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77ze present document reports a literature review of the contermeasures applied in
forest ecosystems and their secondary effects. The review has been prepared as a
deliverable for the FORECO research Project.

FORECO (Forest Ecosystems: Classification of Restoration Options, Considering
Dose Reduction, Long-Term Ecological Quality and Economic Factors) is a project
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in the frame of the Cooperation with third countries and international organizations
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between dose reduction, long-term ecological quality and economical factors.
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[1. Introduction

Man is exposed to radioactivity from both
natural and artificial sources. Artificial radionucli-
des occur in the environment due to fallout from
atmospheric testing of nuclear weapons, acciden-
tal environmental releases of radionuclides (for
example the Chernobyl nuclear reactor accident)
and routine environmental releases from nuclear
power and reprocessing plants. The dose received
from artificial sources comes mainly from inhala-
tion (immediate fallout and/or resuspended parti-
cles) and through the consumption of foodstuffs
produced on contaminated land.

The Chernobyl nuclear power plant accident
in 1986 resulted in the contamination of vast
tracts of agricultural land and natural/semi-natu-
ral areas in the former Soviet Union and Europe.
Through agriculture and silviculture much of
these areas constituted an important part of the
local economy and mans exposure to radiation
was inevitable. In response to this certain actions
or sequences of actions (countermeasures) have
been developed by scientists which serve to redu-
ce both individual and collective dose to man
from radionuclide contamination.

To minimise the radiological impact of the
accident local governments applied these coun-
termeasures as part of a strategy of management
of the contaminated lands. The main focus of
intervention was the reduction of dose and in
many cases these important decisions taken in
the heat of a disaster, were based on the often

limited information available at the time.
Subsequent research has been aimed at impro-
ving intervention strategies and developing new
countermeasures. The long term benefits of
these actions can now be evaluated and their
side-effects assessed.

Chernobyl Area

2. Semi-natural ecosystems
in Europe

Animal grazing and other anthropogenic
influences have severely diminished the area of
Europe occupied by what could truly be termed
"natural vegetation". There are however, wide-
spread ecosystems which are classed as semi-
natural in that most of the flora and fauna are
native but the vegetation is modified by human
intervention for the purposes of a low level "agri-

Chernobyl nuclear power plant



culture". Forests fall into this category. They are
relatively low management wood production
systems as well as in many cases grazing for free
ranging "domestic" animals and game. Overall
in Europe, forests account for about 28% of the
total land area (UNEP, 1991; CEC, 1995). It is
interesting to note that in contrast to other parts
of the world recent trends in land use in Europe
have shown a general decline in arable/cropland
and an increase in forests. Richards (1990)
reported that for the period 1950-1980 there has
been a 10% decline in cropland and a 6.5 %
increase in forests and woodlands.

3. Principles of countermeasure in
semi-natural ecosystems

The main considerations in a countermeasure
strategy are to:
• protect human health by reducing radioactive

dose received by either external or internal
pathways;

• restore the land to normal usage as far as possible.
A pre-requisite of the development of a coun-

termeasure is an understanding of the major
pathways of dose transfer to man and the identi-
fication of steps in this pathway where interven-
tion is possible. Figure 1 shows a simplified dia-
gram of the main pathways of dose transfer to
man in agricultural and semi-natural ecosystems.
Each of the transfer arrows represent steps of
radionuciide transfer at which a countermeasure
intervention mav be targeted.

Significant progress has been made in the
development of soil based countermeasures. Soil
based countermeasures target the processes
governing soil to plant transfer via root uptake by
altering the physico-chemical condition of the
soil, or alternatively by physically displacing the
contaminated soil from the upper layers in which
the plants absorb their nutrients. At the plant level
the countermeasures are more management based
rather than attempting to alter the natural proces-
ses. Adjusted harvesting times are sometimes
effective. These strategies are better suited to the
agricultural scenarios for which they were first
developed. Intervention at the level of the ani-
mals largely entails animal management and con-
trolled grazing, eg. limiting access to contamina-
ted grazing, moving animals to clean fodder prior
to slaughter, switching to different animal uses.
Dietary supplements for animals are an effective
countermeasure against radiocaesium as they
limit the absorbtion by the animal of ingested
radionuclide. Intervention at the level man gene-
rally involves education of the people to modify
normal habits of hunting wild animals and collec-
tion of wild foods as well as control of the dura-
tion of exposure of critical groups such as forestry
workers. Most countermeasures are designed for
agricultural systems and when applied to more
natural environments these countermeasures have
limited success. The generally poorer soil quality
and the physical and biological heterogeneity of
these systems has meant that countermeasures are
often impractical to apply. Research on counter-
measures has focussed on evaluation of the dose
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reduction potential, but experience after
Chernobyl has shown that associated with coun-
termeasures there are invariably some side effects
or secondary effects. Forest systems can be deli-
cately balanced in terms of their nutrient and
energy balance and any intervention which
disrupts this balance can have serious consequen-
ces for the forest ecosytem. In addition to the
objective of dose reduction part of the aim of a
countermeasures is that the remediation results in
restoration of some or part of the value that the
ecosystem had prior to contamination. In some
instances these secondary effects are more signifi-
cant than the reduction in radiation dose (Vovk et
al, 1993; Tikhomirov era/.. 1993).

Any intervention must be justified in that it
achieves more good than harm and in every
instance the design of a management strategy
involves the appraisal of the benefits of dose

Forest in the 30 Km zone around Chernobyl

reduction versus the cost of implementation. The
dose reduction benefit is an easily definable para-
meter as is the value of restoration to full or par-
tial use, of an previously unusable, contaminated
forest. The costs of implementing a countermea-
sure are calculable from the costs of equipment,
materials, manpower and waste handling. In
addition to these costs and benefits are less easily
quantified but equally important parameters upon
which secondary effects may have either positive
or negative impact:
• the recreational value of a forest;
• the value of a forest as a natural habitat for

wildlife;
• the value of forests in culture and traditions;
• the value of a forests as part of a landscape

and part of the wider environment.

Secondary effects are important parameters in
the justification of any countermeasure action
and need to be evaluated if they are to be inclu-
ded in the decision making process.

14. Objectives

To review existing literature on countermeasu-
res and countermeasure development to highlight:
1. the state of the art of countermeasure deve-

lopment in forest ecosystems;
2. the reported secondary effects of countermea-

sures applied in forests and those in other
semi-natural ecosystems and agriculture
which may have application in forests;

3. the potential secondary effects of counter-
measures application in forests.

! 5. Radiological countermeasures
; and their secondary effects

in forest systems

Notes: Text in italics refers to potential
secondary effects suggested by the authors but
not directly referenced in literature. Appendix 1
summarises the text which follows.

Guillitte and Willdrodt (1993) and Guillitte et
al. (1993, 1994) summarise the range of radiolo-
gical countermeasures that may potentially be
used in forests after radionuclide deposition. It
should be noted however that very limited practi-
cal decontamination of forests has occurred
except in the most contaminated areas around the
Chernobyl plant (Tikhomirov et al., 1993).

5.1. Soil based countermeasures
Additives

Generally application of soil additives is diffi-
cult in the physically heterogenous forest envi-
ronment. Some application may be possible
from aircraft but it is without adequate mixing in
the soil the benefit of the additive is greatly dimi-
nished. Some work has been done on organic
upland sites in the U.K. Because of the acid
organic soil of such ecosystems countermeasure
data and secondary effects for these sites may
have some relevance in forests.

5.1.1. Clay mineral addition

Addition of clay minerals to soils to reduce
the transfer of radionuclides from soil to forest



plants should be as effective as they are in agri-
cultural systems. However the literature shows
that even in agricultural systems there is little
agreement on the effectiveness of this action. No
literature was found to suggest that clay minerals
have been applied successfully in forest ecosy-
stems as a countermeasure.
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Application from aircraft

Paul (1995) found clinoptilolite to be effecti-
ve in reducing the long-term transfer of l37Cs to
upland vegetation. No secondary effects were
reported but the author suggests that there may
be a change in floral composition at high rates of
clay addition, due to a significant alteration of
the soil composition. In agricultural scenarios
Nishita et al. (1968) and (Nishita and Haug,
1972) found that clinoptilolite reduces the uptake
of l)0Sr but no decrease was evident for I37Cs.
This study showed that the application of clinop-
tilolite tended to reduce the plant yield and sug-
gested that other fertiliser amendments could be
required to counteract this effect. Rauret and
Firsakova (1996) found that in general, clinopti-
lolite (up to 50 t/ha) tended to increase the tran-
sfer of 137Cs and reduce the transfer of 90Sr to
agricultural crops; crop yield was unaffected.

Paul and Jones (1995) report that bentonite
had little effect on reducing caesium transfer to
upland vegetation. They suggest that as with cli-
noptilolite, there may be ecological effects at
high application rates and they note that high
rates of application may reduce vegetation con-
sumption rates by sheep. Beresford et al.
(1989a) treated upland pasture every two days
over a 34 days period with 80 g/m2 of bentonite
and concluded that the observed reductions in
137Cs activity in the animals which grazed this

pasture were due an animal effect resulting from
bentonite ingestion rather than a reduction in the
l37Cs content of the herbage. It was also noted
that the sheep which grazed this area suffered an
approximate 20% weight loss which was attribu-
ted to a 40% decrease in herbage intake. Paul
(1995) note that bentonite has been shown to
promote ruminal protozoa density and increase
wool growth in ewes. Rauret and Firsakova
(1996) reported that bentonite additions to a
number of different soils had little effect in redu-
cing the transfer of 137Cs or 90Sr to a number of
different crops or on crop yield.

5.1.2 AFCF Addition

There is contradictory evidence in the litera-
ture as to the effectiveness of AFCF in reducing
radiocaesium transfer from soil to vegetation
when applied directly to soil. AFCF additions (2
g/m2) to upland vegetation produced a variable
response with the greatest reduction in 137Cs
transfer occurring in the first year after applica-
tion (Paul and Jones, 1995). Hove et al. (1995)
demonstrated that AFCF incorporated into ani-
mal manure and applied to pasture significantly
reduced the transfer of '"Cs to vegetation compa-
red to manure with no AFCF and that this effect
lasted for at least two years. Rauret and
Firsakova (1996) in a laboratory based study
reported that an application rate of 2 g/m2 resul-
ted in a 20 fold decrease in the transfer of i:i7Cs
from sandy soil to rye grass. However, field
based additions to soils producing hay and oat
straw did not show any significant reduction in
the uptake of 137Cs. It was noted in this field

Animal manure



based study that the transfer of radiostrontium to
crops was increased due to the addition of AFCF
(Rauret and Firsakova, 1996).

There have been no other reported ecological
secondary effects associated with the application of
AFCF to agricultural systems, however Hove et al.
(1995) point out that the long-term consequences
of AFCF addition to soils will have to be studied.

5.1.3. Addition of nutrient elements

No specific reports were found which descri-
be studies in which fertilisers are added to forests
soils as countermeasures. Wiessen (1977) sugge-
sts that addition of fertilisers to forest soil will
increase the rate of forest litter decomposition
and consequently speed up the mobilisation of
radionuclides incorporated within the organic
matter. Addition of fertilisers also causes a reduc-
tion in the viability of some mycorrhizal species
which in turn will have negative .consequences on
certain plant growth (Guillitte et al., 1989). A
general conclusion from the literature is that fer-
tilisers added to natural grass or shrub communi-
ties will affect the species composition of the
biomass.

The semi-natural areas of Scandinavia, cen-
tral Europe and the British Isles are characterised
by acidic organic soils which are low in essential
nutrients so the addition of K and Ca is in gene-
ral very successful in reducing transfer of Cs and
Sr (Lonsjo et al, 1990; Alexakhin, 1993; Nisbet,
1993; IAEA, 1994). However, their nutrient poor
status means that the balance of the ecosystem is
easily disturbed and secondary effects are likely
to be significant.

Potassium and calcium treatment of soils
results in typical radionuclide reduction factors
of up to five and up to ten for radiocaesium and
radiostrontium respectively (Nisbet et al., 1993).
These countermeasures have been used succes-
sfully in the former Soviet Union (Konoplev et
al., 1993) The mechanisms by which these two
elements reduce radionuclide uptake are discus-
sed in detail by Shaw (1993). Nishita et al.,
(1962) note that the application of potassium
effects a significant reduction in radiocaesium
uptake by plants, only where soil levels of
exchangeable potassium are low. Nisbet (1993)
notes that additions of calcium to organic soils
may result in a lower Ca:Sr soil solution ratio
due to the preference of humic acid for calcium
and hence a higher transfer of Sr into vegetation.

Paul and Jones (1995) applied potassium to a

Forest in Ireland

semi-natural grazing system and found that the
reduction in l37Cs transfer was short-lived (the
effect diminished after 1 year). The potassium
content of the vegetation was not increased by
this treatment but in the first year a slight increa-
se in dry matter production of vegetation was
noted.

Nisbet et al. (1993) and Prister et al. (1993)
point out that a high lime application rate maybe
potentially harmful to vegetation as it causes a
decrease in the bioavailability of essential
nutrients. High rates of lime application may also
result in an increase in the occurrence of plant
pathogens especially in plants which prefer acid
conditions (Prister et al., 1993). Excessive addi-
tion of lime to coniferous forest soils may reduce
the fine root biomass which is essential for
nutrient uptake by the trees (Persson and
Ahlstrom, 1992).

Reith (1962) investigated the longterm effects
of lime on acidic arable land in Scotland. In

Trifolium repens
Photograph courtesy Francesco Intoppa
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general crop yields were increased for all lime
treatments. Wiklander (1964) showed that
liming of an acidic soil (pH = 4.5) resulted in
reduced migration of 90Sr in the soil, thereby pre-
serving it within the topsoil and decreasing it's
loss by leaching.

12

Calluna vulgaris
Photograph courtesy Francesco Intoppa

Roberston and Nicholson (1961) added lime
and phosphate to four upland soil and vegetation
(two C. vulgaris and two grassland) systems.
Four years after nutrient application it was noted
that both high and low application rates of both
nutrients accelerated the revegetation of previou-
sly burnt ground. Increasing applications of both
lime and phosphate on the Nardus stricta domi-
nated grassland resulted in a decreasing N. stric-
ta component of the sward and an increasing
incidence of Festuca spp and Trifolium repens.
In a study of upland pasture use in Ireland
McAdam (1987) notes that lime application and
surface drainage results in a slight shift in plant
species composition to favour grasses which are
nutritionally more valuable for grazing.

Increased lime depressed the abundance of
C.vulgaris on C.vulgaris dominated sites and
Agrostis spp. on Agrostis dominated sites. On the
Agrostis site Festuca spp. biomass increased with
increasing lime application. White clover (T.
repens) also made a more significant contribution
to the sward at higher lime application rates. In
general higher lime applications led to more
favourable grazing conditions at the two gras-
sland sites. P addition decrease the abundance of
Erica but increased the moss component
(Roberston and Nicholson, 1961).

Additions of phosphorus fertilisers have been
shown to reduce strontium uptake by plants by
up to a factor of 10 (Konoplev et al., 1993;
IAEA, 1994). However application of phosphates
may reduce the availability of essential micronu-
trients when applied at higher rates (Nisbet et al.,
1993; IAEA, 1994). Thomas et al., (1945) in a
study of fertiliser application to heathland plots
of Calluna vulgaris, found that liming and potas-
sium and phosphorous addition reduced plant
concentrations of magnesium, chloride, inorganic
sulphur and manganese. The authors discuss the
importance of micronutrient availability to the
health of the vegetation and the grazing stock.

Festuca

Gore (1961a,b; 1963) investigated the growth
response of high level blanket bog vegetation to
calcium, phosphate and nitrogen. Gore (1961a)
demonstrated that there was no significant
response by Eriophorum vaginatum or Molinia
caerulea to annual spring inputs of phosphate,
calcium and a combination of fertilisers on a
nutrient deficient high level blanket bog. Both
species experienced an increase in phosphate
levels but no corresponding growth response. As
expected the calcium additions raised the pH of
the peat but this was confined to the upper 6 cm
of the peat profile. Further investigations by
Gore (1961b) established that Dactylis glomerata
biomass increased in response to nutrient inputs

Eriophorum vaginatum



(potassium and nitrogen) when these were limi-
ted in the peat substrate.

Goodman and Perkins (1968) investigated the
application of three dosage rates of mineral salts
on the performance of E.vaginatum on a high
level blanket bog. Two years after application it
was determined that potassium and to a lesser
degree phosphorus provided the greatest growth
stimulation. Calcium additions at approximately
1 t/ha seemed to depress growth in the first year
but production approached control level in year 2
(Goodman and Perkins, 1968). Rawes (1966)
describes the long-term effects of fertilization of
a Festuca-Agrostis grassland in the northern
Pennines. Calcium with N, P, K were applied to
this grassland. In the first year after application
it was found that the herbage yield had doubled
in an enclosed area. This effect on yield had
disappeared when the plot was sampled three
years later. Over the eight year study period it
was found that in general the nutrient content of
the fertilised plots were marginally higher that
the controls. This treatment had little effect on
sward composition (Rawes, 1966).

There is some evidence in the literature to
suggest that animals may preferentially feed on
vegetation which has a higher nutrient content.
Miller (1968) found that in winter grouse favou-
red heather which had previously been fertilised
by nitrogen. In winter, hares and rabbits prefer-
red heather with a high phosphorus and nitrogen
content and in summer selected only heather
with a high nitrogen content (Miller, 1968).
Large scale grassland fertilisation experiments
suggest that deer preferentially selected vegeta-
tion which had been fertilised (Knott, 1956;
Thomas etal, 1964).

5.2. Soil based physical countermeasur^s

5.2.1. Ploughing

Several different ploughing techniques have
been proposed as countermeasures in agricultural
scenarios and these are detailed below.
Ploughing is unlikely to be physically possible in
forest due to the presence of roots and the pre-
sence of sometimes large, shrubby understory
vegetation. Guillitte and Willdrodt (1993) state
that ploughing could cause considerable damage
to geophytic plants in forest ecosystems and that
ploughing should only be considered where it is
a normal practice or on previously cultivated
soils which have been returned to silviculture.

Ploughing (especially deep ploughing and
skim and burial) does not remove the contamina-
tion from the system and the mobility of the
radionuclides may be enhanced in the deeper
position resulting in the possibility of groundwa-
ter contamination (Arnold, 1990). Ploughing
reduces the widespread risk of resuspension,
however, there is localised resuspension during
the application of this technique especially in dry
conditions (Hollander and Garger, 1996). The
loss of soil fertility will need replacement by
application of artificial fertilisers which will
have associated economic and ecological conse-
quences.

«*

Ploughing

Skim and burial ploughing involves remo-
ving a thin top layer of contaminated soil and
placing it at a depth of 50 cm. This countermea-
sure is especially effective for shallow rooting
plants and in general radionuclide plant reduc-
tions of up to a factor of 10 can be expected
(IAEA, 1994). In addition to the difficulties of
application of this technique in forests the forest
floor contains most of the bioavailable nutrients
required for the biomass (Carey and O Brien,
1979, Perala and Alban, 1982) so relocation of
some of this material to deeper layers would
represent of a nutrient loss to the forest ecosy-
stem. If the organic horizons of the forest floor
are sufficiently deep then this loss may not be
significant.

Conventional ploughing to a depth of
between 10-30 cm effectively dilutes the radioac-
tivity in the upper soil layer and consequently
reduces root uptake of radionuclides. There are 13



conflicting reports in the literature as to the
effectiveness of this countermeasure. Vovk et al.
(1993) reported that on average this method pro-
duced a decontamination factor of approximately
1.5. Arnold (1990) concluded that the likely
reduction in the transfer of radionuclides to crops
would be a factor of two. Alexakhin (1993), on
the other hand found ploughing to be one of the
most effective countermeasures used in the for-
mer Soviet Union following Chernobyl. It has
been demonstrated by Schimmack et al. (1994)
that three to four ploughings are needed to obtain
an even distribution of radionuclides within the
plough layer.

Repeated ploughing of the top 10-30 cm of
the forest soil, if physically possible, would result
in severe damage to the feeding roots of the fore-
st plants and disturbance of soil fauna.

Deep ploughing has been successfully utili-
sed in the former Soviet Union to reduce radio-
nuclide uptake by plants (Vovk et al., 1993).
Deep ploughing involves inverting a greater than
standard depth of soil (typically 40-60 cm but
sometimes up to 1 m) and consequently burying
the most contaminated upper soil horizons on the
bottom. According to Sandalls (1990) the main
advantages of this technique are that activity is
placed at a depth which minimises disturbance
by further conventional ploughing and contami-
nation is placed below the rooting depth of many
conventional crops. Alexakhin et al. (1996) states
that deep ploughing reduces the 90Sr contamina-
tion of plants by up to a factor of 2.3. Lonsjo et
al. (1990) tested various different ploughing
techniques and concluded that placing 50-60 cm

14

plough widths at a depth of > 25 cm was most
effective for burying radioactive contamination.

The physical limitations and secondary effects
of nutrient loss, root damage and soil faunal
disturbance described for the other ploughing
techniques are also appropriate in this case.

5.2.2. Removal of Upper Soil Layers

Removal of contaminated soil surface layers
is an extremely effective method of reducing
contamination especially where the particular
radionuclide(s) is not mobile within the soil. In
agricultural scenarios a mechanical device (bull-
dozer, turf harvester, etc) is used to remove
approximately 5 cm of surface soil. In certain
circumstances, the efficiency of this countermea-
sure in removing radioactivity can be as high as
100%. This countermeasure was used to decon-
taminate the area surrounding the Chernobyl
nuclear power plant following the accident.
(Vovk etai, 1993).

A version of this technique is used in forests
for the purpose of stimulating natural regenera-
tion of biomass. The physical limitations of
accessibility and obstacles such as roots and
stumps mean that mature, thinned forests are
most suitable. Removal of the organic material of
the forest floor would mean a loss of nutrients
from the forest ecosystem which may be signifi-
cant if the soil depth is low.

The main problem associated with surface
soil removal is the vast amounts of wastes produ-
ced. The removal of the organic horizons genera-
tes 5-100 t/ha of waste butthe removal of every 1
cm depth of mineral sub-soil will result in the
generation of 100-150 t/ha of contaminated soil
(Vovk et al., 1993). The disposal and burial of
this waste may result in the contamination of
groundwater resources at some time in the future
(IAEA, 1994) Reitemeier et al. (1965) outline
the main problems associated with soil disposal
which arise are ensuring that radionuclides from
contaminated soil do not become available for
plant uptake sometime in the future. This
method is not suitable for sites in which the sub-
soil has a low nutrient status or where erosion
might occur (Guillitte and Willdrodt, 1993).

An extension of the soil removal method cal-
led the decontaminating vegetal network (DVN)
is described by Jouve et al. (1993). It involves
the growth of grass together with peat, polysac-
carides and water. The subsequent "vegetal and
root matt" together with 1-2 cm of the underlying



soil is removed by a turf harvester. Field trials of
this technique have proved promising. The
major advantages of this technique are:
I) the volume of waste soil to be disposed of is

very much reduced
II) resuspension of radionuclides from contami-

nated soils is considerably reduced. This
technique has not been tested in forest
systems.

5.2.3. Removal of forest litter

Litter removal alone would result in less
negative effects than surface removal in terms of
nutrient loss, as the annual litter fall represents
only a fraction of the total forest floor nutrient
pool. The timing of application of this counter-
measure will have a strong influence on its effec-
tiveness. Also important is the tree species to
which it is applied. Collection of deciduous fore-
st litter in the autumn if shortly after deposition,
will remove significant proportions of the total
deposited activity. If there is a delay in collection
much of radioactivity may be washed into the

Venzone forest - Italy

soil. For coniferous trees the needle loss in
autumn is only partial so the amount of deposi-
tion removed may be only 10-20% (Guillitte et
al, 1990; Tikhomirov et al., 1993). As with all
material removals this technique presents a
secondary problem of waste disposal, but in this
case the volume will be much less than with
other techniques.

5.2.4. Surface stabilisation

This involves the application of surface stabi-
lisers such as soil, asphalt type materials, road
oil, emulsions, water, chemical binders and
synthetic polymers (IAEA, 1994). This covering
can be permanent (asphalt or cement) or non-per-
manent (foam, or DVN as described above).

When the surface covering is permanent the
contamination is buried and not removed from
the system. Therefore considerable extra effort
will be needed if the situation at a later date
requires the removal of the contaminated soil.
The value of the treated land for food production
or recreation (parks etc) is completely lost which
will result in economic and social losses. There
is complete destruction of the flora and fauna of
the treated land as well as loss of ranging areas
for fauna of neighbouring ecosystems. There is a
risk of increased surface water run-off with
secondary problems of strain being placed on
drainage systems, flooding and erosion. The
aesthetic value of the landscape will be comple-
tely altered.

Covering areas with foam or polymer based
materials with subsequent removal at a later date
will result in the destruction of natural vegeta-
tion as described above but the effect will be
temporary and some restoration strategies
may be adopted to restock the land with native
flora and fauna. The restoration may not be
complete. The land will be out of production
for the duration of the countermeasure and
this may be economically detrimental to local
populations.

5.3. Plant based physical amendment

5.3.1. Non-lethal defoliation

This countermeasure involves spraying trees
with a chemical defoliant and collecting the fal-
len leaves (Jouve et ah, 1993). The technique
relies on the fact that the canopy intercepts air-
borne contaminants and, in the early stages after
contamination much of the fallout adheres to the
leaves.

The defoliant may have adverse effects on the
tree, the understorey vegetation, the forest fauna
and soil dwelling organisms. There may be a
strong negative reaction from local people
(Guillitte and Willdrodt, 1993).
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5.3.2. Clear felling of timber

Clear felling of forested areas is recom-
mended only on severely contaminated areas
(Guillitte and Wildrodt, 1993). The effect of
clearfelling in to remove contaminated wood,
enhance the decomposition of forest floor litter
and so increase the rate of downward migra-
tion of deposited radioactivity, eliminate the

Tarvisio forest - Italy

production of highly contaminated fungi and
encourage the increased growth of herbaceous
plants. Clear felling raises the water table and
in some circumstances can result in the tran-
sportation of radionuclides to the surface soil
layers. If the soil is prone to erosion the loss
of the forest will accelerate this process resul-
ting in spatial redistribution of contaminated
soil (Guillitte and Willdrodt, 1993). Clear fel-
ling of timber also results in the removal of
significant amounts of nutrients from the eco-
system through biomass removal (Anderson,
1985) and through drainage waters (Stevens et
al., 1988). If the internal wood of the trees is
contaminated the waste produced from clear-
felling is enormous. If on the other hand only
the bark is contaminated it is recommended
that bark is stripped on site. Felling is recom-
mended during snow cover when resuspension
is reduced.

5.4. Forest management countermeasures

5.4.1. Restrict access to forest/fungi grazing
animals

The high interception capacity of forest cano-
pies results in an up to 30% greater deposition of
airborne contaminants in forests than on open
land (Bunzl and Kracke, 1988). This, coupled
with the high soil to plant transfers of radiocae-

Lacarius rufus

sium which have been observed in forest plant
species and the accumulation of radiocaesium by
some species of fungi (Kammerer, 1994; Wirth et
al., 1994), means that compared with pastures,
forest grazing results in greater radiocaesium
contamination of the foodchain. The consump-
tion of fungi by grazing animals in autumn con-
tributes significantly to radiocaesium entry into
the foodchain and a significant peak in in vivo
radiocaesium can be observed in forest grazers
(Hove et a I., 1990; Karlen et al., 1991; Rafferty
et al., 1994). It is not always possible to control
the grazing range of wild animals, but where
domestic animals graze forested areas a signifi-
cant reduction in dose transfer could be effected
if forest grazing was prevented during the period
of maximum fungus growth. Alternative fodder
or grazing will need to be substituted for the lost
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grazing which may have economic consequences.
The dietary diversity will probably be reduced if
the animals are switched to stored fodder and there
may be some difficulty in adjusting the diet. Forests
tend to suffer overgrazing in winter so control of
grazing may have benefits for forest growth.

5.4.2. Restriction of access by man

The external dose pathway to man can be
significant in forests particularly close to the
accident epicentre where hot particles may be a
significant component of the fallout. Retention
of these hot-particles on the forest floor and in
the bark of the trees has been reported
(EUR 16531, 1996) and gives a persistent exter-
nal dose to forest users. Restriction of access to
critical groups such as forest workers has the
potential to reduce significantly the external dose
received. If major forest works are necessary the
dose transfer can be reduced by carrying out such
activities during snow cover.

Restriction of access in the Chernobyl area

Use of forest based summer homes may war-
rent restriction.

Restriction of access bx man will have signifi-
cant negative social and cultural consequences
especially where forests are widely used for
recreation purposes. The reduction of forest
disturbance associated with this countermeasure
may have positive effects on the natural flora and
fauna of the region

5.4.3. Changing hunting season to avoid peak
radionuclide transfer period

This countermeasure has been used to good
effect in Scandinavia, but it's success requires a
very good understanding of the seasonal varia-
tion in radionuclide concentrations in various
ecosystem compartments (Howard, 1993). For
example Johanson et al. (1991) showed that
changing the roe buck hunting season to spring
from the traditional autumn period resulted in a
decrease in roe buck radiocaesium concentrations
of up to a factor of five. Bringing forward the tra-
ditional September slaughter time of reindeer to
August resulted in significant decreases in rein-
deer radiocaesium concentrations as animals had
not yet started to eat the highly contaminated
lichens.

Secondary effects associated with this coun-
termeasure include lower slaughter weights
achieved compared with those later in the season
(Howard, 1993). Ahman et al. (1990) point out
that it is particularly difficult to locate the rein-
deer early in the hunting season (August). There
is likely to be social/cultural resistance to chan-
ging traditional hunting times.

5.4.4. Restriction of consumption of forest
products

Fungal species vary widely in the amount of
137Cs they take up, so selective mushroom collec-
tion, which avoids the most highly contaminated
species can result in a significant reduction in
dose transfer to man. Compared to fungi, wild
berries generally have a relatively uniform
uptake of 137Cs, so banning of consumption or
limiting consumption rate may be useful.
Education of the local population is therefore
essential in order for this countermeasure to be
effective. This countermeasure is likely to meet
with strong resistance from local populations for
whom collection of wild forest food has a cultu-
ral and economic significance. The reduction of

Wood houses in the Chernobyl area Wild forest food
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forest disturbance associated with this counter-
measure may have positive effects on the natural
flora and fauna of the region

5.4.5. Forest fire prevention

Forest fire prevention is an important counter-
measure against resuspension in all forest types
(Guilitte et al, 1994). This is usually implemen-
ted by restricting human access and by good
forest management. In the Chernobyl 30km zone
irrigation channels are allowed to flood to pre-
vent the establishment of forest fires; this action
results in the removal of contaminated soil parti-
cles to the irrigation channels and on to the river
system (pers comm, O. Voitsekovich, UHMI,
Kiev). The reduction of forest disturbance asso-
ciated with this countermeasure may have positi-
ve effects on the natural flora and fauna of the
regions

5.4.6. Change to forest nursery production

Severely contaminated forest land can be
clearfelled and turned over to nursery production,
from which the young trees can be subsequently
replanted in less contaminated areas. (IAEA,
1994) This is a more labour intensive form of

forestry and so may have benefits of employment;
it may also involve re-education and re-structu-
ring of the local economy. The forest will no lon-
ger be available for grazing or wild food collec-
tion. The ecosystem will lose it's natural flora
and fauna. Fertilisation and ploughing will be
required and the secondary effects of these are
described above. Land erosion and resuspension
max be increased resulting in spatial redistribu-
tion of contaminated soil. The translocation of
young trees will result in an exportation of conta-
mination to other possibly uncontaminated
regions.
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\ 5.5. Animal based countermeasures
I - Additives

5.5.1. Administration of Ammonium-Ferric-
hexacyanoferrate (II) (AFCF) as Salt
licks or Boli

AFCF is effective in reducing the absorption
of radiocaesium in the gut of grazing animals and
consequently reducing radiocaesium contamina-
tion in milk and meat of grazing animals (Arnaud
et al. 1988; Giese, 1989; Unsworth et al. 1989;
Pearce et al. 1989; Hove and Hansen, 1993;
Voigt, 1993; Ahman, 1996). A review of the
historical development and mode of action of this
compound is given by Giese (1988). In general 3
g/day administered to cattle and 1-2 g/day admi-
nistered to smaller ruminants results in signifi-
cant radiocaesium reductions in the meat and
milk of contaminated animals (Voigt, 1993).
AFCF administered to reindeer almost comple-
tely blocks radiocaesium uptake by the gut and
also significantly increases the elimination of
previously absorbed radiocaesium (Ahman,
1996). AFCF licks and boli are a practical
method for management of free ranging ani-
mals while AFCF addition to fodder requires
that the animals receive daily attention.

No adverse effect of AFCF dosing in cattle
or sheep has been found; ion transport mecha-
nisms were unaffected, rumen bacterial and
protozoal counts were normal and no free cya-
nides were found in cow's milk (Giese, 1989;
Pearce et al., 1989; Unsworth et al., 1989). A
review of the toxicity of AFCF in mammals
was carried out by Pearce (1994) who conclu-
ded that AFCF had no effect on animals health
and no toxic effects were noted in humans.

The vast majority (>95%) of ingested AFCF
and the caesium with which it has bound, is voi-
ded in the animal faeces (Arnaud et al., 1988;
Giese, 1988) resulting in the transfer of this com-
plex onto the soil surface. The non-toxicity of
AFCF to both mammals and intestinal flora indi-
cate that this complex is likely to be stable and not
easily decomposed, however long term environ-
mental tests of this complex are not reported. If the
AFCF complex were to suffer degradation by for
example, weathering or microbial attack the result
may be a liberation of Cs ions onto the soil surfa-
ce. The rate of transfer of ingested Cs to the soil
surface in faeces will not be affected by the use of
AFCF, however, the small loss of in vivo Cs from
the ecosystem which normally occurs as livestock
are removed, may be considerably reduced.



I 5.6. Animal management countermeasures

5.6.1. Provide uncontaminated feeds or move
animals to uncontaminated land prior
to slaughter

This is one of the most effective means of
reducing radionuclide contamination in animal
muscle tissues (Jones, 1993). It is suitable for
dairy animals or as a finishing process for
meat producing animals. This countermeasure
is especially effective for radionuclides such
as radiocaesium and radiostrontium, which
have comparatively short biological halflives.
It has been used successfully in a number of
countries including Norway (Hove and Ekern,
1988), Great Britain (Howard et al., 1987) and
Ireland (McGarry et al. 1995).

Problems associated with changing the diet
of farm animals have already been discussed
in association with other countermeasures.
Here, too, there could be a problem in adju-
sting the diet with a resultant loss, possibly
only temporary, of productivity. Transferring
animals from a high fibre grass, hay or silage
diet to a diet of grains which are low in fibre,
can depress the fat content of cows milk as
well as reduce production volume by as much
as 25% (Davis et al., 1964; Jorgenson et al.,
1965; Storry and Rook. 1965; Bringe and
Schultz, 1969).

After the Chernobyl accident there was
concern that lowland pasture could, over time,
become contaminated by radiocaesium in the
excreta of contaminated grazing animals.
Beresford et al. (1989b) demonstrated that
this was indeed the case but at that the transfer
was likely to be low relative to the ground con-
tamination and only a very small proportion of
this would be transferred to above ground
vegetation.

5.6.2. Change from dairy to meat production

Following radionuclide deposition there is
generally a high rate transfer rate of ingested
radionuclides to milk making dairy operations
one of the more sensitive animal based produc-
tion systems in terms of radiological dose tran-
sfer to man. A switch to meat production in
conjunction with the use of clean grazing or
fodder prior to slaughter can be an effective
way of reducing the radionuclide entry into the
foodchain. The additional fodder needed will
be an economic burden; there may be cultural
and social problems associated with the chan-
ge. Ecological consequences should be negli-
gible.

5.6.3. Change from sheep/goats to cattle

The replacement of small ruminants such as
sheep or goats with cattle will result in an
approximate five fold reduction in radiocaesium
levels in milk and meat (IAEA, 1994). However,
yields of dairy and meat products are likely to be
reduced by this measure as new infrastructure
and husbandry methods need to be developed.
Also, smaller ruminants compared to larger ani-
mals, can more effectively utilize poorer quality
grazing such as that found in many semi-natural
areas (Howard, 1993) This could restrict the
grazing range and productivity of the new live-
stock. There may be cultural and social problems
associated with the change.

19



6. Conclusion and outlook

A number of general conclusions arise from
this review:

• The majority of research effort and conse-
quently the availability of literature has
focussed on countermeasure development for
agricultural systems. Semi-natural systems
are rarely addressed.

• Research into countermeasures for agricultu-
re has been dominated by soil based actions
which tranfer poorly to semi-natural ecosy-
stems and particularly poorly to forests.

• For semi-natural ecosystems management
based countermeasures seem to be the most
effective.

• Secondary effects are not reported except for
an occasional indirect reference to change in
vegetation productivity or biomass composi-
tion.

• Secondary effects are likely to be more varied
and more far-reaching in semi-natural ecosy-
stems compared to agriculture.

• Secondary effects in forests are more pro-
nounced where the forest has extra functions
as an amenity, a grazing area or as a source of
game or wild foods.

• Secondary effects of contermeasures applied
to forest impact the habitat and amenity value
of the forest as well as having social and eco-
nomic consequences.
Forests are not simple monocultures but are

living systems with a natural balance which is
sensitive to disturbance. Each physical level
within the forest - the soil, the forest floor, the
understory, the canopy, presents facets of the
forest ecosystem which are highly complex and
highly vulnerable to disruption. Soil is a particu-
larly sensitive part of the forest ecosystem becau-

se it is not only a matrix for the physical support
of plants and animals and micro-organisms but is
an important sink of essential nutrients and a
medium in which critical ecological processes
take place. Soils also constitute an important link
between precipitation and freshwater ecosystems.
The important role of soil in the bio- and geo-
sphere means that there is potentially a very wide
range of secondary effects associated with any
interference in soil. The radiological literature
which propose soil based countermeasures do not
do justice to the important role of soil in the
environment.

The modern forest is a unique ecosystem in
that it functions in the environment in many ways
- as a production system for wood for industry
and fuel, as a habitat, a grazing place for dome-
stic animals, a source of food, a territory for
game, as a recreation ground, as a feature of the
landscape. The forest gives stablity to soil and
intercepts precipitation and it forms an attractive
barrier to sound, unpleasant views and airborne
contaminants. Countermeasures will in some
way cause secondary effects on these forest func-
tions and that effect will be manifested ultimately
in widespread economic and social impact. The
magnitude of impact is difficult to predict or
measure and very difficult to express in monetary
terms, but this does not lessen its significance as
an essential factor for consideration in the deve-
lopment of a management strategy for a radioac-
tively contaminated forest.
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Appendix

Summary of information on countermeasures and secondary
effects represented in the text in relation to forest ecosystems.

The "Red Forest" near Chernobyl
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Clay mineral
addition

AFCF
addition

Nutrient
addition

in general

K
addition

Ca
addition/liming

P
addition

• Effectiveness variable but
should bemost effective on
organic soils

• Difficult to apply in forest
environment

• Mixing in soil increases
effectiveness but not
practical in forest

• Clinoptilolite reduces Sr-90
uptake is unclear

• Bentonite effectiveness for
Cs-137 is unclear

• Laboratory studies effective
while field results are
variable

»Effectiveness increase after
2 years on upland pastures

• K effective for Cs only in
soils of low exchangeable
K status

• K can effect Cs reduction
factors of up to 10

• K effectiveness can be
shortlived (1 year)

• Ca can effect Sr reduction
factors of up to 10

• Ca added to organic soils
can enhance Sr uptake

• Ca effective for Sr only in
soil of low exhangeable
Ca status

• Phosphorous addition can
reduce Sr uptake by
plants by a factors of 10

• Change in floral composition observed
in upland pastures

• Clinoptilolite effect on crop yield is
unclear

1 Bentonite applied to soil reduces
grazing rates probably due to adhesion
to vegetation

1 Bentonite increases ruminal flora
density and also wool growth in ewes

• Bentonite had little effect on crop yield

1 AFCF increased Sr-90 transfer to crops
1 No reported secondary effects
1 Long term studies of AFCF stability are
recommended

• In general, addition of fertilisers to
forest soil accelerates decomposition of
organic soil horizons with consequent
mobilisation of radionculides

1 In general, addition of fertilisers limits
viability of some mycorrhizal species
with negative consequences for growth
of symbiont.

• In general, fertilisers added to natural
grass and shrub communities will alter
the species composition.

1 In general wild grazing animals
(rabbits, hares, deer, grouse) prefer
vegetation which has received fertiliser

• K added to semi-natural grazing did not
increase K content of vegetation but
slightly biomass

• Ca added to organic soils can enhance
Sr uptake

• Excessive lime treatments may reduce
the fine root biomass of conifers

• Liming can decrease the availability of
essential nutrients especially P

• Heavy liming can increase the
incidence of plant pathogens

> Lime added to acid arable soil increases
the crop yield

• Lime added to acid soil can retard the
downwad migration of Sr

• Lime addition to upland soils alters the
species composition of the plant
biomass, often favouring more valuable
grazing species

• High P application rates can reduce
available of micro-nutrients

• P application stimulates plant growth
on blanket peat

1 In winter hares and rabbits select for
vegetation which has a high P content



Nature of
^Countermeasure

Action taken
Effectiveness

Comments/Secondary effects

Ploughing in
general

Skim and burial
ploughing

Conventional
ploughing

Deep ploughing

Removal
of the

upper soil layer

Removal
of

forest litter

Surface
stabilisation

• Ploughing reduces
resuspension risks

• Ploughing dilutes or
displaces the contamination
in the rooting zone

• Ploughing is physically
very difficult in the forest
landscape unless preceded
by clearfelling

• This is effective for shallow
rooting plants and reduction
factors of up to 10 can be
expected

1 Data on effectiveness are con-
flicting but generally a reduc-
tion factor of 1.5-2 is reported.

1 3-4 ploughings are needed
to achieve thorough mixing

1 Ploughing to 50-60 cm at
widths of >25cm was found
to be optimum

1 Efficiency of this action
can be up to 100%

1 Timing of this action is
critical to its effectiveness

• For deciduous trees when
contamination is shortly
before autumn the
effectiveness is high

• For coniferous trees effective-
ness is greatly reduced

• Effective in short term

> *Ploughing will damage roots and
geophytic plants

> Ploughing does not remove the contami-
nation but displaces it down the soil profile

• Displacing the contamination down the
soil profile can result
in ground water contamination

• Ploughing reduces resuspension risks
generally but there is localised
resuspension during ploughing in dry
condition

• In soils where the nutrients are located
in the to soil layers ploughing can
diminish nutrient supply

• This would result in nutrient loss in forests
but if the organic horizons are relatively
deep then the loss may not be significant

• Damage to plant roots and soil flora and
fauna would be expected

' This would result in nutrient loss in forests
but if the organic horizons are relatively
deep then the loss may not be significant

• Damage to plant roots and soil flora and
fauna would be expected

> This would result in significant nutrient
loss in forests.

• Damage to plant roots and soil flora and
fauna would be expected

• This is physically limited by the
presence of roots and understorey shrubs

> This method would generate 5-100t/ha
of organic waste if applied in forest

• Additional lcm depths taken from
mineral horizons would generate
100-150t/haofwaste

• This would result in nutrient loss in forests
but if the organic horizons are relatively
deep then the loss may not be significant

• Soil erosion could occur if this action is
applied to loose or superficial soils

• Damage to plant roots and soil flora and
fauna would be expected

> This technique generates waste but the
volume is less than with other methods

1 This does not remove the contamination
• There is complete loss of herbs and

grasses and all soil flora and fauna
1 There is complete loss of herbs and
grasses and all soil flora and fauna

• Increased run-off
• Negative social/cultural impact
> Aesthetic and the recreational value of
the forest would be severely
diminished.
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Defoliation and • Timing is important as • Defoliant may have toxic effects on
removal of fallen defoliation is effective only tree, understorey vegetation, forest

leaves while contamination is still fauna and soil dwelling organisms
on leaves • Negative social impact likely

^ J Clear felling • Recommended only on • Increased decomposition and
e j=Jj| and removal severely contaminated lands mineralisation of organic matter of

J of timber • Bark stripping on site is forest floor with consequent
recommended mobilisation of radionuclides in organic

• Recommended that work is material
carried out during snow • Possible erosion of loose or superficial

, •. cover soils.
Q^ • Significant reduction in soil floral and
!if} faunal biomass.
?3 * Regrowth of herbaceous vegetation that

was previously exclude by forest
canopy shade.

• Loss of forest fauna - hunting activities
• Increase in watertable level and

possible upward transportation of
radionuclides

" Social problems due to loss of
recreational amenity.

• Possible long-term ecological benefit
due to forest reverting to more natural
state.
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Nature of
Countermeasure

Action taken

Restrict access

by
grazing animals

Restrict
human access

to forest

Change game
hunting season

Restrict
consumption of
wild forest foods

Forest fire
prevention

Change
to forest nursery

production

Effectiveness
and practicality .

1 Can be very effective to
restrict access during
fungal period

> Difficult to achieve
«Education programmes
required

• Effective where
contamination is high
especially if hot particles are
a component of the fallout

• Liable to be ignored
• Education programmes
required

• Effective with recorded dose
reduction factors of up to 5

• Education programmes
required

• Can be very effective
• Education programmes
required

• Effective in reducing
resuspension risk

Comments/Secondary effects

« Loss of natural grazing area
• Supplementary fodder may be required
• Animals often have difficulty switching
to alternative diets

> Forest may benefit from reduced
grazing pressure

• Extra resources required to ensure
minimum exposure time of forest work
workers

• Loss of recreational use of forest
• Negative social effects
1 May have benefits for forest flora and
fauna

1 Slaughter weights may be less
1 Game may be more difficult to locate
• Probable social opposition to change in
tradition

> Negative social and psychological impact
> Replacement foods will be required
• Loss of traditional activities
> Possible benefit for forest ecosystem

• Requires management which increase
external exposures

1 Restores economic value of
contaminated land

> Some exportation of contamination
occurs

• Labour is intensive with possible
benefits to local economy

• Re-education of workers may be
necessary

> Loss of forest grazing
• High fertiliser demand with economic

and environmental consequences.
• Possible land erosion
• Loss of habitat for flora and fauna
• Loss of forest amenity value

30



F Nature of
f Countenneasure

Action taken Effectiveness
and practicality Comments/Secondary effects

AFCF
administration

' Effective for reducing Cs
transfer from fodder to
milk and meat

> Can be administered orally in
fodder or as boli or salt licks

»Administration in fodder
requires daily attention

> Boli require that contact is
made with the animal at
about 3 month intervals

1 Salt licks are useful for
free ranging wild animals
as no human contact is
required

1 No toxic effect of AFCF in animals or
humans has been found and AFCF is
not transferred to milk or meat

• Long term environmental behaviour of the
AFCF-Cs complex has not been
investigated

: Nature of
Countenneasure

Action taken Effectiveness
and practicality

Comments/Secondary effects

Provide access
to

uncon taminated
feeds

Change from
dairy to meat

Change from
sheep/goats

to cattle

1 Very effective to avail of the
short biological half-life of
Cs prior to slaughter or
during milk production

1 Enables use of contaminated
land

1 This is effective where clean
fodder is available prior to
slaughter

1 This results in a 5 fold
reduction irrCs levels in
milk and meat

• Movement of animals between
contaminated land and clean land will
result in a slow spread of contamination
to the clean land

• Supplementary fodder is required
• Possible loss of consumer confidence in
the produce

1 Dietary change can be difficult in some
animals and result in alteration of milk
composition or weight change

1 Change in management practice and
target market

• Change in traditional lifestyle
• Possible loss of consumer confidence in

the produce

• Change in farming practice required
1 Cattle cannot utilise mixed grazing with
the efficiency of sheep and goats
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