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Abstra<'I: TI1is paper presents a review of the behaviour of radiocesium in plants of forest ecosystems, based on a

screening of 375 articles. Particular stress is given to those factors which affect data variability in plants, such as
vertical and horizontal pattems of radioactivity in soils due to interception, resuspension, wash-off, litter fall etc. Tue
behaviour of radiocesium in different horizons of forest soils is discussed. TI1e paper sununarizes the main uptake
mechanisms in fungi, lichens, bryophytes and higher plants, and the possible use of these organisms as
bioaccumulators of radioactive deposition. For higher plants, the effects of severa( factors on root uptake are
considered, such as pH, organic matter and day content of different soil horizons, the concentrations of other ions in
the soi! solution, rooting depths, mycorrhiza, etc. Finally, the paper includes a discussion of translocation phenomena
inside plants, of seasonal variation of radionuclide concentrations, and of the expression of radiocontamination of
plant materiai. Tue ex pression of radiocesium concentrations on a water basis is suggested as being more appropriate
Urnn the usual expression on a dry weight basis for the solution of severa] radioecologica] problems.

Introduction

ecosystems, such as wildife meat, mushrooms and
berries. This led to a much more intensive study of
natural ecosystems than in the early years of
radioecology. The first studies already suggested that
in forests and natural grasslands the cycling of
radionuclides is much more difficult to understand
than in simple agroecosystems. In particular, the
great variability of radioactivity data in soils, plants
and animals from natural ecosystems was, and stili
is, a serious handicap in the formulation of reliable
predictive models.
Natural ecosystems differ from agroecosystems
in severa! important features, the main one being
that in agroecosystems soils are periodically
ploughed and fertilized, while in natural systems
they exhibit a more or less clear subdivision in an
upper, mainly organic horizon and a lower, minerai
horizon, differing in severa! important characteristics
such as pH, moisture, nutrient status, biologica!
activity etc. (Frisse! et al. 1990). Biodiversity is also
being
often
important,
agroecosystems
monocultures, natural ecosystems being, generally,
species-rich. Forests, in particular, have a much
more complicated structure than agroecosystems,
and a much wider range of ecologica! conditions. A
further, important and often neglected difference is

The first steps of radioecology date back to the
late 1950's and early 1960's, when radioactive fallout
from nuclear weapon tests in the atmosphere became
a cause of growing concern to national authorities.
At that time the main interest was in understanding
the radioactive dose to man and its effects on human
health, and most studies were focused on
agroecosystems, a primary source of environmental
radioactivity to the population.
The accident at the Chernobyl power station on
Aprii, 26, 1986 caused large quantities of radioactive
substances to be emitted in the atmosphere.
Radioactivity was transported and dispersed by air
currents in the form of contaminated air plumes
which reached several west European countries,
mainly through wet deposition (e.g. MU!ler 1986,
Persson et al. 1987, Duvernet 1989, Gudiksen et al.
1989). In the first year after the accident high
radioactivity was measured in some agricultural
products from western Europe, like vegetables and
milk (e.g. Ward et al. 1989); this was mainly due to
direct deposition. After one year, when root uptake
became the dominant contamination pathway,
agricultural products showed relatively low
radioactivity, while higher values were often
measured in products from natural and semi-natural
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the extent of mycorrhization: in natural ecosystems
most plants are in symbiosis with mycorrhizal fungi,
a fact which very much complicates uptake and
transfer mechanisms of radionuclides from soil to
plants via roots.
The intensification of studies on natural
ecosystems has had a profound influence on the
development of radioecology. Many models have
been developed thus far, and a great dea! of
information on parameter values was collected
during decades of research. Nevertheless,
environmental transfer parameter values, and,
consequently, the results of models, stili show a high
degree of uncertainty, the reported values of some
parameters ranging over one or two orders of
magnitude or more (Miller & Hoffmann 1983,
Monte 1990).
Whereas in early years rough, empirica!
parameters were often considered as adeguate for
estimating the dose to man, post-Chernobyl
radioecology is characterized by an increasing
interest in the fine mechanisms underlying the
cycling of radionuclides in forests and grasslands,
and in the causes of the high variability of the data.
The numerous projects financed by national and
international institutions forced scientists with very
different backgrounds to collaborate in joint
projects, which, due to the complexity of natural
ecosystems, is fondamenta! for a sound development
of ecology. Thus, radioecology is presently losing its
character of an applied science depending on
radiation protection, and is merging with ecology
"tout court". The hitherto available results of
radioecologica! investigations on natural ecosystems
already provide a consistent body of knowledge,
which may be of generai interest for ecologists.
Radiocesium has received significant attention in
radioecology because of its persistence in the
environment, its prominence in nuclear fallout and
the nuclear fuel cycle, and its significant
contribution to external and internal radiation
exposure to man.
Aim of this paper is to review the main results
concerning radiocesium cycling in natural
ecosystems, and especially in Borea! and Temperate
forests of western and Centrai Europe. The main
focus will be on long-distance dispersal wet
deposition, as that originating from nuclear weapons
tests and from the Chernobyl accident in western
Europe (in the immediate vicinity of Chernobyl
there was no rainfall during and after the accident).
We shall try to especially stress those factors which
are of generai interest for plant ecology, and

especially those which affect data variability, as this
is one of the major issues in radioecology, as it is in
generai ecology.
HORIZONTAL PATTERNS AND VERTICAL
DISTRIBUTION OF RADIOACTIVITY
IN SOILS
Although the behaviour of radiocesium in
agricultural plants is relatively well-understood (see
e.g. Coughtrey & Thome 1983), before the
Chernobyl accident much less was known about the
mechanisms controlling radiocesium availability in
plants and soils of natural ecosystems. In the
radioecologica! literature, reference to high inter
and intraspecific variability in radioactivity data of
forest or grassland plants from the same site is more
the rule than the exception; large differences were
also found among èontiguous individuals of the
same species (see e.g. Ernst & van Rooij 1987,
Cooper & McHugh 1983, Killey et al. 1988, Horrill
et al. 1990, Cooper & Mattie 1990, Nelin & Nylén
1994).
One of the reasons for such a situation is the very
uneven patterning of radioactivity in undisturbed
soils. For example, Niemann et al. (1989) found that
in West Germany the deposition of radionuclides
was extremely heterogeneous: within one kilometer,
variations up to 30-fold occurred. Such as situation
is more the rule than the exception, and is evident on
different spatial scales. This may be due to
differences in deposition (the quantity of
radioactivity falling on a given surface during a
given period), or to factors which determine an
uneven repartition of radioactivity in soils
(concentration factors).
There are three known pathways for radionuclide
deposition from the atmosphere into the soil: a)
gravitational precipitation of large particles with size
exceeding 0.01 mm, b) washout of radioactive
areosols by atmospheric precipitation, c) dry fallout
of small particles due to turbulent diffusion in the
atmosphere (Tikhomirov & Shcheglov 1994). In the
following we shall distinguish between direct and
indirect deposition; the former derives from direct
atrnospheric fallout (primary direct deposition) or
from resuspension phenomena (secondary direct
deposition); the term "indirect deposition" refers to
radioactivity deposited through the plant canopy by
wash out, leaching, litter fall, etc. After deposition
has occurred, patterns in soil radioactivity
concentrations may arise, due to the action of
biologica! or physical factors. Thus, in complex
4
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systems differences in soil radioactivity do not
necessarily reflect differences in deposition. This
means that in such cases it might be difficult to
reconstruct direct deposition patterns from
measurements of radioactivity concentrations in
soils. Incidentally, it should be underlined that in the
literature it is not always clear whether differences
in soil radioactivity are due to differential
deposition, or to the effects of different
concentration factors.
Radioactivity patterns in soils might be observed
on different geographic scales: a) on a regional
scale, b) on a locai scale, c) at community leve!, d)
within a given community. On the regional and locai
scales differences in rainfall are the most important
factor creating radioactivity deposition patterns.
Particularly in agroecosystems, and especially in
monocultures of herbaceous plants, most of the
radioactivity patterns observed in the soils are
mainly due to differential deposition, and therefore
are most evident on a regional or loca! scale. Below
the locai scale, a large range of soil activities and a
high spatial variability between and within different
plant communities were reported by several authors.
Especially in structurally complex systems, as in
multi-layered natural forests, it is important to
distinguish
between
total deposition and
radionuclide concentrations in soils. The latter
depend on several factors besides deposition, such
as: structure of the canopy, topography, soil features,
nutrient cycling within the ecosystem, etc.
Both horizontal and vertical radioactivity
patterns can be detected in the structured soils of
natural ecosystems; these are of importance for
understanding the high data spread of radioactivity
data in plants, and for planning adequate sampling
strategies in studies aiming at quantifying soil-to
plant transfer factors. Disregarding horizontal and
vertical radioactivity patterns might result in such a
high data variability that any generalization, not to
speak of modelling, could be severely hampered.
We shall first discuss the main factors
responsible for horizontal, then those for vertical
patterning of radioactivity in the soils, giving
particular emphasis to wet deposition, as this was the
main deposition form for Chemobyl-derived
radiocesium in western Europe.

most important factor creating horizontal
radioactivity patterns is the amount of precipitation,
followed by the type of rainfall. Of course, in the
case of wet deposition, horizontal deposition patterns
are directly related to patterns in precipitation. In
generai, forest stands occur on a much wider variety
of
topographical
conditions
than
most
agroecosystems. This might be a further reason for
the higher variability of radioactivity data found in
forests. Not only the quantity, but also the type of
precipitation may be important. ApSimon et al.
(1992) developed a dynamic model of the life-cycle
of a convective storm, indicating that the type of wet
precipitation may be one of the causes of the high
variability in the deposition on a regional scale; rain
originating from different phases of cloud formation
is likely to scavenge radionuclides with different
efficiencies, and deposit them at different rates.
lnterception and retention by tree canopies Below the locai scale, retention and interception are
the most important pattem-producing phenomena.
Interception by vegetation may retain large
quantities of deposits. In particular, trees are
efficient aerosols interceptors (Yamagata et al. 1969,
Bunzl & Kracke 1988, Desmet & Myttenaere 1988,
Sokolov et al. 1990), see Proehl & Hoffman (1994)
for a review. It is assumed that the tree, understory
and organic layers intercept some fraction of the
deposited radionuclides, called "interception
fraction". Intercepted radionuclides are then
distributed among these compartments in proportion
to the biomass of each compartment. Of course, the
biomass of trees is the highest in forest ecosystems,
and trees are among the most efficient interceptors
of radioactive particles. The interception fraction is
often estimated to be 0.2 to 0.25 for agroecosystems
(Proehl & Hoffman, 1994), whereas that for forests it
is much higher, around 0.7-0.8 (Ronneau et al. 1987,
Bunzl et al. 1989, Schimmack et al. 1991). The
studies carried out in the vicinity of the Kyshtym
and Chernobyl radiation accidents in Russia and
Ukraine (Kharitonov 1973), and during field model
experiments (Tikhomirov & Shcheglov 1990),
demonstrated that 60-90% of radionuclides falling
on forests were initially intercepted by tree crowns.
Tobler et al. (1988) found that the initial
concentration of radiocesium depended on the
relative active surface (cm2/g) exposed to the fall
out. If this is a generai phenomenon, we should find
higher concentrations in conifers than in broad-leaf
trees, and higher concentrations in shrubs than in
annuals (Nelin & Nylén 1994). Tree canopies, and

Horizontal patterns

Direct primary deposition
Precipitation - On a regional or locai scale the
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particularly trees with large leaf area, ha.ve a high
collection efficiency for areosols particles
(Yamagata et al. 1969, Ronneau et al. 1987, Desmet
& Myttenaere 1988, Sokolov et al. 1990, Rauret et
al. 1994). Interception rates depend on leaf
morphology; pubescent leaves are more effective
than smooth leaves in collecting areosols (Wedding
et al. 1975). The structure of the forest canopy is
also important in determining the extent of
interception phenomena. The more dense the
canopy, the highest will be the quantity of water
retained by tree crowns. According to Fraiture
(1992) the main tree species of Europe can be
arranged in the following arder of increasing canopy
density, and hence of increasing retention capacities:
Larix, Pinus, Betula, Quercus (deciduous species),
Carpinus, Fagus, Abies, Picea. Retention values of
radiocesium fallout by spruce crowns are generally
high, ranging from 70% (Bunzl et al. 1989b), 80%
(Ronneau et al. 1987), and even 90% (Melin &
Wallberg 1991, Melin et al. 1994) of the tota!. The
retention of radiocesium by spruce needles may be
described as a double exponential curve (Sombre et
al. 1990). According to Bergman et al. (1991) a
large fraction (probably more than 50%) of
radiocesium 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. The
season of fallout is also important; when it occurs in
a deciduous forest in winter time, interception will
be obviously small. Melin & Wallberg (1991)
reported an interception of less than 35% of the dry
deposited radionuclides in Swedish unfoliated
deciduous beech, birch and alder stands. Feige et al.
(1988) working in southern Germany, found that in
1986 the trees and shrubs which showed highest
radioactivity values were those characterized by
early leafing, ali others being much less
contaminated.
Horizontal patterns due to interception reflect the
horizontal patterning of the intercepting structures.
Thus, soil deposition will be highest in openings of
the forest canopy, lowest under the canopy.
Padovani et al. (1990), in NE Italy, found large
differences in soil radiocesium between conifer
forests and adjacent grasslands, with a significantly
greater activity in the latter; on the contrary, there
was no significant difference between grasslands and
adjacent broad-leaved stands, which were unfoliated
at deposition time. Similar results were obtained in
Germany by Bonzi et al. (1989b) and in Belgium by
Guillitte et al. (1990a); the latter authors observed a

wide variatlon of radiocesium act1v1t1es in forest
soils, with differences varying from +50% to -50%
compared with the deposits in a dea.ring; deposits in
a deciduous stand were close to values observed in
clearings, while those in coniferous stands were
considerably lower; furthermore, the highest deposits
were found on the edge of stands, with an average
increase of 18% compared with stands in clearings,
and two times higher than those found within the
stand. According to Fraiture (1992) in a natural
forest the soils of large openings can receive 100%
of tota! wet deposition, those under dense coniferous
stands practically nothing. Raitio & Rantavaara
(1994) claim that the spatial variation of soil
radioactivity under and between tree crowns is
probably greatest immediately after radioactive
deposition has taken piace; later on, differences tend
to even out, and can sometirnes even be reversed.
Similar considerations apply for dry deposition,
with some important differences. Existing
measurements of dry deposition of radioactive
areosols to forest canopies ha.ve usually been made
as part of larger studies on radioactive areosol
deposition to different types of surface (Roed 1990)
and are generally restricted to estimates of gross
deposition velocities. Unfortunately, such studies
reveal little about the detailed vertical and lateral
distribution of deposits within canopies following
interception (Shaw et al. 1994, Kinnersley et al.
1994). According to Bonzi & Kracke (1988) the
average rate of tota! dry deposition aver a long
period was c. nine times greater in spruce forests
than in adjacent grasslands. The filtration of a
depositing areosol in spruce canopies was studied
experimentally by Shaw et al. (1994): filtration
occurs rapidly at the upper and outer edges of an
individuai tree, resulting in a marked exponential
attenuation of deposit within the canopy, from the
topmost tissues downwards; horizontal differences in
deposition become less as the canopy is penetrated
vertically, contamination becoming uniformly
distributed near the base of the canopy. Deposition
to needles is significantly greater than that to stems,
with a marked distinction between needle and stem
contamination at the top of the canopy, lessening
with vertical penetration of the canopy. Bunzl &
Kracke (1988) and Bunzl et al. (1989b) observed
differences of only 20 to 30% between the tota!
radiocesium deposits on a spruce stand and
neighbouring grasslands, with higher values in
forests due to interception by tree canopies;
according to Fraiture (1992) this is due to the fact
that interception by tree crowns is much larger for
6
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pattern between areas covered by vegetation and
bare areas. Of course, the sharpness of the ground
radioactivity pattern will be different if deposition
occurs in an already wet or in a dry canopy.
Although forest canopies and moss carpets
obviously have a higher interception and retention
power, also grass mats are able to retain large
quantities of radiocesium. Caput et al. (1990)
studying permanent pastures, found that one year
after the Chemobyl accident the activity of
radiocesium in the vegetation was stili relatively
high, and independent of soil properties. This was
explained by the persistence of radiocesium in the
perennial plant bases which were exposed to the
radioactive cloud in the period of the accident.
Hereafter, the activity was observed to decline
gradually, leading to transfer factors which are
imputable to the usual soil-to-plant transfer
mechanisms, and which are strongly related to soil
properties. The importance of radionuclide retention
in the basai parts of perennial grasses was already
recognized in earlier studies on uptake of radioactive
substances by plants exposed to weapon fall-out
(Scott Russell 1966). This means that even in an
apparently homogeneous grassland, different life
forms of herbaceous species might contribute to
micropattern phenomena. These micropatterns,
however, will be never so pronounced as those
observed within forests; they could play an
important role only in very open grasslands, with
large patches of bare soil. Otherwise, in more or less
homogeneous grasslands, the most important
primary cause of soil radioactivity patterns is
topography.

dry than for wet deposition. However, there is also
evidence that in semi-arid ecosystems, such as
Mediterranean forests in summer, dry deposition
following resuspension could play a very important
role in masking horizontal patterns, because of
interception and retention by tree canopies; Rauret et
al. (1994), studying an evergreen Mediterranean
forest in Spain, did not observe clear differences
between the amount of particles collected under and
outside the tree canopy, and related this fact to the
large increase in the total amount of collected
particles during summer, due to resuspension
phenomena.
Jnterception and retention by unclerstory plants
The more multi-layered a forest is, the more
complicated will be the radioactivity pattern in the
soils due to interception. The previous
considerations concerning trees may be equally
applied to tali and small shrubs. Interception and
retention by cryptogams may be an important
additional cause of sharp horizontal patterns in soil
radioactivity as well. A thick carpet of lichens, and
especially of mosses, is able to retain large quantities
of water. Bryophytes, in particular, are often an
important component of forest ecosystems,
especially in humid and rainy areas, where their
biomass is highest; they have a high capacity of
absorbing liquid water, acting as intermediate sink
for radiocesium. According to Giovani et al. (1994),
2 cm thick carpets of the moss Ctenidium molluscum
can retain c. 12 I of water per square meter. Thus,
when growing directly on soil, bryophytes can retain
a great share of the tota! deposition, with a low
transfer to soil. In ecosystems with an important
bryophyte
component,
of
measurements
radioactivity in the soils (excluding the overlying
bryophyte mats) do not provide a good estimate of
total deposition, as most of the radioactivity is
retained in the bryophyte mats. When bryophyte
mats are patchy, a strong horizontal variation of
radioactivity in forest soils can be expected, with
higher values in areas not covered by bryophytes.
Forest canopy, lichen and moss mats have a water
saturation point, after which they are no more able to
retain water (Giovani et al. 1994). Typically, trees
may be exposed to c. 2-3 mm of rainfall before they
lose their capacity to retain precipitation without
extensive throughfall (Bergman pers. comm.); for
many cryptogams the saturation power is much
higher. The highest the saturation power, the highest
will be the retention of deposition, and,
consequently, the sharpest will be the horizontal

Direct secondary deposition (resuspension)
Not ali of the deposited radioactivity is
incorporated into the ecosystem. Following
deposition unto the plants and soil, a continuous
process of radionuclide removal begins. Aerosol
bound radionuclides may be shaken off from
vegetation by wind action. Resuspension can be
important for prolonging the availability of
contaminants in the environment. Contaminated
minerai soil particles can be resuspended back into
the air by animal disturbance (Sumerling et al.
1984), wind (Anspaugh et al. 1975) or raindrop
splash (Mazurak & Mosher 1968). This process,
according to Miller & Hoffmann (1983), may lead to
a rapid initial loss of materiai immediately after
deposition. A review of resuspension data
concerning the post-Chemobyl contamination in
7
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Europe was published by Garland & Pattenden
(1990). These authors concluded that resuspension
from minerai soils may result in measurable
activities in air for a period of at least 3 years
following deposition. Green & Dodd (1988) found
that, by dry weight, 7% of a herbage sample from a
sheep paddock was actual soil; -in terms of activity,
however, that soil accounted for 74% of the tota!
radiocesium activity.
Submicron particles can be generated from the
surfaces òf plants, especially during periods of rapid
growth and high transpiration rates; radioactivity
associated with these particles can be removed from
vegetation by wind action (Beauford et al. 1975).
Esperimentai results on spruce trees by Shaw et al.
(1994) indicate that the bulk of dry areosol deposits
initially resides at the upper and outer edges of
individuai trees, which means that the potential for
prompt resuspension by wind action following
deposition is considerable. In the slightly longer
term, however, the rate of field loss deposit in the
actively growing upper and outer tissues will be
greater than in older tissues which are less
contaminated, and the problem of redistribution of
deposit is therefore likely to be particularly acute
immediately after the deposition event. The
quantitative importance of wind removal in different
ecosystems, in any case, remains to be evaluated.
This factor might be of relevance only on a locai
leve!, and in special cases (see also Hinton 1991).
The role of resuspension phenomena might have
been overestimated, since most early studies were
carried out in the dry areas of the southwestem
United States, where resuspension is much more
important for the contamination of plants and the
dose to man than in humid temperate ecosystems,
where soils have a well-developed upper organic
layer. For example, studies based on resuspension
sampling at severa! sites in Finland (Aaltonen et al.
1990) revealed that the primary source of the
resuspended radiocesium was the locai forest, i.e.
that contributions associated with long-range
transport of resuspended matter were too low to be
significant. In Finnish forests the potential for
contamination of the vegetation due to soil particles
is relatively small; the roughly 3 to 5 times higher
resuspension factors obtained at about the same time
in Denmark (Aarkrog et al. 1988a,b), with a
resuspension of about 3% during November 1986October 1987, are typical of agricultural systems
with considerable influence of wind erosion. In the
semi-arid areas of Mediterranean Europe, however,
resuspension could play a more important role; the

results obtained by Rauret et al. (1994) in a Quercus
i/ex forest of Spain, suggest that the Mediterranean
climate, characterized by summer water stress and
heavy rain storms in autumn, facilitates resuspension
in summer and washing-off areosols in autumn.
The factors influencing horizontal radioactivity
patterns due to resuspension are the same as
discussed for primary direct deposition.
lndirect deposition
Wash off - In structurally complex ecosystems
only a minor part of deposition immediately reaches
the ground, a considerable share being intercepted
by vegetation. Parts of it are adsorbed by leaves, part
are washed off by precipitation. Wash-off can occur
as through-flow, when the water drips from the
leaves, or as stem-flow. The radioactivity absorbed
by plants will eventually reach the ground through
leaching or litter fall. Thus, the structure of
vegetation is another important cause of horizontal
patterning of radioactivity. Patterning will be most
pronounced in structurally complex systems, such as
multi-layered forests, less pronounced in simpler
systems, like grasslands.
If rainfall is sufficiently intense or long-lasting,
the forest canopy reaches saturation, and water starts
dropping to the forest floor. Wash-off removes the
materiai from the surface of plants, leaching
removes that incorporated inside the plants. Like
direct wind removal, wash-off seems to be most
effective immediately following deposition, while
leaching may be a long-lasting phenomenon.
According to Bunzl et al. (1989b) the half-life of
radiocesium in spruce crowns was of 90 days in the
first 130 days after deposition, and 230 days between
the 131 and 600th day following deposition. Tobler
et al. (1988), in Switzerland, estimate the half !ife of
needles sprouted in 1985 to be 175 days, and 115
days for twig-wood within the period 50-240 days
after the Chernobyl accident. From data on
throughfalling rain and litterfall in a Norwegian
spruce stand (Bergman et al. 1988) a corresponding
half-life of 140 days was estimated for needles over
the period 35-180 days at a borea! latitude. In a
Swedish Scots pine forest half-lives of 114 days
were estimated by Bergman et al. (1988) for the
period 40-200 days, and 250 days for the period 200360 days.
The branching geometry of trees is responsible
for an uneven distribution of water washed down
from the crown. Two main branching types can be
distinguished:
A)
monopodial
(centrifugai)
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branching; typical of many conifers, this is
characterized by the indefinite growth of the apical
bud, from which lateral buds arise following the
growth of the trees. In many forest species (e.g.
Picea, Abies, Taxus etc.) lateral branches tend to
grow at obtuse angles with respect to the trunk. The
result is that rainfall (or snow) tends to fall to the
ground from the margins of the crown. Hence, soil
radioactivity is highest below the margins of the
crown, lowest near the trunk (Guillitte et al. 1989,
1990a; Heinrich et al. 1989). Guillitte et al. (1990a)
calculated that in conifers stemflow is less than 1%
of rainfall for young stands, and about 3% for old
stands. B) Sympodial (centripeta)) branching; this,
typical for deciduous trees, is characterized by the
main apical bud being rapidly substituted by a
secondary bud, which holds the dominance for a
certain time, unti! it is substituted by another
secondary bud. The result is a centripeta! branching
pattern, in which secondary branches tend to form
acute angles with respect to the trunk. Hence,
stemflow tends to concentrate from the crown to the
trunk, and soil radioactivity concentrates around the
trunk, being lowest below the crown margins
(Henrich et al. 1990, Schimmack et al. 1991). For
deciduous trees the quantity of stemflow obviously
depends on the season; Schnock (1967) carried out
measurements for different trees in the leafed and
leafless phases, and found considerable differences
in stemflow, the highest values being reached during
the leafed season. In old beech stands stemflow may
amount to 6% of rainfall; this can explain the
differences in soil radiocontamination found around
the foot of deciduous trees, as brilliantly
demonstrated by Guillitte et al. (1990a). In mixed
forest this can result in a very complex pattern of
horizontal deposition, which is further complicated
by the topographical factors discussed above.
Litter fall and leaching are probably less
important in pattern formation than physical factors.
However, in mixed forests hosting both coniferous
and deciduous trees horizontal radioactivity patterns
in the soils will be enhanced in time, due to the
higher efficiency of deciduous trees in nutrient
cycling.

micropattern formation within the forest. When
radioactivity has been redistributed into the
biologically active parts of the plant, rain operates as
an external transfer agent. The Ieaching of
radiocesium has been studied by severa! authors,
such as Franklin et al. (1967), Waller & Olson
(1967) and Nylén & Ericsson (1989). Even when
rain has eliminated by washout a fraction of
radiocesium deposited onto the plant surfaces,
leaching can be active for a long time. This means
that transfer of radionuclides from leaves to soil via
rain is effective not only at deposition time
(Ronneau et al. 1991). Contrary to simple wash-off,
leaching is more related to the physiological activity
of the plant. According to Sombre et al. (1990), in a
spruce forest, in first time radiocesium is
preferentially retained by spruce needles and then
washed off gradually or incorporated in the leaves;
in the long term, the incorporated cesium is leaked
out from the needles, and more cesium is collected
under the canopy than in clearings, giving rise to
horizontal radioactivity patterns in the soils.
Ronneau et al. (1991) suggest that after a mid-term
steady state has been attained in trees, radioactivity
is being leached at a rate determined by their
physiological actIVIty; leaching may occur
throughout a growing season, but it is the greatest
just before maturity and death of the foliage (Long et
al. 1956). Rain falling as a light continuous drizzle
seems to be more efficient as a leaching agent than
is a large quantity of rain falling during a short
period (Miller & Hoffmann 1983). Similarly, the
leaching occurring at the beginning of a rain period
is higher than at the end of the period (Witherspoon
1962, 1964). Leaching may be also enhanced by
high temperatures (Tukey 1980).
Litter fall - In a mixed forest, different species of
trees may have absorbed different shares of the tota!
deposit. Accordingly, litter fall will produce a
differential enrichment in radionuclides of the
respective litter layers. This may also apply to
different leaves of the same tree: Vallejo et al.
(1990) demonstrated that 3-year-old Pinus needles
still contained relatively high actIVIties of
radiocesium, in contrast with the much lower values
of younger leaves, which were not directly exposed
to direct deposition. This may cause yearly
differences in radiocesium output from leaves to the
ground via leaf fall. In conifers, washout takes piace
very quickly after direct deposition; the amount
remaining in the needles is deposited gradually when
these fall, thus spreading the initial residuai deposit

Leaching - The Ieaching of nutrients from the
above-ground parts of plants due to the influence of
acid rain and fog has been the subject of much study
during the past few decades (Tukey 1980, lvens et
al. 1990). Leaching, although being a minor source
of elements compared with litter fall, may be of
significance in the balance of elements and in soil
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over severa! years; as the average !ife of a needle is
of 3-6 years, there will be a differential input of
radiocesium to the ground via leaf-fall, with a
maximum value corresponding to the fall of leaves
which absorbed direct contamination (Guillitte et al.
1990a). The decomposition of coniferous needles is
rather slow, resulting in a prolonged input period
(Henrich et al. 1990). According to Bunzl et al.
(1989b) c. 7% of the tota! radiocesium pool present
in the canopy in a Norwegian spruce forest is lost by
litter fai! during the first year. Similar levels were
found in Scots pine forests by Bergman et al. (1991).
The contamination of deciduous leaves is high only
in the first year after deposition, and their rotting is
rather quick (one to three years, Henrich et al.
1990), which leads to a rather peak-shaped input
term. Similar results were obtained by Nelin &
Nylén (1994) in a Swedish Borea! forest.

deposition in mountain soils of the same type
covered by the same amount of grass taken at a
distance of a few meters was observed by Maubert et
al. (1990). These authors found that in an Alpine
environment runoff is responsible for the distribution
of radionuclides, with a preferential fixation at the
bottom of slopes. The intensity of rainfall is also
important, as more intense precipitations will result
in more intense runoff. Furthermore, the more
impermeable are the upper soil horizons, the
stronger is the horizontal patterning of radioactivity,
because impermeable soils tend to favour runoff
phenomena. Horrill et al. (1990) reported higher
radiocesium activities on damp peats, bog/flushes
and peaty grasslands, and lower activities on
adjacent, drier, more minerai soils. It seems that, at
least in Borea! forest ecosystems, runoff phenomena
are of importance especially just after deposition;
according to Nylèn & Grip (1989) c. 7% of the
initial fallout from a catchement in the Middle
Borea! zone of Sweden was transferred by runoff
during 1986; the main part was lost already within
the four weeks after the Chernobyl accident. During
subsequent years this leakage decreased to c. 0.2%
per year. The fraction lost during 1987-1990 from
peat, which constitutes the main source for loss of
radiocesium from catchements in the Borea! zone,
was of c. 1-2%.
A special case is that of deposition occurring on
snow-covered areas. Gaare (1987b) found that on
wind-exposed, and hence snow-free areas of Norway
the activity of Chernobyl-derived cesium in
vegetation was c. three times higher than on
adjacent, snow-covered sites. The higher activity
found in lichens from relatively dry snow-free sites
was ascribed to an increased absorption potential of
dry lichens (Gaare 1987b).
Another source of radioactivity concentration in
forests is the differential accumulation of litter by
wind action; this phenomenon has never been
studied in detail, but might be of some importance in
special cases.

Concentration factors

On a locai scale, horizontal patterns due to
concentration factors depend both on physical and
biologica! phenomena. Among the physical
phenomena, the most important is horizontal water
circulation within the ecosystems, wich is influenced
by microtopography.
Topographical factors - Contrary to most
agroecosystems,
natural stands
are
often
characterized by a more or less pronounced
topographical patterning of the ground; the
importance of topographical factors is especially
evident in mountain areas. After deposition,
radiocesium may penetrate into the soil, and become
eventually adsorbed by organic colloids and clay
within the soil, or be removed by run-off (Wise
1980). The component removed by run-off can be
termed "direct run off' (Queirazza et al. 1988) or the
"fast hydrological component" (Smith et al. 1987),
as compared with the "slow erosional component" or
"delayed removal" due to later transport of
particulate by erosive processes (see e.g. Bonnett
1990).
Water accumulates in small depressions and
along drainage channels, and, consequently,
radioactivity is higher there than in raised portions of
the ground (Henrich et al. 1990). This pattern is
influenced by two further factors: a) intensity of
rainfall, b) soil permeability; the latter depends
mainly on soil texture, but also on climatic factors
(e.g. freezing, previous precipitation). A difference
of an order of magnitude in the radioactivity

Biologica! factors - The activity of living organisms
can produce horizontal displacements of radiocesium
in the soils. The effect of biologica! factors is felt
only some time after deposition, and becomes
increasingly important in time, considerably
complicating the horizontal patterns of radioactivity.
Three main groups of organisms are responsible for
secondary horizontal patterns; in order of increasing
importance, they are: fungi, higher plants, and
animals.
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soil radioactivity will be considerably complicated
by fungal action, and this phenomenon will tend to
increase in time.

Fungi
Contrary to those of most
agroecosystems, the soils of natural ecosystems host
an intense fungal life. Fungi not only act, with
bacteria, as the main group of decomposers
(saprophytic fungi), but are also important as
parasites of living plants, and especially as
symbionts with their roots (mycorrhiza). The
mycelium of a single fungal individuai can extend
for considerable distances in the forest soil. Many
fungi have a high affinity for radiocesium, which is
absorbed by the mycelium and concentrated in the
fruitbodies. As funga] structures in the soil are often
perennial, and as movement of nutrients occurs
through the hyphae, fungi may form a major pool of
radiocesium in the soil. The dominant fungal
populations in natural forests are able to immobilize
and retain nutrients and, because of the shortage of
minerai nutrients relative to available carbon, they
may translocate ions within their hyphal biomass
from dying and lysing to actively growing hyphal
zones (Dighton & Boddy 1989). Fungal turnover
rates and the degree of conservation of any element
will regolate its availability to other components of
the ecosystem (Oujia & Myttenaere 1994).
Horizontal displacement of radiocesium by fungi
from the firstly contaminated vegetative hyphae can
occur through the following pathways: a) to the
actively growing new mycelium, b) to fruitbodies, c)
to the roots of symbiontic plants. Thus, fungi are
probably the most important biologica! agent of
horizontal and vertical displacements of radiocesium
in the soil. Despite the fact that little attention has
been devoted to micropatterns in soil radioactivity
due to fungi, the few available observations suggest
that fungi are able to concentrate large quantities of
radionuclides at a very small spatial scale
(corresponding to the size of the carpophores), at the
same time depleting the radiocesium pool in the
surrounding areas. Seeger & Schweinshaut (1981)
measured radioactivity in fungal fruitbodies and in
the surrounding soil, and found that in cesium-rich
fungi a marked concentration had occurred over the
cesium content of the soil. Bergman (pers. comm.)
found considerable enrichment in radioactivity in
small areas where fungi developed carpophores.
According to Fraiture (1992) the fructifications of
Xerocomus badius, which can weight up to 200 g
and have concentrations of c. 10.000 Bq/kg fresh
weight in the most contaminated regions of Europe,
can contain up to 2000 Bq of radiocesium; as these
fungi rot on an area of l to 2 dm', the activity is
significantly enhanced on a microscale. Thus, in a
mushroom-rich environment the primary pattern of

Higher plants - Horizontal displacements of
radionuclides by higher plants are, of course, larger
in forests than in grasslands. From the soil, trees and
forest undergrowth accumulate radiocesium in
proportion to the biomass of the various tree
components or undergrowth. According to Van
Voris et al. (1990) the total activity in a forest
understory is very small in comparison to that in the
tree canopy, as reflected in the comparative biomass
of each. In grasslands, grasses are able to intercept
large quantities of radiocesium, part of which is
absorbed into the plant body, while part is
transferred to the organic layer of the soil. A rough
estimate of biologica) retention in forest plants in
relation to the initial deposit was provided by Mersh
(1990): 5-10% in tree trunks and branches, 10-20%
in root systems of trees and herbaceous plants, less
than 1% in tree leaves, less than l % in the aerial part
of herbaceous plants. It is difficult to estimate the
extent of horizontal displacements of radioactivity
brought about by trees through root uptake and
subsequent release from the canopy. In generai, the
root systems of trees do not extend very much
beyond the limits of the crowns. A further
complication is given by mycorrhizal fungi, which
are supposed to extend widely in the forest soils, and
which are a major source of elements for trees.
Furthermore, many common and widespread
understory plants, such as Vaccinium myrtillus or
Lycopodium species, tend to spread vegetatively by
means of rhizomes, which in some cases, as in
Vaccinium, may form a dense network, which makes
difficult the distinction of single individuai plants. In
certain beech forests of the southern Alps a single
plant of Vaccinium can spread over a distance of
tens of meters. Of course, the calculation of transfer
factors from soil to plant, in such cases, becomes
extremely difficult, especially if there is a sharp
micropattern of radioactivity in the forest soils.
Animals
Horizontal displacements of
radioactivity in forest soils due to animals are
mainly related to herbivory. The first studies on the
elimination of radiocesium by herbivores were
carried out by Baker et al. (1970), and Baker &
Dunaway (1975) on populations of small rodents.
According to Bergman et al. (1994), herbivory is
estimated to remove about 10% of annua) net
primary productivity on average, while 90% is
11
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removed by decomposers. These figures, of course,
are very variable according to the type of ecosystem:
in some situations plants loose less than 2% to
herbi vores, whereas in exceptional cases the loss
exceeds the whole annua! production. Bergman et al.
(1994) have tried to quantify the effect of herbivory
by bank vole and moose in a Swedish Borea! forest.
The results indicate that herbivory appears to be
within an order of magnitude of litterfall. Transfer of
radioactive cesium by herbivory is seen to be even
higher in comparison to that by litterfall, also
considering that old leaves of conifers tend to
translocate radiocesium to other parts of the plant
before falling off. There are severa! studies reporting
particularly high radiocontamination in the meat of
some herbivores which are supposed to feed, at least
partially, on fungi (e.g. see Palo et al. 1991, Pastor
& Naiman 1992). The excrements of such animals
are an· important source of radiocesium
displacements within the forest. Furthermore, the
availability of radiocesium from animai excrements
. is expected to be high and fast, which further
emphasizes the relative importance of herbivory in
the feed-back from vegetation to soil (Bergman et al.
1994). As many wild herbivores do not move
randomly through the forest, a differential
enrichment in soil radiocesium could be expected.

of radiocesium distribution. In a natural ecosystem,
many plant species coexist, and concur with each
other for space, light, water and nutrients. Since
plants tend to avoid direct concurrence by
developing their root systems in different soil
horizons, another possible cause of the high
variability of plant radioactivity data could be the
different root depths, and the unequal distribution of
radiocesium in the soil profiles. Vertical
radioactivity patterns are at least as large as
horizontal patterns, and also in this case it is
important to acquire previous knowledge on the
extent of vertical patterns and on the depths of root
systems for calculating reliable transfer factors soil
to-plant.
The vertical distribution of radiocesium in soils
is a function, besides of time from deposition, of the
following main factors: A) Physical factors: 1)
quantity and intensity of precipitation fallen since
deposition, 2) physico-chemical properties of soils.
B) Biologica! factors: 1) absorption and re
deposition by plants, 2) biologica! characteristics of
soils.
Plzysical factors
Precipitation - In endopercolative soils, the
vertical migration of radionuclides into the soil
profile is determined in first line by the amount and
intensity of precipitation, which may already
influence the downward migration of cesium at
deposition time. Different viewpoints were proposed
about the role of intrasoil flow in the process of
distribution of radionuclides in the soil. A
"retardation factor" was suggested by Bachhuber et
al. (1982) as one of the main parameters for
estimating radionuclide migration in the soil profile.
This is represented by the equation R = W/N, where
W is the average velocity migration of capillary
water in the soil, and N the velocity migration of the
radionuclide. Experimental results obtained in the
Chemobyl area in 1987-1988 by Prister et al. (1990)
showed that more than 15% of the radiocesium
backed from the 0-10 cm layer by intrasoil flow
during this period. Tikhomirov et al. (1990b)
suggested that radionuclides mainly migrate by
diffusion and by mechanical intermixing of the
upper soil layers by mesofauna. Data by Haugen &
Uhlen (1992) from Norway demonstrate that heavy
rainfall short after deposition causes a rapid
penetration of 40% or more of the activity to a depth
below the upper 4 cm. Similar observations were
!11ade in southern Germany by Block & Pimpl (1990)

Vertical distribution
After each deposition event, most of the
radioactivity fall out to the ground is deposited in the
uppermost soil layers. In endopercolative soils, as
those prevailing in the Temperate and Borea! zones,
soils tend to be leached, and radiocesium tends to
migrate into deeper soil horizons. The knowledge
concerning the transportation of radionuclides
downwards through the soil is based mainly on
laboratory experiments (Van Genuchten & Cleary
1979, Relyea et al. 1980), and also on research
carried out in field conditions after the Chernobyl
accident (Bunzl et al. 1989a). The vertical transport
of cesium ions may result from: a) transport of ions
by means of percolating water or by ion diffusion in
the soil water, b) transport of ions bound to colloids,
c) mechanical mixing caused by soil animals, d)
redistribution by uptake and translocation in soil, as
well as leakage and production of litter from plants
and fungi. Different soil horizons have different
biologica!, chemical and physical characteristics,
which influence the degree of retention and
migration of radiocesium through the profile. Thus,
in most natural soils there is a clear vertical gradient
12
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rainwater falling during the passage of the
Chernobyl cloud. Of course, the more intense and
long-lasting are the precipitations during fallout, the
deeper will be the initial penetration of the
radionuclides through the soil profiles.
The Iong-lasting persistence of radionuclides in
the organic soil horizons (see later), however,
contrasts with many of the previous considerations.
lt seems that capillary water flow is important for
vertical migration of radiocesium only immediately
after deposition, whereas later the radiocesium is
somehow fixed in the organic layers, and hence
much less mobile. According to Bergman (pers.
comm.), the vertical distribution established early in
soil is very rapid, being affected by quantity and
intensity of rainfall, as indicated by the relatively
deep penetration directly after wet deposition. A
study in the Chernobyl area (Kliashtorin et al. 1994)
demonstrated that only a small portion of the
radionuclides could migrate in the soil profile with
the water flow; in particular, the washout of
radionuclides with intrasoil vertical water flow from
the forest litter ranged from 0.1 to 3.5% of the tota!
amount of radionuclides, most of the radionuclides
being absorbed from the water flow in the 5 to 10
cm soil layer. The A horizon, therefore, appears to
be the main barrier for the radionuclides moving by
water flow down to the boundaries of the soil profile
and to underground waters.
In complex forests, through-flow and stemflow
already produce an horizontal redistribution of
precipitation. It must be added that the chemical
properties of water coming from these pathways are
different than those of rain water. These differences
may have an influence on the leaching rates in forest
soil, which could result in differential redistribution
of radiocesium in the soil profiles at a very small
scale. This phenomenon, however, has never been
studied in detail.

and Bunzl et al. (1989a). According to Block &
Pimpl (1990) the heavy precipitation at the peak of
the airborne Chemobyl activity could have resulted
in part of the cesium passing through the main
humus cover rather quickly, before an equilibrium
had established itself, and not being immobilized
unti! it had reached the minerai soil. Similar effects
were observed by Riihm et al. (1995), who
investigated a coniferous forest of southem
Germany. In 1986 they found 22% of the initial
radiocesium due to Chernobyl in the L-horizon, 39%
in the Of-horizon, 35% in the Oh-horizon and 4% in
the Ah-horizon. Since heavy rainshowers were
reported in this region during the period immediately
following the accident, the initial deposition profile
was explained by penetrating rain water transporting
part of the initial fallout to deeper layers
immediately after deposition. Such a phenomenon
could be demonstrated by Schimmack et al. (1994),
who found up to 30% radiocesium in the minerai
Jayers of undisturbed forest soil cores after artificial
precipitation of up to 30 mm/h, simulating a heavy
rain shower.
Belli et al. (1990b) studied the radiocesium
residence half-times in soils of different ecosystems
in the Carnic Alps (NE Italy). In the top layers of
soils from a beech forest the cesium residence half
time was estimated at c. 10 years. High rainfall,
measured in 1987 and 1988, is cited as one of the
environmental factors which can explain lower
cesium residence half-times found in certain types of
horizons. Data from the western U.S. attest that field
areas subject to moderate to heavy throughput of
water will tend to have a less superficial distribution
of radiocesium in the soil profiles, contrary to
unwatered field areas (Miller et al. 1990). Schell &
Tobin (1990) studied the vertical migration of
radiocesium in the soils in ombrotrophic bogs: they
found that climatic conditions dominate the transport
of radiocesium in the unsaturated zone by infiltration
caused by precipitation, and by capillary action
caused by evapotranspiration. During wet years, the
transport by infiltration could be great. If the same
site was measured later, the vertical distribution of
radiocesium would reflect the precipitation and
evaporation cycles unti! the radionuclide reached the
water table. Belli et al. (1994), studying a mixed
forest in the eastern Alps, found detectable
concentrations of Cs-134 down to 15 cm depth. The
content of Cs-134 in the deeper layers of the soil was
already observed just after the Chernobyl accident
(Belli et al. 1990b). This apparent fast migration is
attributable to the percolation of contaminated

Physico-chemical properties of soils - At equal
amounts and intensity of precipitation, different soils
may present widely different vertical patterns of
radiocesium distribution, as these also depend on
physical characteristics of the soil, such as
permeability, texture, porosity etc, and by chemical
features. The fate and behaviour of radiocesium in
natural ecosystems, with respect to both transport
through the soil profile and its availability to plants,
is a function of its solution chemistry and physico
chemical interactions with the solid phase minerals
and the organic matter in the soil (Pritchett 1979).
Radiocesium movement and transfer in the food
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chains is generally a function of the availability of
both the element and its biologica! analogue,
potassium.

processes favoured by higher temperatures. Petersen
& Luxton (1982) suggested an inverse relationship
between weight of organic materiai in the upper soil
layers and the total soil fauna biomass. Therefore,
the Mull-like humus forms widespread in
Mediterranean forests have a relatively high soil
fauna activity (Sauras et al. 1994). The effect of
humus type on the vertical distribution of
radionuclides was studied by Andolina & Guillitte
(1990); two main factors influence the migration
rates: the first factor, which includes two
components, i.e. the thickness and the particle size
distribution of the holorganic horizons, affects the
interception rate (see also Guillitte et al. 1989). The
second factor is the decomposition rate in these
horizons. Thus, two years after the Chemobyl
fallout, very low quantities of deposits in the
holorganic layers were detected in the Muli type of
humus, whereas Moders, and in pruticular
Dysmoders stili contained up to 75% of the initial
deposits. According to Guillitte et al. (1990c) the
variation of deposits in hemiorganic horizons is
inversely proportionate to the average thickness of
holorganic horizons, and is less important in Moder
type than in Muli type of humus. In natural forests,
different humus types may occur within the same
community, which might result in different vertical
profiles of radiocesium distribution in soil at a very
small scale. Rates and patterns of radiocesium
release from different plant litters were studied by
Clint et al. (1990); their results indicate that there
are significant variations among species: Calluna
vulgaris litter had the lowest rate of release of both
radiocesium and potassium, and the lowest levels of
microbial activity. According to Andolina &
Guillitte (1990) an important fraction of radiocesium
is bound to lignins in the holorg,mic horizons; the
fraction bound to fulvic and humic acids closely
matches availability measurements, and could be
used as an indicator for availability.
Below the litter layer there is usually an organic
layer consisting of more or less decomposed organic
matter. Part of the radiocesium will be retained in
the organic layers by negatively labelled sites in the
organic matter. As generally the upper soil layers are
poor in clays which can fix the cesium, this is mostly
in a form which is ready available for biologica!
uptake, and is likely to be absorbed into the plant
through the root system (Boikat et al. 1978, Horak
1986).
However, roots, fungi, soil microflora and fauna are included in the measurements of the
vertical distribution of cesium in soils; thus, it

Organic horizons - Forest soils are generally
characterized by well-defined layers in which three
superficial horizons very rich in organic matter can
be distinguished. The L (litter) horizon consists of
intact litter with little visible signs of decomposition;
the F (fermentation) horizon, below the L horizon,
consists of fragmented litter, and the H (humus)
layer between the F layer and the minerai soil
containing little or no minerai matter. When
radiocesium reaches the ground, it generally
accumulates in the litter fraction of the soil organic
materiai. If the deposition is due to contaminated
leaves, the litter will have to undergo decomposition
(biodegradation) before cesium is made available for
root uptake. The speed of decomposition depends on
severa! factors, the main one being temperature:
therefore, decomposition is slower in northem forest
ecosystems, faster in Mediterranean ecosystems.
Sauras et al. (1994), working in a Mediterranean
evergreen forest, demonstrated that radiocesium
present in litter presented an initial rapid leaching
period, which corresponded to the fraction extracted
with water from the initially contaminated leaves.
Further radiocesium release was related to litter
decomposition, and after three months around 70%
of the initial radiocesium was transferred to the
underlying layers, mainly the F layer. The
decomposition speed of borea! coniferous forest
litter is much slower, and extends over severa! years
(Melin et al. 1994).
Organic layers contain complexing organic
chemicals resulting from microbial decomposition of
the litter and the humic and fulvic acids present. It is
possible to distinguish a holorganic (0) and a
hemiorganic (Ah) horizon, that generally have
different characteristics. The cation exchange
capacity is significantly higher in the holorganic
horizons, and seems to depend mainly on the degree
of fractioning. On the other hand, texture appears to
be the main source of variation in the hemiorganic
horizons (Andolina & Guillitte 1990). The type of
humus prevailing in organic horizons differs among
forest ecosystems: whereas under Borea! forests the
Moder type of humus is prevailing, in Mediterranean
forests the Mull-type humus is more frequent.
Furthermore, the quantity of humus tends to
decrease from northern forests on acid ground to
Mediterranean forests on calcareous parent materiai,
due to the increasing speed of decomposition
14
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cannot be excluded that a share of the cesium
measured in the soil is not readily available for
uptake, being retained in the soil biomass (see later).
Miller et al. (1990) reported that for forest areas of
the eastern U.S., the fraction of the tota! inventory
residing in the top 5 cm ranged from 30% to 85%
and on average was 58%, while for the field areas
the range was 10% to 59% with an average of 31%.
This suggests that varying retention mechanisms are
likely affecting the profiles. The vertical distribution
of radiocesium in Podzol soils of a coniferous forest
in Germany was studied by Rommelt et al. (1990),
who found slow migration rates, especially from the
organic horizons into the minerai soil. Also, Livens
et al. (1991) studying upland areas soils throughout
Europe, found that most of them contained illite or
micaceous materials in the deeper horizons, which,
in principle, can take up radiocesium; however,
extensive sorption to clays does not occur, probably
because of recycling of radiocesium in the organic
horizons, which prevents it reaching the clay-rich
deeper layers (see also Valcke & Cremers 1994).
Belli et al. (1990b) studied the vertical migration of
radiocesium in different ecosystems of the Carnic
Alps (NE Italy): they found that radiocesium
behaves differently in natural grasslands and in
woodland soils; in the latter, the thick organic layers
have a much stronger retention of radionuclides. The
retention of radiocesium has been found to be more
efficient in surface layers with a high K and humus
content than in deeper pure minerai layers by Thiry
et al. (1991). Similar observations were made early
in the history of fallout investigations (Alexander
1967) and have more recently been reported by so
many authors that the slow downward migration of
radiocesium in organic horizons of forest soils can
be considered as a well-established fact, which stili
awaits a clear causai explanation (see e.g. Adriano et
al. 1981, Kiihn et al. 1984, Melin & Wallberg 1991,
Lindner et al. 1994, Belli et al. 1994, Fawaris &
Johanson 1994, Melin et al. 1994, Strandberg 1994,
Tikhomirov & Shcheglov 1994, Wirth et al. 1994).
The thickness and nature of the organic horizon were
found to be primary parameters which greatly
influence radiocesium migration in a forest soil
profile. Thiry & Myttenaere (1993), however,
mention that in spite of its very high cation exchange
capacity, organic matter alone is not a direct source
of cesium fixation; a higher percentage of organic
matter has not been related to higher cesium
retention in the different horizons. According De
Preter-(1990), more important is the presence of low
levels of micaceous minerals, providing highly

specific sites for cesium fixation. Humic compounds
and potassium, which abound in organic-rich
horizons would have, however, an indirect but
important effect on cesium fixation. Another
possible explanation is the phenomenon whereby the
forest litter layer acts as a buffer by absorbing water
from precipitation, thus slowing the movement of
trace constituents into and through the minerai soil
layers (Adriano et al. 1981). A further, perhaps more
plausible hypothesis is that the main cause is
biologica! retention by fungi and other
microorganisms whose biomass is highest in the
organic layers. This point will be treated in more
detail further on.
Minerai horizons - Below the organic layers,
many mature forest soils have minerai layers, whose
chemico-physical characters can be widely different:
some soils, like Podzols developing under Borea!
forests, have a minerai layer with a sandy texture,
whereas in many brown soils of the Temperate zone
the texture is mainly clay. The relative amounts of
sand and clay in minerai horizons influence the
migration speed of radiocesium through the soil
profile. In sandy soils migration is faster, due to
more rapid water penetration into the ground.
Evidence of deeper penetration in sandy as opposed
to finer-textured soils has also been found in the
course of studies on erosion processes (Menzel et al.
1987). High clay content generally implies a slow
migration of radiocesium, both because of the lower
infiltration speed in clay layers, and of their higher
exchange capacity. The ion-exchange reaction
depends on the clay content of the soils, and on the
concentration of other exchangeable ions, especially
potassium, in the soil solution (Bange & Overstreet
1960). The adsorptive capacity of clays with regard
to cesium has been known for severa! decades
(Squire & Middleton 1966, Witherspoon 1964). Illite
and vermiculite have a high sorption for cesium,
whereas montmorillonite and especially caolinite
have lower sorption capacities (Coleman et al. 1963,
D'Souza et al. 1980). According to Schultz (1965),
two cesium fixation mechanisms can be present in
soil, depending upon whether this elements is
present in large or in very small quantities. Cesium
fixation in clay minerals takes piace at only a small
number of sites, situated in the interlayer-edge
zones. When intercepted in these sites, radiocesium
is gradually immobilized into interlattic positions
leading to a decrease in availability. Tamura &
Jacobs (1960) suggested that the binding of cesium
by clays can result either from "edge fixation" or
15
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from "interlayer fixation". Failure of attempts to
correlate cesium uptake by plants with clay content
of the soil (see Sandalls & Bennett 1992) could be
due to a non-differentiation of the various types of
clays, or to non-differentiation of the various
adsorption sites in those clays. Brouwer et al. (1983)
showed three kinds of adsorption sites to be
associated with the ubiquitous hydrous mica, illite;
these sites correspond to about 0.5%, 3% and 96.5%
of the tota! exchange capacity, and each site showed
a characteristic selectivity coefficient (see also
Cremers et al. 1988). There is now a generai
consensus that the selective sorption of radiocesium
in soils is related to the action of micaceous clays
(Tamura & Jacobs 1960, Sawhney 1972, Aston &
Duursma 1973, Francis & Brinkley 1976, Brouwer et
al. 1983). A key factor in the fixation process is
plaved
by
the
low hydration
energy of ions such as
+
+
"-I
+
Cs , Rb , K and NH4 • These specific effects are
thought to take piace at the edges of clay particles,
characterized by partially expanded layers,
generated by weathering and possibly
the actio2;
of large hydrated cations such as Ca and Mg
(Comans et al. 1991). These sorption sites are often
called Frayed Edge Sites (Wauters et al. 1994).
Many authors reported that most of the
radiocesium deriving from the Chemobyl accident is
still localized in the upper organic horizons years
after deposition. However, "old" cesium originating
from nuclear weapon tests was often encountered in
deeper soil layers. Colgan et al. (1990) found that in
lrish pastures over 90% of Chernobyl radiocesium
remained in the 0-10 cm section, while 17% of
weapon fallout radiocesium lies below the 10 cm
horizon. This indicates that, although slowly,
radiocesium eventually can reach the minerai
horizons. This fact is supported by Riihm and
collaborators (in litt.), who suggest to look at the
time behaviour of the Cs-137/Cs-134 ratio in
different soil horizons. In the L- and Of-horizon of a
coniferous forest in South Germany, these ratios are
practically constant with time, showing values close
to the initial value of 1.75 characteristic for the
Chernobyl fallout near Munich (Hotzl et al. 1987).
From 1987 to 1994. the ratio is decreasing from 1.95
to 1.85 in the Oh-horizon, from 2.5 to 2.0 in the Ah
horizon, and from 2.7 to 2.2 in the B-horizon. This is
due to the fact that Chernobyl cesium with a ratio of
1.75 is entering these deeper soil horizons. There,
mainly weapon fallout cesium is present, containing
almost no Cs-134, and, accordingly, a comparably
higher ratio is expected.
The relative abundance of clay and mica

minerals, particularly illite, in deeper soil horizons
results in the rapid and near irreversible
immobilization of cesium in the soil (Davis 1963,
Andersen 1967, Cataldo 1979, Cremers et al. 1988).
Soil/plant transfer of radiocesium is inversely
correlated with the clay content, and positively
correlated with cation exchange capacity and soil
organic matter (Frederiksson et al. 1969, Van Voris
et al. 1990). Thus, forests with clay-poor soils might
have higher radioactivity in the over- and understory
than forests with clay-rich soils, the transfer rate
being, however, equally dominated by the amount of
radiocesium contained in the organic horizons.
In conclusion, radiocesium activities show
distinct vertical patterns in soils of natural
ecosystems. As different plants exploit different soil
horizons, part of the high variability in radioactivity
data in wild plants can be attributed to vertical soil
gradients.
Biologicai factors

V'

Absorption and re-deposition by plants - Root or
mycelial uptake of radiocesium in the soil may be a
cause of cesium depletion in certain soil horizons.
However, this phenomenon has been never
quantified. Some aspects related to re-deposition by
plants through leaching and litter fall were already
considered in the previous chapters. A quantitative
estimate of the relative importance of litter fall and
leaching in the transfer of radiocesium from the
plant to the upper soil layers is not easy, because
there are relatively few data on the contribution of
leaf fall to soil radioactivity. Bunzl et al. (1989b)
calculated that, two years after direct deposition in a
spruce stand, falling needles accounted for c. 7% of
the quantity of radiocesium transferred from the
canopy to the ground. Direct comparisons among
representative stands of the major holarctic biomes
are not available for radiocesium, but there are many
data on other elements, especially potassium, which
were summarized by Rodin & Bazilevich (1967). In
Borea! forests of Germany potassiurn leaching
accounts for 8-10 kg/ha a year (Ehwald et al. 1961),
whereas Magdwick & Ovington (1959) give the
somewhat higher value of 21.4 kg/ha for coniferous
stands in Britain. In temperate deciduous forests
Magdwick & Ovington (1959) calculated a leaching
range for potassium of 22-27kg/ha. As far as litter
fall is concerned, the principal organogen elements
(Ca, K, P, S) account for 60-80% of the tota! ash
elements deriving from litter fall in coniferous
forests, their absolute content varying from 20 to 30
16
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The decomposition time of litter is of c. 6 months in
Tropica! forests (Pachman & Harding 1982), c. 3-5
years in Temperate forests (Schell & Myttenaere
1989) and more than a decade in Boreal forests
(Pachman & Harding 1982).
Some authors have introduced the concept of the
"rhizoplane population", which is defined as the
bacterial, and possibly the actinomycete population
living on the outer surface of the root. There is a
continuous gradation in the characteristics of the
microbial population living on the root surface, in
the soil, but close to the root, and in the soil well
away from the root (Russell 1965). Microbial cells
play a significant role in the accumulation, cycling
and transfer of heavy metals in the soil (Gadd 1988;
Hughes & Poole 1989), and a considerable part of
the potential plant nutrients in soil may be more or
less firmly bound in the funga! 'biomass (Baath &
Sbderstrèim 1979). The quantity of funga! hyphae
found in a forest soil, depending on the species,
ranges from 3 to 10 km/g soil, and about 30% of the
tota! soil content of radiocesium has been estimated
to be incorporated in funga! hyphae (Olsen et al.
1990). Guillitte et al. (1990c) carried out
experiments on undisturbed soil samples in
controlled chambers. Half of the samples were
irradiated to kill soil organisms. After two weeks of
artificial rain, the radiocesium activities in the
irradiated samples had dropped by 38% compared to
non-irradiated samples. This percentage corresponds
to the theoretical percentage of cesium which can be
fixed by soil funga! biomass (Olsen et al. 1990).
Very similar results were obtained by Guillitte et al.
(1994) in an experimental study carried out in a
Swedish Borea! forest; these authors found that c.
5% of the deposited radiocesium was retained in
roots, and c. 40% was fixed in funga! mycelia.
Considerable amounts of radiocesium could be
also fixed in the bacterial biomass, with phenomena
of short-terrn release and recycling within the
bacterial populations of the soil. Although the
nutrient incorporation of fungi and bacteria is highly
variable (Anderson & Domsch 1980), it is very
probable that the release of nutrients and
radiocesium may be retarded by retention of the
elements by soil micro-organisms in a process
referred to as microbial immobilization (Witkamp &
Barzanskyi 1968). The effects of temperature,
rainfall and fauna on the transfer of radiocesium
related to the consumer-decomposer microcosms
was studied by Witkamp & Frank (1970). The high
activities in plants and mushrooms which take up the
nutrients preferably from the organic layers suggests

kg/ha in pine forests, and from 9 to 90 kg/ha in
spruce forests. The retum of ash elements with litter
fall is much greater in deciduous forests, the main
organogen elements ranging from 150 to 260 kg/ha,
with 70-90% coming from leaf fall (Rodin &
Bazilevich 1967).
Biologica/ fixation in soils - A rather surprising
result of many post-Chemobyl radioecological
studies on natural ecosystems is the long-lasting
persistence of radiocesium in organic horizons.
Many pre-Chernobyl studies, carried out in
agroecosystems with poorly developed organic
horizons, attributed to clay, and not to organic
matter, an important role in retaining radiocesium
and preventing its downward migration through the
soil profile. Organic horizons have a low sorption
capacity; hence, it should be expected that
radiocesium migrates into the minerai horizons
rather rapidly, especially in the presence of an
additional mean proton by acid rain. The reason for
the very slow migration of radiocesium from organic
to minerai layers is stili not well understood. Since
the actual migration pattern is contrary to that
expected, other mechanisms than soil sorption
processes may be of greater influence on
radiocesium migration. A factor which certainly has
been underestimated by many radioecologists, is that
in organic horizons radiocesium can be immobilized
by the soil microflora and -fauna. The organic and
the intermixed organic-mineral horizons are densely
rooted by the fine roots of trees and understory
plants, most of which are in symbiosis with
mycorrhizal fungi, and host an intense microbial
activity. According to Clint et al. (1990) litter
decomposition and radiocesium release are likely to
be influenced by the nature and leve! of microbial
activity in the soil. Microbial decomposition
accounts for 80-90% of the tota! litter decomposition
(Armson 1977). The rate of decrease of
radionuclides from the forest litter depends on
severa! factors, including temperature, moisture and
type of foliage. Clint et al. (1990) found that the
radiocesium recycling rate increases in environments
where frequent wet and dry cycles occur, compared
to stable environments where the litter is perennialy
moist. Thus, a major temporary reservoir for
radiocesium in forests is organic litter. The
corresponding transfer rate is equivalent to the
biologica! half-time for organic matter. According to
Armson (1977) litter from deciduous trees begins to
release water-soluble ions on the first day, while
conifer needles release ions at a much slower rate.
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that, being incorporated in organisms, a physical
migration could be effectively prevented. This is
contrary to agricultural ecosystems, where cesium is
mainly fixed by clay minerals. There, cesium is
hardly available for plants, which corresponds with
the low activities of agricultural products and the
low migration rates reported in the literature.
The role of microorganisms in the fixation of
elements in organic horizons of forest soils still
needs further studies, as it is indicated by the
contradictory results obtained by different authors.
For example, Ouijja & Myttenaere (1994), in an
experimental study carried out in the laboratory on
Belgian forest soils, concluded that the microflora
contributes only weakly to the immobilization and
retention of radiocesium in forest soils. On the other
hand, Bruckmann & Wolters (1994), studying
severa] different forest-types in Germany, found that
the microflora strongly contributes to the
immobilization of radiocesium in forest soils. By
transporting nutrients into the upper horizons (above
the roots of trees) the microflora significantly
accelerates the recycling of radiocesium in forest
ecosystems. According to Bruckmann & Wolters
(1994), both immobilization and transport of
radiocesium are determined by three major factors:
radiocesium availability, growth conditions of the
microflora and biotic interactions.
Besides micro-organisms, part of the cesium
found in the organic horizon could be biologically
fixed in fine roots, which are normally not separated
from the soil in radiologica! measurements.
Coughtrey et al. (1990) demonstrated that in British
pastures radiocesium specific activity in fine roots
was higher than in soil. Padovani et al. (1990),
working in northeastern Italy, found that retention of
radiocesium is highest in the top soil layer and
decreases with depth; they related this buffering
effect to the greater soil biologica! activity and root
density. A similar observation was made by
Bachhuber et al. (1982) with regard to the
distribution coefficient of radiocesium in German
soils. According to Mersh (1990) c. 10-20% of soil
radiocesium could be retained in root systems of
trees and herbaceous plants.
There are relatively few studies dealing with the
effect of the soil fauna on the vertical migration of
radiocesium. Invertebrates have been shown to
significantly affect the microbial immobilization of
nutrients in beech forests on acid soils (Scholle et al.
1992, 1993, Bunzl & Schimmack 1988). Caput et al.
(1990), studying permanent pastures, found that the
cesium which was initially concentrated in the 5 cm

top layer moved down gradually at a rate larger than
expected, independently of soil properties and
probably in relation to the mixing action of
earthworms. Bruckmann & Wolters (1994) found
that the microbial transport of radiocesium into the L
layer was accelerated by the mesofauna
(microarthropods and entrachaeids), which suggests
that immobilization and recycling of radiocesium by
the microflora in the organic layers of forest soils is
significantly afected by edaphic invertebrates (see
also Wolters 1991 a,b). Llaurado et al. (1994),
working in evergreen Mediterranean forest
ecosystems of Spain, suggested that fauna.I mixing
activity is an important mechanism for radiocesium
distribution in Mediterranean soils (see also Sauras
et al. 1994).
UPTAKE OF RADIOCESIUM BY PLANTS
In a complex forest ecosystem, different plant
groups may uptake radiocesium from different
sources. Atmospheric deposition is the ma.in source
of uptake for bryophytes and lichens, an important
source for higher plants, an occasionai source for
most fungi. Contrary to bryophytes and lichens,
higher plants take up radiocesium also from the soil,
through the root systems (and eventually through
mycorrhizal symbiosis). Saprophytic soil fungi
mainly exploit the radiocesium pool in the soil
and/or in dead organisms. A special case is that of
parasites (mainly fungi, but also some higher plants),
which take up radiocesium from living organisms.
The ecologica! interpretation of radioactivity values
in lichens, mosses and most soil fungi might be
conceptually easier than that relative to higher
plants, since these organisms take up radiocesium
from a single main source. For this rea.son, they may
be most profitably used as bioindicators of
environmental radioactivity. The case of higher
plants is much more complex, as it is not always
easy to differentiate the contribution of foliar uptake,
root uptake, and uptake from mycorrizal fungi to the
tota! radiocesium pool inside the plant. In the
following chapters, the main uptake mechanisms for
different systematic groups are briefly reviewed.
CRYPTOGAMS
Mosses
Bryophytes are of little interest for radiation
protection studies, as they do not constitute an
important element in the forest food chain. However,
18
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they are an interesting object for radioecological
research. In severa! forest ecosystems, and especially
in forests of rainy areas, bryophytes are an important
element of the tota! biomass. The thick carpets of
bryophytes covering large parts of the forest floor
can intercept a great quantity of the total deposition,
slowing down the transfer to soil.
Mosses are able to trap and retain a large share of
wet radioactive deposition (Sawidis 1987), since: a)
they lack epidermis and cuticle, b) they have a large
surface-volume ratio, and a high absorbing power,
c) they do not possess roots, and accumulate mainly
in a passive way, e) they Jack a well-developed
vascular system, so that there is but little transport of
radionuclides within the plants. Mosses acquire most
nutrients and elements from liquid deposition, by
capillarity in the spaces between leaflets, and
between leaflets and stems. According to Riihling &
Tyler (1971), they are effective collectors of most
metals, acting also as ion exchangers and metal
organic complexing agents. Mosses have large ion
exchange and chelating capacities and retard the
transport of radionuclides under natural conditions.
Interspecific differences were noted in the
interception and retention of airborne particulates;
these seem to be mainly due to physical
characteristics such as surface morphology and the
degree of locai shelter, and it has been speculated
that passive particulate trapping is the dominant
uptake mechanism in most bryophytes (Boileau et
al. 1982). The absorbing power of severa! species
was studied by Magdefrau & Wutz (1951);
widespread and common species such as Ptilidium
and
schreberi
crista-castrensis,
Pleurozium
Dicranum undulatum absorb completely more than 1
cm of liquid precipitation in a very short time;
considering also the lower part of the bryophyte
mats, constituted of dead leaflets and stems, the
absorbing power rises to 3 cm of precipitation. Other
species, such as Mnium spp., and Polytrichum spp.,
absorb less, due to a different morphology, and
especially to the scarcity of capillary spaces between
leaflets; the water is slowly released by evaporation
within severa) days. The intensity of precipitation
has an influence on interception rates and removal
half-times.
High concentrations of radiocesium in
bryophytes were reported by Horrill et al. (1990).
The residence time of radionuclides has been
estimated to be quite long prior to the input of acid
precipitation (Schell & Tobin 1990); however, an
excess of acidity in many regions has altered the ion
exchange capacity and speciation of elements

causing greater mobility in the forest floor.
Estimates of the removal half-life in some moss
species range from c. eight months in Great Britain
(Sumerling 1984) to 18 months in Belgium, with a
linear decrease of radioactivity during the first years
after deposition (Guillitte et al. 1990b). On a
regional scale, Giovani et al. (1994) used the moss
Ctenidium molluscum as a bioaccumulator for
drawing a radiodeposition map of NE Italy; the
carpets were shown to be able of intercepting most
of the radiocesium deposited after the Chernobyl
accident, and the calculated removal half-time was
of c. 46 months. Below the locai scale, Guillitte et
al. (1989) demonstrated that bryophytes can be
efficiently used to map deposition micropatterns and
water circulation from the canopy to the ground
within forest communities.
Lichens
Lichens are efficient collectors of atmospheric
trace-element pollution, owing to their relatively
high accumulation capacity, and to their dependency
on nutrients from the atmosphere (Tuominen &
Jaakkola 1973, Rao et al. 1977, Eckl et al. 1984).
Some studies even concem lichens and radioactivity
deriving from satellite crashes (Taylor et al. 1979),
geothermic radioactivity (Matthews 1981), or
radioactivity deriving from Uranium mmmg
(Petterson et al. 1988). However, most of the
research on radionuclides in lichens was carried out
in the tundra biome, well before the Chernobyl
accident, chiefly because of the fallout from
atmospheric nuclear weapons testing on the tundra
biome, and of it effects on the food chaìns lichen
caribou-man (Hanson 1982, Pruit 1963, Aberg &
Hungate 1967, Persson 1967), ru1d lichen-caribou
wolf (Holleman & Luick 1978, Holleman et al.
1980). With a few exceptions (e.g. Kwapulinski et
al. 1985a.b), it is only after the Chemobyl accident
that lichens of the Temperate zone were studied in
some detail.
The first radiocesium determinations in lichens
were made by Gorham (1959), followed by Hviden
& Lillegraven (1961), who reported that lichens are
much more efficient in accumulating radiocesium
than higher plants. The first Iarge-scale
investigations were those of Lidén (1961) and
Weichold (1961). Analyses of radiocesium content
in lichens from Finland, the U.S.S.R. and Alaska, as
determined by Paakola & Miettinen (1963), Salo &
Miettinen (1964), Rakola & Miettinen (1971),
Niznikow et al. (1969), Hanson (1967, 1971) and
19
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Martin & Koranda (1971) showed a wide range of
variation, with values ranging from 1000 to 2500
Bq/Kg-1 dry weight. Svennson & Lidén (1965) and
Hanson (1967) found a good correlation between
tota! radiocesium content in lichens and total
estimated deposition, which led to the use of these
organisms as biomonitors of radioactive deposition.
Similar results were also obtained after the
Chernobyl accident: Sloof & Wolterbeek (1992)
found the same ration between radiocesium activity
in lichens, expressed on a dry weight basis, and that
in soils, expressed per surface unit, in several
samples of Parmelia sulcata collected in the
Netherlands. Very striking is also the similatity
between the map of radiocontamination of Swedish
soils and the analogous map for lichens (Jones et al.
1989).
In the early 60's the radiocesium content in
Finnish lichens was 5 to 10 times higher than in
vascular plants (Salo & Miettinen 1964). After 1965
there was a rapid decrease of nuclear weapon tests
fall out, but this was not followed by a
corresponding decrease in lichens (Plummer 1969,
Tuominen & Jaakkola 1973). Lichens have been
frequently used to monitor spatial patterns in
radioactive deposition over wide areas (see e.g.
Feige et al. 1990). Not only Arctic terricolous
lichens can be effectively used as biomonitors; an
example is given by Sloof & Wolterbeek (1992),
which used also epiphytic species as suitable
indicators in Holland.
According to Kwapulinski et al. (1985a,b),
radiocesium uptake is generally highest in
terricolous, lowest in epiphytic lichens, epilithic
species ranging inbetween. This might depend on
severa! factors, such as the inclination of the thallus
and its hydration physiology. Guillitte et al. (1994),
for example, found that lichens with a horizontal
thallus occurring on tree branches were twice as
contaminated as those with a vertical thallus
growing on tree trunks. Most of the radiocesium is
deposited at the thallus surface, whereas uptake from
the soil seems to be negligible; according to
Niznikov et al. (1969), only 2% of the soil
radiocesium can penetrate into terricolous lichen
thalli. Hanson & Eberhardt (1971) found a seasonal
cycle of radiocesium in lichens, with maximum
values in summer and a minimum in midwinter.
The distribution of radiocesium in lichen thalli
was the object of severa! studies, starting from the
early 1960's. In fruticose lichens the apical parts of
the thalli contain 2 to 14 times more cesium than the
basai parts (Paakola & Miettinen 1963, Hanson

1967). The mobility of radiocesium inside the thallus
was studied by Nevstrueva et al. (1967); the results
indicate that Cs and Sr are rather mobile within the
thallus, Cs being less leachable. Carpets of Cladonia
stellaris in Sweden studied from 1986 to 1990
showed that there was a slight downward movement
of radiocesium through the lichen carpets; however,
some 70-80% of radiocesium stili resided in the
upper 3 cm (see also Kreuzer & Schauer 1972,
Mattsson 1974). According to Hanson & Eberhardt
(1971) the concentrations of radiocesium are
relatively stable in the upper parts of terricolous
lichens, but the radionuclide is apparently cycled
between the lower portions of the lichen mats and
the humus layer. Feige et al. (1990) present
autoradiographies of Cetraria islandica and
Cladonia arbuscula: the radionuclides are almost
uniformly distributed throughout the thalli, although
the upper parts of Cladonia arbuscula appear to be
more radioactive than the lower parts. In Cetraria
islandica, the apothecia tend to accumulate more
radionuclides than the rest of the thallus. Some of
the pictures show also the presence of "hot spots"
corresponding to products of nuclear fusion or to
highly radioactive particles deriving from the
Chernobyl accident, and trapped inside the thalli.
The same authors have also tried to wash the lichens
in deionized water: after a week only 8% of the
radionuclides were removed, and after two weeks
the removal interested only 3% of the remaining
radioactivity.
Morphological differences between species may
play an important role in their capacity to intercept
and retain radiocesium. Kwapulinskyi et al.
(1985a,b) found species-specific differences in four
species of Umbilicaria collected in Poland. An
interesting methodological problem has been
addressed by Sloof & Wolterbeck (1992); these
authors studied radiocesium accumulation in a
foliose lichen, Xanthoria parietina, and expressed
the activity on a weight and on an area basis. They
found that in the former case large variations were
evident between parts of the thallus with and without
fruitbodies, whereas the average radiocesium
activity expressed per surface area was almost
constant. In general, lichens, especially foliose and
fruticose species, have a high surface area to mass
ratio; this property is often reported as one of the
main rea5ons for their relatively high capacity to
accumulate heavy metals and radionuclides (see e.g.
Seaward et al. 1988, Nimis et al. 1993). According
to Seaward et al. (1988), however, the high
variability in radiocontamination observed in
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- Radiocesium in plants of forest ecosystems (Bird 1966, 1968); further north, the fallout was not
lost as quickly; Iichens, mosses and vascular cushion
plants between 60° and 70° N demonstrated
significant available Cs-137 in the 1980's, long after
it had disappeared from the more contaminated
regions further south (Hutchinson-Benson et al.
1985, Meyerhof & Marshall 1990). According to
Hanson (1967), the biologica! half-life period in
Cladonia stellaris is of 3-6 years when deposition
has happened in the liquid form, of 1-13 years when
it has occurred in the gaseous form. Different
forrnulas to calculate the removal half-times in
lichens were proposed (e.g. Gaare 1990, Sloof &
Wolterbeeck 1992). However, a generalization is
probably difficult: different factors affect the actual
half-life of radiocesium in Iichens; some of them
depend on features of the lichen itself, such as
growth rates, genetic variability, density of
fructifications, others depend on characteristics of
the station, such as microclimatic variability,
leaching of the substrata, geographic situation, etc.
The sampling techniques, as well, may have an
influence on the estimates: different values might be
obtained if sampling the upper vs. the lower parts of
the thalli.

different species growing together are due more to
ecologica! factors than to physiological or
morphological differences among species. Like in
higher plants, uptake and release of cesium in
lichens may be affected by the chemically related
and physiologically important elements potassium,
sodium, and, in a !esser degree, calcium (Tuominen
& Jaakkola 1973). This factor, however, seems to be
important only on a physiological leve!.
Much less studied are the physiological
mechanisms underlying radiocesium uptake by
lichens. According to Tuominen & Jaakkola (1973)
some process of cationic exchange should be
involved. However, Handley & Overstreet (1968)
demonstrated that the fixation of radiocesium in
Iichen thalli does not depend on their physiological
activity, being mostly a passive phenomenon.
According to Subbotina & Timofeev (1961),
however, radiocesium ions were stili strongly bound
and difficult to remove from partially decomposed
thalli. This would suggest that the ions are
transported into the thallus and bound to cytoplasmic
molecules through processes of active translocation.
There is some evidence that lichens are more
resistent than other organisms to high radioactivity:
according to Biazrov (1994), lichen thalli measured
near Chernobyl showed extremely high radioactivity
values, but these did not cause any visually
discernible anomalies in the development of lichen
thalli, confirming the data on the high resistance of
lichens to radioactive i1Tadiation earlier presented by
Brodo (1964).
The biologica! half-time of radiocesium in
lichens is very variable, depending on the species,
and especially on precipitation (see Tuominen &
Jaakkola 1973). The literature values range from 2.7
to 17 years. The effective half-life of radiocesium in
carpets of Cladonia was estimated differently by
different authors: from 5-8 years, to 17±4 years, and
7-8 years in the upper 3 cm, and about 8-10 years in
the whole carpet, (Ellis & Smith 1987, Lidén &
Gustafsson 1967). Martin & Koranda (1971) gave a
biologica! half time of c. 8 years in interior Alaska,
of 3-3.7 years in coastal areas. These differences
might be due to differences in precipitation between
the humid coastal areas and the relatively dry
internal regions. Lidén & Gustavsson (1967) and
Niznikov et al. (1969) suggested that as time elapses
from the moment of deposition, the effective half
life of radiocesium for lichens will increase. In
Canada, after the cessation of nuclear weapons'
testing in 1962, the cesium deposited as fallout was
available to agricultural plants for only a few years

Fungi

Pre-Chernobyl studies - The first studies
demonstrating a high capacity of mushrooms of
absorbing relevant quantities of radionuclides date
back to the early 1960's (Marah et al. 1962, Kiefer &
Maushart 1965). Griiter (1964, 1966, 1971) found
much higher activities in funga! fruitbodies than in
other forest plants. A study by Maushart (1966)
showed that radiocesium activity in the human body
within selected populations doubled during Autumn,
and that this was mainly due to a high intake of
mushrooms. Pre-Chernobyl radioecologica! data
concerning the radiocontamination of mushrooms
were rather contradictory: some authors found
significant differences among species (Griiter 1966,
Maushart 1966, Haselwandtner 1978), others
claimed that there were high differences also among
individuals of the same species growing on the same
soil (Rohleder 1967, Seeger & Schweinshaut 1981).
There was a certain agreement on the relations
between radiocesium activities in mushrooms and
type of soil, the values being highest in sandy
(Griiter 1964, Maushart 1966, Rohleder 1967) or
organic soils with low pH (Johnson & Nayfield
1970). Ijpelaar (1980), however, claimed that the
large differences in radioactivity were mainly due to
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species-specific differences, and not to the type of
soil. One of the largest pre-Chernobyl surveys of
radioactivity in mushrooms was published by Seeger
& Schweinshaut (1981), who studied more than
thousand samples of European fungi. They also
found a very high degree of variability. Marked
fluctuation of the cesium content was observed even
in fungi of the same species grown at the same
location.
Before Chernobyl, there were only a few efforts
to relate radioactivity data in fungi and ecologica!
factors. Rohleder (1967) claimed that mycorrhiza
and lignicolous fungi generally show lower
radioactivity than saprophytic fungi, but these data
were not confirmed by those presented by Seeger &
Schweinshaut (1981).

saprophytic fungi to decrease (Nimis et al. 1988b,
Giovani et al. 1990, Rommelt et al. 1990), as a
consequence of the slow migration of Chernobyl
radiocesium from the upper to the lower parts of the
organic Iayers (Nimis et al. 1988b, Molzahn et al.
1990). Guillitte et al. (1994) discussed the
differences between obligately and facultatively
mycorrhizal species: since facultative mycorrhizal
species depend more on dead organic matter, they
tend to develop their mycelia in holorganic horizons,
whereas obligate species are able to explore deeper
soil Iayers; the fact that these deeper layers are less
contaminated and have a lower radionuclide
bioavailability could account for the lower
contamination found in obligate species (see also
Heinrich 1992). The extremely unequal distribution
of radiocesium in the soil profiles just following
deposition represents a rather special case, and
species-specific
differences
in
radiocesium
absorption cannot be excluded for explaining
differences in radiocontamination among species.
Kammerer et al. (1994) and Riihm (pers.comm.)
measured Cs-134 and Cs-137
activities in
mushrooms and in the corresponding soil horizons.
They found that the ratio of Cs-134 to Cs-137 varies
within one soil horizon and in mushroom species on
the same site with certain ranges, and that the mass
of saprophytic and mycorrhizal mycelia should be
localized in organic horizons. The large variations in
radiocesium activities, especially found in symbiotic
mushrooms, were explained less by mycelium depth
than by physiological differences. Each species
seemingly has a certain accumulation rate, which is
indicated by the ratio of the absolute Cs-137
activities in different mushrooms being about the
same at different sites. Yoshida & Muramatsu
(1994), studying radiocontamination of mushrooms
in Japan, found that, apart from species-specific
differences in accumulation for some ammonia fungi
(genus Hebeloma), the
concentrations
of
radiocesium in mushrooms reflected those in the soil
layers in which the mycelia were growing, with
generally higher values in mycorrhizal than in
saprophytic fungi.
However, according to Guillitte et al. (1994) no
explanation has been provided to date for the large
contamination differences in taxonomically and
ecophysiologically similar species, such as
mycorrhizal fungi of the genus Boletus s.lat. These
authors suggested that, as far as mycorrhizal species
are concerned, radionuclides are blocked
differentially in the mycelial sheath surrounding the
roots, depending on the funga! species.

Post-Chernobyl studies - Immediately after the
Chernobyl accident high radioactivity levels were
measured in mushrooms from severa! European
countries (e.g. Nimis et al. 1986, Kuyper 1987,
Mascanzoni 1987, Riickert & Diehl 1987, Byrne
1988). High contamination levels in deer meat,
recorded in Canada, were attributed to a diet chiefly
consisting of mushrooms by Meyerhof & Marshall
(1990); seasonal variations in the radiocontamination
of wild mammals has been often attributed to a diet
rich in fungi in certain periods of the year (e.g.
Karlén et al. 1991, Lindner et al. 1994). Thus, fungi
have received considerable attention after the
Chernobyl accident, as an important source of
radioactivity to animals and to man. The first large
scale survey of mushroom radiocontamination after
Chernobyl was carried out by Nimis et al. (1986) in
NE Italy. Significant differences in radiocesium
concentrations were found both among species
collected in the same stations, and among average
values of the stations themselves. The differences
among species of the same stations were attributed
to the depth of the mycelium in the soil; the
concentrations were highest in saprophytic fungi
Iiving on the litter layer, and hence with superficial
mycelium, lowest in the symbionts with deep
rooting deciduous trees. The differences among
stations were due do differential deposition within
the survey area. This allowed the elaboration of a
contamination map of NE-Italy based on data
relative to saprophytic fungi, that was in very good
agreement with later data on the deposition values in
the area. Very similar results were obtained by
Guillitte et al. (1987) in an analogous study carried
out in Belgium. Already in 1987, the radioactivity of
mycorrhizal fungi tended to increase, that of
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other plants would be available to mushrooms.
The mechanisms involved in the cesium
accumulation in fungi are not known, but a plausible
hypothesis is that it depends on properties of the
transport enzymes in the celi
membrane
as to the
+
+
discrimination between Cs and K ions (Byrne
1988). According to Oujia & Myttenaere (1994),
however, cesium is probably
accumulated in the
+
funga! biomass as Cs , and not complexed with
organic compounds. In contrast to the well-known
preference of mushrooms for K versus Cs (Conway
& Duggan 1958), experiments carried out by Olsen
et al. (1990) demonstrated that pure cultures of
mycorrhizal fungi did not show any preference for K
versus Cs, and that in some species there was even a
preference for Cs versus K. The accumulation of
radiocesium is significantly affected by species
specific features and the variation in uptake values
can be due to the affinity of Cs-transporting carriers
in the plasmamembrane of the hyphae to this alkali
metal (Rothstein 1965), or to differences in celi wall
structure (De Rome & Gadd 1987).

Physiological aspects - Seeger & Schweinshaut
(1981) found that in single fruit-bodies, the cesium
content was usually highest in the flesh of the cap,
lowest in the gills, or, more rarely, in the stem;
radioactivity in the stem is usually no more than
48% of the cap on average (Fraiture et al. 1989,
1990). Comparable results were obtained by Ruckert
& Diehl (1987), Heinrich (1987), and Heinrich et al.
(1989). Ruckert & Diehl (1987) and Bakken &
Olsen (1990) measured the tubes of Boletus
separately from the stems, and found that they
displayed an activity 50% to 100% higher than those
of caps minus the tubes. This could be explained by
the fact that radiocesium within the funga!
carpophores behaves similarly to potassium
(Steinberg 1946), the potassium content being
generally highest in the caps (see Seeger 1978).
Aumann et al. (1989) found that badione and
norbadione, two pigments present on the cuticle of
the cap of Xerocomus badius and related species, are
able to complex radiocesium, which can result in a
considerable accumulation of this isotope (see also
Mietelski et al. 1994). Molzahn et al. (1990)
measured a much higher activity in the cuticle than
in the flesh of Xerocomus.
Little is known about the requirements of
mushrooms for minerai elements; high potassium
contents were reported in severa! species (Seeger
1978), and, according to Mascanzoni (1990), a
competition Cs-K similar to that found in many
plants might be expected, with high radiocesium
uptake reflecting potassium-poor substrata. Guillitte
et al. (1994), studying the mushrooms of a Swedish
Borea! forest, found that the highest radiocesium
concentrations were found in members of the
Gasteromycetes, a taxonomic group characterized by
extremely low carpophore potassium content,
whereas the highest concentrations were reached in
members of the Cortinariaceae, which exhibit the
highest potassium concentrations. Other authors,
however, observed that the cesium content in
mushrooms is very variable, while that of potassium
is almost constant (Eckl et al. 1986, Byrne 1988,
Mascanzoni 1990). This is not necessarily related to
differential absorption of the two ions, as the main
cause is likely to be the unequal repartition of
cesium in the soil, and the different mycelium depths
of different funga! species. According to Andolina &
Guillitte (1990) an important cesium fraction is
bound to lignin in the holorganic horizons; the
higher radiocontamination values of mushrooms
could be partly explained by their ability to
decompose lignin; some of the cesium unavailable to

Transfer Factors - One of the problems in
calculating transfer factors for funga! carpophores
lies the fact that funga! mycelium spreads widely,
both horizontally and vertically in the soils.
Mascanzoni (1990) suggested as a transfer factor for
fungi the ratio between the activity in the fruit body
(expressed as Bq/k:g fresh weight) and the activity
deposited on the soil surface, expressed in Bq/m2.
Such a transfer factor can be criticized from severa!
points of view. First, in mushrooms the expression of
the activity in terms of fresh weight may be a
relevant source of noise; Mascanzoni (1990) claims
that the expression in terms of dry matter can be
easily estimated considering that average water
content of mushrooms is about 90% with small
variations; this, however, is true only for mushrooms
in an optimal hydration state; during even brief
periods of relative drought the water content of
mushrooms may be considerably less, which has an
obvious influence on the measurement. Guillitte et
al. (1990c) and Lambinon et al. (1988) developed an
approach for estimating the depth at which
mycelium development occurs, and, therefore, for
identifying transfer factors from the soil layers that
are actually colonized by fungi. The method is based
on the estimation of the Cs-134/Cs-137 ratio in
fruitbodies and in different soil horizons, and on the
assumption that the ratio observed in a fungus should
be identica! to that in the layer of soil exploited by
its mycelium. Transfer factors could be calculated
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on the basis of the radioactivity of the soil horizon in
which most of the mycelium occurs. This method,
however, can be applied only a short time after a
relevant direct deposition, due to the short half-life
of Cs-134; problems in its application may arise
already a few years after deposition, also due to the
progressive disappearance of sharp vertical patterns
of radiocesium within organic horizons (Kammerer
et al. 1994).
Due to the complex pattern of funga! hyphae in
natural ecosystems, transfer factors for fungi are best
calculated in the laboratory, on pure funga! cultures.
Ouijja & Myttenaere (1994) found clear differences
in the transfer factors of radiocesium among
different funga! species.

plants (Bq/kg) was more significant during the first
year after the fall-out, probably due to direct
contamination. In the following years, biologica! and
other ecologica! factors influencing root uptake and
translocation inside the plant become more
important, and tend to mask the correlations between
radiocesium concentrations in plants and in soils.
According to Cooper & Mattie (1990), the
determination of concentration factors for
radionuclides taken up by trees in natural
environments is difficult, due not only to the
heterogeneous distribution of radionuclides in the
soil, but also to the variable uptake of individuai
trees, as the concentrations of radionuclides vary
with the tissues examined, and within individuai
tissues. Wirth et al. (1994), studying two coniferous
forests in Bavaria, found very poor correlations
between radiocesium concentrations in plants and in
the underlying soil. High interspecies variability in
uptake rates and poor correlations with soil
parameters suggest the existence of species-specific
differences in cesium uptake which would render
any modelling effort at ecosystem leve! almost
impossible, as it would be quite difficult to predict
the levels of radiocesium in vegetation from that in
the soil. There are, however, other authors, such as
Sandalls et al. (1990), and Nimis et al. (1990a,b,
1994), who found significant correlations between
radiocesium activities in different species and some
relevant soil parameters, which suggests that
species-specific, physiologically based uptake
differences may have little influence on the levels of
radiocesium in vegetation, and that, instead, a major
role is played by ecologica! factors.
In the following we shall mainly focus on some
main mechanisms of root uptake, and on other
factors related to the physiology of the plants, which
might influence radionuclide concentrations in
plants. We anticipate that in our opinion most of the
variability found is due to lack of consideration of
relevant parameters, that the causes of variability
can be largely understood, and that predictive
models based on these relevant parameters are
possible.

Fungi as bioindicators - The use of mushrooms
as bioindicators or bioaccumulators of radioactive
pollution is often hampered by the high variability of
field data. Furthermore, most macrofungi can be
collected only during short periods, and the
production of carpophores is not regolar in time. The
study of radiocontamination of mushrooms gives a
good example of the progress of radioecology in
post-Chernobyl times. The initial high variability in
the data has been mostly explained, up to an extent
that it is now possible to utilize mushrooms as
bioindicators of radioactive deposition over vast
areas (Nimis et al. 1986, Haselwandtner et al. 1988,
Nimis & Cebulez 1989, Nimis 1990). Andolina &
Guillitte (1990) found a good correlation between
available cesium in the organic horizons and the
contamination of Xerocomus chrysenteron. A
radiocontamination map of NE ltaly was published
by Nimis et al. (1990) using saprophytic fungi as
bioindicators. Radiocontamination maps of Poland
were published by Mietelski et al. (1994) using
Xerocomus badius as a bioaccumulator. A list of
methodological precautions to be taken when using
fungi as bioindicators has been published by Fraiture
(1992).
VASCULAR PLANTS
Severa! authors have reported that different
species of vascular plants, even from the same
ecosystem, take up radiocesium at different rates.
Horrill et al. (1990) found large variations in the
concentration ratios of radiocesium of higher plants
in Cumbria, and a poor correspondence between
plant and soil activities. Nelin & Nylén (1994) found
that the correlation between the fall-out cesium on
the ground (Bq/m2) and the concentration in/on

Uptake via leaves
Foliar deposition is potentially a major source of
food chain contamination by radioactive substances
(Russe! 1965, Muller et al. 1983). After direct
deposition on foliar surfaces, the contaminants can
be transferred directly to animals feeding on the
foliage. There is ampie evidence that the uptake of
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nutrients occurs also through foliar absorption.
According to Muller et al. (1983) elements absorbed
by leaves are utilized by the plant and the excess
may be relocated in the phloem, to other growing
leaves. or even to roots. The amount of foliar
contamination depends on the growing stage of the
vegetation, and is greatly influenced by leaf
morphology (which also affects interception ability)
and by climatic conditions (rainfall, wind speed and
direction, etc.). Broad, hairy leaves, or those with
evident microstructures on the leaf surfaces have a
higher interception power. Rauret et al. (1994) found
a considerably higher retention of aerosols on young
than on old leaves of Quercus ilex, due to the higher
density of trichomes on the adaxial surface of the
former, and also to the position of the leaves on the
tree; these authors also concluded that neither the
abiotic layer nor the cuticle of the leaves play an
important role in the retention of cesium; more than
95% of cesium is soluble; 45% of the deposited
cesium remains on the leaf surfaces but is
solubilized by water, while 55% is retained by the
leaves.
When the deposited particles are wetted by
precipitation, radiocesium ions are adsorbed by the
epidermal cells. Bukovac et al. (1965) differentiate
between a passive diffusion in the "apparent free
space" of the celi wall, and an active transport
through the plasmalemma. Once the symplastic
barrier is overcome, there may be further transport,
up into celi vacuoles. Some authors observed
significant cuticular uptake, especially in humid
conditions, whereas in dry conditions uptake was
primarily stornata! (Livens et al. 1992).
Foliar absorption is a rapid process which, in
favourable conditions, occurs within a few hours
(Levi 1970a). Bukovac et al. (1965) studied the
translocation speed of radiocesium after foliar
absorption in beans, and found that in a few days
85% of the deposited cesium was taken up by the
plant. Ludwieg (1962) reported that 20-30% of the
radiocesium applied to the leaves was immediately
absorbed, and that translocation to buds was slower
in older plants, whose apical growth was slower as
well. The presence of other ions can influence the
foliar absorption of radiocesium: increased
absorption of radiocesium with increasing potassium
concentrations was observed by Levi (1970b); this is
probably due to potassium-induced modifications of
the permeability of celi walls.
In leafed forests the major initial uptake of
radionuclides from an atmospheric source is by the

foliage. Radiocesium is rapidly translocated in the
tree and appears in the new foliage growth (Schell &
Tobin 1990). However, Withford (1968) found that
only c. 4% of the amount of radiocesium applied to
the Ieaves of understory plants in a mesic forest was
absorbed and translocated to stem and roots; most of
the contamination was transferred to the soil by
rainfall. Vallejo et al. (1990) studied a
Mediterranean forest in Spain after the Chernobyl
accident, and found that the leaves which received
the deposition from Chernobyl showed radiocesium
activity, whereas younger leaves had little or non
measurable, translocated or root uptaken
radiocesium. The activity of leaves sprouted after
May 1986 had a Cs-134/Cs-137 ratio equivalent to
that of the Chernobyl fallout, and the low activity
detected in some plots was attributed to
retranslocation from older leaves. Block & Pimpl
(1990), in a study on mixed forests in Rheinland
(Germany), found that the leaves of understory
beech trees showed clearly higher activities than
those of oak trees; at the time of the Chernobyl peak
fallout, beech trees had already sprouted, while oak
trees had not; the cesium activities of the leaves
decreased only very gradually between 1986 and
1988. such results, however, could have also been
influenced by the fact that in beech the root systems
are more superficial than in oaks (Guillitte pers.
comm.). Radiocesium is probably stored in the trunk
or in the branches during the winter half-year and
then transported into the newly formed leaves in the
sprouting phase.
Monte et al. (1990) studying the behaviour of
radiocesium in hazelnuts following the Chernobyl
accident, found an exponential decrease of the Cs137 content of the fruits in a period of three years;
evaluation of the Cs-134/Cs-137 ratios in samples of
atmospheric particulate, soils and fruits suggests that
foliar translocation is the main pathway for
radiocesium migration to the fruit, the contribution
of root uptake being very small compared with that
from foliar uptake. In fact, many authors working on
cultivated trees reported an exponential decrease of
contamination
with
time,
stressing
that
contamination by root uptake is a small, if not
negligible fraction of tota! contamination, and that
the principal source of contamination of every year's
new tree products is the radiocesium inventory in the
plant itself. In many cases foliar absorption just after
deposition is advocated as the primary source of
radiocesium to the tree. As it will be discussed later,
however, such statements do not always hold true for
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soil-to-plant transfer factors. According to Horrill et
al. (1990) the concentration of radiocesium in an
individuai species is related to the radiocesium
mobility rather than to tota! activity in the soil.
These authors found higher activities in plants on
soils low in minerai matter capable of binding
radiocesium. The importance of the soil solution in
understanding radiocesium transfer from minerai soil
to plant has been underlined by Nisbet &
Lembrechts (1990). The soil solution bathes
absorbing plant roots, and is the medium from which
roots obtain inorganic nutrients (Adams 1974); it
provides the chemical environment of plant roots,
and defining soil-plant interrelationships in
quantitative terms requires a complete and accurate
knowledge of soil solution chemistry. Plant
availability of an element in soil is expressed by the
Kd value. This is defined as concentration per gram
of soil, divided by the concentration per ml solution.
High Kd values mean a strong adsorption of an ion
in soil, and, consequently, a low availability.
Reversely, low Kd values indicate high availability.
It is now well-known that radiocesium is much more
bioavailable in organic than in minerai horizons.
In the following, we shall briefly review the main
factors influencing root uptake: pH, clay and organic
matter conteni, the concentrations of other ions,
climatic conditions, rooting depths, mycorrhiza, and
some plant physiological mechanisms.

plants of natural ecosystems.
Uptake via roots
According to Tikhomirov & Shcheglov (1994)
the process of radionuclide migration and
redistribution between the components of forest
ecosystems can be divided into two stages. In the
first stage, lasting 2-4 years, contamination of plants
mainly results from primary aerosol precipitation of
radionuclides on the tree canopy. Cesium
radionuclides, being capable of incorporation into
assimilating organs and of further transfer to other
structural parts of trees, are of particular relevance
here. The second stage follows the radionuclide
transfer from the phytomass into the forest litter and
then into the root-inhabited soil layers, and is
characterized by a predominance of root uptake.
Therefore, the dynamics of radionuclide distribution
between the forest components is determined by the
difference between two major processes, that of
deactivation and that of root absorption. In the initial
period, deactivation dominates, with an observed
decrease in contamination levels for structural parts
of trees. Later, a point of compensation is achieved,
followed by a possible enhancement in radionuclide
conteni in the aboveground phytomass, until some
quasi-steady state is achieved. In these conditions,
the annua! transfer of radionuclides from soil
exceeds its return with foliage fall only by the
content of annua! accretion of phytomass. The
period for achieving such an equilibrium is of c. 1015 years (Tykhomirov & Shcheglov 1994).
The principles underlying soil-to-plant transfer of
radionuclides are comparable to those pertaining to
plant nutrition in generai. The relation between soil
properties and the soil-to-plant transfer is a
complicated matter in which many parameters are
involved. Among the most important are: clay
fraction, type of clay minerals, organic matter
content, pH, soil moisture content and amount of
exchangeable ions (see e.g. Nielsen & Strandberg
1988); other factors are related to plant
characteristics, such as uptake regulation and
mechanisms, and growth stage of the plant. The
numerous parameters and the interactions among
them make it difficult to determine the effect of each
single factor on transfer. Coughtrey & Thorne (1983)
in their classica! review of the subject, concluded
that observed effects are often hardly quantified or
explained.
Concentrations of radiocesium in soils are not
always a good parameter for calculating reliable

Effects of pH on root uptake - Cesium uptake by
roots is often claimed to be generally higher in
conditions of low pH (Adriano et al. 1984, Frisse) et
al. 1990). Studying permanent pastures, Caput et al.
(1990) found that two years and a half after the
Chernobyl accident the transfer factors from soil to
plant, calculated on a dry weight basis, were much
lower on basic than on acid soil. According to
Kerpen (1986, 1988) acidity is even the main factor
affecting radiocesium availability in soils, the most
acidic soils being those in which radiocesium is the
most available. Schuller et al. (1988) performed a
stepwise multiple regression analysis among transfer
factors values and severa! soil parameters, and found
that 67% of the tota! variance was explained by soil
pH. With decreasing pH the specific activities and
the transfer coefficients tend to increase; this was
explained with the fact that an increase of the H+
concentration is connected with a decrease of the
potassium exchange capacity (Kiihn et al. 1984).
However, other authors (e.g. Fredrikkson et al. 1966,
Bergeijk et al. 1992) claim that soil pH has hardly
any effect on the soil-to-plant transfer of
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accident, more than 75% of radiocesium in rainwater
from southern Norway was bound to colloids, or
particles; most of it was carried by particles with
diameters below 1 mm (Devell 1988 a,b, Georgi et
al. 1988). Haugen et al. (1990) studied the
availability of radiocesium in the Iitter and
uppermost layer of soil by comparing Chernobyl
derived cesium with Cs-134 in ionie form; they
found a relatively low uptake of Chemobyl cesium
on the first sampling 1-2 months after the addition of
Cs-134 in ionie form to the soil; however, after one
year only small differences were evident between
these two components. This indicates that plant
availability may be largely described as that of
cesium introduced in ionie form. According to
Bergman (pers. comm.), these observations suggest
that the particulate carrier probably influences the
behaviour of radiocesium at an early stage after
deposition, and might be responsible for the
relatively deep penetration observed in sites where
deposition was concomitant to intense rainfall. For
example, Cremers et al. (1990) found that in soils
with lower organic matter content radiocesium
availability is controlled by the specific sites in the
micaceous clay fraction and the ammonium
potassium status of the soil. This well-known fact
led severa! early radioecologist, mainly working
with cultivated trees, to assume that in trees root
uptake of radiocesium is negligible, since cesium
was concentrated in the surface layers of minerai
soil, where it was fixed by clays (see e.g. Coleman et
al. 1963, Johnson et al. 1966, Nishita et al. 1965).
Also recently, this opinion was put forward, and also
in this case by researchers working on cultivated
trees (Kiihn et al. 1984, Antonopoulos-Domis et al.
1990, 1991, Anguissola & Silva 1992). There is now
ampie evidence that this does not hold true in most
natural forests, where trees, besides being usually in
mycorrhizal symbiosis, root in a multi-layered soil,
and often have the highest root density in the organic
horizons, where cesium is more available for root
uptake. Also sandy soils are not capable of binding
large quantities of radiocesium (see e.g. Bergeijk et
al. 1992). Kerpen (1988) and Andolina & Guillitte
(1990) found that soil samples with the highest
radiocesium availability are those with a high sand
content.
As radiocesium deriving from the Chernobyl
accident and from weapon tests are distributed
differently in soil horizons, their availability to root
uptake likewise differs. A greater availability of
Chemobyl radiocesium is reported by many authors
(e.g. Colgan et al. 1990). Some authors ascribe this

radiocesium in the range of pH 3.9-8.4. According to
Wauters et al. (1994), pH itself has little influence
on radiocesium uptake rates, and its role has been
overestimated in the previous literature, due to
misinterpretation of the results. It appears that pH,
being directly related to the Ca-Mg status of the soil,
has no direct ion exchange effect upon short-term
cesium availability, but is indirectly effective by
way of a long-term enhancement of the cesium
fixation potential of the soil, which is enhanced by a
high (Ca+Mg)/K ratio.
Effects of the organic matter and clay content on
root uptake - Not ali of the radiocesium present in
the soil is directly available to plant roots for uptake
(Andersen 1967). The availability of cesium is
inversely proportional to the clay content of the soil,
being negatively correlated with the adsorption
capacity of the clays and positively correlated with
the cation exchange capacity of the humus
(Cummings et al. 1969).
Severa! studies showed that vegetation growing
on organic soils is much more susceptible to
systemic contamination by radiocesium than that
growing on clay-rich soils (e.g. Sandalls et al. 1990,
Sandalls & Bennett 1992). This was well-known
already from the early years of radioecology (see
e.g. Barber 1964, Fredrikkson et al. 1966, and
Marckwordt 1968). The influence of organic matter
on the uptake of radiocesium into Lolium perenne
has been also demonstrated in pot experiments
(Barber 1964). Andolina & Guillitte (1990) found a
relatively
good
correlation
between
the
contamination level of plants growing in each station
and measurements of the availability of radiocesium
in organic horizons. Rommelt et al. (1990) measured
severa! understory species, and found that their
cesium ratio corresponds well with that of the
organic horizons, which indicates that these plants
take up cesium mainly from there, although their
roots penetrate into the minerai horizon as well.
It is generally claimed that in organic soils,
radiocesium is associated with the readily reversible
ion exchange complex from which it may be easily
desorbed, and remain available for extended periods
of time. It is also generally accepted that
radionuclides associated with the smaller molecular
size fractions will be more bioavailable than those
complexed by larger colloidal materiai. Thus,
studies of the speciation of radionuclides in soil
solution can provide means for predicting the effects
of potential countermeasures (Nisbet & Lembrechts
1990). During the fallout period after the Chernobyl
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difference to the physico-chemic·al character of the
initial carrier, others stress the unequal repartition of
"young" and "old" radiocesium in the soil profile as
the main reason for the greater availability of the
former. Fraiture (1992) claims that in 1989 most of
the radiocesium from Chernobyl was stili located in
the upper part of the holorganic horizons, where it
was relatively available for plants, while most of the
radiocesium from bombs had already migrated to
deeper horizons, where it was strongly adsorbed by
clay minerals. Sandalls & Bennet (1992), studying
upland grasslands in Cumbria, found that the uptake
of Chernobyl radiocesium was up to an order of
magnitude greater than that of old radiocesium (i.e.
deposited 20-30 years earlier). The rate of uptake of
the Chernobyl radiocesium is therefore also expected
to decrease markedly over a period of decades. On a
shorter timescale, soil-to-plant transfer on clay-rich
brown soil fell by about 77% in three years, but on
soils with an organic matter content of 88% the
decrease was only of c. 17%. Similar results were
obtained by Beresford et al. (1992) in another study
on upland grasslands in Cumbria; initially, after the
Chernobyl accident, the transfer of the recently
deposited radiocesium was greater than that of aged
deposits; four years after the accident, the transfer of
Chernobyl radiocesium from the top 4 cm of soil to
vegetation was similar to that of the aged
radiocesium, because a greater proportion of the
deposit migrated further down the soil profile. The
movement of Chernobyl radiocesium from organic
to minerai layers, and its radioactive decay are the
two major factors which contribute to its decline in
vegetation. Sombre et al. (1994) in an experimental
study on Belgian spruce forests, have demonstrated
that in the OAh horizons the availability of
radiocesium is very weak, in contrast to readily
available potassium. According to these authors, it
seems that in addition to the clay specific retention,
some other more effective retention mechanism
exists, which may be related to the simultaneous
presence of humus and minerai matters in an
intimate mixture. The Oah horizon seems to play the
role of a geochemical barrier, which maintains
radiocesium in the upper soil levels. As the
radiocesium bioavailability in the other upper soil
layers is non-negligible, radiocesium transfer to
plants which exploit these surface layers is favoured.
These results, which are confirmed by those
obtained by Nimis et al. (1990, 1994) in beech
forests of the eastern Alps, could partially explain
the negligible
decontamination of forests,
radiocesium being able to be mobilized by root

absorption, to be carried into the tree and to be
partially returned by throughfall and litter to the soil,
where it is again available to plants. The reasons f or
the very weak bioavailability of radiocesium in the
OAh horizon, however, are far from being clear. A
possible, alternative explanation could be that
organic horizons host an intense microbial and
fungal !ife, and that a good share of the tota!
radiocesium could be biologically fixed (see later).
When
microorganisms
die,
they
liberate
radiocesium, which is immediately taken up again
by other microorganisms, or by plant roots. This
casts some doubts on the relevance of classica! soil
parameters for explaining the transfer of cesium into
plants.

Effects of other ions on root uptake - It is well
known that radionuclide distribution within solid and
liquid phases of a soil may be altered by the
application of inorganic ions, organic matter or
chelates. In particular, the ions NH/, K+, Rb+ and
es+ form a homologous series which shows a greater
degree of physico-chemical similarity than any other
series of ions, with the exception of halogens. This
means that the availability and behaviour of
radiocesium in the soil are also dependent on the
concentrations of other monovalent cations. These
have a double and contrasting effect on cesium
uptake; on one hand they facilitate the
bioavailability of cesium through processes of cation
exchange, on the other hand they concur with
cesium for root uptake. In generai, higher potassium
concentrations will result in less cesium binding to
the soil. According to Van Voris et al. (1990) the
physico-chemical nature of these processes results in
differing rates of reaction and equilibrium times for
individuai monovalent cations, but appears to be
governed by the charge and hydrated atomic radius
of the interacting ions. Cremers et al. (1990) found
that for peaty soils with very high organic matter
content, radiocesium availability is essentially
controlled by the ammonium-potassium status of the
soils, and that the bulk of radiocesium is reversibly
associated with the ion exchange complex.
It has been recognized for many years that K+
exerts a depression in radiocesium uptake,
presumably as a result of ion uptake competition
(see e.g. Menzel, 1954). The application of
potassium to soils for reducing radiocesium uptake
by plants is one of the countermeasures that has
received much attention than most others (Coughtrey
& Thorne 1983, Nisbet et al. 1990). Grauby et al.
(1990) demonstrated, in greenhouse experiments,
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that in many soils a supply of 5000 kg/ha of K2S04
allows a division of the transfer factor of
radiocesium to beans by a factor of ten. Jones et al.
(1991) found a clear suppression of radiocesium
uptake by Calluna vulgaris and Agrostis capillaris
grown in pot culture. Sandalls & Bennett (1992)
working on grassland vegetation in eumbria, found
that transfer factors were directly proportional to
both exchangeable potassium and cesium, but
inversely proportional to the levels of potassium in
the soil solution at field capacity. This could be
explained by the inhability of the plant to
differentiate cesium from potassium in the soil
water, so that the effect of adding potassium to soil
is to reduce the fractional molar concentration of the
cesium ion in the tota! alkali metal pool of the soil
solution. In other words, if plants are not thought to
differentiate between cesium and potassium, any
increase in radiocesium activity in the soil solution
could lead to an enhanced uptake of this
radionuclide by plants. eonversely, any increase of
the potassium concentration in the soil solution
could be expected to slow down cesium uptake.
The extent of this processes, however, seems to
be variable according to soil type (Nisbet &
Lembrechts 1990), and some results of potassium
fertilization on radiocesium uptake are rather
contradictory. Kerpen (1988) found a very close
correlation between radiocesium availability and the
K/es ratio in soil extracts when adjusted to a
parabole. Kirton et al. (1990) showed that in upland
British pastures radiocesium was transferred to
above-ground vegetation as effectively as was
potassium during the onset of spring growth.
According to Vallejo et al. (1990) radiocesium in a
Mediterranean forest soil was clearly less mobile
than potassium. This is in agreement with the views
of Tobler et al. (1988), who postulated a
predominant low solubility of radiocesium related to
their characteristics of the areosols. eiear differences
between radiocesium and potassium were also
observed by elint et al. ( 1990) in the release of these
elements from decaying litter: in ali Iitters a larger
percentage of radiocesium was retained than
potassium. According to Shaw & Bell (1991), while
it is generally accepted that the roles of the NH4+
and K+ ions are important for the bioavailability of
radiocesium in soils, there seems to be some degree
of confusion as to the exact effect which each ion
can exert. On one hand enhanced K+ and NH4+
concentrations intensify the ionie pressure and make
radiocesium more plant-available, on the other hand
enhanced K+ and NH/ levels decrease the es-137

uptake by plants. Livens & Loveland (1988) report
that a deficiency of bioavailable K and an excess of
ammonium will increase the mobility of
radiocesium. Schultz (1965) observed that
ammonium and potassium fertilization resulted in an
increase of cesium uptake by the plants. The exact
influence exerted by each ion appears to be the result
of a balance between competition for adsorption or
absorption by clays and plant roots, respectively
(Shaw & Beli 1991). In clay-poor soils the addition
of potassium depresses radiocesium uptake by plants
(Robinson & Stone 1986), probably because of
direct competition for root uptake between es and K
ions. In the soils with a low cationic exchange
capacity, an excess addition of potassium produces
an increase of the transfer factors for cesium.
Laboratory results by Mitchell et al. (1990)
demonstrated that rubidium and potassium (at
equivalent ionie concentrations) tend to reduce
radiocesium concentrations in vegetation; these
effects, however, were highly dependent on the
particular combination of plant species and soil
conditions; field investigations, by the same authors,
showed that potassium reduced radiocesium
concentrations in vegetation, but only very slightly.
Similar results, obtained by Jack.son & Nisbet (1990)
in soils of upland fell vegetation in eumbria,
highlighted the importance of soil type in
determining the effect of potassium on radiocesium
and potassium levels in soil solution. In peaty soils
potassium applications led to increased potassium
concentrations in soil solution without a concomitant
increase in radiocesium. These results are in contrast
to those for loam and sand, where potassium
applications actually increase radiocesium levels in
the soil solution, and indicate that es-137 is mainly
adsorbed in minerai horizons, but mostly
biologically fixed in organic soils. Shaw & Bell
(1991) maintain that, at least in terms of the
absorption mechanism, the behaviour of radiocesium
in the environment may be simply a reflection of the
behaviour of the normally abundant K+ and NH4+
ions, and that, due to the similarity of the effect of
these ions with that of the es+ ion, the transfer
factors for radiocesium may vary in a non-linear
fashion with the soil solution concentration of these
ions. According to Barber (1964), however, the true
limiting factor of plant ion uptake from many soils is
the diffusive flux of the ion from the soil to the root
surface. Hence, in order to fully understand the
transfer mechanism from soil to plant of
radiocesium, more information is needed on the
solution chemistry of the es+ ion, particularly with
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organic layer. Similar results were obtained by
Guillitte et al. (1994) in a study carried out in a
Swedish Borea! forest: deep-rooting species showed
far less contamination than species with a superficial
rooting system.

regard to the competitive effects of K+ and NH4+ on
its sorption-desorption behaviour. Finally, Wauters
et al. (1994) demonstrated that the (Ca+ Mg)/K ratio
in soils plays a key role in accelerating the
radiocesium fixation process in the specific sites of
micaceous clays, which might open some new
possibilities in terms of countermeasures.

Ejfects of mycorrhiza on root uptake - Most
species of vascular plants have evolved to a
dependence on mycorrhizae as the most
metabolically active parts of their root systems.
Mycorrhizal fungi are vita! for uptake and
accumulation of ions from soil and translocation to
hosts because of their high metabolica! rates, and
strategically diffuse distribution in the upper soil
layers; they produce enzymes, auxins, vitamins,
cytokinens and other compounds that increase
rootlets size and longevity. The fungal mycelium
and sporocarps are sources of accumulated nutrients
and energy for decomposers and consumers;
nutrients and carbon can be translocated from one
vascular plant to another by a shared mycon-hizal
mycelium (Trappe & Fogel 1977).
Mycorrhiza is one of the least studied, and
nevertheless one of the most important factors for
understanding the cycling of radionuclides in natural
and semi-natural ecosystems. Ecologists working in
the laboratory, or with cultivated plants, have often
the tendency to underestimate the extent of
mycorrhization occurring in natural ecosystems, and
its enormous implications in understanding the
transfer from soil to plant.
Mycorrhizal associations can be grouped into
four classes: those mainly between some higher
Basidiomycetes and Ascomycetes with the roots of
many forest trees; those between some
Basidiomycetes and Orchids, those between a group
of fungi and ericaceous plants, and those between
fungi formerly assigned to the genus Endogone and
the roots of many higher plants (e.g. see Harley
1969). Most species of trees have been found to
can-y mycorrhiza if grown under suitable conditions,
and in existing natural forests mycorrhiza is a
normai feature of the root systems, whatever the
tree. For an optimal development mycorrhiza needs
a supply of organic matter in the soil, and thus
develops most freely in the organic horizons of the
forest soils. lt also needs a limited, but not too
restricted supply of nutrients, and in fact mycorrhizal
formations appear to be the tree's response to low
availability of nutrients. Thus mycorrhiza is more
common on tree roots growing in a mor or raw
humus layer than in a Muli layer. Another important
role of mycorrhiza is that of providing water to the

Ejfects of climatic conditions on root uptake The amount of rainfall, light intensity, temperature
or air humidity show considerable fluctuations in
each growing season, and influence radionuclide
uptake, and plant growth and development (Romney
et al. 1960, Noordijk et al. 1992). Furthermore,
climatic conditions may affect the availability of a
radionuclide in the soil. Variations in climatic
conditions have been estimated to cause 3- to 50fold changes in uptake of radiocesium or -strontium
by grass (Squire 1966, Lembrechts et al. 1990).
According to Noordijk et al. (1992) annua!
fluctuations in transfer factors of radiocesium are an
important source of variation and have to be
considered when interpreting results of long-term
field studies. These annua! fluctuations are to a large
extent caused by differences in climatic conditions.
Effects of rooting clepths on root uptake - Livens
et al. (1991), studying soil-to-plant transfer in upland

areas of Europe, found that radiocesium activities in
bulk vegetation reflect those in the rooting zone of
the soil profiles. This is an obvious fact, which,
however, has been ali too often underestimated in
the definition of transfer factors from soil to plant,
since in natural systems, and especially in forests, it
is often difficult and time-consuming to assess
average rooting depths of plant species.
Furthermore, for calculating transfer factors taking
into account rooting depths it is also indispensable to
can-y out a detailed analysis of radiocesium
concentration and behaviour (especially as far as
availability is concerned) in the different soil
horizons, which is also not an easy task. In natural
ecosystems a further complication arises from
mycorrhizal symbiosis (see later), which makes
almost impossible to exactly estimate the soil
portion from which the major uptake of elements
occurs. Nimis et al. (1990, 1994) found a good
correlation between rooting depths and radiocesium
concentrations in plant water of almost ali vascular
species of a natural beech-fir forest of the Carnic
Alps (NE ltaly), the highest values being reached in
plants with shallow root systems, mainly
concentrated in the more acid upper part of the

30

Studia Geobot. 15 (1996)

- Radiocesium in plants of forest ecosystems

inorganic forms, contrary to what happens for the
roots of higher plants (Gianinazzi-Pearson &
Gianinazzi 1980). According to Colpaert & van
Assche (1988) and Colpaert (1991) different species
of ectomycorrhizae have different behaviour as far
as the absorption and transfer of heavy metals to the
host plants are concemed; in some cases the fungus
induces higher concentrations of metals inside the
plant, in other cases the outer mycorrhizal sheath
acts as a barrier, preventing the transfer of metals to
the plant.
In a literature survey Leising (1986) carne to the
conclusion that cesium behaves like potassium
within the plant, but during root uptake it is always
discriminated with respect to potassium. Similar
results were obtained by Nimis et al. (1994) and
Wirth et al. (1994). It is not unlikely that cesium is
discriminated a second time during the transfer from
the mycorrhizal mycelium into the root cells of the
host, in which case fungi would accumulate more
cesium the more intensively they supply their hosts
with nutrients (Wirth et al. 1994). According to
Olsen et al. (1990), if plant roots have a higher
preference for potassium versus cesium than the
mycobiont, they would act as a relatively selective
potassium sink in the soil, which would increase the
Cs/K ratio of the cations available for the
mycobiont; it seems likely that even small
differences in selectivity between plant and
mycobiont may have a large impact on the cesium
leve! in both partners of the mycorrhizal symbiosis.
Rogers & William (1986) demonstrated the
favourable influence of another type of vesicular
arbuscular mycorrhiza on uptake of radiocesium in
Melilotus officinalis. The influence of vesicular
arbuscular mycorrhizae on the uptake of
radiostrontium by soybeans was studied Jackson et
al. (1973).
Given the importance of mycorrhiza in natural
and semi-natural ecosystems, more detailed studies
on the role of mycorrhiza in radiocesium uptake are
badly needed.

plant; many tree species cannot thrive under water
stress without mycorrhizal symbiosis. There are two
main types of mycorrhiza: a) ectomyccorhiza, more
frequent in trees, in which the fungus develops a
compact sheath of hyphae all around the host root,
some of which penetrate between the cortical cells,
but never inside the cells (Marks & Kozlowski
1973); b) endomycorrhiza, in which the fungus
penetrates inside the cortical cells of the root; these
can be subdivided in three main groups: a) vesicular
arbuscular mycorrhiza, which is by far the most
widespread, b) mycorrhiza of the Ericales (see
later), and, c) mycorrhiza of Orchids (Sanders et al.
1975). Ectotrophic mycorrhiza is more common in
trees.
However,
forest
vesicular-arbuscular
endotrophic mycorrhiza is far more widespread
among plants, and the roots of almost every plant
species growing on some soils appear to be
mycorrh izal.
Data by Grant et al. (1985), Bunzl & Kracke
(1986), Horrill et al. (1990), and Strandberg (1994)
show that ericaceous species often exhibit a high
uptake of radiocesium. Severa! British authors (e.g.
Colgan et al. 1990) reported particularly high
radiocesium activities in Ca/luna vulgaris, a
common heathland plant of the Ericaceae. In
general, the roots of these plants basically grow in
the lower part of the organic horizons, where cesium
availability is high, and, above all they have a
particular type of mycorrhiza, called ericoid
mycorrhiza (Strullu 1985). This is produced by the
Ascomycete Pezizel/a ericae, and perhaps also by
some Basidiomycetes of the genus Clavaria. The
fungus can account for up to 80% of the total
volume of the root, with an average of c. 43%. This
means that in many Erica/es the root biomass is
actually constituted, to a large extent, by a fungus.
The importance of mycorrhiza for explaining
radiocesium levels in higher plants has been
underlined by Guillitte et al. (1990c, 1994) and
Wirth et al. (1994). Fungal mycelia cover a much
larger soil area than that covered by plant roots. In
estimating transfer factors from soil to plant, soil
samples are usually taken in the rooting zone of a
plant. But, if fungi contribute significantly to the
nutrient supply of their hosts, the question arises
how representative soil samples taken directly from
the rooting zone might be (Wirth et al. 1994).
There is evidence that complex nutritional
phenomena occur between the fungus and the root
(Bowen & Smith 1981). It has been demonstrated
that the fungus, when grown in pure culture, is able
to utilize phosphorus both in the organic and the

Physiological mechanisms of absorption and
transport - Plant roots have a remarkable ability to
take up severa! ions from solution concentrations
much lower than those in the plants. Earlier studies
claimed that radiocesium is taken up by roots as
easily as potassium (e.g. Collander 1941). As early
as 1952, Epstein & Hagen suggested that, in roots of
barley, K+, Rb+ and es+ enter into the cells through
the same absorption mechanism. For this reason,
Rb86 has been often used as a substitute of K in
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studies of ion uptake by roots. More recent
physiological researches (e.g. Sacchi & eocucci
1991, 1992, Sheahan et al. 1993) showed that the
absorption kinetics of the lhree ions are competitive
with each other, a hypotesis corroborated also by the
fact that cesium is accumulated by the systems
transporting potassium
in
microbial cells
(Bossemayer et al. 1989) and in the alga Chlorella
salina (Avery et al. 1993). According to eoughtrey
et al. (1990), continued uptake of radiocesium by
selected plant species could reflect the low
potassium status of the soils involved. However,
these authors found that potassium status was not an
universal explanation for the different patterns in
cesium concentrations among species. There is
evidence that the chemical behaviours of cesium and
potassium are very similar, but not completely
identica! (e.g. Nishita et al. 1965, Wallace 1968),
and now it is well established that cesium is
generally discriminated versus potassium during root
uptake and in the penetration into plant cells. It
should be underlined that es+ reduces the electrical
conductivity of animai celi membranes, and
therefore is likely to block the potassium channels
(Clay & Schlesinger 1983). Recent, similar results
found in the plani Chara contorta suggest that this
effect does also occur in plant cells (Zanello &
Berrantes 1992). The apparent contradiction between
the inhibitory action of cesium on potassium
transport and potassium absorption is a consequence
of many complex biochemical mechanisms which
are involved in potassium transport, and mainly to
the different affinity of es and K to transport
molecules.
Potassium can be absorbed by plant roots from a
wide range of concentralions (from milli- to
micromolar). There is evidence that the absorption
of the cation includes more than one kinetic (Epstein
et al. 1963), and it is generally accepted that more
than one transport system is found on the
plasmalemma (Kochian & Lucas 1982). The
presence of different transport systems is also
suggested by results obtained by utilizing inhibitors
with different specific sensitivities to the different
kinetic systems (Kochian & Lucas 1982, Kochian et
al. 1985). The absorption of potassium seems to be
mediated by a high affinity system which is
predominant at low concentrations, which is made
possible by an energized carrier, while at high
concentrations potassium transport could occur
through channels. According to eocucci (com. pers.)
laboratory experiments in maize roots show
substantial selectivity differences between es+ and

K+ both in systems operating at high and in those
operating at low concentrations. In natural soils the
relative concentrations of potassium and cesium are
often quite different; whereas potassium is often
present at high concentrations in a wide range of
natural soils, the relative concentrations of cesium
are of severa! orders of magnitude smaller.
The potassium concentration inside a plant celi is
restricted into narrow ranges, otherwise the celi
metabolism would not work. This means that
potassium uptake is practically independent from
soil parameters. If the available K-concentration in
soil is too low, the plant will grow more slowly, but
the K-concentration in the cells will be not
significantly different from a well nutrient-supported
plant. Furthermore, similar ratios of Cs-137 /K in
different organs of the same plant indicate that in
plants cesium behaves very similar to potassium, and
suggests that radiocesium activity in plants is
regulated via the potassium metabolism. Steffens et
al. (1980) observed in three agricultural plant
species, grown on 14 different soil types, a variation
of severa! orders of magnitude in the radiocesium
contents.
standardizing
By
radiocesium
concentrations on average potassium levels,
however. the data showed a much smaller variation.
This fact suggests that a certain ratio of plant
available Cs-137 /K in soils is reflected in the ratio
found in plants. These results are valid assuming a
homogeneous distribution of radiocesium in the soil.
They are difficult to verify in the case of undisturbed
soils, as the ratio of the plant available Cs-137 /K
differs in the different layers. Furthermore, the
different rooting depths of the plants, the degree of
biologica! fixation of radiocesium in the soil, the
influence of mycorrhiza on plant uptake complicate
very much the system and enhance the uncertainties
of prognostic estimations.
A peculiar case is that of aquatic plants. Nelin &
Nylén (1994) found much higher concentrations of
radiocesium in Nymphaea than in other terrestrial
species of a Borea! forest ecosystem; these authors
explained this fact stating that aquatic plants are
known to concentrate minerai salts, due to the
special osmotic stress they are exposed to; therefore,
it would be reasonable to expect high concentrations
of cesium in such plants. However, higher
concentrations of salts are common in halophytic
aquatic plants, or in desert and semi-desert plants,
and not in plants growing in fresh water. A more
plausible explanation of the high radiocesium
concentrations found in Nymphaea could be the fact
that the data were expressed in Bq/kg of dry weight,
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and that the water content of this species is much
higher than that of ali other measured terrestrial
species (see later).

more or less constant in the other vascular plants.
This fact stili awaits a physiological explanation.
The most probable hypothesis is that ferns and
vascular plants differ in some important transfer
mechanism concerning cesium and potassium.
Radioactive fallout due to the Chernobyl
accident provided the opportunity to cany out
translocation studies under real conditions. In a
spruce stand, needles constitute the main reservoir of
potassium (44%), trunk (wood and bark) comes
second (34%) and branch wood third (22%) (Nys et
al. 1983). If the distributions of cesium and
potassium follow the same patterns in trees, one has
to conclude that leaves, short after deposition, are
the principal reservoir of radiocesium, and hence the
main source of transfer of radioactivity from trees to
soil in coniferous forests. Block & Pimpl (1990)
report lhat in Germany spruce needles sprouted
before 1985, measured in 1986, showed the highest
contents of radiocesium. However, already in the
autumn of 1987 it was no longer possible to
distinguish the cesium activities of the different
needle years. A similar situation was reported by
Tobler et al. (1988). This indicates that radiocesium
was easily transported from older parts of the plants
to new shoots. Cesium concentrations in current
needles of Norway spruce have been observed to be
higher than in older needles (Cousen 1989, 1991);
other authors, however, such as Bergman et al.
(1988) and Nylén & Ericsson (1989), observed that
radiocesium concentrations in the current needles of
45-years-old Swedish Scots pines were lower than in
the older needles. Raitio & Rantavaara (1994),
studying the concentrations of radiocesium in Scots
Pine needles in southern Finland, found that in 1987
the concentrations in 2-year old needles where
higher than those in the current needles, whereas in
the following years the situation was the apposite;
they attributed this fact to resuspension phenomena;
the increasing concentration of radiocesium in the
current needles was attributed, at least in part, to the
radiocesium stored in the bark of trees during fallout
being gradually translocated into the phloem, and
from there to emerging needles.
Variation in cesium concentrations among
different parts of the plant is of considerable
significance in respect of transfer to grazing animals.
There is evidence that internal translocation, at least
in the early period after deposition, plays a relatively
minor role in radiocesium transfer within the
ecosystem, compared to the transfer effected by
rainfall (Bergman pers. comm.).

Translocation inside the plant
Radiocesium translocation within plants was first
studied experimentally by artificial introduction of
Cs-137 into the body of trees or other cultivated
plants (Olson 1965, Waller & Olson 1967, Hoffmann
1972). Bukovac et al. (1965) studied the
translocation speed of radiocesium after foliar
absorption in beans, and found that in a few days
85% of the deposited cesium was uptaken by the
plant; about the half was transferred to other parts of
the plant, and even the roots showed considerable
concentrations. Middleton (1959) found that in
potatoes c. 50% of the radiocesium absorbed by
leaves was translocated in the buds. Witherspoon
(1962, 1964) found that in white oak trees Cs-134
was present in ali parts of the crown 1.5 hrs. after
trunk inoculation; downward movement in the trunk
was slower than upward movement. Aarkrog (1975)
applied radiocesium to the leaves of com, and found
that relevant translocation to the seeds was
detectable also when the application occurred at a
very early stage of the plant life. The high
translocation speed of radiocesium is discussed in a
large body of literature; for a review see Coughtrey
& Thorne (1983). These results indicate that, once
inside the plant, radiocesium, like potassium, is
highly mobile. There is evidence that cesium and
potassium behave similarly inside the plants.
Potassium is employed as a counter ion, and is
important in a wide variety of plant processes
including sugar transport, enzyme function, osmotic
balance, and charge neutralization for structural
macromolecules. Wirth et al. (1994) showed that the
absolute activity of radiocesium in stems, leaves and
fruits is variable, but the K/Cs ratio in different
organs is about the same, indicating that the
distribution of radiocesium within a plant follows the
K+ pattern. Nimis et al. (1994) studied the K/Cs
ratio between leaves and stems of several vascular
plants of a natural mixed forest in the Carnic Alps
(NE Italy), in order to test whether, once inside the
plant, the two elements have a similar behaviour.
The results were quite clear, and quite surprising.
There is a strong difference between ferns (and, in a
lesser degree, of geophytes) and ali other plants. In
ferns the concentrations of cesium in the leaves are
always higher than expected, whereas the ratio is
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Seasonal phenomena

uptake, are generally low (e.g. see Antonopoulos
Domis et al. 1991).

Another potential source of variability in
radiocesium concentrations in plants are the
fluctuations of radionuclides in plant tissues during
the growing season. Great variations during the year
were measured by severa! authors (e.g. Bunzl &
Kracke 1988, Salt & Meyes 1990, Colgan et al.
1990, Sandalls & Bennett 1992). lf seasonal
variations in cesium uptake among plant species do
exist, this fact must be taken into account by
radioecologists, and by those interested in evaluating
the radiocesium content of the diet of grazing
animals. Fluctuations may bave different causes,
which will be briefly discussed below.

Weather conditions - Another factor which might
determine seasonal fluctuations in plants is related to
weather conditions, especially rainfall and
temperature. Salt & Meyes (1990), studying hill
pasture vegetation in the United Kingdom, found
that ali measured species showed very similar and
rather pronounced fluctuations in their radiocesium
contents between June and October. In ali green
fractions a first peak occurred at the beginning of
July, followed by a second peak in mid-August, after
which levels continuously declined unti! the end of
the grazing season. An indication that uptake of
radiocesium by many plant species may show
tempora! variations during the growing season was
also found by Colgan et al. (1990) in their study of
Irish pastures. Lembrechts et al. (1990)
demonstrated that weather conditions affect both
active uptake and external contamination, causing
fluctuations in the concentration of radionuclides in
plants, which mask the effect of their progressive
fixation by the soil. Seasonal variation in cesium
levels of upland grassland in Cumbria was observed
by Sandalls & Bennett (1992), who attributed it to
climatic conditions, although they were not able to
identify the factors responsible. This seasonal pattern
was very similar to that observed by Brasher &
Perkins (1978) for potassium levels in grasslands on
the Pennines in 1969.

Growth dilution - A factor which may determine
a progressive lowering of radiocesium in plants is
the so called "growth dilution". The mass
concentration of any materiai associated with the
vegetation will decrease at about the same rate as the
plant is growing (Miller & Hoffmann 1983). Growth
dilution phenomena were observed by Monte et al.
(1990) in severa! fruit-trees. Eriksson (1991)
studying grass, barley and peas in Sweden after the
initial interception during growth, found that the
apparent residence half-time of radiocesium in grass
was about one month, and that the reduction in
nuclide content up to the harvest time mainly
depended on dilution by growth. Eriksson & Rosén
(1991) found that dilution played an important role
in reducing the radiocesium concentrations of grass
during the first year after deposition, with most of
the radioactivity having been intercepted by plants.
However, it should be stressed that dilution
phenomena are of importance only when plants are
contaminated by direct deposition, without
significant root uptake. According to Anderson
(1973) the main factor limiting the supply of
potassium (and hence, probably, also of cesium) to
the growing plant shoot is not concentration, but
some intrinsic factor connected with plant growth. In
some cases it is possible to show correlations
between relative growth rates and rates of transport
to the shoot and it seems that some contro! system
operates from shoot to root regulating the import to
the growing shoot. This means that in a growing
plant "dilution" phenomena may be counterbalanced
by an input of new radiocesium from the roots,
influenced by growth itself. Perhaps it is not a
chance that most "dilution" phenomena were
reported from cultivated trees, growing on soils rich
in clay, where cesium availability, and hence root

Plant growth and ageing - Another source of
seasonal variation is related to plant growth and
ageing: Coughtrey et al. (1990), working in British
pastures, showed that in some species (e.g. Luzula
sylvatica) cesium is stored in the basai parts of the
plant during the winter months, and that levels in
senescent leaves are lower than in green leaves.
Some species of ferns, studied by Henrich et al.
(1990) show a much larger contamination in older
plants which were affected by the originai Chernobyl
fallout. In these, a much larger amount of
radiocesium is available for translocation to the
rhizome in autumn with subsequent withering of the
fronds and relocation to the new frond in spring. In
younger individuals, on the contrary, the basic
contamination is caused by soil-to-plant transfer
only. Coughtrey et al. (1990) developed a model to
describe radiocesium transfer in British upland
pastures, based on a comprehensive review on
potassium distribution and dynamics in upland
ecosystems. Direct data suggested that some species
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often very pronounced seasonal rhythms in
radiocesium activity. At least for a species of fern, it
was possible to demonstrate a direct correlation
between the tempora! pattern of radiocontamination
and the seasonal development of endomycorrhiza.
The highest concentrations of radiocesium were
reached in correspondence to the maximum, the
lowest to the minimum development of the
mycorrhizal infection, which, in this species, has a
constant seasonal rhythm. Considering the high
number of species showing distinct seasonal patterns
found by Bolognini & Nimis (1995) it is very
probable that in natural ecosystems, and especially
in forests, mycorrhiza-induced seasonal fluctuations
are more the rule than the exception. It follows that
transfer factors for the same species growing on the
same soil may exhibit a very large variation during
the relatively short time of a growing season. This
has an important consequence for studies on long
term trends in radiocesium concentrations in plants
of natural ecosystems, as great care should be made
of sampling the plants in the same period of the year.

might show distinct seasonal patterns in
radiocontamination; the model provided an adequate
representation of the transfer to live shoots that
occurs during spring and the subsequent decline that
occurs during autumn and winter. The radiocesium
specific activities of several plants of Boreal
ecosystems, measured in Sweden by Bergman et al.
(1991), decreased rapidly during the early summer
of 1986. This very fast decline was attributed to a
combination of removal during rainfall, translocation
within the plant and dilution in growing parts of the
plants. After this initial decline, the changes in
concentration of Cs-137 are generally much smaller,
and the authors assumed that physical decay will
generally govern the change in the content of
radiocesium in the ecosystem. Sombre et al. (1994)
have demonstrated that in forest trees cesium and
potassium have a similar behaviour, characterized by
distinct seasonal patterns; radiocesium seems to
follow potassium in throughfall water; moreover,
similar acropetal and basipetal translocation
phenomena occur in relation to the season.
Duvigneaud (1964) had already shown that the
potassium pool increases in spring, stabilizes in
summer and decreases in Autumn. This autumnal
decrease in the potassium concentration in leaves is
attributed partly to the washing off and partly to the
translocation to trunk, branches, roots, etc. On the
other hand, Ranger & Bonneau (1984), observed that
74% of the potassium necessary to the biomass
production comes from the older parts of the tree,
such as preexisting wood and old needles. An
opposite movement is observed at the end of the
summer and in autumn, when foliar potassium is
redistributed into the woody part of the tree. During
this period of decreasing celi activity, cellular
potassium leaves the celi (Mengel & Kirby 1987)
and then may be more easily leached from the laves.
A main problem for interpreting the previous
literature on seasonal variation of plant radioactivity
is the fact that most data are expressed on a dry
weight basis. It could be that severa! of the reported
"fluctuations" were not due to variations in
radiocesium concentrations in plant water, but to the
seasonal variation of plant texture, due to ageing
phenomena (see later).

The expression of radiocontamination in plants

Unti! now, for explaining the high variability of
radiocesium specific activities found in plants of
natural ecosystems, we have taken into consideration
some main eco- and physiological factors
influencing radiocesium uptake by plants. There is,
however, another, consistent source of variability,
which, being a methodological matter, has nothing
to do with these factors, i.e. the expression of
radiocontamination of plant materiai. Due to the
strong historical links of radioecology with radiation
protection, in many earlier studies radiocesium
activities in plants (including mushrooms) were
expressed on a fresh weight basis. As, however, the
water content of plants is subject to short-term
fluctuations (i.e. after a rainy period), nowadays
most authors use the conventional expression on a
dry weight basis.
It is well-known that most of the potassium
present in the plants is free in solution inside the
celi, or in the apoplastic water. Due to its chemical
similarity, this is probably true also for cesium. The
plant celi differs from the animai celi in having a
celi wall, whose thickness is extremely variable,
even among organs of the same individuai.
Depending on the thickening of celi walls, the water
content of plant materiai, compared with its dry
weight, is very variable, both among and within
species. Even in a well-buffered environment, such

Seasonal rhythms of mycorrhization - Bolognini
& Nimis (1995) measured the radiocesium activities
of severa! plants of a mixed forest stand in the
Carnic Alps at intervals of about 30 days for two
years, expressing the activity on a water basis. They
found that many species showed distinct, regular and
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as a beech forest, the water content of different
species may range from 50 to 90% (Nimis et al.
1988), and a stili higher range is reached if different
parts of the same species are considered (e.g. roots
versus fruits). The interpretation of the role of
potassium in the plant celi has been often
complicated by the conventional expression of the
data on a dry weight basis. A physiologically much
more relevant expression is that obtained calculating
potassium concentrations on the basis of the water
content of the plant, or of the tissue under study
(Pitman 1975, Leigh & Johnston 1983a, b, Leigh &
Wyn Jones 1984). This expression has clarified
many contradictory results obtained in the past; for
example it has been seen that, contrary to previous
results, the concentrations of potassium are more or
less stable during the growth of the plants (Leigh &
Johnston 1983a,b); criticai concentrations calculated
on a water basis are not age-dependent, as those
calculated on a dry weight basis, which tend to
decrease with age (Ulrich & Hills 1967).
An analogous problem exists in radioecology.
The dry weight of plant materiai is not necessarily
correlated with the quantity of plant water; this
means that the expression of radiocontamination on
a dry weight basis does not reflect with accuracy the
actual concentration of radiocesium inside the living
parts of plants. This may be of little relevance in
radiation protection, but becomes a consistent source
of errar in radioecology, especially when the
following problems are addressed:
1) comparative studies of transfer factors among
different species;
2) translocation of radiocesium in different parts of
the same plant;
3) study of seasonal fluctuations during the growing
season.
Nimis et al. (1988) have discussed this problem,
suggesting that, as in the case of potassium, it could
be overcome by expressing the radiocesium
activities in plants on a water basis, i.e. on the
difference between fresh and dry weight. Nimis et
al. (1990, 1994), studying many species of vascular
plants in a complex forest ecosystem in the Carnic
Alps, demonstrated that the expression of
radiocesium in Bq/1 resulted in a much lower degree
of infra- and intraspecific variability, and that this
allowed to find significant relations with soil
features and with the rooting depths of the different
plants. Some of the main errors of interpretation due
to the use of the current expression of radiocesium
activities in Bq/kg dry weight were illustrated by
Bolognini & Nimis (1995). They showed that the

traditional expression on a dry weight basis could
easily bring to false interpretations as far as transfer
factors soil-to-plant, translocation rates within
plants, and seasonal fluctuations in leaves were
concemed. For example, young leaves generally
contain much more water than senescent leaves; at
equal concentrations of radiocesium in the leaf cells,
the expression of radioactivity on a dry weight basis
would suggest that in younger leaves radiocesium
concentrations are higher than in old leaves, or even
that during plant growth there is a translocation of
radiocesium from old to new leaves. Most probably,
the decline in radiocesium concentrations from
young to old leaves reported many times in the
literature was actually due to triviai and well-known
ageing processes which have nothing to do with
radiocesium behaviour within the plant.
A criticai re-evaluation of the results of many
radioecological studies on the light of these
considerations has stili to be attempted.
Transfer Factors
The current approach to the soil-plant transfer of
radionuclides is based on the measurement of
Transfer Factors (TF). The soil-to-plant TF is usually
defined as a concentration ratio between the specific
activity in plants and that in the soil. Its relative ease
of measurement has led to the production of a wealth
of data, with several efforts aiming at correlating TF
values with various soil properties. Kiihn et al.
(1984), for example, measured the specific activity
of radiocesium of soil and grass in many localities of
NE Germany to calculate TF values; they found that
TFs are a function of severa! soil parameters, and
mainly of soil pH. The TF model implies that plant
and soil concentrations are linearly related and that
the relationship has a zero intercept (Sheppard &
Sheppard 1985).
The problem with TF values soil-plant is their
extremely high variability, especially in natural
ecosystems. The reported values of some parameters
may range over one or two (Miller & Hoffmann
1983), or even four (Boikat et al. 1985) orders of
magnitude. According to Sheppard & Evenden
(1990) the available data most often do not support
the assumptions inherent in the use of TF to
represent plant uptake. The use of simple TF has the
following main limitations: 1) it uses tota! activity
concentrations in soils, and does not consider
speciation and bioavailability; 2) the TF is defined
for steady state conditions, and therefore it takes no
account of the dynamics of the process; overall
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parameters of interest are not available, or vary
within large ranges.
The previous considerations could suggest that
the factors involved in soil-to-plant transfer are so
many, and so complicated, that any attempt towards
the construction of reliable matematica! models is
Jikely to fai!. However, there are examples, such as
the study by Ktihn et al. (1984) which demonstrate
that if most of the really relevant parameters are
considered, one can find correlations which can be
integrated into mathematical models by finding an
analytical form of the functional relationships among
parameters. Our impression is that simple TFs, as
those which are stili in current use, are, in the
present stage of development of radioecology, more
detrimental than useful for the progress of this
science, although they certainly can play an
important role in radiation protection studies. They
mask the complexity of the systems under
investigation, and their obviously high variability
hampers any serious attempt to develop really
predictive and reliable models of radiocesium
cycling in the ecosystems. The fact that transfer
factors are easy to calculate and are readily
understandable by laymen is not a good argument in
favour of their extended use in radioecologica!
studies, as such simple and rough tools are not
always adequate for studying the dynamics of
complex polycyclic systems.

radionuclide concentrations in a plant may be
subjected to changes during its growth phase,
especially if the data are expressed in Bq/kg dry
weight; 3) TF assumes Jinearity between soil and
plant activity concentrations (Nisbet & Lembrechts
1990). Haunold et al. (1986) tried to summarize
transfer factors for severa] radionuclides, with values
conventionally referred to fresh weight of cultivated
plants; these authors underlined the fact that if
rooting depth is not taken into consideration, due to
the unequal distribution of radiocesium in the soil
profiles, the calculated TF values might be totally
unrealistic. According to Sweeck et al. (1990) it
appears that the tools for making TF predictions on
the basis of soil properties are quite limited at this
stage. The difficulty stems from the fact that a TF is
influenced by soil and plant properties, as it has been
discussed before.
To reduce the uncertainty, transfer equations
were developed which tried to respect parameters
that are of influence on uptake rates, and attempts
were sometimes made to relate the ion uptake of
plants to relevant soil parameters by performing
correlatioi:i analyses between those parameters and
ion uptake. On the other hand, quite often these
parameters could not be fit into sound mathematical
relations with respect to the uptake of radionuclides
by plants. Schaller et al. (1990) could demonstrate
that, considering the potassium concentration in
agricultural plants, the uncertainty of the
radiocesium calculations in plants is significantly
reduced. Desmet et al. (1991) demonstrated that the
equation can be further improved by taking into
account only the Cs-137 activity in the soil solution,
instead of the total activity.
In complex systems, a more detailed knowledge
of the ecology of the different plant species may be
of great help in selecting those factors which might
be more relevant in influencing root uptake. The
different horizons of undisturbed soils show different
soil characteristics, and it is difficult to analyze from
which horizon different plants take up most of their
nutrients. Furthermore, as a relevant share of the
radiocesium is biologically retained, especially in
the organic horizons, this radiocesium behaves
differently than free ions in soil. A further source of
uncertainty is the influence of mycorrhiza on the
uptake rates of higher plants. Due to this complex
situation it might be that simple transfer factors, if
well-calculated, are more reliable than transfer
equations in describing the uptake of radionuclides
in natural systems, because the values for the

CONCLUSION
In the radioecologica! literature there are severa!
studies on cultivated plants and agricultural
ecosystems, while much less attention was devoted
to wild plants and natural ecosystems. Among the
latter, grasslands were more extensively studied,
both because of their relatively simple structure and
of their economie importance as a source of forage.
Forest communities and forest plants, on the
contrary, have been Jess studied, and consti tute a
particularly difficult and complex subject. In
complex natural ecosystems severa! species avoid
root competition by exploiting different soil layers
with different biologica!, chemical and physical
characteristics, many plants are in mycorrhizal
symbiosis with fungal species, the chemical
properties of the soil horizons pertaining to the same
soil type may be very different, influencing the
uptake rates. Furthermore, microgeomorphological
vanat1on may induce sharp micropatterns in
radiocesium concentrations in the soils. Thus,
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spatially contiguous species might have their roots in
widely different soil types, or in different horizons of
the same soil. Finally, the current expression of
radiocontamination in plants on a dry weight basis
was the source of a substantial degree of error in the
interpretation of radioecologica! data. Therefore, it is
not surprising that radioecologica! data concerning
plants of natural ecosystems are characterized by
high dispersion, and that reliable generalizations
seem often impossible.
A large number of models conceming the
environmental transfer of radionuclides have been
developed thus far, and a great dea! of information
on parameter values has been collected during
decades of research. Nevertheless, environmental
transfer parameter values, and, consequently, the
results of models, stili show a high degree of
uncertainty (Monte 1990). Increased research on
natural and semi-natural ecosystems after the
Chernobyl accident has shown a stili higher
variability of radioecologica! data conceming these
systems, as compared with the much simpler
agricultural systems which were the main object of
study during the early years of radioecology. The
previous considerations might clarify the main
reasons for the failure in developing reliable
predictive models, and this is stili more
that
often
considering
understandable
generalizations were sought on the basis of such
rough parameters as the transfer factors discussed in
the previous paragraph, which totally disregard the
complexity of natural ecosystem.
However, there is evidence that, by using a
sampling strategy which takes into account the
complex compartimentation of natural ecosystems, it
is actually possible to find good correlations between
soil parameters and radioactivity concentrations in
plants.
As far as the future developments of
radioecology are concerned, my persona! opinion is
that there are two main, important trends, one
leading towards ecophysiology, the other towards
generai
system
ecology
(Palo
1991).
Ecophysiological studies are needed in arder to
acquire an indispensable basic knowledge on the
mechanisms involved in cesium absorption by
leaves, roots, and mycorrhiza, and on those
concerning the transport and the physiological role
of cesium and potassium within the plant. On the
other hand, severa! data already exist on the cycling
of nutrients in natural ecosystems, and the results of
radioecology should be incorporated in the existing
models much more thoroughly than it has been done

unti! now. In particular, more attention should be
devoted to generalization of the results, as many
radioecologica! studies do not go outside the scope
of locai, or episodic studies. This can be best
accomplished through a closer link between
radioecology and plant ecology, and especially
vegetation science. According to Horrill (1983,
1990) studies on radionuclide deposition indicate
that there are significant relationships between
vegetation type and the amount of contamination
held by the vegetation and its associated soils (see
also Kovar 1990). Unfortunately, much of the work
performed on the Chemobyl fallout has rarely
incorporated exhaustive vegetation data, and has
relied mainly on describing the vegetation in terms
of the dominant species. It is often the case that what
at first appears to be a homogeneous area is in
reality a mosaic of two or more vegetation types.
The question of scale then becomes important as
sampling at different sizes can produce totally
different results. By examining the wide range of
plant communities and their associated soils
throughout Europe, it should be possible to isolate
the main controlling factors, and to reach a higher
degree of generalization.
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