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Abstract: This study investigates the bioaccumulation capacity of the lichen Cladonia uncialis for
radioactive isotopes, aiming to establish its potential as a biomonitor. Conducted under controlled
laboratory conditions, the experiment utilised gamma-emitting isotopes to simulate fallout. The
lichens were exposed to varying concentrations of these isotopes in three aquariums. The results
demonstrated that the bioaccumulation of >Mn, % Co, ©'Co, ®Zn, 13Cs, and 2! Am by C. uncialis
was proportional to their initial deposition levels, and this occurred in the first days of the experiment.
Analysis of isotope activity in washed and unwashed lichens showed that retention primarily occurred
intracellularly, indicating effective bioaccumulation. The study derived the Aggregated Transfer Coeffi-
cient (Tag) for each isotope, which ranged from 0.34 to 0.64, and the absorption capacity of the elements
increased in the following order: 54Mn < 57Co < 9Co < 7Zn < 241 Am < 197Cs. Absorption efficiency,
amounting to approximately 50% for '3’Cs and 2! Am, highlights the potential for lichens to serve as
reliable biomonitors for environmental monitoring and estimation of deposition when knowing only
the activity of the isotopes in lichen.

Keywords: radioisotopes bioaccumulation; lichens; Aggregated Transfer Coefficient (Tag);
Cladonia uncialis; environmental monitoring

1. Introduction

Precipitation plays a key role in the environment’s transport and distribution of ra-
dionuclides [1]. Along with dry and wet precipitation, contaminants, including radioactive
isotopes, are transported to the earth’s surface, which then undergo deposition and bioac-
cumulation in various biotic and abiotic elements of the environment [2,3]. Knowledge
of the dependence of the level of bioaccumulated substances in selected organisms on
the amount of deposition is a key element for the possibility of using such organisms as
biomonitors, which is particularly applicable in accidental situations but also in areas where
deposition studies are difficult or impossible, as is the case in polar regions, where there are
logistical and financial problems of providing continuous monitoring. Therefore, optimal
in such cases is the use of descriptive quantitative relationships, through the determination
of appropriate coefficients. Over the past 30 years, many studies have highlighted the
possibility of using lichens as biomonitors of air quality due to their sensitivity to vari-
ous environmental factors [4-6]. Lichens are symbiotic organisms of fungi and algae or
cyanobacteria without a root system or a waxy cuticle. Their growth and survival depend
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on water and nutrients delivered mainly from the atmosphere. Lichens bioaccumulate
several elements through a combination of mechanisms, including the physical uptake of
particulate matter in the intercellular spaces of the core, extracellular accumulation, and
intracellular accumulation [7,8]. The entire surface of the thallus participates in absorption,
allowing elements from both the atmosphere and the substrate to penetrate into the lichen
bodies [8,9]. In this way, lichens can accumulate exceedingly above their physiological re-
quirements [10]. This unique trait makes them excellent collectors of substances deposited
from the atmosphere [10-12]. Lichens are diverse organisms found in extreme conditions
around the world. They form the dominant biomass in the Arctic and Antarctic regions.
Lichens occupy about 8% of the Earth’s land surface, giving them a globally important role
in plant ecology [13,14]. The large surface area of lichen thalli, relative to their mass, is one
of the main reasons for their relatively high capacity to accumulate radionuclides or other
elements, such as heavy metals [15]. Because they can passively absorb and accumulate
contaminants and radionuclides from wet and dry atmospheric deposition through the
surface of the thallus, they are considered useful biomonitors of air pollution [2,4-6,16].

Coefficients are used to describe the bioaccumulation capacity of selected organisms.
One of these is the aggregated transfer coefficient (Tag), an empirical coefficient used in
predictive models for natural and semi-natural ecosystems. It is defined as the ratio of
isotope activity in a sample (organism) to the amount of isotope deposited per unit surface
area [17]. While the determination of Tag values may be relatively simple to calculate, their
application may require extensive knowledge of the ecosystem [18]. It should be noted that
if effective radionuclide decay is considered, the Tag value is not constant, and in some
circumstances, Tag may even increase with time. This was confirmed by the observed
significant increase in 13”Cs activity in lichens at a very low atmospheric deposition of this
isotope in the air after the Fukushima-Daiichi nuclear power plant accident [18].

The aim of the study was to determine the bioaccumulation efficiency of radioactive
isotopes in the tissues of the lichen species Cladonia uncialis through the derivation of
the Tag, which can serve as a useful tool for assessing contaminant deposition based
solely on the activity measured in the lichen. The study was conducted under controlled
conditions to find relationship between environmental deposition levels and accumulation
within C. uncialis.

2. Materials and Methods
2.1. Experiment

The experiment conducted in 2023 involved preparing cultures of a selected species
of the lichen C. uncialis, which inhabits nutrient-poor, sandy, or rocky soils, and which is
commonly found in boreal forests, heathlands, sand dunes, coastal areas, rocky outcrops,
and inhospitable areas where conventional monitoring methods can be challenging to
implement [19-21]. To achieve this, C. uncialis was collected from the Tuchola Forest region
near the Przymuszewo Forest District in Poland, along with the soil on which the lichens
were growing. In the laboratory, the lichens and soil were cleaned of dead plant remnants
and other vegetation. The soil substrate was classified as medium to fine sand. The largest
proportion of soil particles was in the 0.5-0.25 mm size class, comprising 84.2% of the
total sample mass. The 1-0.5 mm fraction represented 8.8%, while finer fractions, such
as 0.25-0.125 mm, 0.125-0.063 mm, and below 0.063 mm, accounted for 14.5%, 1.1%, and
1.5%, respectively. Coarser fractions were less abundant, with particles larger than 2 mm
comprising only 0.4%, and fractions between 2 and 1.6 mm and 1.6 and 1 mm representing
0.2% and 0.5%, respectively. The organic matter content in the soil (LOI) was 1.6%. The
experiment was conducted using three aquariums (20 cm x 30 cm x 20 cm), each with a
5 cm layer of sand at the bottom, onto which the lichens were anchored. Approximately
100 g of lichens were placed in each aquarium. For one week, the lichen cultures were
maintained under controlled conditions, with regulated lighting and hydration every
three days, using an aerosol generated by a humidifier placed in each aquarium. After a
one-week acclimatisation period, a gamma mixed standard solution (Standard solution
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5’Co - 15 Bg m?
54Mn - 142 Bg m2
65Zn - 161 Bq m2
60Co - 702 Bg m
137Cs - 670 Bqm™
21Am - 896 Bq m™

A

of gamma-emitting isotopes, code BW/Z-63/19/20) was added to each humidifier on
17 March 2023, to initiate the contamination process. The gamma radionuclides included
in the mix were 24! Am (T /, 432.2 years), > Co (Ty /5 0.744 years), 137Cs (T; /, 30.05 years),
54Mn (T, /2 0.855 years), 57n (Ty /2 0.668 years), and 0Co (T /2 5.271 years). The experiment
was carried out in three parallel replicates, with 1 g of the gamma mix solution added to
aquarium A, 2 g to aquarium B, and 3 g to aquarium C. The added gamma mix solution
was sprayed along with the water used for hydration, and the deposition of isotopes in each
aquarium is presented in Figure 1. Increasing concentrations of isotopes were intended to
test experimentally whether there is a dependence of isotope bioaccumulation efficiency on
their initial concentration in fallout.

5’Co - 46 Bg m2
54Mn - 429 Bg m2
657Zn - 486 Bq m™
60Co - 2123 Bgm™
137Cs - 2025 Bg m?
2Am - 2707 Bg m2

57Co-31 Bgm?
4Mn - 284 Bg m2
65Zn - 322 Bq m2
60Co - 1406 Bqg m™2
137Cs- 1341 Bg m™
21Am -1793 Bg m>

B C

1

Figure 1. Diagram of the experiment showing three aquariums with the lichen Cladonia uncialis,
where isotopes were applied in different concentrations ((A)—1 g gamma mix solution, (B)—2 g
gamma mix solution, (C)—3 g gamma mix solution).

Throughout the entire experiment, the lichens were irrigated using a humidifier twice
a week, with excess water draining from the aquarium through a specially prepared drain
at the bottom. Prior to starting the experiment, the initial activities of the studied isotopes
in the lichens and soil were measured to establish reference values, which were used to
adjust the observed values of the studied elements during the experiment (Table 1).

Table 1. Initial activity of the studied isotopes in the soil and C. uncialis used in the experiment.

54Mn 57C0 GOCO GSZn 137CS 241Am
Bqkg ! 4w
Soil <0.36 <0.18 <0.44 <1.03 2.83 + 0.25 <0.42
Cladonia <0.52 <0.41 <0.46 <1.43 7.38 + 0.60 <058
uncialis

Samples of contaminated lichens were collected one week after contamination, on
24 March 2023, and then at approximately monthly intervals on the following dates:
20 April 2023; 19 May 2023; 21 June 2023; and 24 August 2023. The activity of the anal-
ysed isotopes at all time points was recalculated to the reference date of 17 March 2023,
considering the different half-lives (T ;) of each isotope. This approach enabled the di-
rect comparison of long-term trends. Each sample from each aquarium was divided into
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two subsamples. One of the subsamples was rinsed in distilled water for 6 h to remove
loosely deposited contaminants from the surface of the lichens, while the other subsample
was analysed without any treatment. A simple wash in distilled water does not remove
isotopes trapped intracellularly or bound to cell walls and outer membranes; it only re-
moves soluble particles loosely deposited on the surface. The material of both washed
and unwashed samples was then dried at 105 °C and ashed at 400 °C to obtain homoge-
neous samples, and was then placed in vessels with geometries identical to the calibration
geometry. In this form, the samples were measured using gamma spectrometry.

To study isotope concentrations in the substrate, soil samples were collected at the
time of lichen collection, from the site directly below the collected lichen. The soil samples
were then dried at 105 °C and ashed at 400 °C.

2.2. Gamma Spectrometry Analysis

The activities of radionuclides were measured using a gamma spectrometry system
(Extended Range Coaxial Ge Detector (XtRa) model GX4018 (Canberra, Meriden, CT, USA)
with a relative efficiency of 40% and a resolution of 1.8 keV for the 1332 keV peak of
0Co). The detector was coupled with an 8192-channel computer analyser and GENIE 2000
software. The Coldfinger of the detector was inserted into a Cryo-Cycle II cryostat (model
7500SL Canberra) with electrical cooling supported by liquid nitrogen (LNjy). The total time
measurements for each sample were 80,000. The detector system was calibrated using the
supplied gamma mixed standards (Standard solution of gamma-emitting isotopes, code
BW/Z-63/19/20). The radionuclides used in the reference solution during equipment
calibration were: 221 Am, 19°Cd, 5’ Co, 51Cr, 1138n, 855y, 137Cg, 54Mn, °Zn, and ®°Co, and
approximation errors were at a level of 0.8-2.1%. This reference solution was used to prepare
reference samples for equipment calibration. For equipment calibration, reference samples
were analysed in cylindrical plastic containers (40 mm diameter) with the same geometry
as those used for environmental samples. The calibration was carried out using standard
solutions with a density of approximately 1 g cm 3 with different heights: 1, 3, 5, 7, 10, 15,
20, and 25 mm, to match samples varying in thickness layer. The reliability and accuracy of
the measurements, as well as the comparability, were verified by participation in 2023 in the
intercalibrations organised by the IAEA (International Atomic Energy Agency) [22] (Table 2).

Table 2. The reliability and accuracy of the measurements obtained by the laboratory in the intercali-
brations organised by IAEA (International Atomic Energy Agency).

LI:;}:):::E(EY Assigned Value Trueness Precision Final Sample
_3 . . .
Value [Bq kg ] [Bq kg—31 Evaluation Evaluation Score Matrix
Reference 0Co 14.90 + 0.16 14.7 £0.7 A A A Spiked Water
sample 1 21 Am 21.73 £0.35 223+1.1 A A A p
Reference 905y 12.04 + 0.46 142 +0.7 A A A
134Cs 41.50 + 0.60 40.0 £2.0 A A A Spiked Water
sample 2 137
Cs 4421 +0.70 441422 A A A
Reference 134y 6.50 & 0.37 6.93 4 0.50 A A A Japanese Soil
sample 4 187Cg 260 + 4.5 270 + 17 A A A P
3. Results
3.1. Lichen

The activity of isotopes in C. uncialis thalli was directly proportional to their radioactive
concentrations in the aerosol spray. The lowest activities of 57Co, ®*Mn, %°Zn, ®0Co, 137Cs,
and 2! Am in lichens was observed in Aquarium A in which the deposition was the lowest.
In aquaria B and C, with the increase in deposition, a proportional increase in isotope
activity was observed (Table 2). Comparing isotope activities in samples before and after
rinsing, the activity of 54Mn decreased by 10%, 20%, and 23% in Aquariums A, B, and
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C, respectively, indicating rinsing. %’Co showed greater divergence in decreases (24%
in B, 19% in C), while in Aquarium A, the activity in the rinse sample was 7% higher
compared to the non-rinse sample. ®*Co had substantial reductions across all aquaria
(7% in A, 17% in B, and 18% in C). The activity of ®*Zn remained at a similar level in
Aquarium A and decreased in B and C. 13Cs activity increased in Aquariums A and C but
decreased in B, indicating inconsistencies in rinsing effectiveness. 241 Am showed minimal
decreases in A and B, with a significant increase in C. Overall, rinsing generally reduced a
negligible amount of isotope activities that are within the measurement error limit (Table 3).
Approximate activities in washed and unwashed samples suggests that the accumulation
of all isotopes occurred intracellularly and not merely by being deposited onto the lichen’s
surface (Table 1, Figure 2).

Table 3. Activities of six isotopes (57Co, 54Mn, %57n, %9Co, 137Cs, and 241Am) measured in three
aquaria (A, B, and C) before and after rinsing, showing the percentage changes in activity.

A A-Rinsed % Change B B-Rinsed % Change C C-Rinsed % Change
54Mn [Bq kg*1 ]
average 62 56 10 113 90 —20 190 145 _23
(min-max) (43-97) (36-80) (89-139) (71-113) (123-233) (35-197)
Median 59 47 111 85 200 166
57Co [Bq kg 1]
average 5.9 6.3 - 12.5 9.4 o4 22 17.8 _19
(min-max)  (3.9-6.9) (3.2-9.6) (10.1-14.1) (0-14.3) (17.9-25.4) (4.5-27.1)
Median 6.3 5.2 13.3 10.3 222 17.7
0Co [Bq kg’1 ]
average 303 282 . 584 481 1 943 773 18
(min-max)  (282-371)  (210-382) (462-693) (407-574) (722-1145) (401-949)
Median 286 243 609 447 950 826
657n [Bq kg ']
average 147 135 262 202
(min-max)  /106-82)  73(52-99) 3 (112-167)  (103-157) -8 (209-303) (56-313) -2
Median 71 68 127 142 264 241
137CS [Bq kg—l ]
average 336 363 8 704 636 9 1299 1473 14
(min-max) (291-376) (229-480) (667-732) (466-824) (1104-1510) (635-2063)
Median 356 415 713 617 1254 1563
241 Am [Bq kg—ll
average 405 397 2 951 898 _6 1721 1982 15
(min-max) (345-456) (332-521) (832-1048) (834-998) (1612-1863)  (1898-2043)
Median 421 354 947 898 1754 2001

Initial activity levels vary significantly between the three aquariums, with Aquarium
C showing the highest levels, followed by Aquarium B, and then Aquarium A. This caused
the activity in the lichen to be proportional to the initial fallout deposition. Despite the
different activities in all aquaria, a similar trend in bioaccumulation was observed. The
activities of isotopes in all samples showed variability over time, with some isotopes, like
0Co and %Zn, exhibiting more significant fluctuations. The mean activity of >*Mn and >’ Co
were with a relatively high standard deviation, indicating noticeable fluctuations over time.
For ®Zn, activity also varied, though less drastically than 54Mn and 57Co, and it stabilised
toward the later sampling periods. The activities of '3’Cs, and ! Am in lichens in each
aquarium were at similar levels regardless of sampling time, suggesting that accumulation
was most effective during the first days of the experiment (Figure 2). Overall, these results
indicate that while there are changes over time, many of these values are within the margin
of variability, suggesting that a long-term survey would provide a more stable assessment
of trends (Figure 2).
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Figure 2. Temporal change (7 days, 1 month, 2 months, 3 months, 5 months) in the concentration
activity of isotopes (37Co, 5*Mn, ®5Zn, ©0Co, 137Cs, and 241 Am) in thallus of Cladonia uncialis (unrinsed
and rinsed) in relation to deposition (A-C).

3.2. Soil

The activity of isotopes in the soil, as in the case of lichens, depended on the initial
conditions of the fallout. In the case of Aquarium A, in which contamination was the
lowest, only three isotopes, 60Co, 137Cs, and 2*1 Am, were observed in the soil sample,
and their average activities were 2.90 Bq kg !, 4.48 Bq kg~!, and 2.20 Bq kg~! (Figure 3);
the concentrations of the others were below the detection limit. In Aquarium B, where
contamination was two times higher than in Aquarium A (Figure 1), the average activities
of ®Co, 137Cs, and 24! Am were 7.42 Bq kg !, 10.9 Bq kg !, and 7.84 Bq kg !, respectively.
In Aquarium C, where the contamination was three times higher than in Aquarium A, in
addition to the isotopes observed in aquariums A and B, the concentrations of >*Mn, % Co
and %°Zn were also measured in the soil. In all aquaria, the activity of 1*’Cs and 2! Am in
the soil increased with time, suggesting that a small amount of the isotopes that had been
deposited on the surface were leached from the surface of the lichens into the soil during
irrigation with a humidifier.
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Figure 3. Temporal change (7 days, 1 month, 2 months, 3 months, 5 months) in the activity con-
centrations of isotopes (57Co, 54Mn, %5Zn, 9Co, 137Cs, and 241Am) in soil in relation to deposition
(Aquarium A, Aquarium B, Aquarium C).

3.3. Aggregated Transfer Coefficient (Tag)

Based on the obtained results of isotope concentrations in lichen tissue and deposition
rates, the Aggregated Transfer Coefficient (Tag) was determined, which is an empirical
coefficient that determines bioaccumulation capacity and which can be used in predic-
tive models for both natural and semi-natural ecosystems. It is defined by a specific
expression [18]:

Tag — Activity concentration of the sample (A)

2
 Activity of the deposition per unit area (D) (m”/ kg) @

The average Tag value determined from the data for all sampling periods was not
statistically significantly different between Aquaria A, B, and C for the three isotopes and was
for *Mn (0.44, 0.40, 0.44), >’ Co (0.38, 0.41, 0.47), ®°Co (0.43, 0.42, 0.44), ©°Zn (0.44, 0.42, 0.54),
and '¥Cs (0.50, 0.53, 0.64), respectively (Kruskal-Wallis test; p > 0.05). Only for 24! Am
(0.45, 0.53, 0.64) was Tag significantly higher in the aquarium with the highest deposition
(Aquarium C) compared to Aquariums A (Kruskal-Wallis test; p < 0.05) (Figure 4). Since
one of the components needed to calculate the Tag is the activity in lichens, the coefficient’s
variation followed the same trend as activity in lichens.

The Tag value is not fixed and may even rise over time under certain conditions.
Even during a short experiment of 5 months, significant differences were observed in the
calculated Tag depending on the contamination and sampling period (Figure 4, Table 4).
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Figure 4. Temporal change (7 days, 1 month, 2 months, 3 months, 5 months) of aggregated transfer
coefficient (Tag) of isotopes (*’Co, ™Mn, %Zn, Co, 137Cs, and 2#! Am) in Cladonia uncialis, in relation
to deposition (Aquarium A, Aquarium B, Aquarium C).

Table 4. Average, minimum, and maximum values of the Tag in C. uncialis depending on the deposition.

Deposition Tag [m? kg—1]
[Bq m—2] Average (Min-Max)
142 0.44 (0.30-0.68)
54Mn 284 0.40 (0.31-0.49)
429 0.44 (0.29-0.54)
15 0.38 (0.25-0.45)
Co 31 0.41 (0.33-0.46)
46 0.47 (0.39-0.55)
702 0.43 (0.40-0.53)
60Co 1406 0.42 (0.33-0.49)
2123 0.44 (0.34-0.54)
161 0.44 (0.35-0.51)
6571, 322 0.42 (0.33-0.49)
486 0.54 (0.43-0.62)
670 0.50 (0.43-0.56)
187C 1341 0.53 (0.50-0.55)
2025 0.64 (0.55-0.75)
896 0.45 (0.39-0.51)
A 1793 0.53 (0.46-0.58)

2707 0.64 (0.60-0.69)
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4. Discussion

Experimental studies showed that the accumulation of 57Co, %*Mn, ®°Zn, 9Co, 137Cs,
and 2! Am by C. uncialis proceeded immediately after deposition reaching equilibrium in
the first days of the experiment as corroborated by our results (Figure 2). Monnet et al. 2006
reported that accumulation of metals by lichens occurs rapidly, in most cases within a few
hours. In the case of Cu, maximum accumulation was observed after 3—-6 h [23]. Short-term
metal accumulation by lichens can be described as an “ion exchange” process involving
carboxyl or hydrocarboxyl sites on outer cell walls or structural macromolecules [24].
Metals can be divided into two main categories: those essential for lichen metabolic processes
and those that are trace elements with toxic properties. Essential elements for biological
functions can easily cross the plasma membrane and are components of various enzymes,
serving as enzyme activators [25,26]. Moreover, a well-known detoxification mechanism
includes the binding of metals to organic acids, oxalate crystals, lichen secondary metabolites,
polysaccharides, and melanin pigments [27,28]. Metals that are immobilised within cell wall
components or situated extracellularly tend to be less detrimental to lichens. The absorption
capacity of the elements increased in the order: >**Mn < %’Co < ®°Co < %°Zn < 2! Am < 1%7Cs
(Table 4). Absorption rates were highest for 241 Am and 1%Cs, for which maximum values
of Tag reached 0.64 m?/kg (Table 3). 137Cs can be especially easily incorporated into the
biological structure of plants due to its similarity to potassium ions [6]. 24! Am is an artificial
element of recent origin, and thus does not have a biological role, however bioaccumulation
by bacteria and fungi has been reported. The absorption of 2! Am by R. arrihizus is related
to contact time. The adsorption rate increased rapidly with time and rose up to 99% in
1 h. Later, the adsorption rate grew slowly and tended to the equilibrium [29]. While
the computation of Tag values is relatively straightforward, their application necessitates
a comprehensive understanding of the ecosystem. Elements like the time of year or the
type of soil can introduce variability in the observed Tag values. The aggregated transfer
coefficient for 137Cs for lichen found in the literature calculated after the Chernobyl accident
ranges from 0.8 m? kg~ ! to 2.3 m? kg~! [30]. These values were much higher than those
calculated in this publication. The accumulation of metals and radioactive isotopes in
plants are influenced by numerous factors, including element availability, species, age, as
well as environmental conditions such as temperature, humidity, substrate characteristics,
and pH [31-33]. Consequently, metal transfer from the soil to lichens can also occur in
nature, potentially leading to variations in results. In the case of our experiment, the activity
levels in the soil were low enough that accumulation from the substrate would not have
significantly impacted the results in the lichens. However, since the Tag values varied by
up to twofold during the experiment, a balance of the isotopes accumulated in the lichens
relative to the introduced isotopes was conducted (Figure 4, Table 4). The accumulation
coefficient for each aquarium was calculated using Formula (2).

Activity of Lichen [%q} x Total Mass of Culture|g]

Accumulation Coefficient = [unit] (2)

Isotope Contamination [Bq]

For the four isotopes—>*Mn, >’Co, ®°Co and %°Zn, the absorption efficiency at low
concentrations (Aquarium A) was about 36-40% fallout. As the deposition increased
(Aquarium B, C), the absorption efficiency decreased to 24-29% (Figure 5). In the case
of 1¥Cs and 2! Am, the absorption efficiency was significantly higher, oscillating around
50%. In addition, in the case of '3’Cs, a comparable absorption efficiency was observed
regardless of the concentration in the fallout, suggesting that this isotope accumulated at a
constant rate regardless of its initial concentration.
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Figure 5. Accumulation efficiency at the different initial fallout concentrations.

Based on the experimental data from this study;, it is possible that some Tag coefficients
reported in the literature might be overestimated, and relying on them to calculate actual
deposition could lead to overestimations [19]. Studies have shown that lichens respond to
changes in atmospheric heavy metals within a few days, while the residence time of many
elements in lichen thalli remains constant for at least 0.5 years.

5. Conclusions

Cladonia uncialis demonstrated a remarkable ability to bioaccumulate radioactive
isotopes, including 57Co, ®*Mn, ®Zn, ©9Co, 137Cs, and %' Am, from the environment,
with isotopic activity within lichen tissues being directly proportional to the baseline
isotopic activity in the fallout. Rinsing the lichen samples with distilled water resulted in a
minimal reduction of isotope activity, indicating that most isotopes bound to cell walls and
outer membranes were trapped intracellularly rather than merely adhering to the surface.
This finding underscores the species’ capacity to absorb and retain radioactive materials
effectively. The Aggregated Transfer Coefficient (Tag), which provides a quantitative
measure of the lichen’s bioaccumulation ability, revealed higher values for '¥Cs and
241 Am, with maximum coefficients reaching 0.63 and 0.64 m? kg1, respectively. Moreover,
the activity of 1Cs and 2! Am in lichen tissues reached equilibrium within the first few
days after fallout, and the Tag values remained stable throughout the experiment. These
results highlight the potential of C. uncialis as a reliable biomonitor for rapid and effective
assessment of radioactive contamination in the environment.
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