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ABSTRACT

Ageing of radioactive fallout also signifies that contributions of various foodstuffs to the human
ingestion dose will change with time. The long-term contamination of forest vegetation has motivated
studies on contribution of wild food to dietary radiocaesium and radiostrontium. Consumption rates of
these foodstuffs have sown variation by geographical regions in Finland, the loss of radiocaesium

during cooking of mushrooms has been found significant, and the approximation of the loss using
survey data on the actual practices in households was also shown important for dietary assessment.

Forest industry needs information for planning its own emergency response, particularly
concerning production of acceptable timber after contamination of forests by radioactive fallout. In

recent years experimental evidence has been obtained for the mitigating effect of forest management

methods, namely soil preparation and fertilisation, on radioactive contamination of forest vegetation.
Thereby realistic options for intervention have been suggested. Further testing will improve the

information on effectiveness of different methods and duration of management influence in different

types of forests. Results from systematic field experiments have also provided data and conceptual

views for forest modelling, e.g. for RODOS a European decision support system for off-site

emergency preparedness.

The future topics in terrestrial radioecology will altogether support production of safe foodstuffs and

safe use of forests after contamination of rural areas. Evaluation of practicability of countermeasures

will greatly benefit from measured radioecological parameters in the contaminated areas and from

additional field tests. Natural radionuclides and their connection to both agricultural and semi-natural

dose pathways ought to be studied. Radiation impact due to bioenergy production and use of ash is
close to forest ecosystem studies. Returning of wood ash to forests will maintain and improve the nu-

trient status of forests in the long term, and would also reduce the uptake of radiocaesium by trees and

other forest plants.
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1. INTRODUCTION

Radioecological research started in Finland in the late 1950's when the first soil - grass - milk

pathway studies were initiated at the University of Helsinki. At the same time the lichen - reindeer -

man food chain became important and reindeer herders in both Swedish and Finnish Lapland were
studied for their 137 Cs body burden. Nuclear-weapon fallout activated investigation of the time-

dependent human exposure to radiation via the above mentioned pathways and the whole diet of
Lapps and southern Finns. The Department of Radiochemistry at the Helsinki University acted as a

pioneer in studying Finnish Lapps and their ingestion doses through artificial and natural

radionuclides. "Fe in the Finnish Lapland and transuranium elements in different aquatic and
terrestrial ecosystems and human internal doses from them were further studied 1].
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Agricultural Research Centre has contributed mostly to studies on cultivated soils and field crops,
particularly of feed plants in 1960's but before 1990's. Forest Research Institute has been involved in
collaborative studies on radiocaesium distribution in forests and the effect of forest management
methods on this distribution since early 1990's.

Dietary intake of 137C s and Sr in the era of global fallout and after the Chernobyl accident has
been assessed based on nationwide sampling and analysis of foodstuffs in STUK's Laboratory for
Ecology and Food Chains 2]. The importance of forests and lakes as sources of wild foods and raw
material to the industry, and as milieu for people's free time activities has emphasised the importance
of radioecological studies of semi-natural ecosystems. Radioactive contamination of food chains
activated intensive national and international collaboration after the Chernobyl accident. After the
special nature of forests and freshwater ecosystems became more widely recognized these ecosystems
raised the most interest and concern among radioecologists and modellers 3 4. New aspects such as
simultaneous heavy metal and radionuclide contamination of forest understorey were studied after mid
1990's for 137CS, 9OSr and 239,211pU [5 6.

In recent terrestrial radioecology at STUK the focus has been on field experiments on
management influence on nutrient and radionuclide cycling in forests 73]. Stand specific
measurements have also resulted information for forest modelling 141 and evaluation of practicability
of the management methods for remediation of forests 15, 16]. The aim of this review is to highlight
recent findings of the terrestrial radloecology, and discuss some ideas for future studies.

2. HUMAN FOOD CHAINS

Typical of food production conditions in Finland are northern, mostly subarctic climate, and large
share of lakes (10%) and forests 60 - 70%) to the surface area. Most fertile fine mineral soils are
found in southern Finland, where also the effective temperature sum is essentially higher than in the
north of Finland. Domestic foodstuffs are mostly used, although a comprehensive structural change in
agriculture reduced the number of farms in 1990's. Freshwater fish and wild foodstuffs from forests
are important in the diet of the whole nation, in addition to which most reindeer meat is consumed in
the north. Deposited long-lived radionuclides and their dose pathways to man have been a long-term
study at STUK. Data for estimation of collective ingestion doses have been collected since 1960, with
gradually diversifying sampling programme.

In the first harvest and grazing season after radioactive fallout the human exposure to radiation
through different dose pathways varies in the affected area according to composition of the radioactive
deposition, season of fallout, and environmental conditions in the contaminated food production areas.
Population density and industrial structure, and origin of the foodstuffs actually consumed are self-
evidently of primary importance to collective doses.

Primary deposition and its impact on vegetation during growth period dominate the
contamination of foodstuffs in the first year. Later on, clay soils fix the aesium tightly, and uptake by
plants is efficient especially from peat soils. During the first pasture season milk can be the main
source of 131 1. Fresh vegetables and fruit grown in the open are also significant. Drinking water from
relatively low surface water reservoirs may be a source of 311, 89Sr, 9Sr, 134Cs and 137Cs. Long-lived
radionuclides dominate external and ingestion doses after the decaying of short-lived nuclides in a few
weeks or months. Products from aquatic and terrestrial semi-natural systems can add significantly to
the dietary intake of radiocaesium in several years.

Milk, meat, vegetables and cereals contribute most to the intake of radiocaeSiLIM in the first year
after the deposition event. Runoff takes more radiostrontium than radiocaesium from land to the water
systems. However, radiostrontium concentrations in food and feed plants produced on mineral soils
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decline slower than contents of radiocaesium. The dietary intake of radiocaesium through foodstuffs of

agricultural origin was assessed through regular sampling and analysis in 1960-2000 (Fig. ) 2].

After large-scale radioactive fallout freshwater fishes become contaminated by radiocaesiurn with
varying delay depending on fish feed and on the characteristics of the lake. The maximum activity

concentrations appear in one to three years 2]. Marine fish from brackish-waters of the Baltic Sea will

contain less than one tenth of the content in freshwater fish. Depending on cooking methods of fish,

radiostrontium contribution to intake via fish can also be non-negligible, at least regionally. Since the
second year after the radioactive deposition, the share of fish to dietary radiocaesium is substantial for
several years (Table 1).

Products from forested areas, such as wild berries, mushrooms and game meat, are long-term
sources of radiocaesium in the diet of Finnish people. Their contribution to ingested 137CS will exceed

the intake from fish in less than twenty years after the distribution of fallout. For regional estimates the

actual consumption rates were surveyed for four subregions in 996. With food type specific
corrections for radionuclide losses during cooking a rather realistic assessment is possible. In 1996 it

was also shown that in a number of households more species of mushrooms were decontaminated by

parboiling than traditionally has been suggested for non-radioactive substances to be removed [ 9.

Importance of sources of dietary 1 37 Cs during the period of global fallout from weapon tests

differed from the sources in the post-Chemobyl time. During the nuclear test period agricultural
produce seemed to contribute to the 137C s received via the diet of Finns more than during the period

after the Chernobyl accident (Fig. 1), when intakes are compared in relation to the accumulated

activity in the environment. Fish, contrary to foodstuffs of terrestrial origin contributes to

radiocaesium intake in proportion to surface activity of the accumulated fallout. Subsequent growth

periods of considerable stratospheric fallout made the pathways from vegetation to human diet
important in the 1960's. Since the contamination of domestic animal products was dependent on direct
foliar deposition to plants during growth period, these products dominated dietary intake Of 137CS

through agricultural products in the global fallout era (Fig. 1). The increased consumption of

vegetables and fruit added to the intake through them only slightly in the late 1980's and 1990's.

Freshwater fish and vegetable and grain products were almost equal contributors of 1 37CS in the

diet in 1960-1980 2 Wild foods from forests were also non-negligible sources of 13'Cs during that
same period. Marine and brackish-water fishes, although of low activity concentration Of 37CS

compared to freshwater fishes, added to the ingestion dose because of a higher consumption rate. For
late phase situation, assessment of the whole diet of Finns was made for the year 1996 (Table 1).

Strontium 90 has not been a significant dietary nuclide for Finns during the history of global or

accident-derived radioactive fallout. In the years of maximum deposition rates in early 1960's te

doses exceeded more than tenfold the doses in the following decades, and also the doses received after
the Chernobyl accident 17]. The wild foods from forests are not likely to contribute to ingestion of

9OSr essentially more than similar types of agricultural and garden products replacing wild foods in the
diets of non-pickers and non-hunters (Table 1).

Using the conversion factor of 13 x 10-8 Sv Bq-1 for "'Cs and 28 10 Sv Bq-1 for Sr the

effective committed doses through ingestion were calculated from the per capita dietary intakes in
1960 - 2000. The intake Of Sr through milk corresponds to 0.1 mSv, and double that would be the
approximation for the dose of dietary Sr in 41 years 2 Doses from 37CS in other foodstuffs than

agricultural products and fish were estimated with simple assumptions, which indicate some 0.5 mSv
additional dose from 137CS in food types not assessed in the study referred to 2 In all, in 1960-2000

adult Finns have on average received through the long-lived nuclides 90 Sr and 137CS in foodstuffs an

average internal dose of 2 mSv.
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Figure 1. Dietary 137CS from agricultural products of vegetable and animal origin in Finland in 1960-

2000. Average per capita intake per day.

Table 1. Daily intake of Sr and 131CS from various foodstuffs, including products from seminatural

environment. Per capita estimate for Finland in 1996.

Food type Consumption Consumption 9OSr 137cS

kg % % %

Water 2 Not included 18.4 1.7
Vegetables and

fruit 0.49 32.0 15.1 2.0

Meat eggs 0.17 11.4 5.2 2.5
Cereal grains 0.17 11.4 19.2 2.5

Dairy products 0.63 41.2 35.3 5.7

Freshwater fish 0.011 0.7 1.9 39.4

Marine fish 0.025 1.6 0.3 3.1

Game 0.004 0.2 0.3 7.4

Wild berries 0.017 1.1 4.2 21.0

Mushrooms 0.003 0.2 0.1 14.7

Total 1.5 k ga 100% 0.2 Bq 6.6 Bq

Without water.

3. FORESTS

3.1 Radioactive Contamination and Human Exposure to Radiation

Multiple-use forestry, in addition to wood production comprises hunting, picking of berries,
mushrooms and medical herbs, decorative materials, Christmas tree market, hiking and other

recreational use of forests. Only few of these activities as such would mean substantial addition to
human radiation doses from contaminated forests. Long-term internal exposure through wild foods is
of most concern to local citizens of contaminated areas from the point of view of radiation protection.
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Time-dependent distribution of radionuclides in forests defines also contamination of forest

products and external dose rate in forests, radiocaesium being the main contributor. Dose pathways

ftom contaminated forests to man are related with the time spent in forests and the use of forest

products. Contributions to radiation doses vary with time after deposition and group of people.
Deposited radionuclides on vegetation and ground are sources of external exposure are after the

passage of the radioactive plume. Activities and radiation in forests will be reduced besides by

radioactive decay also by weathering from vegetation and surface runoff from the ground. Downward
migration rate in the forest soil depends on te site and stand conditions.

Wild foods are the major source of long-term internal radiation derived from forests in areas

where people collect mushrooms, berries and herbs, or are hunting for their own use, amounting to at

least a few kilograms per capita a year. External radiation exposure will hardly exceed nternal, even

for forest workers who are assumed to spend their normal working hours outdoors or in a cabin of a
truck or machine. In early phase of fallout situation intercepted radioactive material will retain in tree

canopies for a relatively short time. In dense young forests, where trees are not too high, human

external dose rate is at maximum because the radiation source in the canopy is so close to people in

forests and also due to appearance of short-lived radionuclides.

For analysis of the distribution of plutonium in forests, a pine stand was studied in a wet-
deposition area in Central Finland which received substantially more than average surface
contamination from the 31CS of the Chernobyl release I 1986 [18]. Major part of plutonium was still

in the organic surface layer of the ground, when sampling was carried out in 1998 (Fig. 2 The
activity ratio Of 31pU 239,240 Pu revealed that only in humus layer plutonium was of Chernobyl origin,

and in deeper mineral soil entirely from global fallout (Fig. 3. In a selection of wild foodstuff samples
from the same site and moose meat from a few other sites in dry deposition area also, the detection
limit of 2'240Pu ranged from 07 to 3 mBq kg-' fresh weight. The ingestion dose through wild foods
was derived using surveyed mean consumption rates 19]. For unit deposition of 239,240 pu the annual

-2dose from plutonium in wild foods was estimated lower than 0 I nSv a-' per Bq M
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Figure 2 Plutonium 239, 240 in different Figure 3 Activity ratio in soil

horizontal layers of the forest floor in the samples from the wet deposition area in 1998.

wet deposition area analysed in 1998.

3.2. Forest Modelling

A forest food chain and dose assessment model for estimation of the collective health risk

associated with contaminated forests was developed for RODOS a European decision support

system for off-site emergency preparedness 20] during the 4th Framework Programme of the

European Union. The results of this model show for its user the need for intervention and

thereby facilitate planning a well-timed and regionally relevant intervention strategy 4 The

model calculates the doses resulting from dynamic changes in radionuclide distributions in forests.
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STUK and IPSN (Institut de Protection et de Sfirete Nucl6aire), France, developed in co-
operation the first forest model for RODOS system. Algorithms for kerma rate and external dose from
the overstorey and ground layers were developed with Golikov et a]. 2 1 ].

The model calculates the initial distribution of deposited radionuclides in forest from airborne
radionuclide concentrations and from the activities deposited wet. The dynamic processes changing
the distribution with time are weathering, foliar absorption, root uptake, litterfall and surface runoff.
The concentrations of radionuclides in wild foodstuffs are derived from the activity contents in
understorey vegetation for the first year and in soil for later years. Both ground layer and overstorey
are sources of external radiation and cause time-dependent kerma rates in forests. Currently, the model
is under further development for assessment of countermeasures at STUK. The countermeasure
options include both restriction of the use of forests and forest products and reduction of
contamination through management of forests 22].

3.3 Forest Management for Reduction of Radioactive Contamination in Forest Vegetation

Non-wood forest products are of concern to the public for a long time, but slow accumulation of
radiocaesium in timber can in serious fallout situations cause the most harm to forestry. More than
80% of the income of multiple-use forestry in Finland comes from wood.

Significant decrease in uptake of radiocaesium by trees and understorey vegetation has followed
soil preparation and fertilisation in field conditions 713]. The activity concentration of "'Cs in
debarked sternwood has decreased to as low as ten per cent of the content in unfertilised stands, and
has varied depending on dosage and time after the treatment. Both the effect of fertilisation on
radiocaesium uptake in forest vegetation and the duration of the decrease in uptake of caesium from
the soil confirm the remedial potential of forest management for mitigation of contamination. The
effect exceeds significantly the dilution of radiocaesium caused by growth of biomass in most cases.

The intensity of treatment can be adjusted considering the actual condition of forest and the
expected utilisation of the stand in the future. After radioactive fallout there is flexibility in use of
forest resources due to the long rotation period of most tree species; for instance time of felling can be
regulated. Dosage and timing of fertilisation should be adjusted for the actual stand in order to be cost-
effective and optimised for rernediation of radioactively contaminated forests. Measurements of forest
contamination are needed in advance and during large scale investments for rernediation.

Feasibility is good where planning and modem practices of forest management are used. Capacity
for also large-scale operations is on hand provided that forestry sector can meet such a challenge
interactively and take advantage of the flexibility of timing. Environmental and landscape influence
will not be notably negative, if clear felling in large areas is avoided. Reducing the harins from
exceptional radiation to society without causing any basic disturbance to forests would make the
options acceptable to most stakeholder groups. Remediation of contaminated forests shall indeed be in
line with sustainable forestry, which refers to action being "ecologically necessary, socially desirable
and economically possible" 23].

Production of timber can be profitable, when normal aims of forest management are set for
remedial actions. Investment for fertilisation of a hypothetically contaminated stand was shown to give
profit when normal realisation of investment by harvesting in stage of growth thinning followed
reduction of uptake of radiocaesium by trees 16].

Bioenergy options are essential for Finland when the demand to decrease emissions of carbon
dioxide is met. The most relevant way of increasing production of boenergy is to use harvesting
losses of trees for energy in forest industry 24]. After radioactive fallout these losses, containing
branches and needles, will be more contaminated than the remaining parts of trees. Therefore wood
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ash and its use may need surveillance at the plant 25]. The fertilising effect, i.e. reduction of uptake of
radionuclides will follow if nutrient containing ash is returned to forest floor. Soluble minerals,
notably potassium, will mitigate the radlocaesiurn uptake in all plant species in the long term.

4 CONCLUSIONS

Radioecological research has increasingly given information for guidance of agriculture and
forestry after radioactive contamination of rural areas. The results offer tools for profitable production
and remediation of rural areas, particularly forests. Dose pathway analysis related to wild foods, forest
industry and production of bioenergy need radioecological background for 37 Cs as well as for other
radionuclides. Additional testing of management methods for contaminated forests can provide
information for realistic intervention plans to be applied after nuclear emergencies. It is essential that

nation and completing of such data that is needed is d 'on with the consultant
comp one in cooperate
networks capable of giving advice locally for people responsible for production in agriculture and
forestry.
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