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Abstract The bioaccumulation of artificial Cs-137 and natu-
ra l radionucl ides Th-234, Ra-226, and K-40 by
Basidiomycetes of several species is studied and evaluated in
relation to their substratum soils. For this reason, 32 fungal
samples, representing 30 species of Basidiomycetes, were col-
lected along with their substratum soil samples, from six se-
lected sampling areas in Greece. The fungal fruit bodies and
the soil samples were properly treated and the activity concen-
trations of the studied radionuclides were measured by gamma
spectroscopy. The measured radioactivity levels ranged as fol-
lows: Cs-137 from <0.1 to 87.2±0.4 Bq kg−1 fresh weight
(F.W.), Th-234 from <0.5±0.9 to 28.3±25.5 Bq kg−1 F.W.,
Ra-226 from <0.3 to 1.0±0.5 Bq kg−1 F.W., and K-40 from
56.4±3.0 to 759.0±28.3 Bq kg−1 F.W. The analysis of the
results supported that the bioaccumulation of the studied nat-
ural radionuclides and Cs-137 is dependent on the species and
the functional group of the fungi. Fungi were found to accu-
mulate Th-234 and not U-238. What is more, potential

bioindicators for each radionuclide among the 32 species stud-
ied could be suggested for each habitat, based on their esti-
mated concentration ratios (CRs). The calculation of the CRs’
mean values for each radionuclide revealed a rank in decreas-
ing order for all the species studied.
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Introduction

There are several studies in the scientific literature that deal with
the bioaccumulation of radionuclides (both natural and artificial),
as well as with conventional pollutants, concluding that fungi can
be considered as a tool for assessing the early response to con-
tamination and the dispersion and behavior of natural elements—
including radionuclides—in the ecosystem (Baeza et al. 2004;
Castro et al. 2012; Duff and Ramsey 2008; Fraiture et al. 1990;
Rakić et al. 2014). The factors that may influence radionuclide
uptake by fungi have been reported by several authors. The most
significant factors are related with the ecology and geology of
their habitats and include environmental parameters, such as type
of climate, rainfall patterns, type of soil and humus, soil pH and
texture, type of forest canopy, and soil stable Cs and K concen-
trations; and biological traits such as depth and life span of the
mycelium, fungal species, functional group of fungi with regards
to their mode of nutrition, and type of basidiome. (Baeza et al.
2004; Bazala et al. 2008; Fraiture 1992; Gillet and Crout 2000;
Heinrich 1993; Kuwahara et al. 2005; Nimis et al. 1992; Rakić
et al. 2014; Yoshida et al.,1994). In conclusion, fungi may be
used as bioindicators for assessing the radioactive contamination
of a territory and the changes in the biological availability of
radionuclides (Dighton et al. 2008; Fraiture et al. 1990).
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Regarding the behavior of fungi toward radionuclide accumu-
lation from terrestrial ecosystems in Greece, there is limited pub-
lished research in the international literature. On the contrary,
there are a lot of studies with respect to fungal Ecology and
Systematics in Greek ecosystems (Delivorias et al. 2010;
Gonou-Zagou and Delivorias 2011; Tsopelas et al. 2009). The
present study is the result of a joint research initiative of the
mycological research group of the University of Athens and
the Environmental Radioactivity Laboratory (ERL) of the
National Center for Scientific Research BDemokritos^ (NCSR
BD^). Consequently, several studies have been conducted, and
the results have been presented in national and international con-
ferences (Gonou-Zagou et al. 2006; Kioupi et al. 2011; Kioupi
et al. 2004; Kioupi 2004; Mantzourani Α 2002; Mantzourani Α,
Florou Ε, Kapsanaki-Gotsi Ε, Gonou-Zagou Ζ 2001;
Mylogiannaki Ν 2004). Τhe main findings of the former studies
suggested that specific fungal species can be used as a tool for
assessing the radiological status of a terrestrial ecosystem.

The primary research task of the present study was to inves-
tigate the accumulation of Cs-137, which resulted mainly from
the deposition of the radioactive fallout of the Chernobyl acci-
dent on Greek soils, and the natural Th-234, Ra-226, and K-40
by fungi from various habitats in Greece. Furthermore, the re-
spective activity concentrations in their substrate soils were
measured and analyzed in order to estimate the CRs for the
radionuclides considered and compare them with results from
the international literature. The obtained data were treated and
interpreted by use of appropriate statistics. Furthermore, the
radiological role of the various species of Basidiomycetes and
the dependence of the activity concentrations on the sampling
area, family, and functional group of fungi in terms of nutrition
were also evaluated. Finally, an effort was also made to suggest
some species as bioindicators for the studied radionuclides in
terms of their ability to show a remarkable response to the
pollutants introduced to their habitat.

Materials and methods

Sampling and treatment of fungal fruit bodies and soils

Thirty-two composite samples of fungal fruit bodies
(basidiomata), representing 30 species of Basidiomycetes,
were collected from six sampling areas of 5–20 m2 in central
and northern Greece, between September 2002 and November
2002 (Fig. 1 and Table 1). In almost all the cases, the substrate
of the fungi was soil, except for Mycena seynii, which was
found on fallen Pinus halepensis cones and Armillaria mellea
which was found growing on buried wood (Table 1).

The sampling weight for the fungi was about 1–2 kg fresh
weight (F.W.), consisting of samples and their replicates. This
was considered enough to obtain the adequate mass to complete
the polyurethane measurement pot (called white cup, d=70 mm,

h=20 mm, V=76 cm3), taking into account that the percentage
ashing factor varies from 1.2 to 6.1 % (Table 1).

Fungal fruit bodies were collected from natural (Agrafa,
Diakopi, Dirfys) and semi-natural environments (Florina,
Ymittos, Aigaleo) directly. The sampling areas were mainly
natural forest areas dominated by the Greek fir (Abies
cephalonica; Agrafa, Diakopi, Dirfys), exurban forest areas
dominated by the Mediterranean pine (P. halepensis;
Ymittos, Aigaleo), and grasslands (Florina).

Care was taken in order for the fungal fruit body to remain
intact during sampling. The fungi collected, in terms of system-
atics, belong to the class Basidiomycetes and represent 16 fam-
ilies. Theywere identified up to species level, with the exception
of six samples (Table 1). In terms of their nutrition mode, which
affects the biological accumulation of radionuclides, 17 of the
species collected were mycorrhizal, 13 were saprotrophic, and
only 1 was characterized as parasitic to trees (Table 1).

Twelve soil samples were collected from the same sampling
areas as the fungi (Fig. 1 and Table 1) between September 2002
and June 2003. The soil texture of each sampling area ranges
from fine (35 %<clay<60 %) in Diakopi to medium (18 %<
clay<35 % and ≥15 % sand, or 18 %<clay and 15 %<sand<
65%) in Agrafa, Dirfys, Ymittos, and Aigaleo to coarse (18 %<
clay and >65 % sand) in Florina (Soil Texture and European
Commission 2001). Soil samples (0–10-cm depth) were collect-
ed using a spade under the fruit body in a 10 cm×10 cm square.
For each sampling area, composite soil samples were collected,
consisting of samples and their replicates. In areas where more
than one composite soil samples were collected (Diakopi and
Ymittos, Table 2), the calculation of radionuclide activity con-
centrations was performed by using the mean value.

After sampling, the fungal specimens, were immediately
transferred to the laboratory, they were cleaned from soil and
other impurities first by hand and then washed with tap water
and finally rinsed with bidistilled water in order to be perfectly
free from residuals. After that, they were dried and finally F. W.
was appropriately obtained. Then, they were ashed at 360 °C
(>90 % recovery of radionuclides according to ERL treatment
protocols, IAEATRSNo 118 of 1970 and IAEATRSNo 295 of
1989) until constant weight which was measured and the per-
centage ratio (ashing factor) was estimated (Table 1). Finally,
they were homogenized up to fine powder and enclosed in white
cups for immediate gammameasurement. The soil samples were
initially sieved (0.6 mm in diameter) to collect the fine fraction
and after that dried at 105 °C until constant dry weight (D.W.),
which was obtained. Then, they were enclosed in white cups for
immediate gamma measurement, according to the ERL physical
treatment protocols and the TRS No 295 of IAEA (1989).

Measurements

The activity concentrations of the artificial Cs-137 and natural
radionuclides Th-234, Ra-226, and K-40 for both the fungal

614 Environ Sci Pollut Res (2016) 23:613–624



and the soil samples were measured for 70,000 s in a high-
resolution gamma spectrometry system of the ERL of the
NCSR BD,^ with a high-purity Ge detector of 20 % relative
efficiency and computerized multichannel analyzer of 4000
channels in a total spectrum area of 2000 keV. ORTEC soft-
ware was used for the analyses of the obtained spectra. The
relative statistical error (1σ) did not exceed 18 %. The efficien-
cy was determined by a Ra-226 standard source of 240 Bq. The
calibration correction was made by a Co-60 point standard
source of 3.7×104 Bq, in the 1173.2- and 1332.5-keV peaks.
Additional calibration in the range below 150 keVwasmade by
use of U-238 standard and the IAEA reference material RGU-
1, as well. Quality control was certified through the participa-
tion of ERL in the ALMERA network of IAEA and especially
through its participation in the interlaboratory proficiency tests
(PTs) and intercomparison exercises such as First ALMERA
PT in soil of 2001 (IAEA 2005) and EC-JRC-IRMM
Interlaboratory Comparison on natural radioactivity and Cs-
137 in soil run IAEA-375 (Strachnov et al. 1996). It must be
noted that interlaboratory tests and intercomparison exercises
always include a quality control sample aiming at a constant
check of the detector's energy and efficiency calibration.

The minimum detectable activities for each radionuclide
were as follows: for Cs-137 0.01 Bq/sample, for K-40
0.14 Bq/sample, for U-238/Th-234 0.22 Bq/sample, and for

Ra-226 0.02/per sample. The activity concentrations for the
fungi were calculated on the basis of F.W. (Bq kg−1) taking
into account the ashing factor of each fungal sample.

Uranium-238 activity concentrations were calculated
viaTh-234 peaks, namely, the one at 63.3 keVand the double
peak at 92.4 and 92.8 keV. In the soil, U-238 is in secular
equilibrium with its daughter radionuclide Th-234 in most of
the cases. A second measurement of U-238/Th-234 activity
concentrations in the soil samples took place about 1 month
after the first one to reveal if the radionuclide follows the
decay of U-238 (t1/2=4468 billion years) or Th-234 (t1/2=
24 days). The second measurement was similar to the first
one and, thus, the radionuclide follows the decay of U-238.
In basidiomata, which are short-lived, Th-234 is not in secular
equilibrium with its parent radionuclide U-238. In order to
determine if fungi accumulate U-238 or Th-234, a second
measurement was carried out about 1 month after the first
one. The U-238/Th-234 activity concentrations in the second
measurement were found below the lower limit of detection
(LLD), which was 0.5 Bq kg−1 (Tables 2 and 4).
Consequently, the radionuclide present in the fungal samples
follows the decay of Th-234 and, thus, Th-234 is accumulated
by fungi and not U-238.

Radium-226 activity concentrations were measured
about a month after sealing the measurement pots, so

Fig. 1 The six sampling areas of
the fungal specimens and
respective substratum soils
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that secular equilibrium was established between Ra-226
and its daughter radionuclide Rn-222. Consequently,
calculations were made via the two peaks of Pb-214 at
295.2 and 351.9 keV and via the peak of Bi-214 at
609.3 keV. The LLD for Ra-226 was 0.3 Bq kg−1

(Table 4).
Potassium-40 activity concentrations were calculated via its

only peak at 1460.8 keV, Cs-137 activity concentrations via its
only peak at 661.7 keV, and Cs-134 activity concentrations via

its two peaks at 604.7 and 795.8 keV. In cases where more than
two peaks were used, calculation of the mean value was per-
formed. The respective LLD for K-40 was 0.2 Bq kg−1 F.W.
and for Cs-137 was 0.1 Bq kg−1 F.W. (Tables 2 and 4).

Concentration ratios and statistical treatment

The concentration ratios (CRs) for the artificial Cs-137
and natural Th-234, Ra-226, and K-40 (Table 6) were

Table 1 Data concerning the specimens of Basidiomycetes and associated soil samples

Sampling area Species Date of sampling Functional
group

Family Ashing factor % Associated Soil sample

Aigaleo (Athens) Clitocybe sp.2 11/11/2002 Saprotrophic Tricholomataceae 6.1 09/12/2002 disturbedb

Agrafa Russula delica 07/09/2002 Mycorrhizal Russulaceae 4.1 01/06/2003 undisturbedc

Armillaria melleaa 07/09/2002 Parasitic Physalacriaceae 2.8 01/06/2003 undisturbed

Ramaria formosa 05/10/2002 Mycorrhizal Gomphaceae 2.6 01/06/2003 undisturbed

Lepista flaccida 05/10/2002 Saprotrophic Tricholomataceae 2.7 01/06/2003 undisturbed

Clitocybe sp.1 05/10/2002 Saprotrophic Tricholomataceae 2.1 01/06/2003 undisturbed

Sarcodon martioflavus 05/10/2002 Mycorrhizal Bankeraceae 2 01/06/2003 undisturbed

Clitocybe nebularis 05/10/2002 Saprotrophic Tricholomataceae 1.9 01/06/2003 undisturbed

Diakopi Marasmius oreades 13/09/2002 Saprotrophic Marasmiaceae 2.9 13/09/2002 disturbed

Vascellum pratense 14/09/2002 Mycorrhizal Agaricaceae 3 14/09/2002 undisturbed

Bovista plumbea 14/09/2002 Mycorrhizal Agaricaceae 2.6 14/09/2002 undisturbed

Agaricus xanthodermus 13/09/2002 Saprotrophic Agaricaceae 1.2 13/09/2002 disturbed

Hygrocybe acutoconica 14/09/2002 Saprotrophic Hygrophoraceaeceae 1.7 14/09/2002 undisturbed

Entoloma sp. 14/09/2002 Mycorrhizal Entolomataceae 3.4 14/09/2002 undisturbed

Agaricus campestris 14/10/2002 Saprotrophic Agaricaceae 2.3 14/09/2002 undisturbed

Inocybe sp. 14/10/2002 Mycorrhizal Inocybaceae 1.4 14/09/2002 undisturbed

Macrolepiota mastoidea 14/10/2002 Saprotrophic Agaricaceae 1.7 14/09/2002 undisturbed

Armillaria melleaa 14/10/2002 Parasitic Physalacriaceae 3 14/09/2002 undisturbed

Ramaria obtusissima 14/10/2002 Mycorrhizal Gomphaceae 2.1 14/09/2002 undisturbed

Lactarius salmonicolor 14/10/2002 Mycorrhizal Russulaceae 2 14/09/2002 undisturbed

Lycoperdon perlatum 14/10/2002 Mycorrhizal Agaricaceae 2.2 14/09/2002 undisturbed

Clavariadelphus truncatus 14/10/2002 Mycorrhizal Clavariadelphaceae 2.5 14/09/2002 undisturbed

Hydnum rufescens 14/10/2002 Mycorrhizal Hydnaceae 3 14/09/2002 undisturbed

Hydnellum concrescens 17/11/2002 Mycorrhizal Bankeraceae 2.3 17/11/2002 undisturbed

Dirfys Cortinarius sp. 09/11/2002 Mycorrhizal Cortinariaceae 1.6 02/12/2002 undisturbed

Melanoleuca cognata 09/11/2002 Saprotrophic Tricholomataceae 2.8 02/12/2002 undisturbed

Florina Boletus sp. 30/10/2002 Mycorrhizal Boletaceae 3.4 01/11/2002 undisturbed

Ymittos (Athens) Suillus collinitus 12/11/2002 Mycorrhizal Suillaceae 2.1 29/05/2003 disturbed

Chroogomphus rutilus 12/11/2002 Mycorrhizal Gomphidiaceae 2.8 06/12/2002 disturbed

Mycena seyniia 12/11/2002 Saprotrophic Tricholomataceae 3.4 29/05/2003 disturbed

Clitocybe nebularis 20/11/2002 Saprotrophic Tricholomataceae 2.4 06/12/2002 disturbed

Lepista nuda 20/11/2002 Saprotrophic Tricholomataceae 2.2 06/12/2002 disturbed

Date format is day/month/year
a The substrate for all the samples was soil, except for Armillaria melleawhich was collected on buried wood andMycena seyniiwhich was collected on
fallen Pinus halepensis cones
bDisturbed refers to natural areas affected by human activities
c Undisturbed refers to natural areas without any impact of human activities (technology, agriculture, livestock etc.)

616 Environ Sci Pollut Res (2016) 23:613–624



calculated on the basis of the IAEA TRS No 479 (2014)
CRs as follows:

CR ¼ ACfruitbody Bq kg−1 F:W:
� �

=ACsoil Bq kg−1D:W:
� �

AC radionuclide activity concentration

The statistical treatment of the results was processed using
PASW Statistics 18 software. This is a software package for
statistical analysis, data management, and data documentation
(Statistics 2009). More specifically, the features of the pro-
gram described below were used:

1. The Shapiro–Wilks W test to check if the activity concen-
trations in both the fungal and the soil samples followed
normal distribution. This test was appropriate for
our samples because it is used for a number of
samples (N) from 3 to 2000. Results for this test
are provided in Tables 3 and 5.

2. The Kruskal–Wallis H test (one-way analysis of variance
by ranks) is a non-parametric method for testing whether
the samples originate from the same distribution. Results
for this test are provided in Table 7.

3. The cluster analysis is a common technique used for
grouping a set of data into clusters based on their similar-
ity and distance. Results for this test are provided in
Fig. 2.

For the statistical analyses of activity concentrations of the
radionuclides in the fungal species, the values below the LLD
were omitted, whereas 10 % of the distribution for Cs-137,
5 % of Th-234, and 3 % of K-40 was winsorized (Table 5).
This was done in order to give less weight to values in the tails

of the distribution (outliers). Very low activity concentrations
(close to the LLD) and very high ones were changed to the
next largest or the next smallest score, respectively, in order to
obtain more robust mean values. The level of significance (p
value) in all the analyses was set at 0.05.

Results and discussion

Activity concentrations in the substratum soils

The activity concentrations for the artificial radionuclide Cs-
137 in the soil samples ranged from 44.8±1.6 Bq kg−1 in
Dirfys to 571.7±4.6 Bq kg−1 D.W. in Diakopi (Fig. 1 and
Table 2). Cs-137 was found in the range of the LLD of
0.1 Bq kg−1 D.W. only in one soil sample from Ymittos
(Fig. 1 and Table 2). This was a very disturbed soil sample

Table 2 Activity concentrations (Bq kg−1 D.W.) for all radionuclides in the 12 soil samples

Sampling site Cs-137 Cs-134 U-238 Ra-226 K-40

Diakopi 127.0±4.3a <0.1 130.0±46.0 20.0±4.2 717.0±42.0

Diakopi 148.7±3.1 <0.1 31.2±25.2 25.6±2.3 630.3±24.8

Diakopi 571.7±4.6 4.9±1.4 <0.5 25.6±3.1 681.4±23.6

Diakopi 430.5±2.0 2.3±0.6 23.5±12.9 22.3±1.4 403.2±11.5

Diakopi 424.1±3.7 <0.1 41.4±22.2 18.1±2.2 444.6±19.1

Florina 308.6±3.1 4.5±1.1 36.9±23.3 51.9±2.2 748.5±19.9

Diakopi 457.5±4.4 <0.1 46.6±26.7 28.5±2.8 479.3±24.5

Ymittos <0.1 <0.1 <0.5 44.7±2.4 420.1±19.1

Aigaleo 159.6±3.0 <0.1 <0.5 28.3±2.7 401.2±25.5

Ymittos 47.6±1.3 <0.1 38.3±22.8 26.5±1.9 503.1±20.5

Agrafa 313.6±1.9 <0.1 29.4±15.8 57.2±1.7 507.2±11.8

Dirfys 44.8±1.6 <0.1 132.5±17.3 40.6±1.9 851.5±23.0

The values lower than the LLD are in the form B<LLD^.
a Standard error of the measurement

Table 3 Descriptive values and Shapiro–Wilks W Test results for Cs-
137, U-238, Ra-226, and K-40 activity concentrations (Bq kg−1 F.W.) in
the 12 soil samples

Activity concentrations Cs-137 U-238 Ra-226 K-40

Number 11 9 12 12

Descriptives Mean 275.79 56.64 32.44 565.62

Std. Deviation 180.62 42.84 12.91 153.65

Median 308.60 38.30 27.40 505.15

Minimum 44.80 23.50 18.10 401.20

Maximum 571.70 132.50 57.20 851.50

Range 526.90 109.00 39.10 450.30

Shapiro–Wilks W 0.923 0.685 0.872 0.897

p value 0.417 0.001 0.068 0.146

p values <0.05 are presented in bold
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collected in the wider area of the University of Athens cam-
pus. From the bulk of 12 soil samples measured for Cs-134,
only 3 of them, collected in Diakopi and Florina (Fig. 1), were
found to be >0.1 Bq kg−1 D.W. (LLD). The observed values
for Cs-134 ranged from 2.3±0.6 to 4.9±1.4 Bq kg−1 D.W.
(Table 2).

Compared with results from North Lebanon Province that
ranged from 2 to 113 Bq kg−1 (Samad et al. 2013) and from
western Serbia that ranged from 2.6 to 55.3 Bq kg−1 (Dugalic
et al. 2010), the present values for Cs-137 are higher. They are,
however, comparable with values from Turkey that ranged
from 27 to 775 Bq kg−1 (Celik et al. 2009).

Caesium-137 concentrations in Greek soils were relatively
high as the Chernobyl fallout had a significant impact on the
Greek territory (Kritidis and Florou 2001). Activity concen-
trations for Cs-137 in the soil samples followed the deposition
pattern of total Cs in Greece as it is reported in the map of total
cesium in Greece (Greece: Total Caesium 1996), i.e., higher
concentrations were found in Western Macedonia (Florina),
Thessalia (Agrafa), and parts of Sterea Hellas (Diakopi),
which were mostly contaminated after the Chernobyl accident
due to heavy rainfalls. On the other hand, lower concentra-
tions were found in Athens (Ymittos and Aigaleo) and parts of
Evia (Dirfys), where less Cs was deposited after the

Chernobyl accident. Consequently, the deposition seems to
be the main parameter affecting the soil concentrations. This
can also be noted from the almost similar concentrations in
Dirfys undisturbed and Ymittos disturbed soil samples
(Table 2).

In terms of the natural radionuclides determined in this
study, U-238 concentrations ranged from 23.5±12.9 Bq kg−1

D.W. in Diakopi to 132.5±17.3 Bq kg−1 D.W. in Dirfys (Fig. 1
and Table 2). Three soil samples from Diakopi, Ymittos, and
Aigaleo presented values <0.5 Bq kg−1 D.W. (LLD, Table 2).
Data from North Lebanon province showed activity concen-
trations for U-238 from 4 to 37 Bq kg−1 D.W. (Samad et al.
2013), from Thailand from 13.9 to 76.8 Bq kg−1 D.W.
(Santawamaitre et al. 2014), and from western Serbia from
12±9 to 90±30 Bq kg−1 D.W. (Dugalic et al. 2010). It is clear
that the data presented in this study seem to be to the upper
part of the observed spectrum worldwide.

Radium-226 concentrations ranged from 18.1 ±
2.2 Bq kg−1 D.W. in Diakopi to 57.2±1.7 Bq kg−1

D.W. in Agrafa (Fig. 1 and Table 2). In the scientific
literature, results for Ra-226 ranged from 28.3±0.5 to
81.0±1.7 Bq kg−1 in India (Singh et al. 2009), 12 to
120 Bq kg−1 in Turkey (Celik et al. 2009), and 7.8±0.7
to 45.6±2.7 Bq kg−1 in Western Serbia (Dugalic et al.
2010), which are almost similar to the present values.

Potassium-40 activity concentrations ranged from 401.2±
25.5 Bq kg−1 D.W. in Aigaleo to 851.5±23.0 Bq kg−1 D.W. in
Dirfys (Fig. 1 and Table 2). For K-40, recent data from other
studies presented radioactivity levels from 363.4±4.9 to 1002
±11.2 Bq kg−1 in India (Santawamaitre et al. 2014) and 204 to
1295 Bq kg−1 in Turkey (Celik et al. 2009), which are higher
than the ones reported in this study, and 121±15 to 458±
27 Bq kg−1 in western Serbia (Dugalic et al. 2010), which
are lower, accordingly.

The activity concentrations for each radionuclide in
the soil samples were checked for normality using the
Shapiro–Wilks W test (Table 3). For the radionuclides
Ra-226, K-40, and Cs-137, the hypothesis that they are
normally distributed cannot be rejected based on their
p values (Table 3). This was not the case for U-238
(p value=0.001, Table 3).

Activity concentrations in fungi

General comments

Activity concentrations for all the radionuclides assessed in
this study are shown on Table 4. The distributions of activity
concentrations for all the radionuclides were checked for nor-
mality using the Shapiro–Wilks W Test after winsorizing the
values in the cases of Cs-137 (10 %), K-40 (3 %), and Th-234
(5%). The results in Table 5 showed that Cs-137, Th-234, and
K-40 activity concentrations did not follow normal

C1

C2

Fig. 2 Cluster analysis of activity concentrations for all the radionuclides
based on fungal species. Two clusters C1 and C2 can be observed
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distribution (p values were 0.000, 0.001, and 0.021,
respectively), but Ra-226 (p value=0.182) seemed to
follow normal distribution.

It has been suggested that the bioaccumulation of radionu-
clides in fungi depends on the specific characteristics of each
fungal species (Duff and Ramsey 2008). To assess that, cluster
analysis was performed in our data for all the radionuclides in
order to organize them into clusters (groups), based on their
similarity. First, a two-step cluster analysis was carried out in

order to determine the number of clusters that best fits our
data. Good quality of cohesion and separation was observed
for the two-cluster solution (C1 and C2). After that, hierarchi-
cal cluster analysis was applied which revealed that the larger
cluster (C1) included 75 % (24) of the fungal species that
showed lower activity concentrations and the smaller cluster
(C2) included 25 % (8) of the fungal species that showed
higher activity concentrations (Fig. 2). The eight species (clus-
ter C2) that showed higher activity concentrations for all the

Table 4 Activity concentrations
(Bq kg−1 F. W.) for all the
radionuclides in the 32 fungal
samples

Species Cs-137 Th-234 Ra-226 K-40

Russula delica 10.0±0.1a 2.4±1.3 0.4±0.1 87.3±1.7

Armillaria mellea <0.1 <0.5 <0.3 134.5±4.4

Marasmius oreades 0.8±0.1 <0.5 <0.3 86.0±1.9

Vascellum pratense 1.1±0.3 <0.5 <0.3 98.3±3.7

Bovista plumbea 1.3±0.4 7.7±3.9 <0.3 102.0±5.0

Agaricus xanthodermus <0.1 1.6±1.0 <0.3 147.0±2.0

Hygrocybe acutoconica 0.81±0.04 <0.5 <0.3 178.0±3.8

Entoloma sp. 1.7±0.8 <0.5 <0.3 74.0±7.6

Ramaria formosa 87.2±0.4 4.3±2.2 0.4±0.2 84.0±2.0

Lepista flaccida 0.52±0.03 1.9±1.6 <0.3 168.0±2.0

Clitocybe sp.1 0.9±0.2 4.2±2.8 <0.3 97.0±2.7

Sarcodon martioflavus 42.5±2.8 28.3±25.5 <0.3 759.0±28.3

Clitocybe nebularis 7.2±0.1 1.7±0.8 <0.3 86.7±1.0

Agaricus campestris 1.0±0.3 3.6±3.3 <0.3 125.0±3.6

Inocybe sp. 2.23±0.02 <0.5 <0.3 115.0±2.0

Macrolepiota mastoidea 1.0±0.3 4.8±2.7 0.6±0.2 56.4±3.0

Second measurement 0.8±0.4 <0.5b 0.6±0.2 60.0±5.0

Armillaria mellea 0.8±0.1 <0.5 <0.3 112.4±1.8

Ramaria obtusissima 0.6±0.1 1.5±0.9 <0.3 117.0±1.5

Lactarius salmonicolor 8.0±0.1 1.9±1.1 0.3±0.1 79.2±1.8

Lycoperdon perlatum 0.21±0.02 <0.5 <0.3 69.3±1.3

Clavariadelphus truncatus 3.3±0.2 <0.5 0.5±0.2 135.0±2.8

Hydnum rufescens 0.64±0.04 3.4±1.6 <0.3 138.6±2.1

Cortinarius sp. 4.3±0.1 2.1±1.1 <0.3 126.0±2.0

Melanoleuca cognata 1.1±0.3 <0.5 0.6±0.3 116.0±3.3

Suillus collinitus 1.03±0.01 <0.5 <0.3 69.5±1.0

Chroogomphus rutilus 4.1±0.2 1.7±1.0 <0.3 99.7±1.8

Mycena seynii 7.02±0.04 10.2±6.8 <0.3 91.0±5.6

Second measurement 10.0±1.7 <0.5b <0/3 109±10.0

Clitocybe sp.2 <0.1 <0.5 <0.3 180.0±19.4

Hydnellum concrescens 30.7±0.5 9.8±4.1 1.0±0.5 104.0±4.1

Second measurement 30.7±0.5 <0.5b 1.0±0.5 104.0±4.1

Clitocybe nebularis 1.0±0.3 <0.5 <0.3 70.0±3.0

Lepista nuda <0.1 <0.5 <0.3 120.0±3.0

Boletus sp. <0.1 1.6±1.0 <0.3 172.0±1.6

The values lower than the Lower LLD are in the form B<LLD^
a Standard error of the measurement
b Second measurement of activity concentration values for U-238/Th-234 for selected fungal species about one
month after the initial measurement
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radionuclides were Ramaria formosa, Sarcodon martioflavus,
Hydnellum concrescens, Clavariadelphus truncatus,
Macrolepiota mastoidea, Melanoleuca cognata, Russula
delica, and Lactarius salmonicolor (Fig. 2 and Table 1).
More specifically, the cluster C2 seemed to include three
groups of potential bioaccumulators (Fig. 2). The first group
with the Bhigher^ values consisted of S. martioflavus, the sec-
ond group with Bmedium^ values consisted of Ramaria
formosa and H. concrescens, and the third group with the
Blower^ values consisted of Russula delica, Lactarius
salmonicolor, C. truncatus, Melanoleuca cognate, and
Macrolepiota mastoidea.

From the eight species of cluster C2, six are mycor-
rhizal and two saprotrophic (Table 1). Two of these eight
s p e c i e s b e l o n g t o t h e f am i l y Ba n k e r a c e a e
(S. martioflavus and H. concrescens; Table 1) and two
to the family Russulaceae (Russula delica and Lactarius
salmonicolor; Table 1). Four of the species were collect-
ed in Diakopi (H. concrescens , C. trunca tus ,
Macrolepiota mastoidea, and Lactarius salmonicolor;
Table 1), while three were collected in Agrafa
(Ramaria formosa, S. martioflavus, and Russula delica;
Table 1). In the scientific literature (Duff and Ramsey
2008; Gillet and Crout 2000), four of these species’ gen-
era (Lactarius, Russula, Sarcodon, and Macrolepiota)
were reported as bioaccumulators whose behavior (activ-
ity concentrations and CRs) varied widely (from low to
very high depending on species) toward the presence of
Cs-137.

Mycena seynni and Armillaria mellea were the two
fungal species that did not grow on soil but on fallen
P. halepensis cones and buried wood respectively.
Their measured radioactivity concentrations probably
occurred via the transfer of radionuclides through the
plant material on which they grow and obtain
nutrients.

Cs-137

The values for Cs-137 ranged from 0.21±0.02 to 87.2±
0.4 Bq kg−1 F.W. (Table 4). Five fungal species’ activity con-
centrations (16 % of the samples) from different sampling
sites, functional groups, and families were measured in the
range of the LLD of 0.1 Bq kg−1 F.W. Those species were
Armillaria mellea, Agaricus xanthodermus, Clitocybe sp.2,
Lepista nuda, and Boletus sp. (Table 4). The present values
seem to be higher than those of previous studies from Greece
that ranged from 0.11 to 17.80 Bq kg−1 F.W. (MantzouraniΑ,
Florou Ε, Kapsanaki-Gotsi Ε, Gonou-Zagou Ζ 2001).
However, when taking into consideration the ashing factor,
the concentrations of Cs-137 (10.0–4035.2 Βq kg−1 D.W.)
were also higher in comparison with data from other areas
worldwide, e.g., Mexico, ranging from 0.2 to 91 Bq kg−1

D.W. (Gaso et al. 2000); Brazil, ranging from 1.45 to
10.6 Bq kg−1 D.W. (Castro et al. 2012); Spain, ranging from
<LLD to 47±7 Bq kg−1 D.W. (Baeza et al. 2004); and Turkey,
ranging from 9.81 to 401 Bq kg−1 D.W. (Karadeniz and
Yaprak 2007).

The lowest value for Cs-137 was found in the mycorrhizal
Lycoperdon perlatum collected in Diakopi, while the highest
value was found in the mycorrhizal Ramaria formosa collect-
ed in Agrafa (Fig. 1 and Table 4). It is important to mention
that the Cs-137 activity concentration in the soil of Agrafa was
not the highest detected (Table 2). Other species presenting
high Cs-137 activity concentrations were the mycorrhizal
S. martioflavus (42.5±2.8 Bq kg−1) and H. concrescens
(30.7±0.5 Bq kg−1) collected in Agrafa and Diakopi respec-
tively (Fig. 1 and Table 4). These findings suggest species-
specific accumulation.

As for the CRs for Cs-137, they ranged from 0.0005 for
Lycoperdon perlatum to 0.2780 for Ramaria formosa
(Table 6). As Ramaria formosa showed both the highest ac-
tivity concentration (Table 4) and the highest CR for Cs-137
(Table 6), it seems to bioaccumulate Cs-137 and it could be
used as bioindicator for the radiological assessment of Cs-137
in this habitat. The CRs for Cs-137 previously reported for
Greece by Mantzourani Α, Florou Ε, Kapsanaki-Gotsi Ε,
Gonou-Zagou Ζ (2001) ranged from 0.001 to 0.95 and were
found to be higher than the present ones. In terms of CR
values reported in the international literature, the CRs present-
ed in this study were also found to be lower than, e.g., the CRs
reported from Germany that were 0.001–5.4 (Kammerer et al.
1994) and from Norway that were 0.02–8.2 (Amundsen et al.
1996).

When taking into account the D.W. of the fungi, the present
CRs are found higher than the CRs from Turkey that ranged
from 0.19 to 3.15 (Karadeniz and Yaprak 2007), but are sig-
nificantly lower when compared with data from Great Britain
that showed a spectrum from 0.0125 to 57.1 (Barnett et al.
1999). Generally, it is difficult to compare and contrast CRs

Table 5 Descriptive values and Shapiro–Wilks W test results for Cs-
137, Th-234, Ra-226, and K-40 activity concentrations (Bq kg−1 F. W.) in
the fungal samples

Activity concentrations Cs-137 Th-234 Ra-226 K-40

Number 27 18 7 32

Descriptives Winsorized Mean 3.14 4.15 0.54 113.49

Std. deviation 3.13 3.14 0.23 34.70

Median 1.10 2.90 0.50 108.20

Minimum 0.60 1.60 0.30 69.30

Maximum 10.00 10.20 1.00 180.00

Range 9.40 8.60 0.70 110.70

Shapiro–Wilks W 0.759 0.770 0.869 0.920

p value 0.000 0.001 0.182 0.021

p values <0.05 are presented in bold
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for Cs-137 because various authors employ different ap-
proaches in determining the CRs (Gillet and Crout 2000).
For calculating the CRs in this study, we used homogenized
soils taken from the upper layer because it is useful for prac-
tical assessment after an accident (IAEATRS No 472 of 2010
and IAEATRS No 479 of 2014).

The effect of functional group, family, and sampling site on
the activity concentrations of Cs-137 in fungi was assessed
using the Kruskal Wallis test (Table 7). The 32 species were
categorized in three groups (saprotrophic, mycorrhizal, and

parasitic, Table 1). Then, the Kruskal–Wallis H test was ap-
plied, considering the nominal parameter for each species as
follows: 1 for saprotrophic, 2 for mycorrhizal, and 3 for par-
asitic. The same test was applied for family and sampling site,
with 16 nominal parameters representing the 16 fungal fami-
lies and 6 nominal parameters corresponding to the six sam-
pling sites. The results (Table 7) showed that the effect was
statistically significant only in the case of the functional group
for Cs-137 (p value=0.038); thus, functional group plays a
role in Cs-137 accumulation by fungi. As a result, mycorrhizal
fungi seemed to show higher Cs-137 concentrations than
saprotrophic and parasitic ones and saprotrophic fungi showed
higher Cs-137 activity concentrations than parasitic ones
(Table 1 and 4). A relation for Cs-137 concentrations as my-
corrhizal>saprotrophic≥parasitic is supported by other works
(Baeza et al. 2004; Mietelski et al. 2010; Steiner et al. 2002).
This relation seems to also apply in the case of CRs for Cs-
137, when comparing mean CR values, i.e., for mycorrhizal
fungi CRmean=0.045, for saprotrophic CRmean=0.013, and for
parasitic CRmean=0.0019 (Table 7). This is probably due to
the fact that the uptake of Cs is related to the uptake of K,
particularly in fungi (Bystrzejewska-Piotrowska and Bazala
2008), as these two radionuclides are analogues (Myttenaere
et al. 1993). Potassium-40 is taken up together with stable K
because it is essential for fungal metabolism. Mycorrhizal
fungi, due to their symbiotic relationship with the roots of
plants, absorb higher quantities of stable K/K-40 and Cs-137
for their metabolic needs compared with the saprotrophic ones
(Brunner et al. 1996; Rosen et al. 2005). Parasitic fungi absorb
these radionuclides directly from their host plants.

Th-234

Fungi accumulate Th-234 and not its parent radionuclide
U-238. This is supported by the fact that the values for
U-238/Th-234 determined by the second gamma measure-
ments, conducted about a month after the original ones, were
<LLD (Table 4).

The activity concentrations for this radionuclide ranged
from 1.5±0.9 to 28.3±25.5 Bq kg−1 F.W. (Table 4). The per-
centage of samples found in the range of the LLD of
0.5 Bq kg−1 F.W. was almost 44 % (14 samples; Table 4).
The CRs were from 0.0434 for Boletus sp. in Florina to
0.9625 for S. martioflavus in Agrafa (Table 6). Previous data
from Greece (Mantzourani Α, Florou Ε, Kapsanaki-Gotsi Ε,
Gonou-Zagou Ζ 2001) reported Th-234 concentrations be-
tween 0.11 and 9.85 Bq kg−1 F.W. and CRs between 0.005
and 0.1742, which are lower than the present results.
Thorium-234 activity concentrations in herbal plants from
Poland ranged from 0.173 to 1.941 Bq kg−1 D.W. (Solecki
et al. 2003) and are lower than the ones reported for fungi.

The lowest activity concentration was found in the mycor-
rhizal Ramaria obtusissima in Diakopi, while the highest was

Table 6 Concentration ratios (CRs) for all the radionuclides calculated
using the fungal samples and soil samples which presented radionuclide
activity concentrations >LLD

Species Concentration ratios (CRs)

137Cs 234Th 226Ra 40K

Russula delica 0.0318 0.0816 0.0070 0.1721

Armillaria mellea N.O.a N.O. N.O. 0.0786

Marasmius oreades 0.0630 N.O. N.O. 0.1199

Vascellum pratense 0.0866 N.O. N.O. 0.1371

Bovista plumbea 0.1024 0.0592 N.O. 0.1422

Agaricus xanthodermus N.O. 0.0510 N.O. 0.2332

Hygrocybe acutoconica 0.0009 N.O. N.O. 0.2821

Entoloma sp. 0.0014 N.O. N.O. 0.1173

Ramaria formosa 0.2780 0.1462 0.0070 0.1656

Lepista flaccida 0.0010 0.0632 N.O. 0.1066

Clitocybe sp.1 0.0028 0.1428 N.O. 0.1912

Sarcodon martioflavus 0.1355 0.9625 N.O. 1.4960

Clitocybe nebularis 0.0220 0.0578 N.O. 0.1709

Agaricus campestris 0.0017 0.1748 N.O. 0.1834

Inocybe sp. 0.0051 N.O. N.O. 0.2852

Macrolepiota mastoidea 0.0023 0.2043 0.0269 0.1399

Armillaria mellea 0.0019 N.O. N.O. 0.2788

Ramaria obtusissima 0.0014 0.0638 N.O. 0.2902

Lactarius salmonicolor 0.0189 0.0459 0.0166 0.1781

Lycoperdon perlatum 0.0005 N.O. N.O. 0.1559

Clavariadelphus truncatus 0.0078 N.O. 0.0276 0.3036

Hydnum rufescens 0.0014 0.0821 N.O. 0.3117

Cortinarius sp. 0.0137 0.0714 N.O. 0.2484

Melanoleuca cognata 0.0035 N.O. 0.0104 0.2287

Suillus collinitus N.O. N.O. N.O. 0.1654

Chroogomphus rutilus N.O. 0.0977 N.O. 0.2373

Mycena seynii N.O. N.O. N.O. 0.2167

Clitocybe sp.2 N.O. N.O. N.O. 0.4284

Hydnellum concrescens 0.067 0.2103 0.0350 0.2170

Clitocybe nebularis 0.021 N.O. N.O. 0.1391

Lepista nuda N.O. N.O. N.O. 0.2385

Boletus sp. N.O. 0.0434 N.O. 0.2298

Mean CR values 0.0330 0.1505 0.0186 0.2465

aNot observed
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found in the mycorrhizal S. martioflavus in Agrafa (Table 4).
It is important to mention that the highest value for Th-234 in
fungi did not correspond to the highest value in the substratum
soil. This suggests species-specific accumulation. As
S. martioflavus showed both the highest activity concentration
(Table 4) and the highest CR for Th-234 of 0.9625 (Table 6), it
could be considered as bioindicator for Th-234 in this habitat.

The applied Kruskal–Wallis H test results (Table 7) in order
to assess the effect of functional group (p value = 0.236),
family (p value=0.317), and sampling site (p value = 0.522)
on the accumulation of this radionuclide by fungi indicated
that Th-234 uptake is possibly independent of all three factors.

Ra-226

The spectrum of Ra-226 activity concentrations was between
0.3±0.1 and 1.0±0.5 Bq kg−1 F.W. (Table 4). The percentage
of samples found in the range of the LLD of 0.3 Bq kg−1 F.W.
was almost 78 % (25 samples, Table 4). The concentrations
for Ra-226 previously assessed in Greece were from 0.11 to
4.51 Bq kg−1 F.W. (Mantzourani Α, Florou Ε, Kapsanaki-
Gotsi Ε, Gonou-Zagou Ζ 2001), which are comparable with
the present values. Very few published scientific papers report
Ra-226 activity concentrations. One study from Serbia (Rakić
et al. 2014) presented values from 3 to 39 Bq kg−1 D.W. which
are comparable with the present ones in terms of D.W. (4.1 to
43 Bq kg−1). Results from Spain reported slightly higher ac-
tivity concentrations for Ra-226 in 35 fungal species and were
from <LLD to 87 Bq kg−1 D.W. (Baeza et al. 2004). The same
applies for results from Brazil that presented Ra-226 values
from 14 to 66 Bq kg−1 D.W. (Castro et al. 2012).

The lowest activity concentration for Ra-226 was detected
in the mycorrhizal Lactarius salmonicolor, while the highest
in the mycorrhizal H. concrescens (Table 4), both collected in
Diakopi. The CRs for Ra-226 ranged from 0.0070 for Russula
delica and Ramaria formosa (Agrafa) to 0.0350 for
H. concrescens (Diakopi) (Table 6). Previous reports from
Greece showed CRs from 0.0001 to 0.0961 (Mantzourani Α,
Florou Ε, Kapsanaki-Gotsi Ε, Gonou-Zagou Ζ 2001) which
are comparable with ours. AsH. concrescens showed both the
highest activity concentration and the highest CR for Ra-226,
it could be considered as bioindicator for Ra-226 in this
habitat.

The applied Kruskal–Wallis H test results (Table 7) in order
to assess the effect of functional group (p value=0.718), fam-
ily (p value=0.826), and sampling site (p value=0.667) on the
accumulation of this radionuclide by fungi indicated that Th-
234 uptake is possibly independent of all three factors.

K-40

The values for K-40 ranged from 56.4±3.0 to 759.0±
28.3 Bq kg−1 F.W. (Table 4). These values in terms of D.W.
(213.8–10,502.0 Bq kg−1) are significantly higher when com-
pared with results fromBrazil that reported values from 462 to
1735 Bq kg−1 D.W. (Castro et al. 2012), from Spain that
ranged from 493±27 to 2670±24 Bq kg−1 D.W. (Baeza
et al. 2004), and from Serbia that ranged from 29 to
3020 Bq kg−1 (Rakić et al. 2014).

The lowest value for K-40 activity concentrations was
found in the saprotrophic Macrolepiota mastoidea collected
in Diakopi, while the highest in the mycorrhizal
S. martioflavus collected in Agrafa (Fig. 1 and Table 4). The
activity concentration of the soil sample from Agrafa was not
the highest detected (Table 2). This suggests species-specific
accumulation.

The CRs for K-40 were higher than those for the other
radionuclides reported and ranged from 0.0786 for
Armillaria mellea to 1.4960 for S. martioflavus (Table 6). As
S. martioflavus showed the highest activity concentration and
the highest CR for K-40, it could be considered as a
bioindicator for K-40 in this habitat. Results from Turkey
showed higher CRs for K-40 than the present study, and the
reported values were in the range of 0.67–5.58 (Karadeniz and
Yaprak 2011).

The applied Kruskal–Wallis H test results (Table 7) in order
to assess the effect of functional group (p value=0.738) and
sampling site (p value=0.237) on the accumulation of this
radionuclide by fungi indicated that K-40 uptake is possibly
independent of these two factors. Furthermore, the activity
concentrations for K-40 also appeared to be fairly constant
among the different fungal families without statistically sig-
nificant differences as Kruskal–Wallis H test showed (p
value=0.462; Table 7). Similar constancy has been reported
by other authors (Battiston et al. 1989; MantzouraniΑ, Florou

Table 7 Kruskal–Wallis H test
results in the form of p values for
Cs-137, Th-234, Ra-226, and K-
40 for three independent grouping
variables (functional group, fami-
ly, and sampling site)

Kruskal–Wallis H test grouping variable p values

Cs-137 Th-234 Ra-226 K-40

Functional group 0.032 0.236 0.718 0.738

Family 0.298 0.317 0.826 0.462

Sampling site 0.358 0.522 0.667 0.237

p values <0.05 are presented in bold
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Ε, Kapsanaki-Gotsi Ε, Gonou-Zagou Ζ 2001; Yoshida and
Muramatsu 1994).

Conclusions

In terms of the artificial Cs-137, (a) Ramaria formosa collect-
ed in Agrafa presented the highest value (87.2 ±
0.4 Bq kg−1 F.W.), even though its substratum soil did not
present the respective highest one; (b) subsequently,
Ramaria formosa also presented the highest CR (0.2780),
with the lowest one observed in Lycoperdon perlatum
(0.0005).

Concerning the natural radionuclides, a selective bioaccu-
mulation of Th-234 was observed, instead of its parent U-238
in fungi. Among the 18 species considered, S. martioflavus
presented the highest value of activity concentration (28.3±
25.5 Bq kg−1 F.W.) and CR (0.9625) for Th-234. The lowest
CR value was found in Boletus sp. (0.0434). For Ra-226,
H. concrescens presented a CR over an order of magnitude
higher than that of the other species. For K-40, the highest CR
was found in S. martioflavus (1.4960).

As general conclusions, it can be noted that (a) mycorrhizal
fungi were better indicators for the Cs-137 impact assessment
than saprotrophic and parasitic ones, and (b) a relation as
CRsΚ-40>CRsTh-234>CRsCs-137>CRsRa-226 was observed for
all the radionuclides reported, whereas in terms of species-
specific bioaccumulation, a rank of eight fungal species as
S. martioflavus>Ramaria formosa and H. concrescens>
C. truncatus,Macrolepiota mastoidea,Melanoleuca cognata,
Russula delica and Lactarius salmonicolor resulted from the
cluster analysis.
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