of physiologi-
cal studies have addressed spectral reflectance change during 
desiccation. Lovelock and Robinson (2002) studied Antarc-
tic mosses (Bryum pseudotriquetrum, Ceratodon purpureus, 
Grimmia Antarctica), spectral reflectance parameters in rela-
tion to pigment composition, photosynthetic performance 
and water content. The results showed the strongest cor-
relation with spectral reflectance parameters as being with 
intrathalline water content. Similarly, Van Gaalen et al. 
(2007) showed that the photochemical reflectance index 
(PRI) correlated with the rate of net photosynthesis, as well 
as with the xanthophyll-cycle pigment content and non-pho-
tochemical quenching (NPQ). Harris (2008) used parallel 
ChlF measurements and spectral reflectance parameters dur-
ing the desiccation of Sphagnum. Here, desiccation led to a 
significant reduction in ФPSII, which weakly correlated with 
the PRI. Moreover, a strong negative correlation was found 
between changes in PRI and NPQ. The NDVI indicated a 
change in thallus dehydration. These data suggest that NDVI 
and PRI are good proxies for short-term hydration/dehy-
dration-induced changes in the photosynthetic activity of 
mosses, similarly to what was reported for lichens (Barták 
et al. 2015a). Therefore, simultaneous measurements of pho-
tosynthetic processes by ChlF and spectral properties during 
the dehydration of moss species is beneficial for analysing 
their physiological responses activated by wetting.

For Antarctic mosses, only a small number of studies have 
been devoted to photosynthetic performance during partial 

dehydration and their desiccation tolerance in the field and 
under laboratory conditions. Davey (1997) studied rehydra-
tion times by carbon exchange rate in Antarctic bryophytes 
using an infra-red gas analysis system. The study found fast 
respiration bursts and slow restoration of net photosynthesis; 
for Antarctic species, this required more time compared to 
non-polar species. Robinson et al. (2000) focused on the 
physiological tolerance to desiccation measured by ChlF of 
Antarctic moss during natural drying in a laboratory. More 
recent studies addressed several aspects of moss photo-
synthesis in response to their hydration status. These have 
investigated the metabolic recovery of continental Antarctic 
cryptogams following a dry winter season, e.g. Schlensog 
et al. (2004), where  FV/FM and the effective quantum yield 
of PS II (ΦPSII) were employed to show the rapid and slow 
phases of recovery of photosynthetic processes after rewet-
ting. Wasley et al. (2006) documented the species-specific 
responses of mosses from differently hydrated niches in 
Antarctic terrestrial ecosystems. The role of desiccation in 
the UV-B tolerance of mosses, as well as stress assessment 
using imaging spectroscopy data, were studied by Maleno-
vský (2015), who found a satisfactory relationship between 
chlorophyll content, ChlF parameters and spectral image 
data of the Antarctic moss carpet.

In our study, we focused on primary photosynthetic pro-
cesses and spectral reflectance, their responses to controlled 
desiccation, in two moss species from the James Ross Island 
of Antarctica. Although both of the studied mosses occurred 
within similar habitats, we hypothesised that their drought 
tolerance would be species-specific. Concerning the ana-
tomical–morphological characteristics of each species, we 
assumed that Brachythecium austro-glareosum’s photosyn-
thetic processes would show lower resistance to a strong 
degree of drying compared with Bryum pseudotriquetrum. 
Finally, we analysed the protective quenching mechanism 
activated in the two species by dehydration.

Materials and methods

Collection and site characteristics

Samples of Brachythecium austro-glareosum and Bryum 
pseudotriquetrum were collected from the James Ross Island 
(Antarctica). The collection site was N-facing slope (63° 48ʹ 
12ʹʹ S, 57° 51ʹ 02ʹʹ W) and fed by several snowfields located 
on the northern foothills of the Berry Hill mesa. The site 
is denoted as Area 2 in the list of vegetation oases of the 
James Ross Island (Barták et al. 2015b). The area is rich in 
mosses, carpets of which form irregular patches related to 
individual water streams rich in cyanobacterial and algal 
species. Moss vegetation is dominated by Bryum pseudotri-
quetrum and Hypnum revolutum. Apart from mosses, several 
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lichen species contribute to the vegetation oasis community. 
Climatic characteristics of the site of collection have been 
described (Láska et al. 2011). For austral summer season 
(September to February), mean air temperature of − 4.6 °C 
and mean air RH of 81% are reported. At the collection site, 
S and W winds prevails (both in 25% of time) with majority 
of speeds found within the range of 5–10 m  s−1 in Austral 
summer season (Bohuslavová et al. 2018).

The collected samples of B. austro-glareosum and B. 
pseudotriquetrum were dried under natural (field) condi-
tions and then transferred to a laboratory in Brno (Czech 
Republic) where the below-specified ecophysiological meas-
urements were performed.

Species characteristics

Brachythecium austro-glareosum (C. Muell.) Kindb. This 
species forms relatively thin carpets covering wet post-gla-
cial lowlands. In Antarctica, it has been reported for several 
locations in the South Shetland Islands, Argentine Islands 
and the Danco Coast (the west coast of the Antarctic pen-
insula) (Putzke and Pereira 2001). It prefers wet areas, such 
as regions in which the drainage of meltwater occurs. The 
mosses are rarely cespitose, bright, brownish or yellowish-
green above and generally somewhat brown below. The stems 
are 1.0–6.5 cm high, prostrate or ascending, irregularly or 
subpinnately branched, with brown rhizoids in groups under 
the leaf insertion. The leaf margins are intermittently recurved 
throughout, with costa ending near the mid-leaf. Photosyn-
thetic performance of B. austro-glareosum has not yet been 
investigated in either the field or a laboratory setting.

Bryum pseudotriquetrum (Hedw.) Gaertn., Mayer and 
Scherb forms dense tufts of dark-green to reddish colour, 
approximately 1.5–5.0 cm high. The stems are simple or 
forked, typically red and somewhat tomentose below. The 
leaves are more crowded at the top. When dry, the leaves are 
contorted but change to erect spreading when wet; leaves 
are variable in shape but range generally from oblong–lan-
ceolate to ovate–lanceolate, with an obtuse, acute or acumi-
nate apex. The margins of the leaves are revolute or not 
and entirely or variably serrulate near the apex; costa red 
below, percurrent or ending near the apex. In Antarctica, B. 
pseudotriquetrum is quite abundant. Field studies using gas 
exchange measurements revealed a net photosynthetic rate 
of 4.0 µmol  m–2  s–1 (Ino et al. 1990; Pannewitz et al. 2005). 
Photosynthetic processes of the species that are dependent 
on desiccation were studied by ChlF (Robinson et al. 2000). 
However, only the potential yield of photochemical pro-
cesses in photosystem II  (FV/FM) was analysed.

Evaluation of constitutive amounts of pigments

From each sample, 100 mg of biomass (dry matter) was taken 
to determine pigment content. After homogenisation, etha-
nol extracts were used for spectrophotometric evaluation of 
chlorophyll (Chl a/Chl b) and carotenoids (Car) according to 
Lichtenthaler (1983), using a Specord 205 (Analytik, Jena, Ger-
many) spectrophotometer. The absorbance measured at 649 and 
665 nm was used for Chl and 470 nm for Car evaluation.

Rehydration and activation of photosynthetic 
processes

Restoration of photosynthetic processes upon rehydration 
was studied by ChlF. Dry samples of B. austro-glareosum 
and B. pseudotriquetrum were rehydrated in Petri dishes by 
regular spraying for 48 h. The rehydration was done at a 
temperature of 5 °C and under low light (10 μmol  m–2  s–1 
of photosynthetically active radiation [PAR]). Activation 
of primary photosynthetic processes was evaluated by slow 
Kautsky kinetic measurements with quenching mechanism 
analysis (typically at 1 h intervals). The kinetics were meas-
ured by a FluorCam HFC-010 fluorometer (Photon Systems 
Instruments, Drásov, Czech Republic) using the method 
described elsewhere (Trnková and Barták 2017). From the 
ChlF measurements, the following parameters were calcu-
lated and expressed as dependent on the time of rehydration: 
 FV/FM (potential yield of photosynthetic processes in PS II), 
ΦPSII (effective quantum yields from the photosynthetic pro-
cesses of PS II),  FS (steady-state fluorescence) and  RFd (rela-
tive fluorescence decline ratio, vitality index).

Desiccation and relative water content 
determination

For desiccation experiments, the moss samples were han-
dled as follows: Before conducting experiments, moss clus-
ters approximately 1 cm in diameter were rehydrated in the 
laboratory for 48 h at 10 °C. Then, excess surface water was 
removed by blotting the samples on a paper towel. The sam-
ples were placed into a plastic tube of the same diameter and 
with numerous perforations across its surface, allowing for 
desiccation of the moss cluster from the side. Then, the sam-
ples were allowed to desiccate naturally at room temperature 
(23.5 °C) and in dim light (20 µmol (photons)  m–2  s–1 of 
photosynthetically active radiation). During desiccation, the 
change in water content of each sample was determined gravi-
metrically using a Mettler AE 100 scale (Germany). The rela-
tive water content (RWC) was calculated using the formula:

RWC =
[

(fresh weight−−dry weight)∕(saturated weight−−dry weight)
]

× 100.
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During the dehydration from a fully wet to dry state, 
changes in the water potential (WP) of moss clusters were 
also measured. For a single WP measurement, a sample of 
thallus was left in a chamber of a dew point water poten-
tial meter (WP4T, Decagon Devices, Pullman, USA) for 
10–20 min until an equilibrium was reached. Then the WP 
reading was taken using a method described by Jupa et al. 
(2012). Finally, the relation between WP and RWC was 
evaluated for particular moss species.

Chlorophyll fluorescence parameters 
during desiccation

During desiccation from a fully wet (RWC = 100%, WP = 0) 
to dry (RWC = 0%) state, the following ChlF parameters 
were measured repeatedly (in 10 min steps): (1) the effec-
tive quantum yield (ΦPSII) of photosystem II, (2) steady-state 
ChlF  FS (for parameter definition and equations, see, e.g 
Roháček and Barták 1999; Roháček 2010). For this pur-
pose, a PAM-2000 fluorometer (Walz, Germany) with a cus-
tom-programmed routine was used. Saturation pulses were 
applied on the samples at a light-acclimated state (exposure, 
20 μmol  m–2  s–1 of PAR) at 10 min intervals. The dehy-
dration response curves of ΦPSII and  FS were constructed 
(pooled data from three replicates for each species). Spe-
cies-specific responses in the dehydration-induced change 
of ΦPSII and  FS were evaluated; critical points for primary 
photosynthetic processes (RWC, WP) in which the most 
rapid changes occurred were measured.

Rapid light response curves of ETR

We measured light response curves of apparent electron 
transport rate (ETR) were measured on the moss samples 
that had been maintained fully hydrated for at least 24 h 
before the experiment. ETR curves were measured by a 
modulated fluorometer (PAM 2500; Walz, Germany) using 

a standard protocol that had been pre-programmed into the 

instrument during progressive drying at laboratory tem-
perature. During desiccation, RWC was gravimetrically 
evaluated (see above). Readings of ETR were taken at 
30 min intervals for three replicates of each species. This 
method comprised the measurements of rapid light curves 
(RLC; see White and Critchley 1999), i.e. measurements 
of ΦPSII in samples exposed to increasing intensities of 
actinic light (from 0 to 1050 µmol   m–2  s–1 of PAR). We 
measured apparent ETR i.e. ETR exploiting the effective 
quantum yields of photosystem II (ΔF/FM' or ΦPSII) accord-
ing to ETR = ΦPSII × PAR × 0.42. The coefficient 0.42 was 
used according to Schreiber et al. (1994). The time interval 
for each PAR intensity level was 20 s for full equilibration 
of photosynthetic reactions. Then, ETR data were plotted 
against PAR and the following parameters were evaluated: 
(1) α, the initial slope of RLC, which is related to the quan-
tum efficiency of photosynthesis; (2) ETRmax, the maxi-
mum electron transport rate.

Spectral reflectance and absorbance measurements

Reflectance spectra of the moss species were measured by 
a PolyPen RP 400 ultraviolet–visible (UV–VIS) spectrore-
flectometer (Photon Systems Instruments, Drásov, Czech 
Republic) within the range of 380–800 nm. During gradual 
dehydration from a fully wet (RWC = 100%) to dry state 
(RWC = 0%), moss samples were measured repeatedly. The 
photochemical reflectance index (PRI) and normalised dif-
ference vegetation index (NDVI), as well as and several 
others (CARI, MCARI, GI, CI, CCRI, Pq—see Table 1 for 
definitions and equations) were calculated by the SpectraPen 
software.

Statistical analysis

Species-specific differences were evaluated for ChlF sig-
nals  (FS), ChlF parameters (ΦPSII, NPQ and ETR depend-

ent on RWC [independent variable]) for the rehydration and 

Table 1  Definitions of spectral reflectance indices used in this study with sources of the equations for particular indices

Indices Equation Reference

Normalized difference Vegetation index (NDVI) NDVI =  (RNIR −  RRED)/(RNIR +  RRED) Rouse et al. (1974)
Photochemical reflectance Index (PRI) PRI =  (R531 −  R570)/(R531 +  R570) Gamon et al. (1990)
Modified chlorophyll absorption in reflectance Index (MCARI) MCARI = [(R700 −  R670)—0.2 ×  (R700 −  R550)] × 

 (R700/R670)
Daughtry et al. ( 2000)

Greenness Index (GI) GI =  R554/R677 Smith et al. (1995)
Carotenoid index (CARI) (R720—R521)/R521 Zhou et al. (2017)
Red-edge chlorophyll index  (CIred-edge) (R750-R705)/R705 Gitelson et al. (2005)
Carotenoid/chlorophyll ratio index (CCRI) (CARI/CIred-edge) Zhou et al. (2019)
Phaeophytization index (Pq) Pq =  R435/R415 Ronen and Galun (1984)
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dehydration experiments. The species-specific differences 
in spectral reflectance were evaluated (using wavelength as 
an independent value) in wet and dry states, as well as by a 
paired t-test at the P = 0.005 level of significance. The same 
paired t test was used for the evaluation of species-specific 
differences in spectral reflectance indices during desiccation 
(using RWC as the independent variable).

Results

Pigment content

The moss species differed slightly in terms of Chl a and 
Chl b values, as well as total chlorophyll content (Chl a + b) 
(see Table 2). There was a statistically significant difference 

in chlorophyll b content; B. pseudotriquetrum had a higher 
concentration of Chl b than B. austro-glareosum. The total 
carotenoid content in B. pseudotriquetrum was higher than 
in B. austro-glareosum.

Rehydration

Rehydration response curves showed gradual restoration 
of primary photosynthetic processes in PS II (Figs. 1, 2) 
with time of hydration. For both species, 32 h was required 
to reach maximum values for  FV/FM and ΦPSII. The rise of 
both parameters, however, was polyphasic, showing a lag 
phase (0–3 h for B. austro-glareosum and 0–5 h for B. pseu-
dotriquetrum) with constant values. Then (2/5–30 h),  FV/
FM and ΦPSII increased and followed an S-curve in both spe-
cies. Maximum values of  FV/FM and ΦPSII were found to be 
somewhat lower in B. pseudotriquetrum compared with B. 
austro-glareosum. The rehydration response courses of NPQ 
were found to be species-specific. For B. austro-glareosum, 
NPQ curves were complex and polyphasic. Local minimum 
was found in the interval of 5–9 h of rehydration, as well as 
two maxima (after 45 min and 27 h). The NPQ minimum 
corresponded to the time at which  FV/FM and ΦPSII exhibited 
the most rapid increase and the local maximum of steady-
state ChlF  (FS); B. pseudotriquetrum showed more or less a 
constant but slow rate of increase in NPQ values throughout 
the rehydration period. The  FS values were found to be con-
stant at the very beginning (0–9 h) but slightly decreased 
after 24 h of rehydration.

Table 2  Contents of constitutive chlorophyll, carotenoids in Antarctic 
mosses Bryum pseudotriquetrum and Brachythecium austro-glareo-
sum 

Content of pigments Brachythecium 
austro-glareosum

Bryum pseudotriquetrum

Chl a (mg/g DW) 1.234 ± 0.122 1.322 ± 0.150
Chl b (mg/g DW) 0.610 ± 0.100 0.751 ± 0.074
Car (mg/g DW) 0.408 ± 0.037 0.522 ± 0.058
Chl a + b (mg/g DW) 1.844 ± 0.213 2.073 ± 0.194
Chl a/b 2.054 ± 0.214 1.769 ± 0.202
Car / Chl (a + b) 0.222 ± 0.009 0.252 ± 0.018

Fig. 1  Slow Kautsky kinetics in Brachythecium austro-glareosum (left) and Bryum pseudotriquetrum (right) based on rehydration time. The 
curves were recorded immediately after the start of rehydration (the black line) and after 24 (soft grey) and 32 (deep grey) h of rehydration
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Dehydration

Within the first phase of dehydration (RWC decrease from 
100 to 40%) ΦPSII showed no change in terms of dehydra-
tion for both species. With pronounced desiccation (RWC 

decreased from 40 to 0%, i.e. from a water potential of 
8.0 MPa; see Fig. 3), a rapid decline to the full inhibition 
at which ΦPSII = 0 was apparent. The decline was compara-
ble in both species; however, B. pseudotriquetrum showed 
higher resistance to dehydration since the half of maximum 

Fig. 2  The time courses of chlorophyll fluorescence parameters 
recorded during a 32 h rehydration period in Brachythecium austro-
glareosum (full symbols) and Bryum pseudotriquetrum (open sym-
bols). Data points represent the means of five replicates ± standard 
error (bars). The symbol keys are as follows:  FV/FM, potential yield 
of photochemical photosynthetic processes in PS II; ΦPSII, the effec-
tive yield of photochemical photosynthetic processes in PS II; NPQ, 

the non-photochemical quenching of chlorophyll fluorescence;  FS, 
steady-state chlorophyll fluorescence;  RFd, a relative decrease of chlo-
rophyll fluorescence (vitality index);  qF0, quenching of background 
chlorophyll fluorescence. The species-specific time courses of the 
parameters show a statistically significant difference (P = 0.005), 
except for  RFd and  qF0
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value was found at a lower RWC compared with B. aus-
tro-glareosum (see Fig. 4). In both species, 40% of RWC 
equaled a value of – 7 MPa of water potential (see Fig. 3). 
The decline of ΦPSII was found in the WP range of –10 to 
–33 MPa in both species.

During gradual dehydration,  FS declined in a polyphasic 
manner and showed species-specific differences. The rapid 
dehydration-induced decline began at different RWCs. The 
starting point was found at a higher RWC for B. austro-
glareosum (40%) than B. pseudotriquetrum (30% RWC). 
The decline in  FS in low-to-moderate thallus dehydration 
(from RWC 100% to 40%) also differed between the two 

experimental species. This showed an S-like curve with  FS 
values decreasing alongside dehydration (from right to left 
in Fig. 5); a slight increase in  FS of approximately 14% was 
found during the decrease of RWC from 100 to 40% in B. 
austro-glareosum.

Rapid light curves during dehydration

The ETR responded differently to gradual desiccation in 
both species. An increase in ETR was found during the ini-
tial phase of dehydration (RWC decrease from 100 to 60%), 
followed by a decrease in ETR at an RWC below 60% in 
B. austro-glareosum. In B. pseudotriquetrum, a decrease in 
ETR was only found alongside an RWC decrease (Fig. 6). 
In the latter species, ETR in response to PAR did not change 
within the range of RWC decreasing from 100 to 40% and 
was followed by an ETR decrease beginning at 20% RWC. 
A substantial decrease was found for both species at an RWC 
below 10%. The experimental species differed regarding the 
α parameter (the effectivity of photosynthetic electron trans-
port per PAR unit), which represented the initial slope of the 
curve in low light. Parameter α reached 0.25 and 0.14 elec-
trons  quanta–1 in fully-hydrated (RWC = 100%) B. austro-
glareosum and B. pseudotriquetrum, respectively. In both 
species, α decreased with desiccation and reached minima 
of 0.08 and 0.04, respectively, at an RWC of approximately 
10%.

Spectral reflectance indices

Spectral reflectance curves and indices showed different 
sensitivity to dehydration (see Table 3 and Fig. 7). In the 
case of spectral curves, the most pronounced differences 

Fig. 3  The relationship of water potential (WP) to relative water content (RWC) in desiccating moss thalli from fully wet (RWC = 100%) to dry 
(RWC = 0%). The WP courses show no statistical difference (P = 0.005)

Fig. 4  The relationship between the effective quantum yield of PS II 
(ΦPSII) and relative water content (RWC) in desiccating moss thalli 
from a fully wet (RWC = 100%) to dry (RWC = 0%) state. The ΦPSII 
courses show a statistical difference (P = 0.005). The RWCs in which 
half of the maximum ΦPSII value is reached is indicated by the arrow
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between wet and dry spectra were found in 530, 617 and 
663 nm (B. austro-glareosum) and 530, 617 and 579 nm 
(B. pseudotriquetrum). The NDVI, GI and MCARI declined 
with a decrease in RWC. Despite similar trends in dehydra-
tion-response curves of NDVI, GI, MCARI, species-specific 
differences were found for these parameters (lower ranges 
in B. austro-glareosum compared with B. pseudotriquetrum 
throughout the entire RWC range).

The relationship between NDVI and RWC (see Fig. 8) 
appeared to be biphasic during dehydration. In B. pseu-
dotriquetrum, NDVI slightly increased during the initial 
phase of dehydration (with a peak at 70%–80% of RWC); 
then, NDVI declined with an RWC decreased from 70 to 0% 
with a minimum of 0.45 found at extremely low RWCs. In 
general, the dehydration response curve of NDVI showed 
a curvilinear relationship with a pronounced decrease in 
NDVI value at RWCs below 40%. Additionally, B. austro-
glareosum showed a similar dehydration-response curve for 
NDVI; however, the NDVI values were smaller in the best-fit 
curve and the extremely dehydrated thallus (NDVI, 0.4).

The PRI dehydration-response curve showed a different 
shape for B. austro-glareosum and B. pseudotriquetrum. In 
severely dehydrated thalli (RWC below 30%), an increase 
was apparent in the desiccating B. austro-glareosum while 
an opposite trend was observed for B. pseudotriquetrum. 
The PRI and NDVI were related to non-photochemical 
quenching (Fig. 8); however, the relationships were species-
specific. For PRI, opposing trends of non-photochemical 
quenching (qN) were found in each species. The MCARI 
decreased alongside desiccation in both species. Absolute 

MCARI values were, however, generally lower in B. austro-
glareosum compared with B. pseudotriquetrum. Generally, 
the GI declined with a decrease in RWC, except in the case 
of full hydration in B. pseudotriquetrum. Within the range of 
80–100% RWC, GI increased with desiccation. In the RWC 
range of 0–80%, GI declined with desiccation.

The phaeophytisation index (Pq) increased with a 
decrease in RWC. However, it was found polyphasic in B. 
austro-glareosum but linear in B. pseudotriquetrum. Spec-
tral reflectance indices CARI) CCRI, as well as  CIred-edge 
decreased (B. austro-glareosum) and increased (B. pseu-
dotriquetrum) in the dry states (see Table 3).

Absorption spectra of moss extracts

Absorption spectra are presented showing high peaks in the 
area of 190–220 nm and are more pronounced in B. pseu-
dotriquetrum than B. austro-glareosum (Fig. 9). Other, much 
smaller absorbance peaks were evident at 270 and 300 nm 
on the spectral curve, followed by peaks related to carot-
enoids (450 nm) and chlorophyll (663 nm).

Discussion

Photosynthetic pigment content

Chlorophyll content has been widely used as an ecophysi-
ological marker in vascular plants in Antarctica. In bryo-
phytes, however, such studies are much scarcer. Our data 

Fig. 5  The relationship of 
steady-state chlorophyll 
fluorescence  (FS) to rela-
tive water content (RWC) in 
desiccating moss thalli from 
fully wet (RWC = 100%) to dry 
(RWC = 0%). The  FS courses 
show statistical difference 
(P = 0.005)
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on total Chl content are in good agreement with those of 
Russell (1985), who reported 0.143 and 1.357 mg  g–1 DW 
(for Ditrichum strictum and Brachythecium rutabulum from 
Marion Island). Our data on total Chl content, however, were 

lower than those reported by Barcikowski and Loro (1999) 
from the King George Island, i.e. Sanionia georgico-unci-
nata (5.14 mg  g–1 DW), Brachythecium austro-salebrosum 
(4.55 mg  g–1 DW), Sanionia uncinata (4.47 mg  g–1 DW) and 

Fig. 6  The rapid light curves 
of electron transport rate 
(ETR) recorded for the thalli of 
Brachythecium austro-glareo-
sum (upper panel) and Bryum 
pseudotriquetrum (lower panel) 
showing strong desiccation-
induced limitation of the ETR at 
a relative water content (RWC) 
of approximately 20%. Species-
specific differences in the ETR 
values recorded at a particular 
RWC show statistical signifi-
cance (P = 0.005). Data points 
are the means of at least three 
samples and standard deviations 
were below 10% of the means

Table 3  Spectral reflectance 
indices recorded for the 
moss species in fully wet 
(RWC = 100%) and dry state 
(RWC = 0%)

Reflectance indices Brachythecium austro-glareosum Bryum pseudotriquetrum

Wet Dry Wet Dry

CARI 1.573 ± 0.446 1.111 ± 0.151 1.105 ± 0.070 2.150 ± 0.702
CIred-edge 0.393 ± 0.021 0.372 ± 0.001 0.380 ± 0.001 0.403 ± 0.043
CCRI 3.961 ± 0.968 2.989 ± 0.405 2.908 ± 0.191 5.222 ± 0.106
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Polytrichastrum alpinum (2.34 mg  g–1 DW). It seems that 
such Chl values in mosses resulted from the natural fertili-
sation of habitats (ornithogenic soils) with organic matter 
(Tatur et al. 1997). Our samples from the James Ross Island 
were collected from sites with low organic matter availabil-
ity, which suggests that they may have lower chlorophyll 
content. Other interacting factors affecting Chl contents in 
Antarctic mosses may be seasonal (Barcikowski and Loro 
1999) and the negative effects of high UV-B (Robinson 
et al. 2005), which is apparent in Antarctica in Septem-
ber–November due to ozone-hole formation.

The total carotenoid content was higher in B. pseudotri-
quetrum than in B. austro-glareosum. However, the content 
was in a good agreement with the data reported by several 
authors for mosses from subpolar and Polar Regions (Lap-
palainen et  al. 2008; Newsham 2002; Schroeter 2012). 
Carotenoids have photoprotective and antioxidative func-
tions. They protect photosystem II from overenergisation 
by thermal dissipation of excess energy under a wide vari-
ety of environmental factors/stressors. Therefore, in Ant-
arctica, the total carotenoid content may differ within the 
growing season, particularly from September to November, 
when increased levels of UV-B radiation are available as a 
result of stratospheric ozone depletion. It has been well-doc-
umented that ozone hole induced an increase in UV-B and 
led to an increase in UV-B absorbing compounds (Waterman 
et al. 2018) as well as total carotenoids in Antarctic mosses 
(Newsham 2002). Additionally, in situ experiments using 
the UV-B exclusion approach indicated that UV-B-exposed 
mosses had a higher total carotenoid content than mosses 
not exposed to UV-B (Singh and Singh 2014). Similarly, 
long-term experiments with UV-B enhancement led to an 
increased content of carotenoids in the sub-Arctic tundra 
(Arróniz-Crespo et al. 2011).

Rehydration

Rehydration time (30 h for maximum  FV/FM) for the mosses 
included in this study was comparable to other moss species; 
however, shorter times were reported by ecophysiological 
studies for several moss species (1 h by Proctor et al. 2007a, 
16 h by Csintalan et al. 1999, 20 h by Nabe et al. 2007 and 
25 h by Nakaya and Saxena 2014). However, species-specific 
differences were observed in the re-wetting time that may be 
attributable to the length of the period of sample hydration 
before desiccation. Green et al. (2011) reported rapid recov-
ery of photosynthetic processes in mosses from rock sur-
faces (fast and repetitive hydration/dehydration), while those 
that were wet for long periods before desiccation required a 
longer time to restore their photosynthetic processes. This 
could be supported by a follow-up experiment involving a 
desert moss conducted by Stark et al. (2013), who reported 
that the rate of drying was significantly affected following 

rehydration responses and prolonged recovery time of  FV/FM 
(8 h for slowly desiccated and 72 h for rapidly desiccated). 
Since the two Antarctic mosses used in our study underwent 
rather rapid desiccation in the field (due to the dual action 
of wind speed and temperature), it is feasible to attribute the 
time of rehydration established in our study (32 h) to a site-
related ecophysiological strategy. Based on this concept, the 
desiccation tolerance of the two moss species was related to 
the site-dependent rapidity of desiccation. A recent study by 
Pizzaro et al. (2019) reported requiring approximately 40 h 
to restore PS II efficiency in rehydrated Sanionia uncinata 
from King George Island, Antarctica.

Environmental factors, such as light and temperature may 
also play a role and interact during the rehydration period 
since both the photosynthesis and respiration that occurs 
during the rehydration time are light- and temperature-
dependent. Li et al. (2014) documented a large difference in 
rehydration time for Bryum argenteum in light (3 h) and dark 
(24 h) conditions. In our data,  FV/FM and ΦPSII were well- 
linked, indicating that for all thallus hydration and stages of 
cell function restoration, both potential and actual photosyn-
thetic processes in PS II were well-coupled.

Non-photochemical quenching course alongside the time 
of rehydration for B. austro-glareosum showed two com-
parably high maxima followed by a decrease (Fig. 2). This 
phenomenon is comparable to data reported by Csintalan 
et al. (1999), who found an increase in NPQ followed by a 
decrease within the first 1 h. Our data showed this decrease 
lasted for at least 9 h. The following increase in NPQ, 
observed in the rehydration period (24–27 h), may be attrib-
utable to the protection of PS II during the adjustment of 
PSII full functioning (see  FV/FM and ΦPSII courses between 
24 and 27 h). However, the course of NPQ adjustment dur-
ing rehydration was affected by a complex range of factors 
that may have interacted, causing a dynamically changing 
curve shape. For example, the rehydration time required for 
the final adjustment of NPQ varied between species and 
reflected peculiarities of the experimental set-up. It may 
be as fast as 1 h (Csintalan et al. 1999 for Rhytidiadelphus 
loreus) or may only be completed after 8 h (Mayaba et al. 
2002 for Atrichum androgynum).

Dehydration response curves of ChlF parameters

In both species, the decline of  FS at the RWCs below 45% 
could be attributable to a progressive loss of water from cells 
and a consequent decrease in the ChlF emission. The  FS 
decline is comparable to the evidence for Rhizomnium punc-
tatum (Giudici et al. 2018, 20% RWC). Similarly, Yamakawa 
et al. (2012) reported an  FS decline with progressive dehy-
dration in Rhytidium rugosum. However, some moss species 
do not show any  FS decline during desiccation (RWC from 
100 to 0%), e.g. Palustriella commutate and Rhytidiadelphus 



 Acta Physiologiae Plantarum (2022) 44:6

1 3

6 Page 12 of 19



Acta Physiologiae Plantarum (2022) 44:6 

1 3

Page 13 of 19 6

squarrosus (Giudici et al. 2018). The reason for the constant 
 FS during moss desiccation remains unclear.

The dehydration response curve for ΦPSII showed that 
a substantial decrease in ΦPSII values in B. austro-glareo-
sum (see the arrow in Fig. 4) began at a higher RWC (23%, 
− 9.9 MPa) than B. pseudotriquetrum (14%, − 17.0 MPa). 
The interspecific differences appear quite obvious. These 
differences were previously reported by Deltoro et  al. 
(1998a) even for mosses from xeric environments. The 
authors found sensitive (Leucodon sciuroides, RWC of 30%) 
and resistant (Orthotrichum cupulatum, 5% RWC) species. 
The same authors reported much higher RWCs (10–40%) 
for mosses from hydric and mesic environments. Proctor 
et al. (2007a) reported RWC as high as 75% for Polytri-
chum formosum in a humid site (Exeter, UK). Our ΦPSII data 
indicate that B. austro-glareosum and B. pseudotriquetrum 
could be considered drought-resistant (based on Antarctic 
semi-desert conditions). The dehydration response curves 
of ΦPSII allowed us to classify the two experimental species 
in terms of desiccation tolerance. The majority of mosses 
are considered desiccation-tolerant; however, desiccation-
sensitive species exists. Marschall et al. (2018) reported 
representatives of both groups: desiccation-tolerant Porella 
platyphylla) and desiccation-sensitive (Sphagnum angusti-
folium. In our experiment, the analysis of RWC 0.5, i.e. the 
RWC at which the sample showed half of maximum ΦPSII, 
reflected the difference in desiccation tolerance between B. 
austro-glareosum and B. pseudotriquetrum. RWC 0.5 reached 
12.6% RWC in desiccation-tolerant (B. austro-glareosum) 
and 9.8% RWC in highly-tolerant (B. pseudotriquetrum) 
species. The concept of species-specific desiccation toler-
ance, however, is not generally accepted as valid since there 
are many interacting factors. These include the phenotypic 
(Proctor et al. 2007b) and ecotypic plasticity of the species, 
physiological ‘history’ of the sample, microclimate effects 
(temperature, light) and the rate of desiccation/dehydration, 
which may co-act and change the desiccation tolerance/sen-
sitivity. The mechanism involved into desiccation tolerance 
can be divided into two groups, the first related to a chloro-
plastic apparatus and effective quenching of absorbed light 
energy (for details see below), while the second is related 
to the cellular response to dehydration. The latter one com-
prises sucrose accumulation, antioxidant synthesis (e.g. glu-
tathione), stress proteins and the synthesis of dehydrins (for 
mosses reviewed by Proctor et al. 2007b).

Several protective mechanisms are activated in mosses 
during dehydration including energy dissipation performed 

by 3 types of quenchers (for a review see, e.g. Yamakawa 
et al. 2012). These quenchers are (1) protonation of a thyla-
koid protein, (2) thermal dissipation of energy from light-
harvesting complexes (Heber et al. 2006, 2008) and (3) a 
third mechanism based on the reversible photo-accumulation 
of a chlorophyll radical in PS II RCs. Activation of these 
mechanisms provides an increase in non-photochemical 
quenching (qN, NPQ) in desiccating mosses. Heber (2012) 
showed that dissipation occurred faster than energy capture 
by functional reaction centres. When this mechanism is 
insufficient, the other mechanism described below permits 
energy dissipation from the RCs. It is allowed thanks to an 
efficient spillover, i.e. energy transfer from PS II to PS I 
(Slavov et al. 2013). This phenomenon is called desiccation-
induced quenching and was described by Heber et al. (2006). 
as a property RCs of PSII in Rhytidiadelphus squarrosus. On 
protein level, both (1) PsbS and (2) light-harvesting complex 
stress-related proteins (LHCSRs) are expressed during stress 
and involved into non-photochemical quenching (Alboresi 
et al. 2011; Gerotto et al. 2012). A small protein (PsbS) is 
associated primarily with the energy quenching (qE) compo-
nent of non-photochemical quenching (Nyiogi et al. 2005). 
Conversely, LHCSR protein is involved in thermal dissipa-
tion as reported by Stella et al. (2016) for Physcomitrella 
patens.

The above-specified molecular mechanisms were 
involved into PS II protection which was demonstrated 
as qN (NPQ) increase during desiccation. Our data sup-
port such an interpretation because qN tended to increase 
(exponentially or following an S-curve [data not shown]) at 
RWCs below 50 (B. austro-glareosum) and by 15%–30% (B. 
pseudotriquetrum).

In addition to the above-noted three quenching mecha-
nisms, several antioxidative substrates and enzymes are 
involved in non-photochemical quenching during desiccation 
(ASC in Paciolla and Tommasi (2003), SOD, CAT, APX 
and POD in Seel et al. (1992b) and Pizarro et al. (2019)). 
In general, mosses possess 2 types of antioxidant defence 
mechanisms (Chobot et al. 2008). The first of these removes 
or reduces free radicals including enzymes and antioxidants 
SOD, CAT, POD, vitamin C, Car, GSH (reviewed by Zhang 
et al. 2017) and zeaxanthin (see Deltoro et al. 1998b; Nabe 
et al. 2007). The second one produces antioxidants, such as 
e.g. enzymes: GSR and APX (Oliver et al. 2005).

Photosynthetic electron transport curves 
during dehydration

In our data, ETR in response to light declined in severely 
desiccated mosses (RWC below 20%; see RLCs in Fig. 6). 
This was indicative of a dehydration-dependent decline in 
ΦPSII that was documented for mosses (see, e.g. Proctor et al. 
2007a). However, several other factors may interact with 

Fig. 7  Spectral reflectance indices in the desiccating thalli of 
Brachythecium austro-glareosum (full symbols) and Bryum pseu-
dotriquetrum (open symbols) from a fully wet (RWC = 100%) to dry 
(RWC = 0%) state. For all indices, species-specific differences show 
statistical significance (P = 0.005)

◂
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and affect ETR and the shape of RLC in mosses. Among 
them, the light and temperature to which the samples were 
exposed and/or acclimated to before the experiment play 
an important role. Griffin-Nolan et al. (2018) showed that 
acclimation to low/high light caused differences in the ETR 
light-response curves in temperate moss species. Simi-
larly, Schroeter et al. (2012) showed a substantial differ-
ence between ETR curves recorded for ´sun´ and ´shade´ 
ecotypes of B. argenteum. Peng et al. (2019) reported that 

short-term high light treatment led to the flattening of ETR 
curves (a lower ETRmax) due to photoinhibition in Phy-
scomitrella patens deficient in LHC components. This was 
also supported by the data of Schroeter et al. (2012), who 
reported a 50% reduction in the ETRmax of shade ecotype 
B. argenteum treated by high light for 6 h. Interspecific 
differences found in maximum light utilization coefficient 
(α, see Results) could be interpreted as the better use of 
absorbed light energy in primary photosynthetic processes 

Fig. 8  The relationship of non-photochemical quenching (qN) to 
spectral reflectance indices (photochemical reflectance index = linear 
relationship, normalised difference vegetation index = 3rd order poly-

nomial) in the desiccating thalli of Brachythecium austro-glareosum 
(full symbols) and Bryum pseudotriquetrum (open symbols)

Fig. 9  Spectral absorbance 
measured at the wavelength 
range of 190–800 nm. Note the 
remarkable difference between 
the moss species in the peak of 
UV-B absorption (210 nm)
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in B. austro-glareosum compared with B. pseudotriquetrum 
throughout a broad range of thallus dehydration. However, 
B. austro-glareosum showed a more rapid decline in ETR 
during dehydration (see the RLCs at 40% RWC in Fig. 6). 
For B. pseudotriquetrum, Kudoh et al. (2003) reported an 
ETRmax of 25, which is comparable to our data.

Spectral reflectance indices

Hydration-induced reflectance changes in the visible region 
were mainly due to high absorption by photosynthetic pig-
ments. Malenovský et al. (2015) suggested that the reflec-
tance in the wavelengths range of 530–600 nm could be used 
as a proxy of the content of xanthophyll cycle pigments that 
changes during desiccation as reported by Calatayud et al. 
(1997) and Deltoro et al. (1999) and which function as part 
of the protective mechanisms required by moss in response 
to oxidative stress in chloroplasts. The increase in the ratio 
of zeaxanthin to the total xanthophyll cycle pigments pool 
is typically reported in high light-exposed mosses (a pho-
toprotective mechanism); however, it was also found in 
slow desiccating mosses (Fernández-Marín et al. 2013). A 
comparison of spectral reflectance curves in the range of 
650–680 nm wavelengths revealed that both B. pseudotri-
quetrum and B. austro-glareosum had higher reflectance 
in a dry state, which is consistent with the data presented 
by Malenovský et al. (2015). Specifically, for B. pseudotri-
quetrum, lower reflectance values for a dry state compared 
with a wet state were found at a 520 nm wavelength, similar 
to Malenovský et al. (2015).

It has been well-established that in poikilohydric auto-
trophs, dehydration leads to significant changes in spectral 
reflectance, particularly in the visible (380–720 nm) range 
(Guyot 1990). Such changes bring about differences in PRI 
and NDVI, which are species-specific and based on struc-
tural changes and pigmentation during desiccation. Our data 
indicate a good comparison to the NDVI (0.835) and PRI 
–0.160) reported for hydrated Antarctic moss B. pseudotri-
quetrum by Lovelock and Robinson (2002). In partly dehy-
drated moss thalli, however, several interacting factors may 
play a role including the dehydration-dependent movements 
of leaves. During desiccation, the leaves of moss reduce 
photosynthetic activity and pass through shape changes and 
geometrical rearrangement, i.e. ‘shrinking’ and ‘curling’ 
(see Zotz and Kahler 2007). These changes affect spectral 
reflectance curves and spectral indices. Generally, the top of 
a wet moss cushion with expanded leaves has significantly 
higher near-infrared reflectance than in dry state (Maleno-
vský et al. 2015). The shrunken shoots and curled leaves of 
dry moss allow photons to penetrate deeper inside the turf, 
where they are absorbed.

The dehydration-induced decline in NDVI and PRI has 
been reported for several species of the Sphagnum genus; 

however, substantial interspecific differences do exist (Har-
ris 2008). Similarly, May et al. (2018) reported a desicca-
tion-induced decline in NDVI for several moss species in 
a manipulated drying experiment. Field evidence (e.g. in 
Svalbard as denoted by Valøen 2019) supports a dehydra-
tion-induced decline in NDVI in Arctic mosses. Our data 
support a decline in NDVI in desiccating B. pseudotri-
quetrum and B. austro-glareosum. The physiological con-
sequences of a dehydration-induced decline in NDVI are 
generally unknown for mosses. However, lower NDVI val-
ues and higher levels of red reflectance at a low RWC may 
act as mechanisms for minimising the absorption of incident 
light to prevent further water loss leading to cellular dam-
age (Charron and Quatrano 2009; Cruz de Carvalho et al. 
2014). In both species, non-photochemical quenching (qN) 
increased at NDVI values below 0.54, which indicated the 
involvement of a protective mechanism at low RWC (below 
20%).

However, PRI values declined with desiccation only in 
B. pseudotriquetrum (similar to the data of Harris 2008). 
The reason for a biphasic change in PRI during desiccation 
(a decrease followed by an increase) in B. austro-glareosum 
remains unknown. Similar biphasic changes with an RWC 
decline was found in, e.g. a lichen (Physconia muscigena, 
Barták et al. 2018). The PRI decline caused both an increase 
(B. pseudotriquetrum) and a decrease (B. austro-glareosum) 
in qN. The reason for the two contrasting responses (see 
Fig. 8) was that PRI behaved differently at RWCs below 
30%. In the RWC range of 0%–30%, PRI increased with 
desiccation in B. austro-glareosum and decreased in B. 
pseudotriquetrum. The latter response, including the non-
photochemical quenching rise with desiccation, was reported 
for Sphagnum sp. (Van Gaalen et al. 2007). Similarly, Ras-
togi et al. (2019) found a decrease in PRI in desiccating 
Sphagnum, which was related to a decrease in the perfor-
mance index (PI), a ChlF parameter derived from a rapid 
ChlF induction curve (OJIP). An earlier study by Orekhova 
(unpublished data, manuscript in preparation) showed an 
S-curve decline in the PI of Bryum pseudotriquetrum with 
a decrease in RWC. This indicated the significant poten-
tial of studies exploiting simultaneous ChlF and spectral 
reflectance measurements in the analysis of the relationship 
between the two groups of data.

Since low RWC (below 20%) led to high qN (above 0.8) 
in both experimental species, the involvement of xantho-
phyll cycle pigment in the protection of desiccating moss 
was considered. These changes, i.e. a desiccation-induced 
increase of zeaxanthin content (Deltoro et al. 1998b) and 
a de-epoxidation state of the xanthophyll cycle pigments 
(DEPS) are, however, associated with a decrease in PRI 
since the viola- to zeaxanthin conversion can be detected by 
changes in leaf absorbance at 505–515 nm or via reflectance 
(e.g. Gamon et al. 1990). Some lichens and mosses do not 
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exhibit a decrease in PRI at low RWC, which raises ques-
tions about interspecific differences concerning the consti-
tutive amount of xanthophyll cycle pigments pool and the 
shape of the dehydration response curves of PRI. While the 
majority of mosses and lichens show a decline in PRI with 
thallus desiccation at a low RWC, some exceptions exist (B. 
austro-glareosum in this study and Physconia muscigena in 
Barták et al. 2018).

Both MCARI and GI spectral indices showed a decline 
with an RWC decrease, which is comparable to evidence 
derived from desiccating lichens in the study of Barták et al. 
(2016). In current study, they exhibited a high sensitivity to 
dehydration. Therefore, the MCARI index could be used 
as an indicator of dehydration status in moss thalli. Since 
the GI courses were similar to NDVI, the GI can be used 
as a good proxy for dehydration state in mosses, similar to 
NDVI. For follow-up studies involving mosses, the analy-
sis of several simultaneously measured spectral reflectance 
indices may be recommended since, other than the hydration 
status and general optical properties in a wet and dry state, 
such an approach will allow for distinguishing the difference 
between moss species and co-occurring components of veg-
etation types as shown by Erudel et al. (2017).

Spectral absorbance curves showed high peaks in the UV-
range, indicating a high level of UV-B screens present in the 
two moss species (Fig. 9). Since both moss species were col-
lected in Antarctica, the high content of UV-B screens could 
be attributed to the ozone hole and its effect on UV-B inci-
dence on Antarctic terrestrial ecosystems. Recent climate 
change holds significant implications for the survival and 
physiological processes of Antarctic bryophytes (Robinson 
et al. 2018) due to stratospheric ozone depletion beginning 
in the 1970s, which produced a rapid increase in biologi-
cally damaging UV-B radiation. Additionally, B. pseudotri-
quetrum is reported to have high levels of UV absorbing 
compounds (Waterman et al. 2018). In Antarctic mosses, 
UV-B screening compounds were identified as cell wall-
bound (Waterman et al. 2018) and soluble phenolics (Clark 
and Robinson 2008). These are found in lichens in large 
quantities (see, e.g. Klavina et al. 2015).
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