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Abstract

In response to changing international recommendations and national requirements, a number
of assessment approaches, and associated tools and models, have been developed over the
last circa 20 years to assess radiological risk to wildlife. In this paper, we summarise
international intercomparison exercises and scenario applications of available radiological
assessment models for wildlife to aid future model users and those such as regulators who
interpret assessments. Through our studies, we have assessed the fitness for purpose of
various models and tools, identified the major sources of uncertainty and made
recommendations on how the models and tools can best be applied to suit the purposes of an
assessment. We conclude that the commonly used tiered or graded assessment tools are
generally fit for purpose for conducting screening-level assessments of radiological impacts
to wildlife. Radiological protection of the environment (or wildlife) is still a relatively new
development within the overall system of radiation protection and environmental assessment
approaches are continuing to develop. Given that some new/developing approaches differ
considerably from the more established models/tools and there is an increasing international
interest in developing approaches that support the effective regulation of multiple stressors
(including radiation), we recommend the continuation of coordinated international
programmes for model development, intercomparison and scenario testing.
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1. Introduction

In response to changing international recommendations on the need to ensure that the
environment (i.e. wildlife) is not adversely impacted by radioactivity (ICRP 2007; IAEA
2006), a number of assessment approaches, and associated tools and models, have been
developed over the last c. 20 years (see IAEA 2021). Some of the tools and models
implementing these approaches are now routinely being used in radiological impact
assessments (e.g. Doering & Bollhofer 2016; Doering et al. 2019; Nedveckaite et al. 2011,
Vandenhove et al. 2013; Li et al. 2015; Posiva, 2014; Jaeschke et al. 2013; Allott &
Copplestone 2009).

The International Atomic Energy Agency (IAEA) has coordinated four international
collaboration programmes (EMRAS, EMRAS I, MODARIA | and MODARIA 11,
http://www-ns.iaea.org/projects/modaria/modaria2.asp) with the aim of improving Member
States’ capabilities for protection of the environment by comparing and validating models
being used as part of the regulatory process of authorisation and compliance monitoring of
authorised releases of radionuclides. To achieve this, the authors have conducted several
intercomparison exercises and evaluations of fitness for purpose of models and approaches
(IAEA 2012; Aramrum et al. 2019; Beaugelin-Seiller 2014, 2016; Beaugelin-Seiller et al.
2016; Beresford et al. 2008a; Beresford et al. 2009, 2010a; Johansen et al. 2012; Stark et al.
2015; Vives i Batlle et al. 2007a, 2011, 2016; Yankovich et al. 2010a). The IAEA
programmes have also led to the establishment of databases on radionuclide transfer to
wildlife (Copplestone et al. 2013; IAEA 2014) and biological half-lives for wildlife
(Beresford et al. 2015a,b). In this paper, we discuss the lessons learnt from these model
evaluations to assist assessors and regulators in conducting and interpreting assessments.

2. Model Selection
2.1 Overview of available modelling tools

Most of the assessment tools developed over the last 20 years have a common structure
(IAEA 2012; Beresford et al. 2008b):

1) A set of hypothetical organisms that are typical of broad wildlife types (e.g. fish,
mammal, riparian animal, terrestrial plant, etc., rather than representing specific
species) are considered and these are typically represented by ellipsoidal geometries
to allow for simplified dose calculations.

2) Simplified ecosystems are considered, typically ‘terrestrial’, ‘freshwater’ and
‘marine’.
3) Simplified environmental exposure geometries are considered (e.g. for terrestrial

ecosystems: in soil, on soil, in air) with occupancy factors being used to describe the
amount of time an organism spends in each.

4) The activity concentration in organisms may be entered directly into the model if data
are available, or estimated using an equilibrium concentration ratio (CRwo-media) Which
relates the homogenous fresh mass (FM) activity concentration in the whole-organism
to that in the relevant environmental medium (i.e. soil (dry mass, DM), water or air).

5) Equilibrium distribution coefficients (Kq) are used to relate water to dry mass
sediment activity concentrations if either of these media concentrations is missing
from the input data.
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6) Unweighted absorbed dose rates are estimated from whole-organism activity
concentrations (internal dose rate) and environmental media activity concentrations
(external dose rate) via the application of pre-calculated dose conversion coefficients
(DCCY) (e.g. uGy ht per Bq kg fresh soil for the external dose rate to a terrestrial
organism).

7) Weighted dose rates are estimated through the application of radiation weighting
factors for a, low-energy B, high-energy B and y radiations, reflecting the relative
biological effectiveness of these different types of radiation.

Whilst the tools have a similar structure, the default parameter values assumed especially
CRwo-media @nd Kg, can vary widely, impacting on model predictions (e.g. Beresford et al.
2008a,b, 2010a; Johansen et al. 2012; Yankovich et al. 2010a; Stark et al. 2015); this is
discussed further below. Commonly used tools such as RESRAD-BIOTA and the ERICA
Tool allow the user to enter their own CRwo-media and Kq values rather than using default
parameters.

Table 1 provides an overview of freely available assessment tools and models that we can
recommend based upon our experiences; the key advantages of each are highlighted. The
models listed include: (i) those designed to conduct ‘complete’ assessments, often following
a tiered (or graded) approach that starts with a simplistic conservative screening assessment
and extends to more realistic assessments with increasing data and resource requirements;
and (i) those for specific elements of the assessments (e.g. dosimetry or for specific
radionuclides). Worldwide, the two most commonly used assessment tools are the ERICA
Tool (Brown et al. 2008, 2016) and RESRAD-BIOTA (USDoE 2004), both of which
implement a tiered assessment approach and are freely available. However, they both lack
some functionality which might be required for particular assessment purposes (e.g.
assessment of dose from radon) for which the other models listed in Table 1 can be used.

Table 1. Freely available assessment tools and models which we can recommend for
assessment of the radiological risk to wildlife based on our experience of application and
intercomparison exercises.

Model Comment Availability/Documentation

ERICA Tool Supports a tiered assessment | Software available from: http://www:.erica-tool.eu/

approach.

Underlying reports:
Allows additional https://wiki.ceh.ac.uk/display/rpemain/ERICA+reports
radionuclides and organisms
to be added; user can replace
some of the default

parameter values.

Special issue of Journal of Environmental
Radioactivity:
https://www.sciencedirect.com/journal/journal-of-
environmental-radioactivity/vol/99/issue/9

Comprehensive integral Help file

RESRAD-BIOTA | Supports a tiered (or graded)

assessment approach.

Simple food chain models
can be created and
contaminated water as a
source of intake by
terrestrial animals can be
modelled. User can replace

Software available from:
https://resrad.evs.anl.gov/codes/resrad-biota/

User guide and other publications:
https://resrad.evs.anl.gov/documents/

Special issue of Journal of Environmental
Radioactivity:
https://www.sciencedirect.com/journal/journal-of-
environmental-radioactivity/vol/66/issue/1

In some approaches these are referred to as dose conversion factors (DCFs) or dose coefficients (DCs).
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some of the default
parameter values.

Radon dose MSExcel™ spreadsheet Version (15/4/20): https://radioecology-
calculator” model which enables doses exchange.org/content/radioecology-models
from 2°Rn, 222Rn and short-
lived progeny to be

Paper describing methodology: Vives i Batlle et al.

estimated (a functionality (2017)

missing from current

versions of the ERICA Tool

and RESRAD-BIOTA)
Ar — Kr — Xe dose | MSExcel™ spreadsheet Download via: https://radioecology-
calculator” model which enables exchange.org/content/radioecology-models

estimation of doses from
noble gases (important
components of releases from
nuclear reactors) to be
estimated (a functionality
missing from current
versions of the ERICA Tool
and RESRAD-BIOTA)
BiotaDC Tool enabling dose On-line tool: http://biotadc.icrp.org/
?gf{;'g'I@s;%gieiz:ifated Methodology presented in: ICRP (2017)
Animals and Plants for a
range of exposure
geometries according to
methodology used in ICRP
Publication 136.

Paper describing methodology: Vives i Batlle et al.
(2015)

EDEN2 Estimates DCC or exposure | Code can be requested via:
from Bq per unit mass or http://www.irsn.fr/EN/Research/Scientific-
volume. Enables greater tools/Computer-codes/Pages/The-EDEN-computer-
flexibility than default code-Elementary-Dose-Evaluation-for-Natural-
approaches in tiered environment-2368.aspx

assessment tools (e.g.

heterogeneous soil/sediment Paper presenting the approach: Beaugelin-Seiller et al.

contamination profiles). (2006)
D-DAT A dynamic tool for the Download via: https://radioecology-
assessment of radiation exchange.org/content/radioecology-models

doses to marine biota. Papers describing methodology: Vives i Batlle et al.

(2008) and Vives i Batlle (2016)

“The next release of the ERICA Tool will contain models for Rn-isotopes and other noble gases based
on Vives i Batlle et al. (2015, 2017).

2.2 Qutside of the typical assessment models

2.2.1 Noble gases

Noble gas radioisotopes (e.g. 35Kr, 4 Ar) are significant components of the release from
nuclear power plants (e.g. Copplestone et al. 2010). However, the commonly used assessment
models do not currently consider immersion dose from contaminated air masses (although air
immersion dose coefficients are available in ICRP (2017)).

In human dose assessment, the contribution from noble gases is small (Smith 2013) because
they are not taken up significantly and immersion dose represents the most significant
exposure pathway. Because of the large percentage contribution of noble gases (circa 85%;
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Copplestone et al. 2010) to the overall release, some regulators recommend determination of
their contribution to wildlife dose (e.g. Environment Agency, 2012). As immersion exposure
is not considered within the commonly used assessment tools, such as RESRAD-BIOTA or
the ERICA Tool, an additional model has been developed (Vives i Batlle et al. 2015; see
Table 1). To estimate total exposures in an assessment, the outputs of this bespoke model for
noble gases needs to be combined with outputs from the more generic assessment tools. The
spreadsheet model accompanying Vives i Batlle et al. (2015), which is an update of the
‘R&D128’ methodology initially developed for the England and Wales Environment Agency
(Copplestone et al. 2001), should not be used for any radionuclides other than noble gases as
parameter values for the other radionuclides are out of date.

A similar methodology as that used for assessing noble gas exposure has also been developed
for assessing dose rates from 222Rn and ?2°Rn exposure (Vives i Batlle et al. 2012, 2017; see
Table 1). The natural background dose rates from 222Rn to burrowing animals can be
considerable (10s of uGy h) (MacDonald and Laverock 1998; Beresford et al. 2012),
dominating total exposure from natural background sources (Beresford et al. 2008c; 2012).
When estimating radon dose rates, consideration may need to be given to burrow air
exchange rates (see Doering & Bollhofer 2016).

2.2.2 Acute releases

The available assessment tools assume equilibrium between radionuclide activity
concentrations in organisms and environmental media. However, there are scenarios whereby
equilibrium cannot be assumed. For example, after a short-term pulse release of radionuclides
into the aquatic environment, released radionuclides may be rapidly cleared from the area
under assessment because of dispersion. However, the activity concentration in most
organisms for many radionuclides along the dispersion path will increase, and subsequently
decrease, gradually with time. This is because the biological half-life of radionuclides in
organisms is often in the range of 10s of days (Beresford et al. 2015a). Consequently, CRuo-
water Values are unlikely to be representative in the days to months after an acute release. Soon
after the release, CRs are likely to overestimate the activity concentrations in organisms.
Conversely, after peak water activity concentrations have declined, CRs will underestimate
organism activity concentrations (e.g. Takata et al. 2019).

If the timeframe of interest is long (e.g. years or decades of planned authorised discharges,
involving continuous releases or gradual changes in discharge concentrations), then the CRwo-
media @pproach is likely to be sufficient. However, if unplanned release scenarios involving
abrupt changes in discharge concentrations are being modelled, then the CRwo-media @pproach
may be inadequate and dynamic models of radionuclide transfer to biota might be a better
assessment tool. This is especially true for organisms that respond slowly to a change in
ambient radionuclide activity concentration (Vives i Batlle et al. 2008). Whilst a number of
dynamic models have been developed (see Vives i Batlle et al. 2016), most of these are not
freely available; an exception is the D-DAT model (see Table 1).

As an example comparison of equilibrium and dynamic models, Figure 1 compares predicted
137Cs and 3| activity concentrations in benthic fish close to the Fukushima NPP using the
conventional CRwo-water model (ERICA Tool) and the D-DAT dynamic model (from Vives i
Batlle et al. 2016). It can be seen that the equilibrium model predicts activity concentrations
to rise and subsequently decline more rapidly than the dynamic model. This is a consequence
of the latter incorporating biological half-lives, which result in a reduced rate of uptake and
loss compared to the instantaneous equilibrium of the CRwo-water model. The difference is less
pronounced for 311 where the rate of loss is dominated by the physical decay of the isotope
(T2~ 8 d). However, by the end of the simulation period, the two model types give more



comparable results for both radionuclides with much of the residual variability likely being
due to differences in the CRwo-water Values used (the dynamic D-DAT model uses CRwo-water t0
predict equilibrium radionuclide activity concentrations).
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Figure 1. Predicted changes in **!I and **Cs activity concentrations in the whole body (fresh
mass) of a benthic fish (adapted from Vives i Batlle et al. 2016). The predictions used
modelled water activity concentrations with time ‘0’ being the 11" March 2011; the
assessment site was assumed to be located 30 m north of the Fukushima Daiichi drainage
channels (37° 25' 51" N, 141° 2' 3" E).

The Fukushima Daiichi accident highlighted the desire to be able to estimate the exposure of
wildlife as a consequence of accidental releases (e.g. see assessments by Garnier-Laplace et
al. 2011; Vives i Batlle et al. 2014; Strand et al. 2014). Furthermore, the ICRP (2014) has
proposed a system of environmental protection encompassing the assessment of emergency
exposure situations, for which dynamic models would presumably be required. However, the
dynamic models initially applied to the marine ecosystem following the Fukushima accident
did not predict well the rate of decline in radiocaesium activity concentrations in some fish
species resulting in considerable under prediction of radionuclide activity concentrations 2-3
years after the accident (Johansen et al. 2015). Furthermore, our comparison of models for
marine ecosystems showed orders of magnitude variation between outputs of different
dynamic models for some radionuclides and organism types (Vives i Batlle et al. 2016).
There is a need to improve the available dynamic models and, where possible, validate them.
Our published database of biological half-life data for wildlife (in marine, freshwater and
terrestrial ecosystems) may help in improving model parameterisation (Beresford et al.
2015a;b). There are dynamic models for aquatic systems, which can be relatively easily
adapted to conduct wildlife exposure assessments (as demonstrated in Vives i Batlle et al.
2016); however, for terrestrial ecosystems, model development is required.



3. Radionuclide transfer
3.1 Concentration ratios

For radiological environmental assessments, a default CRwo-media Value is needed in most
models for each radionuclide and organism combination. These parameters are used when
sufficient site-specific data (measured activity concentrations in organisms or site specific
CRwo-media Values) are not available. They are also used to calculate media screening levels in
RESRAD-BIOTA and the ERICA Tool for application in the initial screening tier; media
screening values are activity concentrations in environmental media that would result in a
predicted dose rate equal to the model’s screening dose rate benchmark for a given default
organism (see Beresford et al. 2010b).

Concentration ratios are derived empirically by measuring the radionuclide activity
concentration in the whole organism relative to the activity concentration in the appropriate
medium (generally soil or water). In the case of small animals, this can be relatively easily
achieved by homogenising the whole sampled animal or, for certain radionuclides, through
live-monitoring (e.g. Bondarkov et al. 2011); however, for larger animals this is not
practicable. Two methods are commonly used to address this. The first method is to measure
the activity concentration in one or more tissue types and then use conversion factors for
tissue specific to whole organism activity concentrations (Yankovich et al. 2010b). However,
this relies upon conversion factors having already been determined for animals of a similar
type and there is potentially considerable uncertainty associated with such conversion factors
(currently values are based on few data for some types of organisms and a number of
radionuclides). A second approach is to subsample the major tissue types of an organism and
to analyse these separately. With a measurement of the contribution of each tissue type to the
whole-organism mass, it is then possible to estimate the whole body activity concentration
(e.g. see approaches used by Barnett et al. (2014, 2020) to estimate whole body activity
concentrations for a medium sized deer and Yankovich (2009) for fish). This second
approach also provides additional data from which conversion factors, as used in the first
method described, can be estimated.

Our evaluations demonstrated that the transfer components of the models contributed most to
the observed variation in estimated dose rates (IAEA 2012; Beresford et al. 2008a,b, 2010g;
Johansen et al. 2012; Stark et al. 2015; Vives i Batlle et al. 2011; Yankovich et al. 2010a);
CRwo-media Values for a given organism-radionuclide may vary over four-orders of magnitude
(IAEA 2014). This large variation is commonly observed in the CR datasets for all
ecosystems for most radionuclides and organism types. Where comparatively little variation
is observed, this is often because there are few reported CRwo-media Values. For instance, in
Beresford et al. (2008a), we report that predictions by a number of models for the transfer of
9Tc to wildlife were similar. However, the similarity in predicted **Tc activity concentrations
was because of a lack of Tc data, which meant that the different models obtained their default
CRwo-media Values from the same limited sources or by using the same assumptions.

Given the high uncertainty of the transfer component of models, much work has been
conducted to collate CRwo-media Values internationally, through the ‘Wildlife Transfer
Database’ (http://www.wildlifetransferdatabase.org/ (WTD)); Copplestone et al. 2013),
which now forms the basis of some models’ databases (e.g. Brown et al. 2016) and
international handbooks/compilations (ICRP 2009, IAEA 2014). The WTD was initially built
upon the empirical datasets used in the original ERICA Tool transfer databases (Hosseini et
al. 2008; Beresford et al. 2008d) but has subsequently been extensively expanded
(Copplestone et al. 2013) with data being continually added and subjected to quality
assurance (e.g. Brown et al. 2016; Hirth et al. 2017).



http://www.wildlifetransferdatabase.org/

Within the WTD and IAEA (2014), the CRwo-media Values are categorised into wildlife groups
such as mammals, fish, birds with the option to categorise into subgroups where appropriate,
for example:

Bird: bird — carnivorous, bird — herbivorous, bird — omnivorous
Fish: fish — benthic feeding, fish — forage, fish - piscivorous

Mammal: mammal — carnivorous, mammal — herbivorous, mammal — marsupial, mammal -
omnivorous, mammal — Rangifer spp.

These additional sub-categories were provided in case, for instance, feeding habits lead to
differences in CRs. IAEA (2014) presents recommended CRwo-media for these wildlife group
subcategories where there are sufficient data. However, analyses to date, have shown that we
do not have the statistical justification for separating the major categories into these
subcategories (Wood et al. 2013); Wood et al. also highlighted problems with the approach
used to estimate summarised geometric mean and standard deviation values in IAEA (2014).

Data are not available for many radionuclide-organism combinations. For instance, only circa
50% of the required circa 1500 CRwo-media Values for the ERICA Tool (v1.3) were based on
measured data (Brown et al. 2016). To address this, a number of extrapolation approaches
have been developed (IAEA 2014; Brown et al. 2013). For example, data for a ‘similar
reference organism’ may be used (e.g. using data for mammals if data for birds are
unavailable) or CRwo-media Values from a similar ecosystem may be used (e.g. comparatively
highly saline estuarine environments may provide surrogate data for marine systems). In
some models, ‘extrapolated’ default CRwo-media Values can be highly conservative and
contribute to the variation observed in model outputs (Beresford et al. 2008a).

3.2 Allometric models

At higher assessment levels for some organisms, RESRAD-BIOTA has the option to use a
‘kinetic-allometric’ approach alternative to the CRwo-media model (Higley et al. 2003).
Allometric scaling relates biological parameters to body mass (M) with the dependency of a
biological variable (Y) on mass (M) typically characterised as: Y=aMP where a and b are
constants. Whilst the US DoE RESRAD-BIOTA model (USDoE 2004) uses allometric
relationships to define, for instance, dry matter food intake rate or water ingestion rate, they
also present allometric relationships describing the biological half-lives of 16 radionuclides in
animals. We have proposed an approach whereby allometric relationships of biological half-
life can be derived when data are not available to parameterise such relationships (Beresford
& Vives i Batlle 2013; Beresford et al. 2016a). For homeostatic organisms, we proposed that
biological half-life (T1/2p) can be estimated as:

n2
T1/2b = ECRorg—dietMO'zs

where: a, is the multiplicand in the allometric model describing the dry matter intake rate of
food; f1 is the fractional gastrointestinal; CRorg-diet iS the ratio between the activity
concentrations in the whole-organism (fresh mass) and the diet (dry matter) absorption
coefficient; and 0.25 is the assumed allometric scaling constant (b value) in the allometric
model describing radionuclide biological half-life. The approach gave reasonable predictions
when compared to blind test T2, datasets for a number of radionuclides (Beresford et al.
2016).

Subsequently, we proposed that the equation for homeostatic organisms could be made
applicable to (poikilothermic) reptiles by taking into account the lower metabolic rate of



these organisms and replacing 0.25 with values more applicable for reptiles (see Beresford &
Wood, 2014).

3.3 External deposition on vegetation surfaces

A fundamental difference has been identified between human and environmental radiological
assessments with regard to the way in which activity concentrations in vegetation are derived
when assessing aerial discharges (Copplestone et al. 2010; Beresford et al. in preparation).
For human radiological assessments, the activity concentrations in vegetation (e.g. crops,
leafy vegetables and pasture for domestic animals) are derived from root uptake (typically
using a CR approach) and a ‘direct” component, which accounts for the initial deposition
onto, and interception by, vegetation surfaces. It could be argued that if the collated CRwo-media
databases were sufficiently robust, they would include data for such release scenarios.
However, the CRwo-media databases are typically dominated by ‘existing’ (e.g. much of the Cs,
Sr, and Pu data originates from post-Chernobyl studies) rather than ‘planned’ exposure
situations (Copplestone et al. 2013). During the preparation of IAEA (2014), we actively
removed data for vegetation on a site receiving deposition from an operating plant because
these values were extreme high outliers compared to the rest of the data distribution.
Furthermore, CRwo-media Values are increasingly being derived from stable isotope studies
using approaches, such as ICP-MS (Beresford 2010), and these data do not include any aerial
deposition from release sources.

A modelling assessment presented in Brown et al. (2003) demonstrated that ignoring the
direct deposition pathway may significantly underestimate transfer and hence exposure.
Figure 2 demonstrates that for radionuclides with low soil-to-plant CR values, modelling
transfer to plants by assuming only root uptake leads to underestimation of the activity
concentrations in herbivorous mammals compared to when deposition to vegetation surfaces
is included in the model parameterisation. There are few field studies with defined
radionuclide source terms and release patterns which allow a definitive conclusion to be
drawn about the importance of these pathways. One study that potentially demonstrates the
effect of direct deposition is that described by Copplestone et al. (1999), conducted in a
coniferous woodland close to the Sellafield site (UK). For this site, it was suggested that
radionuclide activity concentrations in vegetation were largely the consequence of continued
deposition to vegetation surfaces (rather than root uptake).
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Figure 2. Activity concentrations (Bq kg™ FM) in herbivorous mammals 50 years after a
continuous constant deposition (1 Bg m2y™) onto a semi-natural ecosystem, calculated with
the computer programme FASTer (Avila et al. 2004), which includes a direct external
contamination pathway, with root uptake modelled using CRwo-soil (reproduced from Brown et
al. 2003).

To be consistent with the assessment method used for humans, direct deposition would need
to be included in radiological environmental impact assessments and existing models could
be adapted to do this. The IAEA are doing this in the development of screening models
(updating the SRS-19 models (IAEA, 2001) for both human and environmental radiological
impact assessments (IAEA in-press, in-preparation)). These models involve the use of mass
interception factors (i.e. the fraction of deposited activity intercepted by vegetation per unit
mass) and accumulation factors, which account for the continuous deposition of a
contaminant onto vegetation and also the continuous loss of the contaminant through
‘weathering’ processes and physical decay. There is a need to consider which organisms
would be affected by including direct deposition on vegetation. For instance, herbivorous
mammals would be predicted to have higher activity concentrations than using a CRwo-soil
value alone and, therefore, we could also expect carnivorous mammals to have higher
predicted activity concentrations, whereas CRwo-soil are likely sufficient for earthworms.

3.4 Distribution coefficients

Model default distribution coefficients (Kq) for aquatic systems are often taken from IAEA
(2004) for marine values and IAEA (2010) for freshwater values. Until recently, there has
been considerably less consideration of improving Kq datasets compared to the efforts
devoted to compiling CRwo-media Values. However, an updated compilation and assessment of
freshwater Kgs is now available (Boyer et al. 2018; Tomczak et al. 2019) and work is ongoing
to improve the marine database (Kelleher et al. submitted). As for CRwo-media Values, it may
be necessary to extrapolate Kq values when there are no data for a specific ecosystem. In the

10



past, there has been some application of marine Kq values in freshwater ecosystems (e.g.
Hosseini et al. 2008); this should be avoided, as there is no evidence to support this approach
(the chemical speciation and colloidal association of many radionuclides in seawater is
different in saline solution compared with freshwater).

4. Dosimetry - what matters and what does not matter?

In two intercomparison exercises (Vives i Batlle et al. 2007a, 2011), we compared estimates
by a number of models including the commonly used ERICA Tool and RESRAD-BIOTA.
The comparisons considered unweighted internal and external dose rates under assumptions
of unit organism and environmental media activity concentrations, respectively. Generally,
internal dose rates compared well between the models, with 70% of predictions being within
+20% (Vives i Batlle et al. 2011). External dose rate estimates were more variable, though
90% fell within an order of magnitude of one another. Differences could generally be readily
explained by: the number of progeny (or daughter products) included in the parent nuclide
DCC; source-target geometry differences; rounding errors; database used to source
radionuclide energy and yield information; assumptions on skin/fur shielding; and assumed
media densities. However, for some models and radionuclides, there were instances where
these factors combined to cause systematic differences in the estimated dose rate (Vives i
Batlle et al. 2011). Variation in external dose estimates tended to be greatest for radionuclides
such as °H, 1*C and a-emitters (Vives i Batlle et al. 2007a). However, whilst variation was
considerable, the DCC values tended to be low, for instance, the ‘on soil” external *H DCC
for the ICRP Reference Rat geometry (ICRP 2008) ranged from 0 to 5x10° uGy h* per Bq
kgt soil. Whilst variation in estimates was large, it is highly unlikely this will add much to
the overall variation in total estimated dose rates to any meaningful degree (because the
DCCs are relatively low and hence the external dose rates will be low whichever model is
used).

Subsequent application of the models to case study scenarios (Beresford et al. 2010a; Goulet
et al. submitted; Johansen et al. 2012; Stark et al. 2015; Yankovich et al. 2010a) demonstrated
that typically, variation between the dosimetry components of models contributed little to the
overall variation in total dose estimates. The variation was dominated by differences in
predicted biota activity concentrations (which determined the consequent variation in total
dose rates estimated).

4.1 Dosimetry and organism size

The available approaches tend, for pragmatic reasons, to consider a limited number of
organisms (i.e. geometries) (e.g. Brown et al. 2008; ICRP 2008; USDoE 2004). The
geometries need to have defined sizes (dimensions and mass) within the assessment tools and
some organisms requiring assessment will have sizes outside the ranges included in the tools.
This leads to questions as to whether the available organisms can be used to represent species
being assessed. Figure 3, compares weighted absorbed dose rates to a selection of the default
marine organism geometries within the ERICA Tool (v1.3; Brown et al. 2016), assuming, for
each of the four selected radionuclides, either 1 Bg L™ in water or 1 Bg kg™ fresh mass in the
organism to estimate internal and external absorbed weighted dose rates, respectively. The
masses of the geometries range over eight orders of magnitude. However, with the exception
of %°Sr, the external dose varies across the geometries by less than one order of magnitude.
The external dose predictions for °Sr differ by a factor of approximately 100. This is
because, °°Sr, and its short-lived progeny Y, are pure beta emitters, emissions are
consequently not very penetrating, and as the organism size increases, the relatively small
absorbed energy is diluted across a larger mass. However, variation in the external *°Sr
absorbed dose across all organisms, in the range >10 g to nearly 200 kg, varies by about one
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order of magnitude only. Similarly, there is comparatively little variation in the predicted
internal dose rates across the organisms. The largest difference is observed for the high-
energy gamma-emitter ®°Co where comparatively more emissions will escape from the
smallest organisms. Consequently, selecting the closest predefined geometry to represent an
organism within an assessment is likely to be acceptable (this conclusion has subsequently
been supported by (Charrasse et al. 2019)).
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Figure 3. Change in absorbed weighted doses of 2*!Am, 8°Co, *’Cs and *°Sr with increasing
mass of default marine organism within the ERICA Tool assuming (a) 1 Bq kg (FM) in the
organism for internal exposure or (b) 1 Bg L in water for external exposure. Organisms
were modelled as spending 100% of their time in the water column and assuming the ERICA
Tool default radiation weighting factors (10 for alpha, 3 for low energy beta and 1 for other
beta and gammas).

4.2 Characterisation of uncertainty in internal dosimetry
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As already discussed, in the available assessment tools, a set of simplified dosimetric
phantoms, typically ellipsoids, are used to represent different types of wildlife. This approach
makes it possible to quickly and easily estimate radiation dose rate to a homogeneous
geometry.

In contrast, voxel modeling utilises advanced imaging technologies to generate realistic and
detailed dosimetric phantoms to calculate radiation dose to individual organs via Monte Carlo
modelling (Higley et al. 2015). This approach is used in human dosimetry. A number of voxel
models have recently been developed for different species of wildlife (Caffrey et al. 2013,
2015a,b; Ruedig et al. 2014; Kinase 2008; Dogdas et al. 2007; Stabin 2006). The voxel models
are not suggested for regulatory purposes, however, they provide a mechanism by which we
can assess if the ellipsoid assumptions are fit for purpose.

The dosimetric systems used within assessment tools for wildlife rely upon three major
assumptions (e.g. ICRP 2008):

1. That any organism can be represented by a simplified dosimetric phantom;

2. That for dosimetric purposes, four-component human tissue (composed of H, C, N and
0) adequately mimics real tissue; and

3. That assuming a homogeneous distribution of radionuclides within an organism’s body
IS not a large source of uncertainty.

Each of these assumptions introduces some uncertainty into the dosimetric calculation. We
have used voxel models for terrestrial and aquatic organisms to quantify these uncertainties
and the results of this are discussed below.

4.2.1 Geometry assumption: simple vs. voxel

Differences between voxel phantom dose rates for individual organs (Dvoxer) and dose rates for
whole-organisms represented by ellipsoids (Denipsoia) have been calculated for the following
radionuclides: *C, *Cl, ®©Co, %Sr, 3|, 34Cs, ¥7Cs, and ?°Po in three aquatic organisms
(flatfish, trout, and crab), and for 3% 137Cs, 23823%py 239py 239240p, 90gr and 2!Am for a
terrestrial mammal (rabbit). Estimated dose rates were calculated separately for each organ
considered in the voxel models and the ratio of dose rates (Dvoxel/Deliipsoid), termed the K-value,
was calculated. In most cases, the ellipsoidal models provided conservative estimates of organ
dose rates (i.e. K<1).

For the rabbit, dose rates for alpha-emitting radionuclides are identical for each method because
full energy absorption in source tissue is assumed in both cases. For beta-emitting *Sr, K-
values were in the range 0.8-0.9. For highly penetrating photon radiations (e.g., ***Cs and
137Cs), K-values ranged from 0.42 to 0.64, indicating the ellipsoidal phantoms over-predict
organ dose rates for the rabbit (Caffrey et al. 2015a).

Similarly, the dose rates calculated via the two methods generally agreed within a factor of
two to three for the three aquatic organisms investigated. K-values ranged from 0.36 (¢°Co) to
1.08 (**C) (Ruedig et al. 2015), again suggesting that the ellipsoid assumption is generally
conservative, and hence, fit for purpose in regulatory assessments. Potentially the evaluation
presented here overestimates the difference between doses that would be calculated by
ellipsoid and voxel models as we have not included consideration of organ-to-organ (or
‘crossfire’) contributions (Caffrey et al. 2015a).

4.2.2 Tissue composition and density assumption

In most geometric and voxel models created to date, human tissue composition and density
values have been used in lieu of biologically accurate values for non-human biota. This has
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raised questions regarding variable tissue composition and density effects on the fraction of
radioactive emission energy absorbed within tissues. These assumptions were tested using the
same rabbit model as discussed above. Results indicate that the variation in composition
between mammalian tissue types made little difference to the fraction of emissions absorbed.
Furthermore, comparison of more variable tissue densities (e.g. heart, liver, bone etc.) showed
little difference in fractions of energy absorbed (Caffrey et al. 2015a; Ruedig et al. 2015).

4.2.3 Homogeneity assumption

Typically, the dosimetric approaches assume that radionuclides are homogeneously distributed
throughout the organism of interest. For some radionuclides (e.g., **'Cs, 3H) this assumption
approximates reality (Yankovich et al. 2010b). However, in some cases, radionuclides may be
heterogeneously partitioned. Examples are radioiodine accumulating in the thyroid of animals
and bone seeking radionuclides such as %°Sr, 226228Ra and 2°Pu. This heterogeneous
distribution may lead to doses to specific organs which are considerably higher than those to
homogenous ellipsoids. For instance, the dose rate to the thyroid (thyroid mass 1.59) of a roe
deer (body mass, 18.2 kg), due to 31 uptake, may be a factor of 10,000 higher than the whole
organism dose rate based upon a homogeneous distribution of 31 (Farhana & Ganie 2010).
lodine-131 is probably the most extreme example. If the main radionuclide in an assessment is
likely to accumulate in a specific organ, then the assessor may wish to consider how these
findings will influence their interpretation of the results. Furthermore, if conducting dose-effect
studies with these type of radionuclides, then voxel phantoms should potentially be used to
estimate doses and consideration will need to be given to how the dose-response relationship
is interpreted.

4.2.4 Conclusions for requlation - application of simple ellipsoid models

Sources of uncertainty in the standard dosimetric methodologies used in wildlife assessments
are summarised in Table 2. Based upon evaluations summarised above, the continued use of
simplified geometric models as the basis for the majority of regulatory dose assessments seems
appropriate. The uncertainty arising due to the use of a simplified geometry (relative to a voxel
geometry) is relatively minor when compared with other sources of uncertainty within wildlife
dosimetry (e.g. prediction of radionuclide transfer to organisms). An exception may be the few
cases where most of the organism’s activity is located in one relatively small organ (e.g. the
radioiodine example given above). Voxel models may be particularly useful in scenarios where
accurate (as opposed to conservative) estimates of dose rates are necessary, such as in aiding
the interpretation of wildlife dose-effects studies.

Table 2. Sources and quantification of uncertainty within the standard assumption of a
homogenous geometry.

Assumption of ellipsoid Alternative approach Maximum potential
dosimetric model uncertainty introduced by
using assumption versus
alternative
Simplified phantom Voxel phantom geometry | < 3x
geometry Assumption is conservative
Four-part tissue composition | Complex tissue < 1.5x
composition

Assumption is not conservative
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Homogeneous distribution of | Heterogeneous < 10000x (for accumulating
radionuclides, whole- distribution of organ)
organism dose rate radionuclides, organ

- Assumption is not conservative
specific dose rate

4.3 Uncertainties in external exposure estimates
4.3.1 Heterogeneity in radionuclide soil/sediment profile distributions

Homogeneous distribution of radionuclides in soils and sediments is typically assumed in
assessment models and tools. However, in reality, significant variation in radionuclide activity
concentrations with depth may be observed for soils and sediments. We investigated the effect
of this vertical heterogeneity on organism exposure by determining the dose rates to various
soil- and sediment-dwelling organisms externally exposed to a set of radionuclides (Beaugelin-
Seiller 2014). The soil or sediment compartment was described with an increasing level of
complexity, from the usual single uniform compartment through to a multilayer representation
(using the EDEN2 model, Beaugelin-Seiller et al. 2006). Resultant total external dose rates
varied by up to three orders of magnitude compared to a homogenous distribution assumption.
However, this depended upon the exposure situation, i.e., the organism, its location and the
radionuclides considered. The assumption of a homogeneous distribution within soil or
sediment was not consistently conservative. However, the homogenous assumption is suitable
for the purpose of a conservative screening-level risk assessment (e.g. fit for regulatory
purpose), as long as it is combined with the maximal activity concentration reported in the soil
or sediment profile being considered. The use of radionuclide activity profiles in soils or
sediments is a potential refinement for higher tier assessment or may be useful when
interpreting field effects studies.

4.3.2 Soil and sediment water

Soil and sediment activity concentrations are required inputs of the various models to estimate
external exposure rates and the activity concentrations in organisms. To determine organism
activity concentrations, the required input for the application of the CRwo-media iS SOil dry mass
activity concentrations (IAEA 2014), whereas for the determination of dose rate the DCC
values are often applied to fresh mass soil activity concentrations (Brown et al. 2008). External
DCC values were estimated to vary by a factor of about 1.5 over realistic ranges of soil moisture
(dry to saturated) (Beaugelin-Seiller 2016). Consequently, this adds little uncertainty to the
estimation of exposure in comparison with uncertainties in transfer parameters.

However, while the external DCC values should be applied to soil fresh mass activity
concentrations, assessors typically input dry mass soil activity concentrations. Generally, the
impact of this on the external dose rate will be relatively minor and it is a conservative
assumption appropriate for screening level assessments. However, for ecosystems with high
soil moisture contents, the uncertainty added to the assessment by inputting soil activity
concentrations on a dry mass basis could be considerable. For instance, in an assessment of
wetlands using the ERICA Tool (which allows the soil dry mass percentage to be added), the
estimated external 13’Cs dose rates using the reported soil dry matter content (of 10%) were an
order of magnitude lower than estimates using the default soil dry matter content (Stark et al.
2015); in effect, converting to a fresh mass soil activity concentration resulted in an order of
magnitude decrease in the soil activity concentration.

4.4 Radioactive decay/progeny
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Radioactive decay can generate new, ‘daughter’, radionuclides. Short-lived progeny are most
often included in the DCC of their parent (Vives i Batlle et al. 2007a); secular equilibrium
between the parent radionuclide and the decay products (daughters) is assumed. Depending
upon the model, different threshold (cut-off) values are used. For example, in the current
version of the ERICA Tool (Brown et al. 2016), DCC values include progeny with half-lives
of <10 days. For RESRAD-BIOTA, the cut-off is 100 years for the first two assessment levels
and can be reduced to 180 days at the highest assessment level. A potential limitation of this
approach is that progeny are assumed to have the same behaviour regarding transfer as their
parents; the conservatism of this assumption is unclear. Users need to be aware of which
progeny are included in the parent radionuclide DCC for the approach that they are using.

Users also need to take care not to consider separately progeny already integrated in the parent
DCCs, as this would overestimate the radiological risk (see Vives i Batlle et al. 2007a); this is
possible to do in some of the models (including RESRAD-BIOTA and the ERICA Tool).
Theoretically, the ideal would be to consider each progeny separately, which is the approach
used in the recent methodology described by ICRP (2017). However, this requires either
measurements of all of the progeny and/or CRwo-media Values for them. Some of the progeny are
elements for which CRwo-media Would otherwise not be required and for which there are few or
no data available. The implication of the uncertainties this adds to the estimation of dose has
yet to be evaluated.

5. Estimating exposure in contaminated environments: animal — environment
interactions

Currently, in assessments, dose rates to animals may be predicted using point of capture media
activity concentrations or media activity concentrations averaged across either an assessment
site or an assumed home range for a species. Some field studies may even simply relate
observations of purported radiation effects to ambient dose rate measurements using handheld
detectors (see discussion in Beaugelin-Seiller et al. 2020). For the assessment of non-
radiological contaminants, the application of animal movement models to estimate exposure
have been proposed (Cairns & Niederlehner 1996; Forbes & Calow 2012).

To our knowledge, prior to the MODARIA programmes, only one study had attempted to
evaluate how well assessment tools and standard assumptions predicted external exposure in
the field; Beresford et al. (2008e) attached thermoluminescent dosimeters (TLDs) to mice and
voles at three sites in the Chernobyl Exclusion Zone comparing results to predictions from the
ERICA Tool. The Chernobyl small mammal study suggested that assuming the average **’Cs
activity concentration in soil across the assumed home range gave adequate external dose rate
predictions (compared to results from the TLDs attached to the animals). To further test the
applicability of the approaches used in assessments, we have conducted two studies: one on
reindeer (Rangifer tarandus tarandus) in Norway and the other on Eurasian elk (Alces alces)
in Sweden.

In Aramrum et al. (2019), we describe a study conducted in an upland area of Norway which
received comparatively high deposition of *’Cs from the 1986 Chernobyl accident. Free-
ranging reindeer were fitted with collars onto which dosimeters and GPS units were mounted.
The dosimeters were recovered from 12 animals approximately 11 months after being fitted.
Live-monitoring data were available for the animals, as were spatial datasets of soil **'Cs and
natural radionuclide activity concentrations. External dose rates were estimated using the
ERICA Tool from: (i) soil activity concentrations averaged over the whole ranging area of the
herd; and (ii) soil activity concentrations for areas that the reindeer were known to have visited
based on the GPS-tracking data. The average *’Cs dose rate to the animals estimated for areas
they were known to be have visited was approximately twice that estimated for the entire range
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area. Collared reindeer mostly occupied areas with the highest 3’Cs soil concentrations, as
these were correlated with their favoured habitats. Whilst estimating external exposure,
assuming that the animals ranged over the whole area available to them (i.e. as may be assumed
for an assessment) would underestimate external doses by a factor of about two, internal doses
calculated from live-monitoring data were approximately an order of magnitude higher than
the external doses. The external dose (}*Cs and natural background exposure) estimated using
the GPS-tracking data were in reasonable agreement with dose measurements from the collar
mounted dosimeters.

In our second study, data were made available for an area of Sweden in which long-term studies
of the behaviour of Eurasian elk had been conducted (Singh et al. 2012; Allen et al. 2016). The
data included: GPS-tracking locations for moose 2006-2007; habitat and topography spatial
datasets; and a *'Cs deposition surface from post-Chernobyl aerial surveys. Habitats were
defined as ‘unsuitable’, ‘suitable’ and ‘preferred’ for elk; areas with a slope >10° were also
defined as unsuitable. These data were used to compare the following exposure modelling
approaches (see IAEA 2021):

i) Conventional approach — Estimations of exposure were made using a spatially adjusted
mean soil activity concentration for: the entire assessment area; ‘suitable’ locations within
the assessment area; and ‘preferred’ locations.

i) Mass-balanced food-web approach — A mass-balanced food web model (Christensen et
al. 2014) was applied in a spatial context.

iii) Individual-based movement (IBM) approach — a simplistic stochastic-Lagrangian
approach was implemented in Goldsim Dynamic Monte Carlo Simulation Software
(Goldsim™; https://www.goldsim.com/web/home/) to model spatially-variable exposures
to individual elk based on random-walk movement biased by known habitat and terrain
slope preferences (defined as for the mass-balance food-web approach).

From a comparison of the three exposure modelling approaches, we concluded that for
screening level assessments, the conventional approach, taking into account habitat/terrain
preferences is sufficient for external exposure estimation; external exposure estimates were
broadly comparable for the three approaches. The conventional approach was the simplest to
apply and could be adapted to readily take into account habitat/terrain preferences. However,
the IBM approach has the potential to estimate variability within a population and, therefore,
may be useful for higher tier assessments and to inform the interpretations of field studies on
radiation effects.

In addition to the estimation of external exposure, the conventional and IBM approaches were
both used to estimate internal exposure. The conventional approach used an elk-specific CRwo-
soil Value extracted from the Wildlife Transfer Database (Copplestone et al. 2013) to estimate
the *¥7Cs activity concentration of elk. The IBM approach used a simplified intake-retention
model in which the internal dose over time related to the soil-to-vegetation-to-elk uptake of
137Cs along a “foraging pathway’ across the variably-contaminated landscape. Internal dose
was estimated to be 20-30 times higher than the external dose. Predictions from the IBM
approach demonstrated that internal dose rate will respond to spatial changes in soil
contamination more slowly than external dose rate, which responds instantaneously. The
slower response of internal dose rate is the consequence of organism uptake and loss rates of
radionuclides being influenced by the radionuclide’s biological half-life for the organism under
consideration.

Encouragingly, there has been reasonable agreement between dosimeter estimates and model
predictions for all studies now available where model estimates have been compared to the
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results of dosimeters attached to animals (reindeer - Aramrum et al. 2019; snakes - Gerke et al.
2020; small mammals - Beresford et al. 2008e).

We can conclude that the ‘conventional approach’ of averaging soil activity concentrations
over an appropriate area is suitable for screening-level assessments. However, the elk and
reindeer studies, and papers published on wolves (Hinton et al. 2019) and wild hogs (Gaines et
al. 2005) demonstrate the potential influence of habitat utilisation on the exposure of animals.
Therefore, beyond screening-level assessments, the application of organism-specific
knowledge of habitat and terrain preferences should be considered when estimating exposure.
It may be necessary to use different spatial extents (and hence, spatially-averaged media
activity concentrations) for different organisms within an assessment area. The importance of
spatial behaviour relative to the spatial resolution and pattern of contaminant data may vary
between different organisms. For instance, as noted above, averaging *’Cs activity
concentrations in soil across an assumed home range gave adequate predictions of external
exposure (compared to the results of TLDs attached to mice and vole species) at three sites in
the Chernobyl Exclusion Zone (Beresford et al. 2008e). The difference in conclusions reached
between the small mammal study and the findings of the elk and reindeer studies discussed
above may be due to the limited spatial variation in soil contamination over smaller ranging
areas; whilst variable, soil *’Cs activity concentrations demonstrated no significant spatial
trend at any of the three Chernobyl sites (Beresford et al. 2008e).

The focus of the studies discussed here was the estimation of external exposure, however,
habitat and terrain utilisation will also impact on internal exposure. Depending upon how
animals utilise their habitats, the areas contributing most to internal dose may not be the same
as those contributing to external dose (e.g. animals such as badgers and foxes may feed in areas
relatively distant to their burrow). Hinton et al. (2019) suggest their results of external dose
rate measurements and internal *’Cs activity concentrations for Chernobyl wolves demonstrate
differences in total ranging and foraging areas. In the reindeer and elk examples discussed
above, internal dose dominated total exposure. However, the relative contributions of external
and internal exposure to total dose will depend upon ecosystem characteristics determining
radionuclide transfer, animal species and radionuclide.

Consideration of the importance of animal-environment interaction on animal exposure has, to
date, been restricted to terrestrial ecosystems. Attention should also be given to aquatic
environments (e.g. spatial heterogeneity in sediment activity concentrations would impact on
dose rates to mobile benthic organisms).

6. Making the assessment tools work for you

The available models have limitations with respect to, for instance, the default ecosystems,
organisms considered, exposure geometries, default radionuclides and input requirements.
This section explores how some of these issues can be managed such that more confidence
can be placed in the assessment outcomes.

6.1 Conducting an initial screening-level assessment for a missing radionuclide

The ERICA Tool and RESRAD-BIOTA use tiered assessment approaches but include a
limited set of default radionuclides. Whilst radionuclides can be added for higher-level
assessments in the ERICA Tool, they cannot be added for the initial screening level (Tier 1).
Tier 1 in the ERICA Tool simply compares input media concentrations to pre-defined values,
termed Environmental Media Concentration Limits (EMCLSs), representing the soil, water or
sediment activity concentrations giving rise to the screening dose rate to the most exposed
reference organism. Whilst it is not possible to add radionuclides at Tier 1, it is possible to
use the ERICA Tool to estimate EMCL values for additional radionuclides. This requires

18



CRwo-media @and, in the case of aquatic ecosystems, Kq values, with associated probability
distribution functions for the new radionuclide. If the ERICA Tool is run in probabilistic
mode (Tier 3) with inputs of 1 Bq per unit media, an EMCL value can be calculated by
dividing the screening dose rate by the highest estimated 95 percentile dose rate for any
default organism.

This approach could be used to derive screening media activity concentrations for application
in approaches other than the ERICA Tool. For example, it has been applied to derive soil and
water ‘radiological guideline values’ for a uranium mining site in Australia (Doering &
Bollhdfer 2016; Doering et al. 2019).

6.2 Dealing with organisms in different environments

Assessment tools, such as RESRAD-BIOTA and the ERICA Tool, consider generic
ecosystem types (e.g. ‘terrestrial’, ‘freshwater’, ‘marine’, ‘riparian’). This means that
assessors have to make decisions on how to cope with assessments for different environments
(e.g. estuaries or saltmarshes), migratory species (e.g. birds, marine mammals) and species
that spend time in different environments (e.g. frogs), as examples.

For some ecosystem types not included within the models, it may be possible to simply re-
parameterise the CRwo-media Values. For instance, if an estuarine system was being assessed,
then the marine ecosystem could be re-parameterised using appropriate values (e.g. data for
species living in estuaries can be found in the Wildlife Transfer Database (Copplestone et al.
2013)).

For organisms which may inhabit more than one ecosystem type (e.g. a seal, duck or frog),
model runs for each ecosystem should be performed (e.g. freshwater and terrestrial
ecosystems for a frog). Outputs of model runs can be combined by taking into consideration
the time spent in each environment and where the organism feeds. For example, in the case of
the seal, all of the internal exposure would originate from feeding in the marine environment,
but there would be an external exposure contribution when the seal is resting in the terrestrial
environment. However, if the user were considering an organism such as an otter (Lutra
lutra), they may assume that the otter feeds in both the aquatic and terrestrial environment
and fractionate the internal dose according to the diet assumed. RESRAD-BIOTA allows
dose rates to riparian animals (e.g. an otter) to be estimated, though transfer parameters and
simple diets would need to be defined.

6.3 Exposure geometries

There are limitations in most assessment models on the organism and exposure geometries
which can be considered. For instance, the ERICA Tool allows birds in the terrestrial
ecosystem to be ‘on soil’ or ‘in the air’, whereas mammals can be ‘on soil’ or ‘in soil’.
However, assessments might be required for birds that burrow (e.g. puffins (Fratercula
arctica)) or flying mammals (i.e. bats). While it may appear that the ERICA Tool could not
model these types of organisms, the bat could be modelled as a bird (organism density
assumptions in the model are the same for both mammals and birds) if an external dose rate
in air is required. Similarly, a dose rate for a puffin in burrows could be estimated by
modelling it as a burrowing mammal. Johansen et al. (2012) presents our model
intercomparison exercise for an area containing contaminated waste trenches and gives
examples of how non-standard organism exposure geometries such as, a lizard (Varanus
varius) that spends some time in trees and also trees growing directly over buried wastes
(some models, e.g. the ERICA Tool, only have default organisms representative of above
ground plant parts).

6.4 Representing organisms of interest
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Specific protected or keystone species may require consideration within an assessment; these
species may be defined within legislation (e.g. Copplestone et al. 2003) or by stakeholders.

RESRAD-BIOTA and the ERICA Tool make highly conservative assumptions in their initial
screening tier, and hence, it is likely that results would be applicable to protected species.
This assumes that existing CRwo-media databases or assumed CR values would encompass those
applicable for the protected species and we note that RESRAD-BIOTA does not cover all
organism types (e.g. aquatic plants).

At higher assessment tiers, it is likely that default geometries would be applicable to the
protected species of interest, especially taking into account the discussion above about the
comparative lack of effect of size on the dose calculation. However, both tools give the
opportunity to create new organisms, if desired. Consideration would need to be given as to
whether the default CRwo-media Values were appropriate for the species under consideration. If
the species of interest is protected, it is unlikely that whole-organism activity concentration or
transfer data could be obtained directly (as for most radionuclides, this would involve killing
the organism). It is possible that CRwo-media Values could be derived from analysis of similar
unprotected organisms (Beresford et al. 2016a). If no suitable data are available, IAEA
(2014) provides summarised values for organism sub-groups (e.g. herbivorous mammal
rather than the generic mammal category that may be included as a default within the model).
However, the quantity and representativeness of the data is such that it is not recommended
that the sub-group values are used in preference to the generic values (Wood et al. 2013).
RESRAD-BIOTA gives the option of creating simple food chain models that could be used
as an alternative approach to assess protected species.

For some radionuclides, it is possible to use taxonomic models of transfer to predict activity
concentrations in families or genera, which may encompass the species of interest (Beresford
et al. 2013, 2016a; Beresford and Willey 2019). Currently, such models have been
demonstrated for Cs in freshwater fish and Pb in terrestrial organisms, with Sgvik et al.
(2017) suggesting it will be possible to establish models for a wider range of radionuclides
(Cs, Sr, U and Se). However, we note that whilst the predictive power of these initial models
was good for freshwater fish and terrestrial organisms, it was poor for Cs in marine
organisms (Brown et al. 2019).

Some organisms have very different life stages, which may involve living in different
environments for periods of time (e.g. tadpole-frog, insects). For exposure assessment in such
cases, different geometries could be created in tools, such as RESRAD-BIOTA or ERICA, to
represent the various life-stages. However, currently, there are few CRuwo-media data for non-
adult life-stages.

6.5 Carbon-14 and tritium — model inputs

In some approaches specific activity models are used to predict *H and “C activity
concentrations in terrestrial organisms (e.g. Beresford et al. 2008a; IAEA 2014). These
approaches relate organism activity concentrations to input air concentrations, not soil
activity concentrations as is the case for most radionuclides (Beresford et al. 2008a); this is
similar to approaches for estimating 3H and “C transfer to human foodstuffs (IAEA 2010,
2014). However, in some instances, assessors will have soil but not air concentrations
available (see example in Stark et al. 2015). Guidance is needed for assessors on how to
estimate an air activity concentration from a soil concentration.

The underlying assumption of a simple specific activity model is that the ratio of the
concentrations of radioactive and stable isotopes is the same in all environmental
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compartments. Therefore, in the case of C, if the soil activity concentration is known, **C
air concentrations can be approximated for input into assessments as:

_ MCoou x 0.2

" Soil Carbon

14
air

where *Csi is the activity concentration of *4C in soil (Bq kg™ DM); *Cair is the activity
concentration of *C in air (Bq m™); Soil Carbon is the concentration of stable carbon in soil
(g kgt DM); and 0.2 is the typical stable carbon content of air (g m=) (IAEA 2014).

For 3H, the assumption can be made that the activity concentration in air moisture (Caw, Bq
m-3) will be equal to that in soil water (Csw, Bq m™). The concentration of *H in air (Cair, Bq
m3) can then be estimated as:

Cair = Cam X Hy

where Hais the absolute humidity (kg m=). Typical Ha values for different climates are
presented in IAEA (2019), which also presents a methodology for estimating Ha from
relative humidity, if known. This approach will give an approximation of the *H
concentration in air which can be input into models. However, it should be noted that root
uptake may be the dominant source of 3H in plants at sites with contaminated soil and
groundwater (Evenden et al. 1998; Yim & Caron 2006).

7. Coping with missing data — suggested best practice approach

In the course of the various model intercomparisons described above, we encountered the need
to deal with missing data (e.g. for a specific progeny within a decay chain). This was most
notable for the scenarios that considered Canadian lakes impacted by U mining and processing
industries (Goulet et al. submitted; Beaugelin-Seiller et al. 2016). Consequently, we defined
some ‘best practice guidance’ to aid future assessors, as summarised below:

¢ Ifonly water activity concentrations are available for an aquatic assessment, to calculate
sediment activity concentrations, a best estimate Kq value should be used, for instance,
a mean value calculated for similar sites or a value selected from an up-to-date review
(e.g. Boyer et al. 2018; Tomczak et al. 2019; Kelleher et al. submitted).

e If only sediment activity concentrations are available for an aquatic assessment, to
calculate water activity concentrations, a best estimate Kq value derived as above should
be used.

e If media activity concentrations are lacking for radionuclides within a decay chain for
an aquatic assessment, secular equilibrium in the same media should be assumed,
preferably with the closest member in the decay chain for which data are available. For
the 23U and %?Th decay chains, radon and thoron gas will escape; ?°Po and 2'°Pb
activity concentrations in media can be assumed to be 80% of the ??°Ra activity
concentrations (UNSCEAR 2000). However, some knowledge of the assessment site
will be required when determining which radionuclides should be assumed to be in
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secular equilibrium as some processes may impact on this (e.g. see case of phosphate-
fertiliser plant considered in Vandenhove et al. (2015)).

e If sufficient whole-organism activity concentrations are available for the organisms
being assessed, then these should be used in the assessment; consideration will need to
be given to the amount of data available versus the quantity and provenance of CRueo-
media values from compilations (i.e. the Wildlife Transfer Database
(http://www.wildlifetransferdatabase.org/ (Copplestone et al. 2013)).

e If whole-organism activity concentrations for a given species are not available for an
assessment site, data for a similar species at the same site should be used.

e If no measured data for a given species are available at a site, the whole-organism
activity concentration should be predicted using CRwo-media Values, preferably from
measurements made previously at the assessment site, or at similar, site(s); the assessor
would need to determine if sufficient measurements are available to justify using a site
specific rather than a generic CRwo-media Value (see Sheppard 2005; Wood et al. 2009).

e If no relevant CRwo-media Values are available, appropriate values should be obtained
from the Wildlife Transfer Database (i.e. for the organism-radionuclide combination
being considered).

e If neither whole-organism activity concentrations nor relevant CRwo-media Values are
available for a specific radionuclide-organism combination, then extrapolation
approaches, such as those described by Beresford et al. (2016a) and Brown et al. (2013,
2016), should be used.

8. Conclusions

Since circa 2000, a number of models and tools to assess the radiological risk to wildlife
have been developed and are now being used in assessments worldwide. Through the studies
discussed above, we have assessed the fitness for purpose of a number of these models and
tools, and highlighted areas of highest uncertainty. Based on our evaluations, we are able to
recommend a number of tools/models for undertaking radiological assessments for wildlife
which are freely available to users (Table 1). Although not discussed above, a number of our
evaluation exercises (e.g. Johansen et al. 2015; Goulet et al. submitted; Stark et al. 2015)
demonstrated the potential contribution of ‘assessor uncertainty’ (Wood et al. 2009) to the
total uncertainty in model predictions. Choices made by assessors (e.g. regarding parameter
selection and model application) can significantly affect model outcomes and must be
appropriately justified. It is therefore recommended that assessors: (i) clearly document and
justify all decisions made within an assessment, including the provenance of all
data/parameter values used; (ii) follow the best practice guidance provided here; and (iii)
consider undertaking one of the available training courses on the use of dose assessment
models in environmental radiation protection to ensure that they are undertaking assessments
based on the most up-to-date knowledge.

Some of these models and tools can be used to undertake tiered or graded assessments,
beginning with conservative screening tiers and progressing, if required, to more refined
assessments requiring increasing amounts of data. Others allow more functionality for
specific aspects of assessments (e.g. dosimetry, transfer or dynamic modelling) or fill gaps in
the capabilities of the tiered/graded assessment tools (e.g. enabling the assessment of noble
gases). Although there are many simplifications in the available assessment models, and also
large uncertainties with respect to radionuclide transfer to organisms, we conclude that the
commonly used tiered/graded assessment tools (e.g. RESRAD-BIOTA (USDoE 2004) and

22


http://www.wildlifetransferdatabase.org/

the ERICA Tool (Brown et al. 2016)) are generally fit for purpose for conducting screening-
level assessments. As discussed above (see section 6), the available models have greater
utility than may first appear.

However, radiological protection of the environment (or wildlife) is still a relatively new
development and assessment approaches are continuing to develop. The ICRP has refined its
approach to estimating dose conversion coefficients (which the ICRP now refers to as ‘dose
coefficients’ (DC)). The new approach includes assessment-specific consideration of the
contribution of radioactive progeny to the DC of parent radionuclides (i.e. progeny may not
be included in the parent DC but modelled separately) and an extended set of exposure
geometries (ICRP 2017). With respect to the Wildlife Transfer Database (Copplestone et al.
2013), CRwo-media Values continue to be added, comprehensive compilations of post-
Fukushima accident studies are becoming available (IAEA 2020) and regional CRwo-media
compilations are being produced (Hirth et al. 2017).

The forthcoming IAEA approach for the assessment of the impact of radioactive discharges
to the environment, replacing (IAEA 2001), adopts aspects of the revised ICRP dosimetry
methodology for estimating dose coefficients. It also includes exposure pathways not present
in the existing screening-level models (e.g. land irrigation, application of sewage sludge to
land) and adopts approaches used for human food chain modelling including interception of
aerially released radionuclides by vegetation surfaces (see section 3.3).

Furthermore, to address data gaps and uncertainties in the CRwo-media @pproach, novel
approaches to estimating the transfer of radionuclides to wildlife are being developed and
tested (Beresford et al. 2013, 2016a; Beresford & Wiley 2019; Beresford & Vives i Batlle
2013; Brown et al. 2019; Sevik et al. 2017; Vives i Batlle et al. 2007b). Some
new/developing assessment approaches described above differ considerably from the more
established models/tools that we have tested. There is also increasing international interest in
developing assessment approaches and associated models/tools that support the effective
regulation of multiple stressors (e.g. radiological and non-radiological contaminants
(Beaumelle et al. 2017; Vandenhove et al. 2018). Therefore, as environmental assessment
approaches continue to develop, we recommend the continuation of coordinated international
programmes for model development, intercomparison and scenario testing, as we have
described in this paper. Such programmes would also contribute to the provision of training
in this developing area of radiation protection, given that many countries have only recently
started to adapt to revised international recommendations to ensure that wildlife are protected
from releases of radioactivity into the environment.

Acknowledgements

The authors would like to thank the IAEA for facilitating the working groups from which this
paper originates and the group scientific secretaries (Mikhail Balonov, Sergey Fesenko and
Diego Telleria) over the course of the EMRAS and MODARIA programmes. We also thank
all other contributors to the work of the working groups. We would especially like to take this
opportunity to acknowledge the contributions of those group members who are sadly no
longer with us: Dan Galeriu, Rudie Heling, Masahiro Doi and Ramadan Ahmed.

The contributions of N.A. Beresford and C.L. Barnett to this manuscript were supported by
the Natural Environment Research Council (NERC) funded TREE project
(https://tree.ceh.ac.uk/; NE/L000318/1) and NERC award number NE/R016429/1 as part of
the UK-SCAPE programme delivering National Capability. The contribution of A.
Melintescu was supported by the project EXPORATORY IDEAS 191/2017, contract no. PN-

23


https://tree.ceh.ac.uk/

I11-P4-1D-PCE-2016-2018 financed by the Romanian Authority for Scientific Research. The
contribution of J.E. Brown was partly supported by the Research Council of Norway through
its Centres of Excellence funding scheme (project number 223268/F50). The contribution of
M.D. Wood was supported by a NERC ‘Radioactivity and The Environment” award
(NE/L000520/1).

References

Allen, A.M.J., Mansson, J., Sand, H., Malmsten, J., Ericsson, G., Singh, N.J. 2016. Scaling
up movements: from individual space use to population patterns. Ecosphere, 7, 01524,
https://doi.org/10.1002/ecs2.1524

Allott, R., Copplestone, D. 2009. Impact of radioactive substances on Ribble and Alt
estuarine habitats. Science report: SC060083/SR2. Environment Agency, Bristol. Available
from: https://www.gov.uk/government/publications/impact-of-radioactive-substances-on-
ribble-and-alt-estuarine-habitats

Aramrun, K., Beresford, N.A., Skuterud, L., Hevroy, T.H., Drefvelin, J., Yurosko, C.,
Phruksarojanakun, P., Esoa, J., Yongprawat, M., Siegenthaler, A., Fawkes, R., Tumnoi, W.,
Wood, M.D. 2019. Measuring the radiation exposure of Norwegian reindeer under field
conditions. Sci. Tot. Environ., 687, 1337-1343.
https://doi.org/10.1016/j.scitotenv.2019.06.177

Avila, R., Beresford, N.A., Agiiero, A., Broed, R., Brown, J., lospje, M., Robles, B., Suafiez,
A., 2004. Study of the uncertainty in estimation of the exposure of nonhuman biota to
ionizing radiation. J. Radiol. Prot., 24, A105-A122. https://doi.org/10.1088/0952-
4746/24/4a/007

Barnett, C.L., Beresford, N.A., Walker, L.A., Baxter, M., Wells, C., Copplestone, D. 2014.
Transfer parameters for ICRP reference animals and plants collected from a forest ecosystem
Radiat. Environ. Biophys., 53, 125-149. https://doi.org/10.1007/s00411-013-0493-6

Barnett, C.L., Beresford, N.A., Wood, M.D., I1zquierdo, M., Walker, L.A., Fawkes, R. 2020.
Element and radionuclide concentrations in soils and wildlife from forests in north-east
England with a focus on species representative of the ICRP's Reference Animals and Plants
Earth Syst. Sci. Data, 12, 3021-3038. https://doi.org/10.5194/essd-12-3021-2020

Beaugelin-Seiller, K., Jasserand, F., Garnier-Laplace, J., Gariel, J.C. 2006. Modelling the
radiological dose in non-human species: principles, computerization and application. Hlth.
Phys., 90, 485-493. https://doi.org/10.1097/01.hp.0000182192.91169.ed

Beaugelin-Seiller, K. 2014. The assumption of heterogeneous or homogeneous radioactive
contamination in soil/sediment: does it matter in terms of the external exposure of fauna? J.
Environ. Radioact., 138, 60-67. https://doi.org/10.1016/j.jenvrad.2014.07.027

Beaugelin-Seiller, K. 2016. Effects of the soil water content on the external exposure of fauna
to radioactive isotopes. J. Environ., Radioact., 151, 204-208.
https://doi.org/10.1016/j.jenvrad.2015.10.005

Beaugelin-Seiller, K., Goulet, R., Mihok S., Beresford, N.A. 2016. Should we ignore U-235
series contribution to dose? J. Environ. Radioact., 151, 114-125.
http://dx.doi.org/10.1016/j.jenvrad.2015.09.019

24


https://doi.org/10.1002/ecs2.1524
https://www.gov.uk/government/publications/impact-of-radioactive-substances-on-ribble-and-alt-estuarine-habitats
https://www.gov.uk/government/publications/impact-of-radioactive-substances-on-ribble-and-alt-estuarine-habitats
https://doi.org/10.1016/j.scitotenv.2019.06.177
https://doi.org/10.1088/0952-4746/24/4a/007
https://doi.org/10.1088/0952-4746/24/4a/007
https://doi.org/10.1007/s00411-013-0493-6
https://doi.org/10.5194/essd-12-3021-2020
https://doi.org/10.1097/01.hp.0000182192.91169.ed
https://doi.org/10.1016/j.jenvrad.2014.07.027
https://doi.org/10.1016/j.jenvrad.2015.10.005
http://dx.doi.org/10.1016/j.jenvrad.2015.09.019

Beaugelin-Seiller, K., Garnier-Leplace, J., Beresford, N.A. 2020. Estimating radiological
exposure of wildlife in the field. J. Environ. Radioact., 211, 105830.
https://doi.org/10.1016/j.jenvrad.2018.10.006

Beaumelle, L., Della Vedova, C., Beaugelin-Seiller, K., Garnier-Laplace, J., Gilbin, R., 2017.
Ecological risk assessment of mixtures of radiological and chemical stressors: Methodology
to implement an msPAF approach. Environ Pollut., 1421-1432.
https://doi.org/10.1016/j.envpol.2017.09.003

Beresford, N.A., Barnett, C.L., Brown, J., Cheng, J-J. Copplestone, D., Filistovic, V.,
Hosseini, A., Howard, B.J., Jones, S.R., Kamboj, S., Kryshev, A., Nedveckaite, T.,
Olyslaegers, G., Saxen, R., Sazykina, T., Vives i Batlle, J., Vives-Lynch, S., Yankovich, T.,
Yu, C. 2008a. Inter-comparison of models to estimate radionuclide activity concentrations in
non-human biota. Radiat. Environ. Biophys., 47, 491-514. http://dx.doi.org/10.1007/s00411-
008-0186-8

Beresford, N.A., Balonov, M., Beaugelin-Seiller, K., Brown, J., Copplestone, D., Hingston,
J.L., Horyna, J., Hosseini, A., Howard, B.J., Kamboj, S., Nedveckaite, T., Olyslaegers, G.,
Sazykina, T., Vives i Batlle, J., Yankovich, T., Yu. C. 2008b. An international comparison of
models and approaches for the estimation of radiological exposure to non-human biota. App.
Radiat. Isot., 66, 745-1749. https://doi.org/10.1016/j.apradis0.2008.04.009

Beresford, N.A., Barnett, C.L., Jones, D.G., Wood, M.D., Appleton, J.D., Breward, N.,
Copplestone D. 2008c. Background exposure rates of terrestrial wildlife in England and
Wales. J. Environ. Radioact., 99, 1430-1439. http://dx.doi.org/10.1016/j.jenvrad.2008.03.003

Beresford, N.A., Barnett, C.L., Howard, B.J., Scott, W.A., Brown, J.E., Copplestone, D.,
2008d. Derivation of transfer parameters for use within the ERICA Tool and then default
concentration ratios for terrestrial biota. J. Environ. Radioact. 99, 1393-1407.
https://doi.org/10.1016/j.jenvrad.2008.01.020

Beresford, N.A., Gaschak, S., Barnett, C.L., Howard, B.J., Chizhevsky, I., Stramman, G.,
Oughton, D.H., Wright, S.M., Maksimenko, A., Copplestone, D. 2008e. Estimating the
exposure of small mammals at three sites within the Chernobyl exclusion zone — a test
application of the ERICA Tool. J. Environ. Radioact., 99, 1496-1502.
https://doi.org/10.1016/j.jenvrad.2008.03.002

Beresford, N.A., Barnett, C.L., Beaugelin-Seiller, K., Brown, J.E., Cheng, J.-J., Copplestone,
D., Gaschak, S., Hingston, J.L., Horyna, J., Hosseini, A., Howard, B.J., Kamboj, S., Kryshev,
A., Nedveckaite, T., Olyslaegers, G., Sazykina, T., Smith, J.T., Telleria, D., Vives i Batlle, J.,
Yankovich, T.L., Heling, R., Wood, M.D., Yu, C. 2009. Findings and recommendations from
an international comparison of models and approaches for the estimation of radiological
exposure to non-human biota. Radioprotection, 44, 565-570.
https://doi.org/10.1051/radiopro/20095104

Beresford, N.A. 2010. The transfer of radionuclides to wildlife (Editorial). Radiat. Environ.
Biophys., 49, 505-508. http://dx.doi.org/10.1007/s00411-010-0325-x

Beresford, N.A., Barnett, C.L., Brown, J.E., Cheng, J-J., Copplestone, D., Gaschak, S.,
Hosseini, A., Howard, B.J., Kamboj, S., Nedveckaite, T., Olyslaegers, G., Smith, J.T., Vives i
Batlle, J., Vives-Lynch, S., Yu, C. 2010a. Predicting the radiation exposure of terrestrial
wildlife in the Chernobyl exclusion zone: an international comparison of approaches. J.
Radiol. Prot., 30, 341-373. http://dx.doi.org/10.1088/0952-4746/30/2/S07

Beresford, N.A., Hosseini, A., Brown, J.E., Cailes, C., Beaugelin-Seiller, K., Barnett, C. L.,
Copplestone. D. 2010b. Assessment of risk to wildlife from ionising radiation: can initial

25


https://doi.org/10.1016/j.jenvrad.2018.10.006
https://doi.org/10.1016/j.envpol.2017.09.003
http://dx.doi.org/10.1007/s00411-008-0186-8
http://dx.doi.org/10.1007/s00411-008-0186-8
https://doi.org/10.1016/j.apradiso.2008.04.009
http://dx.doi.org/10.1016/j.jenvrad.2008.03.003
https://doi.org/10.1016/j.jenvrad.2008.01.020
https://doi.org/10.1016/j.jenvrad.2008.03.002
https://doi.org/10.1051/radiopro/20095104
http://dx.doi.org/10.1007/s00411-010-0325-x
http://dx.doi.org/10.1088/0952-4746/30/2/S07

screening tiers be used with a high level of confidence? J. Radiol. Prot., 30, 265-284.
http://dx.doi.org/10.1088/0952-4746/30/2/S04

Beresford, N.A., Barnett, C.L., Vives i Batlle, J., Potter, E.D., Ibrahimi, Z.-F., Barlow, T.S.,
Schieb, C., Jones, D.G., Copplestone, D. 2012. Exposure of burrowing mammals to 2?Rn.
Sci. Tot. Environ., 431, 252-261. http://dx.doi.org/10.1016/j.scitotenv.2012.05.023

Beresford, N.A., Vives i Batlle, J. 2013. Estimating the biological half-life for radionuclides
in homoeothermic vertebrates: A simplified allometric approach. Rad. Environ. Biophys., 52,
505-511. http://dx.doi.org/10.1007/s00411-013-0481-x

Beresford, N.A., Yankovich, T.L., Wood, M.D., Fesenko, S., Andersson, P., Muikku, M.,
Willey, N.J. 2013. A new approach to predicting environmental transfer of radionuclides to
wildlife taking account of inter-site variation using residual maximum likelihood mixed-
model regression: a demonstration for freshwater fish and caesium. Sci. Tot. Environ., 463-
464, 284-292. https://doi.org/10.1016/j.scitotenv.2013.06.013

Beresford, N.A., Wood, M.D. 2014. A new simplified allometric approach for predicting the
biological half-life of radionuclides in reptiles. J. Environ. Radioact., 138, 116-121.
http://dx.doi.org/10.1016/j.jenvrad.2014.08.012

Beresford, N.A., Beaugelin-Seiller, K., Burgos, J., Cujic, M., Fesenko, S., Kryshev, A.,
Pachal, N., Real, A., Su, B.S., Tagami, K., Vives i Batlle, J., Vives-Lynch, S., Wells, C.,
Wood, M.D. 2015a. Radionuclide biological half-life values for terrestrial and aquatic
wildlife. J. Environ. Radioact.,150, 270-276. http://dx.doi.org/10.1016/j.jenvrad.2015.08.018

Beresford, N.A., Beaugelin-Seiller, K., Wells, C., Vives-Lynch, S., Vives i Batlle, J., Wood,
M.D., Tagami, K., Real, A., Burgos, J., Fesenko, S., Cujic, M., Kryshev, A., Pachal, N., Su,
B.S., Barnett, C.L., Uchida, S., Hinton, T., Mihalik, J., Stark, K., Willrodt, C., Chaplow, J.S.
2015h. A database of radionuclide biological half-life values for wildlife NERC-
Environmental Information Data Centre. http://dx.doi.org/10.5285/b95c2ea7-47d2-4816-
b942-68779c59bc4d

Beresford, N.A., Wood, M.D., Vives i Batlle, J., Yankovich, T.L., Bradshaw, C., Willey, N.
2016a. Making the most of what we have: application of extrapolation approaches in
radioecological wildlife transfer models. J. Environ. Radioact., 151, 373-386.
http://dx.doi.org/10.1016/j.jenvrad.2015.03.022

Beresford, N.A., Gaschak, S., Maksimenko, A., Wood, M.D. 2016b. The transfer of *’Cs, Pu
isotopes and *°Sr to bird, bat and ground dwelling small mammal species within the
Chernobyl exclusion. Zone. J. Environ. Radioact. 153, 231-236.
http://dx.doi.org/10.1016/j.jenvrad.2015.12.027

Beresford, N.A., Willey, N. 2019. Moving radiation protection on from the limitations of
empirical concentration ratios. J. Environ. Radioact., 208-209, 106020.
https://doi.org/10.1016/j.jenvrad.2019.106020

Bondarkov, M.D., Maksimenko, A.M., Gaschak, S., Zheltonozhsky, V.A., Jannik, G.T.,
Farfan, E.B., 2011. Method for simultaneous ?°Sr and **’Cs in-vivo measurements of small
animals and other environmental media developed for the conditions of the Chernobyl
exclusion zone. Health Phys., 101, 383-392.
http://dx.doi.org/10.1097/HP.0b013e318224bb2b

Boyer, P., Wells, C., Howard, B.J. 2018. Extended Ky distributions for freshwater
environment. J. Environ. Radioact., 192, 128-142.
https://doi.org/10.1016/j.jenvrad.2018.06.006

26


http://dx.doi.org/10.1016/j.scitotenv.2012.05.023
http://dx.doi.org/10.1007/s00411-013-0481-x
https://doi.org/10.1016/j.scitotenv.2013.06.013
http://dx.doi.org/10.1016/j.jenvrad.2014.08.012
http://dx.doi.org/10.1016/j.jenvrad.2015.08.018
http://dx.doi.org/10.5285/b95c2ea7-47d2-4816-b942-68779c59bc4d
http://dx.doi.org/10.5285/b95c2ea7-47d2-4816-b942-68779c59bc4d
http://dx.doi.org/10.1016/j.jenvrad.2015.03.022
http://dx.doi.org/10.1016/j.jenvrad.2015.12.027
https://doi.org/10.1016/j.jenvrad.2019.106020
https://doi.org/10.1016/j.jenvrad.2018.06.006

Brown, J., Strand, P., Hosseini, A., Bgrretzen. P. (Eds.). 2003. FASSET (Framework for
Assessment of Environmental Impact). FASSET deliverable 5: Handbook for assessment of
the exposure of biota to ionising radiation from radionuclides in the environment. EC
Contract No FIGE-CT-2000-00102. Available from:
https://wiki.ceh.ac.uk/display/rpemain/FASSET +reports?preview=/115802176/115998732/fa

sset_d5.pdf

Brown, J.E., Alfonso, B., Avila, R., Beresford, N.A., Copplestone, D., Prohl, G., Ulanovsky,
A. 2008. The ERICA tool. J. Environ. Radioact., 99, 1371-1383.
https://doi.org/10.1016/j.jenvrad.2008.01.008

Brown, J.E., Beresford, N.A., Hosseini, A. 2013. Approaches to providing missing transfer
parameter values in the ERICA Tool - How well do they work? J. Environ. Radioact., 126,
399-411. https://doi.org/10.1016/j.jenvrad.2012.05.005

Brown, J.E., Alfonso, B. Avila, R. Beresford, N.A., Copplestone, D., Hosseini, A. 2016. A
new version of the ERICA tool to facilitate impact assessments of radioactivity on wild plants
and animals. J. Environ. Radioact., 53,141-149. https://doi.org/10.1016/j.jenvrad.2015.12.011

Brown, J.E., Beresford, N.A., Hevrgy, T. 2019. Exploring taxonomic and phylogenetic
relationships to predict radiocaesium transfer to marine biota. Sci. Tot. Environ., 649, 916-
928. https://doi.org/10.1016/j.scitotenv.2018.08.343

Caffrey, E.A., Higley, K.A. 2013. Creation of a voxel phantom of the ICRP reference crab. J.
Environ. Radioact., 120, 14-18. https://doi.org/10.1016/j.jenvrad.2013.01.006

Caffrey, E.A., Johansen, M.P., Higley, K.A. 2015a. Organ dose rate calculations for small
mammals at Maralinga, the Nevada test site, Hanford, and Fukushima: a comparison of
ellipsoidal and voxelized dosimetric methodologies. Radiat. Res., 184, 433-441.
https://doi.org/10.1667/rr14162.1

Caffrey, E.A., Johansen, M.P., Higley, K.A. 2015b. Voxel modeling of rabbits for use in
radiological dose rate calculations. J. Environ. Radioact., 151, 480-486.
http://doi.org/10.1016/j.jenvrad.2015.04.008.

Cairns, J., Niederlehner, B.R. 1996. Developing a field of landscape ecotoxicology. Ecol.
Appl., 6, 790-796. https://doi.org/10.2307/2269484

Charrasse, B., Anderson, A., Mora, J.C., Smith, J., Cohenny, E., Ikonen, A.T.K,,
Kangasniemi, V., Zorko, B., Bonchuk, Y., Beaumelle, L., Gunawardena, N., Amado, V.,
Liptak, L., Leclerc, E., Telleria, D. 2019. Does the use of reference organisms in radiological
impact assessments provide adequate protection of all the species within an environment?
Sci. Tot. Environ., 658, 189-198. https://doi.org/10.1016/j.scitotenv.2018.12.163

Christensen, V., Coll, M., Steenbeek, J., Buszowski, J., Chagaris, D., Walters, C.J. 2014.
Representing variable habitat quality in a spatial food web model. Ecosystems, 17, 1397-
1412. https://doi.org/10.1007/s10021-014-9803-3

Copplestone, D., Johnson, M.S., Jones, S.R., Toal, M.E., Jackson, D. 1999. Radionuclide
behaviour and transport in a coniferous woodland ecosystem: vegetation, invertebrates and
wood mice, Apodemus sylvaticus. Sci. Tot. Environ., 239, 95-1009.
https://doi.org/10.1016/S0048-9697(99)00294-6.

Copplestone, D., Bielby, S., Jones, S.R., Patton D., Daniel P., Gize, 1. 2001. Impact
assessment of ionising radiation on wildlife. R&D Publication 128. Environment Agency,
Bristol. Available from:

27


https://wiki.ceh.ac.uk/display/rpemain/FASSET+reports?preview=/115802176/115998732/fasset_d5.pdf
https://wiki.ceh.ac.uk/display/rpemain/FASSET+reports?preview=/115802176/115998732/fasset_d5.pdf
https://doi.org/10.1016/j.jenvrad.2008.01.008
https://doi.org/10.1016/j.jenvrad.2012.05.005
https://doi.org/10.1016/j.jenvrad.2015.12.011
https://doi.org/10.1016/j.scitotenv.2018.08.343
https://doi.org/10.1016/j.jenvrad.2013.01.006
https://doi.org/10.1667/rr14162.1
http://doi.org/10.1016/j.jenvrad.2015.04.008
https://doi.org/10.2307/2269484
https://doi.org/10.1016/j.scitotenv.2018.12.163
https://doi.org/10.1007/s10021-014-9803-3
https://doi.org/10.1016/S0048-9697(99)00294-6

https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment data
[file/290300/sr-dpub-128-e-e.pdf

Copplestone, D., Wood, M.D., Bielby, S., Jones, S.R., Vives i Batlle, J., Beresford, N.A.
2003. Habitat regulations for Stage 3 assessments: radioactive substances authorisations.
Environment Agency, Bristol. Available from:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data
[fi1e/290999/scho0309bpml-e-e.pdf

Copplestone, D., Brown, J.E., Beresford, N.A. 2010. Considerations for the integration of
human and wildlife radiological assessments. J. Radiol. Prot., 30, 283-297.
https://doi.org/10.1088/0952-4746/30/2/s05

Copplestone, D., Beresford, N.A., Brown, J.E., Yankovich, T., 2013. An international
database of radionuclide concentration ratios for wildlife: development and uses. J. Environ.
Radioact., 126, 288-298. https://doi.org/10.1016/j.jenvrad.2013.05.007

Doering, C., Bollhofer, A. 2016. A soil radiological quality guideline value for wildlife-based
protection in uranium mine rehabilitation. J. Environ. Radioact., 151, 522-529.
https://doi.org/10.1016/j.jenvrad.2015.08.020

Doering, C., Carpenter, J., Orr, B., Urban, D. 2019. Whole organism concentration ratios in
freshwater wildlife from an Australian tropical U mining environment and the derivation of a
water radiological quality guideline value. J. Environ. Radioact., 198, 27-35.
https://doi.org/10.1016/j.jenvrad.2018.12.011

Dogdas, B., Stout, D., Chatziioannou, A.F., Leahy, R.M. 2007. Digimouse: a 3D whole body
mouse atlas from CT and cryosection data. Phys. Med. Biol., 52, 577-587.
https://doi.org/10.1088/0031-9155/52/3/003

Environment Agency (EA). 2012. Assessment of doses to the public from the expected
operations of the proposed Hinkley Point C Power Station. A review of NNB GenCo’s dose
assessment by the Environment Agency. An independent dose assessment by the
Environment Agency. P138. Available from:
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data
[file/301543/gesw0712bwtm-e-e.pdf

Evenden, W.G., Sheppard, S.C., Killey, R.W.D. 1998. Carbon-14 and tritium in plants of a
wetland containing contaminated groundwater. Appl. Geochem., 13, 17-21.
https://doi.org/10.1016/S0883-2927(97)00049-8

Farhana, A., Ganie, S.A. 2010. lodine, lodine metabolism and lodine deficiency disorders
revisited. Indian J. Endocrinol. Metab., 14, 13-17.

Forbes, V.E., Calow, P. 2012. Promises and problems for the new paradigm for risk
assessment and an alternative approach involving predictive systems models. Environ.
Toxicol. Chem., 31, 1663-2671. https://doi.org/10.1002/etc.2009

Gaines, K.F., Porter, D.E., Punshon, T., Brishin, Jr, I.L. 2005. A spatially explicit model of
the wild hog for ecological risk assessment activities at the Department of Energy's Savannah
River site. Hum. Ecol. Risk Assess, 11, 567-589.
https://doi.org/10.1080/10807030590949654

Garnier-Laplace, J., Beaugelin-Seiller, K., Hinton, T.G. 2011. Fukushima wildlife dose
reconstruction signals ecological consequences. Environ. Sci. Technol., 45, 5077-5078.
http://dx.doi.org/10.1021/es201637¢c

28


https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290300/sr-dpub-128-e-e.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290300/sr-dpub-128-e-e.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290999/scho0309bpml-e-e.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/290999/scho0309bpml-e-e.pdf
https://doi.org/10.1088/0952-4746/30/2/s05
https://doi.org/10.1016/j.jenvrad.2013.05.007
https://doi.org/10.1016/j.jenvrad.2015.08.020
https://doi.org/10.1016/j.jenvrad.2018.12.011
https://doi.org/10.1088/0031-9155/52/3/003
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/301543/gesw0712bwtm-e-e.pdf
https://assets.publishing.service.gov.uk/government/uploads/system/uploads/attachment_data/file/301543/gesw0712bwtm-e-e.pdf
https://doi.org/10.1016/S0883-2927(97)00049-8
https://doi.org/10.1002/etc.2009
https://doi.org/10.1080/10807030590949654
http://dx.doi.org/10.1021/es201637c

Gerke, H.C., Hinton, T.G. Takase, T., Anderson, D., Nanba, K., Beasley, J.C. 2020.
Radiocesium concentrations and GPS-coupled dosimetry in Fukushima snakes. Sci. Tot.
Environ., 734, 139389. https://doi.org/10.1016/j.scitotenv.2020.139389

Goulet, R.R., Newsome, L., Vandenhove, H., Dong-Kwon, K., Horyna, J., Kamboj, S.,
Brown, J., Johansen, M.P., Twining, J., Wood, M.D., Cerne, M., Beaugelin-Seiller, K,
Beresford N.A. 2022. Best practices for predictions of radiological activity concentrations
and total absorbed dose rates to freshwater organisms exposed to uranium mining/milling. J.
Environ. Radioact., 244245, 106826. https://doi.org/10.1016/j.jenvrad.2022.106826

Higley, K.A., Domotor, S.L., Antonio, E.J. 2003. A kinetic-allometric approach to predicting
tissue radionuclide concentrations for biota. J. Environ. Radioact., 66, 61-74.
https://doi.org/10.1016/S0265-931X(02)00116-9

Higley, K., Ruedig, E., Gomez-Fernandez, M., Caffrey, E., Jia, J., Comolli, M., Hess, C.
2015. Creation and application of voxelised dosimetric models, and a comparison with the
current methodology as used for the International Commission on Radiological Protection’s
Reference Animals and Plants. Anal. ICRP. 44.
https://doi.org/10.1177%2F0146645315576097

Hinton, T.G., Byrne, M.E., Webster, S.C., Love, C.N., Broggio, D., Trompier, F.,
Shamovich, D., Horloogin, S., Lance, S.L., Brown, J., Dowdall, M., Beasley J.C. 2019. GPS-
coupled contaminant monitors on free-ranging Chernobyl wolves challenge a fundamental
assumption in exposure assessments. Environ. Int., 133, 105152.
https://doi.org/10.1016/j.envint.2019.105152

Hirth, G.A., Johansen, M.P., Carpenter, J.G., Bollhofer, A., Beresford, N.A., 2017. Whole-
organism concentration ratios in wildlife inhabiting Australian uranium mining environments.
J. Environ. Radioact., 178-179, 385-393. https://doi.org/10.1016/j.jenvrad.2017.04.007

Hosseini, A., Tharring, H., Brown, J.E., Saxén, R., llus, E. 2008. Transfer of radionuclides in
aquatic ecosystems - Default concentration ratios for aquatic biota in the Erica Tool. J.
Environ. Radioact., 99, 1408-1429. https://doi.org/10.1016/j.jenvrad.2008.01.012

IAEA, 2001. Generic models for use in assessing the impact of discharges of radioactive
substances to the environment. IAEA Safety Reports Series 19. International Atomic Energy
Agency, Vienna. https://www.iaea.org/publications/6024/generic-models-for-use-in-
assessing-the-impact-of-discharges-of-radioactive-substances-to-the-environment

IAEA. 2004. Sediment distribution coefficients and concentration factors for biota in the
marine environment. Technical Reports Series No. 422. International Atomic Energy
Agency, Vienna. https://www-pub.iaea.org/MTCD/Publications/PDF/TRS422_web.pdf

IAEA. 2006. Fundamental safety principles — Safety Fundamentals, jointly sponsored by
Euratom, FAO, IAEA, ILO, OECD/NEA, PAHO, WHO. IAEA Safety Standards No. SF-1.
International Atomic Energy Agency, Vienna. https://www-
pub.iaea.org/MTCD/publications/PDF/Pub1273_web.pdf

IAEA. 2010. Handbook of parameter values for the prediction of radionuclide transfer in
terrestrial and freshwater environments. IAEA-TRS-472. International Atomic Energy
Agency, Vienna. https://www.iaea.org/publications/8201/handbook-of-parameter-values-for-
the-prediction-of-radionuclide-transfer-in-terrestrial-and-freshwater-environments

IAEA. 2012. Modelling radiation exposure and radionuclide transfer for non-human species.
Report of the biota working group of EMRAS Theme 3. Environmental modelling for
radiation safety (EMRAS) programme. IAEA-TECDOC-1678. International Atomic Energy

29


https://doi.org/10.1016/j.scitotenv.2020.139389
https://doi.org/10.1016/j.jenvrad.2022.106826
https://doi.org/10.1016/S0265-931X(02)00116-9
https://doi.org/10.1177%2F0146645315576097
https://doi.org/10.1016/j.envint.2019.105152
https://doi.org/10.1016/j.jenvrad.2017.04.007
https://doi.org/10.1016/j.jenvrad.2008.01.012
https://www.iaea.org/publications/6024/generic-models-for-use-in-assessing-the-impact-of-discharges-of-radioactive-substances-to-the-environment
https://www.iaea.org/publications/6024/generic-models-for-use-in-assessing-the-impact-of-discharges-of-radioactive-substances-to-the-environment
https://www-pub.iaea.org/MTCD/Publications/PDF/TRS422_web.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/Pub1273_web.pdf
https://www-pub.iaea.org/MTCD/publications/PDF/Pub1273_web.pdf
https://www.iaea.org/publications/8201/handbook-of-parameter-values-for-the-prediction-of-radionuclide-transfer-in-terrestrial-and-freshwater-environments
https://www.iaea.org/publications/8201/handbook-of-parameter-values-for-the-prediction-of-radionuclide-transfer-in-terrestrial-and-freshwater-environments

Agency, Vienna. http://www-ns.iaea.org/downloads/rw/projects/emras/final-reports/biota-
report.pdf

IAEA. 2014. Handbook of parameter values for the prediction of radionuclide transfer to
wildlife. IAEA-TRS-479. International Atomic Energy Agency, Vienna. https://www-
pub.iaea.org/MTCD/Publications/PDF/Trs479 web.pdf

IAEA. 2019. Quantification of radionuclide transfer in terrestrial and freshwater
environments for radiological assessments. IAEA-TECDOC-1616. International Atomic
Energy Agency, Vienna. https://www-
pub.iaea.org/MTCD/Publications/PDF/te_1616_web.pdf

IAEA. 2020. Environmental transfer of radionuclides in Japan following the accident at the
Fukushima Daiichi nuclear power plant. Report of Working Group 4 Transfer processes and
data for radiological impact assessment Subgroup 2 on Fukushima data. IAEA programme on
modelling and data for radiological impact assessment (MODARIA 11). IAEA-TECDOC-
1927. International Atomic Energy Agency, Vienna.
https://www.iaea.org/publications/14751/environmental-transfer-of-radionuclides-in-japan-
following-the-accident-at-the-fukushima-daiichi-nuclear-power-plant

IAEA. 2021. Radiological environmental protection of wildlife: modelling the exposure and
effects. Joint summary report by Working Groups 8 and 9 (MODARIA 1) and Working
Group 5 (MODARIA I1). IAEA-TECDOC-1986. International Atomic Energy Agency,
Vienna. https://www.iaea.org/publications/15026/radiation-protection-of-wildlife-modelling-
the-exposure-and-effects

IAEA. in-press. Assessment of the impact of radioactive discharges to the environment.
Volume 1: Screening assessment of public exposure for planned exposure situations. IAEA
Safety Reports Series 113. International Atomic Energy Agency, Vienna.

IAEA. in-preparation. Assessment of the impact of radioactive discharges to the environment.
Volume 3: Screening assessment of doses to flora and fauna for planned exposure situations.
International Atomic Energy Agency, Vienna.

ICRP. 2007. The 2007 Recommendations of the International Commission on Radiological
Protection. ICRP Publication 103. Ann. ICRP 37.
https://www.icrp.org/publication.asp?id=1CRP%20Publication%20103

ICRP. 2008. Environmental protection: The concept and use of Reference Animals and
Plants. ICRP Publication 108. Ann. ICRP, 38, 4-6.
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20108

ICRP. 2009. Environmental protection: transfer parameters for Reference Animals and
Plants. ICRP Publication 114. Ann. ICRP, 39, 6.
https://www.icrp.org/publication.asp?id=1CRP%20Publication%20114

ICRP. 2014. Protection of the environment under different exposure situations. ICRP
Publication 124. Ann. ICRP, 43, 1.
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20124

ICRP. 2017. Dose coefficients for non-human biota environmentally exposed to radiation.
ICRP Publication 136. Ann. ICRP, 46, 2.
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20136

Jaeschke, B., Smith, K., Nordén, S., Alfonso, B. 2013. Assessment of risk to non-human
biota from a repository for the disposal of spent nuclear fuel at Forsmark. Supplementary
Information. SKB Technical Report TR-13-23. Svensk Kérnbrénslehantering AB Swedish

30


http://www-ns.iaea.org/downloads/rw/projects/emras/final-reports/biota-report.pdf
http://www-ns.iaea.org/downloads/rw/projects/emras/final-reports/biota-report.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/Trs479_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/Trs479_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/te_1616_web.pdf
https://www-pub.iaea.org/MTCD/Publications/PDF/te_1616_web.pdf
https://www.iaea.org/publications/14751/environmental-transfer-of-radionuclides-in-japan-following-the-accident-at-the-fukushima-daiichi-nuclear-power-plant
https://www.iaea.org/publications/14751/environmental-transfer-of-radionuclides-in-japan-following-the-accident-at-the-fukushima-daiichi-nuclear-power-plant
https://www.iaea.org/publications/15026/radiation-protection-of-wildlife-modelling-the-exposure-and-effects
https://www.iaea.org/publications/15026/radiation-protection-of-wildlife-modelling-the-exposure-and-effects
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20103
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20108
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20114
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20124
https://www.icrp.org/publication.asp?id=ICRP%20Publication%20136

Nuclear Fuel, and Waste Management Co. Available from:
https://www.skb.se/publikation/2688042/TR-13-23.pdf

Johansen, M.P., Barnett, C.L., Beresford, N.A., Brown, J.E., Cerne, M., Howard, B.J.,
Kamboj, S., Keum, D.K., Smodis, B., Twining, J.R., Vandenhove, H., Vives i Batlle, J.,
Wood, M.D., Yu, C. 2012. Assessing doses to terrestrial wildlife at a radioactive waste
disposal site: inter-comparison of modelling approaches. Sci. Tot. Environ., 427-428, 238-
246. https://doi.org/10.1016/j.scitotenv.2012.04.031

Johansen, M.P., Ruedig, E., Tagami, K., Uchida, S., Higley, K., Beresford, N.A. 2015.
Radiological dose rates to marine fish from the Fukushima Daiichi accident: the first three
years across the North Pacific. Environ. Sci. Technol. 49, 1277-1285.
https://doi.org/10.1021/es505064d

Kelleher, K., McGinnity, P., Howard, B.J., Boyer, P., Vidal, M., Bildstein, O. Submitted. The
use of the IAEA MARIS database in determining the variability of sediment distribution
coefficients in the marine environment and potential implications for marine dispersion
modelling. J. Radiol. Prot. (This Issue).

Kinase, S. 2008. Voxel-based frog phantom for internal dose evaluation. J. Nucl. Sci.
Technol., 45, 1049-1052. https://doi.org/10.1080/18811248.2008.9711891

Li, J,, Liu, S., Zhang, Y., Chen, L., Yan, Y., Cheng, W., Lou, H., Zhang. Y. 2015. Pre-
assessment of dose rates of 13Cs, $¥’Cs, and ®°Co for marine biota from discharge of Haiyang
nuclear power plant, China. J. Environ. Radioact., 147, 8-13.
https://doi.org/10.1016/j.jenvrad.2015.05.001

Macdonald, C., Laverock, M. 1998. Radiation exposure and dose to small mammals in radon-
rich soils. Arch. Environ. Contam. Toxicol., 35, 109-120.
https://doi.org/10.1007/s002449900357

Nedveckaite, T., Filistovic, V., Marciulioniene, D., Prokoptchuk, N., Plukiene, R., Gudelis,
A., Remeikis, V., Yankovich, T., Beresford, N.A. 2011. Background and anthropogenic
radionuclide derived dose rates to freshwater ecosystem - nuclear power plant cooling pond -
reference organisms. J. Environ. Radioact., 102, 788-795.
https://doi.org/10.1016/j.jenvrad.2011.04.012

Posiva. 2014. Safety case for the disposal of spent nuclear fuel at Olkiluoto. Dose
Assessment for the plants and animals in the biosphere. Assessment BSA-2012. Posiva 2012-
32.978-951-652-213-8.

Ruedig, E., Caffrey, E.A., Hess, C., Higley, K.A. 2014. Monte Carlo derived absorbed
fractions for a voxelized model of Oncorhynchus Mykiss, a Rainbow Trout. Radiat. Environ.
Biophys., 53, 581-587. https://doi.org/10.1007/s00411-014-0546-5

Ruedig, E., Beresford, N.A., Gomez Fernandez, M.E., Higley, K. 2015. A comparison of the
ellipsoidal and voxelized dosimetric methodologies for internal, heterogeneous radionuclide
sources. J. Environ. Radioact., 140, 70-77. http://dx.doi.org/10.1016/j.jenvrad.2014.11.004

Sheppard, S.C., 2005. Transfer parameters — are on-site date really better? Hum. Ecol. Risk
Assess., 11, 939-949. https://doi.org/10.1080/10807030500257747

Singh, N.J., Borger, L. Dettki, H., Bunnefeld N., Ericsson G. 2012. From migration to
nomadism: movement variability in a northern ungulate across its latitudinal range. Ecol.
Appl., 22, 2007-2020. https://doi.org/10.1890/12-0245.1

31


https://www.skb.se/publikation/2688042/TR-13-23.pdf
https://doi.org/10.1016/j.scitotenv.2012.04.031
https://doi.org/10.1021/es505064d
https://doi.org/10.1080/18811248.2008.9711891
https://doi.org/10.1016/j.jenvrad.2015.05.001
https://doi.org/10.1007/s002449900357
https://doi.org/10.1016/j.jenvrad.2011.04.012
https://doi.org/10.1007/s00411-014-0546-5
http://dx.doi.org/10.1016/j.jenvrad.2014.11.004
https://doi.org/10.1080/10807030500257747
https://doi.org/10.1890/12-0245.1

Smith, C. 2013. Environmental monitoring program report. Bruce Power report B-REP-
07000-00005 R0O0O. Available from http://www.brucepower.com/wp-
content/uploads/2013/05/REMP-report-2012.pdf

Savik, A., Vives i Batlle, J., Duffa, C., Masque, P., Lind, O.C., Salbu, B., Kashparov, V.,
Garcia-Tenorio, R., Beresford, N.A., Tharring, H., Skipperud, L., Michalik, B., Steiner, M.,
2017. Final Report of WP3 Activities. COMET Deliverable. D-N°3.7. Available from:
https://radioecology-

exchange.org/sites/default/files/files/ COMET%20Deliverable%20D3 7%20WP3%20Final%
20report PU%20version.pdf

Stabin, M.G., Peterson, T.E., Holburn, G.E., Emmons, M.A. 2006. VVoxel-Based mouse and
rat models for internal dose calculations. J. Nucl. Med., 47, 655-659. Available from:
https://pubmed.ncbi.nlm.nih.gov/16595500/

Stark, K., Andersson, P., Beresford, N.A., Yankovich, T.L., Wood, M.D., Johansen, M.P.,
Vives i Battle, J., Twining, J., Keum, D-K., Bollhofer, A., Doering, C., Ryan, B., Grzechnik,
M., Vandenhove, H. 2015. Predicting exposure of wildlife in radionuclide contaminated
wetland ecosystems. Env. Poll., 196, 201-213. http://dx.doi.org/10.1016/j.envpol.2014.10.012

Strand, P., Aono, T., Brown, J., Garnier-Laplace, J., Hosseini, A., Sazykina, T., Steenhuisen,
F., Vives i Batlle, J. 2014. First international assessment of Fukushima-derived radiation
doses and effects on wildlife in Japan. Environ. Sci. Technol. Lett., 1, 198-203.

Takata, H., Johansen, M.P., Kusakabe, M., Ikenoue, T., Yokota, M., Takaku, H. 2019. A 30-
year record reveals re-equilibration rates of *3’Cs in marine biota after the Fukushima Dai-
ichi nuclear power plant accident: Concentration ratios in pre-and post-event conditions. Sci.
Tot. Environ., 675, 694-704. https://doi.org/10.1016/j.scitotenv.2019.04.015

Tomczak, W., Boyer, P., Krimissa, M., Radakovitch, O. 2019. Kq distributions in freshwater
systems as a function of material type, mass-volume ratio, dissolved organic carbon and pH.
J. Appl. Geochem., 105, 68-77. https://doi.org/10.1016/j.apgeochem.2019.04.003

USDoE. 2004. RESRAD-BIOTA: A tool for implementing a graded approach to biota dose
evaluation. User’s guide, version 1. U.S. Department of Commerce, Technology
Administration, National Technical Information Service, Springfield VA. Available from:
https://resrad.evs.anl.gov/docs/RESRAD-BIOTA Manual_Version_1.pdf

UNSCEAR. 2000. Sources and effects of ionizing radiation, United Nations Scientific
Committee on the Effects of Atomic Radiation. UNSCEAR 2000 report to the general
assembly with scientific annexes, Volume I: Sources, Annex B: Exposures from natural
radiation source. United Nations, New York. Available from:
https://www.unscear.org/docs/publications/2000/lUNSCEAR_2000_Annex-B.pdf

Vandenhove, H., Sweeck L., Vives i Batlle, J., Wannijn, J., Van Hees, M., Camps, J.,
Olyslaegers, G., Miliche, C., Lance, B. 2013. Predicting the environmental risks of
radioactive discharges from Belgian nuclear power plants. J. Environ. Radioact., 126, 61-76.
https://doi.org/10.1016/j.jenvrad.2013.07.004

Vandenhove, H., Vives i Batlle, J., Sweeck L. 2015. Potential radiological impact of the
phosphate industry on wildlife. J. Environ. Radioact., 141, 14-23.
https://doi.org/10.1016/j.jenvrad.2014.11.001

Vandenhove, H., Bradshaw, C., Beresford, N.A., Vives | Batlle, J., Real, A., Garnier-
Leplace, J. 2018. ALLIANCE perspectives on integration of humans and the environment

32


http://www.brucepower.com/wp-content/uploads/2013/05/REMP-report-2012.pdf
http://www.brucepower.com/wp-content/uploads/2013/05/REMP-report-2012.pdf
https://radioecology-exchange.org/sites/default/files/files/COMET%20Deliverable%20D3_7%20WP3%20Final%20report_PU%20version.pdf
https://radioecology-exchange.org/sites/default/files/files/COMET%20Deliverable%20D3_7%20WP3%20Final%20report_PU%20version.pdf
https://radioecology-exchange.org/sites/default/files/files/COMET%20Deliverable%20D3_7%20WP3%20Final%20report_PU%20version.pdf
https://pubmed.ncbi.nlm.nih.gov/16595500/
http://dx.doi.org/10.1016/j.envpol.2014.10.012
https://doi.org/10.1016/j.scitotenv.2019.04.015
https://doi.org/10.1016/j.apgeochem.2019.04.003
https://resrad.evs.anl.gov/docs/RESRAD-BIOTA_Manual_Version_1.pdf
https://www.unscear.org/docs/publications/2000/UNSCEAR_2000_Annex-B.pdf
https://doi.org/10.1016/j.jenvrad.2013.07.004
https://doi.org/10.1016/j.jenvrad.2014.11.001

into the system of radiological protection. Ann. ICRP, 47, 285-297.
https://doi.org/10.1177/0146645318756831

Vives i Batlle, J., Balonov, M., Beaugelin-Seiller, K., Beresford, N.A., Brown, J., Cheng, J-J.,
Copplestone, D., Doi, M., Filistovic, V., Golikov, V., Horyna, J., Hosseini, A., Howard, B.J.,
Jones, S.R, Kamboj, S., Kryshev, A., Nedveckaite, T., Olyslaegers, G., Préhl, G., Sazykina,
T., Ulanovsky, A., Vives Lynch, S., Yankovich, T. and Yu, C. 2007a. Inter-comparison of
absorbed dose rates for non-human biota. Radiat. Environ. Biophys., 46, 349-373.
http://dx.doi.org/10.1007/s00411-007-0124-1

Vives i Batlle, J., Wilson, R.C., McDonald, P. 2007b. Allometric methodology for the
calculation of biokinetic parameters for marine biota. Sci. Tot. Environ., 388, 256-269.
https://doi.org/10.1016/j.scitotenv.2007.07.048

Vives i Batlle, J., Wilson, R.C., Watts, S.J., Jones, S.R., McDonald, P., Vives-Lynch, S.
2008. Dynamic model for the assessment of radiological exposure to marine biota. J.
Environ. Radioact., 99, 1711-1730. https://doi.org/10.1016/].jenvrad.2007.11.002

Vives i Batlle, J., Barnett, C.L., Beaugelin-Seiller, K., Beresford, N.A., Copplestone, D.,
Horyna, J., Hosseini, A., Johansen, M., Kamboj, S., Keum, D.-K., Newsome, L., Olyslaegers,
G., Vandenhove, H., Vives Lynch, S., Wood, M. 2011. The estimation of absorbed dose rates
for non-human biota: an extended inter-comparison. Radiat. Environ. Biophys., 50, 231-251.
https://doi.org/10.1007/s00411-010-0346-5

Vives i Batlle, J., Copplestone, D., Jones, S.R. 2012. Allometric methodology for the
assessment of radon exposures to terrestrial wildlife, Sci. Tot. Environ., 427-428, 50-59.
https://doi.org/10.1016/j.scitotenv.2012.03.088

Vives i Batlle, J., Aono, T., Brown, J.E., Hosseini, A., Garnier-Laplace, J., Sazykina, T.,
Steenhuisen, F., Strand, P. 2014. The impact of the Fukushima nuclear accident on marine
biota: retrospective assessment of the first year and perspectives. Sci. Tot. Environ., 487,
143-153. https://doi.org/10.1016/j.scitotenv.2014.03.137

Vives i Batlle, J., Jones, S.R., Copplestone, D. 2015. A method for estimating “*Ar, 8&Kr
and ¥!m133Xe doses to non-human biota. J. Environ. Radioact., 144, 152-161.
https://doi.org/10.1016/j.jenvrad.2015.03.004

Vives i Batlle, J. 2016. Dynamic modelling of radionuclide uptake by marine biota:
application to Fukushima assessment. J. Environ. Radioact., 151, 502-511.
https://doi.org/10.1016/j.jenvrad.2015.02.023

Vives i Batlle, J., Beresford, N.A., Beaugelin-Seiler, K., Bezhenar, R., Brown, J., Cheng, J-J.,
Cujic, M., Dragovic, S., Duffa, C., Fievet, B., Hosseini, A., Jung, K.T., Kamboj, S., Keum,
D-K., LePoire, D., Maderich, V., Min, B-1., Perianez, R., Sazykina, T., Suh, K-S., Yu, C.,
Wang, C., Heling, R. 2016. Inter-comparison of dynamic models for radionuclide transfer to
marine biota in a Fukushima accident scenario. J. Environ. Radioact., 153, 31-50.
http://dx.doi.org/10.1016/j.jenvrad.2015.12.006

Vives i Batlle, J., Ulanovsky, A.V., Copplestone, D. 2017. A method for assessing exposure
of terrestrial wildlife to environmental radon (?2Rn) and thoron (?°Rn). Sci. Tot. Environ.,
605-606, 569-577. https://doi.org/10.1016/j.scitotenv.2017.06.154

Wood, M.D., Beresford, N.A., Barnett, C.L., Copplestone, D., Leah, R.T., 2009. Assessing
radiation impact at a protected coastal sand dune site: An intercomparison of models for
estimating the radiological exposure of non-human biota. J. Environ. Radioact. 100, 1034-
1052. https://doi.org/10.1016/j.jenvrad.2009.04.010

33


https://doi.org/10.1177/0146645318756831
http://dx.doi.org/10.1007/s00411-007-0124-1
https://doi.org/10.1016/j.scitotenv.2007.07.048
https://doi.org/10.1016/j.jenvrad.2007.11.002
https://doi.org/10.1007/s00411-010-0346-5
https://doi.org/10.1016/j.scitotenv.2012.03.088
https://doi.org/10.1016/j.scitotenv.2014.03.137
https://doi.org/10.1016/j.jenvrad.2015.03.004
https://doi.org/10.1016/j.jenvrad.2015.02.023
http://dx.doi.org/10.1016/j.jenvrad.2015.12.006
https://doi.org/10.1016/j.scitotenv.2017.06.154
https://doi.org/10.1016/j.jenvrad.2009.04.010

Wood, M.D., Beresford, N.A., Howard, B. J., Copplestone, D. 2013. Evaluating summarised
radionuclide concentration ratio datasets for wildlife. J. Environ. Radioact., 126, 314-325.
https://doi.org/10.1016/j.jenvrad.2013.07.022

Yankovich, T.L. 2009. Mass balance approach to estimating radionuclide loads and
concentrations in edible fish tissues using stable analogues. J. Environ. Radioact., 100, 795-
801.

Yankovich. T.L., Vives i Batlle, J., Vives-Lynch, S., Beresford, N.A., Barnett, C.L.,
Beaugelin-Seiller, K., Brown, J.E., Cheng, J-J., Copplestone, D., Heling, R., Hosseini, A.,
Howard, B.J., Kamboj, S., Kryshev, A.l., Nedveckaite, T., Smith, J.T., Wood, M.D. 2010a.
An international model validation exercise on radionuclide transfer and doses to freshwater
biota. J. Radiol. Prot., 30, 299-340. http://dx.doi.org/10.1088/0952-4746/30/2/S06

Yankovich, T.L., Beresford, N.A., Wood, M., Aono, T., Andersson, P., Barnett, C.L.,
Bennett, P., Brown, J., Fesenko, S.,Hosseini, A., Howard, B.J., Johansen, M., Phaneuf, M.,
Tagami, K., Takata, H., Twining, J., Uchida, S. 2010b. Whole-body to tissue concentration
ratios for use in biota dose assessments for animals. Radiation Environ Biophys., 49, 549-
565. http://dx.doi.org/10.1007/s00411-010-0323-z

Yim, M-S., Caron, F. 2006. Life cycle and management of carbon-14 from nuclear power
generation. Prog. Nuc. Ene., 48, 2-36. https://doi.org/10.1016/j.pnucene.2005.04.002

34


https://doi.org/10.1016/j.jenvrad.2013.07.022
http://dx.doi.org/10.1088/0952-4746/30/2/S06
http://dx.doi.org/10.1007/s00411-010-0323-z
https://doi.org/10.1016/j.pnucene.2005.04.002

