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Introduction

Field data represent a highly valuable source of realistic knowledge, which is the necessary complement to results acquired within laboratory experiments that express only part of the complexity of the ecological reality.

However, the strong asset constituted by their realism is also their weakness, as it makes field data difficult to interpret robustly due to the number of potentially interacting and uncontrolled variables. This is especially true with regard to data on the effects of wildlife exposed to ionising radiation (Beaugelin-Seiller et al, in press).

Exposure to radionuclides is characterised using two different concepts linked by the principles of nuclear physics. Exposure is generally estimated from the activity concentration of radionuclides, at best, in both media and organisms. Activity concentration is a measurable quantity, whereas the total dose (rate) can only be estimated. The total dose (rate) is the sum of the external and internal contributions. External dose (rate) can be estimated by direct measurements, subject to ensuring the representativeness of the approach used. Measurable quantities such as gamma air kerma rate or ambient dose rate may provide for some cases (mainly gamma emitters) a reasonable starting point for the derivation of the external dose of an organism. Internal dose (rate) estimates can be calculated in different ways depending upon data availability.

The goals of any dose assessment for wildlife should condition its level of realism. According to a recent review on the state of the art of dosimetry for radiation protection of the environment [START_REF] Stark | Dose assessment in environmental radiological protection: State of the art and perspectives[END_REF], two main categories of dose assessment have been identified. Prospective dose assessment for environmental risk management aims mainly to ensure the protection of wild populations. This generally involves a screening dose assessment, which results in a conservative dose to compare with reference values (or screening benchmarks). Dose assessment for existing exposure situations can also be satisfied by a screening approach, as long as the dose estimates are below the reference values. Alternatively, a more realistic assessment may be necessary. This is always the case when considering radiations effects studies in order to prove causality in dose-effect investigations which requires estimation of dose rates with the highest degree of confidence (e.g. [START_REF] Lecomte-Pradines | Soil nematode assemblages as bioindicators of radiation impact in the Chernobyl Exclusion Zone[END_REF][START_REF] Garnier-Laplace | Radiological dose reconstruction for birds reconciles outcomes of Fukushima with knowledge of dose-effects relationships[END_REF][START_REF] Bonzom | Effects of radionuclide contamination on leaf litter decomposition in the Chernobyl exclusion zone[END_REF]. Identifying a lack of guidance and standardisation in the assessment of the dose and the reporting of the associated values, [START_REF] Stark | Dose assessment in environmental radiological protection: State of the art and perspectives[END_REF] recommended developing internationally-agreed best-practices. Many studies, unfortunately, relate reported radiation effects to ambient (gamma) dose rate measurements using hand-held monitors (e.g. [START_REF] Møller | Assessing effects of radiation on abundance of mammals and predatorprey interactions in Chernobyl using tracks in the snow[END_REF][START_REF] Lehmann | Fitness costs of increased cataract frequency and cumulative radiation dose in natural mammalian populations from Chernobyl[END_REF]. This gives only a partial and biased view of the actual exposure situation underestimating the actual dose rate received by exposed organisms, and it was recently demonstrated that this underestimation may reach up to one order of magnitude for some organisms (Beresford et al, in-press).

Realising the full potential of valuable field studies requires improvement in harmonisation of practices. This paper aims to initiate this process, through a review of some essential principles to reconstruct dose for wildlife.

They are illustrated by examples from existing studies; note that the aim in this paper is to illustrate various issues and not necessarily present actual dose assessments.

Methodology to reconstruct radiological doses to wildlife exposed in the field

The process of dose reconstruction is well established and applied in human radioprotection (e.g. [START_REF] Degteva | General approach to dose reconstruction in the population exposed as a result of the release of radioactive wastes into the Techa river[END_REF][START_REF] Rogers | Historical Dose Reconstruction Project: Estimating the Population at Risk[END_REF][START_REF] Kruk | A radioecological model for thyroid dose reconstruction of the Belarus population following the Chernobyl accident[END_REF][START_REF] Stovall | Dose Reconstruction for Therapeutic and Diagnostic Radiation Exposures: Use in Epidemiological Studies[END_REF][START_REF] Morita | Spatiotemporal Characteristics of Internal Radiation Exposure In Evacuees and First Responders after the Radiological Accident in Fukushima[END_REF]. Used for at least three decades, it consists of estimating radiation dose received by individuals or populations as a result of particular exposure situations. The underlying principle is the characterisation of the radiation environment to which individuals or groups have been exposed. When radiation exposure cannot be fully characterised (because data are lacking), reasonable scientific assumptions are used as substitutes. The same process is, in effect, used for dose estimation for both existing and planned exposures.

For wildlife exposure, a similar approach is appropriate. Such methodology is already used in the framework of Environmental Radiological Risk Assessment (e.g. [START_REF] Copplestone | Impact Assessment of Ionising Radiation on Wildlife[END_REF]US-DOE, 2002;[START_REF] Brown | The ERICA Tool[END_REF] with a 'problem formulation' stage (i.e. the definition of the assessment context) identifying required input data.

In this paper we consider what is required for a realistic dose reconstruction for wildlife as is required to interpret field effects studies; more simplistic screening level dose assessments are not considered.

The additivity assumption

Effects of exposure to radiation for biological targets result from the energy absorbed in the exposed organisms.

It is assumed that internal and external exposures are additive as are exposures from multiple radionuclides.

Consequently, for dose reconstruction there is a requirement for data for different exposure pathways (e.g. activity concentrations in sediments and water for external exposure of an aquatic organism in a river) for all radionuclides present.

Ecological assumptions

The dose absorbed in an organism depends on its location with regard to exposure sources. For a given type of organism (e.g. a bird), the spatial characteristics of its exposure scenario are the result of ecological traits such as the life stage under consideration and the corresponding use of available habitats (and of course of their varying contamination level).

A simplified theoretical dose assessment was conducted for different generic types of bird, each with distinct ecological traits (Figure 1). 'Aquatic birds' were represented by a theoretical species living half of the time in air above water and splitting equally the rest of its time between the water surface (i.e. 25% of the total time) and the water column. Its nest (and hence eggs and nestlings) is assumed to be located on the soil. The 'aerial bird' was characterised by all life-stages living in air (e.g. simulating eggs and chicks in a nest in a tree), assuming the exposure from soil to be negligible. Conversely, a 'terrestrial bird' was defined as living exclusively on soil whatever the life-stage (eggs, nestlings and adults). Whatever the bird type, it was supposed that eggs and nestlings have the same size (see supporting information, Table SI.1) with nestlings and adults having the same internal exposure.

An activity concentration of 1 Bq.kg -1 (or Bq.L -1 ) of 137 Cs (including its decay product 137m Ba) in any compartment of the environment was assumed in order to calculate the total dose rate absorbed by each of the three birds (Figure 1). The assumed concentrations were used to determine activity concentrations in birds (adults and nestlings) by applying generic Cs concentration ratios 1 for aquatic (4.4x10 2 Bq/kg of whole organism per Bq/L of water) and terrestrial (2.2x10 -1 Bq/kg of whole organism per Bq/kg of soil) birds (ICRP 2009). Maternal transfer to eggs is circa one order of magnitude lower than the transfer from the environment to other life-stages (Beresford et al 2008a;[START_REF] Sheppard | Verification of radionuclide transfer factors to domestic-animal food products, using indigenous elements and with emphasis on iodine[END_REF][START_REF] Brown | Modelling transfer to animals accounting for trans-generational factors[END_REF]; in this assessment maternal transfer was not considered.

The next step consists of calculating internal and external dose rates by applying dose coefficients to activity concentrations in organisms and relevant media (see compositions Table SI.2). Dose Coefficients (DC) (µGy/h per Bq/kg, Table SI.3) were calculated with the EDEN software [START_REF] Beaugelin-Seiller | Modelling the radiological dose in non-human species: principles, computerization and application[END_REF]) version 3 (Beaugelin-Seiller, 2014[START_REF] Beaugelin-Seiller | Effects of the soil water content on the external exposure of fauna to radioactive isotopes[END_REF]. As 137 Cs and its daughter are respectively β and γ emitters, no weighting related to differences in the Relative Biological Effectiveness (RBE) of the different types of radiation was applied, in agreement with common practice (e.g. [START_REF] Brown | The ERICA Tool[END_REF].

For the bird types under consideration, nestlings and adults have shapes and sizes which are similar such that size does not impact significantly on internal dose coefficients and consequently estimated dose rates (Figure 1).

The large difference between bird types is the consequence of the much higher CR value used for aquatic species, for which the internal contribution represented nearly 100% of the total dose rate (Figure 1, upper graph). For comparison, a similar assessment was done for the ICRP Duck geometry (1.26 kg for an oblate ellipsoid, ICRP 2008) with the same results (i.e. dominance of the internal pathway). If the Duck geometry is considered as a terrestrial bird, the internal contribution decreased to about 30% of the total dose rate. This is consistent with the results from our assessment where the internal contribution represented 45 to 85% of the total dose rate for the nestlings of the aerial and terrestrial birds respectively. This value was 55% for the aerial bird and 75% for the terrestrial. Effects of the ICRP Duck and bird geometries observed in this study may be explained by their respective size and shape, the bird geometry assumed for our assessment having a smaller surface for their external exposure. The effect of life-stages was then further investigated by focusing on external exposure (Figure 1, lower graph). In the case of the aerial bird, the least externally exposed life stage is the adult, though the difference is only by a factor 1.3. For the other bird types, the external dose rate is higher for adults than for eggs and nestlings, by a factor of about two for the terrestrial bird and by up to one order of magnitude for the aquatic bird (Figure 1, lower graph). Comparing all birds, the estimate of the total dose rate experienced by eggs exposed since laying (.i.e. external exposure only) may be up to three orders of magnitude lower that those assessed for adults (combining internal and external exposure).

Here we have demonstrated that considering the ecology of the exposed organisms can make a significant difference in terms of levels of exposure, by up to several orders of magnitude. It should be acknowledged that results of such an assessment are dependent on the scenario under consideration: life-stage variances would differ for other organisms (e.g., considering egg, tadpole and adult of amphibians (see Tagami et al. (2018) for a consideration of life-stage effect on amphibian doses) or other radionuclides.

Radiation type

The consideration above focused on life stage and life style considering 137 Cs at equilibrium with its daughter radionuclide 137m Ba, that is to say a mix of β and γ radiation assumed to have the same radiation weighting factor. Here we consider the situation when other kinds of radiation are present. The contribution of the external and internal exposure was comparatively assessed for two of the ICRP Reference Animals, the Rat and the Earthworm (ICRP 2008), similarly exposed in soil to radionuclides characteristic of each kind of radiation (IRSN, 2014). One to two radionuclides were selected as representative of each kind of radiation, without consideration of any daughter product to focus on the main emission type of interest: 241 Am and 238 Pu for α emitters, 137 Cs and 90 Sr for β emitters and 60 Co for γ emitters. The exercise does not realistically assess the dose rate experienced by the animals, but it clearly illustrates the potential effect of the radiation type under the same exposure conditions.

The multiplication of an assumed unit activity concentration of 1 Bq/kg of each radioisotope in soil by the corresponding concentration ratio for each organism (ICRP 2009) gave an estimation of activity concentrations in the animals. DCs were calculated with EDEN v.3 without weighting for RBE, the Rat and the Earthworm being assumed to be located in the middle of a 50 cm thick layer of soil, without consideration of any shielding effect from fur or skin. Total absorbed dose rates and contribution of internal and external exposure were assessed for each organism and each radioisotope independently (Figure 2). For exposure to alpha emitters, two opposing trends were observed (Figure 2). The total dose rate due to the exposure to 238 Pu results predominantly from internal exposure for both organisms (90 and 98% of the total dose for the Earthworm and the Rat respectively).

However, for the Rat less than 25% of the total 241 Am dose was due to internal exposure, partly because of γ emissions of this isotope with an associated external DC (due to γ-emissions) approximately two orders of magnitude higher than that for 238 Pu (N.B. if applying weighting factors as used in the ERICA Tool, internal dose would dominate for 241 Am). Internal exposure dominates for both radionuclides for the Earthworm. The smaller and more elongated geometry used for this organism resulted in corresponding DCs for α and β emissions of 241 Am and 238 Pu that were one order of magnitude higher than those for the Rat. Additionally, it has to be pointed out here that Am CR values play major role in determining our results (1.1 for Earthworm vs.

3.6 10 -4 for Rat; note that this difference is by only one-order of magnitude in the revised CR database underpinning assessment tools [START_REF] Brown | A new version of the ERICA tool to facilitate impact assessments of radioactivity on wild plants and animals[END_REF]). Similar results are obtained using the ERICA Tool: internal exposure contributes for more than 99% to the total dose rate, except for 241 Am and Rat (less than 20%). For β radiation, external exposure of the Earthworm explains about 75% of the total dose rate it receives from 90 Sr (Figure 2). Conversely, the Rat exposure results more-or-less exclusively from the internal pathway. Changing the beta-emitting radionuclide ( 137 Cs instead of 90 Sr) does not really change the result for the Rat, the external contribution increasing to only ca. 2% (about 35% for the worm) (Figure 2). Results obtained with the ERICA Tool differ in that exposure to 90 Sr is about 100% internal, due to the skin/fur shielding effect. The total dose rate absorbed by the two organisms due to their exposure to 60 Co, a high energy gamma-emitter, in the scenario under consideration is mostly due to their external exposure (> 95%). The same conclusion resulted from the use of ERICA Tool.

The importance of the internal contribution to the total exposure of organisms in some cases is a strong justification for not using ambient dose rate. Its use may clearly lead to a severe underestimation of the total dose experienced by organisms, which makes no sense when trying to interpret ambient doses in terms of ecological consequences. Therefore a comprehensive inventory of radionuclides and exposure pathways needs to be used to reconstruct a dose. It is only on this basis that field results can be satisfactorily used to increase knowledge of the ecological effects of exposure to ionising radiation.

Comparisons between DC values obtained from several tools is reported elsewhere (Vives i Batlle et al, 2007, 2011) with the conclusion that there was generally good agreement with regard to internal exposure, e.g. generally within a factor of 1.3 between EDEN and the ERICA Tool [START_REF] Brown | The ERICA Tool[END_REF][START_REF] Brown | A new version of the ERICA tool to facilitate impact assessments of radioactivity on wild plants and animals[END_REF]. This small difference likely results from known differences in the nuclear data supporting the calculation which come from different sources. More significant divergence exists in terms of external exposure, especially for β emitters and among them 90 Sr (EDEN DC ca 3 orders of magnitude higher than ERICA DC). Part of the explanation comes as previously from the nuclear data employed and from the use of different media densities. However, the difference is largely due to the ERICA Tool including a shield effect due to the skin/ fur layer; this is not included in EDEN.

Relative contribution of internal and external exposure for realistic source-terms

Ecology and nuclear physic applied to dosimetry can both, therefore, be seen to influence the relative contribution of internal and external exposure pathways, as demonstrated in §. 2.2 and 2.3 above from a theoretical point of view. In reality, the situation is much more complex and exposure to ionising radiation occurs from a mix of radionuclides. An assessment has previously been conducted (IRSN 2016) for the freshwater ERICA Reference Organisms (ROs) [START_REF] Brown | The ERICA Tool[END_REF] and two actual source terms discharged into the aquatic environment. The first case related to a nuclear power plant (NPP) site which included nuclear reactors both in operation and being dismantled plus a surface facility to store dismantling waste ("NPP" scenario). The second case related to a surface storage facility for sludge residues of uranium ore conversion.

Calculations were conducted using Tier 2 of the ERICA Tool version 1.1, as released in November 2012.

Default values were used for all tabulated parameters; including the weighting of DCs with regard to RBE (additional information is provided in Tables SI.4 and SI.5). The assessments were conducted using input activity concentrations as provided by the operators in support of their authorisation processes. For the NPP scenario, activity concentrations in the river were estimated by the operator from the maximal values planned for the release of radioactive liquid effluents from each of the different installations present on the site (Table SI.6). The second scenario is based on the activity concentrations estimated in the receiving aquatic system due to the releases predicted for the facility (Table SI.7).

These calculations are for the illustration of the need to consider internal and external exposure pathways and do not represent realistic dose assessments for the sites. Results of the assessment there are discussed in relative terms rather than with regard to estimated dose rates. For information, the ranges in the total dose rates assessed for the freshwater Reference Organisms (ROs) were from 1.4x10 -5 to 1.9x10 -2 mGy.d -1 (that is to say 5.4x10 -4 to 8.1x10 -1 µGy.h -1 ) for the NPP scenario and from 3.1x10 -5 to 1.7x10 -3 mGy.d -1 (1.3x10 -3 to 6.9x10 -2 µGy.h -1 ) for the sludge storage.

The relative contribution of the external and internal exposure as estimated for both scenarios showed contrasting results (Figure 3, left). The external pathway dominated ROs exposure to liquid effluents produced by the NPP site, except for vertebrates. Conversely, for the storage facility scenario a maximal external contribution of approximately 30% was estimated for any organism. Radioisotope contributions to the internal dose rate received by the ROs were also variable, depending on the source term and the RO. For vertebrates exposed to "NPP" releases, the main contributor was 14 C. This radioisotope was also an important contributor for all the other ROs, with 110m Ag (particularly for some sediment-dwelling organisms) and then 60 Co, 134 Cs and 137 Cs (Figure 3, right). A notable exception was phytoplankton for which the internal dose rate resulted largely from 123m Te. For the storage facility source term, the three main contributors were 234 U, 230 Th and 238 U, in various proportions. As with the "NPP" releases, phytoplankton, and in this case also zooplankton, were somewhat different to the other ROs, with in this case 230 Th dominating internal exposure (Figure 3). Conversely, 230 Th was only the third contributor to internal dose rates for sediment-dwelling organisms. These patterns were at least partly due to differences in CRs, for which values were higher for plankton ROs, especially phytoplankton, than for other ROs. For example, the phytoplankton CR value was 4000 for Th and only about 100 for invertebrates and vertebrates. The estimation of internal dose is based on the 'best estimates' of CR values, however, the CR variation for a given radionuclide-organism combination is huge (IAEA 2014).

This exercise illustrated how a realistic assessment of organism exposure will depend on the nature and quantity of radionuclides present, as well as on the assumed values of CR and the ecological and physiological traits of the organisms themselves and their exposure conditions. It confirmed that an approximation of the total dose rate by the external one (or any proxy that can be considered as representative of this) is relevant only in some cases. For the NPP scenario, this is true for all the ROs living close to the sediment for which exposure sis largely dominated by its external component. Conversely, external contribution is almost negligible for vertebrates and plankton types. External dose is even less significant for the second scenario, due to the numerous α emitters being present in the release. Additionally, this example showed that it is not possible to screen out one or the other radionuclide from the assessment, as the importance of radionuclides varies with the organism. This scenario again demonstrates that all exposure pathways have to be considered, external as well as internal. For the latter, the use of activity concentration measurements in organisms is obviously the best option. The availability of such data is however constrained by different criteria: physical access to organisms, sampling authorisation (ethic criteria, protected species), measurement costs, etc. Where such data are not available then the application of CR values represents the most common approach [START_REF] Beresford | An international comparison of models and approaches for the estimation of the radiological exposure of non-human biota[END_REF]). This highlights the importance of the choice of CR values, though the parameter is highly variable (Beresford et al. 2008c) and for many organisms-radionuclides there are no data (e.g. IAEA 2014). An assumption of CRs is that they represent steady-state equilibrium, however, this is often not the case in the field (e.g. under conditions of spiked releases). Under such conditions the application of dynamic modelling may be appropriate. However, dynamic models require kinetic parameters which are not as numerous CR values (a review of biological halflives has recently been published [START_REF] Beresford | A database of radionuclide biological half-life values for wildlife NERC-Environmental Information Data Centre[END_REF]). Hence a priority is to provide robust and validated extrapolation approaches to derive model parameters [START_REF] Beresford | Making the most of what we have: application of extrapolation approaches in radioecological wildlife transfer models[END_REF]. This is especially needed because accidental releases and planned discharges from increasing practices such as decommissioning tend to include radionuclides which have been much less studied in the past of radioecology.

The key stage of problem formulation

Dose reconstruction for wildlife exposed in the field begins with problem formulation for which the objective of the dose assessment should be clearly established. For any study aiming to establish any kind of dose-effect relationship, it is essential to produce the most realistic estimation of the exposure as possible for the organisms of interest.

Problem formulation can be guided by answering the "W questions". The first of these is 'Which stressor?'. The answer should include the identification and characterisation of any hazard on the site of interest. When stressors other than ionising radiation are present, this should be clearly established and acknowledged as a potential confounding factor. This should logically concern any type of stress, whether of chemical or physical origin. The second question is 'What is potentially exposed?'. An accurate inventory of organisms potentially exposed together with their ecological characteristics (e.g. behaviour, time budget, diet) is required. The next question deals with the spatio-temporal aspect of the assessment, leading to define 'Where and When' the organisms have been or will be, exposed. The last question is 'hoW organisms may be exposed?' characterising the transfer and exposure pathways. One useful representation is an interaction matrix, a systematic approach to build conceptual models which facilitates a logical and complete identification of transfer and exposure pathways (e.g. [START_REF] Biomovs | Development of a Reference Biosphere Methodology for Radioactive Waste Disposal[END_REF][START_REF] Aramrun | Selecting passive dosimetry technologies for measuring the external dose of terrestrial wildlife[END_REF][START_REF] Velasco | Interaction matrices as a first step toward a general model of radionuclide cycling: Application to the 137Cs behavior in a grassland ecosystem[END_REF]. A check of the problem formulation may be conducted using interaction matrix, ensuring that important components of the assessment are not missed.

The 'ideal data set'

In the absence of any technical or financial constraint, what would be the ideal data set to conduct a dose assessment for wildlife exposed in the field? To determine external exposure, activity concentrations of all radionuclides (at least all γ emitters, which generally contribute to the majority of external dose compared to β and α emitters) should be measured in all the relevant abiotic components of the environment during the exposure period across the home range area of each organism. The relevant abiotic components to sample need to be identified taking account of the organism behaviour. Another point to consider is the duration of the exposure vs. the residence time of radionuclides in a given compartment (e.g. exposure to a plume for a chronic assessment). Natural decay series radionuclides are usually excluded from the radionuclide inventory in risk assessments, which should focus on additional exposure, but they have to be included when looking at total exposure. Activity concentrations should be combined with knowledge of the fraction of time spent in different locations and also distance of the target to the exposure source. An accurate external DC calculation requires characterising target organisms and exposure sources in terms of geometries (most often represented respectively as ellipsoids, defined by their axes, and layers, defined by their thickness) and elementary composition (% of C, H, O, N plus other constitutive elements, and matter density) (Vives i Batlle et al, 2007, 2011). For a full lifetime exposure it may be necessary to find data related to different life stages which may mean consideration of different ecosystems (e.g. some animals move from the aquatic to terrestrial ecosystem when reaching the adult life-stage). Some studies have attached dosimeters, such as TLDs, to animals (e.g. Beresford et al 2008c;[START_REF] Chesser | Concentrations and dose rate estimates of 134, 137 Cesium and 90 Strontium in small mammals at Chornobyl, Ukraine[END_REF][START_REF] Woodhead | The radiation dose received by plaice (pleuronectes platessa) from the waste discharged into the north-east Irish Sea from the fule reprocessing plant at windscale[END_REF] to obtain a more direct estimate of external exposure. Others have placed dosimeters in carcasses [START_REF] Kubota | Estimation of absorbed radiation dose rates in wild rodents inhabiting a site severely contaminated by the Fukushima Dai-ichi nuclear power plant accident[END_REF] or phantoms [START_REF] Stark | External radiation doses from 137Cs to frog phantoms in a wetland area: in situ measurements and dose model calculations[END_REF] within the study environment. If temporally varying estimates of dose are needed then direct ion storage dosimeters are available, though because of their size these could only be used on medium to large mammals [START_REF] Aramrun | Measuring terrestrial wildlife external radiation exposure under field conditions[END_REF]). These could be used in combination with GPS collars to give temporal and spatial information on dose received by the study animals [START_REF] Aramrun | Selecting passive dosimetry technologies for measuring the external dose of terrestrial wildlife[END_REF].

To best assess the internal exposure, fresh weight activity concentrations of all radionuclides (α, β and γ emitters) should be measured in each target organism, during at least the period of interest if not throughout the animal life. Such an approach is however virtually impossible for the same individual (unless repeat livemonitoring were possible). The internal DC is calculated for the same geometry and assumed composition of the organism body as used for external exposure. Regarding interpretation of radiation effect studies, more refined description of organism geometry such as voxels phantoms may have some value (see e.g. [START_REF] Ruedig | A comparison of the ellipsoidal and voxelized dosimetric methodologies for internal, heterogeneous radionuclide sources[END_REF], especially for radionuclides which target defined organs (e.g. Sr in bones). However, reality is usually far from this perfect situation, and only partial information is available. In general, activity concentrations for some radionuclides have been measured in some abiotic components of the studied ecosystem; what therefore is it possible to do with such information to conduct the most robust dose assessment?

A real case study: dose reconstruction for birds at Fukushima

After the Fukushima accident, some publications [START_REF] Møller | Reduced abundance of insects and spiders linked to radiation at Chernobyl 20 years after the accident[END_REF][START_REF] Møller | Abundance of birds in Fukushima as judged from Chernobyl[END_REF] reported effects on wildlife exposed to ionising radiation at comparatively low exposure rates that challenged not only our knowledge about wildlife radiation effects but also the basis of human radioprotection. This contributes to the controversy highly debated since the Chernobyl accident (e.g. [START_REF] Beresford | Effects of ionising radiation on wildlife: what knowledge have we gained between the Chernobyl and Fukushima accidents?[END_REF]. Dose assessment has been acknowledged as a potential weakness of such studies [START_REF] Beresford | Response to authors' reply regarding "Abundance of birds in Fukushima as judged from Chernobyl" by Møller et al (2012)[END_REF]Garnier-Laplace et al, 2013[START_REF] Beaugelin-Seiller | Effects of the soil water content on the external exposure of fauna to radioactive isotopes[END_REF]. To contribute to investigating if improving dose estimates could help resolve this debate, a dose reconstruction was conducted for birds at Fukushima (Garnier-Laplace et al, 2015); birds have been one of the most studied organisms in the Chernobyl and Fukushima areas resulting in controversial results.

The objective was to test if the "true level" of exposure could explain observed effects on bird abundance and diversity. The aim was to produce the most realistic possible dose assessment to estimate exposure, gathering the field dataset closest to the ideal one described above.

The available data set from previous field studies comprised additionally to data on abundance and diversity of birds, ambient dose rates (radiation levels as measured by a hand-held dosimeter) and meteorological and landscape descriptors, collected from census sites where 57 species of birds were counted over three years [START_REF] Møller | Abundance of birds in Fukushima as judged from Chernobyl[END_REF](Møller et al, , 2015a[START_REF] Møller | Ecological differences in response of bird species to radioactivity from Chernobyl and Fukushima[END_REF]. Soil activity concentrations for the three main radionuclides characteristic of the fallout from the Fukushima accident ( 134 Cs, 137 Cs and 131 I) were also available for the area from a dissociated survey (Saïto et al, 2015). To estimate soil activity concentrations for sites of interest it was decided in the absence of any other obvious criterion to use the simplest approach. This consisted of assigning each census point with the measured activity concentration at the nearest soil survey point. This nearest soil survey point sometimes differed for the different isotopes. Another possibility would have been, based on the home range of each species, to spatially average soil activity concentrations measured in the area equating to the home range centred on each census point. This would give a soil contamination data per species, a priori more ecologically representative of its habit. Such an approach would require both data about home ranges, and at least one measurement of soil activity concentrations in the corresponding areas, two data sets that were not sufficiently easily accessible in the time and with the resources available for this study.

In order to take into account the lifestyle effect discussed above and taking account of existing knowledge of each species, birds were classified as "aerial", "terrestrial" or "other" species, each group having an assumed behaviour: always in air at different distances from soil depending on species; always on soil; or spending varying times in air and soil. Given that the census data methodology was based on bird song data [START_REF] Møller | Abundance of birds in Fukushima as judged from Chernobyl[END_REF](Møller et al, , 2015a[START_REF] Møller | Ecological differences in response of bird species to radioactivity from Chernobyl and Fukushima[END_REF] the re-analysis was focused on adults. A 20 cm depth of soil was assumed to represent the external exposure source. In the absence of measurement, the internal contamination of birds was estimated through the application a concentration ratio (CR) relating the activity concentration in the whole-organism to that in soil. The assumption of equilibrium makes the use of the CR concept questionable soon after an accident and CR values can in any case range over orders of magnitude for a given radionuclide and organism. However, less uncertain modelling approaches are not available and it was possible to select different CR values depending upon the species or typical diet (IAEA, 2014;[START_REF] Copplestone | An international database of radionuclide Concentration Ratios for wildlife: development and uses[END_REF]. To achieve the highest level of realism for this example to reduce uncertainties, body size and weight of the 57 species combined with a usual composition and density of biological tissues were used in the determination of internal DCs. All other details on the data and assumptions related to the dose rate calculation are available in [START_REF] Garnier-Laplace | Radiological dose reconstruction for birds reconciles outcomes of Fukushima with knowledge of dose-effects relationships[END_REF].

In summary, for this re-analysis of reported studies, site-specific data have been collated and used where possible: field data were available for soil activity concentrations; ecological information on lifestyle, behaviour, diet and morphology of the 57 bird species was found for the geographical area of interest. Where the latter was not available expert judgement had to be used which does not fully meet the requirement for realism. The main information lacking was the activity concentration in the organisms, which had to be mathematically derived from soil measurements and CR values. This combination of measurements, modelling, literature research and expert knowledge made it possible to reassess the dose absorbed by birds, in a much more realistic approach than simply using the ambient dose rate (as in the original source references). This method led to dose rates up to 20 times higher than the ambient dose rate initially used to explain the observed effects. The range of variation in measured ambient dose rates among the 300 census sites over the four year period observations were made varied from 0.16 to 31 µGy.h -1 whilst the range of variation among the 57 species for calculated dose rates varied from 0.19 to about 100 µGy.h -1 . These revised levels of exposure led to 90% of the bird species having dose rates at which radiation effects may be expected to be seen at the individual level (DCRL for the RAP "Duck": 4.2 to 42 µGy/h, ICRP 2008) and are expected to start for populations (UNSCEAR, 2011: 100 µGy.h -1 delivered to the most highly exposed individual). [START_REF] Garnier-Laplace | Radiological dose reconstruction for birds reconciles outcomes of Fukushima with knowledge of dose-effects relationships[END_REF] concluded that their revised estimation of dose rates went some way to reconciling the observations made in the Fukushima area and existing knowledge of dose-effect relationship.

Their study demonstrated the potential of such dose reconstruction to better exploit field data from the point of view of effects interpretation. This has consequences both for existing and future field studies. Much reported data could be reviewed using a similar framework, and the design of future field studies should ensure that the required data are collected.

Complementary lessons from Chernobyl

Deposition of radioactivity in the environment is likely to be highly spatially heterogeneous. This is certainly the case in the Chernobyl Exclusion Zone (CEZ) where radionuclide activity concentrations vary both on the large (UIAR 2001) and smaller scale (Beresford et al 2008c). This means that likely home ranges of animals have to be taken into account, perhaps estimated considering usage of appropriate habitat, and sufficient samples of relevant media (and organisms) collected to obtain a realistic dose estimate. [START_REF] Stark | Dose assessment in environmental radiological protection: State of the art and perspectives[END_REF] reported that approaches have been applied by assessing exposure for different habitats combined with the time a given organism spends in each habitat, based on ecological knowledge. However these authors consider that such approaches could oversimplify the complex response of animals to the spatial and temporal heterogeneity of environmental contamination. This could be solved using spatially explicit exposure modelling. The combination of contamination data and habitat types with information on animal home ranges and resources could be used to model dose using a geographic information system (GIS). The review done by [START_REF] Stark | Dose assessment in environmental radiological protection: State of the art and perspectives[END_REF] showed that by comparison with such GIS application traditional assessments ignoring the spatial heterogeneity may overestimate by a factor of 25 the radiation exposure of animals. Conversely other comparisons showed a significant underestimation when spatial heterogeneity and animal behaviour were not taken into account [START_REF] Aramrun | Measuring terrestrial wildlife external radiation exposure under field conditions[END_REF]. Other modelling approaches exist, developed for ecological purposes, that

have not yet been assessed for application in radiological exposure assessments [START_REF] Stark | Dose assessment in environmental radiological protection: State of the art and perspectives[END_REF]. The most promising approach is the use of combined attachment of GPS and dosimeters to free-ranging animals [START_REF] Hinton | Quantifying the spatial and temporal variation in dose from external exposure to radiation: a new tool for use on free-ranging wildlife[END_REF]Armarun et al, 2018;[START_REF] Aramrun | Measuring terrestrial wildlife external radiation exposure under field conditions[END_REF]. Application of these technologies is a way of demonstrating if the more simple approaches today applied in most of the dose assessments for wildlife are fit for purpose.

These methods should offer an improved approach for interpreting field effects studies; such approaches will not be appropriate for all animal types.

Where activity concentrations in study species are not available the most appropriate CR values should be used to estimate them. In the case of the CEZ site specific datasets are becoming available (Beresford et al. in-press, 2018;[START_REF] Gaschak | Radionuclide data for vertebrates in the Chernobyl Exclusion Zone NERC-Environmental Information Data Centre[END_REF] which could be used to inform assessments.

Conclusions

Field data are required to complement modelling and experimental results in any ecological research area. However, appropriate field data are often rare and the best possible use should be made of the information available. We recommend that field studies should be planned to maximise their output. Understanding the effects of exposure of wildlife to ionising radiation means that we need to pay special attention to the dose assessment. This will help avoid the contentious issues concerning interpretations of field data that are still being discussed more than 30 years after the Chernobyl accident; a similar debate is beginning to emerge over the interpretation of observations after the Fukushima accident. Some parameters are now well known to influence dose assessment for wildlife in the field. The first is the need for a complete inventory of radionuclides present, considering all their emissions (i.e. γ, β and α), and exposure pathways (external and internal exposure). The second requirement relates to the need for estimates of activity concentrations in media and organisms. Media activity concentrations need to be available over the likely home range of the study organism. It would always be best to have activity concentration data for organisms of interest and for some radionuclides live-monitoring may be a useful approach [START_REF] Bondarkov | Method for simultaneous 90 Sr and 137 Cs in-vivo measurements of small animals and other environmental media developed for the conditions of the Chernobyl exclusion zone[END_REF].

Concentration ratios can be used where organism activity concentrations are not available. However, concentration ratios are highly uncertain and where available it would be best to use site specific data. The concentration ratio concept was not established for application in rapidly changing conditions (i.e. as after an accidental release) as it is defined as an equilibrium parameter. Application of the concentration ratio after an accidental release may under or overestimate organism activity concentrations depending on the ecosystem type and time after the accidental release (e.g. Vives i Batlle et al. 2016).In such circumstances then a dynamic model may be more applicable but these are not available for many organism types. A good knowledge of the ecological traits of the organisms under consideration is also a prerequisite for a realistic assessment of absorbed dose, and all the more so in the absence of activity measurement in organisms. Finally, the heterogeneity of radionuclide deposition has to be taken into account through consideration of an animal home range [START_REF] Wood | Advances in environmental radiation protection: re-thinking animal environment interaction modelling for wildlife dose assessment[END_REF].

For reported studies which initially had poor dose assessments, a combination of the available measurements, modelling, literature review and expert knowledge have been shown to give more realistic dose assessments making reported effects more credible [START_REF] Garnier-Laplace | Radiological dose reconstruction for birds reconciles outcomes of Fukushima with knowledge of dose-effects relationships[END_REF]. However, this process would be eased if the complete raw datasets of radioecological studies were made available with published papers. Such transparency in data is increasingly a requirement of funding and scientific journals. Adherence to these policies should help to resolve controversies about effects of ionising radiation on wildlife.

Figure caption

Figure 1: Effect of the life stage on three birds with different life styles on the total (upper graph), internal (intemediate graph) and external (lower graph) exposure assuming 1 Bq.kg -1 or Bq.L -1 of 137 Cs in equilibrium with its daughter 137m Ba Figure 2: Effect of the kind of radiation on the complementary fractions of the external and internal dose rates received by the ICRP rat and earthworm, exposed in soil to 1 Bq.kg -1 of each radionuclide 

Figure 3 :

 3 Figure 3: Relative contribution of internal and external exposure for two realistic liquid source terms associated with radioactive effluents produced upstream in the nuclear fuel cycle (storage facility of ore residues-upper graph left) and by a nuclear power generation site (NPP scenario -lower graph left); contributions of the different radionuclides to the internal dose are shown on the right.

Where the concentration ratio (CR) is the ratio of the whole organism activity concentration (fresh mass) to that in dry soil or water. This is the usual parameter used to convert activity concentration in an exposure medium to the corresponding concentration in an organism, under the assumption of steady state transfer. It is recognized as being by far the main source of uncertainty in dose assessment (Vives I Batlle et al,

2011).

Generic types of birds and lifestages under consideration