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future. Maximal values of the whole-body absorbed dose
rates occurred during the year of deposition, followed by
a decrease in the subsequent period. Generally, this decrease was monotonic, mainly determined by the decrease of the external c-ray dose rate, but there were
exceptions due to the delayed maximum of internal
exposure. The inter-individual distributions of radionuclide concentrations and lifetime whole-body absorbed
doses were asymmetric and close to log-normal, including concentrations and doses considerably higher than
the population mean values.

Introduction
The Chernobyl accident gave rise to a widespread contamination of land throughout Europe by various radionuclides, including long-lived ones. Subsequently, the
distribution pattern of the radionuclides in soil changed
due to various factors, such as the destruction of nuclear
fuel particles and the physical decay of the radionuclides
involved, their migration in soil and their physicochemical reactions with soil components. The changeable composition and concentration of radionuclides in
diﬀerent components of the biota aﬀected the level and
type of radiation exposure. For example, due to the
decay of 241Pu, the content of the soluble 241Am in the
soil is increasing and is predicted to be maximal in the
year 2058 [1]. Thus, the accumulation of 241Am in plants
via root uptake may elevate the concentrations of this
element in trophic chains and, in this way, increase the
radiation risk [2].
It is therefore important to investigate the main
peculiarities of radionuclide behavior and dose accumulation in diﬀerent components of biota, in order to
support the long-term forecast of the radioecological
situation and to conduct protective countermeasures
in areas suﬀering from the Chernobyl accident or
from radiation contamination of any other origin.
Such investigations should be primarily carried out in
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Abstract As a determinant of the associated health risks,
the behavior of radionuclides in natural ecosystems
needs to be better understood. Therefore, the activity
concentration of various long-lived radionuclides released due to the Chernobyl accident, and the corresponding contributions to the whole-body dose rate, was
studied as a function of time in mammalian indicator
species inhabiting the natural forest ecosystems of Belarus, the bank vole (Clethrionomys glareolus) and the
yellow-necked mouse (Apodemus ﬂavicollus). The activity
concentrations of 137Cs, 134Cs, 90Sr, 238Pu, 239,240Pu,
241
Pu and 241Am in soil and in animals were measured at
ﬁve monitoring sites with diﬀerent ground deposition of
radionuclides at diﬀerent distances from the destroyed
reactor. The observed temporal pattern of the radionuclide activity concentration in the studied animal populations reﬂects the changes in biological availability of
these isotopes for biota, mostly due to fuel particle
destruction and appearance of dissolved and exchangeable forms of radionuclides. The time course of 134+137Cs
activity concentrations in animal populations appeared
as a sequence of increase, peak and decrease. Maximal
levels of radiocesium occurred 1–2 years after deposition, followed by an exponential decrease. Concentrations of incorporated 90Sr increased up to the tenth year
after deposition. The activity concentrations of transuranic elements (238Pu, 239,240Pu, 241Pu and 241Am) were
much lower than those of the other radionuclides, in the
studied animals. A considerable activity of 241Am in
animals from areas with high levels of contamination was
ﬁrstly detected 5 years after deposition, it increased up to
the tenth year and is expected to increase further in the
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Materials and methods
Monitoring sites and animal trapping
Five monitoring sites were selected throughout Belarus
in regions located at diﬀerent distances and directions
from the ChNPP:
– Site 1: the Minsk region, 330 km NW (Priluksky reserve);
– Site 2: the Vitebsk region, about 400 km NNW
(Berezinsky biosphere reserve);
– Site 3: the vicinity of the Majsk village, Bragin district,
Gomel region, 60 km N;
– Site 4: the vicinity of the Babchin village, Khoiniki
district, Gomel region, 40 km NNW, exclusion zone;
– Site 5: the vicinity of the Radin village, Khoiniki
district, Gomel region, about 18 km N, exclusion zone.All sites are located in regions with restricted
people activity, far from settlements, roads and possible sources of industrial or domestic pollution, in the
large forestry areas typical of Belarus. They show very
similar natural biotopes of mixed forests including
pine-trees and deciduous species, as well as rich
undergrowth.

Investigations at sites 1, 3 and 4 were started in the
year of the accident (1986); at sites 2 and 5 they began in
1991 and 1996, i.e. 5 and 10 years later, respectively. The
rodents were usually captured in August and September
using live traps. The ﬁrst animals were captured 4
months after the accident, i.e. after the period of acute
irradiation by short- and long-lived radionuclides. Two
indicator species were selected to represent the herbivorous species typical for the ecosystems studied: the
bank vole (Clethrionomys glareolus, Schreber), known
for its dominant population density among small
mammals at the monitoring sites, and the yellow-necked
mouse (Apodemus ﬂavicollus, Melchior), known for its
subdominant density. The animals were killed by ethyl
ether and cervical dislocation and frozen at 20C after
sampling small pieces of tissues for genetic tests. By the
end of this study, about 1,500 specimens of bank vole
and yellow-necked mice had been trapped and analyzed.
Assessment of radionuclide deposition in soil
and animal bodies
Samples of soil were collected at the trapping sites using
two standard sampling cylinders made of steel (one with
a diameter of 150 mm and a length of 50 mm, the other
with a diameter of 45 mm and a length of 200 mm),
following the protocol of the Hydrometeorological
Centre of Belarus, Minsk. The 134Cs, 137Cs, 106Ru and
144
Ce activities of the soil samples were detected with the
gamma-spectrometer ADCAM-300, equipped with a
high-purity germanium (HPGe) detector GEM-30185
(EG&G Ortec, USA), by the staﬀ of the Hydrometeorological Centre of Belarus.
Whole-body measurements of animals captured in
1986–1988 were performed using the gamma-coincidence spectrometer ARGUS (32-crystal NaI(Tl) detectors of 150·100 mm2) developed at the Institute of
Physics, National Academy of Sciences of Belarus,
Minsk, which allows the total c-activity of samples to be
measured with high sensitivity. In the range of detected
energies 0.2–3.0 MeV, the detection limit was 1 Bq [7].
Since 1988, the activity concentrations of radionuclides
in animal samples were analyzed using the ADCAM-300
gamma-spectrometer. Good agreement between total cactivities measured by the two diﬀerent spectrometers
was obtained, in animals captured in 1988. Generally,
for all radionuclides the detection time was chosen large
enough so that the uncertainty of the measured activity
did not exceed 30%. Radionuclides for which this was
not possible were not taken into consideration.
Radiochemical analysis of soil and animal samples
was applied in order to determine the transuranic elements (TUE) and 90Sr contents. To increase the accuracy of the analysis of TUE in animals, three or six
animals of the same sex, age and maturation stage were
included into the samples from the sites 2–4. All samples
were homogenized, ashed in a muﬄe furnace at
550±50C and dissolved completely using a mixture of
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populations of plants and animals, which are used as
biological indicators of environmental quality and may
represent diﬀerent components of trophic chains.
Among wildlife species, murine rodents are known
as indicators or ‘‘sentinels’’ representing the herbivorous group of the trophic chains. Radioecological
investigations in natural rodent populations have
shown their usefulness not only for the indication of
low radio active contamination of the environment [3,
4], but also for revealing the time behavior of radionuclides from global fallout [5]. Our previous research
has allowed us to detect increased levels of 137Cs and
134
Cs in populations of wild rodents inhabiting forest
ecosystems in regions of Belarus with low levels of
contamination due to the Chernobyl accident, and to
ﬁnd some common features of cesium dynamics in
populations at diﬀerent levels of radionuclide contamination [6]. These observations and the data of our
further assessment of the radioecological situation in
rodent populations, now extended to the other relevant radionuclides, are summarized in this paper. The
overall aim of our research has been to study the time
course of the concentrations of various long-lived radionuclides, their contributions to whole-body dose
rates and to lifetime whole-body doses, in populations
of murine rodents inhabiting forest ecosystems with
diﬀerent ground deposition of radionuclides after the
Chernobyl accident. This study is part of a complex
radioecological and genetic monitoring work carried
out in contaminated areas since the accident in
the Chernobyl nuclear power plant (ChNPP) in April
1986 [6].
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Dosimetry
Whole-body absorbed dose rates due to the chronic
exposure to external c- and internal a-, b- and c-radiation of incorporated radionuclides were estimated
following a handbook of Moiseev and Ivanov [10]. For
this purpose, local measurements of external c-dose
rates at a height of 3–5 cm above the ground surface
were performed using the dosimeters SRP-68-01
(including a NaI(Tl) detector) and DBG-06T (including
a Geiger counter) manufactured in the Former Soviet
Union. These instruments were calibrated to measure
exposure rates in mR/h (1 R=2.58·10 4 C/kg of air).
For the conversion to absorbed dose rate in soft tissues
of small animals at photon energies of about 0.5–
3 MeV, we used the factor 9.65 lGy/mR [11]. It is assumed that the animals were uniformly irradiated on
the ground surface and in the holes in the upper soil
layers.
Individual values of incorporated radionuclide
activity concentrations were used for the assessment of
internal irradiation in captured specimens of bank vole
and yellow-necked mice. In 1986–1987, when spectral
analyses of animal samples were not available, the data
on the total c-activity of incorporated radionuclides
were used for the assessment of absorbed dose rate. We
assumed that short-lived c-emitting radionuclides did
not give signiﬁcant contributions to the irradiation of
animals captured 5 months after the accident or later
and that 137Cs and 134Cs were the prevailing c-emitters
contributing to the total c-activity of animal samples.
Thereafter we used the fact that the ratio of the activity
concentrations of 137Cs and 134Cs in the animals is

approximately equal to the well-known ratio of these
concentrations in the soil at the same time. This was
used as the basis for the assessment of the contributions
of these isotopes to the measured total c-activity concentration in the animals.
The whole-body absorbed dose rate from incorporated c-emitting radionuclides was calculated according
to the absorbed fraction model [12] under the assumption that the emitters were uniformly distributed in a
cylindrical body of 3 cm diameter and 5 cm length
having the density of skeletal muscle (1 g/cm3) [13]. For
the whole-body absorbed dose rate attributable to
incorporated a- and b-emitters we used the local
absorption model [12], applying the average particle
energies according to the International Commission on
Radiological Protection [14]. As strontium is known to
be mostly accumulated in bone tissue, the absorbed dose
rate in the bone tissue of the animals was estimated
using the known approximate value of 6.5 for the ratio
of the 90Sr activity concentrations accumulated in bone
tissue and in the whole-body, as observed in voles
inhabiting areas contaminated by the Chernobyl accident [15] and the radioactive trace in the Urals [16].
The ‘‘lifetime whole-body absorbed dose’’, i.e. the
product of the individual whole-body absorbed dose rate
and the age of the animal at the time of capture, was also
calculated for every animal. For age determination, the
root, cusp and height of the ﬁrst mandibular molar (M2)
were measured according to N.V. Bashenina [17]. The
specimens were divided into seven age groups, which
corresponded to ages of approximately 2 weeks, 1, 2, 3
and 4 months and 1 and 1.5 years, respectively.
Statistical evaluation
Several statistical methods were employed—such as the
Chi-square, Kolmogorov-Smirnov and U-tests, as well
as regression and correlation analyses. These algorithms
were part of the STATISTICA software package (StatSoft Inc., USA).

Results
Soil contamination
Before the accident, the contamination of soil by 137Cs
and 90Sr due to nuclear weapons tests had been in the
range of 1.5–3.7 and 0.74–2.59 kBq/m2 in Belarus,
respectively [18, 19]. The contamination by 238,239,240Pu
had been in the level of 0.037–0.059 kBq/m2 [20]. The
densities of contamination with radionuclides released
from the destroyed Chernobyl reactor and detected in
soil at the monitoring sites are presented in Table 1. All
sites show increasing levels of contamination in comparison with pre-accident data, with decreasing distance
from the ChNPP.
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concentrated HNO3 and H2O2. Radioactive 242Pu and
252
Cf carriers, and the 85Sr-tracer were added to the
samples. The main steps of the radiochemical analysis
were based on co-precipitation of strontium, plutonium
and americium isotopes as oxalates, oxidation of oxalates, followed by co-precipitation of 238,239+240Pu and
241
Am with iron hydroxide [8, 9], and isolation of
238,239+240
Pu and 241Am by ion-exchange methods using
AV-17 anionite and KU-2 cationite. The precipitates
containing TUE were ﬁltered under vacuum on a
membrane ﬁlter (hole diameter 0.15 mm) and counted
by a-spectrometry with the silicon surface barrier
detector Ortec 576A (EG&G Ortec, USA). The activity
of 90Sr in the samples was determined by measurements
of the daughter radionuclide 90Y. For this, 90Y was
permitted to grow in the rest of the sample solution by
use of yttrium nitrate, and was then separated as
hydroxide and ﬁnally transferred as an oxalate on to
stainless steel disks, and measured by a gas-ﬂow counter
(Tesla Automat, Slovakia). 241Pu was detected with the
liquid scintillation counter Tricarb 2700TR (Packard
Company). The total uncertainty did not exceed 25%
for all radionuclides measured.
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Table 1 Radionuclide contamination of soil (kBq/m2) at ﬁve monitoring sites
Site Number of April–May 1986
samples
137
134
Cs
Cs
analyzed
1
2
3
4
5

5
5
5
5
5

August 1996
106

Ru

144

Ce

90

Sr

8±0.9
4±0.6
5±0.6
0
3.81±0.26
18±1.4
9±0.9
12±1.1
0
5.12±0.46
220±18
140±11
150±12
440±37
38.6±3.3
1,530±240 1,020±241 1,090±172
3,050±485
117±7
8,500±1,340 5,650±879 5,790±1,023 17,200±3,105 1,200±72

238

Pu

239,240

Pu

0.04±0.01 0.10±0.01
0.07±0.01 0.14±0.02
0.62±0.07 1.28±0.13
1.17±0.07 2.35±0.09
4.90±0.69 10.66±1.17

241

Pu

241

Am

2.98±0.37 0.14±0.02
5.10±0.53 0.19±0.02
48.8±5.1
1.81±0.17
86.7±4.5
3.21±0.23
420±46 15.00±1.79

Data of April–May 1986 for 137Cs, 134Cs, 106Ru, 144Ce; data as of August 1996 for 90Sr and transuranic radionuclides. Mean values
and standard deviations are shown

External radiation monitoring
The time course of the c-dose rate at the monitoring sites
is presented in Fig. 1. After a fast decrease in the ﬁrst
days after the accident (Fig. 1a), the dose rate decreased
more gradually, and at the weakly contaminated sites 1
and 2 closely approached the background level of 8–
9 lR/h [21] by the tenth year after radionuclide deposition (Fig. 1b, c). The time dependence of the c-dose
rate can be approximated by power functions.

Among the long-lived radionuclides, which were of
principal interest, 137Cs and 134Cs attracted special
attention because of their high concentrations in the
fallout released from the destroyed reactor. Other isotopes found in soil samples, i.e. 106Ru (half-life
1.02 years) and 144Ce (half-life 284.9 days), showed very
low concentrations with high uncertainties in animal
bodies 2 years after the deposition, and were diﬃcult to
be detected later.
Since the second post-accident year, the total cactivity in the animals was mainly due to 137Cs and
134
Cs. By the tenth year of investigation, 134Cs (halflife 2.06 years) had decayed to a large extent, and was
therefore not detected in animals trapped in areas with
low (sites 1, 2) and moderate contamination (site 3).
Thus, 137Cs (half-life 30.0 years) became the main
contributor to the total c-activity of animals in these
areas.
Data on the time course of the total activity concentration of incorporated c-emitting radionuclides in
populations of the two studied species are presented in
Fig. 2. Considerable levels of c-activities existed over the
whole monitoring period. With the exception of the ﬁrst
year at the least contaminated site 1, the yellow-necked
mouse accumulated signiﬁcantly lower activity concentrations of 137Cs and 134Cs than the bank vole (U-test,
P<0.01). In spite of these diﬀerences between the two
species, common characteristics in the behavior of
radiocesium were identiﬁed, namely a signiﬁcant increase in the value of c-activity concentration during 1
or 2 years after the deposition, a maximum value and a
subsequent decrease (Fig. 2). This decrease had an

Fig. 1 Time course of the mean external c-dose rate on the ground
surface at sites 1–4 as a function of time after the accident. a Shorttime behavior, b and c long-time behavior. Fitting curves were
obtained by regression analysis: *P<0.05 and **P<0.01. The
background level which existed before the accident is presented
according to Hardy et al. [20]
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Incorporated cesium isotopes
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contaminated sites in the period from 5 to 10 years after
deposition (Fig. 5). With the exception of site 3, the
populations at the other monitoring sites had signiﬁcantly lower activity concentrations of 90Sr in comparison with 137Cs (U-test, P<0.01) (Table 2). The activity
concentration of 90Sr in the vole populations correlated
with the 90Sr contamination of soil (Fig. 4), but did not
correlate with the age of the animals.
Incorporated TUE
The activity concentrations of the TUE in animal bodies
were much less than those of the other detected radionuclides (Table 2). Like the other long-lived radionuclides studied, the TUE correlated with the levels of soil
contamination by these isotopes (Fig. 4). Spectrometric
analyses showed that signiﬁcant amounts of 241Am
ﬁrstly appeared in some specimens of bank vole in the
highly contaminated area 5 years after the deposition. A
decade after the accident, 241Am was detected in all
populations analysed (Table 2). 241Pu was dominant and
its daughter product 241Am was subdominant among
TUE accumulated in animals.
Frequency distribution of accumulated radionuclides

Fig. 2 Time course of mean activity concentration of c-emitting
radionuclides in populations of bank vole and yellow-necked mice,
at the investigated monitoring sites. Standard deviations of the
mean values are indicated. The numbers above the bars represent the
number of animals analyzed: *P<0.05 and **P<0.01 in
comparison with previous year (U-test)

High variability in individual concentrations of radionuclides was observed in all populations over the whole
monitoring period, sometimes ranging over more than
one order of magnitude. In most cases, distributions of
individual concentrations were asymmetrical with
skewness to the high concentrations (Fig. 6). The
underlying type of distribution appears to be log-normal, but in many cases there was only a rough similarity
of the observed distributions with this theoretical shape.
The high variability in individual concentrations and the
non-normal type of distribution requires a large number
of animals to be collected and used for statistical analysis. As the density of yellow-necked mouse populations
was often very low, we stopped collecting yellow-necked
mice by the end of the 3-years’ monitoring.

Incorporated

90

Sr

In contrast to the cesium isotopes, an increase of the 90Sr
activity concentration in bank vole populations occurred
later. The concentration of incorporated radiostrontium
was approximately doubled (U-test, P<0.01) at the

The whole-body absorbed dose rate in rodents before
the accident did not exceed 2 lGy/day and was mostly
due to external c-radiation, as one can derive from the
data on rural populations of people living in Belarus and
the neighboring Poland at that time [10, 21]. For the
time after the accident, whole-body absorbed dose rates
from external c-irradiation and internal a-, b- and cirradiation from the Chernobyl fallout, and external
exposure from the natural background were considered.
External b-contribution, assumed to be mostly self-absorbed, was not taken into consideration.
The whole-body dose rate due to external and internal exposure was found to be maximal in the year of the
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Time course of absorbed dose rate
approximately exponential shape for 137Cs (Fig. 3a) and
134
Cs (Fig. 3b) as observed in bank vole populations.
The activity concentration of radiocesium did not
depend on the age of the animals, and it signiﬁcantly
diﬀered between the sites, showing a direct correlation
with soil contamination (Fig. 4).
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accident. Over the subsequent period it decreased—with
some exceptions—in an overall monotonic fashion
(Fig. 7). Ten years after the radionuclide deposition, the
dose rate was close to but did not reach the background
level even in populations inhabiting areas with low
contamination (sites 1 and 2). As can be seen in Fig. 7,
the populations of bank vole generally had signiﬁcantly
higher doses from external than from internal irradiation over the period of investigation, but with some
exceptions. In years when the concentration of incorporated radiocesium reached its peak (Fig. 2), the contribution of internal exposure to the whole-body dose
rate became signiﬁcantly higher than the external one in
animals in the areas with moderate and high contamination, and this aﬀected the monotonic decrease of the
total absorbed dose rate at site 4 (Fig. 7).

The contribution of incorporated radionuclides to the
whole-body dose rate is of particular interest in the remote period after the deposition, when external cexposure has signiﬁcantly decreased and the long-lived
isotopes with a- and b-activities remain in the contaminated ecosystems (Table 3). Our estimates show that the
internal exposure of animals from incorporated radionuclides 10 years after the accident was in the range of
0.1–18 % of the total dose rate, while the external cirradiation contributed 82–99.9 %. The incorporated
isotopes of cesium had the maximal part, from 0.1 to
16%, which increased from the less to the higher contaminated sites. 90Sr and the TUE were the next; their
contributions to dose rate were 0–8 and 0–3%, respectively. The time course of the dose rate from 90Sr revealed that its contribution to dose rate in bank voles
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Fig. 3 Time course of mean a
137
Cs and b 134Cs activity
concentration in bank vole
populations after reaching the
maximal concentrations 1–
2 years after the accident:
*P<0.05, **P<0.01 and
***P<0.001
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Fig. 4 Correlation of the
activity concentration of longlived radionuclides in bank
voles with the contamination of
soil, at ﬁve monitoring sites and
10 years after the accident

dose rates from b-particles of incorporated 90Sr can be
considerable in comparison with those from other radionuclides.
Lifetime whole-body doses
The average age of the voles in the trapping seasons was
about 3–4 months. The average lifetime whole-body
doses in all populations studied were maximal in the
year of the accident. At the highly contaminated site 4,
they were 55 and 88 mGy for populations of bank vole
and yellow-necked mouse, respectively, 4 months after
the accident. However, the highly asymmetrical distribution of individual radionuclide content (Fig. 6) suggests that a considerable number of animals have

http://enfants-tchernobyl-belarus.org

increased from 1 to 8% at site 3 and from less than 1 to
3% in bank voles at site 4, in the period from 5 to
10 years after deposition.
In particular, Table 3 shows that the dose rate values
in bone tissue from b-radiation of 90Sr were much less
than from the external c-irradiation and, in most cases,
were less than the internal b-irradiation from incorporated cesium isotopes. However, the situation changed
when the concentration of 137Cs and 134Cs had signiﬁcantly decreased and the content of 90Sr in animals living
in areas with high levels of 90Sr contamination (sites 3–5)
had increased 10 years after the deposition. At that time,
the dose rate attributable to b-irradiation of bone tissue
by strontium became close to or larger than the dose rate
due to b-irradiation by the cesium isotopes. Thus, in the
late period after the radionuclide deposition the local
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received doses largely exceeding the population mean.
Figure 8 illustrates the change of the distribution of the
individual doses in the course of the investigation at sites
3 and 4 over 10 years.

Discussion
The bank vole has limited individual home ranges up to
400 m and migration ranges up to 1.2 km in the reproduction period [17, 22]. Similar distances can be assumed
for the yellow-necked mouse. Thus, the vole and mouse
well represent the habitant areas. This is supported by
the close correlation found between the concentrations
of incorporated radionuclides in bank vole and the
environmental contamination, in this work and elsewhere [3]. Due to the short life span and the high
reproduction capacity of the investigated species, the
populations studied in a certain year in the trapping
season (summer–autumn) almost completely consisted
of individuals born at least two generations after the
population investigated in the previous year. Thus, the

Table 2 Radionuclide concentration (Bq/kg) in bank vole 10 years after the accident
Site Number of samples/
animals analyzed for
134

1
2
3
4
5

Cs,

30/30
40/40
18/18
49/49
28/28

137

Cs

90

137

Cs

134

Cs

90

Sr

238

Pu

239,240

Pu

241

Pu

241

Am

Sr, TUE

–
5/30
6/18
8/24
28/28

6.06±0.71
0
–
–
–
–
–
25.25±3.36
0
1.50±0.45 0.0025±0.0004 0.0058±0.0011
–
0.0036±0.0009
162±18
0
216±38
0.0220±0.0052 0.0435±0.0099 1.60±0.37
0.23±0.08
1,182±145
39±4
628±176
0.029±0.005
0.057±0.007
2.09±0.30
0.15±0.04
14,772±1,585 321±35 1,382±40
0.24±0.02
0.50±0.04
13.90±1.33
4.81±0.42

Mean values and standard deviations are shown. Data marked as ‘‘–’’ were not analyzed
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Fig. 5 Time course of 90Sr activity concentration in two populations of bank vole. Standard deviations of the mean values are
indicated. The numbers above the bars represent the number of
animals analyzed: ** P<0.01 in comparison with previous year (Utest)

renewed populations represent a radionuclide accumulation during the very short period of their life span
(about 3–4 months or somewhat longer).
It is well known that rodents accumulate radionuclides mainly through plant digestion [23]. Some fraction
of the bank vole diet consists of radionuclide accumulators such as lichens, mosses and mushrooms [17]. On
the other hand, a diet of plant seeds is more preferred by
the yellow-necked mouse than by the vole. As the seeds
accumulate cesium isotopes less than the other parts of
plants [24], (which by the way also leads to a lower
radioactivity of the seeding species in comparison with
grazers [25]), it becomes clear why the concentrations of
incorporated cesium in mice in this work have been
found to be less than in bank voles.
The bank vole is known to obtain about 9% of its
137
Cs uptake from abiotic sources (soil, water, air) [26].
During the ﬁrst year after the accident, 35% of the 137Cs
and 134Cs contained in the dust occurring on the plant
surfaces were biologically unavailable for absorption in
the digestion tract of animals [27]. The time course of the
cesium isotope activity in bank vole and yellow-necked
mouse after the accident, that we observed and described
as a sequence of increase, peak and decrease, suggests
changes in the concentrations of these isotopes incorporated in the basic diet of the studied animals, due to
changes in the bioavailability of these radionuclides for
trophic chains in herbivorous animals.
The most important reasons for this phenomenon are
(a) the destruction of fuel particles and the appearance
of dissolved and exchangeable forms of radiocesium
available for plants and mushrooms [28], (b) the vertical
migration of 137Cs and 134Cs into deeper soil proﬁles
towards plant roots and mushrooms mycelium [29]. Due
to these processes, the root uptake of radionuclides by
the plants became the dominant process in the subsequent years after the accident, while superﬁcial plant
contamination had been dominated in the ﬁrst period
after the accident. The transfer factor for the ‘‘soil–
plants’’ pathway, which depends on exchangeable and
dissolved fractions of radiocesium in soil [30], was found
to increase in some plants 50 km around the ChNPP by
the second and third year since the accident [31], and for
the pathways ‘‘soil–lamb meat’’ [32] and ‘‘plants–goat
milk’’ [33] it was found to be doubled, respectively, 2 and
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3 years after deposition. Maximal values of cesium in
various but not all studied species of plants and mushrooms from natural ecosystems in the contaminated
areas were observed within 1–3 [32, 34–36] and even 5–
6 years [37] after the accident. The concentration of
137
Cs in mushrooms, for example, increased by a factor
of 4–100 during this period, signiﬁcantly inﬂuencing the
cesium content in wild animals [34]. However, in the
following period, the process of cesium ﬁxation by soil
clay minerals was shown to predominate [38]. Therefore,
137
Cs became less available for root uptakes [39], and its
concentration in plants decreased up to ten times [40].
The levels of cesium in rodent populations were shown
to reﬂect this decrease in this work.
Radionuclides in a far zone around the ChNPP
mainly represent gas-condensed and more mobile (dis-

solved) forms of fallout, while the fuel particles predominate in a near zone (65–85%) and take time to be
destructed [28, 38, 41]. The biological availability of
137
Cs in the near zone has been shown to be less than in
the far zone by a factor of 1.5–2, during 3–4 years after
the accident [42]. These facts are in line with our
observation: the nearer the sites, the later the peaks in
cesium concentration in animal populations. Speciﬁcally, maximum levels of 134+137Cs content were registered 1–2 years after the accident in populations living
at 330 and 60, and 40 km from the ChNPP, respectively (Fig. 2). Maximal concentrations of 137Cs were
also detected by other researchers 1 and 3 years after
the accident, in bank vole and striped ﬁeld mouse
(Apodemus silvaticus) populations living at large distances from the ChNPP like in Great Britain [43] and
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Fig. 6 Typical distributions of
individual concentrations of
incorporated long-lived
radionuclides in bank vole
specimens. Data on 137Cs and
134
Cs in animals 3 years after
deposition at site 4, and on
TUE and 90Sr in animals
10 years after deposition at site
5 are shown
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Fig. 8 Time-dependent fractions of bank voles with diﬀerent values
of lifetime whole-body absorbed dose

Fig. 7 Time course of mean absorbed dose rate due to external cand internal c+b-irradiation from incorporated 137Cs and 134Cs in
bank vole populations

150–300 km from the ChNPP in Russia [44] respectively. The highest dietary intakes and the highest
whole-body measurements of radiocesium were also
observed 2–3 years after the accident in critical groups
of people (farmers and hunters) with considerable values of meat in the diet, who live in areas of Norway
which, according to the Norwegian Radiation Protection Authority, were contaminated with fuel particles
and simple cations [32].
Isotopes of strontium and TUE were mostly contained in fuel (‘‘hot’’) particles of the Chernobyl fallout
[38, 45, 46]. During 10–12 years after the accident, the

Site

Years after
deposition

External
whole-body
and bone- tissue
c-irradiation
(mean data)

Internal irradiation (mean ± SD)
137+134

90

Cs

Number of
animals

c-irradiation

b-irradiation

Sr

Number of
samples/animals

Whole-body and bone tissue
2
3
3
4
4
5

10
5
10
5
10
10

2.32
7.41
6.25
71.80
37.75
222.57

40
53
18
129
49
28

0.0062±0.0008
1.42±0.14
0.040±0.004
3.07±0.26
0.31±0.04
3.84±0.41

0.0679±0.0090
12.76±1.27
0.44±0.05
27.79±0.47
3.23±0.26
40.43±4.34

5/30
20/20
6/18
19/19
8/24
28/28

b-irradiation
Whole-body

Bone tissue

0.004±0.001
0.31±0.05
0.60±0.11
0.82±0.13
1.73±0.49
3.81±0.14

0.027±0.007
2.04±0.34
3.87±0.68
5.34±0.87
11.25±3.15
24.78±0.92
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Table 3 Dose rate values (lGy/d) for external and internal irradiation of whole-body and bone tissue of bank vole
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Conclusions
The long-lived radionuclides released from the destroyed
reactor of the ChNPP have diﬀerent half-times, pathways
and rates of migration in soil and, consequently, in biota.
Probably, these factors determine the time course of
radionuclide concentrations and accumulated doses in
natural populations of mammals living in contaminated
areas, observed and described in the present study. The
data obtained can be used as a trend for prediction models
of radionuclide uptake into biota, especially for the herbivorous groups of animals in natural ecosystems.
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