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Compared to agricultural lands, forests are complex ecosystems as they can involve diverse plant species associations, several vegetative strata (overstorey, shrubs, herbaceous and other annual plant layer) and multi-layered soil proﬁles (forest ﬂoor, hemi-organic and mineral layers). A high degree of variability is thus generally observed in radionuclide transfers and redistribution patterns in contaminated forests. In the long term, the soil compartment represents the major reservoir of radionuclides which can give rise to long-term plant and hence food contamination. For practical reasons, the contamination of various speciﬁc forest products has commonly been quantiﬁed using the aggregated transfer factor (Tag in m2 kg1) which integrates various environmental parameters including soil and plant type, root distribution as well as nature and vertical distribution of the deposits. Long lasting availability of some radionuclides was shown to be the source of much higher transfer in forest ecosystems than in agricultural lands. This study aimed at reviewing the most relevant quantitative information on radionuclide transfers to forest biota including trees, understorey vegetation, mushrooms, berries and game animals. For both radiocaesium and radiostrontium in trees, the order of magnitude of mean Tag values was 103 m2 kg1 (dry weight). Tree foliage was usually 2–12 times more contaminated than trunk wood. Maximum contamination of tree components with radiocaesium was associated with (semi-)hydromorphic areas with thick humus layers. The transfer of radionuclides to mushrooms and berries is high, in comparison with foodstuffs grown in agricultural systems. Concerning caesium uptake by mushrooms, the transfer is characterized by a very large variability of Tag, from 103 to 101 m2 kg1 (dry weight). For berries, typical values are around 0.01– 0.1 m2 kg1 (dry weight). Transfer of radioactive caesium to game animals and reindeer and the rate of activity reduction, quantiﬁed as an ecological half-life, reﬂect the soil and pasture conditions at individual locations. Forests in temperate and boreal regions differ with respect to soil type and vegetation, and a faster decline of muscle activity concentrations in deer occurs in the temperate zone. However, in wild boar the caesium activity concentration shows no decline because of its special feeding habits. In the late phase, i.e. at least a few months since the external radionuclide contamination on feed plants has been removed, a Tag value of 0.01 m2 kg1 (fresh weight) is common for 137Cs in the muscles of adult moose and terrestrial birds living in boreal forests, and 0.03 m2 kg1 (fresh weight) for arctic hare. Radiocaesium concentrations in reindeer muscle in winter may exceed the summer content by a factor of more than two, the mean Tag values for winter ranging from 0.02 to 0.8 m2 kg1 (fresh weight), and in summer from 0.04 to 0.4 m2 kg1. The highest values are found in the year of initial contamination, followed by a gradual reduction. In waterfowl a relatively fast decline in uptake of 137Cs has been found, with Tag values changing from 0.01 to 0.002 m2 kg1 (fresh weight) in the three years after the contaminating event, the rate being determined by the dynamics of 137Cs in aquatic ecosystems. Ó 2008 Elsevier Ltd. All rights reserved.
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1. Introduction



* Corresponding author. Tel.: þ33 4 42 19 94 47; fax: þ33 4 42 19 91 43. E-mail address: [email protected] (P. Calmon). 0265-931X/$ – see front matter Ó 2008 Elsevier Ltd. All rights reserved. doi:10.1016/j.jenvrad.2008.11.005



The behaviour of radionuclides in forest ecosystems has to be given speciﬁc consideration because such ecosystems differ substantially in radionuclide biogeochemistry and exposure pathways from the agricultural ecosystems that are more
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generally considered in radiation dose assessments. In particular, radionuclides can be trapped and recycled with particularly high efﬁciency in forests, resulting in long residence times and the potential for enhanced external and internal exposures over timescales of decades to centuries (Shaw, 2007). The importance of radioactive contamination of forests as a signiﬁcant source of radiation exposure was recognized after at least two major radiation accidents – the Kyshtym accident, Urals, USSR (now the Russian Federation), in 1957 and the Chernobyl accident, USSR (now Ukraine), in 1986. A substantial amount of the recent research on radionuclide behaviour in semi-natural ecosystems has been undertaken in the former context. While contamination originating from the Chernobyl accident was mainly 137Cs and that from Kyshtym was mainly 90Sr, other more local events have been the source of forest contamination by other radionuclides (see e.g. Garten (1980, 1987) for 239, 240Pu, 99Tc). However, the existing database on transfer parameters which can be used for the modelling of contaminated forests remains, as yet, incomplete for most radionuclides. In consequence, most of the data that are available relate to the behaviour of radioisotopes of caesium and of strontium and this is reﬂected in the emphasis of the material presented below. However, the more limited information on radioisotopes of other elements is also discussed, as appropriate. The aim of this review is to provide actual transfer parameter values for biospheric assessment models and to supplement the revised IAEA publication (IAEA, in press-b). 2. Aggregated transfer factor (Tag) concept The deﬁnition of the usual transfer factor (TF), based on the ratio of the activity concentration in plants (Bq kg1 dry weight) to that in a standardized rooting zone or ‘plough layer’ of the soil (Bq kg1 dry weight), is not appropriate for forest ecosystems. This is due to the multi-layered character of forest soils in which bulk density, chemical properties and the distribution of root systems (including mycelia) are highly heterogeneous, which greatly affects radionuclide bioavailability throughout the soil proﬁle (Thiry and Myttenaere, 1993; Thiry et al., 2000). Therefore, aggregated transfer factors (Tag) were proposed as an alternative to quantify radionuclide availability to various types of forest vegetation. Tag is deﬁned as the ratio of the radionuclide activity concentration in plant (Bq kg1 fresh weight or Bq kg1 dry weight) or any other forest products divided by the total deposition on the soil per unit area (Bq m2). The Tag concept can also be used in assessments of radionuclide transfer to game as well as to vegetation. The concept of Tag has been widely adopted as a reasonable empirical method to normalize radionuclide accumulation in forest products regardless of variations in the vertical radionuclide distribution and availability in the soil proﬁle, which greatly depends on the individual forest site being considered. 3. Transfer to trees 3.1. Processes and dynamics of tree contamination In the last two decades numerous studies of radiocaesium and radiostrontium transfers have been conducted in a wide range of forest types affected by atmospheric deposition in the Commonwealth of Independent States (CIS) and in Western Europe. This extensive set of research activities has led to the accumulation of a considerable collection of new values of transfer to trees and increased understanding of processes of relevance. Following deposition of atmospheric fallout, the primary source of tree contamination is direct dry or wet



interception of airborne radionuclides by the canopy, followed by translocation from foliar surfaces to structural components of the tree. Foliar absorption clearly has the potential to modify the initial contamination kinetics of the whole tree considerably, in particular when root uptake is low (Belli, 2000). Further changes in tree contamination after the initial fallout are in general due to two main processes. The ﬁrst of these is a dominant selfdecontamination process of the tree canopy, controlled by weathering of intercepted radioactive material, throughfall and litterfall. These processes are followed by or accompanied by root uptake which is the predominant route of contamination over the longer term. In terms of dynamics of contamination of the system, two stages can then be distinguished. (1) The ‘‘early’’ phase lasting 4–5 years and characterized by a rapid redistribution of the initial deposits between the soil and the trees. (2) A ‘‘steady state’’ phase characterized by slow changes in biological availability, with root uptake determining the degree of contamination of the trees. During the early phase, varying dynamics of initial redistribution processes mainly inﬂuenced by the nature of the radioactive deposit, the season and the dominant tree type greatly reduce the signiﬁcance of the relationship between the radionuclide content in vegetation and soil. Even in the long-term (steady state phase) the long-term radionuclide recycling in a forest ecosystem is far from a simple relationship between soil and tree. The observed radiocaesium contamination of the tree component is in fact the result of different inﬂuential processes like internal translocation, root uptake and immobilization (Thiry et al., 2002). In the case of perennial vegetation, the use of soil-to-plant transfer coefﬁcients has limited relevance since it does not integrate the effect of the various processes controlling the continuous recycling of elements (Goor and Thiry, 2004). This can affect the usefulness of Tag for holistic spatial and temporal ranking of forest systems in terms of risk of radionuclide transfer. A more realistic use of Tag values for trees will therefore be made for forests where radionuclide ﬂuxes have stabilized and, in these cases, the Tag concept remains a satisfactory and opportune tool for simple screening models. 3.2. Long-term effect of ecological factors on aggregated transfer factors (Tag) In the long term, the soil is the major radionuclide reservoir in forest ecosystems and root uptake governs further accumulation in standing biomass at a rate which depends on a combination of several abiotic and biotic factors including soil type, moisture regime, stand composition, stand age and tree species. A tentative hierarchy of inﬂuencing environmental factors was proposed by Shcheglov et al. (2001) for contaminated forest sites in CIS. The ranking of their respective signiﬁcance on the potential



Table 1 Ranking of major environmental factors which control the extent of tree contamination by radiocaesium in forest ecosystem. A variability index illustrates the possible magnitude of observed differences in tree contamination between sites due to the speciﬁc factor considered and an example of hierarchization is given as proposed by Shcheglov et al. (2001). Inﬂuencing factors Variability Soil type Moisture regime Stand composition Stand age Tree species



Examples of hierarchization for CIS



100 (10–200) Peat-gley > peat-podzolic > soddypodzolic > podzolized chernozems 10 (3–70) Central depression > terrace basement > terrace slope > slope upper part > watershed top 4 (5–10) Monospeciﬁc coniferous stand > mixed coniferous-deciduous forest 4 (3–8) 0–30 > 30–60 > 60–90 > þ 90 2 (2–3) Aspen > oak > birch > pine > lime > spruce



Author's personal copy



P. Calmon et al. / Journal of Environmental Radioactivity 100 (2009) 757–766



759



Table 2 Effect of moisture conditions and related ecological conditions (automorphic, semi-hydromorphic, hydromorphic) in Belarus on variations in radiocaesium Tag values (in m2 kg1 dw) for different forest tree species and organs (reproduced from Ipatyev et al., 1999). Tree species



Pine Birch Aspen Alder Oak



Moisture conditions



Automorphic Semi-hydromorphic Automorphic Semi-hydromorphic Automorphic Semi-hydromorphic Not speciﬁed Not speciﬁed



Assimilative organs One-year-old needles (leaves)



Two-year-old needles



9.8  103 3.8  102 1.6  103 3.6  102 – 7.5  103 7.7  103 8.4  103



4.1  103 1.4  102 – – – – – –



radiocaesium accumulation in trees is illustrated by a mean variability index as shown in Table 1. Since certain combinations of inﬂuential properties of forest systems (soil and humus type, soil proﬁle development, vegetation association, moisture regime) are inherent to a limited number of forest eco-types, a preliminary basic ecological classiﬁcation of forest ecosystems can also contribute to the minimization of the variability of Tag coefﬁcients for trees in those particular forest systems. Examples of mean values given by Ipatyev et al. (1999) and Shcheglov et al. (2001) for trees growing in distinctive ecological conditions in CIS are shown in Tables 2 and 3, respectively, while additional information on the relationship between contaminations of different organs can be extracted from the same tables.



3.3. Generic values of radiocaesium and radiostrontium transfer to foliage and stemwood of forest trees It is relevant to deﬁne those components and tissues that can be considered most representative of radionuclide accumulation in a tree. For radiocaesium, the best indicative and highest contaminated organs are usually the most physiologically active ones such as twigs and leaves or 1-year-old needles, as these show the best correlation with radiocaesium concentrations in the other components. Stemwood, which is the largest pool of aboveground tree biomass, was identiﬁed in many situations as the main long-term reservoir for radiocaesium in forest vegetation despite the relatively low concentration of radiocaesium in woody components. Table 4 illustrates the differences of radiocaesium accumulation between major tree compartments based on mean Tag values as estimated from different forest sites in Western Europe contaminated following the Chernobyl accident (Belli, 2000). That information was combined with additional and most relevant data available in the literature for different ecological conditions and various ages and species of trees. From the statistical treatment of that extended data collection, Table 5



One-year-old shoots



Stem bark



Wood



1.1  102 3.2  102 2.2  103 3.2  102 – 7.8  103 7.2  103 8.8  103



7.8  103 – 6.5  103 – – 1.0  102 1.2  102 1.6  102



3.2  104 1.2  103 3.5  104 1.4  103 4.8  104 1.7  103 1.4  103 2.3  103



presents a list of generic Tag values for 137Cs in foliage and wood with a distinction between coniferous and deciduous trees while Table 6 similarly presents Tag values across some contaminated regions for 90Sr.



4. Transfer to mushrooms and berries 4.1. Mushrooms The increased interest in forest ecosystems following the Chernobyl accident has been associated with a greater emphasis on the radiological impact of naturally occurring foods that are collected in such ecosystems. In particular, it has been recognized that, in many countries, mushrooms are collected in relatively large quantities and can accumulate radionuclides to a signiﬁcant degree. As in the case of forest trees, the following discussion relates primarily to radioisotopes of Cs, as these have been subject to the most intense study following the Chernobyl accident. The caesium transfer factor to mushrooms is widely variable (3–4 orders of magnitude). This variability arises for several reasons:  The species plays a role of prime importance. Some mushroom species show particularly high transfers of caesium like Laccaria amethystea, Laccaria laccata, Laccaria proxima, Lactarius necator or turpis, Rozites caperatus, Xerocomus badius and Xerocomus chrysenteron.  The mycelium depth plays a crucial role in the contamination chronology. Mushroom species with surface mycelia can be contaminated immediately after deposition, whereas mushroom species with deeper mycelia will be contaminated later. For example, Boletus edulis which is a symbiotic mushroom with deep mycelia was found to be at its maximum of contamination several years after the Chernobyl accident (Fraiture et al., 1990).



Table 3 Variations in radiocaesium Tag values (Tag in m2 kg1 dw) for different organs of pine and birch between two forest eco-types (automorphic, hydromorphic) of Russia mainly characterized by an opposite water regime (reproduced from Shcheglov et al. (2001)). Ecotype



Tree organs Wood



Pine Automorphic Hydromorphic Birch Automorphic Hydromorphic



Foliage Current/older Bark



Branches



Inner



Outer



Large



Small



7.0  105 4.0  103



5.6  104 4.4  102



1.1  103 1.1  102



2.6  104 8.0  103



4.0  104 1.8  102



1.1  103/1.7  104 4.9  102/1.5  102



1.1  104 7.4  103



3.8  104 2.3  102



6.0  103 8.5  103



9.5  104 1.0  102



1.5  103 3.4  102



1.7  103 6.7  102
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Table 4 Tag values (m2 kg1 dw) measured for different major components of trees of the SEMINAT network of forest sites in Western Europe (Belli, 2000).



(9.2  3.0)  102 m2 kg1 respectively.



n¼9



Foliage



Twigs



Branch wood



Bark



Trunk wood



5. Transfer to game



GM Minimum Maximum



5.6  103 1.3  103 1.9  102



6.2  103 2.8  103 2.0  102



1.4  103 2.8  104 6.4  103



4.6  103 2.1  103 1.3  102



1.4  103 2.8  104 4.8  103



to



bilberry



and



wild



strawberry,



5.1. Introduction The radionuclide concentration in meat depends strongly on the feeding habits of the animal concerned. Variability in game contamination can have three main origins:



 The nutritional type of mushroom species can affect the degree of caesium transfer, as follows. Saprophytic mushrooms develop on decomposing materials above or within the surface layers of a soil, so this kind of mushroom will be ﬁrst contaminated following deposition. Transfer factors will subsequently decrease as the deposit migrates deeper into the soil. Symbiotic or Mycorrhizal mushrooms live in a mutually beneﬁcial association with trees. Due to their extended mycelium, mushrooms bring minerals to the trees and trees provide mushrooms with carbohydrates originating from photosynthesis in the tree canopy. Parasitic mushrooms develop at the expense of the trees and other forest plants. Very few are edible and their radionuclide concentration is dependent on the degree of host tree/plant contamination, and they tend to be characterized by low transfer factors. Most of the edible mushrooms are symbiotic or mycorrhizal and can be the most contaminated in the medium- and longterm after deposition.



 Heterogeneous deposition causes variability in feedstuff contamination.  Dietary composition and feeding behaviour differs between game species.  The diet and/or feeding behaviour varies seasonally within individual species of game (e.g. roe deer, wild boar, reindeer and moose). This variability is emphasized for caesium because of the great variability in its transfers to plants and mushrooms. With radionuclides other than caesium, such large variations have not been reported and much fewer data are available. Values of soil-game aggregated transfer factors Tag (m2 kg fw) for 137Cs, and in a few examples for 90Sr, are given in Tables 11–14. Values of ecological half-lives (Teco) of 137Cs in game are compiled in IAEA (in press-a) and are in the range of 1–20 years. For wild boar speciﬁcally, an increase of contamination with time is observed. For assessment of collective ingestion doses received by people through consumption of game meat and other tissues, concentrations of radionuclides in edible parts of animals are needed. Regionally, the amounts of consumed game meat can be derived from the annual game bag, i.e. ofﬁcial hunting statistics, and estimated edible fractions of live or carcass weights, (IAEA, in press-a,b). Annual game bag is related to the density of animal populations; which tend to have annual ﬂuctuations and remarkable regional variation. Part of the annual variation is due to the licensing of game hunting, where the objectives of game management are considered. Annual hunting statistics rather than population densities, not published annually, are applicable for assessments of human intake of game meat. Individual or per capita doses can also be based on a regional consumption survey.



As for other forest compartments, the aggregated transfer factor concept is usually used for characterization of artiﬁcial radionuclide transfer to mushrooms. The majority of available information relates to 137Cs (Table 7), although to a lesser extent, such data are also available for some other long-lived radionuclides (Tables 8 and 9). In these tables, it is assumed that the average dry matter content of mushrooms is 10%. 4.2. Berries Berries are also an important natural food product being collected in forests. Uptake of radiocaesium by forest berries is high in comparison with foodstuffs grown in agricultural systems. Aggregated transfer factors (dry weight) of around 0.01–0.1 m2 kg1 were typically observed for various species of forest berries (Smith and Beresford, 2005). Tag values for radiocaesium in different berry species have been reviewed (Beresford et al., 2001; Howard et al., 1999). A summary of Tag values collated during the course of this review is presented by individual species in Table 10. Data on 90Sr transfer to berries in areas affected by the Chernobyl accident are much scarcer than those for 137Cs. The only available information was given by Ipatyev (Ipatyev et al., 1999) for 1992– 1993, 1999 who reported Tag values of (7.1  4.1)  103 m2 kg1 and



5.2. Feeding habits and values of Tag of game animals and reindeer Most game animals are herbivores and consume understorey vegetation, particularly new growth of dwarf shrubs and annual plants in summer and early autumn. Terrestrial birds also eat new annual growth in trees. In arctic or sub-arctic regions the winter feed of big mammals consists of bushes and understorey trees, or dwarf shrubs and roots, for smaller size mammals. Soil types and



Table 5 Tag values (m2 kg1 dw) for radiocaesium in foliage and wood of different forest tree species growing in various ecological situations and measured in apparent steady state conditions.a Tree type



Compartment



N



GM



GSD



AM



SD



Min



Max



Coniferous



Wood Current needles Old needles Wood Leaves Wood



31 12 12 12 9 43



1.5  103 1.8  102 5.0  103 3.5  104 4.6  103 1.0  103



3.1 3.0 3.1 7.2 4.1 4.6



2.6  103 2.7  102 7.3  103 1.1  103 8.4  103 2.2  103



3.7  103 2.2  102 5.4  103 1.4  103 8.9  103 3.3  103



1.1  104 1.1  103 2.4  104 1.0  105 2.1  104 1.0  105



2.1  102 6.5  102 1.8  102 3.8  103 3.0  102 2.1  102



Deciduous All trees



a From Ipatyev et al. (1999); Belli (2000); Fesenko et al. (2001a); Fogh and Andersson (2001); Gommers et al. (2000); Goor and Thiry (2004); Hus et al. (2001); Kaunisto et al. (2002); McGee et al. (2000); Melin et al. (1994); Sennerby-Forsse et al. (1993); Strandberg (1994); Strebl et al. (1999); Von Fircks et al. (2002); Plamboeck et al. (2000); Shcheglov (1997).
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Table 6 Tag values (m2 kg1 dw) for radiostrontium in foliage and wood of different forest tree species growing in various ecological conditions measured following the Chernobyl (1991–1992) and Kyshtym (1966–1972) accidents.a Tree type



Compartment



N



GM



GSD



AM



SD



Min



Max



Coniferous



Wood Current needles Old needles Wood Leaves Wood



6 5 5 10 10 16



1.9  103 5.3  103 6.4  103 1.8  103 1.0  102 1.8  103



3.0 3.1 2.9 2.3 3.2 2.4



3.2  103 8.4  103 1.0  102 2.3  103 6.8  103 2.7  103



3.7  103 8.4  103 1.2  102 1.7  103 2.4  102 2.6  103



5.7  104 1.5  103 2.6  104 4.7  104 1.8  103 4.7  104



1.0  102 2.1  102 3.0  102 6.2  103 7.8  103 1.0  102



Deciduous All trees a



From Shcheglov (1997); Alexakhin et al. (2004).



Table 7 Aggregated transfer factors to edible mushrooms for Mushroom species



Agaricus arvensis Agaricus campestris Agaricus silvatica Agrocybe aegerita Amanita rubescens Armillaria mellea Boletus aestivalis Boletus appendiculatus Boletus edulis Cantharellus cibarius Cantharellus lutescens Cantharellus pallens Cantharellus tubaeformis Clitocybe gibba (or infundibuliformis) Coprinus comatus Cortinarius sp. Cortinarius praestans Craterellus cornucopioides Hydnum repandum Hygrophorus sp. Kuehneromyces mutabilis Laccaria amethystea Laccaria laccata Laccaria proxima Lactarius sp. Lactarius deliciosus Lactarius deterrimus Lactarius lignyotus Lactarius necator or turpis Lactarius porninsis Lactarius torminosus Leccinum sp. Leccinum aurantiacum Leccinum rotundifoliae Leccinum scabrum Leccinum versipelle Leucoagaricus leucothites or Lepiota naucina Macrolepiota procera Macrolepiota rhacodes Lepista nuda Lepista saeva Lycoperdon perlatum Oudemansiella sp. Rozites caperatus Russula sp. Russula erythropoda Sarcodon imbricatum Suillus elegans or grevillei Suillus luteus Suillus variegatus Xerocomus badius Xerocomus chrysenteron Xerocomus subtomentosus



137



Cs, according to different references, m2 kg1 dry weight. Life mode of mushrooms



Humus saprophytic Humus saprophytic Humus saprophytic Saprophytic Symbiotic Parasitic/Xylophyte saprophytic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Litter saprophytic Saprophytic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Saprophytic Symbiotic/Humus saprophytic Symbiotic/Humus saprophytic Symbiotic/Humus saprophytic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Humus saprophytic Humus saprophytic Humus saprophytic Litter saprophytic Litter saprophytic Humus saprophytic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic Symbiotic



Caesium transfer coefﬁcient (m2 kg1 dry weight) GM



Range



Number of referencesa



0.005 0.006 0.004 0.1 0.2 0.04 – 0.02 0.09 0.2 0.5 0.2 0.9 0.6 0.005 6 0.02 0.03 0.4 2 0.3 4.9 7 – 3.9 0.2 – 0.9 1.5 6.0 – 0.4 0.02 0.3 0.3 0.09 0.1 0.008 0.003 0.01 0.01 – 0.1 2.3 0.6 – 0.03 0.4 – 0.9 1.3 1.4 0.4



6  104–0.01 5  104–8  103 – – 0.03–4 1  104–1  101 0.09–0.1 – 4  103–1.4 0.015–0.7 – – 0.6–1.5 – 4  104–0.015 – – – – – – 2.1–8.1 5.2–8 2–4 0.5–9 8  104–0.5 0.1–0.4 – 0.7–3 – 0.4–0.8 0.005–0.7 – – (8  104–1.1) 0.07–0.12 – 7  105–4  102 3  104–1  102 2.5  104–0.1 – 0.003–0.07 – 0.4–8 0.03–4.2 2–3 – 0.07–0.9 0.8–1.4 0.5–3 2  103–7 0.3–5 0.2–1.8



2 2 1 1 4 4 2 1 10 9 1 1 3 1 1 1 1 1 1 1 1 4 2 1 2 2 2 1 3 1 2 2 1 1 8 3 1 3 1 3 1 2 1 7 5 1 1 3 2 3 12 7 3



a From Randa et al. (1990); Barnett et al. (1999); Battiston et al. (1989); Ro¨mmelt et al. (1990); Amundsen et al. (1996); Lambinon et al. (1988); Block and Pimpl (1990); Svadlenkova et al. (1996); Kenigsberg et al. (1995); Horyna and Randa (1988); Rantavaara (1990); Mascanzoni (1990); IAEA (1994); Fesenko et al. (2001b); Bakken and Olsen (1990); Byrne (1988); Hove et al. (1990); Pietrzak-Flis et al. (1996) ; Henrich et al. (1990).
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Table 8 Aggregated transfer factors to edible mushrooms for 90Sr, m2 kg1 dry weight, from Aslanoglou et al. (1996). Mushroom species



Boletus edulis Boletus appendiculatus Cantharellus cibarius



Life mode of mushrooms



Symbiotic Symbiotic Symbiotic



Table 10 Aggregated transfer coefﬁcient for caesium to berries, m2 kg1 dry weight (Howard et al., 1999).



90



Berries



Mean value



Min



Max



Mean



Bilberry (Vaccinium myrtillus) Cowberry (Vaccinium vitis-idaea) Cranberry (Vaccinium oxycoccus) Cloud berry (Rubus chamaemorus) Raspberry (Rubus idaeus) Blackberry (Rubus fruticosus) Wild strawberry (Fragaria vesca)



0.05 0.03 0.12 0.1 0.03 0.02 0.004



0.002 0.005 0.003 0.008 0.005 0.005 0.002



0.3 0.1 0.2 0.15 0.1 0.07 0.007



Sr transfer coefﬁcient



6  103 5  103 6  103



soil fertility are essential to the values of Tag for pasture vegetation and thereby for game. Large game animals, particularly species of the deer family (Cervidae), supplement their diet in autumn with mushrooms and mineral-rich wetland plants that may temporarily increase their radionuclide body burden (Tables 11–13). Easy access to cereal ﬁelds in late summer may temporarily reduce individual values for Tag; examples are white-tailed deer, moose and, from the birds, pheasant and partridge. Aquatic birds can be divided into birds from freshwater or marine ecosystems. Uptake of radiocaesium in the vicinity of lakes is higher than in marine regions; mostly values for lake ecosystems are compiled (Table 14). Temporal and site speciﬁc uptake of 137Cs in roe deer (Capreolus capreolus) has been thoroughly investigated. Roe deer eat a wide variety of herbs, grasses and also fungi when available. Food consumption by roe deer is not uniform over the year, but lowest in winter, increasing in spring and becoming maximum in autumn, coinciding with the maximum of the 137Cs activity burden which seems to be due to mushroom and fern consumption. Tag values for roe deer meat are presented in Table 11 for different time intervals after acute contamination. Soil properties are of signiﬁcant inﬂuence (e.g. organic matter fraction in peat or spruce forest), and with increasing length of the time interval of observation Teco values are larger (IAEA, in press-a). This is an indication that different processes (e.g. increasing ﬁxation and equilibration) determine the availability of 137Cs for roe deer as compared to those processes acting soon after the start of the contamination (e.g. ﬁxation, migration into the rooting zone). Red deer (Cervus elaphus) in central Europe are mostly managed game and live in deciduous or mixed forests. Few data exist concerning the time-dependence of the aggregated transfer factor Tag with respect to 137Cs in red deer (Table 11). Ecological half-lives of 137Cs in red deer are similar to those of the other deer and chamois. Domesticated reindeer (Rangifer tarandus) eat wild foodstuffs, particularly lichen in winter and green vascular plants and possibly fungi in summer and autumn. Because of the migratory behaviour of reindeer it is, in principle, difﬁcult to derive an aggregated transfer parameter for reindeer meat, although in regions of relatively homogeneous ground contamination by radionuclides it is possible. The radiocaesium concentration in reindeer meat during summer and early autumn can be less than 10 or 20% of the winter concentration. More than in earlier



decades the varying condition of the lichen carpet is a source of variation in Tag for reindeer in the pasture areas in Northernmost Europe (Forbes, 2006) (Table 13). Caribou (Rangifer tarandus) is the same species as reindeer, with seven subspecies. Caribou lives wild in the arctic tundra, mountain tundra, and northern forests of North America, Russia, and Scandinavia. The best ﬁt for a long-term rate of uptake normalized to the deposition of 137Cs was 0.68 m2 a1 kg1 wet weight (MacDonald et al., 2007). The parameter was derived from the monitoring data of North American caribou in the period from the mid-1960s to the late 1980s, and it thus represents varying annual deposition of 137 Cs. Moose (Alces alces) is the largest of the deer animals. It is found in boreal and mixed deciduous forests of the Northern Hemisphere in temperate to sub-arctic climates. Moose has seven subtypes: one of them is the European elk, or moose (Alces alces alces) while four types of moose live in North America and two in northeast Asia. In cold climatic regions, changes in both metabolism and composition of feed are adaptations to snowy winters. Altogether, the radiocaesium activity concentration in moose varies slightly throughout the year and may be highest in autumn (Table 12). Wild boar (Sus scrofa) is characterized by a large feeding area and can cover a distance of about 20 km a day to feed. Wild boars are omnivorous and change diet with the seasons. Nearly totally herbivorous in spring and summer, it behaves mainly as a burrower when grass is rare in winter and feeds on roots, tubers, larvae and earthworms for which the transfers for caesium are higher than for green plants. Hence, increased levels of contamination (in the order of 50%) are usually observed from October to March (Table 11). Brown bear (Ursus arctos) stocks have decreased with time and this species has disappeared from many European countries, although considerable stocks are still found in the coniferous forest zone of the Northern hemisphere, the largest of them in Russia (36,000), Alaska and Canada. Being omnivores, brown bear feed on a variety of plants and berries including roots or sprouts and fungi, as well as insects and small (or big) mammals; what is eaten depends largely on the time of year and the precise location. Activity concentrations of 137Cs in muscles of



Table 9 Aggregated transfer factors to edible mushrooms for Pu, m2 kg1 dry weight, from Mietelski et al. (2002). Mushroom species



Armillaria mellea Boletus edulis Cantharellus cibarius Macrolepiota procera Suillus luteus Xerocomus badius



Life mode of mushrooms



Parasitic /Xylophyte saprophytic Symbiotic Symbiotic Humus saprophytic Symbiotic Symbiotic



239þ240



Pu transfer coefﬁcient



Mean



Range



Number of samples



9  105 3  104 2  102 4  104 9  104 1  103



– 1.4  104–4.5  104 – 3.2  104–5.7  104 – 8  105–0.038



1 4 1 2 1 6



Author's personal copy



P. Calmon et al. / Journal of Environmental Radioactivity 100 (2009) 757–766 Table 11 Aggregated transfer factor Tag (m2 kg1 fw) for standard deviation.



137



Cs from soil to meat of roe deer, red deer, wild boar and brown bear. GM and GSD are a geometric mean and a geometric



Medium



Site



Roe deer muscle Capreolus capreolus, 137Cs



General Harbo/Sweden, coniferous forest Ochsenhausen/Germany, spruce



Bodenmais, Germany, spruce Sumava, Czech Rep. Spruce Temelin, Czech Rep. Spruce/agric. Weinsberger Forest/Austria, spruce Kobernhauser Forest/Austria, spruce



Wild boar, Sus scrofa, 137Cs



General Bodenmais, (D), spruce Austria Czech Rep. Bodenmais (D), spruce Go¨ttingen (D), Beech Sumava, Temelin (Czech R.), spruce Weinsberger forest (A), spruce



Northern Finland



Table 12 Aggregated transfer factor Tag (m2 kg1 fw) for



137



Period (months)



N



GM



3 8 3



1–6



35 36 57



0.05 0.026 0.023 0.0168



53 20 25 1–12



44 12 13 8



5 2 0–5 13/14 13/14 0/5 2 17 2 14



Kobernausser forest (A), spruce



Brown bear (Ursus arctos)



Years after deposition



9 3 18 3/4 0/5 0/5 3 17 3 14



Pfrunger Ried, Germany, peat bog



Red deer muscle, Cervus elaphus, 137Cs



4 12 13 1 6 9



w20–21



0.0048 0.023 0.023 0.027 0.027 0.038 0.027 0.008 0.044 0.016 0.03 0.01 0.028 0.05 0.212 0.0005 0.0098 0.008 0.042 0.067 0.031 0.04 0.07



Year/months of sampling Number of samples Mean, standard deviation or range



Northern Sweden Central Sweden, Harbo Finland, seven sites Finland, nationwide sampling



May1986 to Apr. 1987 1986–1991 1979 1986–1996: Adults 1986–1996: Calves –



a b c d e



137



Site



Konka¨ma¨, Lainiovuoma SE ¨ stra Kikkejaure SE Stakke, O Vilhelmina norra SE Jiingevaerie SE Ta¨nna¨s, Idre SE Paistunturi, FIN Ivalo, FIN Kemin Sompio, FIN Finnish Lapland, three sites Alta NO Varanger NO Karlsøy NO Northern Norway Lovozero, Murmansk Oblast, RU; Kola region, RU



a



Tag for



90



Sr: 3.6  104.



Deposition 1.05.1986 (kBq/m2) 35–40



1.8



39



2.0 3.5 1.8



22



2.7 2.1 2.2 1.6



Ref.



IAEA, 1994 Avila et al., 1999 Drissner et al., 1996; Klemt and Zibold, 2005



98 10.5 3.5 52.2



Fielitz, 1992 Svadlenkova et al., 1996 Strebl and Tataruch, 2007



48.5



98



IAEA, 1994 Fielitz, 2001 Strebl and Tataruch, 2007 Svadlenkova et al., 1996 Fielitz, 2001



52.2



Svadlenkova et al., 1996 Strebl and Tataruch, 2007



98



4.6 1.9 2.8



48.5



2.2 1.8
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