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ABSTRACT 

In Finland, the final disposal of spent nuclear fuel from Finnish nuclear power plants is 

to take place in a repository, which will be built in Olkiluoto bedrock. According to the 

current plans, operation of the facility will start in 2020. Before this, a safety case has to 

be drawn up to substantiate the safety of the final disposal solution. The drawing up of 

the safety case also involves an assessment of impact on organisms other than human. 

Several radionuclides have a stable chemical analogue. Chemical analogues often 

display similar behaviour in the forest ecosystem. For this reason, information about 

radionuclides can also be obtained by studying stable elements. The purpose of this 

thesis was to study the migration of elements, radionuclides in particular, in the food 

webs of the Olkiluoto forest ecosystem. The objective was to produce concentration 

ratios between the various sub-components of the forest ecosystem. These ratios can be 

utilised in modelling. 

Three alder stands on the shores of Olkiluoto were used as monitoring plots. Littoral 

alder stands are an important biotope in terms of a recipient of the potential radionuclide 

contamination from the repository. Yet, research on littoral alder stands has so far been 

quite limited. From all the monitoring plots, a sample was taken of humus, mineral soil, 

understorey, plant roots and forest litter. Small mammals and earthworms were also to 

be caught from the monitoring plots, but no earthworms could be caught in any of the 

areas. All the collected samples were analysed for element concentrations using the 

ICP-AES method. Soil and plant samples were also analysed with a gamma 

spectrometer for activity concentrations of gamma active radionuclides. 

Activity concentrations of Cs-137 and K-40 could be determined in all soil and plant 

samples. The highest activity concentration of Cs-137 was found in humus, and the 

lowest in mineral soil. The activity concentration of K-40 was at its highest in mineral 

soil and understorey, and at its lowest in forest litter. Be-7 could be determined in 

understorey and forest litter. Cs-134 was determinable in all humus samples as well as 

in one root sample. From among the elements determined using ICP, potassium, 

phosphorus, calcium and copper were subjected to more detailed study. The 

concentrations of potassium, phosphorus and calcium were in all samples clearly higher 

than those of copper. In all the monitoring plots, understorey stood out as a store of total 

potassium. Copper concentrations were highest in humus, and concentrations of 

phosphorus and calcium were higher in animal samples than in soil and plant samples. 

The monitoring plots were found to represent more heterogeneous soil and plant types 

than expected, which resulted in quite considerable differences in concentration ratios 

from one area to another, in terms of all the analysed elements. 

Keywords: forest ecosystem, food web, radionuclides, contamination, concentration 

ratios



ALKUAINE- JA RADIONUKLIDIPITOISUUKSIA OLKILUODON 
RANTALEPIKOISSA 2005 

TIIVISTELMÄ

Käytetty ydinpolttoaine Suomen ydinvoimaloista on tarkoitus sijoittaa Olkiluodon pe-

ruskallioon rakennettavaan loppusijoitustilaan. Tämänhetkisen suunnitelman mukaan 

tila otetaan käyttöön vuonna 2020, mitä ennen on koottava turvallisuustodisteita, jotka 

osoittavat loppusijoitusratkaisun turvalliseksi. Osana turvallisuustodisteiden keräämistä 

on arvioitava ihmisten lisäksi myös muille eliöille mahdollisesti aiheutuvaa altistusta. 

Useilla radionuklideilla on pysyvä kemiallinen analogi, jonka käyttäytyminen myös 

metsäekosysteemissä on usein samankaltaista. Tämän vuoksi myös pysyviä alkuaineita 

tutkimalla voi saada tietoa radionuklideista. Tässä työssä selvitettiin alkuaineiden, eri-

tyisesti radionuklidien, kulkeutumista Olkiluodon metsäekosysteemin ravintoverkoissa. 

Työn tavoitteena oli tuottaa konsentraatiosuhteita metsäekosysteemin eri komponenttien 

välillä. Näitä suhteita voidaan hyödyntää mallinnuksessa. 

Havaintoaloina oli kolme rantalepikkoa Olkiluodossa. Rantalepikot ovat tärkeä bio-

tooppi käytetyn ydinpolttoaineen loppusijoituksesta mahdollisesti aiheutuvan radionuk-

lidikontaminaation kannalta. Rantalepikoihin liittyvää tutkimusta on kuitenkin aiemmin 

tehty vain vähän. Kaikilta havaintoaloilta kerättiin yksi näyte humuksesta, mineraali-

maasta, aluskasvillisuudesta, kasvien juurista ja karikkeesta. Lisäksi havaintoaloilta 

pyydystettiin piennisäkkäitä ja kastelieroja. Kastelieroja ei saatu pyydystettyä yhdeltä-

kään havaintoalalta. Kaikista kerätyistä näytteistä analysoitiin alkuainepitoisuudet ICP-

AES-menetelmällä.  Maaperä- ja kasvillisuusnäytteistä analysoitiin lisäksi gamma-ak-

tiivisten radionuklidien aktiivisuuskonsentraatiot gammaspektrometrillä. 

Kaikista maaperä- ja kasvillisuusnäytteistä oli määritettävissä Cs-137:n ja K-40:n aktii-

visuuskonsentraatiot. Cs-137:n aktiivisuuskonsentraatio oli suurin humuksessa. Pienin 

aktiivisuuskonsentraatio puolestaan oli mineraalimaassa. K-40:n aktiivisuuskonsentraa-

tio oli suurin mineraalimaassa ja aluskasvillisuudessa ja pienin karikkeessa. Be-7 oli 

määritettävissä aluskasvillisuudesta ja karikkeesta. Cs-134 oli määritettävissä kaikista 

humusnäytteistä sekä yhdestä juurinäytteestä. ICP:llä määritetyistä alkuaineista lähem-

pään tarkasteluun valittiin kalium, fosfori, kalsium ja kupari. Kaliumin, fosforin ja kal-

siumin pitoisuudet olivat kaikissa näytteissä selvästi suuremmat kuin kuparin. Aluskas-

villisuus oli selkeästi kokonaiskaliumin suurin varasto kaikilla havaintoaloilla. Kuparin 

pitoisuus oli suurin humuksessa. Fosforin ja kalsiumin pitoisuudet olivat eläinnäytteissä 

suuremmat kuin maaperä- ja kasvillisuusnäytteissä. Havaintoalat osoittautuivat maape-

rän ja kasvillisuuden osalta odotettua erilaisemmiksi, joten konsentraatiosuhteissa oli 

huomattaviakin eroja eri havaintoalojen välillä kaikkien tarkasteltujen alkuaineiden 

kohdalla.

Avainsanat: metsäekosysteemi, ravintoverkot, radionuklidit, kontaminaatio, konsent-

raatiosuhteet
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FOREWORD

This report is edited from a study report accepted for a M.Sc. thesis with an original 

Finnish title ”Radioaktiivisuuspitoisuuksia Olkiluodon metsäekosysteemissä” by 

University of Kuopio. The text was translated by Tiina Hiljanen of HI Tekniikan 

käännökset Oy, whereafter some minor editorial changes central content essentially 

same, however. In the following, the original foreword and acknowledgements in the 

Master’s thesis are repeated: 

This Master's thesis has been produced in a collaboration project between the 

Department of Environmental Sciences at the University of Kuopio and Posiva Oy. I 

wish to thank both parties for making this thesis possible. My advisors were Docent 

Jonne Naarala from the University of Kuopio and M.Sc. Ari Ikonen from Posiva Oy. My 

sincere thanks to both for all the support and guidance I received. I also want to thank 

Professor Toini Holopainen from the University of Kuopio for all the valuable advice 

that I got. I am also grateful to Professor Jukka Juutilainen from the University of 

Kuopio for his help when I first started the work. Ari Ikonen and Sari Makkonen, Ph.D., 

from the University of Kuopio have examined the thesis – my thanks for that.

The empirical part of the thesis was implemented in Olkiluoto, in the municipality of 

Eurajoki. I encountered no problems in the practical arrangements, for which I am 

deeply grateful to Posiva Oy and the staff of the Company. I also wish to thank the 

Finnish Forest Research Institute for cooperation in both sampling and the analyses. 

Special thanks to Teuvo Levula's team for their significant help in the collection of soil 

samples. Thank you to the Radiation and Nuclear Safety Authority for performing the 

radioactivity analyses on the samples. 

Thank you, Tero, for your help. 

In Kuopio on 27 February 2006 

Päivi Roivainen
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1 INTRODUCTION 

In Finland, the final disposal of spent nuclear fuel from Finnish nuclear power plants is 

to take place a repository to be built in Olkiluoto bedrock. The application for the 

construction licence of the final disposal repository will be submitted in 2012 and the 

operation of the facility is scheduled to start in 2020. The final disposal facility will be 

built in several stages; the total service life of the facility could be over a hundred years. 

Before the construction licence can be granted and operation of the repository started, a 

safety case shall be drawn up to substantiate the safety of the selected solution (Vieno & 

Ikonen 2005).

The drawing up of the safety case also involves an assessment of the impact on 

organisms other than human. This is realised by assessing the potential risk of exposure 

to radiation resulting from the possible releases to populations of present type. 

Biodiversity in the environment of the final disposal repository must not be decreased, 

and no significant harm may be caused to any population. Individuals must not be 

subjected to harmful radiation exposure, either (STUK 2001). There are numerous 

organisms in forests with functions that could be influenced by final disposal  (Posiva 

2003).  A large proportion of the area of Olkiluoto is also covered by forests, both at 

present and probably also in the future (Rautio et al. 2005). The purpose of this thesis 

has been to produce information about the migration of radionuclides in forest 

ecosystems, for use in the drawing up of the safety case. The study has been realised in 

cooperation between the University of Kuopio and Posiva Oy. Posiva Oy has also 

provided part of the funding for the study.

This report is a translation of the original M.Sc. thesis approved by University of 

Kuopio. Some minor editorial changes are done but the contents are kept essentially the 

same. Also Appendix 6 was added for convenience. 
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2 BEHAVIOUR OF ELEMENTS IN A FOREST ECOSYSTEM 

2.1 Ecosystem as a concept 

The word ecosystem refers to the unit that consists of organisms and their habitats. 

Organisms include plants, animals and microbes. Organisms are living beings and 

interact with each other in different ways. The connection between organisms and their 

habitat is based on many necessary, even vital chemical, physical and biological factors. 

The components of a habitat include atmospheric gases, temperature, fire, wind, water, 

nutrition and mineral nutrients. Suitable places for resting, sleeping, hiding and 

reproduction are also important considerations in a habitat. Individuals of the same 

species create a social living environment as a result of, for example, pack behaviour 

and reproduction. Interactive behaviour is found also between different species. 

Examples of such interaction include relationships between predator and prey, or 

parasite and host (Jarvis 2000). 

In other words, the habitat of an organism is the result of numerous and complex 

interactions between living and lifeless components. The ability of an organism to 

survive, evolve and reproduce in a habitat determines to a large extents its position and 

distribution in that habitat. Other influencing factors include the adaptability of the 

organism to changes in the environmental conditions whether it has very strict 

requirements for its habitat. The requirements of even an individual organism or species 

for their habitat are complex. As each organism is a part of a larger community, 

research on environment-related interactions within and between communities is highly 

complicated (Jarvis 2000). 

Unlike organisms, ecosystems cannot be accurately delimited. Ecosystems can be 

defined in terms of connections in time and space. These connect every individual 

ecosystem to larger structures that form local biotypes and finally, the entire globe 

(FASSET 2001). Ecosystems can be divided into functional and structures levels of 

organisation. Changes in environmental conditions influence all levels of organisation, 

from a single cell to the whole ecosystem and finally, to the biosphere. Both structural 

and functional changes are rapid at cell level, and then slow down as they reach the 

higher levels. Structural changes are also reflected in the functioning of the organisation 

in question, but functional changes do not necessarily require structural changes 

(Helmisaari 2000).  

Feedback reactions that help the system adjust and adapt to natural changes in 

environmental conditions take place constantly in ecosystems. For this reason changes 

are implemented slowly in ecosystems. However, if the disturbance is particularly 

strong, these reactions are not sufficiently efficient, and as a result the structure and 

functioning of the system changes. The ability of ecosystems to maintain an equilibrium 

is an important property. The maintenance of equilibrium requires both positive and 

negative feedback reactions. Positive reactions accelerate the deviation and are 

necessary for the growth of organisms, for example. Negative reactions, on the other 

hand, resist the deviation. The more feedback reactions there are in the system, the more 

balanced the system is. A simple example of feedback reactions is the predator-prey 

relationship between two species. If the population of prey animals is small, the 
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predators have less food, and the number of predators decreases, as well. This then 

allows the number of prey animals to increase, which will eventually result in a larger 

predator population. And when the population of predators grows, the number of prey 

animals decreases again, and the cycle starts from the beginning. This regulation should 

prevent the number of individuals in each species from increasing excessively from the 

point of view of the ecosystem's functioning. In reality the situation is not this simple, as 

usually every prey species is preyed on by several different predators and each predator 

preys on many different prey animals (Jarvis 2000).  

Food plays an important role in the survival of plants, animals and microbes in their 

habitat. They all require nutrition that provides them nutrients and energy. In survival 

terms, it is also extremely important not to become food for another organism (Jarvis 

2000). Autotrophs are organisms that do not require organic compounds as a source of 

energy. Green plants and algae are important autotrophic groups due to their 

photosynthetic capability. Some bacteria also have this ability. Organisms that are 

capable of photosynthesis are referred to as photoautotrophic organisms. 

Chemoautotrophic organisms generate energy by oxidising inorganic material in 

lightless conditions. Only prokaryotic organisms are capable of chemosynthesis. 

Organisms that require organic compounds as their source of energy are called 

heterotrophs. This group includes all animals. Also fungi and plant parasites that for 

nutrition are completely dependent on the host plant are also classified as heterotrophic 

(Campbell & Reece 2002).  

Heterotrophs can be further divided into herbivorous and carnivorous organisms. Some 

animals eat both plants and other animals. This creates dependencies between different 

organisms and these dependencies can be studied by means of food chains. The 

positions of various organisms in the food chain are called trophic levels. Autotrophs, 

which can also be called primary producers, are at the first level of the food chain. 

Herbivorous organisms, or primary consumers, are at the second trophic level, while 

carnivorous organisms form the remaining levels of the food chain. Carnivores that eat 

herbivores are secondary consumers. They are followed in the food chain by tertiary 

consumers, et cetera. A food chain rarely consists of more than 5-6 levels, and energy is 

lost in every transition from one level of the food chain to the other (Jarvis 2000).  

In addition to energy, organisms need nutrients in order to function and reproduce. 

Nutrients are elements that are necessary to sustain life. For most plants, minerals are 

the only source of nutrients. Most heterotrophs, on the other hand, receive nutrients 

from plants, either directly or indirectly. Elements that form nutrient molecules are 

stable, so they move between the levels of the food chains. They may also be removed 

from the food chain as a result of the decomposition of organisms, and become stored in 

the lifeless environment. However, in principle nutrients are always available to plants, 

and through the plants, to the other organisms. For this reason, we usually talk about the 

nutrient cycle, instead of a nutrient flow. Nutrient cycles are an example of 

biogeochemical cycles, in which elements cycle between the living and lifeless parts of 

the globe (Jarvis 2000). Carbon (C), oxygen (O), sulphur (S) and nitrogen (N) are 

nutrients found in gaseous form in the atmosphere, and their cycles are global. Mineral 

nutrients, on the other hand, are less mobile in the environment and primarily circulate 
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in local cycles. The soil is the most important lifeless storage of these elements 

(Campbell & Reece 2002). 

Decomposers are an important part of a functioning food chain, in addition to producers 

and consumers. Decomposers convert the organic waste generated at various levels of 

the food chain as well as dead material into inorganic compounds that plants need. 

Without decomposers, dead organisms would accumulate in the environment and many 

compounds that are vital to life would gradually disappear from the globe. Most 

decomposer organisms are fungi, bacteria or invertebrates (Jarvis 2000). 

Food chains provide a useful means for analysing the movement of energy and matter in 

an ecosystem. However, their use entails many problems. For example, it is difficult to 

position an animal that uses many organisms of different type as nutrition on the correct 

trophic level. For this reason it is often wise to investigate a more complex food web 

instead of a simple food chain. A food web can be seen to contain several different food 

chains and it recognises all food-related dependencies between different components of 

an ecosystem. This often makes even simple food webs appear complex. A realistic 

food web can only be simulated when the ecosystem is known extremely well (Jarvis 

2000).

2.2 Forest ecosystem 

A forest ecosystem is a community at the boundary of the soil and the atmosphere, 

dominated by trees that interact with other organisms. Forests have a significant 

influence on water and nutrient cycles and on climate on the entire globe. Although 

forests only cover ca. one third of the area of the globe, they constitute more than two 

thirds of the leaf area of plants that grow on land, and contain ca. 70% of carbon bound 

in living organisms. The foliage of the forests reflects less solar energy that the foliage 

of other plant species. For this reason the amount of forests influences the global heat 

balance (FASSET 2001).

When studying a forest ecosystem, it is important to know the relationships between the 

soil, the organisms of the soil and the above-ground parts. These factors explain how air 

contaminants and variations in weather conditions affect the growth and the vitality of 

forests. Present knowledge suggests that air contaminants, with the exception of ozone, 

do not seem to pose an immediate threat to Finnish forests that are located far from 

pollution sources. Changes in environmental factors influence in forest ecosystems 

mainly heterotrophic organisms through vegetation. Nitrogen is the most important 

nutrient in Finnish forests. The nitrogen cycle is thus one of the most significant forest 

processes that regulate the availability of nutrients (Helmisaari 2000). Chapters 2.2.1–

2.2.6 discuss the primary components of a forest ecosystem and interactions between 

them. 
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2.2.1 Soil 

Soil is connected with all the other parts of a forest ecosystem (Rantavaara et al. 2001). 

It consists of mineral matter, organic matter at various stages of composition, plant 

roots, biomass formed by microbes and soil fauna, water and a gaseous component. 

Uneven distribution of the soil components causes great variation of soil properties. 

Moreover, physical and chemical reactions take place constantly in the soil, and for 

their part also influence soil composition (Killham 1994). 

Soil is produced as a result of bedrock weathering. Soil contains minerals and the 

crystalline structure of soil retains water. Bedrock is slowly converted into soil as a 

result of physical and chemical weathering, whereby the minerals and the water retained 

in bedrock are released. Physical weathering produces soil particles of various sizes. 

The most important of these include coarse sand (diameter 0.2–2.0 mm), fine sand 

(0.02–0.2 mm), silt (0.002–0.02 mm) and clay (<0.002 mm). Chemical weathering 

decreases the size of soil particles, but the most important consequence of chemical 

weathering is the change in soil chemistry (Mauseth 1995). The mineral parts of the soil 

and the organic layer can both act as mineral storages. They are both also capable of 

preventing the movement of enzymes, organic compounds and microbes by varying the 

rate of biological reactions (Killham 1994). 

Forest soil usually displays a prominent vertical structure that consists of different 

horizons. The organic horizon (O) comprises forest litter at different stages of 

decomposition. Litter is often divided into three classes: fresh litter of identifiable origin 

(L), partly decomposed litter still of identifiable origin (F) and far decomposed, 

unidentifiable litter (H). The first mineral horizon (A) develops as a result of 

accumulation of organic material. The second mineral horizon (E) is determined due to 

the disappearance of clay. The third mineral horizon (B) reflects many different factors, 

normally accumulation of clay. The fourth mineral horizon, subsoil (C) is a reflection of 

chemical disintegration. It is not affected by biological activity (FASSET 2001). The 

most common soil in Finnish forests is podzol. Podzols are medium-coarse soils with 

clear leaching and illuvial horizons discernible between the organic layer and the 

subsoil (Tamminen & Mälkönen 1999).

The behaviour of elements in soil is determined not only by the elements' own 

properties, but also by the compositions of the soil's mineral part and organic matter. It 

is a complicated system influenced by several interaction processes that are dependent 

on environmental conditions. The oxidation-reduction potential, or redox potential of 

soil is the most important individual factor that regulates the kinetics of chemical 

reactions in soil. Redox potential is determined on the basis of e.g. soil type, 

groundwater level, impermeable soil layers and the biological activity of soil. A 

negative correlation exists between the redox potential and pH of soil. The mobility of 

elements in soil is regulated by sorption, complex forming processes, biological fixation 

and deformations. The silt and clay fractions of soil contain many components that 

adsorb elements, the most important being minerals, such as smectite, illite, vermiculite, 

chlorite, allophan and imogolite, as well as oxides and hydroxides of silica, aluminium, 

iron and manganese. Elements are mainly bound due to the surface charging of these 

soil ingredients and the three-dimensional structure of adsorbing minerals. The binding 
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of elements in clay minerals usually starts by adsorption of a metal-hydroxide complex 

on the surface of the mineral. The formation of mineral-organic complexes and chelates 

plays a more important role in the interaction of organic matter and elements (Koch-

Steindl & Pröhl 2001). 

2.2.2 Soil microorganisms  

Unicellular prokaryotes, mainly bacteria, are the most common microbes in soil. They 

serve many functions in soil. Heterotrophic bacteria decompose waste that originates 

from animals, plants and microbes. Actinomycetes that resemble fungi focus primarily 

on decomposing poorly decomposable polymers, such as chitine and cellulose. Their 

significance is emphasised in alkaline, dry and warm soil (Killham 1994). Part of 

prokaryotic bacteria can participate in nitrogen fixation, where the gaseous nitrogen 

(N2) present in atmosphere is converted into mineral forms that plants can utilise to 

form organic compounds containing nitrogen. Bacteria that participate in nitrogen 

fixation can be free in soil or live in symbiosis with plant root nodes (Campbell & 

Reece 2002). 

Responsibility for the regulation of bacteria populations in soil rests with the protozoa 

that prey on bacteria. Protozoa are usually found most in the top layers of soil, where 

microbes are also abundant. Some of the protozoa take also part in the decomposition of 

organic material in soil. They are also found in the intestines of many soil fauna species, 

where they play a part in the decomposition of cellulose waste (Killham 1994). 

2.2.3 Vegetation 

The branched root systems of plants ensure the access of elements from the soil into the 

food cycles of the forest ecosystem (Mauseth 1995).  Root systems usually take up ca. 

1% of the volume of top soil layers. However, the share naturally depends on the 

abundance of vegetation in the area. In some areas plant root systems may occupy up to 

5% of the topsoil volume (Killham 1994). Roots take up elements from a water 

solution. For this reason, nutrient cations bound in clay minerals of soil are not directly 

available to them. Cations must first dissolve in soil water in a cation exchange reaction. 

Carbon dioxide is released in the respiration of root cells, and it forms carbonic acid 

with water. Carbonic acid disintegrates into a proton and a bicarbonate ion, which then 

disintegrates further into another proton and a carbonate ion. Soil water near the roots is 

acidified. Protons move near cations that are bound in clay particles. As a result of the 

presence of protons, cations are released in soil water and protons are bound in clay 

particles. The released cations may be absorbed from soil water by plant roots. It is also 

possible that the released cations are again bound in clay minerals (Mauseth 1995).  

Through their roots, plants can secrete also other compounds the make possible or 

prevent the uptake of elements. Element bound in soil particles can be released by 

means of these compounds. Phytosiderophors, for example, facilitate the uptake of iron, 

manganese and zinc. The uptake of substances that are harmful in large amounts, such 

as aluminium, is reduced under the influence of organic acids secreted by the plant. 
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Organic acids together with aluminium produce large size compounds, which the roots 

cannot easily absorb (Greger 2004). 

The branched root system guarantees a large absorption area for the plants. In addition, 

there is an area in each individual root where the epidermic cells of the root expand, 

creating narrow, flagellate root hairs. The root hairs increase the absorption area of the 

root significantly. The extremely thin root hairs are also capable of taking in water and 

elements from the small soil pores, in which the actual roots cannot penetrate. The 

breathing of the root hair cells also produces carbon dioxide. Root hairs have a life 

expectancy of about 4-5 days (Mauseth 1995). 

The elements absorbed by the roots do not have free access from the root cortex to the 

other parts of the plant. Elements that are transported symplastically, i.e. from cell to 

cell, need to penetrate the selective cell membrane to enter the cytoplasm. Part of the 

cells in the root cortex are differentiated, and they form the endoderm, which acts as a 

barrier preventing the access into the vascular bundle of elements transported 

apoplastically, or by diffusion, through the space between the cell walls and the cells. 

The walls of endodermic cells have so-called Casparian strips that contain lignin and 

suberin, which make the cell walls watertight. In order to pass this barrier water and 

elements need to penetrate the cell membrane of the endodermic cell and then proceed 

symplastically. This prevents the access of harmful amounts of elements from the root 

cortex to the other parts of the plant (Mauseth 1995).

The roots of most seed plants form a symbiosis with the mycelium in the soil. This is 

called the mycorrhiza. Mycorrhizas act as a connection between the root and the 

mycelium. The mycelium connected to the root significantly increases the absorption 

area of the root. An exchange of minerals and organic nutrients takes place between 

fungi and plants. The phosphorus uptake of plants, in particular, is known to be more 

efficient when the plant forms a symbiosis with fungi. Almost all arboreal forest plants 

form an ectomycorrhiza with fungi. When an ectomycorrhiza is formed, the mycelium 

penetrates between the outermost cortex cells of the root. However, the mycelium does 

not normally penetrate inside the cells. Grass plants form an endomycorrhiza with 

fungi, where the mycelium penetrates the root, all the way to the endoderm. The 

mycelium can penetrate through the walls of the cortex cells. However, it cannot pass 

the Casparian strips (Mauseth 1995). The mycorrhiza has been found to reduce the 

plants' uptake of heavy metals (Greger 2004). 

Roots are in close interaction with the soil matter that surrounds them. This system is 

called the rhizosphere. It surrounds the epiderm of living root hairs, the outermost cells 

of the mycorrhiza and the mycelia growing out of some mycorrhizas (Johanson et al. 

2004). Complex interaction between the plant, the microorganisms of the soil and the 

soil take place in the rhizospehre. Rhizospheric soil can be distinguished from other soil 

types on the basis of physical, chemical and biological properties (Killham 1994). 

Apart from soil, plants can take up nutrients from the atmosphere and from water. The 

absorption then takes place through the foliage. Bryophytes and lichens have no roots, 

so the significance of nutrients absorbed from the atmosphere is emphasised for them. 
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Plants need nutrients constantly, in suitable amounts and concentrations. Plants can take 

up and distribute all the elements of the periodic system. Nitrogen (N), phosphorus (P), 

potassium (K), sulphur (S), magnesium (Mg) and calcium (Ca) are macronutrients of 

plants, required in relatively large amounts for various functions. Iron (Fe), manganese 

(Mn), molybdenium (Mo), nickel (Ni), copper (Cu), zinc (Zn), boron (B) and chlorine 

(Cl) are micronutrients for plants. All the macronutrients and micronutrients are vital to 

plant life. In addition to them, there are other elements that are useful to plants, such as 

vanadium (V), sodium (Na) and iodine (I) (Greger 2004). 

Plants need nutrients for photosynthesis, breathing and growth. They can also store 

nutrients. Nutrients travel inside the plants. In the autumn when the leaves fall, for 

example, part of the nutrients stored in the structural parts of plants travel back to the 

living tissues. However, some of the nutrients end up in the litter with the falling leaves 

and needles, where decomposer organisms release them again. These nutrients maintain 

the long-term nutrient status of the forest ecosystem. This makes decomposer organisms 

necessary to the balanced operation of the ecosystem (Helmisaari 2000).  

Elements accumulate in plants in varying amounts. The reason for this is not quite clear. 

It is assumed that their uptake of nutrients and nutrient-like elements is more efficient 

than the uptake of other elements (Greger 2004). With the exception of carbon, oxygen 

and hydrogen, nutrients are present in higher concentrations in the living tissues of 

plants, and in smaller concentrations in the wooden matter of the stem. It has been 

estimated that element concentrations in thin branches and fineroots are ca. 50-70%, in 

thick branches and roots 20-30% and in the stem 10-20% of the concentrations in the 

foliage. In evergreen trees nutrient concentrations usually decrease with the age of the 

needles. Calcium is an exception to this trend (FASSET 2001). 

The vegetation of a forest ecosystem can be divided into three parts, the bottom layer, 

the field layer and the trees. In Finnish forests coniferous trees are more common than 

deciduous. However, deciduous trees are often dominant at the initial stages of 

succession. The number of species present in the understorey is considerably higher 

than the number of tree species. Grasses and herbs are common field layer species in 

locations, where the soil is fertile. Dwarf shrubs are dominant in more barren locations. 

Different bryophytes are common species in the bottom layer (Finer et al. 2005). Trees 

play an important role in a forest ecosystem. Together with the soil they provide energy 

and habitats to the organisms of the forest ecosystem. Owing to the large leaf area, most 

of the photosynthesis on the globe takes place in trees. A lot of water is also evaporated 

into the atmosphere through trees. Trees redistribute water and thereby influence the 

rainfall. Trees are also important factors in the balancing of soils. In addition, they 

regulate the access of nutrients and sediments in surface waters. In forests where only 

one tree species is present, the wellbeing of the entire system is dependent on the 

wellbeing of this single species. The green plants in the understorey are also an 

important component of a forest ecosystem, due to their photosynthesis capability. If 

there is only one plant species in a forest that participates in the fixation of nitrogen, this 

species is vital to the operation of the forest ecosystem (FASSET 2001). 
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2.2.4 Fungi 

Fungi are primarily formed of mycelia that consist of hyphae, located in the soil 

(Mauseth 1995).  The biomass of aboveground sporophores is only about 5% of the 

total biomass of fungi. Fungi are important components of the forest ecosystem. They 

determine to a great extent the behaviour of elements in the forest, and thereby play an 

important role also in the mobility of nutrients (Johanson et al. 2004). Fungi have the 

greatest biomass of all the components in the organic layer of soil. Mycelia also have a 

large area in relation to their volume, which is an important factor in the biology of 

fungi. Many fungi have rapid and active metabolism, with a large share of the metabolic 

reactions in cells taking place closer to the soil environment than with higher plants. 

Most of this activity occurs outside or on the immediate surface of the cell (Vinichuk & 

Johanson 2003). 

Fungi receive nutrients by absorbing small organic compounds from their environment. 

They excrete enzymes, which break the complex molecules of the environment down 

into smaller molecules. Depending on the manner that fungi acquire nutrition, they can 

be divided into saprophytes, parasites and symbiotic fungi. Saprophytes absorb organic 

compound from the dead organic material. Symbiotic fungi receive products of 

photosynthesis from a living host organism. However, they are beneficial to the host 

organism, as they increase also the nutrient uptake of the host. An example of such a 

symbiosis is the mycorrhiza (Mauseth 1995). 

Fungi are dependent on almost exactly the same elements as plants. Carbon (C), 

hydrogen (H), oxygen (O), nitrogen (N), potassium (K), phosphorus (P), magnesium 

(Mg) and sulphur (S) are the macronutrients of fungi. Calcium (Ca) is a micronutrient. 

Some fungi can replace calcium with strontium (Sr). Other micronutrients used by fungi 

include iron (Fe), zinc (Zn), copper (Cu), manganese (Mn) and molybdenum (Mo) 

(Mauseth 1995). 

2.2.5 Fauna 

The forest is a habitat for soil fauna, insects, reptiles, mammals and birds (FASSET 

2001). All animals eat other organisms. Although animals are usually divided into 

herbivores, carnivores and omnivores, most of them can use as nutrition organisms 

outside their primary category of nutrition. In other words, animals are opportunists in 

terms of nutrition. Animals of different types have their own means to acquire nutrition. 

Some animals live in their source of nutrition, such as larvae that feed on animal 

carcasses. Also earthworms belong to this category. As they travel in the soil, a lot of 

organic matter from the soil ends up in their alimentary tract, and they use it for 

nutrition. Many insects suck liquids that are rich in nutrients from living organism and 

acquire their nutrition in that way. Most animals eat their food in relatively large 

chunks. Mammals, for example, are in this category (Campbell & Reece 2002).  

There is an abundance of soil fauna living in the soil. They play a significant role in the 

cycling of nutrients. Some of the soil animals are predators. Most of the soil fauna, 

however, participate in the decomposition of organic matter and acquire their nutrition 
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this way. Soil fauna are also important due to their role as disintegrators and 

decomposers of the organic matter in the soil, and as aerators and cultivators of the soil. 

The tunnels that they excavate can also influence the amount of nutrients that enters the 

soil with rain. There are also nematodes living in soil. Some of them eat the cytoplasm 

of plants and algae, and thereby influence primary production. Other nematodes affect 

the decomposition processes by feeding on heterotrophic microorganisms. Some soil 

nematodes are parasites. Arthropod soil fauna include both decomposers and predators. 

In addition, there are e.g. snails living in soil (Killham 1994).  

In the forest ecosystem, animals that are larger than the soil fauna are vertebrates. 

Herbivorous vertebrates are usually present in larger populations than carnivores, as the 

populations of predators are restricted by the food supply (Campbell & Reece 2002). 

Animals common in Finnish forests include birds and mammals. The most common 

herbivorous mammals are rodents as well as lagomorphs and cervidae. Common 

predatory mammals include e.g. common shrew and fox. The most common bird 

species represent both herbivores and carnivores (Gaisler & Zejda 1998). 

Elements that are necessary to animals are primarily the same that plants need. The 

most significant difference is that animals need also sodium (Na) in high concentrations. 

Other elements that are vital to animals in low concentrations include iron (Fe), silicon 

(Si), chrome (Cr), cobalt (Co), arsenic (As), selenium (Se), tin (Sn) and iodine (I). The 

protein content of animals is higher than that of plants, which means that they have 

about 2-3 times higher nitrogen and sulphur concentrations than plant foliage. With the 

exception of oxygen, the concentrations of other elements are usually also higher in 

animals than in plants (FASSET 2001). 

2.2.6 Forest food webs 

There are many interactions connected with the food supply and other actions between 

the organisms of a forest. These include e.g. preying, parasitism, competition, 

amensalism, in which one organism is reduced while the other is not influence, 

mutualism, which benefits all the parties, co-existence of individuals of different 

species, and neutralism. Mutualism is probably the most common form of interaction in 

forest ecosystems, as in nature in general (FASSET 2001).  

The total amount of connections between different species is about 10-30% of the 

amount that could be possible. Forest food webs are similar in their basic construction 

to the food webs of other ecosystems. Forest food chains usually comprise 3-5 trophic 

levels, but food chains with up to 10 trophic levels have been identified. In forest food 

chains, the intermediate trophic levels are dominated by insects and microbes, 

particularly decomposers and plant mutualists. Normally each heterotroph feeds on 

more than just one species. At the intermediate levels of a food web, the number of 

individuals is usually at its greatest. Parasites are an exception to this. They are usually 

present in large amounts even when they represent the top of the food web. 

Decomposers are another exception to the general trend. The biomass of the organisms, 

on the other hand, decreases expotentionally at the higher trophic levels (FASSET 

2001).
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It has been noticed that preying is seldom the only factor that regulates the predator 

populations in a forest ecosystem. The significance of predators varies between different 

ecosystems. There is also variation over time in an individual ecosystem. So far no 

predator species has been identified in forest ecosystems, the removal of which would 

change the operation of the ecosystem to a particularly significant extent. However, 

forest food webs are usually built up so that the rate of substitution of species is 

relatively higher at the bottom levels of the web. For this reason it would seem that the 

system can survive the disappearance of a certain plant species better than the 

disappearance of a predator (FASSET 2001). 
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3 RADIONUCLIDES IN FOREST ECOSYSTEM 

3.1 Sources of radionuclides to forest ecosystem 

Radionuclides are naturally present in the environment in low concentrations. They are 

released into the environment also as a result of human activities. The nuclear weapon 

tests carried out in the atmosphere in the 1950s and 1960s, as well as major nuclear 

power plant accidents have caused radionuclide releases, for example. The radioisotopes 

of iodine, cesium and strontium are the most important radionuclides originating from 

these sources. In addition, radionuclides are constantly released into the atmosphere 

from nuclear power plants and spent nuclear fuel reprocessing plants. H-3, C-14, S-35 

and radioisotopes of iodine are important substances contained in these releases. 

Contamination from all these sources is primarily in the form of fallout (Greger 2004). 

Fallout refers to contamination through the atmosphere. Most of the radionuclides 

contained in fallout are fixed in vegetation. It has been noticed that in forests about 40-

90% of the fallout radionuclides remain initially on tree foliage. However, radionuclides 

are washed relatively quickly with the rain from the vegetation to the soil. Once in soil, 

they joint the element cycles of the forest (FASSET 2001). 

C-14, Cl-36, Tc-99, I-129, Cs-135, Np-237 and Pu-239,240 and Pu-242 are the most 

significant nuclides that can potentially be released into the environment from nuclear 

waste repositories (Greger 2004). A new kind of a contamination route has to be 

assessed in connection with the geological disposal of spent nuclear fuel, as the 

radionuclides potentially released from the repository are carried in the groundwater to 

the forest food cycles (Avila 2006). At areas of thin overburden, Releases from the 

facilities will probably not take place until in the far future (Koch-Steindl & Pröhl 2001) 

when the discharging contaminated groundwater can be converted into water available 

to the organisms at the boundary surface of the top bedrock layer and the soil and the 

sediments of the sea bottom (Vieno & Ikonen 2005). Contamination carried in 

groundwater has two probable routes. The radionuclides that travel from groundwater to 

the sediments of the sea bottom end up in forest food cycles as a result of uplift. In a 

new forest developed after uplift, vegetation changes in several stages. At first, 

vegetation in the area consists primarily of shrubs. The next stage is the alder stand type 

stage on the shore, before spruce takes over the area. The other probable contamination 

route is directly via groundwater. Groundwater flows toward areas located on low 

ground. In these areas groundwater often erupts as springs, or directly into the soil. The 

groundwater erupted as springs can travel further in brooks, or be filtered back into the 

soil. For this reason all areas located on low ground are potential recipients of 

contamination.   

Many radionuclides have a stable chemical analogue. Chemical analogues usually 

display similar behaviour also in a forest ecosystem. No significant changes take place 

in the migration of elements even during major contamination, as the concentrations of 

radionuclides are always lower in forests than the concentrations of their stable 

analogues. Since the cycling of these substances is slow in a forest ecosystem, it takes 

longer after contamination for a radionuclide to reach a similar distribution to the stable 

analogue. Most of the radionuclides released into the environment will eventually be 

present in the soil. For less mobile radionuclides the significance of the soil as storage 
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of radionuclides is further emphasised. The system seeks to return to equilibrium, but 

the distribution of radionuclides between the different components of the ecosystem 

depends partly on the time that has elapsed from contamination. The mode of 

contamination also influences the distribution of radionuclides in the environment 

strongly (FASSET 2001). The migration of radionuclides from the soil to the plants is a 

significant stage in terms of their access to the food webs (Sokolik et al. 2004). In 

contamination via groundwater, trees play a particular role as some of them can take up 

nutrients, and thus also radionuclides, directly from groundwater (Avila 2006). 

3.2 Exposure of fauna 

Animals can be exposed to radiation either internally or externally. The radiological 

sensitivity of animals is dependent on several different factors. The habitat of an 

organism, or its feeding practices may increase exposure in comparison with other 

species in the same ecosystem. High concentrations of radionuclides may accumulate in 

the tissues of some organisms, which increases their internal exposure. Some animals 

go through different forms during their lifetime (e.g. egg, larva, adult). The exposure 

routes may vary at various stages of development, and there may also be differences in 

radiation sensitivity (FASSET 2001). 

External exposure is usually caused by gamma active radionuclides in the environment 

of the organism. For small fauna, alpha and beta radiation may also cause external 

exposure (FASSET 2003). Internal exposure can result from many different exposure 

routes: Herbivores can be internally exposed to radionuclides through eating plants, 

swallowing soil, breathing soil particles or drinking water. Carnivores can be exposed 

also as a result of eating contaminated prey. Breathing of contaminated soil particles 

appears not to be a significant factor in the total exposure of herbivores. Feeding on 

contaminated plants is not an important exposure route, either, in the cases when the 

nuclide-specific concentration ratio between the plants and the soil (Bq/kgFW per 

Bq/kgDW) is less than 0.1. In other words, a significant share of contamination appears 

to be received through swallowing of soil (Higley et al. 2003).

The access of radionuclides into the body of animals though the alimentary tract can be 

a significant route for nuclides that are analogous with some necessary element. Inside 

animals, radionuclides can travel into certain organs or structures. This kind of 

behaviour depends on, for example, the physiochemical form of the radionuclide 

(FASSET 2003). For radionuclides that accumulate in certain organs, it is possible that 

the concentrations in the muscles of the prey and the predator do not differ from one 

another. The diet of a predator consists mainly of the muscles of the prey, where 

radionuclide concentrations in this case are low. For this reason, enrichment to any 

significant extent cannot take place (FASSET 2001). 

3.2.1 Soil fauna 

Due to their size and functions, small soil animals are prone to both internal and 

external exposure. Soil invertebrates are usually so small that beta radiation can cause 
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external exposure to them. For the smallest organisms exposure caused by alpha 

radiation can also be possible. Internal exposure is usually also significant for soil 

fauna. Invertebrate decomposers that live in the litter layer show higher concentrations 

of radionuclides than herbivores or predators (FASSET 2001). 

The behaviour of earthworms makes them susceptible to contaminants. They live 

constantly in the soil and large amounts of earth pass thorough their body. As they 

cultivate the soil, they can influence the behaviour of radionuclides in the soil. With the 

soil, also radionuclides can gain access into the body of the earthworm, where they can 

accumulate in tissues. Radionuclides accumulated in the tissues of earthworms can 

travel efficiently in the forest food chains, as several vertebrates and invertebrates feed 

on earthworms, including amphibians, snakes, small mammals (shrews, hedgehogs, 

moles), nursing foxes and badgers as well as many birds (Brown & Bell 1995). The 

susceptibility of the worms to external exposure is increased due to the fact that they 

lack chitinic armour, which many other soil organisms have. Worms are large in 

comparison with many other soil invertebrates. For this reason they can possibly 

bioconcentrate radionuclides (FASSET 2001). 

An exposure trial has been conducted in which the influence of soil contamination 

caused by the decomposition products of uranium on spiders, gastropods, insects, 

myriapods and earthworms was studied for more than seven years. Earthworms 

provided the most sensitive indicator of radioactive contamination. In comparison with 

the other species included in the study, earthworms swallow considerable amounts of 

soil, which probably increases their sensitivity to radioactive contamination (Lee 1985). 

The accumulation of heavy metals in earthworms has been studied extensively. It is 

known that many different elements can gain access into earthworms from the soil. 

How effectively they can access the worms depends on the element in question and its 

chemical form, the physical and chemical properties of the soil and the earthworm 

species. In some studies higher concentrations of cadmium, zinc, lead and selenium 

have been determined in earthworms than in the soil. However, several factors influence 

this relationship. The accumulation of e.g. lead in earthworms depends on the pH, the 

cation exchange capacity and the calcium concentration of the soil. In addition, there are 

differences between various earthworm species (Brown & Bell 1995). 

3.2.2 Mammals 

Animals that excavate tunnels and holes in the soil are most susceptible to external 

radiation of all mammals. These species are usually also prone to internal exposure, as 

they swallow the soil when digging their tunnels. Some of these animals feed on soil 

invertebrates, which also for its part increases their internal exposure. Small mammals 

that excavate tunnels and holes, such as moles and mice, are extremely common in 

forest ecosystems, which increases their significance (FASSET 2001). Moreover, small 

mammals have relatively small habitats and they constitute a significant proportion of 

the forest food webs. Another factor that supports the use of small mammals as 

indicator animals in radioecological studies is the fact that they are easy to catch 

(Copplestone et al. 1999). 
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The exposure of carnivore mammals to radionuclides in the food chain may be high due 

to enrichment. There is clear evidence of this, particularly for predators that feed on 

other mammals. The possible accumulation of radionuclides from invertebrates into the 

mammals that feed on them is not known as well. The results are also often confused by 

the fact that when feeding on soil animals, the predators also swallow soil. However, it 

is probable that the exposure of animals that feed on soil fauna to less mobile 

radionuclides (e.g. actinides) is higher than for other animals (FASSET 2001). 

3.3 Established modelling approaches 

3.3.1 Conventional compartment models  

The migration of radionuclides in a forest ecosystem is usually assessed by means of 

compartment models. The compartments correspond to the different parts of the forest 

and the radionuclide flows between the compartments are described as the product of 

the radionuclide content of a compartment and the transfer factor. The compartments 

are formed on the basis of a concept according to which concentrations inside the 

compartment are balanced quickly in proportion to the time step used in the model. The 

first mathematical models describing the migration of radionuclides in a forest 

ecosystem were presented in the 1960s. After the nuclear power plant accident in 

Chernobyl in 1986, several models have been developed that mainly deal with the 

migration of radiocesium in forests after fallout. These models are based on the 

empirical data obtained in connection with the accident (Avila 2006). 

The models use transfer factors determined in different manners. Aggregated transfer 

factors and concentration ratios are the most common. Aggregated transfer factors are 

determined as the ratio of the organism's activity (Bq kg
-1

 fresh weight or Bq kg
-1 

dry

weight) to the total fallout in the soil (Bq m
-2

). Concentration ratios are determined as 

the ratio of the organism's activity concentration (Bq kg
-1

 fresh weight or Bq kg
-1 

dry 

weight) to the activity concentration of the soil (Bq kg
-1 

dry weight) (IAEA 2002). 

Large variation can be seen in both combination transfer factors and concentration ratio, 

even when just one species is analysed. The influence of variation can be reduced by 

using probability distributions of concentration ratios in modelling instead on individual 

numerical values (Avila 2006). 

Sheppard et al. (1999) noticed that maximum differences in the soil-to-plant transfer 

factors for chlorine between different plant species were six-fold. Variation of equal 

magnitude has been detected when transfer factors have been defined for one plant 

species in several different locations. For this reason it may be justified in many cases to 

use a common value of transfer factor for several wild plants. The use of a common 

transfer factor will probably not increase the uncertainty of the result in comparison 

with the use of species-specific transfer factors, particularly in situations where the 

modelled place and soil is not accurately known (Sheppard et al. 1999). 

On the basis of previously published models, Avila (2006) developed a model for the 

long-term cycling of radionuclides in forests (Figure 1). The proposed model can be 

applied to all long-lived radionuclides found in nuclear waste. The model comprises six  
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Figure 1. Graphic presentation of a model that describes the migration of radionuclides 

in a forest ecosystem. BP refers to production of biomass, T to transpiration, P to 

precipitation and ET to evapotranspiration. The diagram is based on Figure 3-1 of 

Avila (2006). 

compartments: soil, litter, wood, leaves, understorey and animals. The source of 

contamination is groundwater. The growth of the biomass, rainfall and evaporation are 

significant factors in the model in terms of the cycling of radionuclides. They influence 

the plant uptake of radionuclides and the migration of radionuclides out of the system 

(Avila 2006). 

3.3.2 Kinetic/allometric scaling 

In practice it is impossible to determine transfer factors for all the animals that may be 

exposed to radiation due to possible contamination of soil. There are also wide gaps in 

the knowledge about the radiation exposure of animals. For this reason, an alternative 

method has been developed to the use of the transfer factor, kinetic/allometric scaling. 

In the kinetic approach, kinetic equations of the first order are used as a tool in the 

modelling of radionuclide concentrations. For the calculations, information is needed 

about the food uptake rate of the studied organism, of the elimination rate of the 

radionuclide and of the duration of exposure. These properties vary from one species to 

another, which poses problems for the application of the kinetic approach (Higley et al. 

2003).

The allometric approach focuses on studying the biological effects of the size of the 

animal, and it can be applied to several different species. Allometric equations combine 

the size of the animal with many different parameters, such as feeding frequency, life 

expectancy, respiratory frequency and the size of the animal's territory. The retention 

time of radionuclides in the animal's body appears to be related to metabolism, which 

(BP, T) 
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makes it a function of the body mass. The allometric approach makes it possible to 

study the connections between various exposure routes and food uptake. It is also a 

good starting point for exposure modelling, if only a limited amount of measurement 

data is available. There are many different variations of the method, which can be used 

to predict e.g. tissue concentrations, biological elimination rates and uptake for a wide 

variety of different organisms (Higley et al. 2003). 
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4 ON BEHAVIOUR OF SOME KEY RADIONUCLIDES 

This Chapter reviews more closely the behaviour of Cl-36, Sr-90, I-129, Cs-137, Np-

237, Pu-239,240 and Am-241 in the forest ecosystem. Sr-90, Cs-137, Pu-239,240 and 

Am-241 are radionuclides that have been widely studied, as they were found in the 

fallout after the Chernobyl nuclear accident, for example (Alexhakin et al. 1994, 

Fesenko et al. 2001a, Sokolik et al. 2004). Cl-36, I-129 and Np-237, on the other hand, 

are probable radionuclides in contamination possibly resulting from nuclear waste 

repository, which is why research on these radionuclides has been carried out 

particularly in the recent years  (Koch-Steindl & Pröhl 2001). The radionuclides 

selected for closer analysis represent a wide selection of chemical properties and 

radiation types, thus providing information about the behaviour of different types of 

substances in the environment. This information can with reservations be usually 

applied also to radionuclides on which the amount reliable research data is more limited 

(FASSET 2001). 

Cs-137 is the most important radionuclides released in the environment in the 

Chernobyl nuclear power plant accident. For this reason its behaviour in the forest 

ecosystem has been widely studied. Cs-137 is a mobile and biologically available 

radionuclide, so it can migrate to all levels of the food chain. It can therefore be used as 

a model for the migration of other radionuclides. However, it should be borne in mind 

that the priority of the different processes varies between radionuclides (FASSET 

2001).

4.1 Cesium-137 

In the periodic system cesium is included in the group of alkali metals (group Ia). The 

most important radioisotope of cesium is Cs-137, which has a half-life of 30 years. Cs-

137 is a gamma emitter and its source is the fission reaction (FASSET 2004). The 

valence of alkali metals is always +1 and they bond with non-metals by ionic bonds. 

Alkali metals do not form compounds easily. Due to the large ionic radius, cesium has a 

low complexation capability in comparison even with other alkali metals (Greger 2004). 

In forest soil, the highest Cs-137 activity is usually found in the top soil layers, where 

the share of organic matter large. Cs-137 is in soil often bound to roots, mycorrhizas or 

mycelia (Johanson et al. 2004). Cs-137 sorption is quite strong in soil.  Its upward 

mobility in soil is the result of advection-diffusion mechanisms (IAEA 2002).  In terms 

of cesium behaviour, ion exchange reactions are only significant in some rare soil types. 

Radiocesium becomes fixed to clay minerals in a slow, almost irreversible reaction 

(Ehlken & Kirchner 2002). 

The cesium uptake of plants is still not properly known. An increase in the clay content 

of soil seems to decrease the cesium uptake of plants. An increase in the share of 

organic matter in the soil, on the other hand, probably increases the cesium uptake of 

plants. Cesium is a chemical analogue of potassium (K), which is one of the 

macronutrients of plants. Thus, plant roots can take up Cs
+
 ions directly from soil water. 

In fact, this might be a competitive process to K
+
 uptake through roots (Johanson et al. 
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2004). It is, however, possible that some plants do not take up cesium instead of 

potassium, due to it slightly larger size. In addition, cesium and potassium display a 

different vertical distribution in soil (Fesenko et al. 2001a). The lowest cesium 

concentrations have been found in slow-growing grasses (Gramineae family), while the 

plants of the goosefoot family (Chenopodiaceae) appear to have efficient uptake of 

cesium (Johanson et al. 2004). Ericaceous plants have also shown high cesium 

concentrations (FASSET 2001). In a Swedish boreal environment, the highest 

radiocesium concentrations after the Chernobyl accident were measured in water lilies. 

The lilies were followed by horsetail > blueberry > pine > birch > willow herb (Nelin & 

Nylen 1994). 

Trees constitute one of the most important parts of a forest ecosystem in terms of long-

term Cs-137 cycling, as considerable amounts can be accumulated in trees. The 

accumulation rate of Cs-137 in trees is greatly dependent on four different factors. 

These include the differences between tree species with respect to accumulation of 

radiocesium, the distribution of radiocesium in the soil profile, the location of roots in 

the soil, and the availability of radiocesium in the various horizons of the soil. In 

addition, combination transfer factors soil-tree can vary significantly depending on the 

soil type. The age of trees also appears to influence the transfer of Cs-137 from the soil 

to the tree. Cs-137 activity concentration in the root system is highly dependent on the 

size of the roots. Uptake of nutrients from the soil takes primarily place through fine 

roots (Fesenko et al. 2001a). In trees radiocesium is highly mobile and quickly 

transferred into the different parts of the trees (IAEA 2002). After the Chernobyl 

accident it was noticed that a significant part of Cs-137 activity was stored in foliage in 

spruce forests (Fawaris & Johanson 1994). In the first year after the Chernobyl fallout 

there was no marked difference between radiocesium concentrations in a young (5-10 

years) and in an old forest. In the following years concentration was higher in the old 

forest. This could be caused by radiocesium being flushed away from the foliage, by the 

amount of mycorrhizas or by differences in the uptake of nutrients between the forests 

(Nelin & Nylen 1994). 

Mosses and lichens also play a significant role in radiocesium cycling in fallout 

situations. Their area is large in proportion to their biomass and usually they have high 

transfer factors. They can build up a biological barrier that slows down the Cs-137 

cycling in forests. As they have no roots, their significance is low in terms of 

contamination through groundwater (Fesenko et al. 2001a). Fungi are important 

elements in both contamination types. It has been estimated that up to 30% of Cs-137 

from fallout can be bound in soil fungi biomass. In other words, mycelia can act as 

storages for radiocesium (Avila et al. 1999). Fungi appear to be more contaminated in 

the autumn than in the summer. A possible explanation for this could be the variation in 

weather conditions and soil humidity between seasons. It is also possible that 

radiocesium is transferred from tree roots to mycelia through the mycorrhiza. This 

happens primarily in the autumn, when radiocesium migrates from leaves and needles 

into the root parts of the trees (Fesenko et al. 2001a). There are considerable differences 

between fungus species in the capability to accumulate Cs-137 (FASSET 2001). 
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Many different factors can for their part affect the Cs-137 activity concentrations in the 

sporophores of different fungus species. In 1986, soon after the Chernobyl accident, 

higher concentrations were found in decomposers than in symbiotic fungi. When more 

time elapsed, higher concentrations were found in symbiotic fungi. The Cs-137 activity 

concentrations of fungi growing in coniferous forests than in deciduous forests. The 

activity concentrations of sporophores are also influenced by the location of the 

mycelium and the ecophysiological behaviour of the fungus. Cesium concentration in 

fungi appears not to correlate with potassium concentration. On the basis of this, it is 

suspected that fungi take up cesium by a different mechanism than potassium (Vinichuk 

& Johanson 2003). 

Almost all nuclide-specific parameters of radiocesium in the contexts of forest 

ecosystems, such as the transfer factors, are well known, particularly when 

contamination from fallout is concerned. There is an abundance of empirical data 

available, specific to forest ecosystems. Probability distributions can also be calculated 

for most parameters of radiocesium (Avila 2006). The distribution of radiocesium in the 

area of the root system is a significant factor influencing the soil-plant transfer factors 

(Ehlken & Kirchner 2002). Combination transfer factors for radiocesium between 

vegetation and soil may show up to three-fold differences depending on the 

hydrological properties of the soil. The lower transfer factor values are connected with 

soils developed on level ground where surface water can flow freely. The highest 

transfer factors are connected with soils that have developed on grounds where the 

surface water stands still for a long time, or in areas were the groundwater is at a depth 

of less than 3 metres (Fesenko et al. 2001b). 

In animals Cs-137 is usually evenly distributed in the soft tissues of the body. This 

means that enrichment is possible in food chains. Cesium concentrations increase by 

about one order of magnitude from rabbits to foxes (FASSET 2001). The biological 

half-life refers to the time during which half of the substance absorbed by an organism 

is excreted out of the system (FASSET 2003). The biological half-life of radiocesium 

varies according to, for example, the size of the animal and its metabolism. In an adult 

moose the biological half-life is ca. 30 days. The biological half-life is the shorter the 

smaller the animal is (Rantavaara et al. 1987). 

Food sources and habitat play an important part in the exposure of animals to 

radiocesium. After the Chernobyl accident, clear differences were detected in 

radiocesium concentrations in mountain hares and brown hares. The transfer of 

radiocesium into mountain hare meat was about three times greater than into brown hare 

meat. The difference between the species in size partly explains this phenomenon. In 

addition, the habitats of these two species are also different.  Mountain hares prefer 

more sparsely vegetates areas than brown hares. In the habitat of brown hare the transfer 

factors from the soil to the vegetation are considerably lower than in the habitat of 

mountain hare. This usually results in lower concentrations of radiocesium in the food 

of brown hares (Rantavaara et al. 1987). 

Great seasonal variation of radiocesium concentrations has been found in roe deer. The 

most important reason for this is believed to be the high share of mushrooms in the food 
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of the deer in autumns, which is reflected in higher activity concentrations. A similar 

trend has been detected in moose. In both these species the activity concentrations also 

vary from one year to the other. The probable explanation is the annual variation in food 

sources, depending on the availability of plants and mushrooms in each year. Deer and 

moose also show great variation between individuals. Activity concentrations are higher 

in foals than in adults, and higher in females than in males, although not to the same 

extent as in foals and adults. The Cs-137 concentrations in deer and moose decrease at a 

rate that is close to the physical half-life of this radionuclide. This can be explained by 

the long-term availability of radiocesium in the plants and mushrooms that these 

animals feed on (Avila 1998). 

4.2 Strontium-90 

In the periodic system strontium is included in the group of alkaline earth metals (group 

IIa). The most important radioisotope of strontium is Sr-90, which has a half-life of 28.5 

years. Sr-90 is a beta emitter and its source is the fission reaction (FASSET 2004). The 

valence of strontium is +2 and it forms complexes by ionic bonds (Greger 2004). 

Strontium is a chemical analogue to calcium, which is a necessary element for both 

plants and animals. This means that the radioisotopes of strontium can migrate to all 

levels of food chains (FASSET 2001). The radioecological significance of strontium is 

further enhanced by its high mobility in the soil (Sysoeva et al. 2005). 

Ion exchange is the most important mechanism by which Sr-90 is adsorbed in solid soil. 

Most of Sr-90 is exchangeable form in the soil. The adsorption capacity and cationic 

composition of the soil, the amount of organic matter and the amount of exchangeable 

calcium in the soil are the most important factors that influence Sr-90 sorption. Sr-90 is 

primarily sorpted in clay minerals. Organic matter strongly influences the behaviour of 

Sr-90 in the soil, as the composition of organic matter to a great extent determines the 

distribution and mobility of Sr-90. Part of radioactive strontium is also bound to the 

fulvic acids of the soil (Sysoeva et al. 2005). In mineral soil strontium has a higher 

bonding capacity that calcium, while in the organic layer the situation is vice versa 

(Ehlken & Kirchner 2002). 

Since strontium is not bound in large amounts in the soil, it is easily available to plants. 

The accumulation of Sr-90 in plants depends on the soil type. Plants take up Sr-90 

efficiently from soil that consists of small particles. The uptake of Sr-90 is strong also in 

acid soil that is poor in nutrients. If the soil is rich in calcium, the uptake of strontium is 

reduced. The properties of the plant also influence the accumulation of Sr-90 (Sysoeva 

et al. 2005). 

In a pine forest the rate of transfer of Sr-90 from the litter to the soil is about twice as 

slow as in a birch forest. The transfer factors of Sr-90 are higher for birch and the 

different parts of birch trees than for pine. This is due to the more rapid cycling of Sr-90 

in deciduous forests, caused by the higher need of calcium of birch than pine 

(Alexhakin et al. 1994). Sr-90 is in trees usually accumulated in the cambia, in which 

the new cells develop. It can also be noticed that the Sr-90 concentration is usually 

higher in the branches than in the stem part (Cooper & Rahman 1994). 
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In comparison with cesium, strontium is usually more mobile in the soil and therefore 

more easily available to plants. Quite great differences can be found in the distribution 

of cesium and strontium in plant parts above the ground. In evergreen trees, for 

example, cesium concentration decreases with the age of the needles. Strontium 

concentration, on the other hand, is usually higher in old needles. The vertical 

distribution of Sr-90 in the soil is also different from Cs-137. On the basis of the 

distribution profile it can be assumed that Sr-90 is efficiently transferred from the soil to 

the plants, and that the soil receives continuously more Sr-90 from the falling leaves and 

needles. Sr-90 would seem to accumulate less in fungi that Cs-137 (FASSET 2001). 

The concentration ratios of strontium from the soil to the understorey, to the tree leaves 

and to the tree stems are known relatively well. Less information is available about 

transfer factors to fungi (Avila 2006). 

The behaviour of strontium in animals has not been studied sufficiently. It is known that 

like its chemical analogue calcium, strontium is also accumulated in the bone tissues of 

animals. Calcium is a vital element to animals, which means that strontium probably 

also accumulates efficiently in animals (FASSET 2003).  

4.3 Chlorine-36 

In the periodic system chlorine is in the halogen group (group VIIb) (FASSET 2004). 

Human activities as well as cosmic radiation and interactions between stable atoms in 

the atmosphere produce chlorine isotopes (Kashparov 2005). The most important 

radioisotope of chlorine is Cl-36, which has a half-life of 3.01×10
5
 years. Cl-36 is a 

and e
-

emitter (FASSET 2004). Chlorine exhibits all valences between -1 and +7 

(Greger 2004). Cl-36 was previously often ignored when studying radionuclides in the 

context of nuclear waste, as its presence in spent nuclear fuel was uncertain. It is now 

known that fresh fuel contains Cl-35, which when activated produces Cl-36. Chlorine 

has easily determinable isotopes in the environment. For this reason it is an important 

element from the point of view of radioecological research (Sheppard et al. 1999). 

Chlorine display complex behaviour in the soil in comparison with many other 

radionuclides. In the soil chlorine has a valence of -1. It bonds only poorly with soil and 

no significant sorption or accumulation takes place. For this reason leaching is an 

important process for chlorine (Koch-Steindl & Pröhl 2001). The only mechanism that 

retains chlorine in the soil is the transfer of chlorine into food chains through plants. 

When organisms die, decomposers release the chlorine back into the soil (Kashparov et 

al. 2005). 

Distribution coefficient (Kd) refers to the ratio of the activity concentration of solid soil 

to the activity concentration of soil water (Sheppard et al. 2004a). Cl-36 distribution 

factor has been found to be insignificant for almost all soil types. A significant Kd 

values has only been determined for soil types in which the share of organic matter is 

extremely high, pH is low and the soil contains large amounts of both active iron and 

aluminium. One example of such soil is the organic soil in tropical areas. The amount of 

chlorine varies slightly at different depths of the soil (Kashparov et al. 2005). 
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Chlorine is a micronutrient for plants (FASSET 2001). Soil vegetation contains ca. 

0.3% of stable chlorine. Plants take up Cl-36 through their roots, the uptake is highest in 

calciferous soil and lowest in organic soil. The differences are at least partly attributable 

to the different behaviour of soil water in these soil types. In most cases the behaviour 

of soil water is the determining factor for the distribution of Cl-36 in the soil 

(Kashparov et al. 2005). The nuclide-specific parameters of chlorine in a forest 

ecosystem are known relatively well, with the exception of transfer from the soil to 

fungi (Avila 2006). Cl-36 concentration ratios between understorey and soil are high in 

comparison with many other radionuclides. For this reason the by far the most 

important mechanism that allows Cl-36 to be transferred from the soil to the food webs 

is root uptake by plants (Sheppard et al. 1996). 

The mobility of Cl-36 in food webs is also influenced by the fact that chlorine is an 

important mineral for animals. For this reason, chlorine concentrations are usually 

higher in animals than in plants (FASSET 2001). Animal tissues contain a lot of stable 

chlorine isotope. Animals can regulate the concentration of stable chlorine in the tissues 

by means of their metabolism. Increased excretion of chlorine in urine balances out an 

increase of chlorine in the nutrition. This mechanism retains a relatively constant 

concentration of chlorine in the tissues (Sheppard et al. 2004a). 

4.4 Iodine-129 

In the periodic system, iodine is a halogen (group VIIb). The source of radioactive 

isotopes of iodine is fission. In terms of final disposal of nuclear waste, I-129 is the 

most important radioactive isotope of iodine, as it has a half-life of 15.7 x 10
6
 years. 

The decay process of I-129 is complex and involves emission of beta, gamma and X-ray 

radiation (FASSET 2004). In addition to the long half-life, I-129 is highly mobile and 

chemically toxic (Bostock et al. 2003). I-129 is the only radioactive isotope of iodine 

that is found in determinable amounts in the natural environment. Natural iodine 

contains 99.99% of stable I-127 and 0.01% of I-129. Most of the I-129 present in the 

nature, however, originates from nuclear weapon tests or final disposal facilities of 

nuclear waste (Johanson 2000). 

Iodine is present in the soil in both inorganic form and organohalide complexes 

(Bostock et al. 2003). The most important form of occurrence is iodide I
-
 (Koch-Steindl 

& Pröhl 2001).  Iodine bonds with the organic matter of soil as well as with certain 

oxides of aluminium and iron. Unless most of the bonding takes place immediately after 

contamination, most of I-129 volatilises. Bonding and volatilisation are caused by the 

biological activity of the soil. Biological activity can be caused by microorganisms or 

the enzymes they secrete in the soil (Johanson 2000). The volatile forms of iodine are I2

and CH3I. Gaseous iodine is also released from vegetation. The volatilisation of iodine 

from the soil may over long-term be an important process in terms of the migration of 

radioactive iodine (Koch-Steindl & Pröhl 2001). 

The vertical distribution of I-129 varies greatly between different soil types. Usually 

most of I-129 is found in the topsoil layers. The variation also influences the availability 

of I-129 to plants. Iodine is not a necessary element for plants (Johanson 2000). Plants 
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usually take up the radionuclides of iodine more efficiently that cesium. In comparison 

with strontium, the uptake of iodine from the soil is smaller. The radionuclides of iodine 

move extremely quickly between the different parts of trees and even between adjacent 

trees (FASSET 2001). The transfer of iodine from the soil to vegetation, however, is not 

well known as a whole (Avila 2006). 

Iodine is a necessary element for mammals. It accumulates in the thyroid glands and is 

required in the production of thyroid hormones. All mammals can control the iodine 

content of the body. If the uptake of iodine exceeds the normal level, control becomes 

even tighter. All lower organisms do not necessarily have this ability. For this reason it 

is possible that these organisms are sensitive to increased iodine levels in the 

environment (Johanson 2000). In rabbits and other vertebrates iodine has been found to 

be transferred from the mother to the foetus. Iodine concentration is usually higher in 

the thyroid gland of the foetus than in the thyroid gland of the mother. Iodine combined 

with hormones has also been found to be an important factor in the deformation of 

amphibians (FASSET 2001). 

4.5 Plutonium-239,240 and americium-241 

Americium and plutonium are transuranic elements. Transurania are elements with an 

atomic number higher than 92. In the periodic system americium and plutonium are 

included in actinides (Ikäheimonen 2003). The most important isotopes of plutonium 

are Pu-239 and Pu-240, which are alpha emitters. The most important isotope of 

americium Am-241 is also an alpha emitter. All these isotopes are produced in 

activation-neutron capture (FASSET 2004). Pu-239,240 and Am-241 isotopes are 

extremely toxic chemically, and also long-lived. The half-life of Pu-239 is 24120 years, 

the half-life of Pu-240 6540 years and the half-life of Am-241 433 years. 

Decomposition of Am-241 produces neptunium radioisotope Np-237, which has a half-

life of 2.1 x 10
6
 years. Research on the behaviour of transurania in forests is limited and 

the data that is available has been criticised (Sokolik et al. 2004).  

Actinides are found in the environment in numerous different oxidation states. For this 

reason their behaviour in the nature is difficult to predict. Plutonium is found in 

oxidation states +III-+VII. A solution may entail several different oxidation states 

(Ikäheimonen 2003). In the top soil layer plutonium is usually present in the form 

Pu(IV)O2, which is a poorly soluble and poorly mobile form (Roussel-Debet 2005). The 

behaviour of americium would seem to be slightly simpler, and it is usually found in the 

environment in the form Am
3+

 (Ikäheimonen 2003). 

The pH and redox potential of the soil play a part in the occurrence forms. The 

chemistry of transuranic elements is complicated, as they are chemically extremely 

reactive. Their adsorption into clay minerals depends on the pH of the soil. In addition, 

transurania combine easily with different colloids and form complexes, particularly with 

organic molecules. All in all the organic matter of the soil is a significant factor in terms 

of the behaviour of transurania. Actinides form complexes with humic and fulvic acids 

as well as with low molecular weight organic acids. The stability of these complexes is 

reduced as the ionic forces or the soil pH decrease. Microbiological activity also appears 
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to be of influence, particularly to the behaviour of tetravalent forms, such as PuO2. All 

in all vertical movement of plutonium and americium in the soil is slow (0.2-1 cm y
-1

)

(Roussel-Debet 2005). 

It has been estimated that 87.5–99.6% of the americium in soil and more than 90% of 

plutonium is in immobile form. In other words, the amount of americium and plutonium 

in soil water is nigh insignificant. In organic soil the mobility of americium and 

plutonium is further reduced due to the high concentration in soil of iron and aluminium 

hydroxides as well as calcium and magnesium, with which transurania form complexes. 

For this reason transuranic elements bond efficiently in organic soil. An increase in the 

acidity of soil has a greater effect on the decomposition of americium complexes than 

on corresponding reactions of plutonium. The amount of plutonium and americium in 

soil water increases as the ratio between iron concentration and the concentration of 

organic components increases in the soil. The formation of Fe-organic complexes 

increases the mobility of americium and plutonium. In most cases americium is more 

available to plants than plutonium. This is at least partly attributable to the more 

efficient complex formation of plutonium (Sokolik et al. 2004).  

Transurania move very slowly also in plants. When transferred from the soil to the 

plants, transurania accumulate in the root system (FASSET 2001). Studies of pines have 

shown that adult trees take up transuranic radionuclides from soil much more efficiently 

than young plants. However, even in adult trees the accumulated amount of transurania 

is low in proportion to the natural radioactivity of soil (Murphy & Tuckfield 1994). In 

lichens the biological half-life of americium is estimated to be 320 days. This is shorter 

than the corresponding half-life of plutonium (730 days). This is probably due to the 

tendency of Am-241 to form complexes with humic ligands. Transurania are removed 

from vascular plants and tree leaves quicker than from the more slowly growing lichens 

(Paatero et al. 1998). 

In mammals, americium and plutonium accumulate in bones and kidneys. In respiratory 

exposure lungs and lymph nodes are the most severely exposed organs. The biological 

half-life of transuranic elements is longer than the life expectancy of the organisms, at 

least in the vase of large mammals (Sokolik et al. 2004). Americium is not transferred 

or accumulated in bones to the same extent as plutonium, probably due to its shorter 

biological half-life. The activity concentration of americium would seem to be usually 

higher in small animals than in large animals. This is probably caused by the fact that 

respiratory contamination from soil is a more important exposure route for transurania 

than contamination transferred through nutrition (Gaca et al. 2005). Adult animals 

usually absorb plutonium extremely slowly. The combination of plutonium with organic 

chemicals may increase the uptake of plutonium in animal bodies significantly 

(FASSET 2003). 

4.6 Neptunium-237 

The most important radioisotope of neptunium, an actinide, is Np-237. The source of 

the isotope is activation-neutron capture. Np-237 is an alpha emitter with a half-life of 

2.14 x 10
6
 years (FASSET 2004). Almost all of the neptunium found in the nature is of 
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industrial origin. Neptunium exhibits valences +3, +4, +5, +6 and +7. In the soil 

neptunium mainly has a valence of +4 or +5. Np(+4) bonds clearly more efficiently with 

soil than Np(+5), which is classified as potentially mobile (Koch-Steindl and Pröhl 

2001).

Like other actinides, neptunium forms easily chelates with fulvic and humic acids. 

These chelates are fairly stable compounds. In fact, neptunium is the most mobile 

actinide in the soil, and thereby the most easily available to plants (FASSET 2001). 

Neptunium with a valence of +5 forms complexes with humic acids that are weaker 

than the corresponding compounds of other actinides (Koch-Steindl and Pröhl 2001). 

Knowledge about the behaviour of neptunium in forest ecosystem is limited (Avila 

2006).

Likewise, transfer of neptunium into animals from other parts of the food web is also 

poorly known. The absorption of neptunium from the intestines into the body varies 

strongly and in some cases its behaviour in the body may clearly differ from the 

behaviour of other actinides. Research has shown that less than 1% of neptunium in the 

bloodstream ends up in muscles. Liver and kidneys seem to be the internal organs in 

which most of the neptunium accumulates (Sheppard et al. 2004b).  

4.7 Summary of concentration ratios 

Table 1 shows concentration ratios between vegetation and soil, as well as between 

fungi and soil, as found in literature for cesium, strontium, chlorine, iodine, plutonium, 

americium and neptunium. The unit of the concentration ratio is Bq/kgDW per Bq/kgDW.

In some references aggregation transfer factors are given in Bq/kgDW per Bq/m
2
. The 

transfer factors have been converted in concentration ratios using for the density of soil 

and for the thickness of the soil layer that contains the majority of radionuclides the 

values recommended by FASSET (2001), 1400 kg/m
3

and 0.1 m, respectively. Table 2 

lists aggregated transfer factors from the soil to animals for cesium, strontium, chlorine 

and plutonium. In literary references all the values are given in Bq/kgFW per Bq/m
2
 and 

this value is also used in Table 2. 



Table 1. Radionuclide concentration ratios between forest organisms and soil (Bq/kgDW per Bq/kgDW).

Nuclide Plant roots Understorey Tree leaves Tree stem Fungi Berries References

Cl-36 3.0×10
0
 - 1.7×10

2
8.0×10

-1
 - 2.8×10

1
8.0×10

-1
 - 1.1×10

1
3

Sr-90 2.0×10
-3

 - 1.1×10
2

1.1×10
-2

 - 2.4×10
1

3.0×10
-3

 - 4.3×10
0

1.0×10
-2

 - 1.7×10
0

1,5,6,7

I-129 3.4×10
-4

 - 1.5×10
0

1.5×10
-1

 - 2.3×10
0

1,7

Cs-137 1.7×10
-1

 - 5.6×10
0

2.0×10
-4

 - 2.4×10
2

1.4×10
-2

 - 9.1×10
2

1.0×10
-1

 - 5.8×10
0

2.7×10
-1

 - 9.8×10
2

3.0×10
-1

 - 3.0×10
1

1,2,4,5,6,7

Np-237 5.0×10
-5

 - 1.1×10
2

1,6,7

Pu-239.240 1.3×10
-2

 - 9.4×10
-2

4.0×10
-7

 - 7.0×10
-1

1.2×10
-5

 - 1.1×10
-4

1.2×10
-5

 - 1.1×10
-4

1,5,6,7,8

Am-241 1.5×10
-7

 - 8.0×10
-1

1,6,7,8

1 IAEA 1994   5 FASSET 2003 

2 Pietrzak-Flis et al. 1996  6 Greger 2003 

3 Sheppard et al. 1999  7 Avila 2006 

4 Fesenko et al. 2001b  8 Sokolik et al. 2004 

Table 2. Radionuclide concentration ratios between forest animals and soil (Bq/kgFW per Bq/m
2
). 

Nuclide White-tailed deer Roe deer Moose Mountain hare Brown hare References

Cl-36 1.1×10
-2

 - 2.6×10
-1

8.3×10
-3

 - 1.9×10
-1

4

Sr-90 7.4×10
-3

 - 5.7×10
-1

7.4×10
-3

 - 5.2×10
-1

4

Cs-137 5.0×10
-3

 - 3.1×10
-2

1.0×10
-3

 - 3.5×10
-1

1.0×10
-3

 - 8.9×10
-2

1.0×10
-2

 - 1.0×10
-1

1.0×10
-3

 - 5.0×10
-2

1,2,3,4

Pu-239.240 1.7×10
-8 

- 3.0×10
-6

9.1×10
-9

 - 2.7×10
-6

4

1 Rantavaara et al. 1987 

2 IAEA 1994 

3 Avila 1998 

4 FASSET 2003

3
2
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5 FOREST ECOSYSTEM IN OLKILUOTO 

The island of Olkiluoto (area 12 km
2
) is located on the shore of the Bothnian Sea, in the 

municipality of Eurajoki. The mean height above sea level of Olkiluoto is 5 m and the 

highest point is 18 m above sea level. The uplift rate is significant in Olkiluoto (6 

mm/year). Soil on the island is mainly till. Fine sand, sand and mud are other sediment 

types found in Olkiluoto. Soil thickness varies from 2 to 4 m. The thickness of the 

organic soil layer is less than 0.8 m practically throughout the island (Posiva 2003). 

Erosion, soil redistribution and other corresponding movement of soil mass is minor. 

Almost all soil samples taken from the island show a similar particle size distribution: 

Clay particles (diameter < 2 µm) represent 5-20% by weight. Most of the soil particles 

are sand and gravel. The proportion of organic matter is usually less than 3%. As a 

result of the rapid uplift, the different soil layers are not fully developed on the island 

(Posiva 2005). 

In a survey conducted in 1997, a total of 14 different significant vegetation 

environments were recognised in Olkiluoto.  They are primarily different types of shore 

habitats. In addition, some old forests are found in the west, east and south parts of the 

island. There are two large, continuous vegetation areas in Olkiluoto. The west part of 

the island is dominated by the long, natural shore line and forests that are in good 

condition. The other significant area is the protected old forest in the southern part of 

the island. Stony soil and rocks are typical in the island forests. The forest vegetation is 

heterogeneous in age. Forests have been thinned and felled, and as a result understorey 

is in many locations at the first or second succession degree. Most of the forests are 

coniferous forests. In shore areas common alder is a common species (Posiva 2003). 

Ranta et al. (2005) conducted a survey of small mammals in Olkiluoto in the summer of 

2004. On the basis of the survey, the most common small mammal on the island is the 

bank vole (Clethrionomys glareosus). Field voles (Microtus agrestis) and common 

shrews (Sorex araneus) were also found in the survey. It can be assumed that other 

small mammals typical of southwest Finland, such as the brown rat (Rattus norvegicus),

the yellow-necked mouse (Apodemus flavicollis), the house mouse (Mus musculus), and 

the dwarf mouse (Micromys minutes) as well as the water vole (Arvicola terrestis) also 

live in Olkiluoto. However, variations in the occurrence of these species is greater than 

for the three most common species. Larger mammals found in Olkiluoto in large 

populations include moose (Alces alces), mountain hare (Lepus timidus), and white-

tailed deer (Odocoileus virginianus), all herbivores. Predators are in Olkiluoto 

represented by the fox (Vulpes vulpes) and the raccoon dog (Nyctereutes procyonoides)

(Ranta et al. 2005). The shore areas of the island are populated by birds. Species found 

in Olkiluoto include ducks, waders and gulls. The most common forest birds are 

chiffchaff (Phylloscopus collybitus) and chaffinch (Fringilla coelebs) (Posiva 2003).  

Figure 2 is a simplified illustration of the food web in Olkiluoto for the most common 

species found in the island forests. 
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HARE MOOSE BANK VOLE COMMON SHREW 

GREEN PLANTS DECOMPOSERS 

(e.g. EARTHWORM) 

FOX 

Figure 2. Simplified figure of the food web in the Olkiluoto forest ecosystem. The food 

web is comprised of the most common animal species found on the island (Ranta et al. 

2005. Gaisler & Zejda 1998). 

According to Figure 2 fox is the largest and most common predator in Olkiluoto. Due to 

the enrichment that takes place in the food web, the fox may be highly exposed to 

radionuclides that are not accumulated in certain organs of the prey animals. The 

common shrew is another important predator on the island. It mainly feeds on 

invertebrates that live in the soil. It may also swallow soil when feeding, which 

increases the exposure. The bank vole is the herbivore on the island that is probably the 

most efficiently exposed to soil contamination as it moves in the soil.   

As a result of uplift, the area of Olkiluoto will increase considerably during the time that 

nuclides originating from final disposal are present in the environment. New areas will 

probably represent the same vegetation types that are found on the island today. It is 

also possible that new lakes, rivers and swamps will be created. It is likely that also in 

the future coniferous forests will be the dominant forest type. However, a possible result 

of the climate change is that the number of deciduous forests will increase. An increase 

in the share of deciduous forests would influence the cycling of elements in the island 

forests, For this reason, deciduous forests have to be included in the drawing up of the 

safety case, regardless of their currently small proportion of Olkiluoto forests. In 

general, forests located on relatively low ground will likely exist also in the future at the 

site. This means that the access of radionuclides in forest food cycles will probably also 

in the future take place along the routes described in Chapter 3.1 (Rautio et al. 2005).  



35

6 PURPOSE OF STUDY 

The purpose of the study was to investigate the concentrations and migration of 

elements, particularly radionuclides, in the forest food webs. Soil animals are 

represented in the study by earthworms, and larger animals by mammals. Medium-size 

and large mammals, however, were excluded due to practical reasons. Small mammals 

are represented by one predator (common shrew) and one herbivore (bank vole). In 

addition to animals, the study focused on understorey, litter, roots and soil. 

The selected study area consisted of littoral alder stands in Olkiluoto, as they constitute 

an important biotope in terms of radionuclide contamination potentially caused by final 

disposal of nuclear waste. They are located in the discharge areas of groundwater that 

has probably run at the final disposal depth. In addition, littoral alder stands represent 

the first isotopes when the possibly previously contaminated areas rise to dry ground as 

a result of uplift. The Finnish Forest Research Institute (Metla) carried out a soil survey 

and a vegetation inventory concurrently with this study on the entire area of the 

Olkiluoto island. The monitoring plots for this study were selected from among the 

plots used by Metla, and the preprocessing of samples was carried out using the same 

methods, as far as possible. This makes comparison of the results of this study with 

Metla's results when they are published, and their results can be used, if required, to 

complement the results of this study. 
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7 MATERIAL AND METHODS 

7.1 Monitoring plots 

There are 500-600 FET plots (FET, Forest Extensive monitoring ploT) in Olkiluoto, 

divided over the island in a 100 × 100 metre grid net (Saramäki & Korhonen 2005). In a 

subgroup of about 100 of the FET plots (FEH, Forest Extensive High-level monitoring 

plot), also samples are taken, in addition to a detailed soil survey and vegetation 

inventory. The codes of individual monitoring plots consists of the plot symbol (FET, 

FEH) and the coordinates of the plot in question in the KKJ system in hundreds of 

meters, with the first three digits indicating the north coordinate and the last three the 

east coordinate. 

For this study, three FEH monitoring plots were selected from different areas of 

Olkiluoto. All three monitoring plots can be classified as grove-like alder stands on the 

shore (OMT). Samples were collected from monitoring plots FEH914254 (Liiklanperä, 

coordinates N 6791399.7 m and E 1525400.3 m), FEH931256 (switchyard area, 

coordinates N 6793100.5 m and E 1525600.1 m) and FEH934238 (Tyrniemi, 

coordinates N 6793400.4 m and E 1523799.9 m). In this report the monitoring plots will 

be referred to, for convenience, by their call names instead of the plot codes. The 

locations of the monitoring plots on the island are shown in the map below (Figure 3). 

Figure 3. Locations of monitoring plots on the island of Olkiluoto. 
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Generally weather conditions were less favourable for sampling during the summer of 

2005; see the discussion below. The temperature and precipitation observations for the 

sampling period from a weather station on the island are illustrated in Appendix 6, as a 

supplementary information to the original M.Sc. thesis. 

7.1.1 Liiklanperä

The humus type in Liiklanperä is mull and the thickness of the humus layer varies from 

2 to 9 cm. In addition to the organic horizon, mineral horizons that have formed in place 

(Bw and BC) can be found in the Liiklanperä soil. The mean grain size in the Bw 

horizon is 0.06-0.2 mm (coarse silt) and the material is unsorted.  In the BC horizon the 

mean grain size is 0.002-0.02 mm (silt) and the material is slightly sorted. The FAO soil 

classification of Liiklanperä is Cambic Arenosol, which is typically young, coarse-

granular lignite soil (Tamminen & Mälkönen 1999).

Litter in the monitoring plot is primarily leaf litter, but the litter layer also contains 

needles and wood litter. The main tree species in the monitoring plot is common alder 

(Alnus glutinosa). Rowan (Sorbus aucuparia) is another deciduous tree species found in 

the plot.  Common field layer plants in the monitoring plot include e.g. marsh marigold 

(Caltha palustris), tufted hair grass (Deschampsia caespitosa), wavy hair grass 

(Deschampsia flexuosa), meadowsweet (Filipendula ulmaria), gypsywort (Lycopus 

europaeus), tufted loosestrife (Lysimachia thyrsiflora), May lily (Maianthemum

bifolium), wood sorrel (Oxalis acetosella), red raspberry (Rubus idaeus), chickweed 

wintergreen (Trientalis europaea) and marsh violet (Viola palustris). Some mosses are 

found from place to place in the bottom layer. The species include Brachythecium spp.,

Calliergon cordifolium and Plagiothecium spp.

7.1.2 Switchyard area 

In the plot at the switchyard area the main soil type is mull. In addition to mull, also 

peat mould type humus is found in the monitoring plot. The thickness of the humus 

layer is 3-12 cm. In addition to the organic horizon, a mineral soil horizon enriched with 

organic matter (Bh) and in the bottom soil a continuous gley horizon (Cg) caused by 

lack of oxygen can be found in the soil of the switchyard area. The Bh horizon of the 

switchyard area is unsorted and the mean grain size is 0.2-0.6 mm (fine sand). The Cg 

horizon is also unsorted and the mean grain size is 0.002-0.02 mm (silt). The FAO soil 

classification of the switchyard area is Gleyic Arenosol, which is a coarse-granular gley 

soil. The gleyic properties of the soil indicate standing groundwater (Tamminen & 

Mälkönen 1999).

Litter in the monitoring plot consists almost solely of leaf litter. The share of needles 

and wood is minor. The most common tree species in the monitoring plot is common 

alder (Alnus glutinosa). Other species found in the plot include European white birch 

(Betula pendula), downy birch (Betula pubescens), bird cherry (Prunus padus), Norway 

spruce  (Picea  abies)  and  rowan  (Sorbus  aucuparia).   The plant selection in the field  
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Figure 4. Liiklanperä monitoring plot (photo: Posiva/Ari Ikonen). 

Figure 5. Switchyard area monitoring plot (photo: Posiva/Ari Ikonen). 



40

layer of the monitoring plot include e.g. wild angelica (Angelica sylvestris), marsh 

marigold (Caltha palustris), black sedge (Carex nigra), meadow fescue (Festuca

elatior), meadowsweet (Filipendula ulmaria), marsh bedstraw (Galium palustre), May 

lily (Maianthemum bifolium), small cow-wheat (Melampyrum sylvaticum), wood sorrel 

(Oxalis acetosella), wood bluegrass (Poa nemoralis), stone bramble (Rubus saxatilis),

red raspberry (Rubus idaeus), wood stitchwort (Stellaria nemorum) and chickweed 

wintergreen (Trientalis europaea). Bottom layer moss species include e.g. 

Brachythecium spp., Dicranum scoparium and Pleurozium schreberi.

7.1.3. Tyrniemi 

The humus types found in Tyrniemi are raw humus and peat. From place to place the 

humus layer is completely missing. The maximum thickness of the humus layer is 10 

cm. Unsorted horizons (Bw and BC), formed in place, can be distinguished in the 

mineral soil. The mean grain size in both horizons is 0.02 – 0.06 mm (fine silt) in this 

monitoring plot.  The FAO soil classification of the monitoring plot is Dystric Regosol. 

Regosols are weakly developed soils in fine-granular material (Tamminen & Mälkönen 

1999).

Litter in the monitoring plot consists almost solely of leaf litter. The primary tree 

species  in the area is  common alder  (Alnus glutinosa).  Plants  found  in the field layer  

Figure 6. Tyrniemi monitoring plot. 
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include e.g. slimstem reedgrass (Calamagrostis stricta), a sedge species (Carex nigra 

var. juncella), red fescue (Festuca rubra), meadowsweet (Filipendula ulmaria), marsh 

bedstraw (Galium palustre), purple avens (Geum rivale), garden loosestrife (Lysimachia 

vulgaris), moench milk parsley (Peucedanum palustre), common reed (Phragmites 

australis), marsh cinquefoil (Potentilla palustris), red raspberry (Rubus idaeus) and 

marsh violet (Viola palustris). There is not much moss in the bottom layer, species 

include Bryum sp. and Calliergonella cuspidata.

7.2 Sampling of soil and vegetation 

Figures 7…9 show the locations where soil and vegetation samples were taken in the 

monitoring plots. The sampling methods are described in more detail in Chapters 

7.2.1…7.2.4.

7.2.1 Soil  

Soil samples were collected in Liiklanperä and in the switchyard area on 22 June and in 

Tyrniemi on 23 June 2005. All the samples were collected together with the sample 

collectors of the Finnish Forest Research Institute using their sampling methods. 

Samples were taken as parallel samples from the same shovel pits as the samples of the 

Forest Research Institute. Two separate soil samples were taken, on from the humus 

layer and the other from mineral soil. The thickness of the humus layer sample varied 

according to the thickness of the humus layer on the sampling site. Mineral soil was 

collected from a depth of 10 cm, starting at the boundary surface between humus and 

mineral soil. In each monitoring plot samples were taken from ten different holes, 

located at even distances on the perimeter of a circle drawn with a radius of 7 m on the 

centre point of the monitoring plot.    In the switchyard area the centre point was moved  

Figure 7. Humus (H), mineral soil (M), litter (K), root (J) and understorey (rectangle) 

sampling points in Liiklanperä monitoring plot.  
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Figure 8. Humus (H), mineral soil (M), litter (K), root (J) and understorey (rectangle) 

sampling points in switchyard area monitoring plot.  

Figure 9. Humus (H), mineral soil (M), litter (K), root (J) and understorey (rectangle) 

sampling points in Tyrniemi monitoring plot.
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10 m to south and in Tyrniemi 7 m to southeast from the center pole of the FEH plot. 

This was done to ensure that all the holes were located in an area that could be classified 

a littoral alder stand. Humus samples were collected beside each hole with a cylindrical 

humus sampler. The sampler was inserted in the ground and the humus layer was 

separated from the soil pulled up inside the sampler. Any parts of vegetation or mineral 

soil were removed from the sample. The thickness of the humus layer was measured 

and the type was determined. Mineral soil samples were dug from the defined depth in 

the hole with a shovel. The samples collected from the holes were combined in plastic 

boxes (PE-HD) cleaned with ethanol so that analyses were performed on one humus 

sample and one mineral soil sample from each monitoring plot. 

7.2.2 Roots  

Root samples were collected in Tyrniemi in 23 June and in Liiklanperä and the 

switchyard area on 27 June 2005. Soil samples were in each monitoring plot taken from 

three pits using a shovel. The locations of the soils were selected randomly in each 

monitoring plot. If large stones or thick tree roots made it impossible to dig a hole, a 

new location was selected. The maximum depth of the holes was 30 cm. The bulk 

sample was packed in plastic boxes (PE-HD) cleaned with ethanol from the plots to the 

laboratory, where the roots were separated from the soil by hand, wearing plastic 

gloves. Due to the manual separation, the samples contained very little thin roots. In 

addition, roots that were more than 2 cm in diameter were excluded from the samples. 

The roots collected from different holes in the monitoring plots were combined into a 

single sample for each plot. Due to the manual separation of the roots, some soil 

remained in the samples. 

7.2.3 Litter 

In the switchyard area litter samples were collected on 28 June, in Liiklanperä on 4 July 

and in Tyrniemi on 5 July 2005. Litter was collected from three randomly selected spots 

in each monitoring plot. The area of the litter sampling spots was about 1 m
2
 and about 

half of the litter on that area was collected into plastic bags (PE-LD). The samples were 

collected wearing plastic gloves, and pieces of wood that were thicker than 1 cm as well 

as any far decomposed material was left out. The litter samples collected from different 

spots were combined into a single sample for each monitoring plot. 

7.2.4 Understorey 

Understorey samples were collected in Liiklanperä on 29 June, in the switchyard area 

on 4 July and in Tyrniemi on 5 July 2005. The understorey samples contained all the 

grass plants growing in the plot. No mosses or twigs were included in the samples, as 

their radioactivity concentrations are known to differ clearly from grasses and grass-like 

plants. Also, there was not enough mosses or twigs in the monitoring plots to make it 

possible to collect a separate sample of them. The samples were collected into plastic 

bags (PE-LD) from around the centre point of each monitoring plot. The areas from 
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which the samples were collected varied slightly between the plots, as all the samples 

needed to be taken from an area classified as a littoral alder stand. The samples were cut 

from the plants with clean scissors at a height of ca. 1-2 cm from the ground, to prevent 

any soil or roots being included in the sample. One sample was analysed for each 

monitoring plot. 

7.3 Collection of animal samples 

Figures 10…12 show the locations of traps used to catch earthworms and small 

mammals from the monitoring plots. The catching methods are described in more detail 

in Chapters 7.3.1 … 7.3.2.  

7.3.1 Earthworms 

Earthworms were collected from all the monitoring plots between 8 and 11 August 

2005. The worms were collected by a plastic sheet (area 8 m
2
) spread on the ground and 

kept in place with stones. The area underneath the sheet was first wetted with water 

taken from a ditch. The plastic was checked every 24 hours, and at the same time moved 

to a new place.    In the switchyard area the plastic sheet was only used in two locations,

Figure 10. Locations of traps in Liiklanperä monitoring plot. Two mousetraps were 

placed in the corners of each square. The plastics (area 8 m
2
) in which earthworms 

were caught were placed in the points marked in grey colour. The centre point of the 

monitoring plot is indicated in the Figure by the black dot.  
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Figure 11. Locations of traps in the switchyard area monitoring plot. Two mousetraps 

were placed in the corners of each square and rectangle. The plastics (area 8 m
2
) in 

which earthworms were caught were placed in the points marked in grey colour. The 

centre point of the monitoring plot is indicated in the Figure by the black dot.

Figure 12. Locations of traps in Tyrniemi monitoring plot. Two mousetraps were 

placed in the corners of each square and rectangle. The plastics (area 8 m
2
) in which 

earthworms were caught were placed in the points marked in grey colour. The centre 

point of the monitoring plot is indicated in the Figure by the black dot.  
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as during the first 24 hours it had not been straightened flat. During the sampling period, 

not a single earthworm was caught in any of the monitoring plot. On 9 August 2005 

holes were dug with a shovel in an attempt to locate some worms. However, no worms 

were found this way, either. 

7.3.2 Small mammals 

Small mammals were caught during the period 8–12 August 2005. A total of 32 

mousetraps (manufactured by Etutuote Ky) were set in each monitoring plot. In 18 traps 

a piece of wheat bread (product name ”Reilu vehnäleipä“) was used as bait while the 

remaining 18 were baited with cat food (“Euroshopper beef-chicken”). The objective 

was to place the traps so as to create an as systematic pattern as possible. The pattern 

follows the method used by Ranta et al. (2005) in their inventory of small mammals. 

One trap baited with bread and one with cat food was placed at the tip of each square or 

rectangle. Natural obstacles, such as the shore, pools of water and ditches made it 

impossible, however, to implement a completely systematic pattern. Particularly in 

Tyrniemi the placing of the traps was difficult. The traps were checked every 24 hours, 

the baits were replaced and any small mammals caught, regardless of their species, were 

collected as samples. Final identification of the species was performed in the laboratory. 

7.4 Preprocessing of samples 

7.4.1 Soil 

The pH of soil samples was measured immediately after sampling. The pH meter used 

(Schott pH-meter CG842/14, manufacturer Schott Glas, Germany) was calibrated 

before the measurements were started. The electrode (Schott BlueLine 14pH, 

manufacturer Schott Glas, Germany) was inserted into the sample and the reading of the 

meter was allowed to settle. The electrode was cleaned with ion-exchanged water 

(milliQ) between the samples. After the pH measurements the samples were weighed 

using top pan scales (Ohaus CW-11/Champ, manufacturer Ohaus Corporation, USA). 

The soil samples were stored in a refrigerator before drying. They were dried in a drying 

oven (Heraeus T6060, manufacturer Heraeus, Germany) in open plastic boxes (PE-HD) 

at a temperature of +40 °C. Each sample was dried in a separate plastic box. Mineral 

soil samples were kept in the oven for 4-5 days depending on the moisture content of 

the sample. Humus samples from the switchyard area were dried for 4 days, and humus 

samples from Liiklanperä and Tyrniemi for ca. 12 days due to their higher moisture 

content.

The dry soil samples were screened with a sieve (ASTM Retsch, manufacturer Retsch 

GmbH, Germany) into two parts, < 2 mm and > 2 mm.  The purpose of the screening 

was to separate any large components, such as stones and thick roots, in order to 

produce a sample of uniform quality for the analyses. The < 2 mm part was then sent for 

analysis. The drying and screening of the soil samples took place in the laboratory of 

Posiva Oy in Olkiluoto. 
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The dried and screened samples were sent to the Department of Environmental Sciences 

at the University of Kuopio for determination of dry matter content. About 3 g of each 

sample was weighed with analysis scales (Sartorius BP 211D, manufacturer Sartorius, 

Germany) in decanters with known weight. The samples were kept in a drying oven 

(Termaks B8133, manufacturer Termaks, Norway) at 105°C for 18.5 hours. After the 

samples were removed from the drying oven, they were allowed to cool down at room 

temperature in the laboratory for 0.5 h, and were then weighed with the same analysis 

scales as before drying. The dry matter content of the samples was calculated using the 

equation

  R= 
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where  DW(105)r is the mass of the sample used in the determination of the dry matter 

content at a temperature of 105°C after drying, DW(40)r is the mass of the sample used 

in the determination of the dry matter content before drying, DW(40) is the mass of the 

entire sample at a temperature of 40°C after drying, and FW is the mass of the sample 

immediately after sampling. 

The proportion of organic matter in the soil samples was determined in connection with 

the preprocessing of the samples for the ICP analysis in the Parkano laboratory of the 

Forest Research Institute. About 1 g of each sample was weighed into a washed and 

dried crucible. After this, the samples were dried at 105°C for 24 hours, and then cooled 

down in an excicator before weighing. After the weighing, the samples were incinerated 

(550°C) for 4-5 hours. A new weighing was performed after the samples had cooled 

down. The proportion of organic matter (org%) in the samples was calculated using the 

equation

  org% = 1001
23

24
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mm
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where  m2 is the mass of the crucible, m3 the mass of the sample dried at 105°C plus the 

mass of the crucible, and m4 is the mass of the sample dried at 550°C plus the mass of 

the crucible. 

7.4.2 Roots, litter and understorey  

The litter and understorey samples were weighed immediately after sampling using top 

pan scales (OHAUS CW).  The litter samples were before weighing cleaned from any 

green parts accidentally collected into the sample. After this, the litter and understorey 

samples were froze to await drying (-18°C). The root sample from Tyrniemi was also 

frozen immediately after soil had been separated from the sample and the sample had 

been weighed. Root samples collected from the switchyard area and Liiklanperä were 

kept in a refrigerator for 12 hours before the samples were separated. After separation, 

the roots were weighed and frozen. For each monitoring plot, the proportion of roots in 

the mass of the collected soil was determined, as well. In this determination, the same 
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criteria were applied to the definition of roots as to the actual root samples. The 

proportion of roots was determined by separating roots, thick roots, other plant parts and 

soil into separate dishes, from the soil sample collected from the monitoring plot into 

one dish. All these were then weighed separately, and the proportion of roots equalling 

in thickness to the sample roots was then calculated on the basis of the weights. After 

the weighing the root part was combined with the other roots collected from the 

monitoring plot and processed as part of the root sample for that plot. 

The frozen roots, litter and understorey were transferred from Olkiluoto to the 

laboratory of the Department of Environmental Sciences at the University of Kuopio 

due to the limited drying capacity at the Olkiluoto laboratory. The samples accidentally 

melted during the transfer, and were immediately frozen again (-18°C) upon arrival in 

Kuopio. All the samples were dried in a drying oven (Termaks B8133) in unbleached 

paper bags at a temperature of +60°C. Before drying, each sample was divided into 3-8 

paper bags depending on the volume of the sample. The samples were weighed in the 

paper bags before drying using top pan scales (Sartorius BP 3100S, manufacturer 

Sartorius, Germany). The drying time was about 48 hours for all samples. After drying, 

the samples were again weighed. The drying of the sample collected in Tyrniemi was 

started in Olkiluoto (drying oven Heraeus T6060) and later continued at the University 

of Kuopio (drying oven Termaks B8133). Between the drying processes the samples 

were kept at room temperature in a dark cabinet. At first the sample was placed in the 

drying oven in plastic boxes. When the samples were transferred into paper bags, part of 

the loose soil was separated from the sample.  

After drying, the roots, litter and understorey were ground with a grinder (GWB 

DCFH48, manufacturer Culatti, Switzerland) into fine powder. The grinder was 

equipped with a 2.0 mm net screen. Only part of the content of the paper bags was 

ground, if there was an abundance of sample material, and the rest was archived by 

Posiva for any further uses. This way a representative portion of each sample was 

produced. After grinding the sample was mixed further before being sent for analysis. 

The dried and ground samples were subjected to a determination of dry matter content. 

About 3 g of each sample was weighed with analysis scales (Sartorius BP 211D) in 

decanters with known weight. The samples were kept in a drying oven (Termaks 

B8133) at 105°C for 18.5 hours. After the samples were removed from the drying oven, 

they were covered with aluminium foil and allowed to cool down at room temperature 

in the laboratory for 0.5 h.  After that, they were again weighed with the analysis scales. 

The dry matter content of the samples was calculated using the equation 
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where DW(105)r is the mass of the sample used in the determination of the dry matter 

content at a temperature of 105°C after drying, DW(60)r is the mass of the sample used 

in the determination of the dry matter content before drying, DW(60) is the mass at a 

temperature of 60°C after drying, FW_2 is the mass after freezing and FW_1 is the 

mass of the sample immediately after sampling. 
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7.4.3 Small mammals 

The captured animals were frozen (-18 °C) immediately after they were removed from 

the traps. On 12 August 2005 the samples were sent in a cooler bag from Olkiluoto to 

Kuopio. The transfer took 7 hours, and in Kuopio the animals were again frozen at -

18°C. On 15 August 2005 the samples were transferred into a freezer, in which the 

temperature was -70°C. 

The animal samples were cold-dried. The samples were allowed to melt to a semi-

frozen state in a Styrofoam box at room temperature. After that each sample was 

processed separately. The sample animals were ground whole with a food chopper 

(Bosch MMR0800 Type CNCM13ST1, manufacturer Bosch, Germany). The ground 

sample was spread in a thin layer on the bottom of a plastic box (PE-HD), and then 

frozen again at -70°C. The frozen samples were dried in a cold-drying unit 

(LABCONCO Stoppering Tray Dryer, manufacturer Labconco Corporation, USA) at 

-5°C for 3 days. After drying, the samples were ground again with the food chopper to 

produce a sample of as uniform quality as possible. Before the actual analyses, the 

animal samples were ground further at the laboratory of the Forest Research Institute in 

Vantaa (grinder KCH Analytical A10, manufacturer Kinematica, Switzerland). After 

grinding the analysis moisture content of the samples was determined first, before 

determination of element concentrations. The analysis moisture content was determined 

by weighing ca. 1 g of each sample in a separate crucible and drying the sample at 

105°C for 24 hours. Then the samples were re-weighed. The dry matter content R of the 

samples can be calculated on the basis of the analysis moisture content using the 

equation

  R=
FW

DWM 1)100/1(
    (4) 

where  M is the analysis moisture content, DW1 is the mass after cold-drying, and FW 

the mass before cold-drying. 

7.5 Analysis methods 

7.5.1 Gammaspectrometry 

The activity concentrations of gamma-active radionuclides in the soil, understorey, litter 

and root samples were determined using gammaspectrometry. One measurement was 

performed on every sample. Gammaspectrometric analyses could not be performed on 

the animal samples, as the sample amount was too small for reliable determination. A 

large amount of sample material is required for the determination of radioactivity in the 

environment due to the generally low activity of the samples. A large amount of sample 

material also guarantees the representativeness of the sample. Gammaspectrometry is 

based on the fact that each radionuclide has its own unique energy distribution of 

gamma radiation. This means that gammaspectrometry can be utilised to determine by 

just one measurement  the activities of all the radionuclides contained in the sample,  by  
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Table 3. Components of spectrometers F5, F6 and F9 of the Radiation and Nuclear 

Safety Authority; manufacturers and types. 

Component F5 F6 F9

Detector Ortec GEM-35190 Ortec GEM-35190 Ortec GEM-90190

High voltage source Ortec 459 Ortec 659 Ortec 659

Amplifier Ortec 572 Ortec 572 Ortec 672

ADC/MCB Ortec 919 Ortec 919 Ortec 919

NIM BIN Ortec 4001C Ortec 4001C Ortec 4001C

Current source Ortec 4002D Ortec 4002D Ortec 4002D

registering and analysing the gamma radiation emitted by the sample. 

Gammaspectrometric equipment consists of a detector, a preamplifier, an amplifier, a 

pulse height analyser or analog-digital converter and a computer. A high voltage source, 

a power source and a current source are also required (Ikäheimonen 2002).

For purpose of quality assurance, the gammaspectrometric analyses were performed in 

the accredited laboratory of the Radiation and Nuclear Safety Authority (STUK) in 

Helsinki in compliance with STUK's internal analysis procedure. The analyses were 

carried out using STUK's gammaspectrometers F5, F6 and F9, the components of which 

are listed in Table 3. 

The detectors were all pure germanium crystals (HPGe). The detectors are cylindrical 

and "upward" looking in their basic configuration. They were placed in cylindrical 

background radiation shields, in which lead is used as the primary shielding material. 

Four of the samples were measured in 110 ml ”T cans” (P105, diameter 74 mm), and 

the rest of the samples in 560 ml Marinelli dishes. The obtained spectra were analysed 

with the GAMMA software specifically developed for the analysis of gamma spectra of 

environmental samples.  

The calibration of the gammaspectrometer included energy calibration, energy 

resolution calibration and efficiency calibration, as well as background measurements. 

The purpose of energy calibration was to determine the connection between the energy 

of gamma radiation and the corresponding spectrometric memory location, or channel. 

Energy calibration is influenced by the energy range under investigation, the number of 

available channels and the settings of the amplifier. The objective of energy resolution 

calibration was to determine the energy resolution of the spectrometer as a function of 

energy. Efficiency calibration made it possible to determine the proportion of the 

gamma radiation detected by the detector of the total gamma radiation of the source. 

Background measurements were performed to define the pulse distribution detected by 

the spectrometer, caused by the gamma radiation emitted by the detector and the 

environment without the sample. 

The measurements required for energy calibration and energy resolution calibration 

were performed using point source standards that covered an energy range of 59.5–
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1332.5 keV. The quality of the results was assessed by means of reference samples. As 

part of quality assurance, the laboratory in which the analyses where performed takes 

regularly part in comparison measurements organised by the European Commission 

between various laboratories. Also, the laboratory participates in comparison 

measurements of the International Atomic Energy Agency (IAEA) and the Nordic 

Nuclear Safety Research (NKS) as applicable to the sample measurements performed in 

the laboratory. 

7.5.2 ICP emission spectrometry 

The element concentrations (Al, B, Ca, Cd, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, 

S and Zn) of all the samples were determined using ICP emission spectrometry. One 

measurement was performed on soil and vegetation samples, and two parallel 

measurements on animal samples. This was done because animal samples could not be 

made as uniform in quality as the other samples. 

ICP, or Inductively Coupled Plasma is a method based on atomic emission, for 

determination of metallic elements in various samples. IPC is an extremely hot flame 

that dissociates the molecules of the sample into excited atoms. The excited atoms 

return to the basic state, emitting light at frequencies that are unique for every element. 

The intensity of the emission is proportional to the amount of the atoms of that element 

in the sample. With the ICP method the concentrations of several elements can be 

determined with just one measurement (Harris 2001). 

The ICP emission spectroscopy determinations were performed in laboratories of the 

Finnish Forest Research Institute (Metla). The wet digesting of samples was carried out 

at the Parkano laboratory of Metla and the actual analyses in the Vantaa laboratory. The 

internal procedures of Metla were complied with the analyses of the samples. Wet 

digesting in a microwave oven is a reliable and quick method for decomposition of 

biological samples of many different types. Only a limited amount of reagents are 

needed for the decomposition, and thanks to low risks of contamination and losses, the 

accuracy and the repeatability of the method are good. In microwave oven 

decomposition the organic material contained in the sample is decomposed and the 

sample is dissolved using oxidising reagents.  

About 0.5 g of each dried and ground sample was weighed (scales Mettler PM 2500, 

manufacturer Mettler-Toledo AG, Switzerland) in a separate TEFLON PFA inner dish. 

The samples were covered with 5.0 ml 65% nitrogen acid (HNO3), which was allowed 

to act for about 15 minutes. After this, another 3.0 ml 30% hydrogen peroxide (H2O2)

was added. The dishes were then shaken to produce a uniform sample-reagent mixture. 

Decomposition was carried out in a microwave oven (CEM MDS-2000, manufacturer 

CEM-Corporation, USA) using a decomposition program stored in the memory of the 

oven. After decomposition the samples were cooled down in a refrigerator for an hour. 

The cooled samples were transferred into 25 ml measuring flasks, and the 

decomposition dish was rinsed 2-3 times with water. The flasks were filled up to the 

mark, and mixed. The samples were filtered (filter paper S&S 589
2
) into a 50 ml 

measuring flask.  
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A zero sample and a control sample were also decomposed. For the zero sample, 5.0 ml 

of nitrogen acid and 3 ml of hydrogen peroxide were added in the decomposition dish. 

After that the zero sample was processed in the same way as the ordinary samples. The 

control sample was selected on the basis of the sample material and placed in a 

pressure-regulated dish for decomposition. For litter, understorey and roots, pine needle 

powder (Mä11.97) was used as a control sample, and for soil samples peat (Turve 1/98). 

In addition to the control samples, also certified commercial reference samples were 

included in decomposition. The reference samples used in the analysis of understorey, 

litter and roots were BCR/CRM 101 (spruce needle) and NIST 1547 (peach leaf). The 

reference sample used for soil samples was NJV 942 (peat). A zero reagent was also 

used in order to verify the reliability of the results. The zero reagent was produced by 

adding 5.0 ml nitrogen acid and 3.0 ml hydrogen peroxide in a 25 ml measuring flask. 

The flask was then filled with water, mixed and poured into a 50 ml measuring flask. 

The wet digested samples were analysed with an ICP emission spectrometer (TJA Iris 

AP HR-DUO, manufacturer Thermo Jarrell Ash Corporation, USA). The equipment 

consists of a computer-controlled emission spectrometer with background correction, a 

radio-frequency generator and an automatic sample feeder. A Meinhard sprayer is also 

included in the equipment. 

The standards required for the analysis were prepared for each element to be determined 

using commercial standard solutions with a concentration of 1000 mg/l. Spex and Romil 

standard solutions are used in the laboratory that performed the analyses. The 

commercial solution was diluted in a glass measuring flask with 7 % nitrogen acid 

(HNO3) to produce the standard solution (100 mg/l and 10 mg/l). The working solutions 

were prepared by diluting the standard solutions to cover the desired measurement range 

for each element. Zero solution was used for the dilution. The zero solution was 

prepared by adding 108 ml of 60% nitrogen acid (HNO3) to 1000 ml of freshly 

prepared quality class 1 water. The objective was to use the same HNO3 concentration 

(ca. 7%) in the samples and in the standards. Calibration was performed using three 

standard solution and the zero solution. The performance of the equipment was also 

controlled by means of control solutions prepared by diluting commercial solutions with 

zero solution. The laboratory uses Romil reference solution. 

In order to verify the quality of the results, the equipment is inspected and calibrated on 

a regular basis. The calibration of the equipment is checked and corrected every day 

before analyses are made by measuring the zero solution and the strongest standard at 

all the available wave lengths for each element. This makes it possible to correct any 

changes that have taken place in the conditions since the time the equipment was 

calibrated. Between the standards, before the measurement of the actual samples, and 

between the samples the equipment is rinsed with wash acid. The wash acid was 

prepared by diluting 10 ml of strong nitrogen acid with water to produce 1000 ml of 

solution. In addition to the actual samples, also the zero sample and the control samples 

prepared at the preprocessing stage were also analysed. This ensured that no errors were 

made in the preprocessing of the samples. The condition of the equipment was 

monitored by analysing control solutions as part of the daily calibration process and also 

at regular intervals during the measuring of the actual samples. The results obtained 
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from the control solutions are monitored by beans of control cards. The laboratory in 

which the measurements were performed takes part in inter-laboratory calibrations 

(IPE) three times a year.  

7.6 Calculation of results 

The results of the radioactivity analyses were collected by calculating a sampling date 

for each sample as the reference date. This was done using the activity equation 

  A= 2/1

2ln

0

T

t

eA     (5) 

where  A is the activity on the reference date determined by STUK, A0 is the activity on 

the sampling date, T1/2 the half-life of the radionuclide in question in days, and t the 

difference between STUK's reference date and the sampling date in days. 

Analyses on vegetation samples were performed on samples dried at a temperature of 

60°C and on the analyses on soil samples on samples dried at a temperature of 40°C.  

All the analysis results were corrected to correspond to the dry weight determined at 

105°C. For this, the following equation was used

  C(105) = 
)105(

)60()60(

DW

DWC
  (6) 

where  C(105) is the concentration of the element in a sample dried at a temperature of 

105°C, DW(105) is the mass of a sample dried at a temperature of 105°C, C(60) is the 

concentration of the element in a sample dried at a temperature of 60°C, and DW(60) is 

the mass of a sample dried at a temperature of 60°C. For soil samples, corresponding 

results determined at 40°C are used. 

Cold-dried animal samples were used in the analyses. The analysis results were 

corrected to correspond to concentrations per fresh weight. The correction were made 

with the equation  

  C(FW) = 
FW

DWDWC )(
    (7) 

where  C(DW) is the analysed concentration in cold-dried samples, DW is the mass of 

the animal after cold drying, and FW is the mass of the animal before cold drying. For 

the determination of the concentration ratios, the concentrations were corrected to 

correspond to a completely dry animal. This was done on the basis of the analysis 

moisture content using equation (6). 
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8 RESULTS 

8.1 Soil and vegetation samples 

The exact species composition of the understorey samples was not analysed. The 

Liiklanperä sample contained primarily tufted hair grass (Deschampsia caespitosa),

wavy hair grass (Deschampsia flexuosa), meadowsweet (Filipendula ulmaria), wood 

sorrel (Oxalis acetosella) and chickweed wintergreen (Trientalis europaea).  Species 

collected from the switchyard area included mainly meadowsweet, wood sorrel and 

wood bluegrass (Poa nemoralis). The sample from Tyrniemi contained meadowsweet, 

as well as mainly red fescue (Festuca rubra), a sedge species (Carex nigra var. 

juncella) and slimstem reedgrass (Calamagrostis stricta). The Liiklanperä litter sample 

consisted primarily of leaves and needles, some wood litter was also included. The litter 

samples from the switchyard area and Tyrniemi consisted to a great extent of dead 

reeds, with also some leaf litter and in the Tyrniemi sample also needles. The litter 

collected in Liiklanperä was more decomposed than the samples from the other 

monitoring plots. The mass proportion of hand separable, under 2 cm thick roots in the 

soil was 2.6% in Liiklanperä, 4.1% in the switchyard area and 3.6% in Tyrniemi. The 

mass proportion of roots would seem to be slightly lower in Liiklanperä than in the 

other plots. As far as these results are concerned, however, it should be noted that the 

results are calculated on the basis of just one sample. For this reason they can only be 

considered as extremely rough estimates of the true situation. 

All the soil samples were analysed for pH and the proportion of organic matter. The 

results are shown in Table 4. The humus samples from Liiklanperä and the switchyard 

area were more acidic that the sample from Tyrniemi. The pH value of the mineral soil 

was higher in the switchyard area that in the other monitoring plots. However, the pH 

values of the soil samples are only indicative. They were obtained using a method not 

specifically designed for the determination of soil pH. Liiklanperä and the switchyard 

area were quite similar in terms of the proportion of organic matter in the soil, where as 

in Tyrniemi the proportion or organic matter was lower than in the other plots both in 

humus and in mineral soil. Table 5 shows the dry matter contents of the soil and 

vegetation samples, determined at a temperature of 105ºC.  

The analyses for gamma active radionuclides and elements were performed on soil 

samples dried at a temperature of 40°C, and on vegetation samples dried at a 

temperature of 60°C. The original results of the analyses on soil and vegetation samples 

are listed in Appendices 1-2. Tables 6 and 7 show the resulted corrected to dry weight 

(105ºC). In addition, in Table 6 the activity concentrations of the radionuclides are 

corrected by using the sampling date as the reference date for every sample. Of the 

elements determined in the ICP analysis, potassium (K), phosphorus (P), calcium (Ca) 

and copper (Cu) were selected to a closer study. Potassium, phosphorus and calcium are 

important macronutrients of plants. Potassium and calcium are interesting because they 

are chemical analogues to radioactive elements. Copper was selected for closer study as 

an example of heavy metals, and it is also a nutrient that plants need in small amounts 

(Greger 2004). For the other elements determined in the ICP analysis, the results 

corrected to the dry weight are listed in Appendix 3. 
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Table 4. pH value of collected soil samples immediately after sampling, and proportion 

of organic matter in the soil samples, determined in connection with the ICP analysis. 

Monit. plot Sample type pH org %

Liiklanperä humus 4.3 79.2

Switchyard humus 4.1 81.9

Tyrniemi humus 5.8 68.0

Liiklanperä mineral soil 4.5 4.41

Switchyard mineral soil 5.5 4.35

Tyrniemi mineral soil 4.8 2.37

Table 5. Dry matter content (%) in soil and vegetation samples. 

Monit.plot Sample type Dry matter %

Liiklanperä humus 30.7

Switchyard humus 32.9

Tyrniemi humus 22.3

Liiklanperä mineral soil 78.3

Switchyard mineral soil 83.0

Tyrniemi mineral soil 84.4

Liiklanperä litter 51.2

Switchyard litter 45.5

Tyrniemi litter 46.9

Liiklanperä roots 31.7

Switchyard roots 36.6

Tyrniemi roots 29.4

Liiklanperä understorey 12.0

Switchyard understorey 24.3

Tyrniemi understorey 19.4

The K-40 and Cs-137 activity concentrations could be determined in all soil and 

vegetation samples. The Cs-134 activity concentration exceeded the determination limit 

only in humus samples and in the Tyrniemi root sample, win which also Cs-137 activity 

concentrations were high. Be-7 could only be determined in litter and understorey. Be-7 

originating from fallout will contaminate vegetation and litter first. Due to the short 

half-life of the nuclide (53.3 d), its activity decreases considerably before the substance 

is transferred from the understorey or the litter to the soil. This is probably why the 

activity concentrations of Be-7 were below the detection limit in the soil and root 

samples. 

The highest Cs-137 activity concentrations were determined in humus and in roots. The 

least cesium was found in mineral soil. Humus and roots were the only sample types, in 



57

which the Cs-137 activity concentration exceeded the K-40 activity concentration. In 

roots the average value of Cs-137 activity concentration in the monitoring plots was 

clearly higher than the average value of K-40. However, the result is strongly influence 

by one value that was clearly higher than the others. In humus, cesium activity 

concentration differs more clearly from potassium activity concentration. In all the 

monitoring plots the K-40 activity concentrations were by far the highest in mineral soil 

and in understorey. In these two sample types, the least variation was also detected in 

the activity concentration between the monitoring plots. The lowest K-40 activity 

concentrations were determined in litter samples. The activity concentrations of litter 

samples also exhibited the greatest variation between the monitoring plots. In the 

switchyard area the value was more than double the value in other plots. Cs-137 activity 

concentration showed clearly more variation between the monitoring plots than K-40 

activity concentrations. As far as root samples are concerned, the activity concentration 

of Tyrniemi samples was more than 7-fold in comparison with the Liiklanperä value. 

Great difference were found in the activity concentrations of understorey and humus, as 

well.

The concentrations of potassium, phosphorus and calcium were clearly higher in all the 

samples than the concentration of the micronutrient copper. The highest potassium 

concentrations were measured in understorey samples. In understorey the potassium 

concentration was clearly higher than the concentrations of the other elements included 

in the study. The lowest potassium concentrations were determined in litter samples. 

Calcium had the highest concentrations in humus and litter. In these samples the 

calcium concentration was considerably higher than the concentration of potassium or 

phosphorus. The lowest calcium concentrations were determined in mineral soil 

samples. The highest phosphorus concentrations were found in humus and understorey, 

and the lowest phosphorus concentrations in mineral soil.  The phosphorus 

concentration was in all the samples lower than the concentration of potassium and 

calcium. By far the highest copper concentrations were determined in humus, while 

understorey samples showed the lowest copper concentration. Humus samples exhibited 

the greatest differences in potassium and calcium concentrations between the 

monitoring plots. In Liiklanperä these concentrations were about twice as low as in the 

other two monitoring plots. The variation in the concentrations of phosphorus and 

copper was not as noticeable between the plots. The greatest differences between the 

monitoring plots in the phosphorus concentrations were measured in the understorey 

samples. In terms of copper, the greatest differences showed in the root concentrations. 

The concentration ratios between the different components of the forest ecosystem were 

calculated on the basis of the results presented in Tables 6 and 7. The ratios are shown 

in Tables 8-13. The concentration ratios of the other elements determined in the ICP 

analysis are listed in Appendix 3. Tables 8-13 show both the geometric and the 

arithmetic mean value, calculated on the basis of the results obtained for the monitoring 

plots. The geometric mean is probably the more indicative of the two, as concentration 

ratios have been found to follow the lognormal distribution (Sheppard et al. 2004a,b). 
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Table 6. Radionuclide activity concentration (Bq/kgDW) in soil and vegetation samples 

in the monitoring plots on the sampling dates. If no result is indicated, the activity 

concentration was below the determination limit. 

Monit.plot Sample type K P Ca Cu 

mg/kgDW mg/kgDW mg/kgDW mg/kgDW

Liiklanperä humus 1810 1830 6900 67.0

Switchyard humus 3570 2070 17400 103

Tyrniemi humus 3660 1530 12300 74.1

Liiklanperä mineral soil 2740 437 1580 11.0

Switchyard mineral soil 2540 325 2160 10.8

Tyrniemi mineral soil 2730 362 1840 11.5

Liiklanperä litter 1360 678 6480 14.9

Switchyard litter 1790 832 8610 16.8

Tyrniemi litter 1270 583 5340 13.3

Liiklanperä roots 2870 691 3650 22.6

Switchyard roots 2540 662 3490 16.2

Tyrniemi roots 3220 854 4320 32.3

Liiklanperä understorey 26500 2170 3840 9.70

Switchyard understorey 21600 1360 5230 7.20

Tyrniemi understorey 24600 1490 4870 9.23

Table 7. Potassium (K), phosphorus (P), calcium (Ca) and copper (Cu) concentrations 

(mg/kgDW) in soil and vegetation samples from monitoring plots. 

Monit.plot Sample type K P Ca Cu 

mg/kgDW mg/kgDW mg/kgDW mg/kgDW

Liiklanperä humus 1809.6 1825.9 6895.9 67.0

Switchyard humus 3572.9 2067.2 17400.5 103.5

Tyrniemi humus 3655.1 1533.7 12857.2 74.1

Liiklanperä mineral soil 2738.5 436.9 1575.7 11.0

Switchyard mineral soil 2544.5 324.7 2161.2 10.8

Tyrniemi mineral soil 2729.9 361.9 1840.4 11.5

Liiklanperä litter 1364.3 677.9 6480.5 14.9

Switchyard litter 1789.1 832.1 8606.9 16.8

Tyrniemi litter 1268.3 582.6 5342.1 13.3

Liiklanperä roots 2868.5 690.6 3647.9 22.6

Switchyard roots 2535.0 662.2 3485.7 16.2

Tyrniemi roots 3215.9 853.7 4316.1 32.3

Liiklanperä understorey 26470.3 2173.6 3841.4 9.7

Switchyard understorey 21592.5 1358.7 5234.9 7.2

Tyrniemi understorey 24637.1 1487.1 4871.9 9.2
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Table 8. Cesium-137 concentration ratios (Bq/kgDW per Bq/kgDW) in monitoring plots. 

Monit.plot mineral/ litter/ roots/ roots/ underst./ underst./ underst./ underst./

humus humus humus mineral humus mineral roots litter

Liiklanperä 0.03 0.05 0.15 6.05 0.05 2.14 0.35 1.08

Switchyard 0.03 0.05 0.23 8.10 0.22 7.51 0.93 4.12

Tyrniemi 0.01 0.01 0.39 50.76 0.03 3.89 0.08 2.24

geometric mean 0.02 0.03 0.24 13.55 0.07 3.97 0.29 2.15

arithmetic mean 0.02 0.04 0.26 21.64 0.10 4.51 0.45 2.48

Cs-137 concentration ratios exhibited great differences in all the concentration ratios. 

The concentration ratios between the roots and the soil were highest in the Tyrniemi 

monitoring plot. All the concentration ratios between understorey and other 

components, on the other hand, were highest in the switchyard area monitoring plot. 

The smallest difference between the highest and the lowest values was in the roots-to-

humus concentration ratio. For this ratio, as wells, the value in Tyrniemi was almost 

three times as high as the value in Liiklanperä. The mineral-to-humus concentration 

ratio also showed an approximately three-fold difference. Most variation was seen in the 

concentration ratio between understorey and roots. In the switchyard area the value was 

more than 11-fold higher than the value obtained for Tyrniemi. Great variation was 

found also in the roots-to-mineral concentration ratios, with the ratio in Tyrniemi more 

than 8-fold higher than the value in Liiklanperä. 

Some differences were noticed in the K-40 and total potassium concentration ratios. The 

most significant differences were found in mineral soil ratios. The variation between the 

monitoring plots in total potassium concentration ratios was smaller than in K-40. The 

greatest different in the total potassium concentration ratios was found in the 

understorey-to-humus ratio. In Liiklanperä the value was more than twice higher than in 

the switchyard area. The smallest differences with respect to the total potassium 

concentration ratios were in understorey-to-mineral, understorey-to-roots and roots-to-

mineral ratios. The greatest difference in the K-40 concentration ratios was in the litter-

to-humus ratio. In the switchyard area the value was more than 6-fold higher than in 

Tyrniemi. Other K-40 concentration ratios that showed relative great variation were 

mineral-to-humus and understorey-to-litter. In these ratios the highest values was about 

three times as high as the lowest value. Concentration ratios understorey-to-mineral and 

understorey-to-roots showed the least variation. 

Of all the element included in the study, phosphorus concentration ratios showed the 

least variation between the monitoring plots. The greatest difference was found in the 

understorey-to-litter concentration ratio, which in Liiklanperä was about twice as high 

as in the switchyard area. Variation was least in concentration ratios litter-to-humus and 

understorey-to-mineral. 
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Table 9. Potassium-40 concentration ratios (Bq/kgDW per Bq/kgDW) in monitoring plots. 

Monit.plot mineral/ litter/ roots/ roots/ underst./ underst./ underst./ underst./

humus humus humus mineral humus mineral roots litter

Liiklanperä 4.67 0.26 1.20 0.26 5.08 1.09 4.24 19.33

Switchyard 7.14 0.75 0.93 0.13 5.85 0.82 6.28 7.80

Tyrniemi 2.63 0.12 0.62 0.24 2.47 0.94 3.97 21.32

geometric mean 4.44 0.28 0.88 0.20 4.19 0.94 4.73 14.75

arithmetic mean 4.81 0.38 0.92 0.21 4.47 0.95 4.83 16.15

Table 10. Potassium (K) concentration ratios (mg/kgDW per mg/kgDW) in monitoring 

plots.

Monit.plot mineral/ litter/ roots/ roots/ underst../ underst./ underst./ underst../

humus humus humus mineral humus mineral roots litter

Liiklanperä 1.51 0.75 1.59 1.05 14.63 9.67 9.23 19.40

Switchyard 0.71 0.50 0.71 1.00 6.04 8.49 8.52 12.07

Tyrniemi 0.75 0.35 0.88 1.18 6.74 9.02 7.66 19.42

geometric mean 0.93 0.51 1.00 1.07 8.41 9.05 8.44 16.57

arithmetic mean 0.99 0.53 1.06 1.07 9.14 9.06 8.47 16.96

Table 11. Phosphorus (P) concentration ratios (mg/kgDW per mg/kgDW) in monitoring 

plots.

Monit.plot mineral/ litter/ roots/ roots/ underst../ underst./ underst./ underst../

humus humus humus mineral humus mineral roots litter

Liiklanperä 0.24 0.37 0.38 1.58 1.19 4.98 3.15 3.21

Switchyard 0.16 0.40 0.32 2.04 0.66 4.18 2.05 1.63

Tyrniemi 0.24 0.38 0.56 2.36 0.97 4.11 1.74 2.55

geometric mean 0.21 0.38 0.41 1.97 0.91 4.41 2.24 2.37

arithmetic mean 0.21 0.38 0.42 1.99 0.94 4.42 2.31 2.46

Table 12. Calcium (Ca) concentration ratios (mg/kgDW per mg/kgDW) in monitoring 

plots.

Monit.plot mineral/ litter/ roots/ roots/ underst../ underst./ underst./ underst../

humus humus humus mineral humus mineral roots litter

Liiklanperä 0.23 0.94 0.53 2.32 0.56 2.44 1.05 0.59

Switchyard 0.12 0.49 0.20 1.61 0.30 2.42 1.50 0.61

Tyrniemi 0.14 0.42 0.34 2.35 0.38 2.65 1.13 0.91

geometric mean 0.16 0.58 0.33 2.06 0.40 2.50 1.21 0.69

arithmetic mean 0.17 0.62 0.36 2.09 0.41 2.50 1.23 0.70
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Table 13. Copper (Cu) concentration ratios (mg/kgDW per mg/kgDW) in monitoring plots. 

Monit.plot mineral/ litter/ roots/ roots/ underst../ underst./ underst./ underst../

humus humus humus mineral humus mineral roots litter

Liiklanperä 0.16 0.22 0.34 2.06 0.14 0.88 0.43 0.65

Switchyard 0.10 0.16 0.16 1.50 0.07 0.67 0.45 0.43

Tyrniemi 0.15 0.18 0.44 2.82 0.12 0.81 0.29 0.69

geometric mean 0.14 0.19 0.28 2.06 0.11 0.78 0.38 0.58

arithmetic mean 0.14 0.19 0.31 2.13 0.11 0.79 0.39 0.59

The greatest variation in calcium concentration ratios was found in the concentration 

ratio roots-to- humus. In Liiklanperä the value was almost three-fold higher than in the 

switchyard area. The other concentration ratios of humus were also about twice as high 

in Liiklanperä as in the other two monitoring plots. The concentration ratios of 

understorey showed the least variation between the monitoring plots. 

The greatest variation in copper concentration ratios was found in roots-to- humus 

ratios. The Tyrniemi value was almost three-fold in comparison with the value in the 

switchyard area. The highest value was about twice as high as the lowest value in 

concentration ratios roots-to-mineral and understorey-to-humus. The smallest 

differences between the monitoring plots were detected in concentration ratios 

understorey-to-mineral and litter-to-humus. 

8.2 Animal samples 

No earthworm samples were obtained from any of the monitoring plots. Reasons for 

this are discussed in Chapter 9.2.1. A total of 8 small mammals were caught, three bank 

voles from the switchyard area, and three bank voles as well as two yellow-necked mice 

from Tyrniemi. No small mammals were trapped in Liiklanperä. In order to increase the 

number of samples, the yellow-necked mice were also analysed, although in the original 

plan only bank voles and common shrews were to be included in the study.  

The mass of the animals varied from 12.25 to 34.47 g after freezing. In the calculation 

of results, these masses were considered to be fresh weights. The fresh weights of 

individual animals are shown in Table 14. The bank voles caught in Tyrniemi were all 

smaller than the ones captured in the switchyard area. The yellow-necked mice in 

Tyrniemi were heavier than the bank voles in the same plot. The dry matter content of 

the small mammals was calculated on the basis of the moisture removed in cold drying 

and the analysis moisture content determined in the ICP analysis. The variation range of 

the dry matter content was 24.5–30.6%. Table 15 shows the dry matter content of 

individual animals. No differences could be determined between the different 

monitoring plots or mammal species in dry matter content.  
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Table 14. Fresh weights of animal samples, determined after freezing (gFW).

Sample no Monit.plot Species Weight (g)

1 Switchyard bank vole 28.66

2 Tyrniemi bank vole 22.81

3 Tyrniemi bank vole 12.25

4 Tyrniemi mouse 23.48

5 Tyrniemi mouse 32.90

6 Switchyard bank vole 34.47

7 Switchyard bank vole 26.96

8 Tyrniemi bank vole 14.16

Table 15. Dry matter content of animal samples (%). 

Sample no Monit.plot Species Dry matter %

1 Switchyard bank vole 25.6

2 Tyrniemi bank vole 24.5

3 Tyrniemi bank vole 28.2

4 Tyrniemi mouse 30.6

5 Tyrniemi mouse 25.9

6 Switchyard bank vole 25.6

7 Switchyard bank vole 27.4

8 Tyrniemi bank vole 27.5

Table 16. Potassium (K), phosphorus (P), calcium (Ca) and copper (Cu) concentrations 

(mg/kgFW) of animals samples from monitoring plots. 

Sample no Monit. plot species K P Ca Cu

mg/kgFW mg/kgFW mg/kgFW mg/kgFW

1 Switchyard bank vole 3200 6990 8490 1.96

6 Switchyard bank vole 3190 7950 10700 2.07

7 Switchyard bank vole 3730 7200 8930 2.21

2 Tyrniemi bank vole 3380 7530 9550 2.26

3 Tyrniemi bank vole 3690 8560 10700 2.07

8 Tyrniemi bank vole 3520 8350 11200 2.57

4 Tyrniemi mouse 3790 7910 9990 2.35

5 Tyrniemi mouse 3590 6190 7060 2.37



63

The ICP analyses of small mammals were performed on cold-dried samples. The 

original results are listed in Appendix 4. Table 16 shows the concentrations of 

potassium (K), phosphorus (P), calcium (Ca) and copper (Cu), corrected to correspond 

to the fresh weight. The corresponding, corrected results for other elements are listed in 

Appendix 5. No clear differences were found in potassium, phosphorus, calcium and 

copper concentrations between the animals caught in different monitoring plots or 

between different species. The variation ranges of the concentrations between the 

different monitoring plots and the different species overlapped. Calcium and 

phosphorus were found in highest concentrations in all the animals. The concentration 

of potassium was also high in comparison with copper, which represents heavy metals.  

Tables 17–20 show the concentration ratios of potassium, phosphorus, calcium and 

copper between the animals, the soil and the vegetation. The concentration ratios are 

given in mg/kgDW per mg/kgDW, to make it easier to compare them with the previously 

presented concentration ratios between soil and vegetation. Appendix 5 lists the 

corresponding concentration ratios for the other elements determined in the ICP 

analysis. 

With the exception of understorey, potassium concentrations were clearly higher in 

animals than in the soil and vegetation samples. Between the switchyard area and 

Tyrniemi the greatest difference was found in the concentration ratio animal-to-litter. In 

Tyrniemi the value was about 1.5 times as high as in the switchyard area. In addition to 

this concentration ratio, the animal-to-humus ratio was also higher in Tyrniemi than in 

the switchyard area. The concentration ratios of yellow-necked mice in Tyrniemi were 

almost identical with the concentration ratios of the bank voles in the same monitoring 

plot.

Phosphorus concentration was clearly higher in animals than in soil or vegetation. The 

greatest difference between the concentration ratios of bank voles in the switchyard area 

and Tyrniemi was 1.5-fold. Variation of this magnitude was found in animal-to-humus 

and animal-to-litter ratios. For these ratios, values in Tyrniemi were higher than in the 

switchyard area. All the concentration ratios of bank voles in Tyrniemi were about 1.2-

fold higher than the concentration ratios of the yellow-necked mice in the same 

monitoring plot.

Calcium concentration was higher in all the animals than in soil or vegetation. The 

greatest difference in calcium concentration ratios in bank voles was in the animal-to-

litter ratio, with the value in Tyrniemi about 1.8-fold higher than in switchyard area. In 

the switchyard area the concentration ratios calculated for bank voles were generally 

lower than the corresponding values of bank voles in Tyrniemi. An exception to this 

was the animal-to-roots concentration ratio. All the concentration ratios of the bank 

voles in Tyrniemi were about 1.3-fold higher than the ratios of the yellow-necked 

mouse in the same monitoring plot 
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Table 17. Potassium concentration ratios between animals, soil and vegetation 

(mg/kgDW per mg/kgDW). Geometric averages (GM) are shown in bold. 

Sample no Monit. plot Species animal/ animal/ animal/ animal/ animal/

mineral humus roots underst. litter

1 Switchyard bank vole 4.90 3.49 4.92 0.58 6.98

6 Switchyard bank vole 4.91 3.50 4.93 0.58 6.98

7 Switchyard bank vole 5.35 3.81 5.37 0.63 7.62

GM Switchyard bank vole 5.05 3.60 5.07 0.60 7.19

2 Tyrniemi bank vole 5.05 3.77 4.28 0.56 10.86

3 Tyrniemi bank vole 4.81 3.59 4.08 0.53 10.35

8 Tyrniemi bank vole 4.70 3.51 3.99 0.52 10.11

GM Tyrniemi bank vole 4.85 3.62 4.11 0.54 10.43

4 Tyrniemi mouse 4.53 3.38 3.84 0.50 9.75

5 Tyrniemi mouse 5.07 3.79 4.31 0.56 10.92

GM Tyrniemi mouse 4.79 3.58 4.07 0.53 10.32

GM all all 4.91 3.60 4.44 0.56 9.05

Table 18. Phosphorus concentration ratios between animals, soil and vegetation 

(mg/kgDW per mg/kgDW). Geometric averages (GM) are shown in bold. 

Sample no Monit. plot Species animal/ animal/ animal/ animal/ animal/

mineral humus roots underst. litter

1 Switchyard bank vole 83.99 13.19 41.19 20.07 32.78

6 Switchyard bank vole 95.77 15.04 46.96 22.89 37.37

7 Switchyard bank vole 80.95 12.72 39.70 19.34 31.59

GM Switchyard bank vole 86.67 13.61 42.50 20.71 33.82

2 Tyrniemi bank vole 84.89 20.03 35.99 20.66 52.74

3 Tyrniemi bank vole 83.94 19.81 35.59 20.43 52.15

8 Tyrniemi bank vole 84.01 19.83 35.62 20.45 52.20

GM Tyrniemi bank vole 84.28 19.89 35.73 20.51 52.36

4 Tyrniemi mouse 71.39 16.85 30.27 17.38 44.36

5 Tyrniemi mouse 66.01 15.58 27.99 16.07 41.01

GM Tyrniemi mouse 68.65 16.20 29.11 16.71 42.65

GM all all 80.91 16.39 36.23 19.56 42.22
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Table 19. Calcium concentration ratios between animals, soil and vegetation (mg/kgDW

per mg/kgDW). Geometric averages (GM) are shown in bold. 

Sample no Monit. plot Species animal/ animal/ animal/ animal/ animal/

mineral humus roots underst. litter

1 Switchyard bank vole 15.33 1.90 9.51 6.33 3.85

6 Switchyard bank vole 19.39 2.41 12.02 8.01 4.87

7 Switchyard bank vole 15.09 1.87 9.36 6.23 3.79

GM Switchyard bank vole 16.49 2.05 10.23 6.81 4.14

2 Tyrniemi bank vole 21.17 3.03 9.03 8.00 7.29

3 Tyrniemi bank vole 20.75 2.97 8.85 7.84 7.15

8 Tyrniemi bank vole 22.18 3.17 9.46 8.38 7.64

GM Tyrniemi bank vole 21.35 3.06 9.11 8.07 7.36

4 Tyrniemi mouse 17.73 2.54 7.56 6.70 6.11

5 Tyrniemi mouse 14.79 2.12 6.31 5.59 5.10

GM Tyrniemi mouse 16.19 2.32 6.91 6.12 5.58

GM all all 18.09 2.46 8.88 7.06 5.53

Table 20. Copper concentration ratios between animals, soil and vegetation (mg/kgDW

per mg/kgDW). Geometric averages (GM) are shown in bold. 

Sample no Monit. plot Species animal/ animal/ animal/ animal/ animal/

mineral humus roots underst. litter

1 Switchyard bank vole 0.71 0.07 0.47 1.06 0.45

6 Switchyard bank vole 0.75 0.08 0.50 1.13 0.48

7 Switchyard bank vole 0.75 0.08 0.50 1.12 0.48

GM Switchyard bank vole 0.74 0.08 0.49 1.10 0.47

2 Tyrniemi bank vole 0.80 0.12 0.29 1.00 0.69

3 Tyrniemi bank vole 0.64 0.10 0.23 0.79 0.55

8 Tyrniemi bank vole 0.82 0.13 0.29 1.01 0.70

GM Tyrniemi bank vole 0.75 0.12 0.27 0.93 0.64

4 Tyrniemi mouse 0.67 0.10 0.24 0.83 0.58

5 Tyrniemi mouse 0.80 0.12 0.28 0.99 0.69

GM Tyrniemi mouse 0.73 0.11 0.26 0.91 0.63

GM all all 0.74 0.10 0.33 0.99 0.57

The understorey and the animals showed almost equal copper concentrations. Other soil 

and vegetation samples contained more copper than animals. The greatest differences 

between the bank voles in the switchyard area and Tyrniemi were in the animal-to-root 

and animal-to-humus concentration ratios. There were no differences between the 

concentration ratios of bank voles and yellow-necked mice in Tyrniemi.   
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8.3 Summary of results 

Figure 13 shows a summary of the cycling of all the elements included in the closer 

study between the soil, vegetation and animals. For the sake of clarity, only the most 

important migration routes of the elements are presented in the Figure. With respect to 

potassium, the Figure only indicates the total potassium concentrations and 

concentration ratios. Decomposers, which constitute an important group in terms of 

element cycling, are not included in the Figure, as no measurement results from the 

monitoring plots are available for them. 

MINERAL SOIL 

Cs       11-14 

K    2500-2700 

P       320-440 

Ca  1600-2200 

Cu      11-12 

HUMUS

Cs     480-1400 

K    1800-3700 

P     1500-2000 

Ca  6900-17000 

Cu      67-100 

LITTER 

Cs       19-26 

K    1300-1800 

P       580-830 

Ca  5300-8600 

Cu      13-17 

ROOTS 

Cs      74-550 

K   2500-3200 

P      660-850 

Ca  3500-4300 

Cu      16-32 

UNDERSTOREY 

Cs        26-110 

K   22000-26000 

P      1400-2200 

Ca   3800-5200 

Cu      7.2-9.7 

SMALL MAMMALS 

K   12000-14000 

P    24000-31000 

Ca  27000-42000 

Cu       7.3-9.4 

Cs   33-100 

K   0.7-1.4 

P    4.2-6.3 

Ca 4.3-8.3 

Cu 6.3-10.0 

Cs 0.2-0.4 

K  0.7-1.6 

P   0.3-0.6 

Ca 0.2-0.5 

Cu 0.2-0.4 

Cs   20-100 

K   1.3-2.9 

P    2.5-2.7 

Ca 1.1-2.4 

Cu 4.5-6.3 

Cs  0.1-0.9 

K   7.7-9.2 

P    1.7-3.2 

Ca 1.1-1.5 

Cu 0.3-0.5 

K   0.5-0.6 

P  16.1-22.9 

Ca 5.6-8.4 

Cu 0.8-1.1

Cs  0.2-0.9 

K   0.1 

P    0.3-0.6 

Ca 1.1-1.7 

Cu 1.4-2.3 

K   0.3 

P    0.1 

Ca 0.3-0.5 

Cu 7.7-14.2

Figure 13. Cesium, potassium, phosphorus, calcium and copper concentrations and 

concentration ratios between the various components. For cesium the results are given 

in Bq/kgDW and for all the other elements in mg/kgDW including animal samples. The 

concentration ratios illustrate the migration of the elements in the direction of the 

arrow.
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9 DISCUSSION 

9.1 Soil and vegetation samples 

9.1.1 Differences between monitoring plots  

The monitoring plots chosen for the study proved very heterogeneous in terms of both 

soil and vegetation. In Tyrniemi soil properties were clearly the most different from the 

other monitoring plots, both for humus and mineral soil. Minor differences were found 

between Liiklanperä and the switchyard area. The understorey types of the monitoring 

plots were also different. As all grass and grass-like species found in the sampling area 

were collected as samples the understorey samples of the monitoring plots represented 

different plants. The samples from Tyrniemi and the switchyard area contained more 

herbs than the Liiklanperä sample. In addition, the Liiklanperä sample consisted of a 

higher number of species than samples from the other monitoring plots. If more studies 

of similar nature are conducted, it is extremely important that the plant species are 

identified and divided into separate samples. The litter samples collected from 

Liiklanperä were also the most different from the other monitoring plots in terms of the 

composition and the degree of decomposition of the litter.

Roots of equal thickness were collected into the samples from all monitoring plots. 

However, they were not identified. As a result of the variations in vegetation in the 

monitoring plots, roots of several different species were probably included in the 

samples. Soil was removed from the roots only by hand, so it is likely that different 

amounts of soil remained in the samples. In some monitoring plots this may have 

increased the element concentrations above true values, since as a rule, the 

concentration of elements was lower in roots than in humus. In the future, it would be 

advisable to wash roots with water before drying to make them cleaner. No significant 

differences between the monitoring plots were found in the proportion of more than 2 

cm thick roots that can be separated by hand. However, only one sample was collected 

from each monitoring plot, whereby the determination cannot be considered reliable. 

The amount of roots probably varies considerably in the monitoring plots between 

different spots. This means that the determined result only represents the situation in the 

sampling point, not in the monitoring plot as a whole. If more information about the 

proportion of roots in the soil of the monitoring plots is required at the modelling stage, 

the determination process should be performed again as several repeated 

determinations. In order to obtain more reliable information, samples should be 

collected from many different spots in the monitoring plots. In general, in future studies 

several soil and vegetation samples should be collected from each monitoring plot to 

produce more reliable results. This would also make statistical analysis of the results 

possible.

9.1.2 Cesium 

Tyrniemi would seem to differ the most clearly from the other monitoring plots in terms 

of cesium behaviour. On the other hand, in understorey concentration ratios the values 

of the switchyard area differed the most from the other monitoring plots. The 
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understorey-to-roots concentration ratio was the only exception to this. Differences in 

cesium concentration ratios were expected, due to the considerable differences between 

the monitoring plots in soil properties. It has been shown that soil processes are more 

important factors for the uptake of cesium than the properties of the plants (Greger 

2004).

A decrease in Cs-137 activity concentration deeper in the soil was clearly seen in all 

monitoring plots. The same tendency was seen also in 2001, when the activity 

concentrations of top soil layers (0-2 cm, 2-4 cm and 4-6 cm) were determined as part 

of the environmental radiation monitoring programme in Olkiluoto (Ikonen 2003). In 

the switchyard area and Liiklanperä the activity concentrations of humus samples were 

of the same magnitude as the activity concentrations of samples collected in the 

radiation monitoring programme. In Tyrniemi the activity concentration exceeded also 

the activity concentrations measured in the radiation monitoring programme. It would 

seem that in Tyrniemi the Cs-137 activity concentration in humus was slightly higher 

than the average concentrations on the island. In the switchyard area and Liiklanperä 

monitoring plots, on the other hand, activity concentrations in humus would seem to 

represent values more typical of the island.  

The distribution of cesium in the island soil complies with previous findings, which 

show that humus acts as a Cs-137 storage. The humus layer also prevents the migration 

of cesium downward in the soil (Wyttenbach et al. 1995, FASSET 2001, Johanson et al. 

2004). For this reason, the monitoring plots did not show any great variations in the 

activity concentrations of mineral soil. In modelling, the soil should be divided into 

humus and mineral soil, since the difference between these two soil components was 

quite significant. Potassium, chemical analogue to cesium, is quickly released from 

litter (Palviainen et al. 2004). In the monitoring plots the same would seem to apply also 

to cesium, as litter did not act as a significant cesium storage in any of the monitoring 

plots.

The Cs-137 activity concentrations of understorey samples were clearly lower than the 

activity concentration of fern determined in 2003 in the radiation monitoring 

programme. On the other hand, in comparison with the activity concentrations of 

grazing grass on the island, determined in 2002–2003, the activity concentrations of 

understorey were in the monitoring plots considerably higher (Roivainen 2005). The 

differences between the monitoring plots in the activity concentrations in understorey 

were not as great as the differences with fern or grazing grass.  Comparison with the 

results of the radiation monitoring programme is difficult due to the fact that the 

samples have been collected from completely different areas. In addition, the grazing 

grass samples were collected further away from the nuclear power plants than the fern 

samples and the understorey samples of the monitoring plots. The soil activity 

concentration has not been determined in the areas where the vegetation samples for the 

radiation monitoring programme have been collected. For this reason, for fern and 

grazing grass concentration ratios cannot be calculated between soil and vegetation, 

which would better indicate the efficiency of the uptake of cesium by these plants on the 

island.



69

The Cs-137 understorey-to-humus concentration ratios determined for the monitoring 

plots (0.03–0.22) fall roughly in the middle of the range specified in literary sources 

(Chapter 4.7, Table 1). The understorey in the monitoring plots would seem to take up 

cesium relatively efficiently. However, the great variation found in concentration ratios 

indicates that the magnitude of the understorey activity concentration can only partly be 

explained by the soil activity concentration. Plants take up elements from soil water, 

which means that elements bound in soil are not directly available to them (Mauseth 

1995).

An increase in the plant uptake of cesium, caused by an increase in the amount of 

organic matter in the soil and a decrease in the soil moisture content (Greger 2004), was 

seen in the monitoring plots. Due to the limited amount of the research material, 

however, it is also possible that this trend is purely coincidental. It is probable that there 

have been differences between the monitoring plots in several important factors that 

determine the mobility of cesium. Factors that were ignored in this study were, for 

example, the amount of biologically available cesium in the soil, and the biomass of the 

roots in the different soil layers (Fesenko et al. 2001a), as well as the clay concentration 

of the soil (Wyttenbach et al. 1995, Greger 2004, Johanson et al. 2004). These factors 

may have had a significant influence on the understorey-to-humus concentration ratios. 

The fact that different plants were included in the samples has probably also caused 

variation in the understorey-to-humus concentration ratio. The influence of the soil 

properties could have been analysed more effectively hand the same understorey type 

been collected from all the monitoring plots. 

The least variation between the monitoring plots was found in the roots-to- humus 

concentration ratios. The result determined for the monitoring plots (0.15–0.39) falls at 

the lower limit of the variation range specified in literature (Chapter 4.7, Table 1). 

However, comparison with just one literary entry is not very reliable. Extremely great 

variation was found in the understorey-to-roots concentration ratio. The migration of 

cesium in water may have attributed to this. 

9.1.3 Potassium 

Two different methods were employed for the determination of potassium in the 

samples. The results produced by these methods showed some differences. K-40 is the 

only radioactive isotope of potassium and its concentration in the nature is ca. 0.012% 

of the total potassium concentration (Greger 2004. Johanson et al. 2004). Every gram of 

potassium contains ca. 31.6 Bq of K-40 (Pietrzak-Flis et al. 1996). On the basis of these 

data, the K-40 activity concentrations could be calculated from the total potassium 

concentrations determined in the ICP analysis. For litter, roots and understorey, the 

calculated activity concentrations corresponded relatively well with the 

gammaspectrometrically determined values. In the switchyard area the calculated and 

the measured values of the humus sample were also almost equal, while for the humus 

samples from Liiklanperä and Tyrniemi the calculated values were more than twice 

lower that the measured values. The values calculated for mineral soil samples were all 

about 10-fold lower than the measured values. In part, the differences can be explained 

by the uncertainties connected with the measurements and the calculations. However, 
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for the mineral soil samples the differences between the measured and the calculated 

values were too great to be explained solely by these factors. In addition, in the 

switchyard area the ratios between the measured and the calculated values differed from 

those of the other monitoring plots. The proportion of K-40 in total potassium would 

seem to vary the most from the values found in literature in the switchyard area. In all 

the monitoring plots the proportion of K-40 of total potassium in mineral soil was 

clearly higher than the general average value. The K-40 activity concentrations 

measured in soil samples, however, would appear to be relatively reliable, as the activity 

concentration increased deeper in the soil (Pietrzak-Flis et al. 1996, Fesenko et al. 

2001a, Ciuffo et al. 2002, Ikonen 2003).

The K-40 activity concentrations in soil that were determined in the radiation 

monitoring programme (Ikonen 2003) were as a rule higher than the K-40 activity 

concentrations in humus in the monitoring plots.  The activity concentration of 

understorey was slightly higher than the values obtained for the fern collected on the 

island in 2003. The grazing grass samples collected in 2002–2003, on the other hand, 

showed slightly higher activity concentrations than the understorey collected from the 

monitoring plots (Roivainen 2005). K-40 activity concentrations between different plant 

species do not appear to differ much on the island. However, also for K-40 it should be 

noted that it is not possible to determine the concentration ratios between fern and soil, 

or grazing grass and soil.

As far as the behaviour of total potassium is concerned, the monitoring plot of 

Liiklanperä appears to differ most from the other plots. In Liiklanperä the potassium 

concentration of humus was about 50% smaller than in the other monitoring plots. 

However, most of the potassium in Liiklanperä was in a form available to plants, as the 

roots-to-humus and understorey-to-humus concentration ratios were clearly higher than 

in the other monitoring plots. The total potassium concentration ratios showed less 

variation than the K-40 ratios. This is probably due to the uneven proportion of K-40 of 

the total potassium between the monitoring plots. In modelling, it is advisable to use the 

values determined for total potassium, as vegetation takes in all the isotopes of 

potassium.  

Vegetation clearly acted as a potassium storage in the monitoring plots. For K-40, also 

the mineral soil served as a storage. Potassium is released quickly from litter 

(Palviainen et al. 2004). This was evident also in the monitoring plots. In all the 

monitoring plots concentration in litter was small. In the switchyard area potassium 

appears to be released at a lower rate from litter than in the other monitoring plots. This 

might be partly explained by the fact that in the switchyard area concentration in 

vegetation was lower than in the other monitoring plots. Potassium is usually released 

from litter the quicker the higher the original concentration in the living organism 

(Palviainen et al. 2004). The different composition of the litter sample from the 

switchyard area in comparison with the other litter samples may also have had some 

influence. Like cesium, also potassium would seem to accumulate the most efficiently 

in root in the Tyrniemi monitoring plot. 
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9.1.4 Behaviour comparison of cesium and potassium  

In comparison with potassium, clearly greater variation could be seen in the activity 

concentration of cesium in the individual samples collected from the different 

monitoring plots. There was also clearly more variation in the concentration ratios of 

cesium than in the ratios of potassium. The same phenomenon has been identified also 

in other studies, and it is probably due to the necessity of potassium to organisms 

(Wyttenbach et al. 1995). No strong evidence could be found in the monitoring plots of 

a negative correlation between the K-40 activity concentration of soil and the Cs-137 

activity concentrations of plants (Ciuffo et al. 2003, Johanson et al. 2004). The probable 

cause for the weak correlation was the small number of observations.  

The highest Cs-137/K ratio in roots was in Tyrniemi. The high ratio in this monitoring 

plot is in part explained by the efficient accumulation of cesium in roots. The Cs-137/K 

ratio in understorey was clearly the highest in the switchyard area. The potassium 

concentration ratios understorey-to-humus and roots-to-humus were lower in the 

switchyard area than in the other monitoring plots. It would appear the plants in the 

switchyard area take up cesium instead of potassium more than plants in the other 

monitoring plots. 

9.1.5 Phosphorus 

Phosphorus was distributed relatively evenly between different components in the 

monitoring plots and the greatest difference in the concentration between two different 

sample types was four-fold. However, in all the monitoring plots humus and 

understorey can be considered phosphorus storages. In all the monitoring plots 

phosphorus would seem to be efficiently released from litter, which is the normal 

situation in the nature. The released phosphorus is usually not bound in the soil (Tyler 

2005). On the basis of the concentration ratios, release of phosphorus from the litter 

does not appear to be quite as rapid in the switchyard area as in the other monitoring 

plots. In this monitoring plot some evidence was also found of accumulation in humus. 

In the Liiklanperä monitoring plot understorey would appear to take up phosphorus 

from the soil the most efficiently. The most efficient accumulation of phosphorus in 

roots was found in the Tyrniemi monitoring plot. However, the monitoring plots did not 

exhibit any significant differences in the behaviour of phosphorus. 

In green plants phosphorus concentrations are usually about 1/10 times lower than 

potassium concentrations (FASSET 2001). In the monitoring plots phosphorus 

concentrations were ca. 12–16 times lower than potassium concentrations. As the 

literary value is only an estimate for all green plants, the difference between the 

situation in the monitoring plots and the literary value would not seem very significant. 

Mycorrhiza has been found to increase the uptake of phosphorus by plants through roots 

(Mauseth 1995, Greger 2004, Tyler 2005). No information on mycorrhizas is available 

from the monitoring plots. It is possible that this factor has influenced the 

concentrations of the understorey and the roots quite considerably. The efficient 

accumulation of phosphorus in the roots in Tyrniemi in comparison with the other 

monitoring plots could be explained by the influence of mycorrhizas. 
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9.1.6 Calcium 

As far as humus is concerned, Liiklanperä would seem to differ most from the other 

monitoring plots in terms of calcium behaviour. The calcium concentration in humus 

was small in Liiklanperä compared with the other monitoring plots. Concentration ratios 

not connected with humus did not show any significant differences between the 

monitoring plots. As an element required both by plants and animals, calcium appears to 

be an easily mobile element in the monitoring plots (Greger 2004). 

Although concentration in Liiklanperä humus was low in comparison with 

concentrations in other monitoring plots, humus clearly acted as a calcium soil storage 

also there. Calcium concentrations were high also in litter. In the Liiklanperä 

monitoring plot the release of calcium from litter appears to be slower than in the other 

plots. The reason for this is probably the high proportion of wood litter in the 

Liiklanperä sample compared with the samples from other monitoring plots (Palviainen 

et al. 2004). No great differences were detected between the monitoring plots in the 

distribution of calcium between roots and plant parts above ground.

The ratio between the concentration of calcium and the concentration of its chemical 

analogue strontium is fairly uniform in the biosphere. The concentrations of 

magnesium, potassium and sodium may also influence the availability of strontium to 

plants (Greger 2004). The mobility of calcium suggests that also strontium enters the 

food chains in Olkiluoto efficiently. 

9.1.7 Copper and other heavy metals 

Maximum variation in copper concentration ratios between the monitoring plots was 

about three-fold. However, none of the plots differed clearly from the others. Copper 

was in the monitoring plots stored in humus, which is a phenomenon previously 

identified in coniferous forests (Ukonmaanaho et al. 2001).  The concentration in humus 

was the highest in the switchyard area. However, in this plot the intake of copper by 

vegetation was the lowest. As heavy metals are poorly soluble in forest soils, their 

concentration in soil usually doe not reflect in their availability to plants. The 

availability of heavy metals to plants is also regulated by their formation of complexes 

with humus acids and fulvo acids, as well as by the compounds secreted by roots, 

mycorrhizas and microbes (FASSET 2001). In addition, most of the copper may be 

bonded with fungi biomass in the soil (Johanson et al. 2004, Tyler 2005). No 

information connected with these factors is available on the monitoring plots. However, 

it would seem that in the switchyard area the copper in soil is not available to the plants 

to the same extent as in the other monitoring plots. It is also possible that the 

understorey species in the switchyard area do not take up copper as efficiently as the 

plants collected from the other monitoring plots. Copper concentration in roots was 

about twice as high as the concentration in understorey. This was an expected result, as 

heavy metals migrate from roots to the other plant parts only in required concentrations 

(Mauseth 1995). In Tyrniemi roots also retained copper the most efficiently. 
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Copper was one of the most common heavy metals in the monitoring plots. Only iron 

and zinc showed higher concentrations. In comparison with copper, the concentration 

ratios of other heavy metals were quite similar. Heavy metals were relatively uniformly 

distributed in the environment and several concentration ratios were close to one. 

However, the fact that copper is a micronutrient for plants causes some differences 

between the concentration ratios of the metals. As lead, for example, is toxic to plants, 

the uptake of lead through roots is almost non-existent (Ukonmaanaho et al. 2001). Iron 

was also stored in soil in large amounts. As a result of this the concentration ratios of 

iron between soil and other components were very low. Zinc was the most uniformly 

distributed heavy metal in the environment. 

9.2 Animal samples 

9.2.1 Earthworms 

No earthworms were caught with the method used. The weather was rainy almost 

throughout the sampling period of 8-11 August (see App. 6), a choice forced by the 

practicalities. The monitoring plots included in the study are wet locations even in 

normal conditions, and during the sampling period the rain made them extremely wet. 

This could affect the occurrence of earthworms in the monitoring plots. Only a few 

earthworms were detected also earlier in the summer, when other samples were 

collected. However, soil animals, such as earthworms, are an extremely important 

component in the food cycles of a forest, and therefore it would be important that they 

be studied. No transfer coefficients could be determined for soil animals or decomposer 

organisms, as there are no empirical data or models available (FASSET 2003). For this 

reason, from now on efforts should be focused on finding methods better suited to the 

catching of soil animals. An extremely large amount of samples is required for a reliable 

determination of radionuclides, so the selection of the collecting method plays an 

important role. It would also be sensible to choose the monitoring plots in areas that are 

known to have large populations of soil animals, such as earthworms. For this study the 

monitoring plots were selected on the basis of their general interest, without any 

consideration of soil animals. As no earthworms or common shrews were caught, the 

objective of the study that concerned the migration of the elements in the food chains of 

carnivores was not achieved. 

9.2.2 Small mammals 

The proportion of bone tissue has probably been higher in the bank voles living in 

Tyrniemi than in the larger bank voles in the switchyard area and the yellow-necked 

mice in Tyrniemi. This has possible affected the concentration of calcium and 

phosphorus accumulated in bones (Campbell & Reece 2002) as well as the 

concentration ratios, since the larger animals exhibited diluted concentrations of these 

elements to a greater extent than when considering the concentration in the animal as a 

whole. Calcium and phosphorus concentration ratios were all higher in Tyrniemi bank 

voles than in the mice in the same monitoring plot. Differences between species may 

also have influenced the result, apart from the size. The bank voles in Tyrniemi showed 
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slightly higher concentrations of phosphorus and calcium than the bank voles in the 

switchyard area.  The differences in soil and vegetation samples make it a little difficult 

to compare concentration ratios in animals between the switchyard area and Tyrniemi. 

For calcium, in particular, it could be seen that concentration ratios in bank voles were 

as a rule lower in the switchyard area than in Tyrniemi.  No significant differences 

appeared in the calcium concentration ratios of the bank voles in the switchyard area 

and the yellow-necked mice in Tyrniemi. The size of the animal did not seem to 

influence the concentration of potassium or copper, which are uniformly distributed in 

the soft tissues (Campbell & Reece 2002).  

The concentration of potassium, phosphorus and calcium was clearly higher in animals 

than in the soil. The concentration ratio between vegetation and soil was also high for 

these elements, which according to Higley et al. (2003) is the primary factor regulating 

the amount of elements taken up through plants. Animals have probably received these 

elements primarily from their food, and the part that has come directly through soil is 

considerably smaller. Also, calcium and phosphorus accumulate in animals and return 

in high concentrations back to soil only after the animal dies. The uptake of copper 

through soil by animals is probably proportionally higher than the uptake of the other 

three elements included in the study, due to the low concentration of copper in the 

understorey in comparison with its concentration in humus.  

The understorey-to-humus concentration ratio of cesium was clearly higher in the 

switchyard area than in Tyrniemi.  At present, more cesium is probably transferred to 

animals via nutrition in the switchyard area than in Tyrniemi. In Tyrniemi the activity 

concentration in humus was high, which means that soil organisms and small mammals 

that dig into soil are probably more exposed there. In both monitoring plots 

contamination from soil seems to play a more significant role for cesium than for 

potassium. In order to verify these assumptions, it would have been desirable to conduct 

the radioactivity analyses also on the animal samples. Strontium, which is a nutritional 

analogue of calcium, is also probably transferred to animals more from the soil than 

from vegetation. Copper concentrations were as a rule higher in animals than the 

concentrations of other heavy metals, with the exception of iron and zinc. However, 

chrome concentrations were almost equal to copper concentrations. In general, animals 

exhibit higher concentrations of heavy metals than understorey. For heavy metals direct 

exposure of animals through soil can play a significant part. 

No significant differences were found between bank voles and yellow-necked mice in 

terms of any of the elements. Variation between the monitoring plots was not large, 

either, for example in coil-to-vegetation concentration ratios. Due to the small amount 

of material, however, more research data is needed to draw more reliable conclusions. 

The activity concentrations of radionuclides in small mammals were not determined, 

either, due to the small amount of research material. Ranta et al. (2005) kept traps in 

Olkiluoto for 396 trap-days and caught 14 mammals from the entire island. In the study 

the number of trap-days was 384 and the catch was 8 animals. In other words, the catch 

was about as great as could be expected, particularly as the traps were placed close to 

each other. In order to ensure a larger amount of research material, the catching area 

should be enlarged. Continuous rainfall during the catching period could also influence 
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the number of small mammals. As a result of the rain, there was an abundance of water 

puddles in the monitoring plots, which made the placement of traps difficult. Some of 

the traps were engulfed in water or the baits were flushed away in-between the times 

that the traps were checked.  
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10 CONCLUSIONS 

The behaviour of cesium, potassium, phosphorus, calcium and copper did not differ 

from their behaviour in forest ecosystems in general. The migration of elements 

followed very much the same main trends in all the monitoring plots. Humus acted as 

the main storage of cesium, calcium and copper in every monitoring plot. Phosphorus 

was stored in humus and understorey. The understorey clearly served as a potassium 

storage. Animal samples exhibited clearly higher concentrations of calcium and 

phosphorus than soil and vegetation samples. Potassium concentrations were also higher 

in animals than in soil.  

However, clear differences were found between the monitoring plots when studying the 

distribution of the elements on the basis of concentration ratios. For cesium, in 

particular, the differences were really great. The smallest concentrations of potassium, 

calcium and copper were found in the humus of Liiklanperä plot. There vegetation took 

up elements the most efficiently from soil. In Tyrniemi the accumulation of elements in 

roots was the most significant. In the switchyard area, the understorey would seem to 

take up cesium the most efficiently, instead of potassium. 

As results are only available from three monitoring plots, it is impossible to know which 

of the plots represents the island best in terms of the results. Therefore, it can be 

recommended that for modelling a mean value calculated from the results of all three 

sampling plots be used, if the properties of the soil in the modelled area are not known 

in detail. However, in order to obtain more reliable values for modelling purposes, more 

studies of corresponding nature should be conducted. In the future, it would be 

advisable to select FEH monitoring plots from areas in which the soil and the vegetation 

are known to be similar. This procedure should be adopted at least if the number of 

samples is as limited as in this study. In further studies, samples should be collected so 

as to ensure they provide a representative sample of vegetation on the island. The 

different forest types, shore areas and swamps should be included in the sampling 

programme. The Finnish Forest Research Institute studied the properties of soil and 

vegetation in Olkiluoto in the summer of 2005. The results of these studies will be 

published later in the Posiva Working Report series. In the future these results can be 

utilised in the selection of larger amount of representative sampling plots.  
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Table 2-1. Original results of ICP analysis on soil samples (mg/kg). 

Monit. plot Sample type Al B Ca Cd Cr Cu Fe  K Mg Mn Mo Na Ni  P Pb S Zn

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Switchyard humus 4230 14.7 7500 0.402 8.98 44.6 5380 1540 2740 272 <0.958 785 20.6 891 27.0 2800 64.9

Switchyard mineral soil 7880 3.64 2030 0.062 18.2 10.1 12200 2390 3560 110 <0.515 195 10.6 305 6.89 277 29.8

Liiklanperä humus 6190 11.7 4230 0.239 7.93 41.1 7340 1110 2270 60.1 0.91 1090 23.9 1120 25.2 3180 26.9

Liiklanperä mineral soil 8000 3.87 1450 <0.051 19.7 10.1 9310 2520 3100 73.0 <0.510 222 9.38 402 6.82 500 27.1

Tyrniemi humus 9800 29.3 8970 0.633 20.0 51.7 15400 2550 5660 536 1.38 2990 32.2 1070 34.0 4720 65.2

Tyrniemi mineral soil 8200 3.73 1800 0.066 25.1 11.2 12300 2670 3960 91.4 <0.506 348 11.2 354 7.62 472 34.0

Table 2-2. Original results of ICP analysis on vegetation samples (mg/kg tai mg/g). 

Monit. plot Sample type Al B Ca Cd Cr Cu Fe K Mg Mn Mo Na Ni P Pb S Zn

mg/kg mg/kg mg/g mg/kg mg/kg mg/kg mg/kg mg/g mg/g mg/kg mg/kg mg/kg mg/kg mg/g mg/kg mg/kg mg/kg

Switchyard understorey 14.9 19.1 4.97 0.074 0.265 6.84 69.5 20.5 3.48 152 <0.530 262 2.32 1.29 <1.59 1610 37.6

Switchyard litter 813 21.3 8.13 0.175 38.7 15.9 1260 1.69 2.39 445 <0.529 621 8.25 0.786 3.11 1480 81.5

Switchyard roots 723 18.1 3.19 0.257 3.70 14.8 993 2.32 1.46 113 <0.546 1310 6.17 0.606 6.02 1120 48.8

Liiklanperä understorey 52.9 32.3 3.57 0.108 0.372 9.01 131 24.6 4.90 106 <0.539 469 4.39 2.02 <1.62 2080 35.7

Liiklanperä litter 414 21.4 6.08 0.096 2.08 14.0 421 1.28 2.18 133 <0.533 928 8.00 0.636 2.87 1370 47.9

Liiklanperä roots 3170 17.1 3.37 0.334 7.99 20.9 4180 2.65 1.92 47.9 0.777 1320 12.1 0.638 7.77 1450 27.4

Tyrniemi understorey 9.99 21.9 4.39 0.110 <0.221 8.32 77.2 22.2 4.30 114 <0.551 492 3.35 1.34 <1.65 1990 40.0

Tyrniemi litter 497 24.3 4.97 0.144 1.75 12.4 1920 1.18 1.66 182 <0.533 736 6.88 0.542 1.73 1120 47.4

Tyrniemi roots 5030 25.1 4.08 0.981 11.0 30.5 14700 3.04 3.72 141 0.850 2780 15.9 0.807 18.2 3160 61.8
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Table 3-1. Results of soil and vegetation samples corrected to dry weight (mg/kgDW).

Monit. plot Sample type Al B Cd Cr Fe Mg Mn Mo Na Ni Pb S Zn

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

Switchyard understorey 15.7 20.1 0.1 0.3 73.2 3665.5 160.1 <0.9 276.0 2.4 <2.6 1695.8 39.6

Switchyard litter 860.7 22.5 0.2 41.0 1333.9 2530.2 471.1 <0.6 657.4 8.7 3.3 1566.8 86.3

Switchyard roots 790.0 19.8 0.3 4.0 1085.0 1595.3 123.5 <0.6 1431.4 6.7 6.6 1223.8 53.3

Liiklanperä understorey 56.9 34.8 0.1 0.4 141.0 5272.5 114.1 <0.6 504.7 4.7 <1.7 2238.1 38.4

Liiklanperä litter 441.3 22.8 0.1 2.2 448.7 2323.6 141.8 <0.6 989.1 8.5 3.1 1460.3 51.1

Liiklanperä roots 3431.4 18.5 0.4 8.6 4524.7 2078.3 51.8 0.8 1428.8 13.1 8.4 1569.6 29.7

Tyrniemi understorey 11.1 24.3 0.1 <0.2 85.7 4772.0 126.5 <0.6 546.0 3.7 <1.8 2208.5 44.4

Tyrniemi litter 534.2 26.1 0.2 1.8 2063.8 1784.3 195.6 <0.6 791.1 7.4 1.9 1203.9 50.9

Tyrniemi roots 5321.1 26.6 1.0 11.6 15550.7 3935.3 149.2 0.9 2940.9 16.8 19.3 3342.9 65.4

Switchyard humus 9813.9 34.1 0.9 20.8 12482.0 6357.0 631.1 <2.2 1821.3 47.8 62.6 6496.2 150.6

Switchyard mineral soil 8389.4 3.9 0.1 19.4 12988.7 3790.2 117.1 <0.5 207.6 11.3 7.3 294.9 31.7

Liiklanperä humus 10091.1 19.1 0.4 12.9 11965.9 3700.6 98.0 1.5 1777.0 39.0 41.1 5184.1 43.9

Liiklanperä mineral soil 8693.5 4.2 <0.1 21.4 10117.1 3368.7 79.3 <0.6 241.2 10.2 7.4 543.3 29.4

Tyrniemi humus 14046.9 42.0 0.9 28.7 22073.7 8112.8 768.3 2.0 4285.7 46.2 48.7 6765.4 93.5

Tyrniemi mineral soil 8384.1 3.8 0.1 25.7 12576.2 4048.9 93.5 <0.5 355.8 11.5 7.8 482.6 34.8
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Table 3-2. Understorey-to-roots concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.017 1.88 0.32 0.05 0.03 2.54 2.20 0.35 0.36 1.43 1.30

Switchyard 0.020 1.02 0.28 0.07 0.07 2.30 1.30 0.19 0.36 1.39 0.74

Tyrniemi 0.002 0.92 0.12 0.01 1.21 0.85 0.19 0.22 0.66 0.68

geom. mean 0.009 1.20 0.22 0.06 0.02 1.92 1.34 0.23 0.31 1.09 0.87

arith. mean 0.013 1.27 0.24 0.06 0.03 2.02 1.45 0.24 0.31 1.16 0.91

Table 3-3. Mineral-to-humus concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.86 0.22 1.66 0.85 0.91 0.81 0.14 0.26 0.10 0.67

Switchyard 0.85 0.11 0.07 0.93 1.04 0.60 0.19 0.11 0.24 0.05 0.21

Tyrniemi 0.60 0.09 0.07 0.90 0.57 0.50 0.12 0.08 0.25 0.07 0.37

geom. mean 0.76 0.13 0.07 1.11 0.79 0.65 0.26 0.11 0.25 0.07 0.37

arith. mean 0.77 0.14 0.07 1.16 0.82 0.67 0.37 0.11 0.25 0.07 0.42

Table 3-4. Roots-to-mineral concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.39 4.40 0.40 0.45 0.62 0.65 5.92 1.28 2.89 1.01

Switchyard 0.09 5.10 4.25 0.21 0.08 0.42 1.05 6.89 0.60 4.15 1.68

Tyrniemi 0.63 6.96 15.38 0.45 1.24 0.97 1.60 8.27 1.47 6.93 1.88

geom. mean 0.29 5.39 8.09 0.34 0.36 0.63 1.03 6.96 1.04 4.36 1.47

arith. mean 0.37 5.49 9.82 0.36 0.59 0.67 1.10 7.03 1.12 4.66 1.52
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Table 3-5. Roots-to- humus concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.34 0.97 0.93 0.67 0.38 0.56 0.53 0.80 0.34 0.30 0.68

Switchyard 0.08 0.58 0.30 0.19 0.09 0.25 0.20 0.79 0.14 0.19 0.35

Tyrniemi 0.38 0.63 1.14 0.41 0.70 0.49 0.19 0.69 0.36 0.49 0.70

geom. mean 0.22 0.71 0.68 0.37 0.29 0.41 0.27 0.76 0.26 0.30 0.55

arith. mean 0.27 0.73 0.79 0.42 0.39 0.43 0.31 0.76 0.28 0.33 0.58

Table 3-6. Litter-to-humus concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.04 1.20 0.26 0.17 0.04 0.63 1.45 0.56 0.22 0.28 1.16

Switchyard 0.09 0.66 0.20 1.97 0.11 0.40 0.75 0.36 0.18 0.24 0.57

Tyrniemi 0.04 0.62 0.17 0.06 0.09 0.22 0.25 0.18 0.16 0.18 0.55

geom. mean 0.05 0.79 0.21 0.27 0.07 0.38 0.65 0.33 0.19 0.23 0.71

arith. mean 0.06 0.83 0.21 0.73 0.08 0.42 0.82 0.37 0.19 0.23 0.76

Table 3-7. Understorey-to-humus concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.006 1.82 0.30 0.03 0.012 1.42 1.16 0.28 0.12 0.43 0.88

Switchyard 0.002 0.59 0.08 0.01 0.006 0.58 0.25 0.15 0.05 0.26 0.26

Tyrniemi 0.001 0.58 0.13 0.004 0.59 0.16 0.13 0.08 0.33 0.48

geom. mean 0.002 0.85 0.15 0.02 0.006 0.78 0.37 0.18 0.08 0.33 0.48

arith. mean 0.003 1.00 0.17 0.02 0.007 0.86 0.53 0.19 0.08 0.34 0.54
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Table 3-8. Understorey-to-litter concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.13 1.52 1.14 0.18 0.31 2.27 0.80 0.51 0.55 1.53 0.75

Switchyard 0.02 0.89 0.42 0.01 0.05 1.45 0.34 0.42 0.28 1.08 0.46

Tyrniemi 0.02 0.93 0.79 0.04 2.67 0.65 0.69 0.50 1.83 0.87

geom. mean 0.04 1.08 0.72 0.04 0.09 2.06 0.56 0.53 0.43 1.45 0.67

arith. mean 0.06 1.12 0.78 0.09 0.14 2.13 0.60 0.54 0.45 1.48 0.69

Table 3-9. Understorey-to-mineral concentration ratios (mg/kgDW per mg/kgDW ). 

Monit. plot Al B Cd Cr Fe Mg Mn Na Ni S Zn

Liiklanperä 0.007 8.26 0.02 0.01 1.57 1.44 2.09 0.46 4.12 1.30

Switchyard 0.002 5.19 1.18 0.01 0.01 0.97 1.37 1.33 0.22 5.75 1.25

Tyrniemi 0.001 6.37 1.81 0.01 1.18 1.35 1.53 0.32 4.58 1.28

geom. mean 0.003 6.49 1.46 0.02 0.01 1.21 1.39 1.62 0.32 4.77 1.28

arith. mean 0.003 6.61 1.49 0.02 0.01 1.24 1.39 1.65 0.33 4.82 1.28

9
6

 
 

         A
p

p
en

d
ix

 3



Table 4-1. Original results of ICP analysis on cold-dried animal samples (mg/kg). 

Sample no Monit. plot Species Moisture Al25603 B24903 Ca21103 Cd22803 Cr26703 Cu22403 Fe25903 K76603 Mg28503 Mn25703 Mo20203 Na58903 Ni22103 P18503 Pb22003 S18203 Zn21303

% mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

1 Switchyard bank vole 7.05 <6.89 4.16 31000 0.207 4.27 7.11 261 11400 1480 13.9 <0.431 6310 2.17 25400 <1.29 12000 106

1 Switchyard bank vole 7.05 <6.88 3.81 30600 0.202 4.10 7.10 256 11800 1490 13.9 <0.430 6090 2.16 25300 <1.29 11600 106

mean <6.9 3.99 30800 0.20 4.19 7.11 259 11600 1485 13.9 <0.43 6200 2.17 25350 <1.3 11800 106

std 0.25 282.84 0.00 0.12 0.01 3.54 283 7.07 0.00 156 0.01 70.71 283 0.00

rsd% 6.21 0.92 1.73 2.87 0.10 1.37 2.44 0.48 0.00 2.51 0.33 0.28 2.40 0.00

2 Tyrniemi bank vole 7.08 10.3 3.98 36700 0.112 12.5 8.63 408 12800 1740 30.7 <0.432 4900 5.35 28800 <1.30 10200 106

2 Tyrniemi bank vole 7.08 12.3 3.46 35700 0.107 11.9 8.48 407 12800 1730 30.1 <0.426 4850 5.28 28300 <1.28 9840 105

mean 11.3 3.72 36200 0.110 12.2 8.56 408 12800 1735 30.4 <0.43 4875 5.32 28550 <1.3 10020 106

std 1.41 0.37 707 0.00 0.42 0.11 0.71 0.00 7.07 0.42 35.4 0.05 354 255 0.71

rsd% 12.5 9.9 2.0 3.2 3.5 1.2 0.2 0.0 0.4 1.4 0.7 0.9 1.2 2.5 0.7

3 Tyrniemi bank vole 7.02 11.7 3.71 36000 0.086 9.15 6.74 229 12200 1650 27.8 <0.430 4860 4.04 28500 <1.29 10500 101

3 Tyrniemi bank vole 7.02 11.7 3.24 35000 0.077 8.71 6.91 228 12200 1640 27.4 <0.429 4850 3.90 28000 <1.29 10200 101

mean 11.7 3.48 35500 0.082 8.93 6.83 229 12200 1645 27.6 <0.43 4855 3.97 28250 <1.3 10350 101

std 0.00 0.33 707 0.01 0.31 0.12 0.71 0.00 7.07 0.28 7.1 0.10 354 212 0.00

rsd% 0.0 9.6 2.0 7.8 3.5 1.8 0.3 0.0 0.4 1.0 0.1 2.5 1.3 2.0 0.0

4 Tyrniemi mouse 5.77 <6.81 2.84 32600 0.153 6.09 7.19 224 11600 1430 11.6 <0.426 4950 2.51 25300 <1.28 9920 88.5

4 Tyrniemi mouse 5.77 <6.83 2.30 28900 0.162 4.95 7.30 223 11700 1380 11.4 <0.427 4870 2.27 23400 <1.28 9560 86.6

mean <6.8 2.57 30750 0.158 5.52 7.25 224 11650 1405 11.5 <0.43 4910 2.39 24350 <1.3 9740 87.6

std 0.38 2616 0.01 0.81 0.08 0.71 70.71 35.36 0.14 56.6 0.17 1344 255 1.34

rsd% 14.9 8.5 4.0 14.6 1.1 0.3 0.6 2.5 1.2 1.2 7.1 5.5 2.6 1.5

5 Tyrniemi mouse 6.87 14.0 4.89 25600 0.124 6.21 8.53 245 12800 1650 38.0 <0.429 5070 2.86 22400 <1.29 9740 92.6

5 Tyrniemi mouse 6.87 13.8 4.48 25100 0.138 7.10 8.52 253 13000 1660 37.3 <0.431 4860 3.44 22100 <1.29 9550 93.0

mean 13.9 4.69 25350 0.131 6.66 8.53 249 12900 1655 37.7 <0.43 4965 3.15 22250 <1.3 9645 93

std 0.14 0.29 354 0.01 0.63 0.01 5.66 141.42 7.07 0.49 148 0.41 212 134 0.28

rsd% 1.0 6.2 1.4 7.6 9.5 0.1 2.3 1.1 0.4 1.3 3.0 13.0 1.0 1.4 0.3
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Table 4-1 (cont’d). Original results of ICP analysis on cold-dried animal samples (mg/kg). 

Sample no Monit. plot Species Moisture Al25603 B24903 Ca21103 Cd22803 Cr26703 Cu22403 Fe25903 K76603 Mg28503 Mn25703 Mo20203 Na58903 Ni22103 P18503 Pb22003 S18203 Zn21303

% mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

6 Switchyard bank vole 7.55 11.0 3.21 39300 0.147 16.5 7.55 290 11500 1950 128 <0.434 4840 7.76 29100 <1.30 11000 128

6 Switchyard bank vole 7.55 11.9 2.73 38200 0.142 14.8 7.46 287 11600 1920 125 0.552 4780 7.07 28400 <1.29 10800 129

mean 11.5 2.97 38750 0.145 15.7 7.51 289 11550 1935 127 <0.43 4810 7.42 28750 <1.3 10900 129

std 0.64 0.34 778 0.00 1.20 0.06 2.12 70.71 21.21 2.12 42 0.49 495 141 0.71

rsd% 5.6 11.4 2.0 2.4 7.7 0.8 0.7 0.6 1.1 1.7 0.9 6.6 1.7 1.3 0.6

7 Switchyard bank vole 6.79 <6.83 4.31 31000 0.389 4.53 7.52 252 12600 1580 88.3 <0.427 4450 2.50 24900 <1.28 9950 98.3

7 Switchyard bank vole 6.79 <6.90 3.91 29800 0.384 4.48 7.50 249 12800 1560 86.6 <0.431 4420 2.39 24100 <1.29 9930 97.8

mean <6.8 4.11 30400 0.387 4.51 7.51 251 12700 1570 87.5 <0.43 4435 2.45 24500 <1.3 9940 98.1

std 0.28 849 0.00 0.04 0.01 2.12 141.42 14.14 1.20 21.2 0.08 566 14 0.35

rsd% 6.9 2.8 0.9 0.8 0.2 0.8 1.1 0.9 1.4 0.5 3.2 2.3 0.1 0.4

8 Tyrniemi bank vole 6.77 <6.82 4.52 38800 0.085 8.83 8.66 225 11800 1640 16.8 <0.426 4640 3.76 28500 <1.28 12000 101

8 Tyrniemi bank vole 6.77 <6.91 4.16 37300 0.091 8.42 8.81 231 12100 1620 16.8 <0.432 4760 3.67 28200 <1.30 11400 100

mean <6.8 4.34 38050 0.088 8.63 8.74 228 11950 1630 16.8 <0.43 4700 3.72 28350 <1.3 11700 100.5

std 0.25 1061 0.00 0.29 0.11 4.24 212.13 14.14 0.00 84.9 0.06 212 424 0.71

rsd% 5.9 2.8 4.8 3.4 1.2 1.9 1.8 0.9 0.0 1.8 1.7 0.7 3.6 0.7
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Table 5-1. Element concentrations in animal samples corrected to wet weight (mg/kgFW).

Sample no Monit. plot Species Al B Cd Cr Fe Mg Mn Mo Na Ni Pb S Zn

mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg mg/kg

1 Switchyard bank vole <1.90 1.10 0.06 1.15 71.25 409.33 3.83 <0.12 1709.00 0.60 <0.36 3252.62 29.22

6 Switchyard bank vole 3.17 0.82 0.04 4.33 79.76 534.97 34.97 <0.14 1329.83 2.05 <0.36 3013.55 35.53

7 Switchyard bank vole <2.02 1.21 0.11 1.32 73.59 461.22 25.69 <0.13 1302.86 0.72 <0.38 2920.06 28.80

2 Switchyard bank vole 2.98 0.98 0.03 3.22 107.55 457.90 8.02 <0.11 1286.61 1.40 <0.34 2644.47 27.84

3 Tyrniemi bank vole 3.54 1.05 0.02 2.70 69.20 498.20 8.36 <0.13 1470.37 1.20 <0.39 3134.57 30.59

8 Tyrniemi bank vole <2.02 1.28 0.03 2.54 67.14 480.02 4.95 <0.13 1384.11 1.09 <0.38 3445.55 29.60

4 Tyrniemi mouse <2.22 0.84 0.05 1.79 72.63 456.57 3.74 <0.14 1595.54 0.78 <0.42 3165.09 28.45

5 Tyrniemi mouse 3.87 1.30 0.04 1.85 69.33 460.78 10.48 <0.12 1382.35 0.88 <0.36 2685.36 25.84

Table 5-2. Animal-to-understorey concentration ratios (mg/kgDW per mg/kgDW).

Sample no Monit. plot Species Al B Cd Cr Fe Mg Mn Na Ni S Zn

1 Switchyard bank vole 0.21 2.82 16.13 3.80 0.44 0.09 24.17 0.95 7.49 2.88

6 Switchyard bank vole 0.79 0.16 2.01 60.65 4.26 0.57 0.85 18.85 3.28 6.95 3.51

7 Switchyard bank vole 0.22 5.32 17.32 3.67 0.46 0.59 17.24 1.07 6.29 2.66

2 Tyrniemi bank vole 1.10 0.16 0.97 5.12 0.39 0.26 9.61 1.54 4.88 2.56

3 Tyrniemi bank vole 1.13 0.15 0.72 2.87 0.37 0.23 9.56 1.15 5.04 2.45

8 Tyrniemi bank vole 0.19 0.77 2.85 0.37 0.14 9.23 1.07 5.68 2.43

4 Tyrniemi mouse 0.11 1.37 2.77 0.31 0.10 9.54 0.68 4.68 2.09

5 Tyrniemi mouse 1.35 0.21 1.15 3.12 0.37 0.32 9.76 0.91 4.69 2.24

GM all all 1.07 0.17 1.50 25.68 3.48 0.40 0.24 12.56 1.19 5.63 2.57
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Table 5-3. Animal-to-humus concentration ratios (mg/kgDW per mg/kgDW).

Sample no Monit. plot Species Al B Cd Cr Fe Mg Mn Na Ni S Zn

1 Switchyard bank vole 0.13 0.24 0.22 0.02 0.25 0.02 3.66 0.05 1.95 0.76

6 Switchyard bank vole 0.001 0.09 0.17 0.81 0.03 0.33 0.22 2.86 0.17 1.81 0.92

7 Switchyard bank vole 0.13 0.44 0.23 0.02 0.26 0.15 2.61 0.05 1.64 0.70

2 Tyrniemi bank vole 0.001 0.10 0.13 0.46 0.02 0.23 0.04 1.22 0.12 1.59 1.21

3 Tyrniemi bank vole 0.001 0.09 0.10 0.34 0.01 0.22 0.04 1.22 0.09 1.65 1.16

8 Tyrniemi bank vole 0.11 0.10 0.32 0.01 0.22 0.02 1.18 0.09 1.85 1.15

4 Tyrniemi mouse 0.06 0.18 0.20 0.01 0.18 0.02 1.22 0.05 1.53 0.99

5 Tyrniemi mouse 0.001 0.12 0.16 0.25 0.01 0.22 0.05 1.24 0.07 1.53 1.07

GM all all 0.001 0.10 0.17 0.32 0.02 0.24 0.05 1.71 0.08 1.69 0.98

Table 5-4. Animal-to-mineral soil concentration ratios (mg/kgDW per mg/kgDW).

Sample no Monit. plot Species Al B Cd Cr Fe Mg Mn Na Ni S Zn

1 Switchyard bank vole 1.11 3.33 0.23 0.02 0.42 0.13 32.13 0.21 43.05 3.59

6 Switchyard bank vole 0.001 0.83 2.37 0.87 0.02 0.55 1.17 25.06 0.71 39.98 4.38

7 Switchyard bank vole 1.14 6.28 0.25 0.02 0.44 0.80 22.92 0.23 36.16 3.32

2 Tyrniemi bank vole 0.001 1.05 1.75 0.51 0.03 0.46 0.35 14.74 0.50 22.34 3.27

3 Tyrniemi bank vole 0.002 0.98 1.30 0.37 0.02 0.44 0.32 14.67 0.37 23.07 3.12

8 Tyrniemi bank vole 1.22 1.40 0.36 0.02 0.43 0.19 14.17 0.35 26.00 3.10

4 Tyrniemi mouse 0.72 2.48 0.23 0.02 0.37 0.13 14.64 0.22 21.42 2.67

5 Tyrniemi mouse 0.002 1.32 2.08 0.28 0.02 0.44 0.43 14.98 0.30 21.46 2.87

GM all all 0.002 1.03 2.31 0.35 0.02 0.44 0.33 18.27 0.33 28.05 3.26
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Table 5-5. Animal-to-roots concentration ratios (mg/kgDW per mg/kgDW).

Sample no Monit. plot Species Al B Cd Cr Fe Mg Mn Na Ni S Zn

1 Switchyard bank vole 0.22 0.78 1.11 0.26 1.00 0.12 4.66 0.35 10.37 2.14

6 Switchyard bank vole 0.016 0.16 0.56 4.19 0.29 1.31 1.11 3.63 1.19 9.63 2.61

7 Switchyard bank vole 0.22 1.48 1.20 0.25 1.06 0.76 3.32 0.39 8.71 1.97

2 Tyrniemi bank vole 0.002 0.15 0.11 1.13 0.03 0.47 0.22 1.78 0.34 3.23 1.74

3 Tyrniemi bank vole 0.002 0.14 0.08 0.83 0.02 0.45 0.20 1.78 0.25 3.33 1.66

8 Tyrniemi bank vole 0.18 0.09 0.80 0.02 0.44 0.12 1.71 0.24 3.75 1.65

4 Tyrniemi mouse 0.10 0.16 0.50 0.02 0.38 0.08 1.77 0.15 3.09 1.42

5 Tyrniemi mouse 0.003 0.19 0.14 0.61 0.02 0.45 0.27 1.81 0.20 3.10 1.52

GM all all 0.004 0.17 0.24 1.03 0.05 0.62 0.24 2.37 0.32 4.91 1.81

Table 5-6. Animal-to-litter concentration ratios (mg/kgDW per mg/kgDW).

Sample no Monit. plot Species Al B Cd Cr Fe Mg Mn Na Ni S Zn

1 Switchyard bank vole 0.19 1.19 0.11 0.21 0.63 0.03 10.15 0.27 8.10 1.32

6 Switchyard bank vole 0.01 0.14 0.84 0.41 0.23 0.83 0.29 7.91 0.92 7.52 1.61

7 Switchyard bank vole 0.20 2.24 0.12 0.20 0.67 0.20 7.24 0.30 6.81 1.22

2 Tyrniemi bank vole 0.02 0.15 0.76 7.50 0.21 1.05 0.17 6.63 0.77 8.96 2.23

3 Tyrniemi bank vole 0.02 0.14 0.57 5.49 0.12 0.99 0.15 6.60 0.58 9.25 2.13

8 Tyrniemi bank vole 0.18 0.61 5.29 0.12 0.98 0.09 6.37 0.54 10.42 2.12

4 Tyrniemi mouse 0.10 1.08 3.35 0.11 0.84 0.06 6.59 0.34 8.59 1.82

5 Tyrniemi mouse 0.03 0.19 0.91 4.08 0.13 1.00 0.21 6.74 0.46 8.60 1.96

GM all all 0.02 0.16 0.93 1.41 0.16 0.86 0.12 7.20 0.48 8.47 1.76
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Figure 6-1. Daily minimum, mean and maximum temperatures (°C) and daily 

precipitation sum (mm) at the Olkiluoto weather station OL-WOM1, located at the 

western end of the island, during the sampling period (Ikonen 2006). 

Figure 6-2. Monthly mean and extreme temperatures (left) and monthly total 

precipitation (right) at Olkiluoto for the period of 1992-2005. Solid lines in the middle 

(left) and solid bars (right) represent the average over the period and dashed lines are 

values for 2005. The darker area shows the range between average minima and maxima 

temperatures, and the outermost purple area (left) and the error bars (right) represent 

the extreme temperatures and total precipitation of each month during the period, 

respectively (Ikonen 2006). 




