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TOXICOLOGICAL STUDY OF MOSS COVER IN PINE FORESTS
OF BIOGEOCHEMICAL LANDSCAPE IN BACKGROUND AREA OF UKRAINTAN
POLISSIA. PART 2. RADIONUCLIDES - "'Cs

Abstract. Tasks of this study — to evaluate interspecific differences of '¥’Cs accumulation by mosses; analyze '’Cs distribution among
fractions of mosses,; monitor multiyear dynamics of *’Cs content and values of ’Cs concentration ratio in mosses in 2002-2022; cal-
culate dependence between ’Cs activity concentration in Dicranum polysetum and in the soil on the basis of statistical systematical
approach; identify spatial heterogeneity of '¥’Cs activity concentration in moss cover and in the soil and to evaluate it quantitative using
fractal geometry. Study was conducted in two stages: in 2002 and 2022 at 3 experimental plots in Zhytomyr Region, Korosten district,
Povchanske forest division of Branch “Lugyny Forestry” of State Enterprise “Forests of Ukraine”. Vegetation was presented by pine
Jorest of association Molinio-Pinetum Matuszkiewicz (1973) 1981, by fairly infertile pine site type (B ). Mosses were sampled by fractions:
increment of the I*' year, increment of the 2" year, increments of earlier period and peat litter. The activity concentration of *’Cs was
measured using SEG-001 AKP-C-150 spectrometer analyzer with scintillation detector BDEG-20-R2. Coefficient of biological absorption
(CBA) was used as an index of intensity of accumulation of ¥’Cs in the chain “soil —moss”. In 2002 according with the mean '¥’Cs content
in the increment of the I*' year (increments of 1-2 years) moss species can be placed in such order: Leucobryum glaucum > Dicranum
polysetum > Polytrichum commune > Sphagnum palustre > S. capillifolium > Pleurozium schreberi, with interspecies differences of this
index in 2,2 times. In 2002 and 2022 distribution of '¥’Cs activity concentration among fractions of moss species was similar: maximum
values of 3’Cs activity concentration were in alive, apical parts — increment of the 1* year and increments both the I*' and the 2" years.
Below this part a decrease of this index was observed in increment of the 2" year and increments of the earlier period and peat litter.
In all moss species in 2002-2022 3’Cs content significantly decreased — from 2,46 times in Dicranum polysetum to 2 times in Sphagnum
capillifolium. Despite a significant decrease of *’Cs activity concentration in fractions of all studied moss species mean values of CBA in
2022 decreased slightly in comparison with those of 2002. In 2022 according with the mean values of CBA moss species can be placed as
Jollows: Leucobryum glaucum (7,42 + 0,49) > Polytrichum commune (6,72 + 0,45) > Sphagnum palustre (6,15 + 0,54) > Dicranum pol-
ysetum (6,11 £ 0,43) > S. capillifolium (5,99 + 0,56) > Pleurozium schreberi (2,97 + 0,18). Dependence of *’Cs activity concentration in
the soil from "’ Cs activity concentration in Dicranum polysetum was linear; close (r = 0,76) and reliable (p = 0,000). Spatial heterogeneity
of ¥7Cs contamination of moss cover and soil was high and had a focal character. Decreasing of mean value of '¥’Cs activity concentration
in moss cover and in the soil depending on the grid step is a confirmation of its fractal distribution. We proposed to replace full sampling
matrix by Vicsek fractal matrix, with sampling only on central column and central line or on the main diagonals of full matrix, which
allows to reduce total number of samples in 5 times, with relative differences of mean values of '’ Cs activity concentration in moss and soil
in comparison with full matrix less than +10%.

Key words: Ukrainian Polissia, forest biogeocenoses, soil, moss cover, fractions of mosses, 'V’Cs activity concentration,
coefficient of ’Cs biological absorption, spatial heterogeneity, fractal geometry, Vicsek fractal.

Introduction. Mosses were first proposed for the study
of atmospheric deposition of pollutants in the late 1960s
(Rihling & Tyler, 1968), and now special methodology
of bioindication of pollution and biomonitoring has been
created (Bioindicators & Biomonitors..., 2003). Due to
their high surface-to-volum ratio mosses effectively absorb
macro- and trace elements mainly from the wet and dry
atmospheric deposition which makes them suitable test-
objects for biomonitoring of atmospheric pollution,
including radioactive one (Mattsson, Liden, 1975). After
the Chornobyl catastrophe an interest to use of mosses

for mapping and biomonitoring of radioactive depositions
increased sharply. Numerical studies of Chernobyl fallouts
using moss biomonitoring (bryomonitoring) technique
were conducted in European countries: Norway (Steinnes
and Njastad, 1993), Sweden (Vinichuk et al., 2010), Italy
(Giovani et al, 1994), Austria (Turan et al., 2011), Poland
(Dothanczuk-Srodka et al., 2011), Serbia (Cuculovi¢ et al,
2012a; Cuculovi¢ et al, 2012b), Bosnia and Herzegovina
(Adrovi¢ et al., 2017), Montenegro (Dragovi¢ et al.,
2004), Turkey (Cevik & Celik, 2009), Lithuania (Jefanova
et al., 2014), Ukraine (Melnyk, Kurbet, 2018a; Orlov,
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Dolin, 2010; Orlov, 2022), etc. For this purpose the most
common and wide spread in Europe mosses were used,
mainly ectohydritic ones such as Hylocomium splendens,
Pleurozium schreberi, Dicranum polysetum, Sphagnum
spp., and more rarely — endohydritic species such as
Polytrichum commune, with some regional peculiarities.

Goal of study. The present study is aimed at quantitative
evaluation of '*?Cs accumulation by the main moss species-
bioindicators of radioactive contamination of background
forestareaof Ukrainian Polissia. Theresults ofthe study should
help to interpret the data of bryomonitoring of radioactive
pollution of the studied region.

Tasks of study. To evaluate interspecific differences
of ¥"Cs accumulation by various moss species; analyze
¥7Cs distribution among fractions of mosses; monitor
multiyear dynamics of '*’Cs content and values of *’Cs
concentration ratio in moss species in 2002-2022; calculate
dependence between '*’Cs activity concentration in
Dicranum polysetum and in the soil on the basis of statistical
systematical approach; identify spatial heterogeneity
of 1¥’Cs activity concentration in moss cover and in the soil
and to evaluate it quantitative using fractal geometry.

Literature review. The peculiarities of 3'Cs
accumulation in the moss cover of forests of the Ukrainian
Polissia have been analyzed in (Melnyk, Kurbet, 2018a,
2018b). It was shown that in association Dicrano-
Pinetum in fresh infertile pine site type (A, "’Cs
activity concentration in Dicranum polysetum Sw. ex
Anon. exceeded this index of Pleurozium schreberi
(Willd. ex Brid.) Mitt. in 1,6-1,7 times. For pine forests
of association Peucedano-Pinetum in fresh fairly infertile
pine site type (B,) mean values of '“’Cs concentration
ratio in the chain “soil — moss” were significantly greater
in Dicranum — polysetum — 7,1 £ 0,2 than in Pleurozium
schreberi — 4,2 + 0,1 (Melnyk, Kurbet, 2018b).

Study conducted in Chornobyl Exclusion Zone in
2023 (Schmidt et al., 2023) showed that uptake of *’Cs by
various moss species was essentially differ. Maximum levels
of ¥’Cs activity concentration were observed in acrocarpous
species (Bq-g'): Bryum intermedium (Brid.) Bland. — 297,
B. badium (Brid.) Schimp. — 157 and Dicranum polysetum —
15,9 (Bq-g!) and minimum ones —in pleurocarpous mosses:
Pleurozium schreberi—3,0, Amblystegium serpens (Hedw.)
Schimp. — 2,9 and Brachythecium glareosum (Bruch ex
Spruce) Schimp. — 2,3.

Significant  interspecific ~ differences of ¥’Cs
accumulation by mosses were reported by researchers
in Austria in vicinity of Salzburg city on peat bog
(Turan et al., 2011). In particular, it was identified that
Leucobryum  glaucum (Hedw.) Angstr. accumulated
¥7Cs more intense than Sphagnum papillosum Lindb.,
corresponding values of *’Cs activity concentration were
14,09 kBq-kg'! and 1,48 kBq-kg™.

For Serbia it was shown (Dragovich et al., 2010) that
intensity of '*’Cs accumulation by mosses is species-
specific, which, in turn, connected with interspecific
differences of interception and retention of airborne
radioactive particles by moss loose carpets or dense pillows

(Tyler, 1990). Values of *’Cs concentration ratio for moss
species can be placed in such order (geometric mean =+
GSD): Hypnum cupressiforme Hedw. (3,62 + 3,05) >
Pleurozium schreberi (2,00 = 1,83) > Hylocomium
splendens (Hedw.) Schimp. (1,80 + 1,73) (Dragovich et al.,
2010). Mentioned above values of '*’Cs concentration ratio
were lower than those reported earlier.

Seasonal dynamics of “’Cs content was studied in
phytomass of Dicranum polysetum (Zarubina, 2023), and it
was identified that, in this species clear seasonal trend was
absent, however some peaks of this index were observed
during the year, not associated with a specific season.

Activity concentration of ’Cs was analyzed in
different moss species on biogeochemical barrier in
transsuperaquatic landscape of Ukrainian Polissia (Orlov,
2021). According with ®’Cs content in the upper, alive
part moss species of this biotope can be placed in such
order (Bq-kg") (M + m): Sphagnum fallax (H. Klinggr.)
H. Klinggr. (2810 + 330) > S. capillifolium (Ehrh.) Hedw.
(2780 + 350) > Polytrichum commune (1570 + 270) >
Dicranum polysetum (1500 £ 230) > Pleurozium schreberi
(1064 + 220).

In Italy, in Southern Alps on raised bog 4 years after
Chornobyl disaster vertical distribution of 1¥’Cs in fractions
of moss cover of Sphagnum capillifolium was studied
(Gerdol et al., 1994). It was found that the highest *’Cs
content was observed in the increment of 1986 year forming,
some lower of surface of alive part of moss — on the depth
4-6 cm—2913 £+ 1232 Bq-kg'!, increment of 1985 year also
was characterized by high *’Cs activity concentration —
2853 + 1352 Bq-kg!. Minimal '*’Cs activity concentration
was observed in the upper, alive part of Sphagnum moss —
increment of the first year — 2662 + 1319 Bq-kg'. This
distribution of '*’Cs was opposite to those obtained earlier
for radiocaesium derived from the nuclear weapon tests in
1960%, when values of ¥’Cs activity concentration always
were the highest in the top, alive part of Sphagnum spp.
(Clymo, 1978; Oldfield et al., 1979).

It was shown (Holovko, 2020) that in Western Polissia
of Ukraine on raised bogs maximum values of 1*’Cs specific
activity were observed in moss species of flooded hollows —
Sphagnum fallax, Aulacomnium palustre (Hedw.) Schwégr.
with ¥’Cs concentration ratio in the chain “moss — peat” =
2,5, and minimum — in hummock’s species — Sphagnum
magellanicum Brid. s. 1. and Polytrichum strictum Menzies
ex Brid. with concentration ratio = 1,3-2,0. It was reported
for montane sphagnous bog in Czech Republic that value
of 1¥Cs concentration ratio in the chain “Sphagnum moss —
peat” was equaled 1,7 (Michalic et al., 2014).

For ecosystems of mezooligotrophic bogs of Ukrainian
Polissia it was demonstrated that, in warm period
of the year, during active vegetation season ascending flow
of potassiumand *’Cs prevails in the thickness of sphagnous
cover — from dead, lower moss parts to alive apical parts,
and after the end of vegetation season — descending flow
(Orlov, 2000). Distribution of *’Cs activity concentration
among fractions of Sphagnum spp. during active
vegetation was similar in all studied species — '¥’Cs activity
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concentration decreased in the follow order: Sphagnum
alive — Sphagnum dead — peat litter in such species as
S. magellanicum, S. angustifolium (C.E.O. Jensen ex
Russow) C.E.O. Jensen, S. fallax, S. cuspidatum Ehrh.
ex Hoffm. (Opnos, [omin, 2010). It indicates a release
of ¥’Cs from dead lower part of Sphagnum by the way
of internal translocation of radionuclide to the upper alive
part (Vinichuk, et al., 2011).

It was shown that close connection of *’Cs activity
concentration in moss cover with density of ’Cs soil
contamination really exists. In particular, in Norway in
1986 in Hylocomium splendens this dependence was
linear, close (r = 0,75) and reliable (p < 0,01) (Steinnes
& Njastad, 1993); in Japan in 2014 in the zone of impact
of accident on NPP Fukushima in Hypnum plumaeforme
Wilson — it was linear, medium closeness (r = 0,55),
reliable (p = 0,001) (Oguri, Deguchi, 2018); in Ukraine, in
fresh infertile pine site type (A)) — also was linear, reliable
(p<0,01), close — for Dicranum polysetum (r = 0,83) and for
Pleurozium schreberi (r = 0,85) (Melnyk, Kurbet, 2018a).
For the northern sector of Exclusion Zone of Chornobyl NPP
it was shown (Dolgushin et al., 2020) that connection had
medium closeness (r = 0,63) of *’Cs activity concentration
in the green part of Pleurozium schreberi and Dicranum
polysetum with this index of 4-6-cm soil layer.

Study in Norway showed significant spatial
heterogeneity of Chornobyl radioactive depositions on
forest ecosystems on regional and local levels (Steinnes
& Njastad, 1993). In particular, in Hylocomium splendens
¥7Cs activity concentration on regional level (on grid
50 x 100 km) varied in the range 2,7-62,7 kBq-kg',
and on local one (on grid 5 x 10 km) — in the range
8,5-38,8 kBq-'kg'. Mosaic of radioactive contamination
of forest ecosystems (Bossew et al., 1996), including their
moss layer (Dolgushin et al., 2020; Frénzle, 2003) demands
of systematical statistical approach to moss and soil
sampling —using a grid with required step, with statistically
reliable number of samples on each experimental plot.

Objects and methodology. Radioecological study
of moss cover was conducted in two stages: in July
of 2002 and in July of 2022 at 3 experimental plots in
Zhytomyr Region, Korosten district, Povchanske forest
division of Branch “Lugyny Forestry” of State Enterprise
«Forests of Ukraine» (Table 1).

Table 1. A brief description of forest experimental plots

Vegetation was presented by pine forests of association
Molinio-Pinetum Matuszkiewicz (1973) 1981, forest
site condition — moist fairly infertile pine site type (B,),
typical for studied region. Moss layer had projective
cover 75-95% and mainly consisted of Pleurozium
schreberi (30-45%) and Dicranum polysetum (30-50%).
Less participation took part such species as Polytrichum
commune (3-5%), Leucobryum glaucum (1-3%),
and in depressions — Sphagnum capillifolium (Ehrh.)
Hedw. (1-3%) and S. palustre L. (1-3%)).

In 2002 on each experimental plot 20 soil samples were
systematically taken — by cylindrical drill, with diameter
5 cm, to the depth 10 cm. Moss were sampled in fivefold
repetition by fractions: Pleurozium schreberi and Dicranum
polysetum — increment of 1-2 years, increments of earlier
period (Figure 1); Polytrichum commune — increment
of the first year, increment of the second year, increments
of earlier period; Leucobryum glaucum, Sphagnum
capillifolium and S. palustre — increment of the first year,
increment of the second year, peat litter (semi-decomposed).

Increments of the 1st and 2nd years

Increments of earlier period

Fig. 1. Scheme of sampling of moss cover

from Dicranum polysetum

Puc. 1. Cxema BizOopy 3pa3kiB MOXOBOTO TIOKPUBY
3 Dicranum polysetum

Similar sampling was also carried out in 2022.
In 2002 on experimental plot in Povchanske forest
division, quarter 50, elementary forest stand 20 on square

Tadmuus 1. KopoTka XapakTeprCcTHKA JTICOBUX JOCTITHUX ISTHOK

Forest division,
quarter/
elementary forest
stand

Geographical
coordinates

Composition
of tree canopy,
stand origin

Povchanske, 50/20

51°08'13.29"N,
28°35'32.72"E

Pine — 100%,
natural

Povchanske, 50/21

51°08'13.12"N,
28°35'42.41"E

Pine — 100%,
forest cultures

Povchanske, 50/22

51°08'13.58"N,
28°35'48.87"E

Pine — 100%,
forest cultures

. Stand
Age, Height, m Dia- Stan.d quality
years meter, cm | density class
66 23 28 0,70 I
51 16 16 0,80 11
51 18 22 0,80 I
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1,0 ha (100 x 100 m) systematical statistical sampling
of moss cover from Dicranum polysetum and soil under
moss was conducted with grid 10 x 10 m. In total 100 moss
samples and 100 soil samples were collected.

Moss and soil samples were dried during
72 h at temperature 80°C, and then they were homogenized,
subsequent sample’s preparation for spectrometric analysis
was carried out by standard methods. Measurement of *’Cs
specific activity was conducted in a Marinelli container
(1000 c¢m?), also smaller containers were used — with
volume 135 cm® and 75 c¢cm®. The activity concentration
of ¥Cs in the samples was measured using a SEG-
001 AKP-C-150 spectrometer analyzer with scintillation
detector BDEG-20-R2. The relative error of measurement
of ¥’Cs activity concentration did not exceed 15%.

Coefficient of biological absorption was used as
an index of intensity accumulation of *’Cs by mosses in
the chain «soil — moss». It was calculated as a ratio of *’Cs
activity concentration in moss to radionuclide activity
concentration in the soil:

Amoss
CBA = , where
Asoil
CBA - coefficient of ¥’Cs biological absorption;
A . —"7Cs activity concentration in moss, Bq-kg'';
A, — "Cs activity concentration in the soil, Bq-kg™.

This index is fully consistent to such index as
concentration ratio, usually using in radioecology
(Handbook of parameter..., 2010).

Statistical processing of obtained results was conducted
by standard methods (Horkavy, 2009) in package Excel
and Statistica 10.0. Evaluation of spatial heterogeneity
of 1¥’Cs activity concentration in moss cover and in the soil
was given using an approach, designed by 1.G. Grabar
(Grabar, 2023; Orlov, Grabar, 2023). Names of mosses
were given by (Hodgetts et al., 2019), and forest site type —
according with (Pohrebniak, 1931).

Results and discussion. For experimental plots mean
values of '*’Cs activity concentration in the soil were
calculated: in 2002 — 2850 + 379 Bq-kg"' and in 2022 —
14204243 Bq-kg! as well as mean values of density of *’Cs
soil contamination: in 2002 — 318,63 + 34,18 kBq'm?,
and in 2022 — 158,76 + 20,54 kBq-m™.

The study of the values of 1*’Cs activity concentration in
fractions of moss species in 2002 and 2022 made it possible
to reveal general features of radioactive contamination
of moss cover in the studied area (Table 2).

Inboth periods an analysis of 1¥’Cs activity concentration
in the upper, alive part of mosses is of great importance.
In particular, in 2002 according with the mean *’Cs content
in increment of the 1* year (increments of 1-2 years) moss
species can be placed in such order (M £+ m, kBq-kg™'):
Leucobryum glaucum (21,65 +0,89) > Dicranum polysetum
(21,36 £ 1,00) > Polytrichum commune (19,68 + 1,48)
> Sphagnum palustre (19,46 £ 1,51) > S. capillifolium
(17,46 £ 1,20) > Pleurozium schreberi (9,91 = 0,62). Thus
in 2002 interspecies differences of the mean *’Cs content
in mentioned above species row reached 2,2 times.

Data of Table 2 also Takox testify about specific 1*’Cs
activity concentration distribution among fractions of moss
cover. In particular, in 2002 mentioned above distribution
in all moss species was as follows: maximum values
of 1¥7Cs activity concentration were characteristic for alive,
apical parts — increment of the 1% year and increments both
the 1% and the 2™ years. Below in moss fractions a decrease
in this index was observed in increment of the 2 year,
increments of the earlier period and peat litter. For
example, in Polytrichum commune the mean value of *’Cs
activity concentration decreased in following ranged raw
of fractions (M + m, kBq-kg!): increment of the 1* year
(19,68 + 1,48) > increment of the 2™ year (15,34 = 1,17) >
increments of the earlier period (11,05 + 1,10); in Sphagnum
palustre corresponding values were 19,46 £ 1,51 kBq-kg™';
12,62 + 1,46 kBq-kg"! and 8,72 + 1,05 kBq-kg'. Results
of ANOVA showed that differences of mean *’Cs content
in fractions of moss cover were significant and reliable

in all studied moss species: Pleurozium schreberi
(F,,. =5,70> FO,95 =5,32; p = 0,04), Dicranum polysetum
(F,, =6,15> FO,95 =5,32; p=10,04), Leucobryum glaucum
(F,,.. =6,09> FO’95 =3,89; p=0,01), Polytrichum commune
(F,, = 11,69 > F ,. = 3,89; p = 0,002), Sphagnum

capillifolium (F, = 5,20 > FO’95 = 3,89; p = 0,02),
S. palustre (F, = 16,02 > FO’95 =3,89; p = 0,000). Some
differences were observed in distribution of *’Cs activity
concentration in fractions of Leucobryum glaucum
and other moss species. For this species in 2002 maximum
1¥7Cs content was characteristic in the increment of the 1*
year (21,65 + 0,89 kBq-kg!), decrease of this index in
the increment of the 2™ year (18,15 + 0,77 kBq-kg')
and increase of it in peat litter semidecomposed
(21,05 +£ 0,58 kBq-kg™").

Comparative analysis of '¥’Cs activity concentration in
mosses after 20 years, in 2022 demonstrates an important
changes (Table 2). It was identified that in all moss species
values of this index significantly decreased, maximum
decrease was observed in Dicranum polysetum — 2,46 times,
and minimum one — in Sphagnum capillifolium — 2 times,
in other studied species decrease had intermediate
values. In 2022 according with the mean “’Cs activity
concentration in the increment of the 1* year (increments
of 1-2 years) moss species formed the following row
M + m, kBq-kg"): Leucobryum glaucum (10,54 + 1,35)
> Polytrichum commune (9,54 + 0,99) > Sphagnum
palustre (8,73 + 0,83) > Dicranum polysetum (8,68 + 1,07)
> Sphagnum capillifolium (8,51 = 0,59) > Pleurozium
schreberi (4,22 + 0,51). Thus, in 2022 interspecies
difference of mean "*’Cs content in mentioned above row
of species reached 2,5 times, that exceeded such index
0f 2002. Also it should be noted that mentioned above row
of moss species in 2022 is somewhat different from those
in 2002.

Data of Table 2 also testified that distribution
of 1¥Cs activity concentration among fractions of majority
of moss species in 2002 and 2022 was similar: maximal
values of '¥’Cs activity concentration were observed in
the increment of the 1% year (increments of 1* and the
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Table 2. Activity concentration of '¥’Cs (kBq-kg™!, d.w.) in fractions of moss cover of different species in 2002 and 2022
Taéauus 2. [Turoma akrusHicTs *’Cs (KBK'Kr™!, Ha CyXy Bary) y (pakiiissix MOXOBOTO MOKPUBY pizHuX BuiB y 2002 p. Ta 2022 p.

M0§s Fraction of moss cover M m Std V% P% min. max.
species
2002
Pleurozium Increment of 1-2 years 9,91 0,62 1,38 13,90 6,22 7,76 11,25
schreberi | Increment of earlier period 7,84 0,61 1,36 17,41 7,79 6,20 8,90
Dicranum Increment of 1-2 years 21,36 1,00 2,22 10,42 4,66 18,58 2431
polysetum Increment of earlier period 17,85 1,01 2,25 12,61 5,64 15,11 20,71
Increment of the first year 19,68 1,48 3,32 16,86 7,54 16,55 25,00
Polytrichum
commune Increment of the second year 15,34 1,17 2,62 17,09 7,64 12,93 19,53
Increment of earlier period 11,05 1,10 2,45 22,18 9,92 9,10 15,10
Increment of the first year 21,65 0,89 1,99 9,20 4,12 19,00 23,03
Leucobryum
glaucim Increment of the second year 18,15 0,77 1,71 9,44 4,12 16,09 20,00
Peat litter (semidecomposed) 21,05 0,58 1,29 6,15 2,75 19,60 22,61
Increment of the first year 17,46 1,20 2,69 15,38 6,88 13,00 20,00
Ciﬁf’ﬁyg,gl’f;”m Increment of the second year | 15,30 1,62 3,62 23,68 10,59 10,68 20,14
Peat litter (semidecomposed) 11,20 1,33 2,97 26,48 11,84 8,09 15,43
Increment of the first year 19,46 1,51 3,37 17,34 7,76 15,07 24,50
Sphagnum f th d 12,62 1,46 32 25,9 11,61 8 15,92
palustre Increment of the second year R K 27 5,95 K 55 5,
Peat litter (semidecomposed) 8,72 1,05 2,36 27,02 12,08 6,27 11,64
2022
Pleurozium Increment of 1-2 years 422 0,51 1,14 26,96 12,06 3,04 5,59
schreberi Increment of earlier period 3,28 0,50 1,11 33,85 15,14 2,32 5,01
Dicranum Increment of 1-2 years 8,068 1,07 2,40 27,69 12,38 5,80 12,20
polysetum Increment of earlier period 6,94 0,33 0,74 10,72 4,79 5,70 7,70
Increment of the first year 9,54 0,99 2,22 23,29 10,41 9,21 11,82
Polytrichum
commune Increment of the second year 7,55 0,58 1,30 17,26 7,72 5,62 8,73
Increment of earlier period 5,47 0,90 2,02 36,96 16,53 3,10 8,58
Increment of the first year 10,54 1,35 3,03 28,76 12,86 7,82 15,10
Leucobryum 7y f th d 9,03 1,25 2,80 31,00 13,87 6,10 12,30
glaucum ncrement of the second year 5 ) s 5 s 5 5
Peat litter (semidecomposed) 10,56 1,27 2,85 26,96 12,06 6,97 12,39
Increment of the first year 8,51 0,59 1,33 15,62 6,98 6,88 10,48
Sphagnum 7y fth d 6,57 0,74 1,66 25.26 11,30 4,59 8.32
capillifolium ncrement of the second year 5 5 s S S 5 5
Peat litter (semidecomposed) 4,93 0,53 1,20 24,32 10,87 3,52 6,41
Increment of the first year 8,73 0,83 1,85 21,20 9,48 6,28 10,62
Sphagnum
palustre Increment of the second year 6,18 0,72 1,60 25,95 11,61 4,18 7,79
Peat litter (semidecomposed) 4,10 0,50 1,11 27,12 12,13 2,95 5,48

Note: M — arithmetic mean; m — absolute error of arithmetic mean, Std — standard deviation; V% — coefficient of variation;

P% — relative error of arithmetic mean.

2" years). Decrease of this index was noted lower
in moss fractions — in the increment of the 2™ year
and in increments of the earlier period and in peat litter. An
exception to the regularity described above in 2022 became
Leucobryum glaucum. Fot this species maximum ’Cs
content was observed in peat litter semidecomposed
(10,56 + 1,27 kBq-kg™), only slightly lower this index was
in the increment of the 1% year (10,54 + 1,27 kBq-kg™"),
and significantly lower — in the increment of the 2™ year
(9,03 + 1,25 kBq-kg'). However results of ANOVA
indicated an absence of statistically reliable differences
of ¥7Cs content in mentioned above fractions of Leucobryum
glaucum (F, =1,12<F . =3.89).

For bryomonitoring of radioactive contamination
of forest ecosystems it is important to provide the data on

intensity of *’Cs distribution in the chain “soil — moss”
on the basis of values of coefficient of '*’Cs biological
absorption (CBA) (Figures 2-3).

Data of Figure 2 clearly show that in 2002 the maximum
values of CBA in the increment of the 1% year were observed
in Leucobryum glaucum (7,59 + 0,43) and Dicranum
polysetum (7,50 + 0,52) and minimum ones — in Pleurozium
schreberi (3,48 £+ 0,23) and Sphagnum capillifolium
(6,13 + 0,50). Mean values of CBA for Dicranum
polysetum and Pleurozium schreberi were close to those
reported earlier (Melnyk, Kurbet, 2018b).

Results of ANOVA (Table 3) also clearly showed
that mean values of '"Cs CBA differed reliably in
Pleurozium schreberi and all other moss species
(Fpe, = 26,84 — 73,01 > F .= 5,32; p = 0,000 - 0,001),

fact.
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however, such differences were absent between the rest
moss species (F, = 0,003 -4,07 <F . =532).

It should be especially emphasized that the observed
high values of *’Cs activity concentration in moss cover as
well as values of coefficient of 1*’Cs biological absorption
are determined not by the active absorption of radionuclide
from the soil during the observation period by moss species,
but, on the contrary — by self-cleaning of moss cover from
¥7Cs. As a result, part of the radionuclide activity migrates
with a downflow from the moss cover into the soil. But
at the same time intensive migration and redistribution
of ¥’Cs with upflow occurs in the thickness of the moss
cover — from dying and died parts of mosses to alive apical
ones. Last process is species-specific.

We consider it appropriate to briefly analyze sources
of ¥7Cs uptake to moss cover, and also processes providing
accumulation, retention and redistribution of “’Cs in
the thickness of moss cover. The main sources of *’Cs
uptake to moss cover are follows. 1. ¥’Cs derived from
Chornobyl accidental fallouts in 1986. 2. Modern global
atmospheric depositions of radionuclides, including *’Cs,
due to activity of nuclear facilities all over the world.
According to (Report..., 2023), mean value of density
of beta-active atmospheric depositions on the territory
of Ukraine in 2022 amounted up to 1,6 Bq-m? per day. 3.
Tree crown runoff and trunk runoff of radionuclide due to
its leaching from leaves, twigs, bark, etc. 4. Resuspension
which leads to surface contamination of moss cover by
small soil particles containing *’Cs (Garger, 1994).

In ectohydritic mosses cell walls are easily penetrable
for metal ions, including "’Cs, since they have neither
epidermis nor cuticle and accumulate metals in a passive
way acting as ion exchangers (Frinzle, 2003).

In dense pillows of ectohydritic species Dicranum
polysetum stems are covered by dense, felt-like rhizoids,
and most likely that '*’Cs absorption carried out by these
rhizoids from solutions, entirely impregnating moss
cover and often connecting with forest litter and soil.
In ectohydritic moss species water moves due to capillary
forces (Proctor & Tuba, 2002). Also these species have
connecting elongated cells with water transport caused by
surface tension (Ktos et al., 2012).

Ectohydritic moss Pleurozium schreberi which forms
loose carpets can obtain some micronutrients from the soil
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(Dothanczuk-Srédka et al., 2011; Van Tooren et al., 1990).
This species often have a little bit of soil and detrital
particles nestled among the leaf bases. They could be
derived from the soil and found that indeed nutrients did
arrive on the plants from the soil, but in small quantities.

Table 3. Results of ANOVA of mean values of coefficient of '¥’Cs biological absorption in moss species in 2022
Ta6uuus 3. Pe3ynbsrary TUCIIepCiifHOro aHami3y cepe/Hix 3HadeHs Koedimienta Gionoriuaoro mormHauHst *’Cs y BuiB MoxiB y 2022 p.

Pleurozium Dicranum Polytrichum Leucobryum Sphagnum
schreberi polysetum commune glaucum capillifolium
. 46,26
Dicranum polysetum p = 0,000
. 59,42
Polytrichum commune p = 0,000 0,96
73,01
Leucobryum glaucum p = 0,000 4,07 1,10
R 26,84
Sphagnum capillifolium p=0,001 0,03 1,04 3,73
Sphagnum palustre 31,76 0,003 0,66 3,06 0,04
p = 0,000 ’ ’ ’ ’

Note: F .= 5,32.
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For endohydric species Polytrichum commune (Proctor,
2000) with well-developed rhyzoids in the soil and internal
water movement through the water-conduction system
most likely some soil input was involved, with addition
of upward water movement through external capillary
action (Glime, 2017). The possibility of '’Cs transfer to
moss cover from forest litter through mycorrhizae probably
also can take place (Ying & Liang-Dong, 2007).

InSphagnumcoverdecrease of'*’Csactivity concentration
demonstrates a release of radionuclide from dying and died
fractions of moss by internal '*’Cs translocation upward to
alive apical part — capitulum (Orlov, 2000; Vinichuk et al.,
2011). This process is general for both cations — K* (Dainty
and Richter, 1993) and *’Cs* (Orlov, 2000; Vinichuk et al.,
2011). In Sphagnum mosses appears to be the carboxyl
group of galacturonic acid in the composition of pectin,
which accounts up to 30% of the dry weight of Sphagnum,
that are responsible for radiological properties of these
mosses (Balance et al., 2015).

Analysis of mean values of coefficient of '*’Cs biological
absorption in mosses after 20 years, in 2022 showed important
features (Figure 3). In particular, despite a significant decrease
of ¥'Cs activity concentration in fractions of all studied
moss species mean values of coefficient of *’Cs biological
absorption decreased insignificant. For example, in
Dicranum polysetum mean values of CBA in 2002 were
equal 7,50 £ 0,52 and in 2022 — 6,11 £ 0,43; in Polytrichum
commune — 6,91 = 0,42 and 6,72 = 0,45 respectively. Similar
dynamics was also observed in other studied moss species.
Slight decrease of coefficient of '*’Cs biological absorption is
determined primarily by the fact that both for soil and mosses
the main factor of decrease of *’Cs content is physical decay,
and the rest factors have a much smaller impact.

We analyzed statistical differences of mean values
of CBA "Cs in fractions of studied moss species in
2022 and identified that in general they were similar
to those 2002. In particular, it was shown that mean

3.4

r=0,76; ’=0,58; p=0,0000

14 16 18 20 22 24 26 28 30 32 34

¥7cs activity concentration in Dicranum polysetum, kBq-kg"

Fig. 4. Graph of dependence of '*’Cs activity concentration

in the soil from radionuclide activity concentration in moss
Dicranum polysetum

Puc. 4. I'padik 3anexHocti mutomoi aktusHocTi ¥’Cs y rpyHTI
BiJl KOHIIEHTpalii paxioHykiniaa y Moxy Dicranum polysetum

12

values of CBA ’Cs in fractions of moss species
differed significantly and reliably: Pleurozium schreberi
(Fy =6,07>F . =532 p=0,04), Dicranum polysetum
(F,.. =533> FO,95 =5,32; p=0,05), Polytrichum commune
we. = 13,23 > FO’95 = 3,89; p = 0,001), Sphagnum
capillifolium (F, = 7,87 > F . = 3.89; p = 0,007),
S. palustre (F, = 17,54 > F . = 3,89; p = 0,000).
The exception was Leucobryum glaucum in which
differences in CBA between fractions were not significant
(Fpe, = LI2<F ;. =3,89).

For  bryomonitoring purposes of radioactive
contamination by *’Cs of forest biogeocenoses dependence
of 1¥7Cs activity concentration in the soil from radionuclide
activity concentration in moss Dicranum polysetum in
2002 was calculated (Figure 4).

Data of Figure 4 indicate that mentioned above
dependence was linear, close (r 0,76) and reliable
(p = 0,000). These data are in the good agreement with
results of other researches (Dolgushin et al., 2020; Melnyk,
Kurbet, 2018a).

For bryomonitoring of radioactive contamination
of forest ecosystems sampling stategy is of great importance
which is caused by significant spatial heterogeneity of '*’Cs
contamination of soil, mosses and other components
of forest biogeocenosis. Therefore a general view
of spatial heterogeneity of *’Cs activity concentration in
moss Dicranum polysetum and in the soil was obtained
on the basis of systematical sampling on grid 10 x 10 m
(Figures 5-6).

The data of Figures 56 clearly demonstrate a significant
spatial heterogeneity of '’Cs fallout in the forest ecosystem,
which is naturally reflected in the spatial distribution
of the activity concentration of the mentioned radionuclide both
in the moss cover with Dicranum polysetum and in the soil.
The data of Figs. 5-6 allow us to draw a general conclusion that
the spatial distribution of both indexes was characterized by high
spatial heterogeneity and had a focal character. The analysis
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Fig. 5. Spatial heterogeneity of '¥’Cs activity concentration
(kBq-kg™") in moss Dicranum polysetum on the square 1 ha

in 2002, based on systematical sampling (100 samples)

Puc. 5. [IpocTopoBa HEOJHOPIAHICTH MUTOMOT aKTHBHOCTI ¥'Cs
(xkbk-kr") y Mmoxy Dicranum polysetum na ot 1 ra'y 2002 p.
Ha OCHOBI cucTeMarnyHoro Binbopy (100 3pa3kis)
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of statistical indexes shows that '¥’Cs activity concentration
in moss cover with Dicranum polysetum on the area of 1 ha
ranged from 12,1 to 31,8 kBq-kg!, with an average value
of21,5+0,46 kBq-kg'', with a coefficient of variation of 21,2%.
In the soil, the minimum value of *’Cs activity concentration
was 1,7 kBqkg!, maximum — 4,1 kBqkg!', average —
2,8 £0,07 kBq-kg, and coefficient of variation — 23,0%.

Not only the above statistical indexes of the studied
radioecological parameters at the research site are critically
important, but also their spatial distribution. Below, we
make an attempt to analyze it by the methodology of fractal

geometry.
The well-known postulate of B. Mandelbrot
(Mandelbrot, 1982) states that almost all living

and nonliving nature is filled with fractal structures.
In general, we (Grabar, 2023; Grabar & Kubrak, 2023)
found that random Brownian processes in the field of two
or more generalized gravitational forces always generate
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Fig. 6. Spatial heterogeneity of '*’Cs activity concentration
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fractal attractors. Formulas have been designed to quantify
the fractal dimensions in engineering (porosity, aero-
and hydrodynamic characteristics of synthesised fractal
structures) as a function of the characteristics of the field
of generalized gravity, its homogeneity, iso- or anisotropy,
points of force application, etc. It has been shown that
a statistical draw in the field of two or more generalized
gravitational forces allows one to naturally (without artificially
adding or subtracting subsets to/from the initial set) synthesize
any of the known mono- or multifractals — linear, planar or
volumetric, of a given fractal dimension, porosity and other
useful properties (Grabar, 2023; Grabar and Kubrak, 2023).
This gives us confidence in the possibility of obtaining
a fractal distribution, structure or signal at the output in any
natural stochastic process if the process is controlled by two
or more generalized attractive forces.

In the case when the generalized forces of attraction
have a homogeneous isotropic field, a monofractal structure
(signal, distribution) with fractal dimension D is synthesized.
If the field is isotropic and inhomogeneous, an isotropic
multifractal structure (signal, distribution) is synthesized with
aset of fractal dimensions D1 ... DN. If the field of generalized
gravitational forces is heterogenecous and anisotropic,
an anisotropic multiractal structure (signal, distribution) is
synthesized with a set of fractal dimensions D1X; DIY;
DI1Z ... DNX; DNY; DNZ.

The constructed tensor-matrix  formalism  for
the synthesis of multifractals allows us to predict the size
of subsets of any generation of multifractal (Grabar, 2023).
We also obtained the conditions for the boundary transition
to the continuum, which is considered as a particular case
of a fractal distribution, structure or signal (Grabar, 2023;
Grabar & Kubrak, 2023).

Figures 7-8 show in double logarithmic coordinates
the dependence of the average values of '“'Cs activity
concentration in Dicranum polysetum and in the soil on
the grid spacing. The grid spacing was varied in the range
of 10...100 m, selecting from the set of values of the baseline
experiment (Tables 4 and 5), their subsets corresponding to
the grid spacing of 20, 30 and 100 m (Tables 4, 4a, 4b, 4c
and 5, 5a, 5b, 5c¢).

The decreasing of the average values of '¥’Cs activity
concentration in Dicranum polysetum depending on the grid
spacing confirms its fractal nature.
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Table 4. Activity concentration of '¥’Cs in Dicranum rolysetum, kBq kg™, step — 10 m
Ta6auus 4. [Turoma akrusHicts *’Cs B Dicranum polysetum, KBk kr™!, kpok 10 m

1
2
3
4
5
6
7
8
9

Table 4b. Activity concentration of '¥’Cs in Dicranum
rolysetum, kBq kg, step — 30 m
Taoaunust 46. [Tutoma axrusaicts ¥’Cs y Dicranum rolysetum,

Table 4a. Activity concentration of '*’Cs in Dicranum
KBk kxr!, kpok — 30 M

rolysetum, kBq kg, step — 20 m

Ta6auust 4a. [Turoma akrusuicts *'Cs 'y Dicranum rolysetum, 1 4 7 10
KB ki, kpox — 20 1 13,7 247 27 163
! 3 5 7 i 4 153 242 23,6 2.8
1 13,7 15,5 26,8 27 16,4 297 21,5 19,9 25,6
3 12,1 15,2 26,5 27 16,1 10 212 207 17.4 16.9
5 20,6 20,4 20,3 23 26,5
7 29,7 28.9 20,2 19,9 25,5 Table 4c¢. Activity concentration of '*’Cs in Dicranum rolysetum,
-1
0 273 277 20 18 17.6 I;B;gﬂklflgll;lS‘:-il.:)HI/IIT(‘)O?VI?aKTI/IBHiCTL ICs y Dicranum rolysetum,

Kbk k!, kpok — 100 m

1 10
1 13,7 16,3
10 21,2 16,9

Table 5. Activity concentration of '*’Cs in the soil, kBq kg™, step — 10 m
Taéauus 5. [Turoma akrusHicts *’Cs y rpyHTi, KBK Kr!, Kpok — 10 M

1
2
3
4
5
6
7
8
9
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Table 5a. Activity concentration of '*’Cs in the soil, kBq kg™,
step —20 m
Ta6umuus 5a. [Turoma akrusHicts ¥'Cs y 1pyHTi, KBK KI™!, Kpok — 20 M

1 3 5 7 9
1 1,7 2,1 3,6 3,7 2,2
3 1,7 2,1 3,5 3,7 2,1
5 2,7 2,7 2,6 3 3,5
7 3 2,2 2,6 2,5 34
9 3,7 3.8 2,5 2,3 2,2

Table 5b. Activity concentration of '*’Cs in the soil, kBq kg'!,
step—30m

Ta6auust 56. [Turoma aktusHicTs *’Cs y rpyHTi, KBK KT,
Kpok — 30 M

1 4 7 10
1 1,7 34 3,7 2,2
4 2,1 2,1 3.2 3

3 2,9 2,5 3,5
10 2,8 2,7 2,2 2,2

Table 5c¢. Activity concentration of ¥’Cs in the soil, kBq kg™!,
step — 100 m
Tatumus Sc. [Turoma akruBaicTs 3’Cs y rpyHTi, KBK KI!, Kpok — 100 M

1 10
1 1,7 2,2
10 2,8 2,2

In Figure 9, the values of the matrices of the basic
experiment (Tables 4 and 5) are expanded into a column
vector and depicted graphically. The analysis of the obtained
graphical images also confirms its fractal distribution.
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A full measurement/sampling matrix (100 samples)
requires a lot of labour and material costs. We propose
to replace the full matrix with a Vicsek matrix, when
measurements are conducted only along the central column
of the matrix and its central row, or along the main diagonals
of the full matrix (Tables 4-5). The Vicsek fractal (Vicsek
snowflake) is constructed on a square area Q by sequentially
dividing it into squares and discarding the corner (cross
fractal) or middle (diagonal fractal) subareas.

Replacing the full matrices with the Vicsek matrices
gave the following results (Fig. 10, Table 6).
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Fig. 10. Correlation between the of '*’Cs activity concentration
in moss Dicranum polysetum and in the soil, built

on the Vicsek fractal

Puc. 10. Kopersitiist Mi>k THTOMO0 akTHBHICTIO 'CS y MOXY
Dicranum polysetum Ta rpyHTi, noOynoBana Ha ¢ppakraii Bicexa

Table 6. Comparison of factual and calculated (on Vicsek
matrix) values of ’Cs activity concentration in Dicranum
polysetum and in the soil, kBq-kg!

Taéauus 6. [TopiBHsAHHS (AKTHIHOI TA PO3PAXYHKOBOT

(na matpui Biceka) nutomoi akrusnocti ¥’Cs y Dicranum
polysetum ta 'y rpynTi, KBK K™

Full matrix | Vicsek matrix R:;:;x;;ve
Indexes (100 measu-| (20 measu-
rences,
rements) rements) N
)
Average
137Cs activity
concentration 25,5 234 -8,2
in Dicranum
polysetum, kBq kg!
Average
137, i
Cs activity 2.83 3,06 +7,5
concentration in the
soil, kBq kg
As can be seen from Table 3, replacing

the full measurement matrix (100 measurements) with
the Vicsek matrix (20 measurements) allows to optimize
sampling — to reduce the number of field study (samples
taken) by 5 times. At the same time, the differences
between the average values of the actual and calculated
of B¥7Cs activity concentration in Dicranum polysetum
and in the soil were less than +10%, which is quite
acceptable in environmental studies.
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Conclusion. 1. In 2002 according with the mean *’Cs
content in increment of the 1% year (increments of 1-2 years)
moss species can be placed as follows: Leucobryum
glaucum > Dicranum polysetum > Polytrichum commune
> Sphagnum palustre > S. capillifolium > Pleurozium
schreberi. Interspecies differences of the mean *Cs
content in this row reached 2,2 times.

2. In 2022 in all moss species values of '¥’Cs activity
concentration decreased, maximum decrease was observed
in Dicranum polysetum — 2,46 times, and minimum one —
in Sphagnum capillifolium — 2 times.

3. In 2002 and 2022 distribution of '*’Cs content
in fractions of all moss species was similar: maximum
values of ¥’Cs activity concentration were characteristic
for alive, apical parts — increment of the 1* year. Below,
in moss fractions a decrease in this index was observed
in the increment of the 2 year, increments of the earlier
period and in peat litter.

4. Despite a significant decrease of '*’Cs activity
concentration in fractions of all studied moss species
mean values of coefficient of *’Cs biological absorption
decreased insignificantly.

5.1In 2022 according with the mean values of CBA moss
species can be placed as follows: Leucobryum glaucum
(7,42 = 0,49) > Polytrichum commune (6,72 £ 0,45) >
Sphagnum palustre (6,15 £ 0,54) > Dicranum polysetum
(6,11 £0,43) > S. capillifolium (5,99 £ 0,56) > Pleurozium
schreberi (2,97 £0,18).

Dependence of '*’Cs activity concentration in the soil
from *’Cs activity concentration in Dicranum polysetum
was linear, close (r = 0,76) and reliable (p = 0,000).

Spatial heterogeneity of '*’Cs contamination of moss
cover and soil was high and had a focal character.

Decreasing dependence of mean value of *’Cs activity
concentration in moss cover and in the soil from the grid
step is a confirmation of its fractal distribution.

Correlation dependence between ’Cs activity
concentration in Dicranum polysetum and in the soil build
on Vicsek fractal is close (r* = 0,78).

We propose replacing of full matrix with the Vicsek
matrix, where the selection of sampling points is conducted
only along the central column and the central row of the full
matrix, or along the main diagonals of the full matrix. This
allows us to optimize sampling — to reduce their number
in 5 times, with the relative difference of obtained average
values with the full matrix less than +£10%.
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3asdanns docuiodxceny — oyinumu misceudosi giominnocmi axymyaayii '¥’Cs moxamu; npoananizyeamu posnooin ’Cs midic ¢ppakyismu moxie,
susieumu bazamopiuny ounamixy emicmy '’Cs y moxax ma eeruuunu xoegiyienma 6ionociunozo noenunanns '’Cs moxamu y 2002-2022 pp.;
pospaxysamu 3anedicricme migxe numomoto akmuenicmio 3’Cs y Dicranum polysetum ma y tpynmi nHa OCHO8I CIMAMUCIMUYHO20 CUCIEMAMUYHO2O
nioxody; UABUMU NPOCMOPOEY HEOOHOPIOHICMb numomoi akmusnocmi '¥Cs y Moxoeomy nokpugi ma rpynmi i KileKiCHO OYiHumu i 3 6UKOPUCIAHHAM
3acobie ¢paxmanvnoi eeomempii. Jlocuiooicenns npogsedene y 2 emanu: y 2002 p. ma 2022 p. na 3 npobnux niowax y Kumomupcokiu oon.,
Kopocmencoromy p-ui, Ilosuancekomy nichuymsi, ¢inii « /11 Jlyeuncoke nicoge cocnodapemeoy 11 «Jlicu Yrpainuy. Pociunnicms 6yia npedcmasiena
cocnosum nicom acoyiayii Molinio-Pinetum Matuszkiewicz (1973) 1981, y muni nicopocaunnux ymos eonoeuti cyoip (B,). 3pasku moxie 6iobupanu
no pakyisix: npupicm nepuio2o poxy, npupicm 0py2o2o poky, npupicm 6inew pannix pokie ma ouic. Ilumomy axmuenicme '3’Cs eumipiosanu na
cnexkmpoananizamopi CEI-001 AKII-C-150 i3 cyunmunsyiinum 0emexmopom BJJEI-20-P2. Hk nokaznux inmencuenocmi axymyasyii ’Cs y nanyi
«epynm — mox» 6y euxopucmanuii koegiyienm 6ionociunozo noenunanns (KbI). ¥V 2002 p. 3a cepeonimu snauennsmu emicmy ’Cs y npupocmi
nepuLo2o poKy (npupocmax nepuiozo ma Opy202o poKie) 6uou MOXie MONCHA posmicmumu 6 maxkomy nopaoky: Leucobryum glaucum > Dicranum
polysetum > Polytrichum commune > Sphagnum palustre > S. capillifolium > Pleurozium schreberi, 3 Misic6ud08uUMU 8IOMIHHOCMAMU YbO2O NOKAZHUKA
v 2,2 paza. ¥ 2002 p. ma 2022 p. poznodin numomoi axmuenocmi '¥’Cs mizxc gppakyismu moxie 0y6 nodiGHuM: MAKCUMANbHI GeIUYUHU NUMOMOT
axmuenocmi ’Cs Oynu 6 JCUBUX, 6ePXIBKOBUX YACIUHAX — NPUPOCTI NEPULO20 POKY (MPUPOCMAX Nepuio2o ma 0py2oeo pokie). Huolcue yici vacmunu
CROCMEPI2ANOCs 3MEHUWEHHS Yb020 NOKAZHUKA Y NPUPOCHI Opy2020 POKY, Npupocmax Oiibil paHHb020 nepiody i ouoci. V 6cix eudie moxis y 2002—
2022 pp. emicm ’Cs cymmeeo smenmugcs — 6i0 2,46 pasza y Dicranum polysetum oo 2 paszie y Sphagnum capillifolium. Heseascaiouu na cymmese
smeHwenns: numomoi akmusnocmi ’Cs y ppakyisx ycix docnioscenux eudie moxis, cepeoni senuvuny KBy 2022 p. c1abo 3menuunucs nopieHsHo
s makumu 2002 p. V 2022 p. 3a cepednimu snavenusimu KBTI 6uou moxie mosicyms Oymu posminjeni maxum yunom: Leucobryum glaucum (7,42 +0,49) >
Polytrichum commune (6,72 + 0,45) > Sphagnum palustre (6,15 + 0,54) > Dicranum polysetum (6,11 + 0,43) > S. capillifolium (5,99 + 0,56) >
Pleurozium schreberi (2,97 £ 0,18). 3anexcnicmo numomoi akmusnocmi '¥’Cs y ipynmi 6i0 numomoi akmuenocmi 3’Cs y Dicranum polysetum 6yna
ninitmoro, micnoio (r = 0,76) i docmosiproto (p = 0,000). I[Ipocmoposa neodnopionicme 3abpyonenns 3’Cs moxosoeo nokpusy ma rpyumy oyna
BUCOKOIO MA MAA 0CEPeOKOSULL Xapakmep. 3menutenis cepeouix 3nauens numomoi axmusnocmi '’Cs y MOX080MY NOKpUGI ma Ipynmi 3a1excho 8io
KPOKY CImKU € niOmeepoACceHHAM IX (ppakmanvioeo po3nooiny. Mu 3anpononyeanu 3amMiHumu nosHy Mampuyio 6io6opy npob mampuyero na gppaxmani
Bicexa, 3 6i060pom npob auuie no yeHmpaibHOMy CMosoy ma YyeHmpaibHOMY POKY a60 NO 20106HUX OIA2OHANAX NOGHOI MAMPUYi, o O0de 3Mo2y
SMEHWUMU 3a2a1bHY KIIbKICMb 3paA3Kie y 5 pazis, 3 6IOHOCHOIO pisnuyelo cepeoHix 3uavens numomoi akmusnocmi ¥’Cs y moxy ma tpynmi nopiensino
3 nosHol mampuyeio menuie 3a +10 %.

Kniouosi cnosa: Ypaincore Ilonices, nicosi 6io2eoyenosu, Ipyum, Moxosuil nokpus, gpaxyii moxie, numoma axmuenicme 3’Cs, koegiyicnm
6Gionoziunozo noznunanns '¥’Cs, npocmoposa neoonopionicme, gppakmanvhia zeomempis, ¢ppaxman Biceka.
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