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Lichens and other terrestrial photosynthetic unicellular organisms of the planet consume nearly 14.3 billion
tons of atmospheric CO,. Due to climate change, such important components of the forest ground cover as
lichens are very vulnerable. This study evaluates the photosynthetic activity in widespread lichens by measur-
ing the indices of net photosynthesis, dark respiration, and prompt fluorescence. Hence, cryptogams of pine
forests in Central Siberia near the Zotino tall tower observatory (ZOTTO) are characterized as highly active.
Cladonia stellaris (Opiz.) Brodo and Cladonia rangiferina (L.) are the main representatives of ground cover
species. The purpose of this study was to determine the photosynthetic activity in dominant species of ground
cover lichens during a growing season. We found the seasonal dynamics of photosynthesis with the lowest val-
ues being observed in June, and the highest ones in August. Dark respiration peaks in June and is the lowest
in September. Fluorescence values are within the range of 6.7 = 0.3. The species under study that grow on
podzol soils in pine forests show fast kinetic activation.

Keywords: Cladonia stellaris, Cladonia rangiferina, photosynthetic activity, photosynthesis, carbon balance, flu-
orescence.
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As of today, northern boreal forests act mainly as a
carbon sink (Bianchi, 2021). They represent one of the
largest terrestrial reservoirs of atmospheric carbon.
Due to the forecasted climate change, ecosystems of
the boreal biome may shift from a sink of atmospheric
carbon (Winkler et al., 2021) to its source (Koven
et al., 2021). Such an effect can be predicted due to
CO, emissions from ecosystems being larger than CO,
uptake during photosynthesis, which, in fact, signifies
an increase in decomposition of organic matter and in
root respiration (Ryu et al., 2019; Bonan, 2008).

Mosses, lichens, and other unicellular photosyn-
thetic organisms absorb 7% of carbon dioxide from the
Earth’s atmosphere (Elbert et al., 2012). The absorp-
tive capacity of bryophytes and lichens is greater in
temperate and subtropical climate zones than equato-
rial or tropical ones. Boreal forests are characterized
by ground vegetation rich in bryophytes and lichens.
Dominating in the ground cover layer, poikilohydric

1 Krasnoyarsk Regional Fund of Science for the project No. 2021
102007845 (The role of the moss-lichen layer in ecosystems of
the boreal and arctic zone in Krasnoyarsk Territory in absorp-
tion of atmospheric carbon dioxide). As well as RFBR, Kras-
noyarsk Territory and Krasnoyarsk Regional Fund of Science,
project No. 44-243003 (The functional role of pine forests in the
boreal zone of Central Siberia: photosynthetic and respiratory
activity of subordinate forest layers).

plants functionally contribute to the carbon and nitro-
gen sequestration in the ecosystem, soil insulation, soil
stability, and preservation of permafrost (Bianchi,
2021). They contribute to up to 50% of the gross CO,
exchange in the ecosystem (Winkler et al., 2021; Bry-
ant et al., 1997).

Given their important ecological roles in the taiga
biome, it is surprising to know that only a few studies
have attempted to parameterize the intrinsic abiotic
factors that control the moss-lichen cover carbon dy-
namics, specifically under the ongoing climate change
at high latitudes (Elbert et al., 2012; Whitehead, Gow-
er, 2001). Regional studies of the carbon cycle are rel-
evant due to discrepancies in estimates of balance in
carbon fluxes obtained for Russian forests that are di-
verse in composition, structure, and productivity, and
due to the resulting necessity to supplement and refine
those estimates.

With this study, we focused on exploring the ab-
sorptive capacity of lichens in pine forests of Central
Siberia. They are estimated to account for up to 30—
94% of the total biomass of ecosystems (Goltsev et al.,
2012). As one of the most important metabolic pro-
cesses, photosynthetic activity can be examined
during field studies (Panov et al., 2009). Its measure-
ments are based on recordings of carbon assimilation
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Table 1. Forest inventory parameters for the pine forests under study

Forests DBH, cm

H,m

Density, trees ha™! Stock, t C ha™!

Lichen-dominated pine forests 14.4

11.4 358 82.6

rates and chlorophyll fluorescence. The ratio of differ-
ent ways of using the absorption energy of light quanta
may vary depending on the functional activity in a
photosynthesis system, as well as on the lighting con-
ditions, which affects the chlorophyll fluorescence in-
tensity.

The main goal of this study was to determine the
photosynthetic activity in dominant species of lichens
during a growing season.

MATERIALS AND METHODS

Area and objects of study. The study was conducted
in Central Siberia near the Zotino tall tower observa-
tory (ZOTTO, 60° N, 89° E) in lichen-dominated
pine forests. The area belongs to the Ket-Sym lowland
located on the left bank of the Yenisei River. Accord-
ing to the forestry zoning of Siberia, ZOTTO is located
in the area of middle taiga forests in Sym-Dubeches
district (Pleshikov, 2002).

The local climate is sharply continental. The sum
of temperatures above 10°C amounts to 800—1200°C.
The average annual air temperature is —3.8°C. The an-
nual amount of precipitation is 536 mm (Panov et al.,
2011).

The analysis of satellite data identified 11 classes of
aggregated landscape types within a radius of 100 km
of the international observatory ZOTTO (Klimchenko
et al., 2011). The analysis results showed that forests
cover about of 84% of the zone. Dark coniferous com-
munities occupy the largest area. Feathermoss-domi-
nated light coniferous forests account for 8.3%, and li-
chen-dominated pine forests account for 7.6%.

The plants develop on well-drained ferruginous il-
luvial podzols on fluvioglacial sands with no perma-
frost (Pleshikov, 2002; Gerasimov, 1964; Klimchenko
etal., 2011). Vascular plants have Latin names accord-
ing to S.K. Cherepanov (Cherepanov, 1994), mosses
and lichens — according to the studies by M.S. Ignatov
and E.A. Ignatova (Ignatov, Ignatova, 2003, 2004). Pi-
nus sylvestris (L.) dominated forests are characterized
by an almost all-over lichen layer (Panov et al., 2014;
Trefilova et al., 2011). Forest inventory parameters for
the pine forests under study are displayed in Table 1.
According to our earlier data, the living ground cover of
the forests is dominated by Cladonia stellaris (Opiz.)
Brodo with 41% (145 £ 29 g/m?), Cladonia rangifer-
ina (L.) Nyl. with 32% (114 + 10 g/m?), and Cetraria
islandica (L.) with 16% (57 + 21 g/m?). The share of
shrubs accounts for 4%, and that of mosses accounts
for only 1.5%. Grasses and dwarf shrubs are represent-
ed mainly by Carex macroura (Meinsh.), Ledum palus-
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tre (L.), and Vaccinium vitis-idaea (L.) (Polosukhina
et al., 2020).

Hence, Cladonia stellaris and Cladonia rangiferina
are the most common lichen species, for which CO,
assimilation and chlorophyll fluorescence were mea-
sured. These bushy lichens of the genus Cladonia have
a green alga trebouxia as the photobiont (Opredelitel’
lishainikov USSR, 1977). The samples for measure-
ments were the upper parts of the thalli, where, ac-
cording to physiological characteristics, the photobi-
ont is located (Bjerke, 2009).

Gas exchange measurements. Assimilation rates (A,
umol m—2 s~') were measured once a month around
12:00 in June, August, and September during the
growing seasons of 2021. Metabolic activity of lichens
was examined by using a portable gas exchange system
(GFS-3000, Heinz Walz GmbH, Effeltrich, Germa-
ny) with a cuvette for Lichens/Mosses 3010-V32
(Manual, 2019). During the measurement, we record-
ed two fluxes: dark respiration (DR) and net photo-
synthesis (NP). First, we measured DR at PAR =
=0 wmol m~2 s, Then we recorded NP at PAR =
= 1000 umol m~2 s~!. The data was presented as the
mean value * standard error for every case (n = 15):

A = NP + DR.

To analyze the impact of external factors, we used
the meteorological data of relative humidity (RH) and air
temperature (Tair). The observations were retrieved from
an eddy covariance station located nearby.

Prompt fluorescence. Prompt fluorescence param-
eters were measured using the fluorometer Junior-
PAM (Walz, Germany). We conducted the study
around 13:00—15:00. Using the standard light curve
analysis software (Manual, 2020), we obtained data by
parameters Y(II), ETR, and Fv/Fm. The Fv/Fm ratio
was used to estimate the maximum quantum yield of
photochemistry (Goltsev et al., 2012) and the efficien-
cy of the PSII (Y(II)) reaction centers in the dark adapt-
ed state, which provides valuable information on the
function of PSII (Maxwell, Johnson, 2000; Beer et al.,
2001; Kovtun et al., 2021). Fv/Fm is defined as the ra-
tio of a number of quanta involved in charge separa-
tion to the total amount of quanta absorbed by light-
collecting complexes. Accordingly, the closer this pa-
rameter is to 1, the higher the efficiency of the photo-
synthetic apparatus in a given plant. The minimum
and maximum fluorescence yields were measured af-
ter 24 hours of dark adaptation. We did this to elimi-
nate the reaction of the light stage of photosynthesis.
Data was presented as the mean value * standard de-
viation for every case (n = 15). Electron transport rate
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Fig. 1. Ecophysiological performance of Cladonia stellaris
(left) and Cladonia ranfiferina (right): (a) Net photosyn-
thesis (NP) lilmOI m- s_l; (b) Dark respiration (DR)
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Fig. 2. Average summer values of Fv/Fm for lichens.

(ETR) characterizes the density of electron flow
through an electron transport chain of thylakoid
membranes (Maxwell, Johnson, 2000).

Data analysis. To analyze and process the collected
data, we used the licensed software GFS-Win and
WinControl. In addition, we used several software
solutions for statistical processing and data analysis
like Microsoft Excel and Statistica. The two-way anal-
ysis of variance (AN OVA) was conducted to reveal sig-
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nificant differences in photosynthesis rates by species
and by summer month.

RESULTS AND DISCUSSION

Ecophysiological traits of lichens. The ANOVA re-
sults show a well-pronounced seasonal trend in the NP
values of lichens (p = 0.031), yet no interspecies variabil-
ity was revealed (p = 0.279). Hence, the lowest NP values
were observed in June (0.11 £ 0.03 umol m~2 s7), and
the highest ones were observed in August (3.58 =+
+ 0.08 umol m~2 s7!) (Fig. 1a). In our previous stud-
ies, Cladonia spp. also showed significant seasonal
variability of assimilation rate with the lowest values in
June and the peaking ones in August (Polosukhina
et al., 2020). The measurements of Cladonia stellaris
in Norway conducted by Bjerke (Bjerke et al., 2013)
showed that the net photosynthesis reached the maxi-
mum value of 6 umol m—2s7!.

The seasonal dynamics (p = 0.001) of the dark respira-
tion rate was observed as well (Fig. 1b). The highest values
were recorded in June (—4.23 £ 0.12 umol m—2s7!), and
the lowest in September (—1.11 + 0.04 umol m—2s71).
There was no significant interspecies variability in values
(p = 0.235). According to the previous studies, the maxi-
mum DR rate for lichens reached up to —8 pmol m—2 s~
in a Canadian old black spruce (Picea mariana (Mill.)
B.S.P.) boreal forest ecosystem (Whitehead, Gower,
2001; Moser et al., 1983).

We found a positive correlation between NP and
DR values. The correlation rates (r) for Cladonia stel-
laris (CS) and Cladonia rangiferina (CR) were 0.92
and 0.98, respectively. This result can be explained by
the fact that the lichen thallus is four to ten times poor-
er in chlorophyll than higher plants (Bianchi, 2021;
Kolomeichuk et al., 2020). In addition, algal cells are
not always evenly distributed in the thallus. The inten-
sive photosynthesis ensures a regular vital activity in li-
chens, since they have to endure frequent periods of a
significant ecological depression (drying out) and are
distinguished by a high plasticity of their entire meta-
bolic apparatus, which allows them to live through
those periods and quickly return to life even at low
temperatures, low levels of carbon dioxide, etc., when
other plants die or cease to function (Goltsev et al.,
2012).

We analyzed the impact of environmental factors
(Tair, RH) on the assimilation rates with the results
shown in Table 2 (p > 0.05).

Fluorescence variability,. The ANOVA analysis
showed that there are no significant differences be-
tween the two species (p = 0.605) and different months
of measurements (p = 0.951) in the Fv/Fm ratio. On
average, Fv/Fm was 0.67 & 0.01 for Cladonia stellaris,
and 0.64 + 0.08 for Cladonia rangiferina. However, for
the species of the same genus, Cladonia mitis Sandst
and Cladonia uncialis (L.) Weber ex F.H. Wigg, grow-
ing in a pine forest of the Bory Tucholskie National
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Fig. 3. Dependence of ETR on light intensity (Photosynthetically active radiation — PAR) in the species under study.

Park, the seasonal Fv/Fm dynamics showed the
smallest values in June, and the largest ones in Sep-
tember (Wegrzyn et al., 2021). In general for lichens,
the Fv/Fm ratio is usually ca. 0.60—0.72, while in
higher plants it can reach ca. 0.91 (Bjerke, 2009). We
tried to find a correlation between NP and Fv/Fm. For
Cladonia stellaris, it turned out to be strongly negative
(r=-0.95, p = 0.92), and for Cladonia rangiferina, it
turned out to be strongly positive (r = 0.89, p = 0.04).
In the Norwegian tundra, no correlation between NP
and Fv/Fm was observed for deer lichens (Bjerke et al.,
2017).

Some studies highlighted the importance of the
time of day for Fv/Fm ratio estimations. So Fv/Fm is
low from 9:00 to 12:00, and increases from 12:00 to
15:00 (Wegrzyn et al., 2021). To see how strong the
light intensity may affect the photoassimilation system
in lichens, we analyzed the ETR parameter (Fig. 3). At
low light intensities (up to 285 umol m=2 s~'), photo-

chemical fixation is the same for different species. At
medium and strong light intensities, the ETR param-
eter is larger for Cladonia stellaris. This indicates a
higher intensity of photosynthesis in Cladonia stellaris.
A strongly positive correlation between ETR and PAR
was found with »=0.95 (p = 0.01) for Cladonia stellaris
and »=0.93 (p = 0.01) for Cladonia rangiferina.

Another estimate of photosynthetic activity is depen-
dence of the quantum yield of PSII on PAR (Fig. 4). This
relationship shows the quantum yield of photochemi-
cal energy conversion in PSII (Y(II)), the quantum
yield of non-regulated non-photochemical energy loss
in PSII (Y(NO)), and the quantum yield of regulated
non-photochemical energy loss in PSII (Y(NPQ)).

At a low intensity of photosynthetically active radi-
ation (up to 200 umol m~2 s7!) the Y(II) values in
Cladonia rangiferina are higher, which indicates a
more efficient distribution of absorbed light quanta to-
wards photochemical reactions. The detected differ-

Table 2. Assimilation rate (NP, DR) correlation and meteorological factors

Date
Lichen Factors
21.06.2021 26.08.2021 13.09.2021
Cladonia stellaris DR/Tair —0.494 —0.263 0.378
DR/RH 0.414 0.288 —0.450
NP/Tair —0.711 —0.096 0.378
NP/RH 0.633 0.172 —0.134
Cladonia rangiferina DR/Tair —0.101 0.063 —0.223
DR/RH 0.196 —0.103 0.198
NP/Tair 0.156 —0.555 0.084
NP/RH —0.251 0.550 —0.081
JJECOBEJEHHUE Ne 6 2023
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Fig. 4. Dependence of PSII quantum yield on PAR in lichen: quantum yield of photochemical energy conversion in PSII (Y(I1)),
quantum yield of non-regulated non-photochemical energy loss in PSII (Y(NO)) and quantum yield of regulated non-photo-

chemical energy loss in PSII (Y(NPQ)).

ence is 3%. In the sector of the main intensity of PAR,
the values of Y(II) are leveled with increasing illumi-
nation. Cladonia stellaris directs more light quanta to
photochemical reactions — on average, their values are
7% higher than for Cladonia rangiferina. The Y(II)
values show the difference between these two species
of 16.4%.

Y(II) corresponds to the fraction of energy that is pho-
tochemically converted to PSII. The remainder 1 — Y(II)
constitutes the total quantum yield of all loss process-
es, Y(loss), which is separated into two distinct com-
ponents, Y(NO) and Y(NPQ), whose relative
amounts provide valuable information on the photo-
synthesis features of a given plant. Y(NO) reflects the
fraction of energy that is passively dissipated as heat
and fluorescence, mainly due to closed PSII reaction
centers. Y(NPQ) corresponds to the proportion of en-
ergy dissipated as heat by the adjustable NPQ photo-
protective mechanism.

For two parameters of the non-photochemical dis-
tribution of light quanta, we divide the light intensity
into 3 ranges (umol m~2s71):

1 — low light intensity, 0 to 190,

2 — average light intensity (typical for given condi-
tions), 285 to 625, and

3 — high light intensity, 820 to 1500.

The first range is characterized by a large uncon-
trolled dissipation of energy, which averages 50% of
the entire energy distribution, gradually decreasing as
the light intensity increases. The difference between
Cladonia stellaris and Cladonia rangiferina is 14% with
larger values observed in Cladonia rangiferina.

The dynamics is the same for all ranges, but the dif-
ference between the two species increases, showing
29.9% for the average light intensity and 27.7% for the
high light intensity.

In this case, the controlled dissipation of excess en-
ergy has the reverse dynamics. The values at the low
light intensity differ by 44.7% in favor of Cladonia stel-
laris, but this difference gradually decreases with
16.7% for the average light intensity and only 8% for
the high light intensity.

As Y(II) values approach zero at high quantum flux
densities, high Y(NPQ) values indicate high photo-
protective mechanisms capacity, while high Y(NO)
values reflect the plant’s inability to protect itself from
damage by excessive lighting. For a given set of envi-
ronmental conditions, successful regulation usually
targets the maximum Y(II) values, and the remaining
Y(loss) targets the maximum Y(NPQ)/Y(NO) ratio.
At the saturating light intensity, high Y(INO) values
and low Y(NPQ) or Y(NPQ)/Y(NO) values reflect
insufficient power of photo-protective mechanism re-
actions, which may eventually result in damage by ex-
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cessive lighting. High Y(INO) values after dark adapta-
tion signify this.

CONCLUSION

This study has attempted to characterize the photo-
synthetic apparatus of lichens by quantifying net pho-
tosynthesis, dark respiration, and prompt fluores-
cence parameters. Cladonia stellaris and Cladonia ran-
giferina maintained a high photosynthetic activity
throughout the summer of 2021. At the same time, the
highest values of photosynthesis were observed in Au-
gust, and the highest values of respiration were record-
ed in June. Both species — Cladonia stellaris and
Cladonia rangiferina — showed fast kinetic activation.
The parameters of prompt fluorescence correlate with
the existing estimates. The completely different nature
of the correlation between prompt fluorescence and
assimilation intensity poses new challenges for us. Our
future studies will focus on estimating the influence of
different light wavelengths on photosynthetic activity
in the subordinate forest layers.

REFERENCES

Beer S., Bjork M., Gademann R., Ralph P. Measurements of
photosynthetic rates in seagrasses // Global Seagrass Re-
search Methods. Chapter 9. The Netherlands: Elsevier
Publishing, 2001. P. 183—198.

Bianchi T.S. The evolution of biogeochemistry: revisited //
Biogeochemistry. 2021. V. 154. Ne 2. P. 141—18]1.

Bjerke J.W., Bokhorst S., Callaghan T.V., Zielke M., Phoe-
nix G.K. Rapid photosynthetic recovery of a snow-covered
feather moss and Peltigera lichen during sub-Arctic mid-
winter warming // Plant Ecology & Diversity. 2013. V. 6.
P. 383—-392.

Bjerke J.W., Bokhorst S., Callaghan T.V., Phoenix G.K. Per-
sistent reduction of segment growth and photosynthesis in a
widespread and important sub-Arctic moss species after
cessation of three years of experimental winter warming //
Functional Ecology. 2017. V. 31. Ne. 1. P. 127—134.

Bjerke J.W. Ice encapsulation rather protects than disturbs the
freezing lichen // Plant Biology. 2009. V. 11. P. 227—235.

Bonan G.B. Forests and climate change: Forcings, feed-
backs and climate benefits of forests // Science. 2008.
V. 320. P. 1444—1449.

Bryant D., Nielsen D., Tangley L., Sizer N., Miranda M.,
Brown P., Johnson N., Malk A., Miller K. The last frontier
forests: ecosystems and economies on the edge. What is the
status of the worlds remaining large natural forest ecosys-
tems? // Environmental Science. 1997. P.39.

Czerepanov S.K. Vascular Plants of Russia and Adjacent
States // Cambridge University Press, 1994. 990 p.

Elbert W., Weber B., Burrows S., Steinkamp J., Biidel B., An-
dreae M., Poschl U. Contribution of cryptogamic covers to
the global cycles of carbon and nitrogen // Nature Geosci-
ence. 2012. V. 5. P. 459-462.

Goltsev V., Zaharieva 1., Chernev P, Kouzmanova M.,
Kalaji H.M., Yordanov 1., Krasteva V., Alexandrov V., Stefan-
ov D., Allakhverdiev S.1., Strasser R.J. Drought-induced
modifications of photosynthetic electron transport in intact
Ne 6

JJECOBEJEHUE 2023

695

leaves: analysis and use of neural networks as a tool for a
rapid non-invasive estimation // Biochimica et Biophysica
Acta (BBA) — Bioenergetics. 2012. V. 1817. P. 1490—1498.

Heinz Walz GmbH junior-PAM Teaching Chlorophyll Flu-
orometer Manual / Heinz Walz GmbH 2.154/09.20 Second
Edition, September 20 © Heinz Walz GmbH, 2020. 83 p.

Ignatov M., Ignatova E. Flora mkhov srednei chasti evro-
peiskoi Rossii (Moss flora of the middle European Russia),
Sphagnaceac—Hedwigiaceae. Moscow: KMK Scientific
Press Ltd. 1. 2003.

Ignatov M., Ignatova E. Flora mkhov srednei chasti Evro-
peiskoi Rossii (Moss flora of the middle European Russia)
Fontinalaceae—Amblystegiaceae. Moscow: KMK Scientif-
ic Press Ltd. 2. 2004.

Maxwell K., Johnson G.N., Chlorophyll fluorescence — a
practical guide // J. Experimental Botany. 2000. V. 51.
Ne 345, P. 659—668.

Klimchenko A.V., Verkhovets S.V., Slinkina 0O.A.,
Koshurnikova N.N. Stocks in coarse woody debris in the
middle taiga ecosystems located along the Yenisei River //
Geography and Natural Resources. 2011. V. 2. P. 91-97.

Kolomeichuk L.V., Efimova M.V., Zlobin 1.E., Kreslavski VI.D.,
Murgan O.K., Kovtun 1.S., Khripach VI.A., Kuznetsov VI.V., Al-
lakhverdiev S.1. 24-Epibrassinolide alleviates the toxic effects
of NaCl on photosynthetic processes in potato plants // Pho-
tosynthesis Research. 2020. V. 146. P. 151—163.

Koven C., Arora V.K., Cadule P., Fisher R.A., Jones C.D.,
Lawrence D.M., Lewis J., Lindsey K., Mathesius S., Mein-
shausen M., Mills M., Nicholls Z., Sanderson B.M., Swart N.C.,
Wieder W.R., Zickfeld K. 23rd Century surprises: Long-term
dynamics of the climate and carbon cycle under both high
and net negative emissions scenarios // Earth System Dy-
namics Discussions. 2021.
https://doi.org/10.5194/esd-2021-23

Kovtun 1.S., Kukharenko N.E, Kusnetsov V.V., Khripach V.A.,
Efimova M.V. Effect of Lactone- and Ketone-Containing
Brassinosteroids on Photosynthetic Activity of Barley
Leaves during Aging // Russian J. Plant Physiology. 2021.
V. 68. P. 440—450.

Longton R.E. The role of bryophyte and lichens in terrestrial
ecosystems // Bryophyte and Lichens in a Changing Envi-
ronment; Bates J.W., Farmer A.M., Eds. 1992. P. 32—76.

Moser T.J., Nash T.H., Link S. Diurnal gross photosynthetic
patterns and potential seasonal CO2 assimilation in Cladon-

ia stellaris and Cladonia rangiferina // Canadian J. Botany.
1983. V. 61(3). P. 642—55.

Opredelitel’ lishainikov SSSR. Vyp. 1, 4, 5 [Handbook of
the lichens of the USSR. Iss. 1, 4, 5]. Iss. 1, 4, 5. Leningrad,
1971, 412 p.; 1977, 344 p.; 1978, 204 p.

Panov A.V.,, Heintzenberg J., Birmili W., Otto R., Chi X.,
Zrazhevskaya G.K., Timokhina A.V., Verkhovets S.V., An-
drea M., Onuchin A.A. Sources, seasonal variability, and
trajectories of atmospheric aerosols over Central Siberian
forest ecosystems // Dokl. Earth Sc. 2011. V. 441. P. 1710—
1714.

Panov A.V., Onuchin A.A., Koshurnikova N.N. Phytomass
structure and dynamics at cuttings in the Central Siberia lichen
pine forests // Vestnik KrasGAU. 2009. Ne 12. P. 129—133.

Pleshikov FE 1. Forest ecosystems of the Yenisei meridian (re-

search of the international geosphere-biosphere program).
Novosibirsk: Nauka, 2002. 356 p.



696

Polosukhina D.A., Masyagina O.V., Prokushkin A.S. Carbon
photoassimilation by dominant species of mosses and li-
chens in pine forests of Central Siberia // IOP Conf. Ser.:
Earth Environ. Sci. 2020. V. 611.
https://doi.org/10.1088/1755-1315/611/1/012031

Portable Gas Exchange Fluorescence System GFS-3000
Handbook of Operation/Heinz Walz GmbH, 2019. 266 p.
Ryu Y., Berry J.A., Baldocchi D.D. What is global photosyn-
thesis? History, uncertainties and opportunities // Remote
Sensing of Environment. 2019. V. 223. P. 95—114.

Trefilova O.V., Vedrova E.F, Kuz’michev V.V. The annual
carbon cycle in green-moss pine forests of the Yenisey plain
forest science // Lesovedenie. 2011. Ne 1. P. 3—12.

Wegrzyn M.H., Fatowska P., Alzayany K., Waszkiewicz K.,
Dziurowicz P, Wietrzyk-Petka P. Seasonal changes in the

POLOSUKHINA et al.

photosynthetic activity of terrestrial lichens and mosses in
the lichen Scots pine forest habitat // Diversity. 2021.
V. 13(12). P. 642.

https://doi.org/10.3390/d 13120642

Whitehead D., Gower S.T. Photosynthesis and light-use ef-
ficiency by plants in a Canadian boreal forest ecosystem //
Tree Physiology. 2001. V. 21. P. 925—929.

Winkler A.J., Myneni R.B., Hannart A., Sitch S., Haverd V.,
Lombardozzi D., Arora V.K., Pongratz J., Nabel J.E.M.S.,
Goll D.S., Kato E., Tian H., Arneth A., Friedlingstein P.,
Jain A.K, Zaehle S., Brovkin V. Slow-down of the greening
trend in natural vegetation with further rise in atmospheric
CO, // Biogeosciences. 2021. V. 18. P. 4985—5010.
https://doi.org/10.5194/bg-18-4985-2021

DOOTOCHUHTES3 HINPOKO PACITPOCTPAHEHHBIX BUIOB
JJUIIAMHUKOB B COCHOBBIX JIECAX HEHTPAJIbHO CUBUPU

. A. ITonocyxuna® > *, A. B. Maxusikuna® 2, B. E. Apsacos!, /I. B. Tpycos! 2, A. C. IIpokymkun' ?
! Buemumym aeca um. B.H. Cykaueea CO PAH, 50/28, Axademeopodok, Kpacnospck, 660036 Poccus
2Cubupcruii pedepanviviii yuusepcumem, 79, Ceo6odnuiii npocnexm, Kpacnosipex, 660041 Poccus
*E-mail: dana_polo@mail.ru

JIuaitHuku 1 npyrue HazeMHbIe (DOTOCUHTE3UPYIOIINE OTHOKIIETOUYHbIE OPraHU3MBbI TIJIAaHETHI TOTPEOIIsI-
10T outu 14.3 mapn ToHH atMochepHoro CO,. B ¢BSI3M ¢ UBMEHEHHEM KJIMMATa TAKME BaXKHbIE KOMIIO-
HEHTHI JIECCHOTO HAIIOYBEHHOTO MOKPOBa, KaK JWIIAHHUKU, OYeHb YSI3BUMBI. B JaHHOM HcCclaenoBaHUU
olieHMBaeTCs (OTOCUHTETUIECKAS aKTUBHOCTD IIIMPOKO PACTIPOCTPAaHEHHBIX JIUIIATHUKOB ITyTEM U3Mepe-
HUS TToKa3artesieit yuctoro (hoToCUHTE3a, TEMHOBOTO JIBIXaHUS M OBICTPOIt (hityopeclieHIuu. Takum obpa-
30M, KPUIITOraMbl COCHOBBIX JiecoB lLleHTpanbpHoit Cubupu B paiiloHe o6cepBaTOopr 30TUHCKAS BBICOKAsI
bamrHs (ZOTTO) xapaktepusyloTrcsi Kak BbicoKoakTuBHbIe. Cladonia stellaris (Opiz.) Brodo u Cladonia
rangiferina (L.) SIBNSIIOTCS OCHOBHBIMU TMPEACTaBUTEISIMU BUJIOB HAITOYBEHHOTO MoKpoBa. Llenabio faHHOTO
uccaen0BaHMsI ObLIO onpeaeieHue GOTOCMHTETUYECKON aKTUBHOCTH Y JOMUHMPYIOIIVX BUIOB HATTOYBEH-
HBIX JIUIIAfHUKOB B TeUeHNE BEreTallMOHHOTO Tepruona. BrlsiBieHa ce30HHas1 AMHaMKUKa (hOTOCUHTE3a,
MpUYeM caMble HU3KHE 3HaYeHUsI HaOII01al0TCs B MIOHE, a caMble BBICOKME — B aBrycre. TeMHOBOE JbIxa-
HUE TOCTUTAeT MaKCUMyMa B MIOHE W SIBJIIETCSI cCaMbIM HU3KUM B CEHTSIOpe. 3HaueHUsT (hyopecleHIINN
HaxomsTcs B auanasoHe 6.7 + 0.3. Uccnemyemble BUIBI, TPOU3PACTAIONINE Ha TIOA30TUCTHIX TTIOYBAX B COC-
HOBBIX JIecax, IEMOHCTPUPYIOT OBICTPYIO KWHETUYECKYIO aKTUBAIIUIO.

Karoueswie cnosa: Cladonia stellaris, Cladonia rangiferina, gpomocunmemuueckas axmueHocms, pomocunmes,

banamc yenepooa, garoopecyenyus.
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