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Introduction
The need for - but also the paucity of - radioecological knowledge concerning the boreal forest
became particularly apparent after the nuclear power plant accident in Chernobyl in April 1986.
As a consequence several new projects were initiated in the Nordic countries with particular
focus on the behaviour of radioactive caesium in terrestrial and aquatic systems characteristic for
the Fenno-Scandinavian landscapes. A multidisciplinary co-operation emerged in Umea between
scientists at SLU (the Swedish University of Agricultural Sciences), and FOA (the Defence
Research Establishment) among these new projects. Initially this joint work focused mainly on
descriptions of the dynamic changes of the content of radioactive caesium in soil-plant and
animal communities in the county of VSsterbotten.
Most of the studies have been performed at the Vindeln experimental forest, 60 km NW of Umea
(64°16'N, 19°48'E). The distribution of radioactive caesium in this forest ecosystem, prior to and
in different periods after the Chernobyl accident, reflects the existence of fast changes
particularly at an early stage after the deposition, superimposed on slow redistribution over long
time periods. The definite causes of this complex dynamic behaviour are not yet unambiguously
established. In this work we use the specific results from local field studies as a basis to describe
the general pattern and time dependence of 137Cs redistribution in a boreal forest.
Direct deposition (i.e. not including resuspension), due to release of radioactive caesium from the
reactor in Chernobyl, occurred mainly within a couple of weeks after the accident (IAEA 1987).
At the Vindeln experimental forest most of the fallout originates from wet deposition during a
rainfall that lasted for 14 hours on April 29, 1986 , yielding a precipitation of between 3 and 6
mm depending on local variations within the area (Degermark 1987). The protracted input
mediated by a particularly light rainfall probably made the initial distribution relatively
homogeneous within the forest. This is indicated by the fact that in June 1986, when the first
sampling was performed, there was no significant difference in the concentration of radioactive
caesium in needles from different heights in individual trees or between the average values from
different sampling sites in a pine stand (Bergman et al. 1988, Nylen and Ericsson 1989, Nylen
1996).
Plants of key interest were: bilberry (Vaccinium myrtillus), birch (Betula spp.), and pine (Pinus
sylvestris), and among the animals: the moose (Alces dices) and a small rodent, the forest vole
(Clethrionomus glareolus). Over the past ten years the research has gradually entered the stage
where the specific causes of the caesium behaviour have been addressed — partly by the help of
models developed for simulating forest ecosystems, partly by complementary field experiments.
The publications arising from these studies since 1986 appear under "References" in a specific
list. Furthermore, the work has thus far resulted in two theses focusing mainly on the variability
and dynamic changes of the radioactive caesium content in the moose (Nelin 1994), and caesium
redistribution in the soil-plant system and loss by runoff (Nylen 1996).
The climate in Fenno-Scandia is generally humid. A considerable proportion of the precipitation
percolates through the soil and forms groundwater. Leaching thus gives rise to a specific pattern
of stratified layers in the soil profile of the PODSOLIC TYPE. This is the predominant soil-forming
process in the Nordic boreal zones. In boreal forests the organic soil layer usually retains a major
fraction of the fallout of radioactive caesium, evidently even several decades after deposition
(Melin et al., 1994). This notable feature, as well as a persistent high availability in important
food-chains - e.g. over moose, berries and mushrooms - emerges from the present
radioecological research. Both constitute facets of a singularly conservative - although not at all
static - situation prevailing for radioactive caesium in the boreal forest. The inherent dynamics is

reflected among other in that redistribution both due to processes between soil and plant, and as a
consequence of herbivory (particularly due to the vole population) seem to be of long-term
significance.
One evident implication of these observations is that for 137Cs physical decay will be the major
factor of loss in boreal landscapes in a long-term perspective, and that runoff, particularly from
peat bogs, is expected to be the second most important when it comes to the average loss from
the catchments - even in areas subjected to logging during the period. Furthermore, contributions
to the cumulative dose to certain groups, or the population as a whole, may remain relatively
important for 137Cs over a time span of the order of its physical half-life. The external exposure
will generally dominate over internal exposure concerning the total dose due to the deposition in
Sweden after the Chernobyl accident. For some groups, however, the opposite is true. This
concerns particularly those with great consumption of some food products (e.g. reindeer, moose,
berries, and mushrooms) containing relatively high activity concentrations of radioactive caesium
over a long time span.
This paper reviews our main findings on this theme concerning the behaviour of radioactive
caesium in boreal landscapes and significant pathways to man, as has become apparent from the
radioecological co-operation dating from about ten years back.

Ecosystem perspectives on modelling approaches
The formation of hierarchies is one of the most characteristic properties of living systems. When
approaching a natural system it is thus important to realise the scale of observation. There is a
risk when modelling radionuclide transfer in natural systems that the level of organisation is not
considered. Operating at wrong scale gives results as misleading as asserting and acting on
incorrect relationships. Taking a forest stand, we usually identify individuals that form a
population but also some aspect of the larger system of which the stand is a part. This stand
interact with other plants, animals, soil and climate. The boundary or surface of this stand is not
tangible, but rather defined by the flows of energy, water, nutrients and carbon. These flows are
much faster within the stand than the flow out from it. Accordingly, a radionuclide put into the
stand is likely to move around inside the system much faster than it moves out of the system, thus
the system has a high degree of contectedness. As we move up in hierarchy of the system, we
encounter processes that occur at lower relative frequency. For example, the rate of change in
radioactivity is very fast on the level of the individual but considerable slower at the level of a
community or ecosystem. At the individual level factors such as body size, feeding mode that
affect daily input/output rates are important for the radionuclide kinetics while runoff by rain,
physical decay or soil processes determine the rate of change at higher levels. From this, it is
important to realise which level of organisation that is considered in the model. This is also
important when considering radionuclides with different physical half-lives, since the shorter the
half-life the lower the level of organisation that it operate at. A mechanistic explanation to
processes at a higher level must be sought in the next level below. The central issues are to
understand how details at one scale makes its signature at other scales, and how to relate
phenomena across scales. Pollution and radioactive fallout are apparent at all scales and this
present a challenge to deal with collective assemblages of organisms that together give collective
dynamics operating from spatial regions to large landscapes.
Mathematical models have been extensively used to predict transfer of radionuclides. These
models have two principal objectives; to predict the rate of transfer through an ecological
pathway and to predict exposure to the human population. Large effort has been directed in so
called validation of models and calculation of transfer coefficients.

But are these models developed in radioecology different from those developed within other
areas of contemporary ecology? First of all, the mathematics are the same but the goals and
predictions are different. Radioecology focuses on radionuclide behaviour based on chemical and
physical input variables while models in ecology rather focus on changes in the state of
ecological systems. It would thus be misleading to predict radionuclide contamination at the
population level based on higher level processes. All mathematical models require assumptions
that constrain the analyses. In fact, constraints could be regarded as necessary for a predictive
model. Many classical models in radioecology and ecology assume that all individuals are the
same. This contradict basic biological fact and might obscure analysis of radionuclide transfer. In
ecology, classical approaches emphasised deterministic systems of low dimensionality and
thereby hid much of the variation and heterogeneity. Thus to gain better understanding of
radionuclide transfer in natural systems, new approaches such as models of higher-order
incorporating processes at the individual level should be employed.

Study area and sampling
The area at Vindeln Experimental Forest (64°16'N, 19° 48T3) consists of a hilly landscape with
mixed spruce and pine forests in different stages of succession after forestry. The soils are in
general more or less developed podsol with understorey vegetation ranging from poor lichen
heath to more moist bilberry and moss dominated habitats.
Sampling of snow, water, soil and plant material was initiated in an early stage after the
Chernobyl accident. Reference material consisting of water, pine needles and litter sampled
before the accident were also available for the subsequent analyses. Stream water from a forest
stream and ground water were sampled in the Nyanget catchment (Nylen and Grip 1996). The
concentrations of radioactive caesium in stream water was possible to follow from about a week
before the accident in Chernobyl by measurements on samples available through a current
sampling program in another study. Soil was sampled by use of augers (Nelin and Nylen 1994).
Generally, soil samples were sliced in sections of 1 to 5 cm. To enable comparisons of the
relative distribution between soil horizons, soil layers were divided into three layers S, F/H and
mineral soil. The thickness and biomass of the S-, F-, H-, and F/H- layers were measured as well
as the thickness of the bleached layer of the mineral soil. In all cases the sample thickness was at
least 20 cm (Nylen, 1996).
Sampling for analysis of radioactive caesium in throughfall was made by use of two furrows
placed in a mature mixed coniferous forest, and one at a nearby clear-cut area (Bergman et al
1988). Litter was sampled in 25 baskets of 0.25 m2 (1 mm net) randomly distributed in the same
forest as where the throughfailing rain was collected. Sampled litter was separated into different
species and parts (Nylen 1996)
In the area 13 study plots were established in the autumn of 1986. These consisted of different
forest types and some lakes. All sites were sampled from 1986 to 1989 and eight forest sites were
continuously sampled until 1996. In the eight forest sites several plant species were collected
including bilberry, common birch and pine.
In 1986 and 1987 samples from mountain hare and fox were obtained. A trapping program of
voles was established and continued until 1996.
Moose was studied in the county of Vasterbotten and each animal was located to co-ordinates to
the nearest geographical name, giving a resolution of 25x25 km. Between 50-100 g muscle tissue
from recently killed moose was collected in September from an area that covered about 52000
km2 in the region (Palo et al. 1991). In all, 6750 animals were sampled and analysed during the

period 1986-1996. Local hunters assisted in this collection and provided information about the
animals that were shot.
Within the Vindeln experimental forest muscle and rumen contents were sampled from 60
animals in September during the period from 1986 to 1989 and for muscle until 1994. It was not
possible to obtain rumen samples from the regional collection and for all years. Rumen samples
were analysed for their plant composition, but not for 137Cs concentration. Plant fragments
retained on a 4 mm sieve were identified to genus or species by eye, if possible (Zach et al. 1982,
Palo et al. 1991). The sorted plant material was dried at 70 °C to constant mass and the
frequencies of occurrence of the various plant taxa determined. By this method and the use of 4
mm fraction about 90 per cent of the material is identified to plant species or taxa (Cederlund et
al. 1981, Zach et al. 1982, Palo et al. 1991).
Samples from major food plants of moose were collected in early to mid September from 1986 to
1994 (Danell et al. 1989, Palo et al. 1991, Nelin & Nylen 1994). All above ground green parts
from Vaccinium myrtillus and leaves from Betula pubescens were sampled. All plant material
was dried at 70 °C and milled through a 1 mm sieve.
To evaluate the broad-scale effects of weather on moose, summer (May-September) temperature
(monthly mean) and precipitation (monthly, total mm from 1986 to 1993) from 12
meteorological stations operated by the Swedish Meteorological and Hydrological Institute
(SMHI1986-1993) were obtained within the study area. The mean 137Cs values of the adult
moose (older than one year) killed during September from a 50x50 km square were subsequently
correlated with the temperature and precipitation from the corresponding meteorological station.
Two plant species were chosen because of their importance as moose food during the summer:
bilberry (all green parts) and birch (only leaves). The sample for each species was collected as a
composite sample consisting of subsamples from ten patches within the site. The birch samples
were collected from mixed forest about 15 years old and the bilberry samples from a mature
Norwegian spruce dominated forest.

Cs-analvses
The analysis of radiocaesium content in water, soil, plant material and animals was described in
(Palo et al. 1991, Nelin and Nylen 1994 and Nylen and Grip, 1997).
Ground deposition at the site of collection was determined by a mobile gamma-ray-spectrometer
and by the measured activity in area-defined samples of soil. Deposition was expressed as
kBq/m2 (Bergman et al. 1991).
The statistical analyses were calculated with the SYSTAT statistical package (Wilkinson 1988).

Distribution of 137Cs in a boreal landscape
The distribution of radioactive caesium in forest soils generally exhibits great variability. In
studies south of the boreal zone this has mainly been considered to reflect the nature, structure
and age of the forest stands and the thickness and nature of the humus (Ernst and van Rooij 1987,
Bunzl et al. 1989, Block and Pimpl 1990, and Guillitte et al. 1990, Bergman 1994). The conservative behaviour of the forest ecosystem on the boreal latitudes, as regards retention of radioactive caesium, is apparent. The main features of the distribution usually become manifest within
the first years. In particular, "penetration" or net changes by redistribution in soil is generally
small in boreal forests after this early period, whereas protracted processes operating over the
order of decades markedly affect the depth distribution south of this area.

In the boreal forest the variability in activity concentration of Cs obtained from individual
samples at the local site, and in the average level at different growing sites in the same landscape
is considerable both in soil and vegetation.
At the study site in Vindeln mineral soils (mainly podsol and cambisol) with pine or spruce
stands cover most of the area in addition to areas consisting of peat. At the catchment subjected
to a detailed study in this work mineral soil occupies 84% of the total area, and the remaining
16% by peat - which is further classified in two types according to the dominant vegetation
(Nylen and Grip 1997, Nylen 1996).

Distribution patterns in podsol and peat:
The presence of snow at the time of deposition evidently increases the variation in the lateral
distribution prevailing in soil after the subsequent snowmelt. Dependence of the spatial variation
of deposition in the forest soil on vegetational characteristics, e.g. open or forested areas, type,
age and stem density of a forest stand
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distribution of 137Cs in all the soil samples from these sites (cf. fig. 1), illustrate a typical pattern
in boreal podsol soil. In general, the sites show quite a uniform distribution. However, there is a
tendency towards particularly high variability at sites (cf. table 1) with sparse understorey growth
and a low stem density, often associated with relatively poor soil conditions. Skewed
distributions similar to those in fig.l are common at podsol sites studied all over the Nordic
countries.

Table 1. The I37Cs activity concentration (kBq/m2) in local study sites at Svartberget estimated
from measurements on soil sampled in 1989-1990 (corrected for physical decay from April 29
1986). The values include the components from both atmospheric nuclear weapons tests and the
Chernobyl accident (Bergman et al. 1991).

Site description

Average activity

n*

(kBq/m2)

std
(kBq/m2)

Young Scots pine forest
Young Scots pine forest
Young Scots pine forest
Old Scots pine forest
Old Scots pine forest
Old Scots pine forest
Norwegian spruce forest
Mixed pine and spruce forest

28
21
37**
28
20
26
22
23

8
7
20**
12
4
7
6
7

14
19
17
20
20
9
20
19

All podsol areas:

26

9

138

Forest covered peat aeas
Open peat bog

11
6

6
2

16
15

9

6

31

All peat areas:

*) n is the number of measurements, each one is made on a homogeneous mixture of 5 samples.
**) site with particularly sparse understorey growth, low stem density and thin organic soil layer.
Caesium deposited on peat, on the other hand, encounters different environmental conditions
resulting in a relatively high mobility - in turn leading to deeper penetration in the soil column,
and potentially to considerable loss by runoff. The latter is evident in the results from discharge
areas where ground water is in level with or occasionally above the peat surface. It has become
particularly pronounced at sites which were partly water-covered soon after the onset of
snowmelt in the year of the Chernobyl accident (Nylen and Grip, 1997).
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Fig. 2 Density distribution of 137Cs in samples of peat
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= 2 kBq/m2. (Bergman et al.1991).

The amount of 137Cs fallout from nuclear weapons testing remaining in the peat bog is relatively
small (about 15% ) as compared to the levels in non-peat areas of the catchment about 20 years
after the main deposition. This is one of several indications supporting the assumption that
deposition due to atmospheric nuclear weapons tests behaves essentially similarly to the fallout
from the Chernobyl accident - at least in the boreal zone (Bergman et al. 1991, Bergman et al.
1992).

Loss by run-off and residence time in various parts of a catchment
The concentration of radioactive caesium in water has been studied in groundwater, mires and
runoff from a catchment area (Nylen and Grip 1989, Nylen and Grip 1997). Based mainly on
waterflow and radioactive concentration in stream water, the amount of radioactive caesium
leaving the terrestrial compartment by water has been estimated.
At the time when the main deposition of Chernobyl caesium occurred (April 29th), snow melting
and run-off reached their maximum intensity (Degermark 1986). The amount of 137Cs discharged
from the studied 0.5 km2 catchment (average deposition 21 kBq/m2, s = 7 kBq/m2) during this
period was about 600 MBq, corresponding to 5% of the total deposition in that area (Bergman et
al 1988, Nylen and Grip, 1997). In the following years only relatively low levels of radioactive
caesium were detected in the stream, and in total about 8% has been lost during the period 19861994.
Based on the 137Cs-concentrations in surface and groundwater in addition to the fraction of the
137
Cs deposition still remaining in the various parts of the catchment, the dynamics for loss from
the unsaturated mineral soil and from peat areas has been estimated. These calculations show that
the initial loss during snowmelt in 1986 essentially occurred from the peat areas and amounted to
about 40% of the total deposition there. No significant loss from the pine and spruce forests
occurred during the same period. From the autumn 1986 onwards the annual loss amounts to
30% from the "wetter" part of the peat bog - i.e. the part often contributing to the surface runoff
- while it is about 2% from the "drier" part of the peat area, and that the loss from areas of
unsaturated mineral soil type is below 0.03% (Nylen and Grip, 1997). The results from this
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detailed study of a specific catchment at the Vindeln experimental forest agree well with findings
from other regional investigations (Nylen et al. 1994).
The changes, due to loss by runoff, in integrated average vertical inventory of 137Cs in various
parts of the boreal ecosystem may be expressed in terms of corresponding residence times in the
system. The residence half-lives for certain parts of a boreal catchment are presented in table 2.
Table 2. Half-lives for the 137Cs present in a boreal catchment
(Nylen et al. 1994, Nylen and Grip 1997).
Forest stand

Date

Effective half-life, [year]

Ecological half-life, [year]

(including physical decay
and ecological turnover)

(i.e. not including physical
decay)

Unsaturated
mineral soil

86-93

30

too long to be unfolded from
the effective half-life#

Dryer fraction of
mire*

July 86-93

16

34

Wetter fraction of July 86-93
mire **

2-3

2-3

# Based on upper limit of concentration in groundwater, implying loss from recharge areas of
less than 0.02% of the total deposition there, yields a half-life > 4000 years.
* Peat areas infrequently contributing to runoff, abundantly populated by understorey
vegetation (bushes and dwarf-shrubs);
** Peat areas frequently contributing to runoff, with understorey vegetation dominated by
sedges.
The data in table 2 indicate that loss of l37Cs by runoff only essentially will influence the 137Csconcentration in vegetation on peat areas - and there particularly on the wet sites, adjoining the
discharging streams.

Levels, dynamics and transport of caesium in boreal food webs
137

Cs in vegetation

Interception of137Cs deposited in the forest canopy
Interception efficiency of the tree canopy during rainfall is likely to depend on the amount of
precipitation. Often trees may be exposed to about 2-3 mm of rainfall before they lose their
capacity to retain the precipitation without extensive throughfall. This is close to the level
obtained at the Vindeln experimental forest in Sweden (Nylen and Ericsson 1989), thereby indicating almost optimal conditions for retainment in the canopy of the intercepted activity.
However, the protracted input mediated by a particularly light rainfall (lasting for about 14
hours) probably made the initial distribution relatively homogeneous within the forest in
comparison to what would be the result from more intense rainfall. Supporting this assumption is
the fact that Nylen and Ericsson (1989) found a rather homogenous concentration of radioactive
caesium in needles from different heights in individual trees and relatively small variations in the
average values from different sampling sites in a Scots pine stand. Results pertinent to other
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sites, where the rainfall was heavier but more short-lasting (Steines and Njastad 1992), indicate
rather inhomogeneous vertical distributions in coniferous trees. However, the vertical distribution in pine trees after the early phase of dry deposition reported by Roed (1988) is uniform and
resembles the distribution obtained after protracted wet deposition under conditions of very light
rainfall according to Nylen and Ericsson (1989). It is probable that the interception calculated for
the latter case of rather fog-like wet deposition - when the wind may carry very small droplets to
the ground below trees without vertical penetration of the canopy - underestimates the efficiency
attained under conditions when the same total precipitation is a consequence of more intense
rainfall (cf. fig. 3).
Studies directly of throughfall
(Bergman et al. 1988, Nylen
and Ericsson 1989), or implicWet deposition
Relative interception
Bergman etal. 1991
itly - by the increasing fraction
of radioactive caesium
of the total initial fallout apWet deposition
Bunzl et al. 1989
pearing as ground deposition
Wet deposition
(Bunzl et al. 1989) - give eviSombre et al. 1990
dence of a considerable loss of
radioactive caesium by that
route, especially during early
phases. The data of Melin and
Wallberg (1991) based on
Birch
Spruce
Pine
sampling within about three
137,
weeks
of the accident therefore
Fig. 3 Relative interception of Cs by forests of different
types, ages and stem densities during wet and dry deposition in represent lower levels for the
fraction of radioactive caesium
the transition from late winter to spring (Bergman 1994).
initially retained in tree canopies.
Dry deposition
Melin and Wahlberg 1991

Stem density and age of the forest stand, which differ between the sites considered here, also
affect the interception capacity. In addition, all these estimates of interception are indirect. The
deposition rate in a Norwegian spruce forest was 20% higher as compared to an adjacent, open,
grass-covered field after the Chernobyl accident (Bunzl et al. 1989). Similarly the total activity of
137
Cs deposited by the global fallout of earlier weapon tests is higher by about 30% in this forest
as compared to the grassland because of the interception between Norwegian spruce needles and
the aerosols (Bunzl and Kracke 1988). This means that differences between the activity on
surfaces under trees and on open areas, used for some of the interception assessments, are not
solely due to interception in the canopy. Nevertheless, the conclusion is that the initial retention
by interception is high in Scots pine and Norwegian spruce, but relatively low in the deciduous
trees lacking leaves at the time of the fallout.
Evidently a large fraction (probably more than 50%) of the radioactive caesium in the fallout
over coniferous forests will be initially retained in the canopy under both wet and dry deposition
- at least under the circumstances prevailing in the Chernobyl case. Therefore the possible effects
of the caesium content in the canopy (operating as a secondary source, leading to contaminating
of the understorey vegetation by subsequent throughfall and litterfall) is expected to be of the
same relative importance for both wet and dry deposition. Thus this assumption means that even
under conditions when sources generated by dry and wet deposition in the forest canopy cannot
be neglected, they would lead to similar influence on, e.g., transfer factors for components of the
understorey vegetation - a circumstance worth considering in intercomparisons of results from
different boreal localities in the Nordic countries.
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Levels in plants of importance for transfer over food-chains to man
The concentration of 137Cs during the period 1986-1990 was studied (Nelin and Nylen 1994)
based on pooled data from samples in July (Vaccinium myrtillus, bilberry twigs; and Betula
pubescens, birch twigs) and October (bilberry twigs; birch twigs; and Pinus sylvestris, pine
twigs) in boreal forest biotopes mainly located at the Vindeln experimental forest, 60 km NW of
Umea (64°16'N, 19°48'E). Similarly the concentration of 137Cs in Epilobium angustifolium,
milkweed, was studied by sampling in July during the period 1986-1989. Measurments after
continued sampling in 1992 of bilberry and birch twigs, and in 1994 of bilberry twigs,
complemented with measurements on pre-Chernobyl samples means that at present results are
available concerning the 137Cs concentration in samples of perennial vegetation for the period
1985-1994.

Cs-137 concentration in bilberry
[Bq/kg d.m.]

Cs-137 concentration in birch
[Bq/kg d.m.]

2000

500
400

1500 -

300
1000 .
200
500

100

86
87

88

90

92
94
sampling year

Fig. 4. The concentration (and S.E.) of
137
Cs in bilberry. Mean value based on data
from all sampling sites at the Vindeln
experimental forest over the period 19861994.

87 88

89 90 92
sampling year

Fig. 5. The concentration (and S.E.) of 137Cs in
birch. Mean value based on data from all
sampling sites at the Vindeln experimental
forest over the period 1986-1992.

The change in average 137Cs-concentrations - based on all regularly used sampling sites at the
Vindeln experimental forest - are illustrated for bilberry (fig.4) and birch (fig.5). In bilberry the
content in the samples from 1986 is significantly different from that in each of the subsequent
years (Tukey p< 0.001). For bilberry the 137Cs concentration appears to attain its minimum during
1992 (cf. fig.4). In birch (fig. 5), on the other hand, there are no significant differences between
the years. It should be noted that in the period 1989-90 sampling were relatively limited at some
sites. If the material for 1989-90 is pooled, however, the I37Cs concentration in this period is
lower than in 1986 (Tukey = 0.017).
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Concentration of Cs-137
in bilberry [Bq/kg d.m.]
2000

1500

• Mature forest
• Recently clear-felled

When differentiated in the categories for bilberry
from areas that in 1986:
a) were recently clear-felled or covered by young
forests,
b) consisted of mature forests,
some distinctive patterns become evident.

During 1986 the concentrations of 137Cs in bilberry
are almost similar in the two categories according to
figure 6. However, in the following years the change
500
towards lower concentration appears to proceed
faster in samples from category a) i.e. the young sites
than in category b). From 1987 onwards the
90
92
94
86
concentration in the young forests is significantly
sampling year
lower than that in the mature forests. A further
differentiation has been made of category b) to
Fig. 6. The concentration (and S.E.) of
137
137
Cs in bilberry. Mean values during the distinguish between the behaviour of Cs in mature
period 1986-1994 for sites at the Vindeln forest stands where spruce and pine predominates respectively. Between these two types of mature
experimental forest belonging to the
coniferous
forests there is a significant difference
categories Mature forest and Recently
(ANOVA n=92 p=002) with regard to the 137Cs
clear-felled, respectively.
content in bilberry, where bilberry from the pine
forests consistently contained higher concentrations
of 137Cs than that from the spruce forests. Furthermore, the difference in 137Cs concentration
between the two categories was relatively unchanging over the whole period studied.
1000

Birch, pine, bilberry, and milkweed constitute perennial "key"-plants with respect to their
importance in food-chains to man (over moose or berries) and their abundance in the boreal
forest ecosystem. They also represent specific categories of vegetation exposed under
qualitatively different conditions during the wet deposition:
In order to focus on the principal feature in the change over time, the level of 137Cs is normalised
to initially 10 units in 1986 (fig.7) for each plant species where pooled data is available. It covers
the period 1986-1990 for samples in July (bilberry twigs; and birch twigs) and October (bilberry
twigs; birch twigs; and pine twigs), and 1986-1989 for samples in July of milkweed (Bergman et
al. 1991, Nelin and Nylen 1994).
The pine, due to effective scavenging by its needles, captures in the canopy much of the caesium
transferred during wet deposition according to our measurements after the Chernobyl accident
(Nylen and Ericsson 1989). This is also evident from other studies (Melin 91, Steines and
Njastad 1992).
The birch, on the other hand, indicates a category of directly exposed vegetation with comparably
low capacity to retain the initial wet deposition. Apparently this reflects the small surface area of
its canopy, due to the lack of leaves when the deposition occurred.
The dwarf shrubs were completely covered by a thick (> 50 cm) layer of snow at the time of
deposition. Bilberry therefore represent a category of the understorey vegetation, not directly
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exposed during the initial wet deposition, although it became thoroughly contaminated during
snowmelting in the subsequent week.
Milkweed contains no aerial parts during the winter season (in contrast to the three species
above). It belongs thus to the type of vegetation that became exposed indirectly during the
growing season subsequent to the deposition. The level found in the aerial parts in July 1986
reveals a fast uptake to maximum concentration already in the first summer (cf. fig.7).
Consequently the fraction of 137Cs that has entered into circulation (and not resides as a potential
source after deposition on e.g. the lichen or moss carpet) appears to have a very fast turnover in
the ecosystem.
As is apparent from fig. 7,
pine, birch, bilberry and
Relative Cs-137 activity concentration
milkweed exhibit a similar
per unit of d.m.
pattern with a slow decrease in
10
137
Cs concentration - which is
significant
for all but birch 8 ..
during the first 5 years after
the deposition. This common
6 ..
tendency in the relative change
of the activity levels with time
4 ..
occurs despite the very
different exposure history, the
2 ..
different ecological conditions
for big trees visavis dwarf
0
shrubs in the understorey, and
1986
1987
1988
1989
1990
proportions of 137Cs initially
137
retained on and in their aerial
Fig. 7 Concentration of Cs during 1986-1990 based on
pooled data from samples in July (milkweed, bilberry- and birch parts.
twigs) and October (bilberry-, birch - and pine twigs). For each
species the levels in the summer 1986 is set to 10 units in order In the period after 1988 the
change in activity
to compare the relative change in time. Standard errors of the
concentration appears to be
mean are illustrated by bars.
relatively slow or not
significant. The detailed analysis of bilberry (cf. fig. 4 and 6) even indicate an increase in activity
concentration after 1992 as an average over all sites, and specifically for samples from the sites
on recently clear felled areas.
Transfer by litterfall and through/all:
Assessments of transfer of 137Cs by litterfall and throughfall (Nylen 1996) indicate that about 50
% of the integrated throughfall during the first decade after the Chernobyl accident occurred
already within the first year. The assessment for litterfall yields a similar contribution, (42%)
during the first year. In table 3 and figure 8 are illustrated the relative transfer (in percent of the
average deposition of 137Cs) over different time periods within one decade after the Chernobyl
accident.
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Table 3 Estimated irelative transfer by throughfall and litterfall (percent of total deposition)
to the forest floor in a mature coniferous forest after the Chernobyl accident during ten years
from 1986-05-15 to 1996-05 15.(Nylen 1996)
Throughfall

Litterfall

Throughfall and litterfall

First year

10

8

18

May 15 1986
to May 15 1991

20

19

39

May 15 1991
to May 15 1996

0.6

9.5

10

Total May 15 1986
to May 15 1996

21

29

50

Table 4. Annual transfer by litterfall (in Bq and as percent of the total deposition) in two
coniferous forests during the post-Chernobyl period 1990 to 1994, and the pre-Chernobyl
period 1984 to 1985.
Description

period 1990-1994*

period 1984-1985**

Bq

fraction of total
deposition (%)

Bq

(age 1990)

mean height,
mean diameter,
and stem density
during 1980

fraction of
total deposition
(%)

Spruce,
age 115 y

18 m, 22 cm
540 stems/ha

760

3

46,

1-1,4

Pine,
age 74 y

17 m, 18 cm
1081 stems/ha

470

2

21,

0,4-0,7

Stand

*Deposition 23 kBq/m ,
**Deposition ca 4 (± 0.8) kBq/m2,

As illustrated in fig. 8 the transfer
by throughfall decreases fast over
the first years and is relatively
small during later periods,
whereas transfer by litterfall
remains rather high. This effect is
likely to reflect a gradual change
from contributions from directly
exposed needles — with a high
fraction of externally adsorbed
caesium - to new needles and
shoots - with a higher fraction of
incorporated caesium.

ref. date 860429
ref. date 640630

50

Cumulative transfer of Cs-137 by throughfall and litterfall
[percent of total deposition]

• year 6-10
^ year 2-5
D first year
25 --

Throughfall

Litterfall

Throughfall
and litterfall

Fig. 8 Transfer of 137Cs by throughfall and litterfall during
early and later periods within the first decade after the
accident in Chernobyl (Nylen 1996).
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The cumulative transfer of radiocaesium from
12000
the canopy in an old (100 years) Norwegian
spruce and a pine (70 y) forest is shown in
10000 figure 9. After the first three years of high
transfer of Cs the transfer reaches a steady
8000-•
state. The annual transfer via litterfall during
a*
09
the phase of steady state is a factor two higher
6000in the old spruce forest and about 3% of the
deposition, table 4. This mainly reflects the
u 4000
higher production of litter in the old spruce
forest. By using pre-Chernobyl data on
2000
Cs-137, Spruce
litterfall between 1983 and 1985 and
estimated pre-Chernobyl deposition the annual
Cs-137, Pine
litterfall was lower, about 0,4 (pine forest) to
1,4 (spruce forest) percent of the estimated
Time (years)
pre-Chernobyl ground deposition. The
corresponding estimated transfer via
Fig. 9 The cumulative transfer of 137Cs from the
throughfall (cf. table 3) over the period 5-8
canopy in an old (100 y) Norwegian spruce and a
years after the Chernobyl accident is only
pine (70 y) forest.
0.6%.

Rate of turnover and residence time
The redistribution of radioactive caesium entering the boreal ecosystem after the Chernobyl
accident was particularly intense during early phases after the deposition.
Provided the understorey vegetation is free from snow-cover, it effectively intercepts radioactive
caesium both under wet and dry deposition, apparently even in late winter or spring. Also in
areas where the snow-cover was about 50 cm thick at the time of the main deposition after the
Chernobyl accident, the understorey became contaminated to a great extent. Beginning in the first
week of June 1986 the activity concentrations in birch and bilberry (Vaccinium myrtillus) - from
such initially snow-covered sites - were followed by sampling at the same localities with 14-day
frequency over a period of about three years (Bergman et al. 1988). These time series give
evidence of a fast decline with a biological half-life of at most 14 days in bilberry during the first
half of June. Considering the actual activity concentration in bilberry on the first sampling date,
the aerial parts of the understorey vegetation (excluding the fractions present in lichen or moss
carpets) may be estimated to have contained around 5% of the total deposition of radioactive
caesium, assuming a biomass density of 0.3-0.5 kg d.m. per m2. If the sharp drop prevalent at the
beginning of June reflects the main trend also during the preceding month- as we consider
likely - the content in the understorey vegetation should have been much higher during the early
stage. In the perspective of potential contamination of the forest floor one should furthermore
include the often more than 50% (cf. above Bunzl et al. 1989, Sombre et al. 1990, Melin and
Wallberg 1991, Bergman et al. 1991, Steines et al. 1992, Nylen 1996) of the deposition
intercepted by the forest canopy. A considerable fraction of this source was transferred to the
ground, i.e. the understorey vegetation including litter and often a moss or lichen carpet,
particularly within the first two months after the initial fallout. The transfer was primarily
mediated by throughfalling rain (Bergman et al. 1988, Nylen and Ericsson 1989, Ibid. 1997). The
dominant role of rainfall does not necessarily imply that vertical transport from the aerial parts by
means of internal translocation or litterfall can usually be disregarded (cf. Tables 3,4 and fig. 8).
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However, in the early period after deposition of radioactive caesium it appears to be of minor
importance compared to the transfer effected by rainfall.
Detailed studies of changes within the first two months in the concentration of radioactive
caesium in different year classes of needles in Scots pine (Nylen and Ericsson 1989, Ibid 1996 )
and Norwegian spruce (Tobler et al. 1988, Wyttenbach and Tobler 1988) show that translocation
should be considerable between compartments (different year classes of needles, small twigs etc.)
on a single branch. By comparing the ratio of m C s to 137Cs in the deposition and in early needle
samples from Norwegian spruce trees, Block (1990) and Bunzl et al. (1989) conclude that
contributions from uptake of "old" 137Cs from the root-zone are negligible. Based both on preChernobyl samples from 1984 and the ratio of 134Cs to 137Cs after the accident, the results in 1986
for the different year classes of Scots pine needles (Bergman et al. 1988) show that the
contribution from "old" i37Cs in the current year shoots was less than 5% at the beginning of June
1986. When corrected for changes in the isotopic ratio due to decay, the influx of "old" 137Cs to
the new needles appears to proceed at a relatively steady rate over the first year (with the
exception of a period covering needlefall in autumn). At the same time the absolute level of
radioactive caesium in the needles decreases fast - the composite effect of leakage,
contamination from other parts of the canopy and internal translocation - resulting in a net
increase of "old" caesium of on average about 1% per week in comparison to the remaining
component of Chernobyl caesium. This means that in those needles not present at the time of the
fallout, and which consequently obtained their content of radioactive caesium by external
contamination or internal translocation, the ratio in early June 1986 of "old" and "Chernobyl"
caesium is about half that obtained on average, when integrated over the soil column (Bergman
et al. 1991). The effective translocation between the compartments within the same twig should
be sufficient to explain this approximately equal contribution from internal and external sources.
Similarly Raitio and Rantavaara (1993) maintain that the proportion of radiocaesium of soil
origin is still relatively low in the needles several years after the deposition, since no correlation
was observed between the radiocaesium concentrations in conifer needles and the underlying
soil. There is also other evidence from later phases of only a small contribution from root-uptake
still several years after the deposition (see for instance Ertel and Ziegler 1991).
Nevertheless, there are other observations clearly implying that the movement of caesium by
uptake in the root zone and internal translocation may be rapid, particularly under environmental
conditions favouring transpiration. Current field experiments (Plumboeck, Nylen and Grip,
unpubl.) - using several radioactive nuclides (a.a. 134Cs) injected in different soil strata in a forest
stand at the Vindeln research site - indicate fast and substantial transfer through the root zone to
the trees already during the first year after the application. Witherspoon (1964) studying cycling
of Cs-134 in white oak trees found radiocaesium in all parts of the tree crown 1.5 hrs after trunk
inoculation. Downward movement in the trunk was slower than upward movement.
Thus the vertical distribution established early in soil may seemingly be described as resulting
from two steps: one very rapid, operating on the initial deposition directly in litter and soil; and
one belonging to the subsequent phase, and governed by the relatively intense release during
precipitation over the first months from secondary sources in the aerial parts of the vegetation.
That the distribution profile may be affected at least by heavy rainfall, is indicated by sometimes
relatively deep penetration directly after wet deposition (Block 1990, Bunzl et al. 1989).

19

The rate of turnover for

137

Cs by various routes in the forest ecosystem is illustrated in table 5.

Table 5 Effective and ecological* half-lives [y] for 137Cs turnover in vegetation (Nylen 1996)
Transfer by, or turnover in,
certain components

Half-life based on
Half-life over
turnover the first year 1987 to 1989

Half-life over the
whole period 1986
to 1995

transfer by litter

0.6 (0.6)*

1.9(2)

2.1 (2.2)

transfer by throughfall

1.1 (1.2)

turnover in bilberry growing 0.09 (0.09)
in forest sites

30 (to long to be
significantly
unfolded)

turnover in birch

30 (to long to be
significantly
unfolded)

0.08(0.08)*

turnover in Scots pine
directly exposed

0.9 (0.95)

turnover in current needles
1986 on Scots pine

0.06(0.06)*

turnover in total branch of
Scots pine**

0.32 - 0.4

0.84 (0.86)
2.0 (2.1)-2.2 (2.3)

Based on results for the first vegetation season
* Ecological half-life given in brackets
** Range of assessed half-lives over branches in the 3 rd and 6th whorl
137

Cs in herbivores

Food chains and ecosystem properties
It is difficult to resolve contamination of wild animal populations since many factors besides the
amount of deposition affect intake. Diet composition is hard to measure in most situations and
animals move sometimes over large distances within a short time span. The range of plant
species and plant tissues consumed varies greatly among herbivore species both seasonally and
annually. Even when the diet is known in some detail, as for most domestic animals, variation in
intake and absorption due to differences in plant quality may still be large (Salt et al. 1994).

Moose
Ground deposition is one important variable for the activity concentration found in moose, but it
usually has a low explanatory power. This might be due to small scale variation in deposition
that is not detected by aerial surveys of ground deposition. However, the variation persist even
when moose are pooled in pixels of 25x25 km and corresponding ground deposition estimated
(fig. 10).
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Undoubtedly, food is the major transmitter of
137
Cs into animals, making diet composition
700
the most important factor determining the
intake of radionuclides by wild animals.
600
Consequently, the variations in dietary
500
composition among individuals and with time
o
400
are important factors determining the
.s
distribution
of radionuclides in animal
to
r 300
populations. Most studies on the diet
200
composition of moose have focused on late
= 100
autumn and winter (Cederlund et al 1980).
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00°
8 <s>
During this time moose mainly utilise shrubs
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20
30
40
50
and trees as their food source (Palo, Nelin,
Groundeposition (kBq/m2)
Nylen & Wickman 1991, Johansson and
Bergstrom 1989). Knowledge of the diet at
other times of the year, such as in early
Figure 10. Relationship between ground
autumn, and variation between years is poor
deposition in pixels of 25x25 km and
corresponding mean moose activity concentration. and presents a problem when considering
intake of radionuclides.
Data for 1987.
800

0

It has been shown that quality of major food plants of moose can vary between years and among
habitats B0 and Hjeljord 1991). It is believed that this variation in quality of food plants to a
large extent affects feeding patterns and distribution of herbivores in the landscape. Despite the
logic of this argument few observations exist of herbivores responding to these large scale
changes in quality. For example, no significant relationship was found between rainfall pattern
and intake of 137Cs in moose (Nelin 1994).
One line of support for changes in diet or habitat is data of the mean activity concentration of
137
Cs in the Swedish moose population. Both the mean values (median) and population
distributions of 137Cs show unsystematic shifts between years (Palo et al .1991). These changes
• 137,
are puzzling given that the total amount of Cs declines as a result of radioactive decay (T 1/2 =
30.6 y). We presented a model that took into account ecological processes such as variation in
animal feeding behaviour in an analysis of intake (Palo and Wallin 1996). With this approach it
might be possible to resolve factors that are important for the intake of 137Cs in free ranging
animals. The variation in radionuclide distribution in a population can provide information not
only about processes and mechanisms, but also factors underlying individual feeding behaviour.
In that model we have examined how annual variation in diet can explain changes in the 137Cs
levels between individuals and between moose populations between years and different
environments with the same deposition. We used a model in which diet composition varies
randomly with time according to a Monte Carlo simulation. By the model simulation we show a
mechanism behind the variability in observed data.
The mean value for 137Cs concentration in muscle tissue from moose killed during the yearly
hunt varied considerably from 1986 to 1993 . If the different ground deposition rates from where
the moose were shot were taken into account, the 137Cs concentration in muscle from moose
divided by the ground deposition from the hunting area (i.e., the aggregated transfer factor), there
still were regional and time-dependent differences. The aggregated transfer factor differed
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significantly between the years for both calf (ANOVA: F=70.9, DF=7, P<0.001) and adult moose
(ANOVA: F=77.6, DF=7 P<0.001). The differences among years were not time dependent
because there was no significant correlation between the 137Cs concentration in moose and the
number of years after the Chernobyl accident.
The mean summer temperature and the temperature in July, August and September were
significantly positively correlated with the 137Cs concentration of adult moose killed in
September, but the total summer rain did not correlate significantly with the 137Cs in moose. The
rain in May and June, was significantly and negatively correlated with the l37Cs concentration in
moose.
The 137Cs concentrations in plants (cf. figures 4 and 5) were significantly different among years
for both bilberry (ANOVA: F=50, DF=4, P<0.001) and birch (ANOVA: F=55, DF=4, P<0.001).
Most of the decrease occurred during the first year and for birch only 1986 was significantly
different from the following years (Tukey P<0.001). The 137Cs concentration in bilberry in 1986
was significantly different from all subsequent years (P<0.001), and the only other significant
difference among years was between 1987 and 1989 (P=0.044).
The correlation of ' 7Cs concentration in plants with precipitation and temperature for all years
after 1985 did not show a significant correlation of weather on 137Cs concentration in plants.
There was, however, a trend that bilberry and birch responded differentially to weather. Because
no significant correlation existed between the weather and the 137Cs concentration in plants, we
concluded that seasonal variation in the concentration of 137Cs in plants only have small effect on
radionuclide intake in moose. It appears that the between-year variation of 137Cs in moose may
thus reflect changes in diet and/or habitat (Johanson and Bergstrom 1989, Nelin and Nylen 1994.
Palo and Wallin 1996).
During the ten years since Chernobyl there has been an annual variation of 137Cs in the moose
population in Vasterbotten county (Figure 11).
40
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Figure 11. Mean yearly variation in
aggregated transfer factor(Bq/kg/kBq/m2)
of moose in Vasterbotten.

Likewise, spatial variation within years between
geographical locations is large. The geographical
variation depends in part on deposition rate, but the
yearly variation at the same locality is puzzling and
must be attributed to other factors. The deposition
measured from aircraft in 1986 showed
geographical variation in deposition rate. This
pattern is also found for the general distribution in
the moose population for the years 1986 and 1993.
The deposition explain between 5 to 35 percent of
the variation of the yearly 137Cs activity
concentration in the moose population (Palo et al
1991). Diet and habitat compositions are other
factors that are important for the intake of
radiocaesium. It was found that dietary composition
varied considerably between individual animals at
the same geographical location and among years
(Palo and Wallin 1996). Individual feeding
behaviours give rise to large variations in feed
intake and composition which is reflected in the
activity concentration of

22

Cs.

CD
CO

co

2

- f

-2
O
-4

10

20

30

40

50

60

Ground deposition (KBa/m2)

The mean activity concentration was higher in
1993 compared to 1986. The aggregated transfer,
measured as the quotient between I37Cs in muscle
and that on ground was also higher in 1993. The
difference in transfer between 1986 and 1993 was
dependent on ground deposition and the
difference was most pronounced at low
deposition rates but that higher transfer was
evident even at high depositions (figure 12). An
explanation for this pattern is somewhat
speculative but would imply a general shift in
diet composition by inclusion of some
temporarily occurring food source which is
highly contaminated. Likely candidates are
mushrooms or aquatic plants (Danell et al. 1989,
Johansson and Bergstrom 1989).

Figure 12. Relation between the quotient of
137
Cs in 1993/1986 of moose muscle tissue in
relation to mean ground deposition at site of
collection.

Although, deposition pattern and diet are the
major factors governing intake of 137Cs in
animals, other factors related to hunting and
moose population size are more important for
human intake. The hunting yield per pixel in
areas with high contamination was lower in both 1986 and 1993 than in less contaminated areas.
The number of shot animals per pixel was highest in 1986 and the hunting bag declined with
about 50 percent during that period. The pattern of hunting per pixel is approximately the same
in 1993 as in 1986 in spite of the large decline in the moose population density. Calculating the
transfer of 137Cs to man from the hunting bag of moose gives the highest transfer 7MBq per pixel
in 1993.
Still, ten years after the nuclear accident high transfer to man is possible. The main causes of the
observed variation in 137Cs of moose is dependent on ecological factors and surprisingly to a
lesser degree of physical factors such as deposition rate and decay rate.

Voles
Despite that contamination of herbivores is largely dependent on their feeding habits and diet,
transport of radionuclides in food webs are poorly known for most radionuclides (Palo and
Wallin 1996). Voles can be important for the transport of radionuclides in the boreal forest
ecosystem because of their occasionally large abundance and high metabolic rate (McKendrick et
al., 1980; Dyer et al., 1986). It is estimated that voles transfer radiocaesium within an order of
magnitude of litterfall (Bergman et al., 1994). Taking the slower release of radiocaesium from
litter into account it might be that the transfer of radioactive caesium by herbivory could be even
higher in comparison to that by litterfall. Voles are also an important link in transfer of
radionuclides to higher trophic levels. They constitute the food base for predatory animals such
as the red fox (Vulpes vulpes) and several predatory birds such as the Tengmalms owl {Aegolius
funereus).
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Figure 13. Variation in number of trapped bank
voles at the Vindeln experimental forest.
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Figure 14. Activity of Cs in bank voles
captured in young (clearcut) vs. old forest.

Since voles are small animals and have small home ranges, they represent uptake of
radionuclides on a local scale and could potentially serve as bioindicators of contamination (Palo
1993). Furthermore, their restricted area of movement could be used to understand factors that
influence variation in radionuclide uptake between individuals because spatial variation in
deposition is minimised. In addition, the population biology of voles in the northern region is
characterised by large fluctuations in animal numbers between years, showing a periodicity of
about 3-4 years between peak densities (Hansson and Henttonen 1988; Hornfeldt 1991). These
fluctuations probably impose different effects on forest floor vegetation, nutrient cycling and
radionuclide dynamics between herbivores and plants in the system (Larsson and Hansson 1977;
Bergman et al., 1994). Thus, an understanding of factors facilitating intake and manifestation of
radionuclides in the animal population is essential.
The number of trapped animals in the study area varied considerably between years (figure 13).
The population of voles was low in autumn 1986 but peaked in 1987. In 1988 the population size
of bank voles was about half that of 1987 and had crashed in 1989. The number of animals
remained low until 1994.
The mean body mass of C. glareolus did not vary significantly between years (ANOVA F=
1.440, p< 0.240) No differences in body mass between sex was noticed, but adult animals were
about 30% heavier than juveniles (ANOVA F=126.143, Tukey, p<0.001). No difference in
activity concentration of 137Cs between age categories was found.
A multivariate linear model using 137Cs activity concentration as dependent variable and age,
ground deposition, year of collection and forest type as factors showed that the total variability in
137
Cs activity in voles is largely explained by ground deposition, year of collection and forest
type. As shown in figure 14, the median 137Cs values of voles was significantly higher in old
forest compared to young forest (Mann-Whitney U-test, p>0.043).
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The mean values of 137Cs activity
concentrations in bank vole was
significantly higher in 1988 than in 1986
and 1990 (ANOVA F=8.024, Tukey,
p<0.001). The activity concentration of
137
Cs in bank vole was 237 Bq/Kg
(SD=240) in 1986, 354 Bq/kg (SD=336) in
1987 and 362 Bq/kg (SD=208) in 1988.
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b
deposition at the site of collection was
noted. Ground deposition at the site of
collection significantly contributed to the
L D
137
Cs content in the animals. According to
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y-spectrometry at each site, the ground
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deposition varied between 10-17 kBq/m^.
Figure 15. Yearly variations in mean of aggregated
Yearly variations in mean of the
transfer factor for Bank voles captured at the Vindeln aggregated transfer factor for bank voles
experimental forest.
captured at the Vindeln experimental
forest is shown in figure 15.
5

Influence of herbivory and litterfall
on caesium turnover in a forest ecosystem
Control of flows and their direction in ecosystems emphasises the importance of nutrient and
light availability for primary producers and the subsequent energy and nutrient flow through a
series of organisms. The relative effect of primary production on other processes such as nutrient
recycling, herbivory and predation remain controversial (Oksanen et al. 1981). It is assumed that
at low productivity nutrient flow is mainly controlled by primary production and decomposition
rate while at some higher productivity a large effect is exerted by herbivores that act through
positive feedback on the vegetation. This positive feedback is driven by increased nutrient
cycling (Dyer et al. 1986). It is shown by model simulations that this is possible up to some
threshold herbivore intensity. It is estimated by mass balance calculations that herbivory by small
mammals such as voles (Microtinae) have an profound effect on the transfer of radiocaesium to
other parts of the system compared to litterfall (Bergman et al. 1994).
Herbivory is especially important due to the transfer of radionuclides from game animals to man.
Consumers can have a direct regulatory role on some ecosystem processes and material flows.
The dynamic of material flow is linked to population ecology of major herbivores and include
connections to soil processes. Herbivores interact with forage resources at several ecological
levels and face series of interrelated foraging problems extended over different temporal and
spatial scales. Food plants vary in quantity and quality and are distributed from individual plants
to plant communities, landscapes and regional systems (Pastor and Naiman 1992). Herbivores
forage on all these levels but with different frequencies. The daily bite frequency is 1000 times
larger than that of crossing community boundaries, and migration on the regional scale occurs
only a few times a year. From a radioecological point of view, animal changes in bite frequency
on individual plants or changes of community might be important factors (Palo 1994). The
understanding of the mechanisms involved in the decision process by animals to feed in certain

25

areas and on certain plants are incomplete. For instance, the size of home range area, distribution
of food and quality of forage are such factors that influence food selection (Lundberg and Palo
1993, Nelin 1995). The observed variance in 137Cs concentration of animals depends on their diet
composition and vary between individuals in the same area, among animals at different sites and
at different times. From a theoretical point of view, communities which supply animals with
plenty of food of high quality would be expected to contribute more to the radionuclide uptake
than inferior communities (Palo 1994). This assumes that radionuclide intake is positively
correlated to food intake and to diet quality.
In comparison to typical levels of litterfall in boreal forest ecosystems, transfer from vegetation
to soil by herbivory (see schematic illustration in
Vegetation
figure 16) is relatively important and appears to be
within an order of magnitude of litterfall concerning
the biomass transfer as an average over many years.

Herbivore

Concerning the turnover of Cs-137 in vegetation by
herbivory (cf. figure 17 ), the vole populations in periods of peak biomass density contribute about 30
times as much as the moose population, but relatively little in years when the biomass density is close
to the lowest level. In spite of the oscillating population size, the amount of vegetation consumed by
small rodents in the forest ecosystem, thus as a long
term average, exceeds that consumed by moose by
more than one order of magnitude. Preliminary findings from a current experimental study of the biological half-life of 137Cs in vole (Gunnare unpubl.)
indicate that the half-life was about seven times
shorter than the 3.5 days (i.e. 12 h) - derived from
data in the literature.
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Fig. 16. Schematic illustration of
transfer from vegetation by litterfall and
herbivory. Basic structure of assessment
model [Bergman et al. 1994].

With due regard to:
i generally lower caesium levels in the faded plant components constituting the litterfall, than in
the living plant tissue,
ii an expected high availability of Cs-137 from animal excrements, implying increased importance of feedback from vegetation to soil of radioactive caesium,
iii and, according to the recent findings, the probability of a factor of five overestimation of the
biological half-life of caesium in vole in Bergman et al. (1994),
the average transfer by herbivory - essentially by vole - is likely to be even higher than apparent
from the estimations illustrated in fig. 17 [Bergman et al. 1994].
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Fig. 17. Transfer of 137Cs by litterfall and herbivory.
The estimated ranges of litterfall in the forest biotope are indicated by the light
dotted area: "Litterfall uncorrected for fading" for the level in fresh weight living
tissue; "litterfall effective" illustrates the transfer after correction for the reduced
concentration of 137Cs estimated to remain after fading; "Vole average" refers to
the average over a whole population cycle [Bergman et al. 1994],

Theoretical presentation of caesium behaviour in the complex forest
ecosystem
The boreal forest ecosystem constitutes an ordered but complex entity. The behaviour of
caesium, resulting from processes and effective interactions within the community, probably
cannot be comprehended by constructing a theoretical model based on a detailed pattern of these
interrelationships. Theoretical treatments are therefore frequently based on DESCRIPTIVE MODELS.
With such models one simply attempts to describe a set of observations in mathematical form for example, by fitting a curve to a set of points. No explanatory mechanism is built into this
model, although the model itself may be used to suggest possible mechanisms.
If the emphasis is on attempting to explain observed data in terms of more basic known
mechanisms, and on showing the principal trend in the dynamic behaviour e.g. of radioactive
caesium in a forest ecosystem, use is made of the EXPLANATORY MODELS. Explanatory models
are thus not primarily used to make precise predictions, in contrast to PREDICTIVE MODELS.
Models of the latter type, simulating ecological systems, tend to be very complex and generally
need to be based on a network including several components (compartments).
Our model (Bergman et al. 1993), focused on redistribution processes in a long-term perspective,
belongs to the explanatory category. In our model the major regulators of energy flow, as well as
of caesium turnover, are related to primary production and its constraints on the growth capacity.
Certain fundamental physiological processes governing the metabolism of living matter in the
biotope are also considered. The principal structure of the model is shown in figure 18.
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The model includes qualitatively effects of primary
production and growth on turnover of caesium. The
dependence on these factors is concluded from the
following facts: primary production and its
distribution over growth and litterfall constitute major
regulators with regard to the dynamics of the
redistribution processes of organic matter in the
forest. The same conditions should be true for
redistribution effects on potassium due to its essential
role in the living cell. Potassium and caesium are to a
high degree exchangeable in active transport over cell
membranes in living tissue. Evidently both elements
may serve in the same vital processes. Accordingly, as
primary production is of importance for the behaviour
of potassium in the forest ecosystem, it should be so
for caesium too.

The qualitative system structure of processes, interactions and compartments is thus mainly based on
Transfer
physiological characteristics concerning transport of
to the abiotic system
caesium over cell membranes and intracellular
distribution, and the apparently conservative conFig. 18.The principal model structure for ditions prevailing for caesium in boreal ecosystems
137,
(Bergman 1994). Also quantitative estimates have
interactions and turnover of Csin
been made from the latter conditions - e.g. the facts
boreal forest ecosystems.
that very little of the radioactive caesium deposited
over the forest area is lost from the system by run-off, about 90% of the total deposition of 137Cs
occurs in the upper organic horizon in podsol areas, and that the availability in the ecosystem, as
can be seen from the I37Cs concentration in moose meat, was not significantly different in 1985
(i.e. prior to the Chernobyl accident) compared to the period 1986-1990 (Bergman et al. 1991).

T

The theoretical analysis is based on compartment theory and first order kinetics for the turnover
of caesium in the boreal forest. The calculated time dependent change of the 137Cs content in
perennial vegetation has been compared to that actually observed at different local study sites
with focus particularly on bilberry.
The primary purpose of applying this model has been to elucidate qualitatively how predictions
based primarily on growth and physiological behaviour of caesium corroborate with the main
features of the time-dependent change of 137Cs activity according to measurements on perennial
vegetation.

Redistribution and transfer processes
Estimated transfer factors (Bergman et al 1993) are based on the actual results for the timedependent redistribution of 137Cs from secondary sources in a Scots pine canopy by throughfall
and needlefall (Nylen and Grip 1989, Nylen 1996), in addition to the release to the environment
of 137Cs deposited over the moss and lichen carpet. After the Chernobyl accident loss from the
system by runoff is less than that due to physical decay -from 1987 and onwards - and therefore
disregarded in the model. The model also includes: a "competitor" compartment (i.e. indicating
the increase in biomass competing for the available caesium) to simulate influence on the
redistribution processes of primary production and growth; target vegetation (i.e. the biomass of
the perennial vegetation under study at the time of deposition); litterfall from this compartment;
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decomposition in a litter compartment; and exchange of caesium between the vegetation
compartments and soil. See Bergman et al 1993 for detailed list of transfer factors and model
parameters.

Effects of growth
Essential factors for the site specific growth dynamics are:
• Maximum attainable total biomass;
• Dynamics of age dependent net productivity;
• Successional stage and age of the forest stand.
Both in short and long-term perspectives these factors are expected to regulate the redistribution
of caesium within and between the biotic components of the system. At sites with a poor nutrient
state (e.g. on peat soil) the net biomass increase is very limited, implying relatively small
"dilution" effects on the concentration of 137Cs in the vegetation by redistribution of some
fraction of it to the new biomass. Similarly in an old forest, where the biomass already has approached rather closely to the maximum capacity of the site productivity, further net increase in
biomass is limited - i.e. only relatively small changes in the concentration of 137Cs may be
expected from growth and subsequent dilution. At sites with good soil conditions possible to
support a high biomass, on the other hand, forests at young stages generally exhibit a fast net
increase in biomass, which is expected to influence the concentration of e.g. 137Cs considerably in
the vegetation. Growth functions adapted to simulate the dynamics of net growth representative
for many sites in the boreal vegetational zones are illustrated in figure 19. Growth of the
competitor compartment (cf. figure 18) is governed by this time-dependence and scaled to the
appropriate level of maximum biomass associated with the soil conditions at the particular sites
under study.
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Fig. 19. Growth functions describing the relative net change in total biomass in relation to the age of the forest stand at a growth site.
Fifty percent of the maximum biomass is attained after a years.
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Model predictions
Deposition distributed over
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ucanopy and mground
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50% intercepted
by tree canopy
50% deposited
initially on ground
Three alternative cases for surface cover
of under storey, moss and lichens
Alt I: The carpet of moss and lichens covers 99 %
" II:
"
"
90%
III: The ground cover by moss and lichens is negligible

Fig. 20 (cf. Bergman et al. 1993).

The behaviour of deposited 137Cs has been simulated
using age of the forest at fallout and nutrient state of
the growing site as parameters. Interception in the
tree canopy has been chosen to be similar to that
which resulted after the Chernobyl accident from wet
deposition at the study site (Bergman et al 1988,
Nylen and Ericsson 1989, Nylen 1996) and also in
coniferous forests at several sites elsewhere in the
boreal zones (Bergman 1994). Three cases of different surface cover of understorey vegetation, moss
and lichens have been considered according to figure
20 to analyse the sensitivity of the dynamics of
redistribution processes to the existence of
secondary sources (such as a moss or lichen carpet),
how much of the ground they cover, and the mean
residence time for 137Cs there.

Simulations of the change in content of 137Cs in the target vegetation according to figure 18 - the
target in the present case consists of the biomass of bilberry at the time of fallout - depending on
the age of the forest stand, when the deposition takes place, and the site-specific soil condition,
are illustrated in figure 21. Poor soil corresponds to low productivity (1 kg d.m. of biomass per
m2) generally prevalent on peat soil at bogs in the boreal zones, good soil means relatively high
productivity (at the level of 20 kg d.m. per m2). Clearcut means new growth at a site where a
mature forest stand recently
has been clear-felled.
clearcut, good soil
Depending on forest practice,
- - - 10 y, good soil
Cs-137 in boreal forests
we expect a transient phase to
— " 30 y, good soil
Relative change of
occur initially, during which
activity
concentration
~~~
50 y, good soil
the prerequisites of a
10 i
sufficiently intact feed-back
" " " old, 80 y, good soil
network may not be satisfied.
~"~ " young, poor soil
The re-establishment of a
functional complex network,
5 which mainly relies on the recovery of the microbial,
mycelial and fine root
systems, will probably be
fast. This means that the i37Cs
0
5
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content of the perennial
Time after deposition [y]
vegetation, after a short137
Fig. 21. The change of Cs content in the perennial understorey
lasting transient phase, is
vegetation compartment {Target vegetation in fig. 18) depending
expected
to undergo the same
on age of the forest stand at time of fallout and site-specific soil
conditions. Moss covers 90% of the ground surface. The mean
residence time for Cs in moss and litter is assumed to be 10 and 1
year, respectively.
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dynamic stages of redistribution as in the case of a
forest exposed to direct
deposition - but, of course,

only with regard to the recirculated fraction. This assumption is supported by the fact that 3-18 %
of the total deposition over a mature forest is contained in the tree biomass over the period from
some years to several decades after fallout (Bergman 1994). About two-thirds of this will be
removed with the tree trunks, as can be estimated from the internal distribution. Consequently
only about 2-12% of the total deposition is lost by that route. This in turn implies that the total
inventory of i37Cs will not change considerably as a result of logging.
The increased competition for available caesium caused by the addition of new biomass affects
the rate of decrease of the 137Cs content in the vegetation. This is indicated by the different
dynamics in figure 21 concerning the change of the 137Cs content in perennial vegetation in the
cases with good soil as compared to poor soil, and younger successional stages as compared to
the old 80 y.
Besides growth the redistribution is considerably affected by release into circulation from
secondary sources such as a moss carpet. The relatively low net biomass increase possible at sites
with poor soil or with an old forest means that the dilution effect is rather small while substantial
influx may occur from the secondary sources. An implication of these results is thus that the
concentration of I37Cs in perennial understorey vegetation will decrease fast in young forests at
sites with high primary productivity, while it during an extended period may increase at sites
with sufficiently low productivity or old forest. This principal behaviour predicted from
application of the model to several case studies (Bergman et al. 1993) is in accord with actual
findings in various boreal forest sites (Bergman 1994, Raitio and Rantavaara 1994).

Comparisons between predicted and measured 137Cs concentrations
The results for bilberry shown in figure 4 are based on pooled data from regular sampling at 10
different sites at the Vindeln experimental forest. At the 10 sampling sites of about one hectare
each, 10 separate subsamples (for statistical assessment of the variability within and between
sites) have been taken regularly twice a year (July and October) in the period 1986-1990
(Bergman et al 1991) and subsequently at a reduced number of sites less frequently till 1994. The
sites comprise 3 in mature mesic spruce forests, 4 in dry pine forests, and 4 in young forest at
areas, which have been clear-felled within 3-5 years before the Chernobyl accident.
For comparisons of results from the simulations and from measurements the 10 study sites have
been categorised according to the site specific factors: age of the forest stand and primary
productivity. These factors are of particular importance according to the model. The comparisons
in figure 22 test the model predictions against the actual results by specifically focusing on the
expected differences in the redistribution dynamics of 137Cs in the categories (a) young forests or
clear-felled areas, and (b) mature coniferous forests (i.e. comprising the pine and mixed
coniferous forests at the study sites).
The calculated ratios between the measured concentration in bilberry from category (a) with
young forest and from category (b) with mature forest are illustrated in figure 22 for different
time periods after the Chernobyl accident: 1) 1986; 2) 1987-1988; and 3) 1989-1990,4) 1992 and
5) 1994. In the figure these are compared with the corresponding ratios according to the model
for growing sites with high respectively intermediate (50% of the high level) primary production.
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At the first sampling occasion in July 1986 the 137Cs concentrations are not significantly different
in young- and mature forest areas (Nelin and Nylen 1994). The ratio in figure 22 therefore starts
in 1986 at a value close to 1, but decreases significantly over the following two periods - down
to about 0.4 - and remains relatively low according to the results from the last two sampling
occasions (1992 and 1994). Thus the change towards lower concentrations in bilberry is faster in
the young forest or clear cut areas, where the increase in biomass is relatively high, in
comparison to that in the mature forest. Such a dependence on the competing contribution of new
biomass is also predicted by the model.
Cs-137 activity ratio
This is apparent from the results in
bilberry in young versus mature forests
figure 22 of simulations for forests of
1.5 T
the same age as at the samplings sites:
(3-5 years) for the young and 80 years
for
the mature stands at the time of
D Intermediate
fallout. Ratios of 137Cs activity
l• High biomass
concentration in bilberry in young and
mature forests are presented based on
measurements, or predictions from
0.5model calculations for cases of
"Intermediate" and "High biomass".
The chosen cases of growth sites for the
calculations cover the range in productivity found among the actual sampling
1994
1987-88
1989-90
1986
1992
sites used in this comparison.
137,
Furthermore,
the illustration of the
Figure 22. Ratios of Cs activity concentration in
calculated change with time for site
bilberry in young and mature forests based on
measurements, or predictions from model calculations conditions corresponding to
for cases of "Intermediate" and "High biomass". Bars intermediate and high biomass,
indicate SE for measured data.
respectively indicates the sensitivity in
the general trend over time within that
productivity range.
The god consistency of the results from the predicted and measured changes supports our hypothesis about growth as a major regulator of caesium behaviour in the boreal forest. However,
there appears to be a tendency towards a slightly increasing ratio after a minimum attained in
1989-90. This notable behaviour is not yet statistically significant, and needs continued
observations after 1994 in order to be properly assessed.

"Old" 137Cs in different pine stands
Twigs sampled in 1984 from three different pine stands with trees of age 58; 9; or 6 years (see
figure 23) indicate that pine trees born before the fifties (i.e. earlier than the start of fallout from
nuclear weapons tests) have of the order of 10 times higher levels of 137Cs in the twigs, as
compared to plants of the same size, but less than 10 years of age in 1986. Whether the
difference in concentration of 137Cs mainly depends on the soil characteristics, on effective
retention after deposition directly on old trees, or on cumulative retention as a function of the age
of the tree is not clear. In spite of that, it exemplifies that between nearby areas with almost the
same deposition of 137Cs the levels in the vegetation might differ very much in future time.
However, the growth at the oldest forest stand had been very low, as indicated by the fact that the
pine trees, from which samples were taken, were of the same size (about 2 m) as those at the
other two sites with young forest.
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In comparison to the results from measurements on the pre- Chernobyl samples of pine twigs
from 1984 results are presented in figure 23 from three corresponding simulated cases:
1) fallout on an about 40 year old forest
growing on peat soil - at the period 2 0 0 J " " Average Cs-137 concentration^ pine-twigs
of peak deposition from nuclear
fallout-cesium in pine 1984
weapons tests in the atmosphere
during the middle of the sixties 150 -and subsequent sampling assumed
to occur 20 years later (i.e. in
1984),
• Estimated
2) fallout in the middle of the sixties on
100 -CO Measured
forest growing on good soil, clearfelled about ten years later, new
pines planted in 1978, and subsequent sampling assumed to occur
50 -sex years later (1984),
3) similar to case 2 for fallout over forest
on "intermediate" soil (productivity
50% of that on "good" soil) and
y on good
9y on interm.
58 y on peat
with new plants in 1975 from
soil
soil
soil
which samples are assumed to be
Fig. 23. Measured and calculated activity concenttaken nine years later (1984).
rations of 137Cs in pine twigs 1984. [Bergman et al.
1993]

The inverse relationship between 137Cs content in the perennial vegetation and growth capacity i.e. high content in the vegetation at low net increase of biomass - exhibited in the results from
the measurements on samples from these sites not only agrees with the trend in the predictions
made by our model, but fit also notably well to the actual levels.
The successful correspondence between predicted and measured levels - both in the case of the
situation in the first ten years after the Chernobyl accident (see figure 22) and for the long-term
cases (figure 23 ) associated with fallout from the nuclear weapons tests - strongly supports a
general validity of the basic assumption about biomass growth as an important factor with
respect to processes leading to redistribution of ' 7Cs in boreal forest ecosystems.
The conclusions from these simulations and comparisons is that:
at the same primary production capacity the decrease in 137Cs activity concentration in the perennial vegetation is expected to be faster in the young than in
the mature forest;
at a particular growing site the rate of decrease of the J37Cs content in perennial
vegetation will be positively related to the local primary productivity (at
sufficiently low net productivity, e.g. under peat soil conditions, a decrease may
not occur or be extremely low during several decades).
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The relative importance of internal exposure
as regards the absorbed dose after the Chernobyl accident
Internal exposure
The whole-body content of radioactive caesium has been measured before and in different
periods after the Chernobyl accident (Lindell and Magi 1965, Liden and Gustafsson 1967,
Mattsson 1972, Falk et al 1991, Mattsson and Moberg 1991, Johansson and Agren 1994, Agren
et al 1995). In the case of the deposition in Sweden after the Chernobyl accident the absorbed
dose due to the internal exposure from these nuclides constitutes an important - and e.g. in the
saami population the dominating - fraction of the total absorbed dose, which includes as well the
contribution from external exposure. Based on the measurements of the whole-body content the
average contribution to the absorbed dose in the Swedish population is much smaller than that
due to the external exposure.
According to our measurements (Agren et al 1995), this is true also for the contribution to moose
hunters and their families - although they belong to those groups where the radiocaesium content
in the body is expected to be relatively high. The ratio between concentration in the body of I37Cs
and its deposition per m2 in the pertinent moose hunting region varies from 0.7 for men and 0.4
for women [Bq/kg per kBq/m2] in areas with high deposition (80 kBq 137Cs per m2) after the
Chernobyl accident to 1.1 (men) and 0.8 (women) in areas with relatively low deposition (7 kBq
per m2).
The corresponding ratio for the average over the Swedish population after the Chernobyl
accident is: 1.4. A similar assessment for the situation after the atmospheric nuclear weapons
tests yields 0.8 Bq/kg per kBq/m2 (Falk et al. 1991). In the 5 counties obtaining the highest 137Cs
fallout by wet deposition in connection with the Chernobyl accident this ratio is 0.7. The
calculated dose rate (Falk et al. 1991) for a constant body burden of 1 Bq/kg I37Cs is about 0.0023
mSv/year.

The effective half-time of 137Cs whole body content
Pre-Chemobyl results from whole-body measurements of the change with time of the content of
137
Cs in the body (Falk 1991) indicates an effective half-time of 3.1 years in a group assumed to
be representative for the 137Cs change in the Swedish population. For the northern areas a halftime of about 4.7 years was obtained for a group of Saamis (Falk 1991).
The rural population in northern Sweden has a high level of subsistence through meat from
reindeer, moose and other game, fresh water fish, and berries. A study of the distribution of
radioactive caesium in northern Sweden 1988-1993 (Johansson et al. 1995) based on
measurements on muscle samples from selected medico-legal autopsy cases indicates an
effective half-time of about 3.7 years. It should be noted that all these assessments of the halftime concern periods within at most the first seven years after the main fallout. With regard to the
very long residence time and only slow-changing availability for 137Cs in important food-chains
of the boreal and sub-alpine ecosystems, an increase in the half-time may be expected during
later periods in these areas.

External exposure
Measurements of the external exposure indicate that - besides changes due to the physical halflives of the nuclides involved - a decreased effectiveness is apparent over the period 1986-1988
(Edvarson and Finck 1991). Edvarson and Finck conclude that no further decrease occurs after
1988 - with exception for that caused by physical decay. Measurements based on y-ray
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spectrometry in catchments at the forest research site Svartberget, Vindeln, show that the
attenuation of the 662 keV photon associated with decay of I37Cs increases after 1988 at a rate,
which indicates a 50% reduction over a time span of about 10 -24 years. The photon fluence
integrated over all energies, however, is expected to change less than proportional to the decrease
in attenuation of the 662 keV photon. Consequently, a change in external exposure
corresponding to a "half-time" of 10 -24 years should constitute an upper limit for the rate of
decrease of the external exposure (Bergman et al 1996), while the insignificant change after 1988
according to the results from Edvarson and Finck (1991) yields a lower limit.
In areas with predominantly wet deposition, the dose (effective dose) due to external exposure
during the first year after the Chernobyl fallout was estimated to be about 0.05 mSv per kBq/m2
137
Cs (Edvarson 1991).

Expected time dependence for the average internal and external dose to
the individual
Internal dose as a time dependent fraction of total absorbed dose due to the deposition after the
Chernobyl accident, is illustrated in fig. 24 (Bergman et al. 1996) based on these results. Four
cases are considered corresponding to situations in high an low deposition areas respectively
under the assumptions of either no further change after 1988 in the external exposure from the
remaining 137Cs activity, or a change corresponding to a 50% reduction over a time span of 10 24 years. The shaded area indicates the probable interval for the actual internal dose fraction,
confined by the upper and lover limits established by the various alternatives discussed above.
It should be observed that the assessments illustrated in fig. 24 are based on the assumption that
the availability of 137Cs over the food-chains is essentially unchanging over the whole period
considered. However, whole-body measurements give evidence of a decreasing activity content
with a half-life in the interval 3.5- 5 year in an "early" phase after fallout - i.e. the first seven
years. There are several indications that this half-life will increase over longer periods.

Internal dose as a fraction of the total
0.3 T

• High deposition
area, external exp.
TV* ~ 10 - 20 y
- High deposition
area, external exp
constant after
1988
> Low deposition
area, external exp.
T'/2 ~ 10 - 20 y
- Low deposition
area, external exp.
constant after
1988

Fig. 24. The fraction of the total absorbed dose that is due to the average internal exposure
in the general population from radioactive caesium deposited after the Chernobyl accident.
The time axis refers to time (years) starting from the accident. Four alternatives are illustrated corresponding to situations in high and low deposition areas, and under assumptions
of either no further decrease in external exposure rate after 1988 - with exception for that
due to physical decay - or a further reduction at a rate of about 50% during 15 years. The
shaded area covers the interval confined by the upper and lover limits set by these four
alternatives (Bergman et al. 1996).
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Nevertheless, the fact that the activity content of 137Cs in man decreases on the average faster
than what could be explained solely as a consequence of physical decay implies that the
assessments in fig. 24 overestimates the relative importance of internal dose. If, for example, in
similar estimations an effective half-life of 5 year is assumed in the body during the first 10 years
after the fallout the upper limit for the internal dose as a fraction of the total should not exceed
10%.

Conclusions
Experiences from the radioactive fallout from the atmospheric nuclear weapons tests, the
Chernobyl accident, and experimental radioecological research in agricultural systems
consistently indicate that for radioactive caesium, present in the root zone, transfer to man over
food-chains generally decreases fast after a few years to levels one to two orders of magnitude
below the maximum obtained within the first two years. On the other hand, the caesium
deposited over the boreal forest exhibit a persistent high availability over very long time. This
very different behaviour in the (natural or "semi-natural") forest and the agricultural
environments has important bearings on the resulting cumulative dose to man over the different
food-chains.
Usually the forest may be considered as an undisturbed system in the sense of a comprehensive
intact network, although forest practice will temporarily more or less extensively disrupt its
system of ecological interactions. Agricultural practices, on the contrary, often focused on
optimal growth, imply radical disturbances and extensive disruption of the network that would
otherwise be attained in a natural undisturbed ecosystem. Therefore in general it remains a
reduced number of feed-back pathways operative in the system with respect to turnover of
caesium. A successful explanatory or predictive model of transfer between soil and plant may,
under such circumstances, be based on a few major factors and pathways, e.g. clay content in soil
and uptake by the root-system.
We believe that problems encountered in extrapolations of strategies useful for radioecological
studies of caesium behaviour in agricultural ecosystems to studies of the forest environment, may
largely be traced back to these qualitatively different conditions. It appears to be due to - rather
than despite of - the complex network in the forest that an approach based on growth and an
assumed effective feed-back, a "holistic" model principle, may be successful in describing
caesium behaviour in long-term perspectives.
This model approach, which we consider successful for prediction of the main features
concerning 137Cs distribution in the boreal forest in different time perspectives, indicates that the
overall distribution pattern is essentially conserved, and in the boreal zone primarily subjected to
changes because of physical decay. This conclusion is valid in spite of the effects of dynamic
redistribution processes operating on the scale of the local growing site, leading to high
variability between samples and often pronounced long-term site-specific changes in the
concentration of radioactive caesium. The high variability in content of 137Cs in the moose
population at a certain time or between single years, but still rather slow changes as averages of
longer periods, is seen to mainly reflect a persistent high availability of 137Cs in the food-plants
of key importance in combination with stochastic effects of food-selection and varying weather
conditions.
The increased understanding about what factors are likely to be of major importance for the short
and long-term behaviour of caesium in the boreal forest ecosystem offers particular advantages
concerning estimations of the dose to man from transport of 137Cs through forest food-chains.
When the major causes to the observed variability are known, assessments are expected to
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become more reliable with regard to the activity concentration particularly over long periods in
boreal forest products such as moose meat, berries, and mushrooms, as well as for the subsequent
internal exposure of man.
Our close contacts with projects studying the whole-body content of radioactive caesium offers
the possibility to incorporate even the last link in the chain associating fallout with activity in
man. Studies of loss of 137Cs from catchments in the boreal zone (partly in co-operation with the
Dept. of Natural Geography at the Umea university) include among other the same sites, where
the main part of the whole work has been done. Caesium lost from the terrestrial compartments
in early and later phases after deposition is to a large extent transferred to the aquatic recipient.
These studies constitute an interface for contacts now established with groups - in Sweden and in
the form of Nordic co-operations - dealing with the behaviour of I37Cs in fresh water systems in
the boreal zone.
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