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Abstract

Temporal variations of radionuclide levels in the epiphytic Usnea sp. lichens from the two islands Sakha-
lin and Kunashir, the Sakhalin region, Russia have been evaluated using the already published (2011—2013)
and new experimental data (2015). A total of 62 lichen samples were measured using high purity germanium
y-ray detectors and multichannel analyzers. In the period 2011—2015, activity concentrations of the an-
thropogenic radionuclides *Cs and "’Cs and the natural radionuclides "Be and “’K were found to be in the
range of (<0.53)—41.3, 0.55—50.6, 99—603 and 35—95 Bq kg~' on dry weight, respectively. The activity
concentrations of **Cs and '*’Cs in lichens were statistically significantly higher at Kunashir than at Sakhalin.
The present-day levels of radiocesium activity concentrations in lichens are low: < 6 Bq kg~ for ’Cs and
<1 Bq kg for P*Cs. A decline in the annual median ’Cs activity concentrations in lichens from 2011 to 2015
corresponds to a biological half-life of 1.2y for Kunashir and 1.1y for Sakhalin. The activity concentrations
of ¥’Cs and '*Cs in lichens were strongly correlated (r=0.978, P<0.01) and the "**Cs biological half-life value
of 1.2y in the period 2011—2013 was similar to the corresponding *’Cs biological half-life value. The soil-to-
lichens aggregated transfer factor, T, , for **Cs at time t=0 after the Fukushima accident is calculated as 0.56
m? kg~ at Sakhalin and 0.31 m? kg~" at Kunashir. In contrast to radiocesium, the natural radionuclides "Be
and *’K did not show clear time-dependent variations in the Usnea lichens. No correlation was found between
’Be and K as well as between *’K and cesium radioisotopes. However, positive and statistically significant
(P<0.05) correlations were obtained between ’Be and cesium radioisotopes. High abundance of the Usnea sp.
lichens in the study area and large values of T, for radiocesium in the lichens make these organisms suitable
candidates for detection of low levels of airborne radioactive contamination of the environment.

Key words: lichen, Usnea, radionuclides, technogenic, natural, biological half-life, transfer factor,

Fukushima.

1. Introduction

Lichens are recognized to be effective and inexpensive
natural monitors of airborne contamination of the environ-
ment by man-made radionuclides [1, 2, 3, 4]. Specifically,
lichens were successfully tested in some European countries
as a tool for evaluation of the cumulative radiocesium ('*’Cs
and '¥“Cs) fallout after the Chernobyl nuclear reactor accident
(USSR, 1986) [5, 6, 7, 8].

The nuclear reactor accident at the Fukushima-Dai-ichi
Nuclear Power Plant (FDNPP) in Japan in 2011 (for review
see e.g., [9]) has triggered a new wave of research on the li-
chens ability to intercept and retain the fallout *’Cs and **Cs
[10, 11, 12, 13]. Specifically, Dohi et al. [10] demonstrated
that activity concentrations of '¥’Cs in some epiphytic lichens
(Parmeliaceae, Ascomycota) were positively correlated with
the '¥"Cs deposition density on soil. The study by Dohi et al. [10]
was conducted in Japan at those areas that had been heav-

ily contaminated by Fukushima fallout (up to 3000 kBg m~2 of
87Cs ground deposition). At the same time, some epiphytic
(Bryoria sp. and Alectoria sp.) and epigeic (Cladonia sp.) li-
chens appeared to be extremely sensitive natural meters of the
Fukushima originated '**Cs in the environment [11]. The radio-
nuclide was safely determined in the lichens from those sites in
Northern Finland that had received less than 1 Bq m=2 of '**Cs
cumulative fallout due to the Fukushima accident [11].

To establish a relationship between the activity concentra-
tion of a radionuclide in lichens and the level of contamina-
tion of the earth surface with the radionuclide, the concept of
aggregated transfer factor, Tag, [14, 15, 16] and the following
formula can be used:

r %o,
ag(t) A

()
where, Tagm is the soil-to-lichen aggregated transfer fac-

tor for a radionuclide at time t (e.g., the number of years after
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cessation of the delivery of fallout or after an accident) (m?kg™');
C,, is the radionuclide activity concentration in the lichen at
time t (Bq kg™); Am is the cumulative ground deposition of the
radionuclide at time t (Bq m~).

After the Chernobyl accident some investigators [8, 17,
18] found increase of the radiocesium activity concentration
with time for selected species of lichens. The reasons could
be the washing out of the radionuclide from roofs and tree
stems or aeolian redistribution [8]. However, the majority of
authors reported declining time trends of the radiocesium
content in various epigeic, epiphytic and epilitic lichens (e.g.,
[19, 20, 21, 22]). The removal of cesium radioisotopes from
lichen occurs both due to physical (radioactive) decay (decay
constant 2, ) and by biological elimination processes char-
acterized by rate constant A, [23]. The biological elimination
is associated with: a) the radionuclides wash-off with water,
and b) the growth of lichens (biomass increase) [1, 23, 24]. To
estimate activity concentration of a radionuclide in lichens at
time t, the exponential equation [8] can be used:

C(t) = C(t:o) ’ exp(_(ﬂ’phys + ﬂ’bin) : t) ’ (2)

where Cm is the activity concentration of a radionuclide at
time t (Bq kg™); C(t:o) is the activity concentration of the ra-
dionuclide at time t=0 (Bqg kg™'); A, . is the radioactive decay
constant of the radionuclide (y'; for '**Cs: 0.34 y'; for "*"Cs:
0.023 y'); A, is the experimentally determined biological
depuration rate constant for the radionuclide (y').

Very often, instead of 2 , the rate of biological removal of
a radionuclide from lichens is described as “biological resi-
dence time” or “biological half-time”, T_ [23]:

_ 0693 (3)

bio —
Ay,
bio

where T__is the biological half-time of a radionuclide in
lichens (y); 0.693 is In2; & is the biological depuration rate
constant (y).

The term “effective half-life”, T ., was introduced (e.g.,
[14, 25]) to describe the combined effect of loss of a radio-
nuclide via biological elimination [the term T, in Eq. (3)] and
physical half-life of the radionuclide, T, .. The sum of the in-
verse of these half-lives gives the definition of the effective
half-life defined [26] as:

1,
T T T,

eff phys bio

bio

where T is the effective half-life (y); T _is the physical
half-life (30.2 y for ¥/Cs and 2.06 y for '*Cs); T, is the bio-
logical half-life (y).
The above formula can be rewritten in the following
form [25]:
[ ] Tb[o ! Tphyx , (5)

of =
7Wbio + T phys

bi

where T, is the effective half-life (y); Tphy
half-life (y); T,,, is the biological half-time (y).

Tag(FO) and T, are key parameters in models of transfer of
the radiologically important radionuclides (cesium isotopes
including) from the environment to human [11, 14, 27].

In the period 2011-2013, we studied applicability of epi-
phytic fruticose lichens of the genera Usnea, Bryoria and
Alectoria for retrospective evaluation of the ¥“Cs/"*’Cs ra-
tio in Fukushima fallout at the Sakhalin region, the Russian

Federation [24]. Declining trends of the radiocesium activity

. is the physical

concentrations and an absence of temporal variations of ‘Be
in the lichens were also recorded within this relatively short
time period (of about 2 y). Our study of the lichens at Sakhalin
Region has been continued in 2015 with the main aim to esti-
mate T, and T, of the Fukushima-borne radiocesiumin the
genus Usnea for a longer, 4-year, period. Besides cesium radi-
oisotopes, we have quantified activities of the natural radionu-
clides "Be and “°K in samples of the lichens. The short-lived (a
half-life of 53 days) cosmogenic "Be, which is produced in the
upper troposphere and lower stratosphere [28], can be used
as an indicator of atmospheric particulate matter trapping and
retention by lichens (e.g., [283, 29]). Potassium-40 is the long-
lived (a half-life of ~10° years) radioactive isotope of potassium,
an essential chemical element in the nutrient cycle in lichens [1,
23]. The dynamics of the K content in lichens are used for esti-
mation of the effect of the environmental stress factors on me-
tabolism of these symbiotic (algae+fungus) organisms (e.g.,
[30, 31]). Therefore, the second aim of the study is to evaluate
possible time- and location-dependant variations of the natural
radionuclides "Be and “°K in the lichens at Sakhalin Region. An
assessment of correlations between activity concentrations of
the technogenic and natural radionuclides in lichens is the third
aim of this research. The analysis of new experimental results is
presented here in combination with a re-analysis of the already
published data [24, 32].

2. Material and methods
2.1.Study area

Sampling of lichens was performed at the southern part
of the Sakhalin island and in the central part of the Kunashir
island (Fig. 1). The sampling sites are located far from the
FDNPP, at distances of about 1000 km at Sakhalin (3 plots)
and 800 km at Kunashir (5 plots). The plots are located be-
tween the latitudes of 46.56-46.60° N and the longitudes of
143.11-143.36° E at Sakhalin and between the latitudes of
44.00-44.02° N and the longitudes of 145.77-145.82° E at
Kunashir. The plots altitudes range from 3 m to 40 m and their
distances from the coast line range from 0.2 km to 6.9 km.
Geographically the sampling areas are situated in the moder-
ate climatic zone (the moist maritime subzone). The average
precipitation and annual temperature values at Kunashir are

higher than those at Sakhalin (Table 1).
Table 1
Mean annual temperature and total annual precipitation on the
study area [http://www.pogodaiklimat.ru/weather]

Year Temperature (°C) Precipitation (mm)
Sakhalin, Yuzhno-Sakhalinsk (46.95° N, 142.72° E)
2011 3.6 960
2012 2.8 1037
2013 3.5 976
2014 3.4 803
2015 4.1 1049
Kunashir, Yuzhno-Kurilsk (44.02° N, 145.87° E)
2011 5.8 1090
2012 5.3 1458
2013 5.5 1784
2014 5.7 1564
2015 6.2 1535
Shikotan, Malokurilskoe (43.87° N, 146.81° E)
2011 6.0 1051
2012 5.8 1569
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Fig. 1. Location of lichens sampling sites (circles) at the Sakhalin,
Kunashir and Shikotan islands

The regional contamination by radionuclides from the
FDNPP occurred in the period from 14 March 2011 to 13 April
2011. The average cumulative ground deposition density of
the Fukushima-derived *"Cs was determined as 0.021 kBq
m~2 at Sakhalin and 0.086 kBg m~2 at Kunashir [33]. The ref-
erence inventory (reference date 15 March 2011) of the pre-
Fukushima '¥Cs was estimated as 1.93 kBg m2 for the south
of Sakhalin Island and 2.81 kBg m~2 for Kunashir and Shikotan
Islands [33].

2.2. Sample collection

Samples of Usnea lichens (for description of the genus
see [34]) were collected in November 2015 from the branches
of the evergreen fir-trees, Abies sakhalinensis. In the previous
years (2011, 2012 and 2013) samples had also been obtained
in the autumn during the September—November period [24].
At Sakhalin, the lichen samples were composed mostly of the
species U. longissima (Fig. 2), while at Kunashir, the species
U. diffracta prevailed (for illustration see Graphical abstract
and Supplementary material in [24]). In 2015, six samples
were collected at Sakhalin and 15 samples at Kunashir. The
total number of samples collected in the period 2011-2015 is
25 at Sakhalin and 37 at Kunashir.

2.3. Sample preparation and analysis

Lichen samples were cleaned from extraneous material
(e.g., trees bark, needles) and cut into pieces smaller than 1
cm in size. The air dried samples were packed into cylindri-
cal containers (volume 250 cm?®, sample mass 48-63 g) and
Marinelli beakers (volume 1000 cm?®; sample mass 113-118
g) for further measurements. The Marinelli geometry was
used to quantify '*’Cs in lichen samples obtained at Sakhalin
in 2015 because even long-term (>100000 s) measurements
in the standard 250 cm?® geometry did not reveal the presence
of the radionuclide in the samples. Each large sample for the
Marinelli geometry was composed of two standard samples
previously measured in the standard geometry.

The activities of y-ray emitting radionuclides in samples were
determined by y-ray spectrometry, using high-pure germanium

Fig. 2. Usnea longissima lichens hanging from the branches of an evergreen Sakhalin fir tree, Abies sachalinensis. The lichen thallus segment
indicated by an arrow in panel (a) is shown in panel (b) under higher magnification. The photos were taken at Sakhalin in September 2012
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(HPGe) semiconductor detectors and multichannel analyzers.
Spectra were recorded for times ranging from 80000 s to 240000
s, and analyzed using the Nuclide Master Plus software [35] and
Maestro Il software from EG&G ORTEC. Details of the spectrom-
eters installation and calibration are given in [24, 33].

The activities of "Be, “°K, '¥"Cs and "**Cs were calculated
from the 477.6, 1460.8, 661.6 and 604.7 keV peaks, respec-
tively. The statistical uncertainty of the 477.6 keV peak area
(PA) evaluation was not large, ranging from 1.8% to 8.7%
(1 sigma) with the meanzstandard deviation of 4.3%1.5%
(n=62). The statistical uncertainty of the 1460.8 keV PA evalu-
ation ranged from 4.8% to 14% (meanzstandard deviation =
8.3+2.5%; n=62). Correction on the 4K background contri-
bution to the 1460.8 keV PA was implemented. The statistical
uncertainty of the 661.6 keV PA evaluation ranged widely from
2.3% to 49% with the meanzstandard deviation of 15+13%
(n=59). For samples with detectable activity of '**Cs (n=42),
the statistical uncertainty of the 604.7 keV PA evaluation also
varied widely from 3.4% to 48% with the meanzstandard de-
viation of 13+10%. For samples with undetectable amount of
134Cs (n=17), the detection limit for the radionuclide was es-
timated using the formula (6), which is a specific case (the
time of background measurement is longer than the time of
sample measurement) of the generalised Currie formula [36],
proposed by Strom and Stransbury [37]:

;2714329 R (141 18) g

m-t -&(E)-y

where DL is the detection limit (Bq kg™'); 2.71 and 3.29 are
dimensionless coefficients; R, is the background count rate
(pulse per second) for the analyzed sample within the region
of the considered line (in the definition of DL, the background
means both the lines present in the background and Compton
continuum, which mostly comes from the sample [38]); t, and
t, is the time of sample measurement and the time of back-
ground measurements, respectively (s); mis the sample mass
(kg); ¢(E) is the gamma-ray spectrometer efficiency for en-
ergy E (pulse per photon); y is the yield of photons with en-
ergy E per decay of the considered radionuclide (photon per
Bq). The calculated values of DL for '**Cs in lichens were in the
range of 0.53-1.58 Bq kg~' on dry weight.

2.4. Statistical analysis

Eight groups were formed from specimens obtained at
two islands in 2011, 2012, 2013 and 2015. Number of sam-
ples in each group varied from three to fifteen. Statistical
analysis included calculation of mean, standard deviation
(SD), standard error and median. The significance of differ-
ences between lichens collected in different years and be-
tween Sakhalin’s and Kunashir’s lichens was determined
using the non-parametric Mann-Whitney U test and P<0.05
was considered significant. Associations between activity
concentrations of the radionuclides were evaluated using the
Pearson’s correlation coefficient (a large data sample; n>60)
or the nonparametric Spearman’s rank correlation coefficient
(a small data sample). P-values of less than 0.05 were consid-
ered statistically significant. A linear regression analysis was
also applied with calculation of coefficients in the regression
equation and presentation of the obtained results in figures.
The statistical analysis was performed using Microsoft Excel
for Windows and Codes for the Automatic Calculations [39].

3. Results and discussion
3.1. Radionuclides activity concentrations in lichens

Tables 2-5 summarise the published [24] and new results
for activity concentrations [on dry weight (d.w.)] of "Be, “°K,
134Cs and '¥’Cs in samples of Usnea lichens from the Kunashir
and Sakhalin islands for different years.

Table 2
Activity concentration (Bq kg, d.w.) of ’Be in Usnea lichens
collected at the Sakhalin and Kunashir islands

Year n Range Median Mean SD
Sakhalin

2011 8 144-305 196 203 51

2012 8 203-538 227 281 112

2013 3 152-333 220 235 91

2015 6 132-217 181 180 31
Kunashir

2011 5 161-481 267 272 127

2012 11 99-603 246 300 176

2013 6 110-294 251 223 79

2015 15 147-296 199 211 50

n — number of samples; SD - standard deviation.
The values for the period 2011-2013 are given based on [24].
Activity concentrations are given on the date of sampling.
Table 3
Activity concentration (Bq kg~', d.w.) of °K in Usnea lichens
collected at the Sakhalin and Kunashir islands

Year n Range Median Mean SD
Sakhalin

2011 8 64-88 79 77 10

2012 8 47-71 58 58 9

2013 3 51-71 55 59 11

2015 6 53-95 60 68 17
Kunashir

2011 5 51-64 61 58 7

2012 11 38-71 52 54 12

2013 6 48-90 72 69 16

2015 15 35-71 49 52 11

n - number of samples; SD - standard deviation.
Activity concentrations are given on the date of sampling.

Table 4
Activity concentration (Bq kg™, d.w.) of '*’Cs in Usnea lichens
collected at the Sakhalin and Kunashir islands

Year n Range Median Mean SD
Sakhalin

2011 8 4.22-19.9 7.30 8.73 477

2012 8 5.49-9.02 6.44 6.61 1.17

2013 3 2.13-3.58 2.15 262 0.83

2015 3* 0.55-0.67 0.62 0.61 0.06
Kunashir

2011 5 20.5-50.6 22.2 29.7 13.0

2012 11 3.21-24.5 9.28 11.0 7.6

2013 6 3.03-24.1 5.84 9.87 8.82

2015 15 0.77-5.93 1.64 1.97 1.42

n — number of samples; SD - standard deviation.

* The composed samples were measured in the 1000 cm?® Marinelli
beaker geometry.

The values for the period 2011-2013 are given based on [24].
Activity concentrations are given on the date of sampling.
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Table 5
Activity concentration (Bq kg, d.w.) of '**Cs in Usnea lichens
collected at the Sakhalin and Kunashir islands

Year n Range Median Mean SD
Sakhalin

2011 8 3.38-18.1 5.90 7.34  4.61

2012 8 2.97-5.15 4.09 4.07 0.80

2013 3 0.85-1.66 0.89 1.13 0.46

2015 3* n.e. <0.53 <0.53 n.e.
Kunashir

2011 5 17.1-43.1 19.1 25.9 11.0

2012 11 1.69-15.6 4.73 6.73 5.10

2013 6 1.21-11.0 2.58 4.25 3.95

2015 15 n.e. <1.58 <1.58 n.e.

n - number of samples; SD — standard deviation; n.e. — not
estimated.

* The composed samples were measured in the 1000 cm?® Marinelli
beaker geometry.

The values for the period 2011-2013 are given based on [24].
Activity concentrations are given on the date of sampling.

3.1.1. Berillium-7

Berillium-7 activity concentrations (Table 2) range from 99
Bq kg~' to 603 Bg kg~' with a mean+SD of 239+105 Bq kg™’
and a median of 207 Bq kg~' (n = 62). Comparable ranges of
activity concentrations of ’Be have been reported by other au-
thors for epiphytic lichens collected in different countries in
previous years (Table 6).

There was no statistically significant difference between
study islands, and median concentrations of 'Be were 210 Bq
kg™ (n = 25) at Sakhalin and 205 Bq kg~' (n = 37) at Kunashir
(the Mann-Whitney test; P > 0.05). No statistical differ-
ence was found between the initial 2011 year and following
years (the Mann-Whitney test; P > 0.05), excluding 2012 at
Sakhalin (the Mann-Whitney test; P < 0.05) (Fig. 3). Note that
the difference between the median concentrations of "Be in
lichens at Sakhalinin 2011 and 2012 did not exceed 15%. This
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Fig. 3. Median activity concentrations (d.w.) of "Be, K, '**Cs and
87Cs in samples of the lichen genus Usnea collected at the islands
of Sakhalin and Kunashir in 2011-2015. Statistically significant
differences (P < 0.05) between the 2011 and following years are
marked by asterisks. Arrows indicate activities below detection limit
(DL). Activity concentrations are given on the date of sampling

Table 6
“Be, “°K, **Cs and '¥"Cs activity concentrations (Bq kg~', d.w.) reported in literature for epiphytic lichens
Year of Country  No. of species or Be 40K 13Cs ¥7Cs Reference
collection genus
1983-1985 Austria 2s* NR 102-310 BDL 10-430 [3]
1986-1988 Austria 2s NR 98-189 4830-30599 16579-61197 [3]
1987-1988 Canada 1g* 78-726 NR <2-31 9-134 [44]
1992 Slovenia 1s NR 65-292 107-50502 255-105542 [5]
1994-2000 France 4s 80-513 NR NR <1.7-177 [29]
2006 Austria 2s 128, 279 77,94 NR 1765, 1923 [21]
2007 Turkey 2s NR 350-2100 NR 45-287 [20]
2008-2010 Turkey 6s 72.1-220.7° 86-211 NR 4.05-95.26 [43]
2011-2012 Japan 3s NR NR 948-19843 1096-22596 [12]
2011-2013 Japan 10s NR NR NR 1700-35400 [13]
2012-2013 Japan 9s NR NR 4600-1000000° 7600-1740000° [10]
2011-2013 Finland 29 NR NR 0.24-1.3 3.7-28 [11]
2011-2015 Russia 19 99- 603 35-95 <0.53-41.3 0.55-50.6 This study

BDL - below detection limit; NR — not reported.

* “s”— species, “g”- genus.

athe activity concentrations are reported on 2 May 1986.
b activity concentrations of ’Be are reported only for 2010.
¢ the activities are reported on 5 February 2013.
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analysis indicates that lichens from the Kunashir and Sakhalin
islands have probably had the time-invariant ability to trap and
store atmospheric aerosols in the study period. Previously, a
similar conclusion, based on the "Be analysis, had been drawn
with respect of the epigeic fruticose lichen Cladonia sp. from
Canada [23]. At the same time, variations in "Be concentra-
tions in lichen samples may reflect local rainfall intensities and
trapping capacity of individual samples [23, 29].

3.1.2. Potassium-40

Potassium-40 activity concentrations did not strongly vary
(Table 3) ranging from 38 kg~ to 95 Bq kg~' with a mean=SD
of 6114 Bq kg~' and a median of 60 Bqg kg™' (n = 62). The “°K
levels in our lichens generally correspond to the levels report-
ed for different epiphytic lichens from Europe and Asia (Table
6), although much higher activity concentrations of 4K, rang-
ing from 350+30 Bq kg~' to 2100£190 Bq kg™, were found in
Flavoparmelia caperata and Parmotrema perlatum from the
Ordu province in Turkey [20].

The median activity concentrations of °K were 65 Bq kg™
(n = 25) at Sakhalin and 55 Bq kg~' (n = 37) at Kunashir. The
difference between the study islands was small but statisti-
cally significant (the Mann-Whitney test; P < 0.01). This may
be associated with interspecies differences among lichens
because U. diffracta prevailed at Kunashir, while at Sakhalin
all samples were composed of only one species, U. longis-
sima. A statistically significant difference was found between
the initial year, 2011, and 2012-2013 at Sakhalin (the Mann-
Whitney test; P < 0.05). However no clear long-term trends in
40K activity concentrations were observed at both islands (Fig.
3). It may indicate that physiological activity of our lichens re-
mained stable during the study period.

3.1.3.Cesium=-137

A variation in ¥’Cs activity level was observed in lichens
(Table 4). The activity concentrations ranged from 0.55 Bq
kg~' to 50.6 Bq kg~', with a mean+SD of 8.3+9.4 Bq kg~' and
amedian of 5.7 Bq kg™' (n = 59). Comparable activity concen-
trations of '*"Cs (from 3.7 Bg kg~" to 28 Bq kg~'; mean = 13 Bq
kg™") were reported by Koivurova et al. [11] for the epiphytic
fruticose lichens (Bryoria sp. and Alectoria sp.) from Northern
Finland in 2011-2013. Within the same time period (2011-
2013), elevated activity concentrations of '*’Cs, ranging from
1096+27 Bq kg™' to 1740000+20000 Bq kg™, were found in
several species of epiphytic lichens at Honshu Island in Japan
(Table 6) [10, 12, 13]. The maximum activity concentration of
87Cs was reported for the foliose lichen Parmotrema clavulif-
erum from the Fukushima prefecture, and the maximum ¥"Cs
deposition density on soil for the study area was estimated
as 2920 kBg m=2 [10]. Almost all '*’Cs in the epiphytic lichens
in Russia and Japan was apparently derived from the FDNPP
[12, 24], while in the samples in Finland, the radionuclide
origin could be mostly attributed to the Chernobyl accident
and the atmospheric nuclear weapons tests conducted in the
1950-1960s. It was estimated that the Fukushima accident
increased the '®’Cs concentrations in the epiphytic beard li-
chens (Bryoria sp. and Alectoria sp.) in Northern Finland on
average only by 6.9% [11].

For our lichens, the highest activity concentration of ¥’Cs
was measured at Kunashir in 2011 (median = 22.4 Bq kg™')
and the lowest one was detected at Sakhalin in 2015 (median

= 0.62 Bq kg™'). Significant differences between the islands
were demonstrated (the Mann-Whitney test; P<0.01). The
high activity concentrations of '*’Cs in lichens at Kunashir may
be associated with higher levels of Fukushima fallout at this is-
land compared to Sakhalin [24, 33]. In the period 2011-2013,
levels of '¥’Cs in lichens at both islands tended to decline with
time [24]. A study of samples obtained in 2015 has confirmed
these trends (Table 4, Fig. 3).

3.1.4.Cesium-134

The '¥“Cs activity concentrations in lichens samples from
the study islands (Table 5) ranged from <0.53 Bq kg~ to 43.1
Bqg kg~'. The activity concentrations are given on the date of
sampling. For those samples (n = 42) where activity of the
radionuclide was above DL, a mean=SD and median were
calculated as 7.7+8.5 Bq kg~' and 4.8 Bq kg, respectively.
The observed levels of '**Cs are substantially higher than
those (range = 0.24-1.3 Bq kg~', mean = 0.56 Bq kg~') de-
termined by Koivurova et al. [11] in the epiphytic fruticose li-
chens (Bryoria sp. and Alectoria sp.) from Northern Finland
after the Fukushima accident. At the same time, the levels
of **Cs in our lichens appeared to be significantly lower that
the levels reported for some epiphytic lichens from Japan
in 2011-2013 [10, 12]: 19843+273 Bq kg~' [Physcia orien-
talis from Tsukuba City (170 km south of the FDNPP)] and
1000000+20000 Bqg kg™' [Parmotrema clavuliferum from
Okuma Town (4 km south-west of the FDNPP)]. The strong
differences between the '**Cs levels in lichens from Eastern
Russia, Northern Finland and Honshu Island in Japan (Table
6) can be mostly attributed to the global spatial variations in
amount of Fukushima fallout. The measured deposition den-
sity of '**Cs on the ground after the Fukushima accident did
not exceed 0.001 kBg m=2 in Northern Finland [11], while at
Kunashir, the maximum value was estimated as 0.155 kBg m2
[33]. Much higher ground contamination levels of '**Cs, up to
3000 kBg m-2and more, were reported for the Fukushima pre-
fecture in Japan [40, 41].

As in ¥7Cs, significant differences in '3*Cs activity concen-
trations in lichens were found between Kunashir and Sakhalin
(the Mann-Whitney test; P < 0.01). The highest levels were
recorded in 2011 at Kunashir, where the median activity con-
centration was calculated as 19.1 Bq kg™'. In 2015, the '**Cs
activities were below DL in all samples (Table 5), except one
specimen from Kunashir (code K15L4) where the activity
concentration of '¥*Cs was measured as 1.18 Bq kg~ with the
counting uncertainty (1 sigma) of 0.30 Bg kg~'. The sample
K15L4 also demonstrates the highest activity concentration
of ¥"Cs (5.93+0.31 Bqg kg~') among 21 samples collected at
bothislands in 2015. After correction for radioactive decay (to
15 March 2011), the '**Cs/'*’Cs activities ratio in the sample
K15L4 can be estimated as 0.87+0.23. The value lies within
the range of 0.82-1.13 reported by Ramzaev et al. [24] for
the '¥*Cs/'®"Cs activities ratio in Usnea lichens from Kunashir
in 2011-2013. The "*Cs/'*Cs ratio value of 0.87£0.23 also
corresponds well to the ratio of ~1 for the '¥*Cs/'*’Cs activi-
ties ratio in Fukushima fallout on Japan [42]. It indicates that
the excess of ¥’Cs in the sample K15L4 is associated rath-
er with the fresh Fukushima-borne contamination than with
previous fallout from the atmospheric nuclear tests and the
Chernobyl accident, despite the fact that the pre-Fukushima
87Cs strongly dominates the total ground inventory of '*’Cs in
the study area [33].
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3.2. Relationship between activity concentrations
of radionuclides in lichens

Results of correlation analysis for individual islands in dif-
ferent years are given in Table 7. The Spearman’s correlation
coefficients, Rsp, are calculated for those groups where num-
ber of samples with quantified activities is equal or more than
five.

The relationship between "Be and “K is controversial.
Although in samples (n = 6) collected at Kunashir in 2013 a
statistically significant positive correlation between activity
concentrations of the radionuclides was found, other groups
did not demonstrate the significant relationship. No correla-
tion was determined between "Be and “°K activity concentra-
tions in the whole set of lichens (n = 62) collected in Sakhalin
Region in the period 2011-2015 (Fig. 4a). The Person’s cor-
relation coefficient has been calculated as 0.03 (P > 0.05).
Kahraman et al. [43] also did not find a statistically significant
correlation between the "Be and “°K activity concentrations in
different species of epiphytic lichens collected in Bursa prov-
ince in Turkey in 2010.

There was no correlation between activity concentrations
of “K and cesium radioisotopes in groups (Table 7). No cor-
relation was also observed between “°K and *’Cs (RSp =0.07;
P > 0.05; n = 59) for the whole sets of samples collected in
2011-2015 (Fig. 4b). The literature data on relationship be-
tween %K and '¥Cs in lichens are controversial. Cevik and
Celik [20] report that '*’Cs activity concentration shows a
tendency to decrease with the increments of “°K activity con-
centration and K content in two species of epiphytic lichens
collected in the Ordu province in Turkey in 2007. Kahraman
et al. [43] also found negative relationship between the ¥’Cs
and “K activity concentrations in different epiphytic lichens
collected in the Bursa province in Turkey in 2010. However,
the correlation appeared to be quite weak and statistically not
significant.

Positive and statistically significant correlation between
’Be and "¥"Cs in our lichens can be demonstrated only for two
of the total six groups: at Sakhalin in 2011 (Rg,= 0.738) and at
Kunashirin 2012 (R, = 0.873), i.e. shortly after the Fukushima
accident (Table 7). However, for the whole set of samples col-
lected at the Sakhalin region in 2011-2015 (Fig. 3c), the cor-
relation was statistically significant. The Spearman’s rank cor-
relation coefficient was calculated as 0.413 (P < 0.01; n =59).
A positive and statistically significant correlation (FiSp =0.357;
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Fig. 4. Relationships between activity concentrations (d.w.)
of ’Be and *K (a), “°K and '*’Cs (b), "Be and "*’Cs (c) in the epiphytic
lichens Usnea sp. collected at the Sakhalin and Kunashir islands
in 2011-2015. Activity concentrations are given on the date of sampling

Table 7

Correlation between activity concentrations of ’Be, “°K, '**Cs and '*’Cs in groups of Usnea lichens
collected on the islands of Sakhalin and Kunashir in 2011-2015

Island Year n Spearman’s rank correlation coefficient, r
Be vs. *K 40K vs. 1%Cs 4K vs. ¥'Cs Bevs. '¥Cs Bevs. ¥'Cs ¥Csvs. ¥Cs
Sakhalin 2011 8 0.113 0.232 -0.077 0.619 0.738* 0.738*
Sakhalin 2012 8 0 -0.357 -0.571 -0.214 -0.31 0.929**
Sakhalin 2015 6 -0.043 NC NC NC NC NC
Kunashir 2011 5 -0.55 0.05 0.05 0.3 0.4 0.9
Kunashir 2012 11 -0.02 -0.184 -0.239 0.891** 0.873** 0.973**
Kunashir 2013 6 0.886* 0.029 0.029 0.143 0.143 1.0*
Kunashir 2015 15 0.266 NC 0.224 NC 0.074 NC

n —number of samples; NC - not calculated because of insufficient number of samples with detectable activity of '*’Cs or '*“Cs.

* Correlation is statistically significant at P < 0.05.
** Correlation is statistically significantat P < 0.01.

The r-values for the period 2011-2013 are given as reported by Ramzaev et al. [24].

20

Vol. 9 Ne 3,2016 RabiaTioN HYGIENE



Hay‘lele cCTaTbun

P < 0.05; n=42) was also found for the pair "Be/'**Cs (graphi-
cal data not shown). Interestingly, a strong correlation (r=0.8)
had been found between **Cs and "Be activity concentrations
in the epiphytic Usnea lichens from Canada in the early pe-
riod of 1-2.5 y after the Chernobyl accident [44]. The close
relationship between the short-lived "Be and the long-lived
fallout radiocesium in Usnea shortly after the major radiation
accidents can be explained by the fact that epiphytic lichens
such as Usnea sp. obtain their nutrients directly from the at-
mosphere resulting in similar isotopic ratios in lichen and the
atmosphere [45]. Interestingly, that in the remote period after
the Chernobyl accident, in 2010, Kahraman et al. [43] did not
find positive correlation between '*"Cs and "Be activity con-
centrations in some species of epiphytic lichens collected in
Turkey. Kahraman et al. [43] suggest that there are two pos-
sible sources of '*’Cs in the lichens: dust particles contain-
ing soil and atmospheric deposition. Only the latter may be
directly linked to the "Be activity in lichens and other biomoni-
tors when they are used in investigations of pollutants behav-
ior in the atmosphere (for further discussion see [46]).

A high positive correlation between the '*’Cs and '**Cs ac-
tivity concentrations was found for five groups in our lichens
sampled in 2011-2013 (Table 7). The correlation between
the ¥"Cs and '**Cs activity concentrations for the whole set
of 42 samples of the Usnea lichens collected at Sakhalin and
Kunashir in 2011-2015 is statistically significant and strong
(Rsp= 0.897; P < 0.01). Fig. 5a shows a relationship between
the determined ¥"Cs and '#*Cs activity concentrations in the
lichens. A visual inspection of the Figure, demonstrating a
high value of determination coefficient (R?>=0.92), and a rela-
tively small intercept (2.1 Bg kg™'), suggests that the activities
of both cesium isotopes in the samples may be linked to the
same source. The latest one is Fukushima fallout. To check
the hypothesis of the Fukushima origin of radiocesium in our
lichens, we have corrected the measured activities of *’Cs
and '¥*Cs for physical decay to the middle of March 2011.
After such correction, one would expect to see: a) a narrow
scatterplot with data points close to the regression line; b) a
slope close to one; ¢) an intercept close to zero; d) determina-
tion and correlation coefficients close to one. A visual inspec-
tion of Fig. 5b, in comparison with Fig. 5a, confirms these ex-
pectations. The Spearman’s correlation coefficient has also
increased significantly, up t0 0.978 (P < 0.01; n =42). The in-
tercept of 0.52 Bq kg~' (Fig. 5b) can most likely be interpreted
as the present-day background pre-Fukushima level of '¥"Cs
in our lichens. The intercept value is estimated with a stand-
ard error of 0.24 Bq kg™' and a 95% confidence interval of
0.05-1.00 Bqg kg'. This indicates a relatively low background
contamination by '¥’Cs (<1 Bq kg™") in the Usnea lichens. The
most dominating source of the “old” '*Cs in the study area is
global fallout originating from the nuclear weapon tests con-
ducted in the nineteen-fifties and -sixties [33].

3.3.T,, and T .for "*Cs and "*’Cs in lichens

The biological depuration rate constant, A, [Eq. (2)], for
¥7Cs in lichens from Sakhalin Region can be estimated for
the period 2011-2015 based on the median values of the
87Cs activity concentrations after correction for radioactive
decay (Fig. 6). For Kunashir and Sakhalin, the & is 0.58 y
and 0.62 y', respectively. The biological half-life, T, [Eq.
(8)], is calculated for the period 2011-2015 as 1.19 y and
1.12 y for Kunashir and Sakhalin, respectively. The effective

60
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Fig. 5. Relationships between activity concentrations (d.w.) of '**Cs
and '¥’Cs in the epiphytic lichens Usnea sp. collected at the Sakhalin
and Kunashir islands in 2011-2015. Activity concentrations are given

on the date of sampling (a) and on March 15, 2011 (b)

half-life, T, [Eq. (5)] is calculated as 1.15y and 1.08 y for
Kunashir and Sakhalin, respectively. These estimates of T
for the Fukushima-borne '*’Cs in our epiphytic lichens are in
agreement with data by Ohmura et al. [12] who report that the
activity concentration of '¥’Cs in Dirinaria applanata growing
on tree trunks in Tsukuba City (Honshu Island, Japan) de-
creased by ca. 50% within a year (2011-2012). The T_; value
of 1.6+0.3 y was calculated for '*’Cs activities in the epiphytic
beard lichens (Bryoria sp. and Alectoria sp.) from Finland in
the period 2011-2013 [11]. The ¥"Cs T_, values for the lichens
from Russia, Japan and Finland after the Fukushima accident
are in general shorter than those that had been previously re-
ported for different epiphytic lichens from different countries
after a single-pulse contamination of the environment due to
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the Chernobyl accident (Table 8). A detailed analysis of rea-
sons for such differences between two accidental contamina-
tion events with respect of the '¥Cs T__ in lichens is beyond
the scope of this study. Possible influencing factors can be
associated with: a) climate (specifically precipitation); b) hab-
itat; ¢) morphological and physiological differences between
species; d) physico-chemical properties of radiocesium in
fallout; e) spatial redistribution of the radionuclide in compart-
ments of the environment following initial deposition; f) con-
tribution from previous contamination events [4, 11, 21, 47,
48, 49, 50]. Further, the post-Fukushima statistics in terms
of lichens species, sites and longevity of observations should
be improved. Presently, conduction of such long-term inves-
tigations of '¥’Cs behavior in various species of lichens and in
their habitat is possible only at the territory of Japan because
of high levels of the environmental contamination by cesium
radioisotopes.

100
@ Kunashir
Sakhalin
10 A
y =27.9¢7%
R2=0.986

Activity concentration (Bq kg'1)

y =128
R2=0.962
01 T T T T T
0 1 2 3 4 5 6

Time after the Fukushima accident (year)

Fig. 6. A plot of the '*’Cs median activity concentrations (d.w.)
against the time passed after the Fukushima accident for Usnea
lichens from the Kunashir and Sakhalin islands. Exponential curves
are fitted to the Kunashir (diamonds) and Sakhalin (quadrants) data
points. Activity concentrations are shown after decay correction to
March 15, 2011

Due to undetectable activities of '**Cs in the great majority
of samples collected in 2015, the biological half-life, T, for
the radionuclide can be calculated only for the period 2011-
2013 as 1.17 y and 1.22 y for Kunashir and Sakhalin, respec-
tively. These values agree well with the estimated values of T,
for '¥’Cs in the Usnea lichens from the islands. The effective
half-life for '**Cs is much shorter than that for '*’Cs because
of a significant difference between the values of T for '3‘Cs
and "¥'Cs (2.06 y vs. 30.2 y). The "**Cs T_, can be calculated
as 0.75 y and 0.77 y for Kunashir and Sakhalin, respectively.
Koivurova et al. [11] report variations of radiocesium con-
tent in several fruticose lichens (Bryoria sp. and Alectoria
sp.) collected in Northern Finland in 2011-2013. The ¥“Cs
activity concentrations in the lichens decreased with a T of

0.91+0.18 y, the value which correlates well with the data ob-
tained for Eastern Russia and presented here. Following the
Chernobyl accident, Heinrich et al. [3] deduced a value of 1.3
y for T, of ®¥*Cs in the epiphytic foliose lichen Pseudevernia
furfuracea collected in Austria in 1986-1989.

34. Tag for '3Cs and "%’Cs in lichens

In 2011, our lichens samples were collected at the
Kunashir and Sakhalin islands simultaneously with soil sam-
ples [32]. The soil samples have been used for evaluation of
the local levels of cumulative ground deposition of radioce-
sium [the term Am in Eg. (1)] due to the Fukushima accident
[33]. For our areas of lichens sampling, the Fukushima de-
rived "¥Cs ground deposition values, A _,, were determined
as 0.060, 0.099 and 0.112 kBg m=2 (median = 0.099 kBq m2)
at Kunashir, and 0.018, 0.018 and 0.027 kBg m2 (median =
0.018 kBg m2) at Sakhalin. The same ground deposition val-
ues were determined for '**Cs because the **Cs/'*’Cs ac-
tivity ratio in Fukushima fallout was equal to 1 [33]. Since all
samples of our lichens and the soil samples from the study by
Ramzaev at al. [33] were analyzed in the same laboratory us-
ing the same instruments and reference radioactive sources
[32], Tag values [Eq. (1)] for radiocesium can be deduced with
a good accuracy.

For time t=0.5y (the first lichen sampling occasion after the
Fukushima accident) and for the median values of C(FO.S) (7.4
Bqg kg at Sakhalin and 22.4 Bq kg~' at Kunashir) and Acos)
(0.018 kBg m~ at Sakhalin and 0.098 kBgq m=2 at Kunashir),
the ''Cs Tag,,_, ;, for lichens from Sakhalin and Kunashir can
be calculated as 0.41 m? kg~" and 0.23 m? kg™, respectively.
Based on the experimentally determined values of the ¥"Cs &,
(Fig. 6), the ¥'Cs T_ at time t=0 can be estimated as 0.56 m?
kg™ and 0.31 m? kg™' for Sakhalin and Kunashir, respectively.
The same values of T, can be deduced for "**Cs because
the "#Cs T__and the '¥’Cs T, are very similar each other for our
lichens (Table 8). It should be noted that the Tag values are cal-
culated at time t=0 under conservative conditions, i.e., when Am
decreases over time only due to the physical decay of a radio-
nuclide (the T, is 30.2 y for ¥Cs and 2.06 y for '**Cs). These
conditions are in agreement with results of field measurements
performed by Mikami et al. [40] in the heavily contaminated
regions of Japan after the Fukushima accident. No apparent
temporal change of inventories of the '**Cs and '*’Cs deposited
onto the ground (nearly 1000 sites) as a result of the Fukushima
accident was observed from March to December 2012. This
lack of mobility of the radiocesium inventory may be associ-
ated with the topography (open and flat terrain) of the locations
that had been selected by Mikami et al. [40] for the measure-
ments. Very similar flat terrain sites (undisturbed grasslands)
were selected at the Kunashir, Shikotan and Sakhalin islands
by Ramzaev at al. [33] in 2011 to evaluate the post-Fukushima
radiocesium ground inventory levels.

The radiocesium Tag o Values for the epiphytic fruticose
Usnea lichens from this study (0.31 m? kg™' at Kunashir and
0.56 m? kg™' at Sakhalin) are significantly lower than the '3*Cs
T,qe0) Values (1 .9-3.5 m? kg™') deduced for the epiphytic fru-
ticose Bryoria and Alectoria lichens collected in Northern
Finland in 2011-2013 [11]. The large variations in Tag values
in lichens may be due to interspecies differences. After the
Fukushima accident this issue was addressed in the paper by
Dohi et al. [10] who studied radiocesium activity concentrations
in nine species of epiphytic, mostly foliose lichens within a 60
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km radius of the FDNPP. The lichens samples were collected
in 2012-2013. A large variation was found among the *"Cs T
values at time t=~1.8 y: from 0.12 m2 kg~' t0 0.99 m? kg~'. The
difference in Tag values between Flavoparmelia caperata (me-
dian = 0.20 m? kg~') and Parmotrema clavuliferum (median =
0.45 m? kg™') appeared to be statistically significant. Climate
and geography may also influence the accumulation of radio-
nuclides in lichens. Specifically, Koivurova et al. [11] collected
beard lichens in Finland in 2011-2013 and evaluated T, values
for radiocesium based on results of analysis of the environmen-
tal samples and the fallout samples from the same regions of
the country. Anincrease of the 'Cs T _, values was observed
when moving from south to north. In our two islands, the largest
value of the radiocesium T__,_; (0.56 m? kg™") was deduced for
the Sakhalin area, which is located some 400 km to the north-
west from the area sampled at Kunashir (Fig. 1).

Much more pronounced differences in the "*Cs T, values
can be seen when comparing the lichens and vascular plants
collected simultaneously at the Sakhalin region during the
September-October period 2011 [32]. The median '**Cs Tag
values for the mixed grass-forb crop and bamboo have been
calculated at time t=0.5y as 0.012 m? kg~' and 0.028 m? kg,
respectively [33]. Both values are about an order of magni-
tude lower than those for our Usnea lichens. Earlier, similar
significant differences between lichens and high vascular
plants in regard to the accumulation of radiocesium originat-
ing from nuclear explosions and the Chernobyl accident were
reported by many researchers [51, 52, 53, 54, 55].

We have tested applicability of the Tag values determined
for lichens in this study for prediction of ground deposition
density of the Fukushima-derived '**Cs. The Shikotan island
has been used as the test model. The island is located very
close to the Kunashir island (Fig. 1) and, in general, there are
no differences between the islands in climate characteristics
[56], species of Usnea and the lichens habitat [24].

The activity concentrations of '**Cs in individual samples
of Usnea lichens collected at Shikotan after the Fukushima

accident are reported by Ramzaev et al. [24]. Based on the
published data, the median activity concentrations of '**Cs in
lichens at Shikotan in 2011 (on 1 October) and 2012 (on 26
September) can be calculated as 27.7 Bq kg~' (n =5) and 8.05
Bakg™ (n=2), respectively. Using the value of 1, (0.58 y', Fig.
6) deduced for Kunashir, the '**Cs activity concentrations in the
Shikotan’s lichens at time t=0 (on 15 March 2011) can be com-
puted [Eq. (2)] as 45.7 Bq kg~'and 32.3 Bq kg~' based on the
2011 and 2012 data, respectively. Using the *Cs T, value
of 0.31 m? kg™', which was derived for the Kunashir’s lichens,
we can estimate the expected initial deposition density of the
Fukushima-derived '**Cs at Shikotan as 147 Bq m~2 (based on
the 2011 data) and 104 Bg m (based the 2012 data). Both
estimates are in a very good agreement with the true values of
124 Bg m=2 (mean) and 126 Bg m= (median) experimentally
determined at Shikotan in 2011 [33]. At the same time, using
thevalues of A, (0.62y™")and T, (0.56 m*kg™"), which were
derived for Sakhalin, would result in an underestimation of the
134Cs ground deposition density at Shikotan. In this case, the
values of 82 Bq m2 and 58 Bq m=2 can be calculated based
on the '**Cs activity concentrations determined in the Usnea li-
chens from Shikotan in 2011 and 2012, respectively.

The good agreement between the actual and predicted
levels of the '3“Cs deposition at Shikotan in the case of ap-
plication of the 2, and Tag values, which were deduced for
Kunashir, is not unexpected. At both islands, the U. diffracta
species dominated among lichens collected for analysis.
The lichens were obtained from isolated trees in the open ar-
eas or from single trees at the edge of a forest. There were
no differences between Kunashir and Shikotan with respect
to annual temperature and precipitation in the period 2011-
2012 (Table 1).

We have also estimated a minimum detectable ground
deposition density, MDDD,_,, of 34Cs when using the epi-
phytic lichens as retrospective meters of cumulative fallout in
the case of a new contamination event. The MDDD , value (Bq
m-~2) in such case will depend on three principle factors: a) the

Table 8
Values of T and T__ for '¥"Cs and '*‘Cs reported in literature for some species of epiphytic lichens
Year Country Species T,y T (y) Reference
137CS
1986-1987 Netherlands Parmelia sulcata 2.7 NR [8]
1986-1989 Austria Pseudevernia furfuracea NR ~3 [3]
1986-2006 Austria Hypogymnia physodes 9.4+0.2 7.2+0.1 [21]
1986-2006 Austria Pseudevernia furfuracea 12.9+0.9 9.1x0.4 [21]
1987-1992 Turkey Xanthoria parietina 4.9 NR [57]
1994-1999 France Parmelia sulcata 2.6+1.2 NR [29]
1997-2007 Turkey Flavoparmelia caperata NR 2.1-13.7 [20]
1997-2007 Turkey Parmotrema perlatum NR 2.2-71 [20]
2011-2012 Japan Dirinaria applanata NR ~1* [12]
2011-2013 Finland Alectoria sp. and Brioria sp. NR 1.6+0.2 [11]
2011-2015 Russia Usnea sp. 1.15 1.10 This study
134CS
1986-1989 Austria Pseudevernia furfuracea NR 1.3 [3]
2011-2013 Finland Alectoria sp. and Brioria sp. NR 0.91+0.18 [11]
2011-2013 Russia Usnea sp. 1.2 0.76 This study

NR - not reported.

* the activity concentration of '*’Cs in the lichen species decreased by ca. 50% within a year.
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background level of lichens contamination by '**Cs (Bq kg™');
b) the ¥*Cs T, Value for lichens (m? kg™"); c) the detection
limit [DL, Eq. (6)] for '**Cs (Bq kg™").

In our laboratory, the '**Cs DL value is estimated as 0.5 Bq
kg™ (for counting time of 24 h and the mass of a sample of
0.12 kg). Therefore, for the Sakhalin island, where the current
background activity concentration of '**Cs in lichens is less
than the value of DL, a minimum detectable ground deposi-
tion density can be calculated as follows:

mppD,, = 2L

» (7)
ag (1)

where DL is the detection limit for '**Cs (Bq kg™); Tagm is
the '**Cs transfer aggregated factor value for the lichen spe-
cies at time t (m?kg™).

Attime t=0 and for T _,=0.56 m* kg™, the MDDD,_, for
the new "¥*Cs fallout at Sakhalin can be computed as 0.9 Bq
m-2 For Kunashir, where the *Cs T, value (0.31 m*kg™')
is lower than that at Sakhalin, the MDDD(t:O) can be estimated
at a level of 1.6 Bg m2. If lichens samples are collected half a
year after contamination event, then the MDDD ,_, ;, would lie
within the ranges 1-2 Bq m~2 and 2-3 Bg m~ at Sakhalin and
Kunashir, respectively. These values seem to be surprisingly
low. However the estimates are in a very good agreement with
the experimental results obtained by Koivorova et al. [11] in
Finland after the Fukushima accident. The investigators were
able to determine the Fukushima-derived '**Cs in epiphytic
fruticose lichens from those geographical areas where the
cumulative '**Cs fallout from the Fukushima accident was es-
timated to be within a range from 0.34 Bq m=2t0 0.71 Bg m=.

Although large values of Tag for radiocesium in the Usnea sp.
lichens allow us to consider these organisms as rather sensitive
radioactivity meters in the case of a new contamination event,
some precautions should be taken into account when using li-
chens as biological sampling devices for the atmospheric radi-
onuclides [1, 3]. Lichen samples must be collected from trees
at a fixed height above the ground, preferably from the branch-
es of the trees. Mass of the sample must be large enough to de-
termine low activity of a radionuclide (e.g., ~0.1 Bq per a sam-
ple). For a given site, a lichen sample with the mass of 50-60
g can be composed of 10-50 sub-samples. The time interval
between a contamination event and lichens collection should
be short compared to the radiocesium T_ in the lichens.

4. Conclusions

The study is a continuation and deepening of a research
carried out by our group [24] in the Sakhalin region, Russia
after the FDNPP accident. The results and analysis presented
in these works verified fast decrease of radiocesium ('**Cs
and '¥Cs) activity concentrations in the epiphytic lichens
Usnea sp. from the Sakhalin and Kunashir islands in the pe-
riod 2011-2015. The activity concentrations of '*’Cs and '**Cs
in the Usnea lichens are strongly correlated (the Spearman’s
rank correlation coefficient = 0.978; P < 0.01) and the values
of '¥4Cs biological half-life (~1.2 y) and '*’Cs biological half-
life (~1.2 y) are similar to one another. The biological half-life
for '¥Cs in the Usnea lichens after the Fukushima nuclear ac-
cident is shorter compared to the '*Cs biological have-lives
reported by other researchers for different epiphytic lichens in
different countries after the Chernobyl nuclear accident. The
soil-to-lichens aggregated transfer factor, Tag, at time t=0 after
the Fukushima accident is estimated for '3*Cs as 0.56 m? kg™

at Sakhalin and 0.31 m? kg™ at Kunashir. Using the '#Cs T,
and Tag values deduced for Kunashir, we demonstrate that the
Usnea sp. lichens is a reliable tool to predict the total ground
deposit of the Fukushima-derived '*Cs at Shikotan, an island
located close to Kunashir.

In contrast to radiocesium, the natural radionuclides "Be
and “°K do not show any clear time-dependant changes in the
Usnea sp. lichens. No correlation is found between "Be and
40K as well as between “°K and cesium radioisotopes. At the
same time, positive and statistically significant (P < 0.05) cor-
relation is observed between "Be and cesium radioisotopes.

High abundance of the Usnea sp. lichens in the study area
and large values of Tag for radiocesium in the lichens make
these organisms suitable candidates for detection of the
post-Fukushima radioactive contamination of the environ-
ment. Unfortunately, low levels of present-day activity con-
centrations of radiocesium (< 6 Bg kg~ for '¥’Cs and <1 Bq
kg™ for **Cs) and a very fast depuration rate of the radionu-
clides in the Usnea species may be reasons for termination of
our monitoring program after 2016-2017. On the other hand,
the low level of residual man-made radioactive contamination
of the Usnea sp. lichens allows us to consider the lichens as
rather sensitive radioactivity meters in the case of a new con-
tamination event.
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AunHamuka copepxaHua '‘Be, 4°K, **Cs u '*Cs B anunduTHbIX nuwaiiHukax (pog Usnea)
Ha ocTpoBax KyHawmnp n Caxanux nocne aBapum Ha A9C «dykycuma-1»

B. N. Pamzaes, A. H. bapkosckuii, A.B. M'pomos, C.W. isaHos, M. B. Kagyka

Cankr-IletepOyprckuii  HaydHO-MCCIEIOBATEIbCKUI MHCTUTYT paJuMallMOHHONW TUTMEHbl WMeHM Mpodeccopa
I1.B. Pam3aeBa, ®PenepanbHasi ciryx06a 1Mo Hax3opy B cepe 3aluThl MpaB MOTpeOUTeNeid 1 OI1aromonydunst 4yeaoBeka,
Cankr-ITerepOypr, Poccust

Lenvio uccnedosanus 564A310C6 usyeHue OUHAMUKU COOEPHCAHUSI MEXHOZEHHbIX U HNPUPOOHbIX
PAOdUOHYKAUO08 6 snughumHblx aumainukax pooa Usnea, cobpannbix Ha ocmpoeax Caxanun u Kynawiup
(Caxanunckas obaacmo, Poccus) nocae asapuu na AIC «Dykycuma-1». B pabome 6Gviau ucnonv3oganst
Kaxk youce onybauxoeauuvle pesyavmamvt (2011—2013 ee.), mak u HoGble IKCNEPUMEHMANbHbIE
dannvie (2015 2.). Bceeo 6 nepuod 2011—2015 ee. obiau omoodpanst 62 npodvl AUMATHUKOE, 8 KOMOPbIX
€ UCNOAB308AHUEM NOAYNPOBOOHUKOBBIX 2AMMA-CNEKMPOMempPo8 0bia0 OnpedeneHo co0epicanue amma-

Pam3aeB Banepwii MaBnosuy
CaHkT-lMeTepbyprckuii Hay4HO-UCCNeA0BaTENbCKUIN MHCTUTYT PaaMaLLMOHHON rrneHsl MeHn npodeccopa N.B. Pam3aesa
Appec pna nepenucku: 197101, Poccus, CaHkT-Metepbypr, yn. Mupa, 4. 8; E-mail: V.Ramzaev@mail.ru
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UBAYMAIOWUX PAOUOHYKAUO06. YOenvHas aKmueHocmb MexHO2eHHbIX paduonykaudoe Cs u 'Cs u
ecmecmeeHHbIX paduorykauooe "Be u K naxoousacw 6 duanaszone (<0,53) — 41,3, 0,55 — 50,6, 99 — 603
u 35 — 95 br/ke (na cyxoil éec) coomeememeerno. Yoeavras axmusenocms Cs u ’Cs ¢ auwaiinukax ¢
0. Kynawup 6viaa cmamucmuuecku 3Hauumo eviuie, yem 6 auuainuxax c o. Caxaaun. Ha dannwiii momernm
YOeabHas aKkmueHocms paououesus 6 AulatiHukax aeisiemes Huskoi: <6 br/ke dna PCs u <I bx/ke
0as P*Cs. CHuocenue yoenvrot akmuerocmu *’Cs ¢ auwaiinuxax ¢ 2011 no 2015 . coomeéemcmeyem
ouonoeuneckomy nepuody noayouuwierus 1,2 eooa oas o. Kynawup u 1,1 200a oasn o. Caxanun. YoeavHvie
akmuenocmu ’Cs u *Cs ¢ auwaiinukax Usnea cuabHo u cmamucmu4ecku 3HAYUMO KOPPeAUPOSAHbl
(r=20,978; P<0,01). B npomencymre 2011—2013 ee. buonoeuueckuii nepuod noayouuyeHus AUUaiHuKo8
om 3Cs cocmasnsn 1,2 200a, umo coenadano ¢ coomgemcmeayouum nepuodom noayouuuerus om 3’Cs.
CosokynHblil Ko3pguuuenm nepexooa paduoHyKAud08 6 AUUAUHUKU, T 6 momenm gpemeru t = () nocae
asapuu na ADC «DPykycuma- 1> ouyenusaemes ons **Cs eeauuunoii 0, 56 /lce Ha o. Caxaaun u 0,31 m*/ke
Ha o. Kynawup. Henonvsosanue snauenui buosoeuueckoeo nepuoda noayouuuenui u T, 134Cs, noayuenwix
0ns auwaiinukoé ¢ o. Kynawup, nokaszano, umo pod Usnea s6as1emcs HAOeHCHbIM uHcmpymeHmOM ons
NPOCHO3UPOBAHUSL 0020 NOBEPXHOCMHO20 3aepsa3Henus yeuem-134 o. lllukoman, Komopwiii pacnonoxicer
psadom ¢ 0. Kynawup. B omauuue om paduouyesus, ecmecmeennvie paduonykaudst ’Be u “’K, codepycawuecs
6 aumainukax Usnea, He nokazaiu Kakux-aubo yemkux epemeHHwvix usmenenuil. Hukakoii koppeasuyuu
He 0bL10 Halldeno mexcdy "Be u “K, a maxace mexcoy “’K u paduousomonamu yesus. O0naxo Habarwoanacs
noaoxcumenvhas u cmamucmudecku snavumas (P <0,05) xoppeasyus mexncdy 'Be u paduouzomonamu
yesus. Ilupokoe pacnpocmpanenue u obuaue aumaiinuxog pooa Usnea na ee Caxaaunckoii obnacmu, a
makoice 8bICOKUE 3HAUEHUS T ons paduouesus, cooepicayeeocs 8 AUMAUHUKAX, 0eAarom ux nooxXo0sauumuy
NPUPOOHBIMU MOHUMOPAMU OYeHb HUZKUX YpogHell ammoc@epHbiX binadeHuti paduoHyKaudos8 yesus.

KmioueBsie cnoBa: auwaiinuk, Usnea, paduonykaudvl, mexHoceHHwle, NpupooHble, OUOA0UYECKULL
nepuod noayouuwerus, pakmop nepexooa, Pyxycuma.
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