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INTRODUCTION

Biogeochemical migration of radionuclides is the
main process determining the redistribution of radio�
active elements in the biosphere. Studies into this field
by means of the example of model experiments of glo�
bal and Kyshtym fallouts have been developed by
V.M. Klechkovskii and N.V. Timofeev�Resovskii [6,
13]. The elaborations of their students and followers,
R.M. Aleksakhin and M.A. Naryshkin, N.V. Kulikov,
F.A. Tikhomirov, E.B. Tyuryukanova, and A.N. Tyu�
ryukanov, et al. [1, 7, 8, 14, 15] have made it possible
to formulate the main principles of biogeochemistry of
technogenic radionuclides and show the features of
biological cycle of these elements. The role of vegeta�
tive cover in retaining the primary aerosol fallouts was
revealed; the features of the secondary redistribution
of radionuclides over structural components of the
phytomass were ascertained, and the features of their
accumulation in supraterraneous and subterranean
phytomass were noted [1, 8].

This direction of radioecology has been intensely
developed, in particular, in the post�Chernobyl
period. In natural experiments it was confirmed that
up to 90% of the laid�down activity is retained by tree
crowns [5, 9–11, 18, 20, 21, etc.]. Its main part is cur�
rently concentrated in soil, most likely in the upper
surface layers. The latter fact differentiates the distri�
bution of technogenic radionuclides, in particular,
137Cs, from its chemical analog, potassium, which is
known to be distributed more uniformly over the
entire root�inhabited mass. The earlier studies also

demonstrated that the biological cycle (BC) of 137Cs at
the initial stages after radioactive fallouts is character�
ized by a considerable prevalence of descending radi�
onuclide flows over the ascending flows. Thus, during
the first years, the arrival of 137Cs within vegetation lit�
ter was higher than its root consumption by more than
an order of magnitude. It was assumed that the BC
indices for 137Cs and 39K will subsequently level off.
However, the data obtained attest to the fact that an
increase in the specified differences, rather than
smoothing of them, is noted in the dynamics in forest
ecosystems of the forest–steppe zone that underwent
radioactive contamination [17, 19, 20]. In this con�
nection the present work aims at revealing the features
of the biological cycle of 137Cs and 39K in the main
types of forest ecosystems on the European part of the
territory of the Russian Federation that underwent
radioactive contamination as a result of the Chernobyl
Nuclear Power Plant accident (1986). In this study, the
results of surveys carried out in forest ecosystems of
Bryansk woodland are presented.

OBJECTS AND METHODS OF STUDY

The surveys were carried out in 2008–2010 at two
sites of forest ecosystems of Bryansk oblast (Kras�
nogorsk forestry, Krasnogorsk district) that were char�
acterized by the highest density of radioactive contam�
ination in the Russian Federation [1].

The sample plots (50 × 50 m) were set in pine
green�moss forest (70 years old) and gramineous
grassland birch forest (50 years old), which had been
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formed on sandy podzolic soils. The plots were sepa�
rated only by a ridge. The indices of the biological
cycle were studied according to procedures that have
conventionally been used in this field [3, 12, etc.]. The
experimental material for estimating the indices of the
biological cycle of an organic compound and the ele�
ments under study (137Cs and 39K) were obtained
directly on the sample plots. The sampling in the tree
layer was performed from model trees, which were
selected with allowance for the mensurational descrip�
tion. A model tree with parameters that were close to
the average tree for the given age category was sawn
down and divided into structural parts: leaf/needle
growth during the current formation year, needles
from earlier years, large branches (>1 cm thick), and
small branches (<1 cm thick). The average sample for
each of the components specified was formed using the
entire crown. The samples of the external bark (cork),
internal bark (phloem), and wood were collected from
cuts made at different height values of the trunk: near
the top, the middle, and the stem base [18, 21].

In order to determine the degree of soil contamina�
tion with 137Cs and the content of mobile potassium,
sections were made on the plots under study; soil sam�
ples were taken layer�by�layer, taking into account the
genetic horizons. The stock of phytomass and yearly
production within the tree layer were calculated based
on the experimental material and mathematic depen�
dences obtained for the phytocenoses of Bryansk
oblast in the preliminary studies [18, 21]. The quanti�
tative estimation of the arrival of organic compound
within litter was performed using litter traps (with an
area of 1 × 1 m), which were mounted at each plot,
repeated ten times. Litter was collected once per year,
in late autumn, immediately after the mass defoliation
had ended.

The preparation of soil and plant samples for the
analysis and measurement of specific activity of 137Cs
was carried out using the standard procedures on a
scintillation gamma�spectrometer, the amplitude

spectrum of impulses was processed using the Progress
software [16]. Potassium content was determined using
conventional methods: exchangeable potassium was
determined in soil and in plants according to Kirsanov
or on a flame photometer after wet combustion [4].

RESULTS AND DISCUSSION

The performed surveys demonstrated that the den�
sities of contamination of soils of pine and birch tree
phytocenoses with 137Cs are close and equal to approx�
imately 9300 kBq/m2. The indices of content and dis�
tribution of 137Cs radionuclide in the soil profile at
both plots show no significant differences: the maxi�
mum specific activity and its stock (up to 90%) were
observed in the substrate (O3 subhorizon) and the
adjacent 0� to 5�cm�thick mineral layer (Fig. 1).

Concentration of exchangeable potassium in soil
varies from 0.2 to 2.3 mg/100 g; as already mentioned,
its distribution over the profile as compared with that
of 137Cs is characterized by a different type. Thus, bio�
genic accumulation of the element is observed in the
organogenic horizon of the forest floor; its content,
considerably decreasing in mineral layers, is apprecia�
bly uniformly distributed over the entire mass under
study and increases near the parent rock to a certain
extent (Fig. 2).

Analysis of the production processes attests to the
fact that pine and birch forests differ insignificantly in
terms of the total phytomass and the yearly produc�
tion. The stock of phytomass and is equal to 2130–
2350 q/ha; the stock of yearly production for pine and
birch forests is equal to 5100 and 5700 kg/ha (Table 1).
The main difference consists in the indices of return of
organic matter into soil. Thus, almost 52% of the
yearly growth arrives to the soil in birch forests,
whereas for pine forests this value is smaller by 10%.

As is well known, the chemical composition of
plants primarily represents the elemental composition
of soil medium. Meanwhile, a number of factors have
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Fig. 1. Vertical distribution of the specific activity of 137Cs
in the profile of soils under study.
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also an effect on this index; therefore, the content of
stable elements in plants varies appreciably and fluctu�
ates over a wide range depending on climatic condi�
tions, position of an ecotope within the landscape,
biological features of the species, the structural part
and return of the plant, physiological role of the con�
sumed element, etc. In addition, under conditions of
contamination, including radioactive contamination,
the accumulation of the elements in plants depends
directly on the level of soil contamination.

As demonstrated by our studies, concentration of
stable potassium in structural components of pine and
birch trees varies within the 0.01–1.0% range, which
corresponds to the data obtained by other authors in
their studies devoted to the biological cycle in forest
ecosystems [8, etc.] (Table 2).

The specific activity of 137Cs in the components of
wood species under study is also nonuniform and fluc�
tuates almost in the same range: 4.2–38.0 kBq/kg
(pine tree) and 0.35–6.4 kBq/kg (birch tree) (Table 2).
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Table 1. Cycle of organic matter in forest phytocenoses of Bryansk woodland

Phytocenosis
Phytomass 

stock,
100 kg/ha

Biological cycle indices

yearly growth retained in phytomass arrives to soil with litter
and debris

100 kg/ha/yr % 100 kg/ha/yr % 100 kg/ha/yr %

Pine forest 2100 51.50 100 30.00 58.25 21.50 41.75

Birch forest 2350 57.00 100 27.50 48.25 29.50 51.75

Fig. 3. Stocks of 39K (kg/ha) and 137Cs (kBq/m2) in the total phytomass (light bars) and yearly production (black bars) of pine
forests (a) and birch forests (b).
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The fact is notable that, upon root arrival, the dis�
tribution of 137Cs in general corresponds to that of its
nonisotopic analog, potassium, the following series of
accumulation in structural parts being typical of it:
current year growth/leaves > needles of the past years
of formation > internal bark > small branches > large
branches > wood > external bark. According to our
data, the correlation coefficients between the distribu�
tion of potassium and 137Cs over the components of
birch and pine trees are equal to 0.84 and 0.86, respec�
tively (P = 0.95).

Thus, similarly to potassium, cesium is accumu�
lated in physiologically active organs and tissues (in
assimilating organs of the current year of formation, in
current year sprouts, in the external parts of cambium,
etc.). However, the biological features of the species
and the structure of the external layers of the bark that
predetermine the levels of plant contamination at the
stage of aerial fallouts have a considerable effect on the
distribution of this radionuclide.

In biological cycle the return of elements with litter
is a significant index. It has been ascertained in our
surveys that potassium concentration in litter is lower
than that in the assimilating analogs by a factor of 1.5–3,
which is associated with the outflow of the element
before litter and leaching. The values of activity of the
litter in the biogeocenoses under study are close and
not higher than 14–18 Bq/kg (Table 2).

The balance calculations of stock of 137Cs and
potassium have shown that, in accordance with the
organic matter value and concentration of the ele�
ments, wood makes the maximum contribution to the
total phytomass, whereas the contribution of the exter�
nal bark layers is minimal (Fig. 3). In yearly production
and growth, the highest content of the elements is
observed in the assimilating organs of the current year of
formation (growth and leaves) and the minimum con�
tent is observed in the external bark as well.

As already mentioned, active root consumption of
137Cs by plants with its accumulation in structural
organs of the forest has been recently observed on the

territory under study. In this connection, the flow of
radionuclides that arrive annually to the soil surface
with vegetation litter is appreciably high. Thus, the lit�
ter mass in phytocenoses under study varies from
0.21 kg/m2 in pine forests to 0.29 kg/m2 in birch for�
ests. The main contribution to the arrival of vegetation
litter to the soil is made by assimilating organs, leaves
and needles. The second place is held by small
branches and fragments that it is difficult to morpho�
logically identify and isolate (with diameter <2 mm)
(the so�called “miscellaneous” fraction).

The flow of radionuclides to the soil is determined
not only by its mass, but also by the specific activity of
137Cs in various fractions. According to our data, it is
maximal in the “miscellaneous” fraction (21.5 kBq/m2)
and in small branches (18.0 kBq/m2), with assimilat�
ing organs being contaminated to a smaller extent
(11.6 kBq/m2). The decrease in the specific activity of
137Cs in litter components as compared with the vege�
tating analogs is connected with its leaching during the
falling process. These regularities of formation of the
chemical composition of the litter are typical of potas�
sium as well, which additionally points to the similar�
ity between the behaviors of the elements under study.

The data obtained attest to the fact that the indices
of the cycle of K and 137Cs in pine and birch forests of
Bryansk woodland currently almost coincide and,
within the yearly cycle, are characterized by an insig�
nificant excess of the amount of elements that are
retained in phytomass over their return to the soil
(Fig. 4). Thus, in pine forests the arrival of 137Cs and K
to soil with litter is equal to 47 and 45%, respectively.
Therefore, the amount of radionuclides retained in the
phytomass is equal to 53 and 55% of the BC capacity,
respectively. In birch forests, 49% of cesium and 40%
of potassium arrives to the soil within litter; i.e., 51%
of 137Cs and 60% of potassium (of the BC capacity) is
retained in the phytomass. This is associated with the
fact that the intensity of leaching of these elements
from the phytomass of litter�forming structures is dif�

Table 2. Specific activity of 137Cs and concentration of stable potassium in components of the tree stage of pine and birch
biogeocenoses

Structural component of the forest
Pine Birch

137Cs, kBq/kg 39K, % 137Cs, kBq/kg 39K, %

Wood 4.2 0.02 6.4 0.02

Internal bark 18.5 0.07 33.4 0.17

External bark 4.30 0.01 13.4 0.03

Large branches 9.9 0.09 8.4 0.05

Small branches 27.0 0.15 22.3 0.25

Current year growth/leaves 38.0 1.0 34.6 0.35

Needles of the past years of formation 30.0 0.25 – –

Litter 18.0 0.14 16.0 0.17
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ferent: it is higher in birch forests, being in the lead for
potassium.

The analysis of indices of 137Cs BC at the initial and
remote periods after the fallouts allows stating that
during the initial period, the arrival of the element to
soil with the litter was higher than its consumption
from the soil almost by a factor of 10 [18, 21]. The
indices of 137Ce BC in the forests of Bryansk woodland
on sandy podzolic soils currently almost coincide with
those for its chemical analog, potassium. This consid�
erably differentiates the biological cycles of 137Cs and
39K in the forests of the nearest fallout zone. Out sur�
veys demonstrated that, during the remote period after
the Chernobyl fallouts (more than 20 years), the bio�
logical cycle of 137Cs on dark gray forest soils of eluvial
landscapes of the remote fallout zone (Tula oblast, Rus�
sia) differs from the biological cycles of potassium iso�
topes and is still characterized by a considerable domi�
nation of descending flows of the element [17, 20].

CONCLUSIONS

• The density of soil contamination in forest eco�
systems of Bryansk woodland that underwent radioac�
tive contamination as a result of the Chernobyl
Nuclear Power Plant accident (1986) currently is
equal to 9300 kBq/m2 with respect to 137Cs. The main

activity is concentrated in the forest floor and in the 0�
to 5�cm substratum.

• The specific surface of 137Cs in structural compo�
nents of pine and birch forests varies from 4 to
38 kBq/kg and decreases in the series N > IB > SB >
EB > LB > W in pine forests and L > SB > IB > LB >
EB > W in birch forests (Fig. 3). Potassium concentra�
tion in structural components of the forests under
study varies from 0.01 to 1% and for the analyzed
series varies similarly to that for 137Cs. The average
correlation coefficient between distribution of 39K and
137Cs over structural components is equal to 0.85 at
P = 0.95.

• The adequacy of distribution of 137Cs and its
chemical analog, potassium, over structural compo�
nents of the forests under study attests on the unifor�
mity of their arrival (via roots) and the similarity of
absorption by plants.

• The content of 39K and 137Cs in structural compo�
nents of pine litter is lower than that in vegetating ana�
logs by a factor of 1.5–2. In birch forests, these differ�
ences are stronger and attain twofold values for cesium
and sevenfold for potassium. The intensity of their
leaching from phytomass of litter�forming structures is
different for the phytocenoses under study: it is higher
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in birch forests and is higher for potassium if compar�
ing the elements.

• The maximum stock of 137Cs within the total phy�
tomass in phytocenoses under study is concentrated in
wood; the minimal stock is concentrated in the exter�
nal bark layers. The maximum stock of 137Cs in the
yearly production is concentrated in assimilating
organs, whereas the minimum stock was observed in
the external bark layers. The distribution of potassium
stock over the total phytomass and the yearly produc�
tion is almost identical to that of 137Cs.

• The arrival of 137Cs to soil with litter currently is
equal to 47 (in pine forests) and 49% (in birch forests)
of the BC capacity. This element mostly arrives with
assimilating organs (needles and leaves). In pine for�
ests the return of potassium to the soil with litter is
close to that of cesium and is equal to 45%, this index
being lower for birch forests (40%).
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