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A comparison was made of 134Cs and 137Cs contamination in fungi from eastern Europe and eastern North
America. Mean activities of 25 Ukrainian, 6 Swedish, and 10 North American collections were 4,660, 9,750,
and 205 Bq/kg (dry weight), respectively. Additional measurements were made on samples from the Moscow,
southern Belarus, and Yugoslavia/Bulgaria regions. Activity values were found to vary by several orders of
magnitude within all geographic areas, even for the same mushroom species. Significantly higher specific
activities were observed in mycorrhizal species than in saprophytic and parasitic fungi. Unfortunately, many
of the European mycorrhizal species considered as prized edibles contained unacceptably high levels of 137Cs
(>1,000 Bq/kg [dry weight]) and should be used sparingly as food. By contrast, no mushrooms collected in
Ontario or northern Michigan exceeded 1,000 Bq of 137Cs per kg (dry weight). The excessive 137Cs
contamination was evident in mushrooms from areas that had substantial fallout from the 1986 accident in
reactor 4 at the Chernobyl nuclear power station. However, observations suggest that about 201% of the 137Cs
in eastern Europe (Moscow area, Belarus, and Ukraine) is of non-Chernobyl origin.

Six years have passed since the worst nuclear accident to
date-the explosion and fire in reactor 4 at the Chernobyl
nuclear power station. Since that time, the amount of
technical information made available about the radionuclide
deposition in the surrounding areas has been quite extensive
(1). Even so, there is some confusion concerning the mag-
nitude of the fallout problem near Chernobyl (5). As a
consequence, the general public, and large sections of the
scientific community as well, have an uncertain feeling for
the magnitude of the current radiation problems of the area,
particularly as it is experienced by the people living in the
general vicinity.
We have recently come into possession of samples of fungi

from several locations in Europe. We made a comparison of
the 13'Cs levels of these mushrooms with those of samples
taken from northern Michigan and southern Ontario. We
think that the comparison will be of interest to many
scientists and citizens alike, since mushrooms are known to
accumulate elemental Cs (21) and the radioisotopes 1"4Cs
and 137Cs (7, 10).

MATERIALS AND METHODS
Dried fruit bodies were obtained from sources in Ukraine,

Belarus, and Russia as "edible mushrooms." They were
either collected in the vicinities given in Table 1 or pur-
chased at local markets as indicated. The origins of samples
from Sweden and North America are also given in Table 1.
Identification of mushrooms was based on macroscopic and
microscopic characteristics of dried fruit bodies (16). The
mushroom samples listed in Table 1 were counted with an
intrinsic Ge detector (efficiency, 24%; energy resolution at
1,332 keV, 2.8 keV) enclosed by a 5-cm-thick Pb shield,
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located at Erindale College, University of Toronto. A 2,048-
channel pulse height analyzer was used to store the data.
The standard geometry for a sample is a Marinelli beaker of
0.5-liter capacity which fits over the end of the detector
cryostat. When we had less than 0.5 liter of a given variety
of mushroom, various intermediate geometries were used,
and all the results were normalized to the standard geometry
for comparative purposes. Each sample was counted for 1
day. The upper limit to the overall uncertainty in the data
was about 25%.

RESULTS

Table 1 contains a summary of the data organized approx-
imately according to latitude. The locations of collections
are also indicated in Fig. 1. All mushroom samples were
collected between 1988 and 1991 except the Armillaria
ostoyae collections from Mississauga, Ontario, Canada,
which were collected in the falls of 1985 and 1986. Some
observations on the entries follow. Samples collected in the
Ukraine exhibited a wide range of 13 Cs concentrations,
from 0 to 31,700 Bq/kg (dry weight). Mean specific activity
values were comparable for collections from Ukraine, Swe-
den, Belarus, and the Moscow area. The first entry, from
Yugoslavia/Bulgaria, is a commercial product purchased in
Switzerland which may be subject to a control on the amount
of radioactivity which is acceptable; the low 137Cs concen-
tration may not be indicative of the situation in this region.
The highest specific activity value encountered was from a
1991 Boletus edulis sample originating in Laby, Sweden, just
north of Uppsala. Interestingly, the five most active samples
in Table 1, all with specific activities in excess of 10 kBq/kg
(dry weight), were all species known to form mycorrhizal
associations with higher plants. Also evident from Table 1,
the specific activities of European isolates are, on average,
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TABLE 1. Specific activities of 137Cs in mushroom samples

Identification Typea Origin Sample M (g) Activity (Bq/kg Ratio 134Cs/137Cs Non-acthvityyr [dry wt']) (Bqlkg [dry wt])

Yugoslavia/Bulgaria
Boletus edulis Bull. ex Fr. M NGb

Ukraine
Agaricus sp. S Obuzhivkac
Armillaria sp. P Kieve
Boletus edulis M Kiev
Boletus edulis M Vishenkaaf
Boletus edulis M Kieve
Boletus edulis M Borodyanka
Boletus edulis M Kiev
Boletus edulis M Kiev
Boletus edulis M Kovel
Boletus edulis M Uzhgorod
Boletus edulis M Vizus
Calvatia gigantea (Batsch ex Pers.) S Brovarskah
Lloyd

Gyroporus cyanescens (Bull. ex Fr.) M Kieve
Quel.

Gyroporus cyanescens M Borodyanka
Lycoperdon perlatum Pers. S Obuzhivkac
Macrolepiota procera (Scop. ex Fr.) S Kieve

Sing.
Macrolepiota procera S Vishenkaaf
Melanophyllum echinatum' (Roth ex S Obuzhivkac

Fr.) Sing.
Paxillus atrotomentosus' (Batsh) Fr. S Vizus9
Pluteus cervinus (Schiff. ex Fr.) S Vizusg
Kummer

Russula sp. M Kieve
Scleroderma sp. S Vizuse
Suillus sp. M Hrozyno'
Suillus luteus (L. ex Fr.) S.F. Gray M Kieve
Suillus luteus M Obuzhivkac

Belarus
Boletus edulis M Olpeink

Russia
Boletus edulis M Moscow
Suillus luteus M Moscow

Sweden
Boletus edulis M Laby'
Cantherellus cibarius Fr. M Laby'
Gyromitra esculenta (Pers.) Fr. S Ostersund
Gyromitra esculenta S Ammarnas
Russula sp. M Klovsjo
Lactarius sp. M Jokkmokk

Ontario
Armillaria ostoyae (Romagnesi) P Mississauga

Herink
Armillaria ostoyae P Mississauga
Boletus edulis M Barry's Bay
Boletus edulis M Barry's Bay
Boletus edulis M Barry's Bay
Fuscoboletinus aeruginascens M Newmarket

(Secr.) Pomerleau & Smith
Hebeloma mesophaeum' (Pers.:Fr.) S Don Mills

Quel.
Paxillus involutus' (Batsch) Fr. M Don Mills

Boletus edulis
Armillaria gallica Marxmuller &

Romagnesi

Michigan
M Houghton
P Crystal Falls

1989 19.0 300 + 60 0.053 ± 0.011 140 + 50

1991 4.2 Nil NAd NA
1990 1.0 630 ± 90 NA 630 ± 90
1988 22.2 31,700 ± 300 0.0966 ± 0.0006 2,400 + 300
1989 15.5 1,990 ± 50 0.102 ± 0.004 65 + 10
1990 12.8 6,500 + 100 0.079 ± 0.002 1,800 + 130
1991 1.2 3,600 ± 60 NA 3,600 ± 90
1991 1.9 210 + 100 NA 210 + 100
1991 6.6 Nil NA NA
1991 5.4 760 ± 70 0.131 + 0.026 NA
1991 13.5 32 4 NA 32 4
1991 7.1 20,200 + 1,000 0.088 + 0.002 2,000 + 400
1991 21.4 Nil NA NA

1990 1.6 Nil

1991 2.5 360 ± 100
1991 1.1 2,250 + 200
1990 1.4 140 + 80

1990 10.5
1991 8.3

1991 2.6
1991 1.3

Nil
Nil

880 + 80
Nil

NA

NA
NA
NA

NA
NA

NA
NA

NA

360 + 100
2,250 + 200
140 + 80

NA
NA

880 + 80
NA

1990 0.9 930 ± 110 NA 930 ± 100
1991 1.5 7,100 ± 500 0.040 ± 0.010 4,140 + 750
1991 3.5 22,200 ± 1,600 0.098 ± 0.004 130 ± 30
1990 2.3 5,530 ± 150 0.081 ± 0.008 1,270 + 1,200
1991 1.4 2,200 ± 200 0.076 ± 0.027 580 ± 160

1987 41.0 6,790 ± 400 0.102 ± 0.002 440 ± 130

1989 7.6 1,620 ± 50 0.047 ± 0.006 860 ± 100
1989 35.0 1,000 ± 50 0.033 ± 0.003 670 ± 50

1991 1.5 41,700 ± 500 0.102 ± 0.003 NA
1991 1.1 11,600 ± 300 0.106 ± 0.011 NA
1990 10.7 1,150 ± 40 0.099 ± 0.007 NA
1991 3.1 1,280 + 50 0.114 ± 0.007 NA
1991 7.5 1,150 ± 40 0.061 ± 0.014 470 ± 150
1991 16.1 1,650 ± 50 0.022 ± 0.012 1,230 + 150

1985 16.1 15 t 8 NA 15 t 8

1986 24.0
1988 2.2
1990 1.2
1991 2.2
1990 3.1

1990 2.7

1990 17.7

1991 18.5
1989 31.4

5 + 5
560 + 80
150 + 80
110 + 60
900 + 300

130 + 30

90 + 50

30 + 10
50 + 10

NA
NA
NA
NA
NA

NA

NA

NA
NA

5 ± 5
560 ± 80
150 ± 80
110 ± 60
900 ± 300

130 ± 30

90 ± 50

30 ± 10
50 ± 10

a M, mycorrhizal; P, plant pathogen; S, saprophyte.
b Purchased, exact location not given.
C Near Dnepropetrovsk.
d NA, not observable.
Purchased at Kiev market.

f In Chernovtsy region.
g Southwest of Chemobyl.
h In Kiev region.
Not edible.
Near Korosten.

k Near Pripyat Marshes.
' Forty kilometers north of Uppsala.
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FIG. 1. Map of those regions of Europe and C.I.S. where mush-
room samples were taken. Sites are indicated by solid circles;
Chernobyl is indicated by a triangle.

at least an order of magnitude greater than those from North
America. In addition to the isotope '37Cs, well-defined 134Cs
peaks were observed in many samples of European origin,
but in none of the North American mushrooms.

DISCUSSION

In Fig. 2, we show a portion of the gamma-ray pulse height
spectrum obtained for a B. edulis sample from the Kiev area
(entry 5 under Ukraine, Table 1). The dominant line of the
spectrum is produced through the detection of the 662-keV
gamma ray emitted by 137Cs (half-life, 30.17 years). The fact
that some of this 137Cs is associated with the Chernobyl
accident is confirmed by the presence of five lines which are
indicative of the presence of 134Cs (half-life, 2.065 years).
Three lines due to the background are shown also. For this
particular sample, the ratio of the area under the 604-keV line
of 134Cs to that of the 661-keV line of 137Cs is 0.091 + 0.002.
At the time of the Chernobyl accident, the 134Cs/137Cs activity
ratio was generally observed to be 0.57 (18). After a 5-year
and 5-month interval, the ratio should be 0.106. After correct-
ing our activity (area) ratio for the details of the decay
schemes for the two isotopes, we get a current activity ratio
for our sample of 0.079 + 0.002. From this, and the fact that
the reactor fire at Chemobyl lasted only a few days, we must
conclude that about 26% of the 661-keV peak shown in Fig. 2
is of non-Chernobyl origin.

In Fig. 3, we present a graphical representation of the data
for those samples with well-defined 134Cs/I37Cs activity
ratios. In the figure, the ratios of the observed 134Cs/137Cs
over the calculated 134Cs/137Cs activity ratios are plotted for
the samples in Table 1, with the entries appearing in the
same order as in the table. If a sample has an activity which
is entirely due to the Chernobyl accident, then the observed
activity ratio/calculated activity ratio (R) should be 1.00 to
within about 1 standard deviation. On the other hand, if the
activity is due to a mixture of Chemobyl fallout and the
weapons-testing fallout of the past, then R < 1 to a degree
which reflects the non-Chemobyl 137Cs load at a particular
location. For example, for nine samples from the Ukraine,
the average percentage of 137Cs which is of non-Chernobyl
origin is about 20%. This percentage would increase if we
included those samples that have observable 137Cs activity
values but undetectable amounts of 134Cs (entries 6 and 15
under Ukraine, Table 1). In general, in samples with a high
specific activity of 137Cs, the value of R is -1.0.
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FIG. 2. Partial gamma-ray spectrum of B. edulis sample purchased in a Kiev market. The presence of Chernobyl fallout is indicated by the
134Cs gamma-ray lines. About 26% of the 137Cs content is due to sources other than the Chemobyl accident. All gamma-ray energies are in
kiloelectron volts, and the isotopic labels are attached to major peaks. Background lines (B) are: 583 keV, 2O&fn; 609 keV, 214Bi; 768 keV, 214Bi.
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FIG. 3. Ratio of the observed-to-calculated '3Cs/137Cs activity
ratios for selected entries in Table 1. A value of 1.0 indicates that the
observed activity is due to 134Cs and 137Cs produced exclusively by
the Chemobyl explosion. On the right side of the figure are four
miscellaneous entries entitled Sweden (misc.). They are included as

a confirmation of the fact that most of the current activity on the
ground in Sweden is of Chernobyl origin.

Similar to observations with fungi from Ukraine, fungi
collected in Yugoslavia/Bulgaria and the Moscow area all had
ratios well below 1.0 (Fig. 3). Figure 3 also shows how
different the situation was in Sweden. For four samples from
areas contaminated by Chernobyl fallout, the ratio is nearly
1.0. The Russula sample, with R = 0.58, indicates that the
Chernobyl enhancement factor is only 1.4x. Unfortunately,
one can only estimate the situation for the B. edulis sample
since R is essentially 1.00. If one takes R - v for this case as

the value ofR, then one gets an enhancement of --34x, which
is equivalent to some entries from the Ukraine. Overall,
however, the Swedish results suggest that there was not much
137Cs of a non-Chernobyl origin; the principal 137CS contribu-
tion in our samples came from the Chernobyl accident.
Taking the 134Cs activity of non-Chernobyl origin as zero

for samples from which the 134Cs/137Cs ratio was not observ-
able (Table 1), the average residual 137Cs in the Ukraine is
about 860 Bq/kg compared with 280 Bq/kg in Sweden. In
comparison, collections from North America contained an

average of about 200 Bq of residual 137Cs per kg, about a

factor of 4 lower than those of the Ukraine. Since 134Cs was
not detectable in any of the North American samples, most
of the 137Cs activity must be due to weapons testing prior to
1963. In agreement with this, no significant increase was
observed in 137Cs from A. ostoyae mushrooms in Missis-
sauga, Ontario, Canada, which were from the same fungal
mycelium, but collected before and after the Chernobyl
accident (Table 1). This is also in agreement with observa-
tions from the Canadian Arctic, where the Chernobyl 137Cs

in plants has been estimated as not greater than 15% for
areas in which it was detectable (22). This result also reflects
the seriousness of the Chernobyl fallout in those parts of
Europe which were affected (1), with regard to the input of
radionuclides into the food web.
The differences in residual '37Cs detected in collections

from Sweden and North America from those of what are
formerly Eastern Block countries may be explained only in
part by the latitudinal distribution of fallout from the atmo-
spheric nuclear weapons-testing programs of 1945 to 1963
(8). Being of approximately the same latitude, our sampled
localities in North America and Ukraine received equivalent
amounts of fallout from atmospheric testing, which was
about twice that of Sweden. That residual 137Cs activities are
now equivalent in the North American and Swedish samples
may reflect a shorter biological half-life for 137Cs at lower
latitudes, as observed in lichens and plants (12). Neither the
latitudinal distribution of weapons fallout nor these expected
differences in biological half-life explain the observation that
residual 137Cs in the Ukrainian collections is three and four
times greater than that detected in collections from Sweden
and North America. The significantly higher levels of resid-
ual 137Cs contamination in fungi from what are formerly
Eastern Block countries may be a consequence of the fact
that during the years of atmospheric testing, the Soviet tests
were performed within the borders of the USSR, or may be
attributed to some unknown sources.

Fungi are reported to be good bioindicators of 137Cs
contamination (4, 10), although there is little information on
how sampling should be done in this respect. First, based on
our measurements, it is reasonable to examine fruit bodies of
species known to form mycorrhizae. It is evident from Table
1 that mycorrhizal fungi have, in general, greater activity
values than do the plant pathogens or saprophytes of the
same locality. Since the measured activity values for sam-
ples collected in the Ukraine and Sweden are similar, we
combine the entries from these two areas. By a one-tailed
Mann-Whitney nonparametric test (24) and the pooled
Ukrainian and Swedish data, mycorrhizal species have sig-
nificantly greater activities than nonmycorrhizal species
(0.01 < P < 0.025). This trend is also evident in the North
American entries, although not statistically significant, and
has been noted by other investigators (3, 23).

Mycorrhizal fungi may be especially proficient at accumu-
lating cesium because of their growth form and ecological
role as plant symbionts. The diffuse mycelial growth form of
mycorrhizal fungi in soil (17) suggests that these species may
act as extensive nets, obtaining nutrients directly from the
soil. In contrast, many saprophytes and parasites may have
mycelia that obtain nutrients from, and are more limited in
distribution to, plant litter or woody substrates and may be
buffered from radionuclide fallout. The mechanism of ce-
sium uptake by fungal cells appears to be the same as that of
other alkali cations, such as sodium and potassium, since
combinations of these ions exhibit competitive inhibition (6,
19). Since mycorrhizal fungi are reported to enhance the
uptake of potassium by trees (9, 20), one important function
of mycorrhizal fungi may be to sequester potassium and make
it available to the host tree when this element is limited. The
higher 137Cs activities observed in mycorrhizal fungi may
therefore stem from the chemical similarity of cesium to
potassium, along with enhanced uptake and retention abilities
of mycorrhizal, relative to nonmycorrhizal, fungi.

Mycorrhizal fungi are good bioindicators of 137Cs at
moderate-to-low but not at high contamination levels. Ce-
sium uptake by fungi in nature apparently follows a satura-
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FIG. 4. (A) Frequency-activity distribution of cap samples of S.
luteus from the Moscow area. (B) Same for mycorrhizal fungi from
Ukraine. (C) Same for samples of B. edulis from the Kiev area.

tion function, as is observed with increasing concentrations
of alkali cations under laboratory conditions (19). This is
evident from Table 1, with specific activity values for
mushrooms collected in Ukraine and Sweden being equiva-
leht, although Chernobyl '37Cs deposition in Ukraine was
estimated to be about 100 times that of Sweden on a per area
basis (1). In contrast, the activity values from Swedish
mushrooms were observed to be about 50 to 100 times
greater than those from North America. Given that most of
the 137Cs detected in North American samples was of
non-Chernobyl origin, this value more reasonably reflects
estimates that Sweden received about 300 times more Cher-
nobyl '37Cs than did North America (1) on a per area basis.
A second consideration in utilizing fungi as bioindicators

of 137Cs contamination is one of sample size. It is evident
from Table 1 that considerable variation in activities occurs
among mycorrhizal fungi of comparable geographic origin.
In Fig. 4, we plot the 137Cs activities of individual mushroom
caps from the large samples of Moscow Suillus luteus and
Kiev B. edulis (entry 3 under Ukraine, Table 1), along with
the Table 1 entries of mycorrhizal fungi collected in the
Ukraine. This histogram indicates that activities from indi-
vidual mushrooms collected at a given location can exhibit a
wide range of values which can be greater or less than that of
collections made over a larger area. The accuracy of this
bioindicator is thus very sensitive to sample size. The mean
activity value of the log normal distribution of the Moscow
sample is 1,500 Bq/kg (dry weight). To be reasonably certain
of achieving 1,500 x/*.÷ 2 requires at least 10 samples, based
on the log normal distribution of the data (24). Similarly,
based on the values from mycorrhizal fungi collected in
Ukraine (Fig. 4B) and the Kiev B. edulis sample (Fig. 4C),
about 20 mushrooms are required from each area to be
reasonably certain of falling within a factor of two of the
respective log-mean activity values. Thus, even though

137Cs detection in mushrooms originating from eastern Eu-
rope often requires only a single dried mushroom cap, at
least 10 to 20 mushrooms should be sampled to reasonably
estimate the contamination levels of mushrooms in a local
area. For this reason, we limit our comparisons to the overall
contamination levels in Ukraine, eastern North America,
and Sweden and to mycorrhizal and nonmycorrhizal fungi
for which the numbers of collected mushrooms exceed this
minimum sample size.
The basis for this variation in activity values in fungi is

unknown. For example, the range of values for Kiev B.
edulis mushrooms (Fig. 4C) is surprisingly great considering
that Kiev lies only about 60 km southeast of Chernobyl and
deposition in this vicinity is understood to be uniformly high
(14). Within forests, where mycorrhizal fungi are most
abundant, deposition of fallout is likely to be heterogeneous
because of the effects of uneven canopy cover. Neverthe-
less, one would expect that cycling and transport processes
within forest ecosystems would tend to redistribute fallout
more evenly within a few years of deposition. Variation in
activity values among locally collected samples is likely a
result of a complex interplay of the physiological character-
istics of fungal individuals and species, along with macro-
and microabiotic factors, such as soil structure and chemis-
try at different localities.
By way of summary, the data presented show that (i) the

137Cs load in mushrooms in the Ukraine was enhanced by a
factor of 3 to 30 by the fallout from the Chernobyl accident;
(ii) nearly all the 137Cs in mushrooms from Sweden is of
Chernobyl origin; (iii) 137Cs activity values from North
American mushrooms probably approximate those of Swe-
den, but not eastern Europe, prior to 1986; (iv) mushrooms
available for sale in Kiev at this time are very likely to have
137Cs levels well in excess of 1 kBq/kg of DW and should be
consumed only in moderation; (v) members of the family
Boletaceae may be especially important among edible fungi
in connection with the retention of 137Cs. Clearly, B. edulis
and S. luteus from Europe are highly contaminated species.
Unfortunately, both species are widely collected and con-
sumed, particularly B. edulis, for which one Ukrainian
common name is "the first-choice mushroom." Because of
the high 137Cs levels we encountered in our samples, we feel
that a continual substantial consumption of these mush-
rooms is probably unwise. It is evident that consumption of
137Cs-contaminated mushrooms has caused a significant
increase of 137Cs concentrations in body tissues of Swedish
roe deer (13). There is no reason to believe that 137Cs
absorption into humans after consumption of contaminated
mushrooms will not also occur. In addition, it has been
suggested that many of these prized edible boletes may be
endangered because of excessive overpicking or perhaps
susceptibility to airborne pollutants (2, 11). Measures to
reduce 137Cs intake through edible fungi should therefore
include selecting edible nonmycorrhizal fungi such as spe-
cies ofAgaricus and Calvatia, in addition to measures such
as parboiling, which is shown to reduce 137Cs content of
mushrooms (15).
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