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Abstract 

Radiological exposure of humans and wildlife not only depends on where and to what extent 
radionuclides are present in the various environmental compartments (the focus of TERRITORIES 
Work Package 1) but also on the behaviour of humans and wildlife in those environmental 
compartments.  This report discusses the variability in behaviours for humans and wildlife that are 
the most likely to have the largest impact on the dose received.     

Radiological assessments for humans have been undertaken for decades and there are many useful 
data sources describing the most relevant variability in human behaviour.  This report focuses on 
the two pathways that are the most important to dose: external exposure and consumption of local 
food.  For external exposure, the variability in dose is mainly influenced by differences in occupancy 
in contaminated areas, times spent indoors and outdoors and housing type.  For internal exposure, 
the greatest variability in dose is likely to be related to food consumption rates and the amount of 
the food consumed that is locally produced. 

Estimating the dose to wildlife exposed to ionising radiation can be even more complex than for 
human populations, due to the wide biodiversity and variability between modes of life. This report 
investigates the different approaches to estimating the total dose that an organism will receive from 
different exposure routes, accounting for the variability of the relevant parameters. It has been 
concluded that for wildlife, large variabilities or uncertainties in behaviour do not necessarily 
translate into a large range in the overall dose received, because the impact of behavioural 
variabilities or uncertainties most significantly depends on the dominant exposure pathway, which 
in turn is dependent on the nature of the ionising radiation to which organisms are exposed. 
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1. Introduction 

When assessing radiological doses to humans and wildlife, the selection of exposure scenarios and 
consideration of the inherent variability in humans and wildlife behaviour plays a critical role.  This 
report discusses the potential impact of the variability in those behaviours and focusses on those likely 
to have the largest impact on doses.  

TERRITORIES report D9.62, Guidance on uncertainty analysis for radioecological models, discusses 
uncertainty types in more detail.  Uncertainty is a measure of the lack of knowledge of the system 
under investigation and it can be improved with better knowledge.  Variability, on the other hand, has 
to be described and cannot be reduced by the acquisition of further information.  Variability generally 
refers to differences between individuals, and variation in time and space e.g., transfers of 
radionuclides in different environments or behaviour or characteristics, such as the amounts of 
different foods consumed by different people.  This report considers the effects on dose because of 
the variability within human and wildlife behaviours.  Other types of variability are considered in other 
TERRITORIES Work Packages: (1) variability in transfer in the environment is discussed in TERRITORIES 
D9.62 report, and (2) variability due to human factors (such as current political climate, attitudes of 
the policy-makers, and requirements of stakeholders) are discussed in other reports linked to 
TERRITORIES Work Package 3, including TERRITORIES report D9.65, Decision processes/pathways. 

2. Steps in a Typical Assessment 
The TERRITORIES project is looking at the risk management of humans and wildlife in long-lasting 
exposure situations.  The section below gives the typical steps in assessments of exposure due to 
NORM and legacy sites and the importance of variability in the parameters describing human and 
wildlife behaviours  

2.1. Understanding the aims of the assessment 

When performing an assessment, it is vital to consider its purpose at the outset as this may affect both 
the endpoint and the approach used.  For example, the type of assessment required to demonstrate 
regulatory compliance may be very different from one being conducted for research purposes or as 
part of another type of decision-making process.   It is important to consider whether any decisions 
that might be made based on an assessment would  be improved by the inclusion of variability and 
uncertainty and thus whether that might better inform the final decision.   For regulatory purposes a 
graded or tiered approach may be first a stage consisting of a simple and cautious assessment 
(sometimes called a screening assessment), with further refined or detailed assessments only 
warranted if the exposure is estimated to be above a specified level of concern.   When making 
decisions about remediation or examining likely exposures of either humans or wildlife as part of a 
research project, an assessment based on site-specific data, scenarios and parameters is likely to be 
needed.  It is also important to think about how stakeholders may wish to use or interpret any results. 

2.2. Defining the situation and identifying all the relevant information required 

Two key steps of an assessment are general to identify the exposure pathways by which people or 
wildlife may be exposed and then to determine which groups/species/organisms are likely to be the 
most highly exposed. All the relevant information for use in the assessment should be identified, 
particularly habit and monitoring data. The heterogeneity of contamination levels in areas of interest 
should be characterised to a suitable level required by the type of assessment.    The level of detail of 
the input information will need to match the aims of the assessment.  Where monitoring data is not 
available, or is insufficient, models that can produce outputs to meet those aims should be identified. 
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It may also be useful or required to perform dose assessments for different exposure scenarios.  For 
example, as discussed in IAEA (to be published), for NORM and legacy sites, it might be useful to 
consider a scenario which corresponds to current use of the contaminated area, a worst-case scenario 
(typically an intrusion scenario such as construction of housing on site) and a likely scenario which does 
not necessarily correspond to the current use of the site but corresponds to a likely evolution in the 
use of the site.  These different scenarios may require the use of different habit data 

2.3. Graded or tiered approach 

Generally, assessments are performed as a multi-staged graded approach. It can be useful, or sufficient 
in cases where the doses are low so that the radiological consequence is unlikely to warrant further 
analysis, to carry out an assessment of dose based on cautious but reasonable parameter values to 
determine if there is a need to understand the impact of uncertainty and variability further.  This initial 
or screening assessment can also be used to identify which exposure pathways are likely to dominate 
and therefore identify whether and what more detailed information is required.  Care should be taken 
not to select extreme values for every variable to prevent excessive conservatism in the assessment. 
Inappropriate selection of parameters when assessing an exposure situation may lead to an 
overestimation of the impact.  When the assessment is complete, it may be necessary to review and 
refine the assessment.  The purpose of this review would be to provide confidence that an appropriate 
level of caution has been applied to the assessment. If required to meet the aims of the assessment, 
more information on key parameters should be gathered to gain a better understanding of the impact 
of variability and uncertainty.  It may be that undertaking a sensitivity analysis using combinations of 
parameter values with alternative values is useful to identify if there are any specific parameters which 
may have a significant impact on dose and therefore are worthy of further scrutiny.    

2.4. Presenting the results 

The sources of uncertainty and variability should be made clear and discussed wherever they could 
significantly impact on calculated doses and thence any resulting decisions.   As discussed in IAEA 
(2009) as the assessment process becomes more detailed, discussion and/or estimation of 
uncertainties and variabilities in the results and communication with the decision maker and/or 
stakeholder on the interpretation of such results becomes ever more important. Decision-makers need 
to be fully and correctly informed to make a determination.  

3. Main variabilities in human dose assessments and their influence on the dose 
calculation 

3.1. Exposure Group 

Generally, in assessments, exposures are calculated for those representing the most highly exposed 
individuals in the population, called the representative person (previously known as the critical group).   
The International Commission on Radiological Protection (ICRP, 2006) gives guidance on the 
characteristics of the representative person and recommends that the habit data should be based on 
the group or population exposed and must be reasonable, sustainable, and homogeneous.  ICRP 101 
advises that, for example, the total dietary intake should be consistent with credible calorific 
requirements and that it would be inappropriate to assume that the same individual receives daily 
nutrient requirements independently from each of several different pathways (e.g. agriculture and 
fishing). It also gives the example that the intakes of wild game from an area should not exceed feasible 
game-capture rates.   
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3.2. Exposure Pathways and Scenarios 

As recommended by ICRP 101 (ICRP, 2006), it is important that the dose to the representative person 
includes appropriate contributions from all pathways. The key to which pathways should be included 
depends on the type of assessment, for example regulatory compared to research purposes, but the 
overall goal should be to ensure that no important pathway has been omitted. 

The exposure pathways and importance vary according to the exposure situations and the 
radionuclides involved.  For example, for NORM legacy sites typically inhalation of radon, consumption 
of local foods, inadvertent ingestion of dust/soil and external exposure are important pathways (IAEA, 
to be published).  During the recovery to normal living conditions following an accident, the 
consumption of local foods and external doses may be the most important exposure pathways as 
found after the Chernobyl and Fukushima accidents (Jacob et al, 1995) (Bedwell et al, 2015). 

The spatial and temporal distributions of radionuclides should also be considered as these may vary 
with distance from the source of the contamination.  For example assessments of dose to individuals 
across the Fukushima and neighbouring Prefectures shows that the exposure pathway which 
contributes the most to dose varies across the different Prefectures and over time  (Bedwell et al, 
2015).  Land use in the area under consideration and the possibility of future changes may also need 
to be considered. 

 
Figure 1 Geographical variability of effective dose to an infant (born 2010) over their lifetime as a function of exposure 
pathway (%) reproduced from Bedwell et al 2015 

The following section discusses associated variabilities in human behaviour for the most important 
exposure pathways included in assessments. 
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3.2.1. Consumption of foods 

In most assessments it is important to evaluate the dose from internal exposure through the 
consumption of radioactively contaminated food.  Therefore, the consumption rates of foodstuffs by 
the population of interest are key data to achieve a sensible evaluation of the dose. Many food 
consumption surveys have analyzed dietary habits on national and regional levels. These surveys show 
the variability in food consumption rates is affected by age, gender, education, occupation, and cultural 
habits. 

As part of this work a review of food consumption rates and the associated ranges in a number of 
countries was undertaken. Table 1 gives an overview of the food consumption surveys considered. The 
results of the surveys are listed in the tables in Appendix 1 which give the ranges for food consumption 
rates. The tables in Appendix 1 are organized by the most common major food groups as they are listed 
in the different surveys. The intake values of the various surveys might not be strictly comparable as 
the surveys defined sub food groups and analyzed levels of food classifications differently. In addition, 
the classification of those observed in the surveys into different age classes as well as the use of 
different statistical evaluations in each survey also makes direct comparison of the observed intake 
rates difficult. For example, some food surveys presented arithmetic mean values and standard 
deviations while others reported percentiles and minima and maxima. The differences in the presented 
statistical values are mentioned in the tables in Appendix 1.  Nevertheless, the summary of the food 
surveys gives an overview of the ranges and variability of the intake for the most common food groups 
for most different age groups. Due to their radiological significance, local and wildly grown or obtained 
foodstuff such as game and mushrooms were considered as main food groups. 

Table 1 Overview of national food consumption surveys used in this report 

Country Report Data resolved by 

Age Gender Education/ 
occupation  

Time of 
survey 

BEL De Belgische Voedselconsumptiepeiling 1 - 2004 
: Resultaten 

(Devriese et 
al, 2004) 

X X X X 

CZE Ingestion intakes of 137Cs by the Czech 
population: Comparison of different approaches 

(Skrkal et al, 
2017) 

- - - - 

EST Estonian National Dietary Survey 2014 (NIHD, 2014) X X X - 

FIN Finravinto 2012 -tutkimus - The National FINDIET 
2012 Survey 

(Helldán et al, 
2013) 

X X X - 

FIN Balance Sheet for Food Commodities (Kortesmaa, 
2018) 

- - - X 

FRA Troisième étude individuelle nationale des 
consommations alimentaires (Etude INCA3) 

(Workgroup 
"INCA3", 
2017) 

X X X - 

GBR National Diet and Nutrition Survey: UK food 
consumption and nutrient intakes from the first 
year of the rolling programme and comparisons 
with previous surveys 

(Whitton et al, 
2011) 

X X - X 

GER Nationale Verzehrs Studie II Ergebnisbericht, Teil 
2 

(MRI, 2008) X X X - 

JPN UNSCEAR 2013 Report. Sources, Effects and 
Risks of Ionizing Radiation. Volume I. Report to 
the General Assembly 

(UNSCEAR, 
2014b) 

X - - - 

NOR Norkost 3 - En landsomfattende 
kostholdsundersøkelse blant menn og kvinner i 
Norge i alderen 18-70 år, 2010-11 

(Holm Totland 
et al, 2012) 

X X X - 

NOR UNGKOST 3 - Landsomfattende 
kostholdsundersøkelse blant elever i 4. -og 8. 
klasse i Norge, 2015 

(Brooke 
Hansen et al, 
2016) 

X X X - 

 



 
 

 

 
page 10 of 82 

Deliverable D9.63 

3.2.1.1. Consumption of locally produced terrestrial food 

If carrying out a cautious assessment it may be appropriate to assume that all food consumed by the 
exposure group is locally produced.  However, for a more realistic assessment, account of the fraction 
of food consumed being locally produced should be taken.  Habits surveys generally only report the 
total mass of food consumed and rarely comment on the source of the food.  

There are relatively few studies on the amount of locally produced foods consumed by individuals. 
Studies from the UK and France have provided information on the amount of food that is domestically 
produced that showed that rates of consumption of locally produced food are not usually high.  Prosser 
et al (1999) found that for the UK from the MAFF National Food Survey of over 8000 households in 
1993 fewer than 100 households consumed domestically produced foods.  A French study comparing 
regional food surveys with those near nuclear sites (Parache-Durand and Grandjean, 2015) looked at 
the consumption of self-produced foods based on an INSEE survey (Bertrand, 1993).  It found that the 
percentage of consumption of self-produced foods varies according to region from 2.4% in Paris to 
17.4% in the West region with an average across France of 10%.  So, these studies found that the rates 
of consumption of locally produced food are not high, but it should be noted that there are always 
exceptions to this, as is the case, for example, some of the villages around the site of the Chernobyl 
accident.   As part of the TERRITORIES project a study has been conducted in the Belarussian village of 
Komarin (on the border of the Chernobyl exclusion zone).  The focus of this work was the creation of 
a database on foodstuff contamination, so it did not include a food survey on consumption habits in 
Belarus or in this village.  However, a rough estimate, based on discussions with the population, is that 
locally produced foodstuff represents more than 50 % and probably close to 70% of the total diet in 
this remote village. 

Assumptions made in dose assessments regarding the consumption of locally produced food should 
also reflect local agricultural practices. For example, as discussed in the UK’s National Dose 
Assessments Working Group paper (NDAWG, 2005) the majority of grain grown in the UK is taken for 
processing to a limited number of mills around the country. Any activity within the grain produced in 
a single relatively small area, therefore, significantly diluted by mixing with grain grown in areas far 
from the site being considered.  This is supported by information from dietary surveys conducted in 
France (Parache-Durand and Grandjean, 2015) which found that cereal was almost never consumed 
locally.  A similar situation is also observed in Belarus since most of the grain in the country is processed 
before consumption.  The limited number measurements of cereals in the database of activity 
concentrations in foods, which has been compiled as part of the TERRITORIES project, indicates there 
is little grain being produced in private backyards.   Therefore, it is not generally appropriate to include 
doses from the consumption of grain when determining individual doses from locally produced foods 
unless the spread of contamination is geographically large. 

A further illustrative example relates to milk products which includes butter, cheese and other milk 
products. The dietary surveys in France (Parache-Durand and Grandjean, 2015) found that only 4% of 
dairy products consumed by rural populations were of local origin with an even lower percentage in 
urban areas of 0.1%. 

Foods such as poultry, eggs and pork may be produced and consumed locally by members of the 
population around the contaminated site at higher rates. Nevertheless, these products may be 
produced from continuously housed animals and their feed is probably not locally produced (NDAWG, 
2005). Therefore, care should be taken when evaluating the dose from consumption of such foods.  
When estimating the dose from the consumption of food, account of several factors when establishing 
the percentage of locally produced foods should be taken, such as the presence of farm shops in the 
area and seasonal availability of the food. 
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3.2.1.2. Differences between rural and urban populations 

A French study (Parache-Durand and Grandjean, 2015) reported that daily food consumption rate are 
slightly higher for rural agricultural populations (1356 g d-1) than those of urban areas (defined as 
Communes with more than 100,000 inhabitants) and also for the average of the whole French 
population (respectively 1078 g d-1and 1088 g d-1). Consumption rates remain similar for fruits, 
vegetables and potatoes as well as for dairy products, eggs and fish/shellfish. On the other hand, 
significant differences were found for meat, cereals and especially for milk: with rural agricultural 
populations consuming almost twice as much as the urban population in the case of milk. 

For the population of France, the percentage of domestically produced food is estimated at 10% in 
average. Apart from cereals, and possibly dairy products, levels of domestically produced foods are 
consistently about 10 times higher for rural farming populations (39% on average) than for urban 
populations (4%). These differences are particularly marked for milk and meat, eggs and potatoes. 

3.2.1.3. National versus site-specific surveys 

Figure 2 taken from Grzechnik et al (2006) summarises the data from habit surveys carried out around 
UK nuclear sites.  The minimum and maximum consumption rates for the representative person (called 
critical consumption rate in the figure) are given, as well as the average of those rates.  Where possible 
this data has been compared with the mean and 97.5th percentile rates derived from national statistics 
based on a dietary and nutritional survey of British adults (Byrom et al, 1995).  The figure illustrates 
the variability in observed maximum and minimum critical consumption rates at different sites. In 
general,  

Figure 2 shows that the national food consumption rates are rarely representative of local 
consumption rates.  Therefore, the use of national statistics rates in site-specific dose assessments may 
result in either an over or underestimate of dose to the population local to the contaminated site.  
Depending on the type of assessment undertaken, for example the likely doses or the level of realism 
required, a survey of local habits may be required. 

 

Figure 2 Comparison of habits survey data with national statistics for adults’ consumption rates 
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3.2.1.4. Wild foodstuffs 

The consumption of wildfoods can be an important contributor to the dose to the representative 
person, even though it is recognised that  the rate at which such foods are consumed, even within a 
relatively small population, can vary greatly. Examples of the variability are discussed for the Finnish 
and Norwegian populations. 

For Finnish people a study by (Luke, 2018) identified groups who consume large amounts of wild 
foodstuffs such as reindeer meat, freshwater fish and forest berries in Lapland and game, freshwater 
fish, berries and mushrooms in central Finland as being of interest. 

According to this study the average and median reindeer meat consumption rate among reindeer 
herding families was 182 g d-1 and 155 g d-1, with reported maximum and minimum rates being 836 g d-

1 and 20 g d-1.   The average reindeer meat consumption for male (n=71) and female (n=30) reindeer 
herders was 205 g d-1 (range 30-836 g d-1) and 127 g d-1 (20-346 g d-1), respectively. This compares with 
the much lower mean daily reindeer meat consumption over the whole of the Finnish population of 
about 1 g d-1.  This demonstrates the large difference in consumption rates between different 
population groups. 

In Norway, the reindeer herders' diet has changed during the 50 years the monitoring programmes 
have been running. The first systematic dietary survey was carried out in northern Norway in 1963, 
and concluded that reindeer meat consumption rate was on average about 200 g d-1 by women and 
380 g d-1 by men (Solvang and Øgrim, 1967). Household procurement surveys around 1990 and 2000 
showed similar average quantities, while results of food frequency questionnaires around the year 
2000 indicated somewhat lower consumption (Thørring et al, 2004b); (Thørring et al, 2004a). 
Differences between individuals are significant but results of surveys central Norway in 2005 and 2017 
indicate that very few persons in this area nowadays consume more than 300 – 400 g d-1. The 
consumption of reindeer meat by this group may have been reduced as a long-term consequence of 
the Chernobyl contamination (Skuterud and Thorring, 2012), in addition to general cultural changes 
and a more varied diet. Average consumption of freshwater fish and forest berries appears to be about 
10 – 20 g d-1 and 30 – 40 g d-1, respectively (Thørring et al, 2004b); (Thørring et al, 2004a). 

Although the reindeer herders stand out as having the most specialised diet, there are also other 
groups in Norway with strong traditions of hunting, fishing and picking of forest berries. A nationwide 
survey in 1999 – 2000 estimated that an average Norwegian consumes 6 g d-1 of game, with a range of 
0 – 73 g d-1 (Meltzer et al, 2002). Another study comparing Norwegian coastal and inland communities 
indicated that average consumption of game among inland participants was on average 12 – 18 g d-1, 
with high consumers of 41 – 81 g d-1 (95th percentile values for women and men, respectively) 
(Bergsten, 2004). This survey also estimated wild mushrooms consumption at about 3 g d-1with a high 
rate of consumption of g d-1. 

3.2.1.5. Consumption of aquatic foods 

Consumption rates of seafood for inland and coastal populations were compared for a number of 
locations in France and the UK (Parache-Durand and Grandjean, 2015; Clyne et al, 2016a; Clyne et al, 
2013; Clyne et al, 2016b; Clyne et al, 2014; Clyne et al, 2011; Garrod et al, 2014; Garrod et al, 2016; Ly 
et al, 2013; Ly et al, 2012; Sherlock et al, 2011; Tipple et al, 2009).  The total quantity of seafood 
consumed by people living by the sea was generally about twice that of those who living inland.  This 
shows using data on the consumption of aquatic food it is important to check that it is appropriate for 
the population being studied. 

A Finnish study (Murto, 2001) on the internal exposure of hunters and recreational fishers in central 
Finland found that the average fresh water fish consumption rate of men was 22 g d-1 with the rate by 
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women being just under half of this. However, the highest consumption rate of fresh water fish was 
six times the average rate of this group.  Consumption of fresh water fish was highest among men and 
women over 40 and over 60 years of age, respectively. According to the FINDIET 2007 study (Paturi et 
al, 2008) the country-wide mean daily consumption of all fish dishes was 45 g d-1. This study also 
showed the importance of knowing which species of fish was consumed as the 137Cs intake, due to 
fallout from the Chernobyl accident, by those studied in the survey was found to be not directly 
proportional to mass of fish consumed.  For example, the rate at which 137Cs was ingested during 
Winter and Spring was higher than that expected based on overall fish consumption rates whilst in the 
autumn the opposite was true. This can be explained by the species eaten:  in spring and winter the 
most common species of fish eaten were predatory fish such as pike (Esox lucius) and burbot (Lota 
lota), whilst in autumn more vendace (Coregonus albula) is eaten. In general, vendace contains less 
caesium than predatory fish. In addition to the species of fish, the activity concentration of 137Cs in a 
fish is affected by the type and size of the lake where they are caught. 

Average consumption of freshwater fish in Norway was estimated at 5 g d-1, with a range of 0 to 126 g 
d-1(Meltzer et al, 2002). A more detailed survey focused on differences in consumption between 
coastal and inland municipalities and confirmed that participants living in inland municipalities had a 
more frequent consumption of freshwater fish (Bergsten, 2004). Freshwater fish consumption among 
inland participants was 8 to 10 g d-1, with high consumption values of 31 to 33 g d-1. 

3.2.1.6. Consumption of locally produced aquatic food 

As part of this TERRITORIES work, a comparison of the fish consumed by adults at selected inland and 
coastal UK civil nuclear sites has been carried out. Figure 3 shows a comparison of the 97.5th percentile 
consumption rates of marine and freshwater by adults from a selection of habit surveys carried out 
around inland and coastal civil nuclear sites in the UK (Clyne et al, 2016a; Clyne et al, 2013; Clyne et al, 
2016b; Clyne et al, 2014; Clyne et al, 2011; Garrod et al, 2014; Garrod et al, 2016; Ly et al, 2013; Ly et 
al, 2012; Sherlock et al, 2011; Tipple et al, 2009). These are compared to the generalised habit data for 
radiological assessments recommended for use in the UK by PHE in publication NRPB-W41 (Smith and 
Jones, 2003).  As the generic rates recommended in NRPB-W41 are intended to be representative of 
the habits of the representative person, for this study they were compared to the 97.5th percentile 
values observed in the habits surveys. 

The 97.5th percentile annual consumption rate of freshwater fish by an adult recommended in NRPB-
W41 is 20 kg y-1; this rate lies between the minimum and maximum rates observed in the habits surveys 
which were reported to be  0.3 and 30.7 kg y-1 respectively. For marine fish the annual consumption 
rate observed in the habits surveys was reported to lie between 7.2 and 106 kg y-1, while the 97.5th 
percentile ingestion rate recommended in NRPB-W41 is 100 kg y-1. The comparison between 
generalised and site-specific habit data showed that the annual consumption rate of fish 
recommended for the UK population is generally higher than the annual intake rate for a 
representative of a local population. For example, Figure 4 shows that only at a few sites were 
quantities of either marine or freshwater fish eaten at rates which approached the UK generic rate 
while people living inland near the  Aldermaston or Harwell sites, were found to eat marine fish at only 
a very small fraction of the generalised rate. 
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Figure 3 Comparison of total adult fish consumption (97.5th percentile) at selected UK civil nuclear sites 

A French report on consumption rates (Parache-Durand and Grandjean, 2015) reported that the INSEE 
survey (Bertrand, 1993) showed that the percentage of domestically caught fish and shellfish was 16% 
for agricultural populations, 3% for urban areas and on average 4% for the whole French population.  
It also looked at the variability in the consumption rates and the percentage of domestically caught 
fish and shellfish caught across different regions of France.  The largest difference was between the 
Parisian region where no  was consumed as opposed to the Eastern region were 8.6% of fish and 
shellfish consumed were caught and eaten by individuals. 

3.2.1.7. Food activity concentration levels 
This section discusses the variability in food activity concentration levels.  Data on the activity 
concentrations in food from a Belarussian village, Komarin, at the edge of the Chernobyl exclusion 
zone, was analysed as part of the TERRITORIES work.  This village is in the “strict control area”, meaning 
that the initial 137Cs deposit was > 37 kBq m-2. As a result, the levels of 137Cs contamination have been 
monitored continuously since 1986. Food activity concentration measurements produced by the 
inhabitants or the local agricultural enterprises has been gathered by three Institutes; the Veterinary 
Station at Komarin (Vet St), the Bragin district Sanitary and Epidemiological Station (SES) and the 
Centre for the Development of the Radiation Protection Culture (CPRC). 

Over 5200 measurements covering the period from 1990 to 2016 were made using different models 
of germanium detectors which are given in Table 2.  To simplify the numerous food products, each 
product was placed within one of 20 different categories which are shown in Figure 4. Since most of 
the measured were made on produce brought by individuals (about 80 % of the measurements), the 
number of measurements made on each category of food will reflect the relative quantities of each 
food type consumed by  the inhabitants of the village.  The most popular foods consumed was milk 
(1475 measurements) followed by vegetables (656 measurements for the three vegetable categories), 
potatoes (516 measurements) and wild game (449 measurements). 
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Table 2 Models of Ge detectors used and associated detection limits according to the calendar periods  

Institution Calendar period Model Detection limit, 
137Cs Bq kg-1 

Centre for the development of the 
radiation protection culture (CPRC) 

< 2002 RUG 92 18 

2002-2005 RUG 92M 11 

> 2005 RUG 92M-01 7 

Sanitary and epidemiological station 
(SES) 

1986-1991 KRVP-3AB 185 

1991-1997 RKG-05P 20 

1997-2002 RKG-01A/1 7.4 

> 2002 RKG-01A 3.7 

Komarin Veterinary station (Vet St) 

1994-1997 KRVP-3AB 185 

1997-2014 RKG-92 18 

>2014 RKG-AT1320 3.7 

 

Figure 4 Number of measurements per category of product 

A simple analysis of the level of contamination according to the calendar period shows that there are 
huge variations in the level of 137Cs contamination, whatever the foodstuff category. However, it is 
possible to make a distinction between products grown in private gardens (potatoes, vegetables, 
fruits) compared to other products collected from the environment either directly (wild berries, wild 
game and mushrooms) or indirectly (beef and milk where the cows have been grazing on hay or 
pasture). For the products taken from private gardens, the variation of 137Cs contamination level is 
generally no more than two orders of magnitude. For instance, the activity concentration of 137Cs 
measured in vegetables contamination varied between 3.7 Bq kg-1 and 164 Bq kg-1 and for potatoes it 
varied from 2.5 Bq kg-1 to 76.2 Bq kg-1 (Figure 5).  For potatoes, the authorities provided potassium-
based fertilizers until 2004, which reduced the level of 137Cs contamination during the period 1998-
2004. After 2004, the cost of buying the fertilisers themselves meant that some villagers chose not to 
buy any fertiliser.  As a result, a rise in 137Cs activity concentration in potatoes was observed in 2004 
and 2005. 

By contrast with products grown in private gardens, the variation of 137Cs contamination level for 
products taken from or grown in the wider local environment is much higher with concentrations 
spanning  3 to 4 orders of magnitude measured.   For instance, for wild game measurements ranged 
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from 6.3 Bq kg-1 and 44, 000 Bq kg-1 (Figure 6) whilst for river fish measurements ranged from 
1.7 Bq kg-1  and 7918 Bq kg-1. 

 

Figure 5 137Cs activity concentration in potatoes Bq kg-1. Blue dots indicate potatoes sample coming from agricultural 
enterprises and black dots from the private sector. Horizontal dotted lines indicate the permissible levels in Belarus (RPL) 
for the 1992-1998 period (RPL 92) and for the 1999-2016 period (RPL 99). 

 

Figure 6 137Cs activity concentration in wild game Bq kg-1. Open symbols indicate measurements performed by CPRC and 
closed symbols measurements made by the Vet Station. The horizontal dotted line indicates permissible levels in Belarus 
(RPL) set for wild game, starting in 1999. 

3.2.1.8. Whole body measurements 

The variability in spatial and temporal activity concentrations found in food products in addition to the 
varying consumption rates and habits of individuals results in differing activity concentrations 
measured in individuals.  Examples of the variability in 137Cs concentrations measured in individuals 
are given from the Finnish and Norwegian populations due to fallout from the Chernobyl accident. 

The last measurement campaign of reindeer herders in Lapland was done in 2017, over 30 years after 
the Chernobyl accident. This campaign found that, based on 88 measurements, the activity 
concentration of 137Cs in humans ranged from 100 to 1900 Bq with an average of about 500 Bq.  The 
study showed that the 137Cs activity content of reindeer herders due to 137Cs in their diet is roughly 
three times higher compared to a typical member of the  Finnish population. 

Figure 7 summarizes the observed 137Cs levels measured in reindeer herders from 1965 up to the 
present time in central Norway (the Snåsa and Røros regions) compared to Kautokeino in northern 
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Norway.  Table 3 shows the range in values that were found in the monitoring data for 2015 for the 
Snåsa region, with a range of about a factor of 10 for both men and women. 

 

Figure 7 137Cs activity concentrations Bq kg-1 (mean ± SD) in reindeer herders in different areas of Norway. Kautokeino is 
in the north, the Snåsa region in central Norway covers some of the most contaminated areas in Norway after the 
Chernobyl accident, while Røros region covers the southernmost of the Sámi reindeer herding areas (Skuterud et al, 
2016) 

Table 3 137Cs activity concentrations in reindeer herders in Snåsa region Bq kg-1 

 137Cs activity concentrations in reindeer herders in Snåsa region Bq kg-1 
Arith. mean SD n Min 

Men 108 46 17 21 

Women 62 33 13 14 

 

 

3.2.2. Inadvertent ingestion of soil/sand/environmental media 
A paper by Simon (1998) gives a comprehensive review of the literature related to soil ingestion which 
is summarised in Table 4 and Oatway et al (2011)  gives a summary of suggested parameters based on 
this information for a statistical estimation of annual intake rate by different age groups. 

While the inadvertent ingestion rates reported in studies reviewed by Simon (1998) were intended to 
represent the rate of soil ingestion by typical individuals participating in a number of general activities.  
However, it should be recognised that there are some people who may have much higher ingestion 
rates they deliberately consume non-food items such as soils. This behaviour generally occurs in 
individuals with either the rare medical condition known as pica who persistently ingest non-nutritive 
substances for a period of time, or young children who put material in their mouths whilst playing or 
exploring the world about them. As such behaviour is normally considered to be extreme and likely to 
be exhibited by a minority of the exposed individuals, most dose assessments do not take specific 
account of them on the assumption that the ingestion rates observed in studies like the ones reviewed 
by Simon include some element of this behaviour. 
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Table 4 Review of inadvertent soil ingestion rates (data taken from Simon (1998)) 

Author(s) Study description Ingestion rate estimate 
Binder et al (1986) 59 children in Montana (urban area) were 

studied in summer using fecal analysis for 
soil trace elements 

181 mg d-1 (Al) 
184 mg d-1 (Si) 
1834 mg d-1 (Ti) 

Calabrese et al (1989) 65 children, 1-4 years of age in greater 
Amherst, MA area (urban), fecal analysis for 
soil trace elements during 8 day period, one 
soil pica child identified 

9 to 40 mg d-1 for non-pica, 5 to 8 g d-1 
for pica 

Davis et al (1990) 104 school children randomly selected, 2–7 
years of age in SE Washington State (urban 
and rural areas) fecal analysis for soil trace 
elements 

39 mg d-1 (Al) 
82 mg d-1 (Si) 
245 mg d-1 (Ti) 

Van Wijnen et al (1990) Two different groups in summer in the 
Netherlands were studied and compared to 
hospitalised children, using fecal analysis for 
titanium: 
Day care groups: 
Camping groups 

 
 
 
0 to 90 mg d-1 (geometric mean) 
30 to 200 mg d-1 

Thompson and Burmaster 
(1991) 

Reanalysed data of Binder et al (1986) using 
actual stool weights, fitted parametric 
(lognormal) distributions 

59 mg d-1 (geometric mean) 
91 mg d-1 (arithmetic mean) 
126 mg d-1 (standard deviation) 

Stanek and Calabrese 
(1995) 

Revision of estimates presented in 
Calabrese et al (1989) 

Range of median daily soil ingestion of 
64 subjects over 365 days: 
1 – 103 mg d-1 
Range of average daily soil ingestion 
of 63 subjects over 365 days: 
1 – 2268 mg d-1 
Median of the daily average soil 
ingestion for 64 subjects: 75 mg d-1 
Range of upper 95% soil ingestion 
estimates: 1 – 5263 mg d-1 
Median upper 95% soil ingestion 
estimate of 64 subjects over 365 days: 
252 mg d-1 

 

 

Table 5 presents the total inadvertent ingestion rates of environmental media during prolonged 
exposure which includes time spent inside and outside recommended for use in the UK (Smith and 
Jones, 2003). The values are lower than those given in Table 4 but the rates given are likely to be more 
typical of those exhibited by the majority of the population. 
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Table 5 Representative inadvertent ingestion rates of environmental media where ingestion occurs both indoors and 
outdoors 

 Average  High rate  
mg d-1 kg y-1 mg d-1 kg y-1 

1 year old 100 3.7 10-2 300 4.4 10-2 

5 year old 50 1.8 10-2 200 3.5 10-2 

10 year old 30 1.1 10-2 100 1.8 10-2 

15 year old 20 7.3 10-3 50 8.8 10-3 

Adult 10 3.7 10-3 30 8.3 10-3 

 

3.2.3. Inhalation rates 
The inhalation rate depends on both the age of the individual and type of activity that individual is 
engaged in. ICRP (ICRP, 1994) have recommended a range of inhalation rates for use in dosimetric 
studies although these are expressed in terms of basic activities, like sleeping or sitting, Hence, based 
on the recommendation rates made by ICRP, Table 6 presents typical inhalation rates suggested for 
use in radiological assessments and the assumptions made on what the individual was assume to be 
doing for each generic activity. 

Table 6 Recommended inhalation rates (m3 h-1) for various activities 

 Activity Inhalation rate Assumption 

Adults Sleeping 0.45 ICRP default rate 

Daily (24h) average for the 
general population 

0.92 8.5 h sleeping (0.45 m3 h-1), 13.5 h 
housework / miscellaneous (1.18 m3 h-1 
based on 1/3 sitting + 2/3 light exercise), 
and 2 h outdoor activity (1.21 m3 h-1 based 
on ½ sitting + 3/8 light exercise + 1/8 
heavy exercise) 

Miscellaneous*  
1.2 

1/2 sitting + 3/8 light exercise +  
1/8 heavy exercise 

Sedentary worker (at work) 1/3 sitting + 2/3 light exercise 

Playing sport 
Manual labourer (at work) 

1.69 7/8 light exercise + 1/8 heavy exercise 

Strenuous activity 3.0†  ICRP default rate 

Children Sleeping 0.31  

Daily (24h) average for the 
general population 

0.64 10 h sleeping (0.31 m3 h-1) and 14 h play 
time (0.87 m3 h-1 based on 1/3 sitting and 
2/3 light exercise) 

Miscellaneous* 0.87 1/3 sitting + 2/3 light exercise 

Playing sport 1.12 light exercise 

Infants Sleeping 0.15 ICRP default rate 

Daily (24h) average for the 
general population 

0.22 14 h sleeping (0.45 m3 h-1) and 10 h play 
time (0.31 m3 h-1 based on 1/3 sitting and 
2/3 light exercise) 

Miscellaneous* 0.31 1/3 sitting + 2/3 light exercise 

* Includes time spent walking, doing general housework/relaxing at home, tending/playing//relaxing in the garden. For 
children this rate can be used for activities, except sports, occurring at school. 
† This inhalation rate should not be used for activities lasting more than 2 hours per day (ICRP, 1994). 
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Information on the variability of inhalation rates can be found in ICRP Publication 66  Human 
Respiratory Tract Model for Radiological Protection (ICRP, 1994).  A report looking at uncertainty in 
inhalation considered that the rate might range from 0.5 to 2 times the central value (Bailey et al, 
1997).  Information on distributions for different age groups of infants and children is given in Arcus-
Arth and Blaisdell (2007).  Although inhalation varies as function of age and activity, this is generally 
by a factor of less than three. Therefore, the variability in inhalation rates between individuals and 
across activities and age will have a relatively minor impact on the estimated dose when compared to 
uncertainties in the activity concentration in air or variabilities in how long an individual may be 
exposed for, both of which may span several orders of magnitude. 

3.2.4. External exposure 

3.2.4.1. Outdoor occupancy 
The fraction of the time outdoors is a key factor in the calculation of dose from external irradiation.  
Several studies undertaken to provide habits data for assessments associated with people living 
around the Fukushima NPP Prefecture (Ishikawa et al, 2016), (Takahara et al, 2014) found that those 
who work mainly indoors typically spent 0.6 h a day outside whilst those with mainly outdoor work 
were found to spend up to about 7 hours outside. 

Several national time use surveys like Lader et al (2006), UK, and Vaage (2012), Norway give detailed 
analyses of daily indoor and outdoor activities of the general population. Table 7 gives a summary of 
representative values and ranges of the time spent outdoors based on several different studies. The 
times are separated by the most common analyzed factors age and gender. More detailed analysis can 
be found in the respective publications. The time spent outdoors ranges between 1.2 and 7.9 hours 
per day. 

Table 7 Time spent outdoors (h d-1) 

Country Report < 18 
years 

> 18 
years 

Men Women 

FIN (Mäkeläinen et al, 2005)  1.2 - 2.9   

FRA (Nord-Cotentin Radioecology Group, 1999)  4.8   

GBR  (Lader et al, 2006)  1.5 - 1.8 1.8 1.5 

JPN (UNSCEAR, 2014a)  2.4 - 7.2   

JPN (Ishikawa et al, 2016) 3.6 - 4.8 1.6 - 2.5   

JPN (Takahara et al, 2014)  0.6 – 7.0   

NOR (Vaage, 2012)  2.1 - 3.3 1.3 - 4.0 2.0 - 4.0 1.3 - 3.0 

BEL This report 0.1 - 7.9    

 

As part of the work for the TERRITORIES project, 19 children in the remote Belarussian village of 
Komarin, were asked to keep a diary of their activities for a two week period.  Results indicate that the 
participants spent an average of just over 80% of their time indoors with a range of 0.1 to 7.9 hours 
per day spent outdoors.  It should be noted that the survey was done during the school holidays. 

3.2.4.2. Shielding factors 
The terms shielding factor means the ratio of the dose received in a protected location (typically 
indoors) to that received in a reference unprotected location outdoors. 

The degree of protection depends on the type and size of the building structures, for example different 
building materials such as wood, brick and concrete offer different levels of protection with different 
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shielding from gamma radiation and filtration of radionuclides in the air being offered by one-story 
private houses, multi-story office buildings or shopping malls. 

The impact of shielding materials is especially important during emergency situations as some degree 
of control exists on where the people and the contaminating radionuclides are located.  However, the 
TERRITORIES project is focused on exposure situations in the longer time.  Movement of material from 
outside to inside through natural ventilation of buildings and the movement of people and objects 
means that over time there may be a reduction in the level of protection afforded by spending time 
inside compared with that outside.  Additionally, over time the amount of shielding provided will 
change, since the natural removal and migration processes of contamination on different surfaces are 
different. However, for areas with relatively large unpaved ground areas, such as a garden, changes to 
the shielding factors over a period of 10 years are expected to be limited (within about 50%) (Nisbet 
and Watson, 2015).   With that caveat, Table 8 give shielding factors recommended by different 
authorities for European and North-American types of buildings (EPA, 2017; IAEA, 2000; KomABC, 
2006; SSK, 2014). The shielding reduction factors vary between 2-5 for one story houses and may have 
a value of up to 1000 in large multi-story structures above the ground and more than 1000 in their 
basements. In addition, shielding factors for Japanese wooden houses in contaminated areas after the 
Fukushima accident but before decontamination actions were carried out are also presented (Yoshida-
Ohuchi et al, 2018). As wooden walls have a lower density than brick or concrete, the reduction in dose 
rate when inside a house made of wood was found to be between a factor of two to three. 

Table 8 Shielding factors for external exposure in an emergency situation 

Location Shielding factors 
following deposition 

International Atomic Energy Agency (IAEA, 2000)  

    1 m above an infinite smooth surface 1 

    1 m above ordinary ground 1 - 2 

    One- and two-story wood-frame house (no basement) 2 - 5 

    One- and two-story block and brick house (no basement) 2.5 - 25 

    House basement, one or two walls fully exposed  

        One-story, less than 1 m of basement wall exposed 7 - 33 

        Two story, less than 1 m of basement wall exposed 14 - 33 

    Three- or four-story structures (500 to 1000 m2 per floor)  

        First and second floor 13 - 100 

        Basement 14 - 1000 

    Multi-story structures (> 1000 m2 per floor)  

        Upper floors 50 - 1000 

        Basement 7 - 1000 

CHE Eidgenössische Kommission für ABC-Schutz (KomABC, 2006)  

    Brick house  

        Upper floors 10 

        Basement 100 

        Shelter 500 

GER German Commission on Radiological Protection (SSK, 2014)  

    Outdoors  

        Surroundings with trees 0.6 - 2.0 

        Urban surroundings with buildings but no trees 3.3 - 10 

    Indoors  

        Prefabricated houses 1.2 - 2.5 
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Location Shielding factors 
following deposition 

        Semi-detached and terraced houses 3.3 - 50 

        Blocks of flats and houses 25 - 1000 

    In cellars  

        With windows above ground level 20 - 100 

        Without windows, semi-detached house 330 - 5000 

        With light shafts and windows, in blocks of houses 1000 – 20000 

JPN (Yoshida-Ohuchi et al, 2018)  

    Wooden house 2 - 3 

    Steel/aluminum construction 3 - 8 

    Concrete building 4 - 10 

USA U.S. Environmental Protection Agency (EPA, 2017)  

    Wood frame (1-story)  

        Upper floor 2 - 3 

        Basement 10 

    Brick veneer (2-story)  

        Upper floors 3 

        Basement 20 

    Brick, concrete (3-story)  

        Upper floors 7 

        Basement 50 

    Brick, concrete (5-story)  

        Upper floors 10 - 20 

        Basement 100 - 200 

    Office/Large apartment building  

        Upper floors 10 - 100 

        Basement 20 - 200 

 

3.2.4.3. Riverbank/beach occupancy rates  
Depending on the scenario the dose from spending time on a riverbank or beach can be important.  
There are few sources of generic occupancies for activities in such areas as habits are likely to vary 
considerably over short distances as well as the time of the year. 

A review of time spent on Cumbrian beaches is described in Oatway et al (2019). Habits surveys carried 
out near the Sellafield site in the UK showed that time spent on beaches typically ranged from a few 
hours a year, representing those who visited the beach for a day during the summer, to over 1000 
hours a year where the individual used a beach for several hours a day throughout the year to, for 
example, walk a dog. It is also important that the type of activities is accounted for as these affect the 
exposure pathways. 

3.2.5. Consumption of drinking water 
The World Health Organization (WHO) Guidelines for Drinking-water Quality (WHO, 2011) assumes a 
daily per capita consumption of drinking-water of approximately 2 litres for adults, although actual 
consumption varies according to climate, activity level and diet.  In the UNSCEAR 2016 report a value 
of 500 litres per year (1.4 litres per day) was used for the worldwide average individual rate of ingestion 
of drinking water. UNSCEAR decided that this value should be retained because it is appropriate for 
average individual consumption rather than the somewhat higher values typically used for protection 
purposes.  A study (Mons et al, 2007) on the consumption of cold tap water in the Netherlands, Great 
Britain, Germany and Australia shows that the range of total water consumed varies from 0.7 to 2.58 l 
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per day which is presented in Figure 6.  Given the variability of other parameters in dose assessment 
this is a relatively narrow range.  The report looked at the conclusions from the surveys as to the 
influence of season, age or gender on water consumption but the only conclusion they could find was 
a relationship between physical activity and water consumption rates. A similar observation was made 
by ICRP where it was noted in Publication 23 that there is significant variation in water demands with 
the total fluid intake on average doubling when the ambient temperature increases from about 25 0C 
to 30 0C (ICRP, 1975)). 

When estimating the dose from the ingestion of water it is important to consider not only the quantity 
of water ingested but also its source. This is because mains supplied water often originates from far 
beyond the local environment, is often pooled with water from many sources, and is routinely 
monitored for contaminants such as radionuclides. Consequently, ingestion of tap water would rarely 
represent a significant source of exposure to radiation. However, some individuals and even whole 
communities obtain water from private supplies that are not subjected to the above conditions; such 
water is therefore likely to reflect local land conditions and may contain levels of contaminants above 
that permitted in the mains supply. The presence and use of such water supplies should be considered 
in dose assessments where applicable. 

In terms of the source of water consumed, in their discussion of water balance in publication, ICRP 
(ICRP, 2002) quoted the results of several surveys carried out in France and the USA. These surveys 
showed that on average about 25% of the total water intake was consumed as drinking water obtained 
from the tap. Bottled water, alcohol, fruit juices and drinks, and soda drinks totalled another 25% of 
the total water consumed. The remaining 50% of the average water intake was obtained from food, 
dairy produce, and endogenously produced water. However, all of these quantities are subjected to 
individual preferences. The assumption that all water required by an individual originated from a 
contaminated source is therefore a suitable, although cautious, assumption for most assessments and 
likely to result in an overestimate of the dose by a factor of two or three in most situations. 

 

Figure 8 Summary results (box-whisker plot, showing average (central line), 25-75% (box) and minimum and maximum 
(error bars) consumption of cold tap water per country 
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3.2.6. Other pathways 

There are many other pathways which are unlikely to be important but there may be situations where 
they need to be considered for example dose from skin contamination, inhalation of resuspended 
material, ingestion of seaspray or water whilst swimming, external radiation from bathing in 
contaminated water.  Given that they are unusual exposure pathways there is very little published data 
on the ranges in the exposure parameters and so site-specific information would need to be gathered 
if felt to be important. 

3.3. Conclusions 

The previous sections discuss the variability in human behaviours which are likely to have the largest 
impact on dose including indoor/outdoor occupancies and consumption rates of locally produced food.   

To illustrate variability in food consumption rates, this report gives both the range and typical rates at 
which different types of foods are consumed by infants, children and adults who live in nine European 
countries.  Although dietary surveys typically do not give the source of the food consumed, available 
information from France and the UK has been used to illustrate the importance of taking local food 
production processes into account in radiological assessments. 

The consumption rates for aquatic foods in the UK were examined for several sites and the total 
quantity of seafood consumed by people living by the sea was generally about twice that of those who 
live inland.  Information from France showed that only a small proportion of aquatic foods were 
domestically caught and consumed by urban populations (3%)  compared to 16% for rural populations. 
This shows that when using data on the consumption of aquatic food it is important that the data is 
applicable to the population being assessed. 

 The consumption of wildfoods can be an important contributor to internal doses, even though it is 
recognised that the rate at which such foods are consumed, even within a relatively small population, 
can vary greatly. Examples of the variability in the consumption rates of wild foods are discussed for 
Finnish and Norwegian populations. 

The variation in 137Cs activity concentrations found in food products from a Belarussian village, at the 
edge of the Chernobyl exclusion zone, shows that the range in activity concentration in food products 
from uncultivated areas is 3 to 4 orders of magnitude, compared to those grown in private gardens 
where the range was about the order of two, which reflects the greater spatial variability in the wider 
environment. 

The variability in spatial and temporal activity concentrations found in food products in addition to the 
varying consumption rates and habits of individuals results in differing activity concentrations 
measured in individuals.  Examples of the variability in 137Cs concentrations measured in individuals 
are given from the Finnish and Norwegian populations due to fallout from the Chernobyl accident.  
Both data sets show that a range in values of about a factor of ten is usual for reindeer herders.   

Other variable parameters related to behaviours are discussed, for example inhalation and water 
consumption rates.  Although the ranges for these parameters are discussed they are relatively limited 
and therefore are not likely to have a large impact on the variability in dose.   

It is important to consider the possibility of any unusual or potentially extreme habits on the dose 
assessment.  This report has looked at behaviours in normal circumstances but obviously in the 
aftermath of a nuclear accident or where the local population have concerns about a contaminated 
site, human behaviour and diet can change significantly and this should be borne in mind. 
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4. Main factors in wildlife dose assessments and their influence on the dose 
calculation 
Radiological assessments for humans and wildlife share many aspects, but one is fundamentally 
different: the focus of protection is on the individual for humans whilst for wildlife assessments it is 
the population. This has direct consequences on the exposure assessment, as the parameters defining 
the behavior of biota and the criteria for risk evaluation are aimed at dealing with groups (populations) 
and ecosystems rather than individuals. The dose benchmark values for radiological assessment of 
biota used in the Environmental Risk from Ionising Contaminants: Assessment and Management 
(ERICA) tool (Howard and Larsson, 2008), for example, are derived from species sensitivity distributions 
and so they are ecological criteria and not meaningful for assessments at the individual level. 
Nevertheless, the assessment of exposures to wildlife may also concern individuals of a species or small 
groups of them (the most exposed organisms, for example).  In these cases, it makes sense to 
investigate individual behavior. This is linked with two complementary methodologies for the 
assessment of exposures to wildlife. The goal of one type of assessment is generally to check 
compliance with pre-established criteria, in which case a conservative approach based on generic 
“upper bound” behavioral parameters would be satisfactory. At the opposite end, a realistic approach 
based on the habits of individuals within a population species may be needed to inform a decision on 
remediation and thus some of the factors considered below may need to be considered. This more 
realistic approach may also be used in later stages of graded or tiered assessments undertaken for 
regulatory purposes, where the earlier stages of the assessment (based upon simple and cautious 
assumptions) indicate exposures are above a specified level of concern and, therefore a more detailed 
and realistic assessment should be carried out. 

 A study of the main factors contributing to uncertainties in dose assessments for biota has been 
carried out and is described in detail in Appendix 2. The first step of that analysis was to consider the 
two fundamental routes by which exposure to the radiation can occur, namely internal exposure from 
radionuclides taken up by the biota and external exposure due to deposited radionuclides outside of 
the body. The aspects of these two routes of exposure that have been considered are listed below. 

For internal exposure the following aspects have been considered in this work package: the influence 
of environmental concentrations; variation in concentration ratio (CR) values with different life stages, 
life spans, diets, within a species, habitats and variation in dose coefficients (DC) values for different 
biota shapes and mass, homogenous distribution in the body; and the radiation weighting factors and 
calculation method used. 

 

For external exposure the following aspects have been considered: environmental concentration or 
dose rates; location and occupancy of biota; and the variation in dose coefficient values for different 
biota shapes and mass, exposure configuration, shielding and calculation method used. 

 

4.1. Internal exposure 

The environmental concentration that is used as input to the biota dose rate assessment can be 
derived from measurements or modelling. For a prospective assessment, modelling must be used 
whilst for a retrospective assessment it may be possible to use measurements. Each of these will be 
associated with some level of uncertainty and these are discussed in Work Package 1 of TERRITORIES 
guidance (D9.60, D9.61 and D9.62).  There is also the question of the heterogeneity of the 
contamination and how this impacts on biota exposure. An important factor here is how the animal 
interacts with its environment and relevant behaviours such as feeding habits and territorial range 
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should also be taken into consideration. For example, a study on reindeer (Appendix 2) demonstrates 
that reasonable agreement can be obtained between measurements and modelling results using 
generic modelling parameters, provided account is taken of the actual deposition of 137Cs to which the 
reindeer are exposed. 

It is recognised that the uncertainties associated with CR values may be large, being up to a factor of 
10 or more. Indeed, a review of the Wildlife Transfer Database (Copplestone et al, 2013) has shown 
that for arthropods the CR can vary by a factor of 25 due primarily to a difference in diet (see Appendix 
2 for more detail). Where the largest contributor to the total dose is internal exposure, for example if 
the radioactive contamination is due to alpha emitters, the uncertainty in the CR can dominate the 
overall uncertainty in the dose assessment. 

Uncertainties associated with the calculation of DC values for internal exposure are also discussed in 
Appendix 2.  The impact of assumptions made about the biota shape, mass and internal distribution 
on dose are dependent on the type and energy of the radiation involved. Of these, shape is likely to be 
the least important and provided the selected DC is based on an animal of an appropriate size, the 
mass of the biota is unlikely to have a significant effect on dose rate (an increase in dose rate of 27% 
was seen for 137Cs in case of reindeer study when account was taken of the actual mass of the reindeer 
compared to the default mass assumed for the deer given in the ICRP Reference Animals and Plants 
(RAP) (ICRP, 2008)  (see Appendix 2). The work has also shown that assuming a homogenous 
distribution of contamination within the biota has an impact on DCs for photons and electrons of no 
more than 30% and significantly less for alpha and low energy beta radiation.  ICRP currently makes no 
recommendations for the choice of radiation weighting factor for biota dose assessments (ICRP 136 
(ICRP, 2017). However, in the ERICA tool (Howard and Larsson, 2008), values of 1, 3 and 10 are used 
for gamma and beta-emitters greater than 10 keV, beta-emitters less than 10 keV and alpha-emitters 
respectively. Where the largest contribution to the total dose is from exposure to internal alpha and 
low energy beta radiation, the use of weighting factors would have a significant impact. 

4.2. External exposure 

As discussed above, if the radioactive contamination is unevenly distributed in the environment then 
the time spent by biota at different locations will impact on exposure. Clearly, the importance of this 
will depend on the level of heterogeneity and the movement of the biota within its territory. However, 
the spatial distribution of the radionuclides is the key issue in the estimation of external dose rate 
when based on either measurements or modelling. 

Assumptions must also be made regarding the exposure geometry which will impact on the dose 
assessment. Appendix 2 shows that for terrestrial biota located on the soil or in the soil the external 
dose coefficient cannot vary by more than a factor of 2. However, for airborne biota the choice of 
height above the ground may have a much more significant impact (greater than an order of 
magnitude) on the DC depending on the radionuclide considered and the calculation method/tool 
used. 

Uncertainties associated with the calculation of DC values for external exposure are similar to those 
discussed above for internal dose coefficients. One of the key differences is the distance to the 
exposure source and the estimated occupancy times as already discussed but naturally occurring 
shielding e.g. from skin/fur or snow fall/soil litter could also have a major impact on external exposure 
for some types of radiation.  It is also important to use DCs in the dose rate calculation that are 
consistent with the available environmental activity concentrations (either modelled or measured). 
For example, if the activity concentration is averaged over a soil depth of 15 cm, then clearly a DC 
based on exposure to just such an activity distribution should be used in the dose calculation. The 
reindeer study noted an improvement in model predictions when a DC based on a planar source was 
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used instead of the default ERICA DC which is based on a volume source. This was because most of the 
activity in the region of interest is in the top 2 to 4 cm of soil. 

4.3. Conclusions 

For wildlife, large uncertainty in behaviour does not necessarily translate into a large uncertainty in 
the total dose received by organisms and the impact of behavioural uncertainties depends on the 
dominant exposure pathway which is dependent on the nature of the ionising radiation to which 
organisms may be exposed. 

The calculation of the internal dose rate requires knowing the activity concentration in the biota from 
measurement or modelled from the activity concentration in the medium. The internal dose rate is 
then calculated by multiplying the activity concentration in the biota by a dose coefficient. Given the 
short penetration range of alpha radiation, exposure source terms dominated by alpha emitters can 
lead to more significant internal exposures and essentially insignificant external exposure, except for 
microscopic organisms. In such situations, it becomes more important to carefully define relevant 
behavioral data such as diet and feeding rates. That is to say, more attention should be paid to the 
calculation of activity concentrations within the organisms. When modelling the internal exposure of 
wildlife based on CRs, the choice of CR values will require the greatest care as it will be the main source 
of uncertainty, given the compound and empirical nature of this parameter.  Other parameters such 
as the time spent by the organism in a specific environment or the distance to external exposure 
sources are likely to be less important. 

For the external dose rate, it is required to have the activity concentration in the medium, multiplied 
by an external dose coefficient and the occupancy fraction. In both cases, the activity concentration in 
the medium must be truly representative of the biota’s actual habitat. One should never take an 
ambient dose (measured by a gamma-ray probe, or other instrument) as a surrogate for the absorbed 
dose, especially in areas of heterogeneous contamination. Not only the energy absorbed fraction 
would be incorrectly estimated, but the organism could have been different exposed in another 
location, distorting the link between dose and effect. For exposure source terms dominated by gamma 
emitters external exposures are likely to make the largest contribution to total dose. In such an 
exposure situation, the wildlife behaviour and the spatial heterogeneity of the distribution of 
radionuclides are important considerations and it is worth developing a good understanding of the 
locations occupied by the organism and the time spent there. This is especially important if such 
organisms live at the interface between high and low contaminated environments. In such cases, 
internal exposure could be less significant. 

It needs to be emphasized that exposure is rarely due to single form of radiation radionuclide.  More 
typically, exposure will be a mix of different radioisotopes which includes alpha, beta and gamma 
ionising radiations. Their different properties and quantities of these radiation types in a radiological 
assessment must be considered in a radiological impact assessment.   

For wildlife, it is particularly important to be able to identify the different species present in an area of 
interest and to identify potential confounding variables such as exposure to other stressors e.g. 
chemicals, physical stressors. 

5. Overall conclusions  
When performing an assessment, it is vital to consider its purpose at the outset as this may affect both 
the endpoint required and the approach or data to be used.  For example, an assessment required to 
demonstrate regulatory compliance may be very different from one being conducted for research 
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purposes.   It is also important to consider whether any decisions made based on the assessment will 
be improved by the inclusion of appropriate consideration of variability and uncertainty. 

For NORM and legacy sites, each exposure situation should be managed according to the specific and 
local exposure conditions and the type of assessment to be performed.  Where there is limited 
information about a site, or where the radiological impact is expected to be low, a scoping assessment 
is likely to be all that is needed, or possible, to determine the magnitude of the impact. However, even 
for scoping assessments, it is still important that any assumptions made, or data used are reviewed to 
determine whether they are appropriate for the situation being assessed.  This is to prevent incorrect 
conclusions and decisions being made.  

If a more detailed assessment is required, then a combination of generic and site-specific data may be 
required.   In addition, identifying parameters where a reduction in associated uncertainty would be 
most beneficial to improving confidence in the estimated dose, and then obtaining additional 
information to reduce those uncertainties, is a key step.  The impact of variability on each parameter 
cannot be reduced and therefore its impact needs to be understood when drawing conclusions and 
reaching decisions.   

The involvement of stakeholders, including land owners and people who use the land or live nearby, 
can help improve the realism of any assessment. Their specific knowledge of the local situation can 
help gain a better understanding of the system under investigation. In addition, by engaging with these 
groups from the outset, it is likely to improve the acceptance of the assessment and any resulting 
decisions.  It is also important that, when explaining the outcome of an assessment, areas of 
uncertainty and the impact of variability are presented clearly; this allows people to understand any 
conclusions reached or remediation actions taken.    
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Appendix 1 Food consumption rates 
 

This data has been complied by Thomas Hamburger (BfS, Germany).  The references can be found in 
the main section of the report.   

Table 1-1: Cereals – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 133 74 192 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 392 353 441 
EST (NIHD, 2014)ᶜ 270 260 281 266 261 271 260 244 302 
FIN (Helldán et al., 2013)ᵃ - - - - - - 183 24 342 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 216 206 219 
FRA (Workgroup "INCA3", 2017)ᵃ 159 77 241 254 117 390 240 103 378 
GBR (Whitton et al., 2011)ᵈ - - - 144 42 382 109 14 387 
GER (MRI, 2008)ᶜ - - - 315 274 356 262 208 345 
JPN (UNSCEAR, 2014)ᶜ 260 260 260 409 409 409 447 447 447 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 259 125 393 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 296 165 426 - - - 
All - 77 281 - 42 426 - 14 447 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-2: Potatoes – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 307 161 452 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 205 178 230 
EST (NIHD, 2014)ᶜ 83 72 94 109 100 117 101 93 111 
FIN (Helldán et al., 2013)ᵃ - - - - - - 46 0 120 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 174 145 175 
FRA (Workgroup "INCA3", 2017)ᵃ 23 0 52 43 0 104 46 0 119 
GBR (Whitton et al., 2011)ᵈ - - - 71 11 182 80 0 184 
GER (MRI, 2008)ᶜ - - - 77 67 87 84 62 105 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 66 0 137 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 31 0 70 - - - 
All - 0 94 - 0 182 - 0 452 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-3: Vegetables – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 138 86 191 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 222 186 238 
EST (NIHD, 2014)ᶜ 91 87 95 94 90 97 146 123 157 
FIN (Helldán et al., 2013)ᵃ - - - - - - 114 6 223 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 185 181 195 
FRA (Workgroup "INCA3", 2017)ᵃ 84 11 156 103 3 202 168 35 301 
GBR (Whitton et al., 2011)ᵈ - - - 54 15 124 106 36 226 
GER (MRI, 2008)ᶜ - - - 181 169 193 228 188 264 
JPN (UNSCEAR, 2014)ᶜ 211 211 211 338 338 338 397 397 397 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 155 50 260 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 86 24 147 - - - 
All - 11 211 - 3 338 - 6 397 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-4: Fruit, berries – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 118 34 202 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 127 104 155 
EST (NIHD, 2014)ᶜ 236 222 249 213 206 221 238 193 287 
FIN (Helldán et al., 2013)ᵃ - - - - - - 121 0 291 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 181 176 204 
FRA (Workgroup "INCA3", 2017)ᵃ 116 28 203 90 0 199 144 6 281 
GBR (Whitton et al., 2011)ᵈ - - - 46 0 143 65 0 163 
GER (MRI, 2008)ᶜ - - - 201 176 226 254 158 330 
JPN (UNSCEAR, 2014)ᶜ 77 77 77 82 82 82 86 86 86 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 178 29 327 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 60 0 122 - - - 
All - 28 249 - 0 226 - 0 330 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-5: Nuts– food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 1 1 1 2 2 2 4 1 6 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 2 2 4 
FRA (Workgroup "INCA3", 2017)ᵃ 1 0 3 1 0 6 3 0 12 
GBR (Whitton et al., 2011)ᵈ - - - 0 0 0 0 0 0 
GER (MRI, 2008)ᶜ - - - 1 1 1 2 1 4 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - - - - 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 2 0 8 - - - 
All - 0 3 - 0 8 - 0 12 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-6: Milk, yoghurt, cream – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 173 46 299 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 605 499 690 
EST (NIHD, 2014)ᶜ 414 378 449 367 359 375 273 231 335 
FIN (Helldán et al., 2013)ᵃ - - - - - - 320 0 702 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 510 455 532 
FRA (Workgroup "INCA3", 2017)ᵃ 316 48 584 241 15 467 174 6 343 
GBR (Whitton et al., 2011)ᵈ - - - 76 0 468 66 0 300 
GER (MRI, 2008)ᶜ - - - 286 238 334 212 185 281 
JPN (UNSCEAR, 2014)ᶜ 191 191 191 284 284 284 91 91 91 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 336 28 644 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 318 79 557 - - - 
All - 48 584 - 0 557 - 0 702 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-7: Butter – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 5 5 6 4 4 4 6 5 8 
FIN (Helldán et al., 2013)ᵃ - - - - - - 12 0 34 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 9 7 12 
FRA (Workgroup "INCA3", 2017)ᵃ 5 0 12 5 0 13 9 0 22 
GBR (Whitton et al., 2011)ᵈ - - - 0 0 3 0 0 4 
GER (MRI, 2008)ᶜ - - - 12 9 16 12 8 16 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 5 0 16 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 3 0 9 - - - 
All - 0 12 - 0 16 - 0 34 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-8: Cheese – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 30 12 48 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 7 7 8 15 14 15 17 10 25 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 50 45 73 
FRA (Workgroup "INCA3", 2017)ᵃ 15 0 31 17 0 43 31 0 62 
GBR (Whitton et al., 2011)ᵈ - - - 6 0 23 10 0 30 
GER (MRI, 2008)ᶜ - - - 30 30 31 41 30 49 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 44 3 85 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 36 6 68 - - - 
All - 0 31 - 0 68 - 0 85 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-9: Margarine, oil – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 23 1 46 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 8 8 9 14 12 15 16 12 17 
FIN (Helldán et al., 2013)ᵃ - - - - - - 12 0 33 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 43 42 44 
FRA (Workgroup "INCA3", 2017)ᵃ 3 0 8 5 0 13 8 0 17 
GBR (Whitton et al., 2011)ᵈ - - - 2 0 11 2 0 13 
GER (MRI, 2008)ᶜ - - - 8 6 9 8 6 13 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 22 0 44 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 8 0 20 - - - 
All - 0 9 - 0 20 - 0 46 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-10: Meat – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 99 55 143 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 164 130 219 
EST (NIHD, 2014)ᶜ 46 37 55 58 55 62 66 58 76 
FIN (Helldán et al., 2013)ᵃ - - - - - - 28 0 76 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 150 141 156 
FRA (Workgroup "INCA3", 2017)ᵃ 52 13 91 72 11 134 89 12 166 
GBR (Whitton et al., 2011)ᵈ - - - 7 0 136 14 0 167 
GER (MRI, 2008)ᶜ - - - 138 94 181 103 70 213 
JPN (UNSCEAR, 2014)ᶜ 41 41 41 76 76 76 58 58 58 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 147 38 256 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 98 28 168 - - - 
All - 13 91 - 0 181 - 0 256 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-11: Game – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 3 0 18 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 2 1 3 
EST (NIHD, 2014)ᶜ - - - - - - - - - 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 7 5 8 
FRA (Workgroup "INCA3", 2017)ᵃ - - - - - - - - - 
GBR (Whitton et al., 2011)ᵈ - - - - - - - - - 
GER (MRI, 2008)ᶜ - - - - - - - - - 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - - - - 
NOR (Brooke Hansen et al., 2016)ᵃ - - - - - - - - - 
All - - - - - - - 0 18 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-12: Poultry, rabbits – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 19 7 32 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 52 33 71 
EST (NIHD, 2014)ᶜ 11 10 13 16 12 20 19 12 34 
FIN (Helldán et al., 2013)ᵃ - - - - - - 34 0 108 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 46 37 59 
FRA (Workgroup "INCA3", 2017)ᵃ 15 0 36 31 0 77 29 0 66 
GBR (Whitton et al., 2011)ᵈ - - - 13 0 113 32 0 101 
GER (MRI, 2008)ᶜ - - - - - - - - - 
JPN (UNSCEAR, 2014)ᶜ 15 15 15 28 28 28 21 21 21 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - - - - 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 16 0 48 - - - 
All - 0 36 - 0 113 - 0 108 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-13: Eggs – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 10 2 18 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 13 11 16 15 14 16 22 16 27 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 27 25 33 
FRA (Workgroup "INCA3", 2017)ᵃ 8 0 24 11 0 41 13 0 38 
GBR (Whitton et al., 2011)ᵈ - - - 0 0 29 2 0 34 
GER (MRI, 2008)ᶜ - - - 19 17 21 18 14 26 
JPN (UNSCEAR, 2014)ᶜ 24 24 24 34 34 34 34 34 34 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 25 0 62 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 12 0 32 - - - 
All - 0 24 - 0 41 - 0 62 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-14: Honey – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 1 1 2 
EST (NIHD, 2014)ᶜ 2 2 2 2 1 2 3 2 5 
FIN (Helldán et al., 2013)ᵃ - - - - - - 5 0 18 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 2 1 2 
FRA (Workgroup "INCA3", 2017)ᵃ - - - - - - - - - 
GBR (Whitton et al., 2011)ᵈ - - - - - - - - - 
GER (MRI, 2008)ᶜ - - - - - - - - - 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - - - - 
NOR (Brooke Hansen et al., 2016)ᵃ - - - - - - - - - 
All - 2 2 - 1 2 - 0 18 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-15: Sugar – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 23 20 27 33 32 33 22 15 27 
FIN (Helldán et al., 2013)ᵃ - - - - - - 8 0 30 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 85 79 90 
FRA (Workgroup "INCA3", 2017)ᵃ 18 0 35 25 0 59 28 0 56 
GBR (Whitton et al., 2011)ᵈ - - - 5 0 31 6 0 27 
GER (MRI, 2008)ᶜ - - - 54 51 58 44 35 54 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 18 0 42 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 33 0 84 - - - 
All - 0 35 - 0 84 - 0 90 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-16: Mushrooms – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 5 3 7 
EST (NIHD, 2014)ᶜ 1 1 1 1 1 1 4 2 7 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - - - - 
FRA (Workgroup "INCA3", 2017)ᵃ - - - - - - - - - 
GBR (Whitton et al., 2011)ᵈ - - - - - - - - - 
GER (MRI, 2008)ᶜ - - - - - - - - - 
JPN (UNSCEAR, 2014)ᶜ 9 9 9 13 13 13 16 16 16 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - - - - 
NOR (Brooke Hansen et al., 2016)ᵃ - - - - - - - - - 
All - 1 9 - 1 13 - 2 16 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-17: Fish, crustaceous – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 18 4 32 
CZE (Skrkal et al., 2017)ᵇ - - - - - - 15 10 17 
EST (NIHD, 2014)ᶜ 9 8 11 10 10 10 27 15 35 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 42 36 46 
FRA (Workgroup "INCA3", 2017)ᵃ 19 0 45 24 0 64 36 0 88 
GBR (Whitton et al., 2011)ᵈ - - - 0 0 21 0 0 29 
GER (MRI, 2008)ᶜ - - - 13 11 15 26 16 36 
JPN (UNSCEAR, 2014)ᶜ 38 38 38 63 63 63 91 91 91 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 67 0 155 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 24 0 61 - - - 
All - 0 45 - 0 64 - 0 155 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-18: Water – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - 1202 608 1795 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 205 190 221 521 438 604 542 483 910 
FIN (Helldán et al., 2013)ᵃ - - - - - - 781 118 1444 
FIN (Kortesmaa, 2018)ᶜ - - - - - - - - - 
FRA (Workgroup "INCA3", 2017)ᵃ 457 56 858 653 47 1259 902 113 1691 
GBR (Whitton et al., 2011)ᵈ - - - 174 0 745 935 574 1510 
GER (MRI, 2008)ᶜ - - - 1016 963 1069 1140 956 1271 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 1064 295 1833 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 374 0 772 - - - 
All - 56 858 - 0 1259 - 113 1833 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-19: Coffee, tea – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 74 67 82 140 133 146 301 248 351 
FIN (Helldán et al., 2013)ᵃ - - - - - - 644 182 1107 
FIN (Kortesmaa, 2018)ᶜ - - - - - - - - - 
FRA (Workgroup "INCA3", 2017)ᵃ 105 0 247 119 0 325 486 125 847 
GBR (Whitton et al., 2011)ᵈ - - - - - - - - - 
GER (MRI, 2008)ᶜ - - - 238 198 278 806 374 952 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 695 117 1273 
NOR (Brooke Hansen et al., 2016)ᵃ - - - - - - - - - 
All - 0 247 - 0 325 - 117 1273 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Deliverable D9.63 

Table 1-20: Juice, soft drinks – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 148 138 159 206 198 213 80 47 187 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 185 167 212 
FRA (Workgroup "INCA3", 2017)ᵃ 158 3 314 259 0 525 174 0 441 
GBR (Whitton et al., 2011)ᵈ - - - 288 0 909 26 0 458 
GER (MRI, 2008)ᶜ - - - 830 667 994 392 193 861 
JPN (UNSCEAR, 2014)ᶜ 16 16 16 20 20 20 22 22 22 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 347 0 747 
NOR (Brooke Hansen et al., 2016)ᵃ - - - 322 5 638 - - - 
All - 3 314 - 0 994 - 0 861 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 

 

Table 1-21: Alcoholic beverages – food consumption (g d-1) 

Survey 
 

Infant/toddler Child/adolescent Adult 
0-5 years 6-17 years 18+ years 

Intake Range Intake Range Intake Range 
BEL (Devriese et al., 2004)ᵃ - - - - - - - - - 
CZE (Skrkal et al., 2017)ᵇ - - - - - - - - - 
EST (NIHD, 2014)ᶜ 0 0 0 11 2 20 99 37 185 
FIN (Helldán et al., 2013)ᵃ - - - - - - - - - 
FIN (Kortesmaa, 2018)ᶜ - - - - - - 309 290 333 
FRA (Workgroup "INCA3", 2017)ᵃ 0 0 2 4 0 35 128 0 376 
GBR (Whitton et al., 2011)ᵈ - - - - - - - - - 
GER (MRI, 2008)ᶜ - - - 120 56 185 185 66 352 
JPN (UNSCEAR, 2014)ᶜ - - - - - - - - - 
NOR (Holm Totland et al., 2012)ᵃ - - - - - - 131 0 463 
NOR (Brooke Hansen et al., 2016)ᵃ - - - - - - - - - 
All - 0 2 - 0 185 - 0 463 
ᵃ Intake: mean; range: mean ± standard deviation 
ᵇ Intake: mean; range: minimum, maximum 
ᶜ Intake: median from presented data; range: minimum and maximum from presented data 
ᵈ Intake: median; range: P25, P75 
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Appendix 2 Impact of variability in behaviour on assessment of doses to wildlife 
 

Prepared by Karine Beaugelin-Seiller (IRSN, France) with contributions from Jordi Vives i Batlle 
(SCK•CEN, Belgium), Lavrans Skuterud (NRPA, Norway). 

1. Introduction 

The method for assessing doses to wildlife exposed to ionizing radiation is crucial when looking to 
correctly interpret observed effects in contaminated areas. Controversies about the level at which such 
effects may be observed, still under debate more than 30 years after the Chernobyl accident and five 
years after Fukushima, result partly from the use of inadequate proxy values, such as the ambient dose 
rate. Dosimetry devoted to wildlife has seen significant developments in the last decade, from 
concepts up to operational tools. More detailed approaches are available today that should allow more 
accurate and representative dose assessments. Assessing doses to wildlife is even more complex than 
for human populations, due to the wide biodiversity and variability between lifestyles. Due to the 
increasing interest in wildlife dose assessments, the sensitivity and uncertainty aspects, already 
considered for human dose assessment studies, began to be explored during the last decade 
(Beresford et al., 2008a, 2008b, 2010; BIOPROTA, 2010; Beaugelin-Seiller, 2014, 2015; Stark et al., 
2017; Vives I Batlle et al., 2007, 2011). All or part of the dose calculation chain was considered in these 
studies, which however have not paid much attention to the wildlife behaviour.  

From the most up to date concepts and approaches, task 2.2. aims to investigate how the variability in 
the behaviour of an organism may impact the total dose this organism will receive from different 
source terms. The term behaviour refers mainly to the ecological parameters involved in such a 
calculation (species, location, diet, roaming grounds, radiation quality etc.).  

TERRITORIES Subtask 2.2 had two main objectives:  

• Identify the important parameters for assessing doses to wildlife; examine the variability in 
behaviour that may impact the results of dose assessments; provide good illustrations of them, 
with the ways of solving some of them and discussing the remaining difficulties in reducing 
uncertainty regarding wildlife dosimetry;  

• Document all the task findings in the present internal document. The task was focused on 
gathering and consolidating available knowledge and providing examples rather than 
producing new models or approaches. 

The approach employed in this subtask is first to highlight key issues and problems acknowledged or 
expected from a theoretical point of view when dealing with dose reconstruction for wildlife, taking 
into account the variability introduced by the “behaviour” of organisms. From these issues, a set of 
specific calculation will illustrate, on a theoretical basis, the extent of the uncertainties introduced by 
the ecological variability in a dose assessment. Results from a real case study conclude this report, 
focusing on the combined effect of spatially heterogeneous contamination and animal movements. 

2. Uncertainties in field dosimetry for non-human biota 

This section deals with uncertainties in field dosimetry for non-human biota in a theoretical way. The 
key problems and issues with direct dose measurement are exposed, with recommendations for 
obtaining correct field dosimetry and avoiding common pitfalls, such as using ambient dose rate as a 
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proxy for the total dose received by the organism. We expose where the main uncertainties lay and 
the need to use spatial resolution in dose assessment, giving examples of models that have this 
capability. Issues such as uncertainty in results interpretation e.g. correlation versus real causality, are 
also highlighted. 

Estimating exposure and dose to a free ranging animal or plant is not a trivial matter. Hence, the 
starting point for this discussion must be considering the main components of doses assessment for 
non-human biota. These components are illustrated in Figure 2-1, with emphasis in the division 
between internal exposure (red) and external exposure (blue). The main difference between these two 
is the need to calculate the internal activity concentration in the biota for internal exposure. This 
necessary step is achieved by measurement or by calculation, using a dynamic transfer model or (more 
commonly) concentration ratio (CR) that relates the activity of the organism to that of the surrounding 
medium. Consequently, the main source of uncertainty lies in this calculation. Once the activity in biota 
is estimated, dose rates are calculated using dose coefficients (DCs, previously DCCs – Dose Conversion 
Coefficients) for internal exposure, corresponding to a stylized mathematical representation of the 
biota (reference organism (RO) or ICRP reference animal/plant (RAP)). This constitutes a lesser source 
of uncertainty in the dose assessment, because these DCs are well calculated and the RO/RAP 
approach and its limitations are well studied. 

 

Figure 2-1. Main components of dose assessment for non-human biota 

For external exposure, it is not necessary to calculate or measure the activity concentration in the 
organism because the source of the radiation is the external reference medium. Activity concentration 
in the environment (air, soil/sediment or water) is combined with dose coefficients (DCs) for external 
exposure, leading to the external dose rate received by the organism. Although the procedure is 
simpler than for internal dose, there are a number of factors at play here that conspire to generate 
higher uncertainty. The principal factors are (a) errors in determining the geometry of the exposure 
i.e. position of source vs. receptor and solid angled subtended, (b) inhomogeneity in the medium, such 
as spatial variability of the contamination over the range inhabited by the wildlife, (c) occupancy 
factors as a simplification of the time spent in different environments, (d) shielding issues, and so on. 
The dose can sometimes be directly measured but this generates additional issues in field dosimetry 
such as uncertainties on how much time freely mobile organisms spend in the location where the dose 
was supposedly received, and whether the dose measured by an instrument equals the dose received 
by the actual organism.  
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To the above problems, one must add an additional layer of uncertainty, relating to how are dose 
effects interpreted and whether correlation of effects observed at a certain dose range really means 
causation of these effects by radiation or whether there are confounding factors at play. All these 
factors and sources of uncertainty are discussed in the sections below. 

2.1. Key issues in the determination of internal dose 

The main problem in field dosimetry, by far, is the level of uncertainty inevitably introduced by the 
extrapolation of internal radionuclide concentration from its concentration in the exposure medium, 
as stated previously. The use of concentration ratios in particular is hampered by considerable 
variation. This variation is ultimately due to the fact that the CR is really an aggregated parameter, i.e. 
it implies the existence of a partition coefficient as a consequence of various processes that are not 
explicitly modelled, ignoring factors such as: 

• The variation of the CR value with different life stages and life spans (usually not considered 
due to lack of data, but activity distributions and geometries are life-stage dependent) (Stark 
et al, 2017). 

• Overestimation or underestimation of transfer when using the CR approach in dynamic 
situations because the time needed for biota to respond to changes of ambient concentration 
is of similar order than the duration of the assessment (Vives i Batlle, 2016). 

• Inter-species variability. 
• Concentration effects for high concentrations of radionuclides or when in the presence of 

significant amounts of stable isotopes or competing substances. 
• Variability of the CR for different environments; using a “generic” CR, or a CR determined in 

one environment for another environment where there are different factors affecting 
biological uptake (Vives i Batlle, 2012) 

• Using CRs measured in idealised conditions in the laboratory which may not capture the 
conditions prevalent where the biota is being assessed. 

• Lack of CR data, meaning using a CR for a “similar” biota or an “analogue” radionuclide, 
resulting in a loss of realism. This is all too easy to do when using tools such as the ERICA Tool 
where “substitute CRs” are readily available (Brown et al, 2008). 

Direct measurement of the activity concentration is able to avoid some of these limitations, although 
these measurements are not always possible, either because of budgetary concerns, or because of the 
harm to the environment caused by the capture and killing of some animals. There is also uncertainty 
in field sampling arising from problems with (a) sampling sparsity and representativeness, (b) 
population census valuation (random mobility of biota) and (c) the measurements themselves (local 
variations in measured background, masking by natural radionuclides) and analytical and counting 
errors. 

Other factors which affect estimates of internal dosimetry in the field to a lesser degree are quite 
comparable with those in non-field studies. In both cases, the internal dose rate needs to be 
determined accurately, but internal dose rate to the whole body (which is the relevant magnitude for 
biota) cannot be measured directly. The dose rate for internal exposure is equal to the multiplication 
of whole-body activity concentration (Bq kg-1) and the Dose Coefficient DC (usually in units of µGy h-1 

per Bq kg-1). Among these two quantities, the DC value is necessarily estimated, which generates 
uncertainties, when the activity concentration may be measured (even if not often the case). Hence 
the report focuses on uncertainties in the DC, mainly linked to four categories of impact as follows:  
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• Shape and mass of organisms, 
• Assumption of homogeneous distributions instead of localised organ doses,  
• Radiation weighting factors and  
• Certain limitations of the assessment tools (such as combining exposures for biota inhabiting 

heterogeneous environments). 

2.1.1. Shape effect 

The impact of shape in dose coefficients arises from the assumption, generally made in the 
radioecology community, that organism shapes can be approximated by ellipsoids, spheres or cylinders 
of stated dimensions (Figure 2-2). This is a major oversimplification of the world but use of voxel 
phantoms is complicated and in practice this has been demonstrated to be a reasonable conservative 
estimation. 

 

Figure 2-2. Dose coefficients – impact of shape 

The basis of the dose rate calculation is the absorbed fraction (fraction of the energy emitted within 
the organism that is absorbed before it leaves the organism) which depends on organism size (which 
is set for DC calculation but in reality there is individual variation which is not taken into account) and 
radiation type. The dose rate is averaged over organism volume immersed in an (assumedly) uniformly 
contaminated medium and this is another approximation that adds uncertainty to the dose, although 
previous studies carried out during the development of the ERICA Tool have also demonstrated that in 
most cases the uncertainty is small and DCs are on the conservative side, which is suitable for screening 
dose assessment. 

2.1.2. Mass effect 

Internal dose increases with energy, but there is a relatively little impact of size. The absorbed fraction 
changes little for a relatively broad range of masses (Figure 2-3). For example, the mass ratio of a fox 
relative to a woodlouse is around 39,000, but the ratio of exposures is a factor 3 for low energy photons 
and a factor 2 for high energy photons. This is because, for sufficiently large organisms, most internal 
radiation is self-absorbed (except for high-energy γ-rays). Fox example, for an α-emitter such as 238U, 
the range in tissue is ca. 0.1 mm, and for a β-emitter like 90Sr/90Y the range is a few mm.  
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Figure 2-3. Variation of the absorbed fraction in spheres, with mass and energy, for both electrons (left) and photons (right) 
(Ulanovski et al., 2008) 

For a γ-emitter like 60Co, the range in tissue is larger: ca. 1000 mm. However, even here, the dose rate 
does not change linearly with size. A big organism self-absorbs more gamma energy than a small one, 
because it has more mass with which to stop the internal radiation. But at the same time, since dose 
is energy per unit mass, the dose for an organism which has very small mass, is a smaller self-absorbed 
energy divided by a smaller mass. The result is that the absorbed dose changes little. Let there be a 
piece of material of surface area S and thickness X being hit perpendicular to the surface by a flux of γ-
rays. Gamma radiation would be absorbed exponentially, so a material of thickness X has a fraction of 
absorbed energy roughly proportional to 1 – e-µX where µ is the linear absorption coefficient. The dose 
will be proportional to 1 – e-µX per unit of mass (equal to ρ × S × X). Hence, the absorbed dose is 
proportional to (1 – e-µX)/X. For large values of X the dose is proportional to ∼1/X, but for small masses 
it does not decrease monotonically to zero but tends to µ. So, from simple physics, we see that dose 
coefficients for small biota will not tend to zero and can actually be somewhat comparable to those 
for large animals. 

2.1.3. Homogeneous distribution effect 

The issue of assuming homogeneous distribution of the dose is not trivial, given that only a few 
nuclides are relatively homogeneously distributed in biota, e.g. 3H, 14C, 40K, 137Cs. Many concentrate in 
specific organs e.g. green gland (Tc), thyroid (I), bone (Sr, Ra), liver (Pu) and kidney (U). The uniformity 
assumption is unavoidably made, given that in radiation protection of the environment, a link must be 
made between the doses and the observed effects, which for biota are reported at the level of whole 
organism. Gómez-Ros et al (2008) showed in a study comparing distributed sources versus dose 
concentrated in an eccentric point (aka organ) that whole body DC varies a maximum of 30% when 
assuming inhomogeneous distribution of the organism’s specific activity compared with homogeneous 
distribution, for various energy photons and electrons. For electrons, the differences are negligible 
below certain energies, depending on the size of the organisms. If organ doses must be specifically 
calculated, there are conditions in which the ratio of the average dose rates organ/whole body are 
proportional to the whole body/organ mass ratio, obviating the problem. For this to happen, it is 
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necessary that (a) the absorbed fraction should be close to 1 and (b) that the particles involved are α-
particles and electrons. For photons, the approximation is not so accurate due to the penetration of 
the emitted photon (from the considered organ) into the surrounding tissue, the key parameter being 
the range of the photon in tissue (which depends on energy). 

2.1.4. Radiation weighting factor effect 

There is a need to make allowance of such factors as Linear Energy Transfer1 (LET) or Relative Biological 
Effectiveness2 (RBE) in order to understand the likely effect of radiation to the organism. RBE is 
accounted for in human radiation protection by applying RWFs. For wildlife, the impact of the radiation 
weighting factor (RWF) in the dose determination is usually not seen in the assessment because many 
assessors obviate the problem by reporting absorbed dose rates for the biota which are unweighted 
by radiation quality. In fact, the relevant magnitude for the assessment is the equivalent dose, which 
is equal to the product absorbed dose × RWF. However, there is no firm consensus for RWF in wildlife. 
It is usually (e.g. ERICA Tool) taken as being 1 for γ and > 10keV β radiation, 3 for ≤ 10keV β radiation 
and 10 for α (non-stochastic effects) as opposite to 20 for humans (stochastic), but there are many 
examples of using α RWF’s in the range of 5-50 for non-human biota  (Brown et al, 2004).  

For the low-energy β component it is assumed that the RWF value must be somewhat different from 
1. The value of 3 is based on the assumption that the experimental RBEs for tritium in biota represent 
LET values for low-energy β rays (conservative choice - uncertainty on this value within a factor of 3). 
The RWF to apply to α component has been variously proposed as ranging between 5 (UNSCEAR, 1996) 
and 50 (Brown et al, 2003); we would therefore say that for α-radiation the RWF of 10 comes with an 
uncertainty between a factor of 2 – 5. 

2.1.5. Tool effect 

This discussion about uncertainties in internal dosimetry would not be complete without mentioning 
certain issues that occur when using assessment tools. For example, vegetation geometries in the 
ERICA Tool are not very realistic because the ellipsoids used do not really represent whole-organisms 
with the geometric fractal complexity of roots, trunk, branches and leaves. The grass geometry in 
particular excludes ‘in soil’ dose rates, considering only dose above ground. The problem can be 
obviated to a certain extent by creating a composite geometry containing various parts for above and 
below ground from roots to stem and leaves, in order to represent the whole plant, with a weighted 
sum of the DCs for each component, and comparing DC values to the default grass geometry (Biermans 
et al, 2013; Horemans et al, 2018).  

Another example of tool-generated uncertainty is size interpolation within predefined mass range in 
the calculation of the DC. For example, the ERICA Tool can calculate DCs for the following mass ranges: 
(a) 0.0017 to 550 kg for animals on soil and 0.0017 to 6.6 kg in soil; (b) 0.035 to 2 kg for birds and (c) 
10-6 to 103 kg for aquatic organisms. Small errors incurred when out of range and these are indicated 
in the Table 10 of the ERICA Tool help file. 

                                                           
1 amount of energy that an ionizing particle transfers to the material traversed per unit distance 
2 ratio of biological effectiveness of one type of ionizing radiation relative to another, given the same amount of 

absorbed energy 
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2.2. Key issues in the determination of external dose 

External dose estimates admittedly carries greater uncertainty than internal dose assessment when 
considering dosimetry in the field. External dose rate also needs to be determined accurately, with 
three general ways to achieve this: 

• Attach a dosimeter to measure external dose to the animal while it moves freely in its natural 
habitat;  

• Use hand-held dosimeters and assume the same dose for the biota;  
• Modelling the dose: start from activities in media, and then calculate external dose using a 

model that takes into account occupancy in areas of different media (air, soil, water and 
sediment) and radiation level using a methodology such as the one applied in RESRAD-BIOTA 
or in the ERICA Tool. 

2.2.1. Measurement 

The possibility to make a direct measurement on the biota by attaching a dosimeter to the live animal 
should not be ignored, as it is in practice the most direct and accurate determination of external dose. 
The use of passive dosimetry technologies for measuring the external dose of terrestrial wildlife has 
been reviewed in detail (Aramrun et al., 2018) and there are limited examples of this type of 
application (Woodhead, 1984 - plaice tagged with dosimeters; Beresford et al. 2008b – study of radon 
doses to burrowing mammals using TLD3 detectors – and the example given in chapter 4). The main 
advantage is that the detector follows the animal over its range, taking an average reading of the 
regions visited, which can have very different backgrounds. A potential uncertainty of the method 
arises from the instrumental side, with known issues such as: 

• fading,  
• determination of tissue equivalency,  
• how good is the calibration relating the dosimeter reading to the estimated whole-body dose 

(including the contribution of internal radionuclides in the animal to the dosimeter reading),  
• TLD ‘false positives’,  
• inability of most dosimeters to discriminate radionuclides,  
• lack of understanding about the dose range of the detector and the limited operative energy 

range (some dosimeters may not be suitable for higher energy radionuclides and β-emitters 
difficult to measure may be ‘accidentally’ neglected).  

The study of Beresford et al. (2008b) actually compared TLD external doses from the field with the 
dose calculation approach, showing that the predicted external dose was less than a factor of 3 lower 
than the TLD measurement, with some of the variability relating to differences in soil type. 

The second option (using an ambient dose meter) is much less desirable because radiation measured 
by hand-held dosimeter is a more uncertain estimate of external dose than that measured by an 
animal-borne dosimeter, given that the detector does not travel with the animal. Since species mobility 
and migration are not considered, the dose measured at one location may not be representative of 
the dose received by the animal, especially if it moves between heterogeneously contaminated 
environments. We therefore discourage the use of external ambient dosimeters for calculating 
external doses to wildlife, especially in effects studies involving animals moving over a spatially 
heterogeneous contaminated area. 

                                                           
3 ThermoLuminescent Dosimeter 



 
 

 

 
page 52 of 82 

Deliverable D9.63 

2.2.2. Modelling  

The last option (modelling the dose) is the most commonly used in assessments for non-human biota, 
and it is based upon a well-established model and principles (Brown et al, 2008). The chief advantage 
is that the animals are undisturbed in the ecosystem. However, the method has also uncertainties, due 
to the use of an idealised representation of the source – a target geometry combined with an idealized 
representation of the heterogeneously contaminated medium. Some of these uncertainties are as 
follows: 

• Organism size at different life stages could influence external dose, so assuming the same 
ellipsoid for all life stages is a simplification.  

• Life stage-based occupancy differences are often ignored, e.g. some aquatic organisms like 
frogs may be surrounded by sediment during early life stages as tadpoles, and for birds, the 
height above ground of the egg on the tree nest is not always considered in assessments. 

• Impact of the estimated elevation correction for external dose to plants and birds with respect 
to dose at ground surface. This includes simplifications in assuming a flying bird’s height or the 
elevation of a tree canopy. 

• External exposure DC’s are computed for a uniform soil/sediment contamination and rely on 
the assumption that source term is a smooth plane (Eckerman and Ryman, 1996) with depth 
profiles seldom considered (Timms et al., 2004). This uncertainty is somewhat limited given 
that Monte Carlo calculations show that no appreciable differences exist between assuming 
radioactivity distributed (a) within the first 50 cm of soil; or (b) to infinite depth. However, at 
< 10 cm depth there would be a significant effect for high-energy photons (see example in 
chapter 4). Surface roughness can be important and this factor is not considered in most 
assessments either. 

• Occupancy-related effects leading to varying external exposures in biota occupying bordering 
environments (mixed terrestrial, aquatic, aerial scenarios) are greatly simplified in assessment 
tools. Methodologies such as the ERICA approach assume a simplified structure with 10 
possible environments (Figure 2-4) which does not cover for all possibilities e.g. seabird on 
land, etc. 
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Figure 2-4. The 10 ERICA environments considered in external exposure calculations (from Beresford et al., 2007) 

• Lastly there are certain limitations of the calculation approach due to potentially neglecting 
shielding issues - such as neglecting the presence of skin/fur and not considering additional 
shielding in the environment e.g. from snow and soil litter. This can lead to a huge 
overestimation of the external dose received from low-energy β- (such as 14C) and γ-energy 
emitters. The impact of this is moderated by the fact that these low-energy emitters have by 
their very nature low external DCs, thereby dampening the impact of this uncertainty on the 
overall dose. 

With all the above caveats, modelling the dose is a reliable and well standardised approach, 
provided that adequate provision is made to address specific uncertainty factors in the 
assessment. 

2.2.3. Spatial heterogeneity 

In general, we regard the spatial distribution of the radionuclides as the key issue in external dose rate 
estimation, whether in the field or by modelling. There is a need to account for the time animals spend 
in various environments (temporal component) that vary significantly in radionuclide levels (spatial 
component). Averaging regions of high spatial variability can blur conclusions about the temporal 
variability of dose. Some individuals may be exposed to contaminants out of a larger population due 
to their erratic wandering and foraging patterns in regions more contaminated than others (this affects 
internal dose also).  

Random walk modelling (Figure 2-5) is an appropriate tool to address the above issue. In its simple 
form, the organisms move across a two-dimensional grid, with “walking” probabilities changing at each 
time step to a contiguous grid. In the simple case where the walking probabilities are the same, the 
organism follows a Brownian kind of motion, gradually widening its area of coverage. More advanced 
models can include “searching” behaviour for food, mating and prey as well as topographical effects, 
taking into account ecological factors such as ecosystem resources and interactions between 
individuals. If an organism’s mobility in a heterogeneously contaminated area leads to differences in 
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exposure observed between individuals, then this can be captured in random or quasi-random walk 
models. Such models simulate the behaviour and movement of organisms in space, determining what 
individuals of a particular population are more at risk, rather than treating all of them as having had 
the same exposure. The models can also take into account multiple stressors in a multi-species setting. 

A particular example of random walking model combining ecology with ecotoxicology (and thus, 
eminently suitable for radioecological studies) is EcoSpace (Loos et al, 2010). The model can represent 
movement and food intake over a raster map, factorizing the accumulation of contamination over time 
and feeding relationships between species. EcoSpace calculates lifetime exposure to a contaminant 
including different life stages with different exposure routes. It is applicable to a situation such as that 
covering the huge variability in Chernobyl and Fukushima fauna and their changing habitats. We make 
a call for the use of such type of models when studying possible effects in complex radiologically 
contaminated ecosystems like Chernobyl and Fukushima, whilst at the same time mentioning the 
limitations of the use of such models in terms of their higher data needs. 

 

Figure 2-5. Illustration of random-walk modelling 

2.3. Attempted quantification of the uncertainties 

The previous sections have described sources of uncertainty inherent (and unavoidable to a large 
extent) in field dose determinations, but overall uncertainty estimation is very difficult to quantify due 
to imponderables such as spatial variability, mixed environments, shielding, etc. Studies within the 
IAEA EMRAS and MODARIA projects, including inter-comparison of models to estimate radionuclide 
activity concentrations and doses for non-human biota (Beresford et al., 2008c; Vives i Batlle et al., 
2011) have however brought to light some general conclusions. 

The main conclusion is that, within the whole dose assessment, uncertainties associated with the 
dosimetry are generally much less than that associated with transfer of radionuclides to biota. Inter-
model variability of dose coefficients comparing the ERICA Tool vs other approaches (Vives i Batlle et 
al., 2011) gives a variability of internal dose coefficients ≤ 25% and external dose rates ≤ 120%. 
Regarding the assumption of the homogeneous distribution, the estimation of the internal exposure 
is more accurate (10-20%). The impact of not assuming organ doses and inhomogeneous distributions 
has also been investigated and it is not more than 30% (Gomez-Ros et al. 2008). The impact of the 
assumption of ellipsoidal shape increases for very long or thin organisms (Ulanovsky, 2006); for 
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example, for a frog with its legs extended it is up to 25% (Mohammadi et al., 2011) which is not 
considered to be a very significant impact. 

When turning to transfer coefficients (the calculation of activity concentration in organisms from 
external medium activity concentration), uncertainty in the relevant concentration ratios is large: up 
to a factor of 10 or more. Taking 137Cs as an example, this can be reduced to below a factor of 2 if 
transfer is estimated with a dynamic model taking into account the biological half-life of the 
radionuclide incorporated in the organism (see example in chapter 4).  

Estimates of internal and external dose using a tool like the ERICA Tool may in general be within < one 
order of magnitude from the measurement of the dose with animal-borne detectors (and probably 
within a factor of 3 or so for gaseous radionuclides like radon) (Beresford et al., 2012) although this is 
very difficult to generalise. Air-kerma gives a fairly good approximation of external dose (< × 2) 
provided that the region is reasonably uniformly contaminated so that the home range of the organism 
does not extend to much higher or lower contaminated areas. Other factors mentioned in the above 
sections are not possible to quantify, not even approximately. 

2.4. Advice on key issues on data interpretation 

A field study can (and should as often as possible) move on to the possible interpretation of observed 
effects given the various dose rates considered (Beaugelin-Seiller et al., in press). In fact, using 
radiation effects studies in order to prove causality in dose-effect investigations requires estimation of 
dose rates with the highest degree of confidence (e.g. Lecomte-Pradines et al., 2014; Garnier-Laplace 
et al., 2015; Bonzom et al., 2016). However too many studies related observed effects to ambient 
(gamma) dose rate measurements using hand-held monitors (e.g. Møller and Mousseau, 2013; 
Lehmann et al., 2016). This partial and biased view of the actual exposure situation may lead to 
underestimate the actual dose rate received by exposed organisms, by up to one order of magnitude 
for some organisms (Beresford et al., 2018). This lack of guidance and standardization in the 
assessment of the dose and the reporting of the associated values led to recommend the development 
of internationally-agreed best-practices (Stark et al., 2017). 

This section, by covering discrepancies that have been encountered about the dose thresholds at 
which effects are observed in field studies, is a first step in this way and is therefore formulated in the 
form of advice and guidance. 

2.4.1. Health status of animals 

Another well-known mistake leading to underestimation of the dose at which effects appear is the fact 
that there is a higher chance to capture damaged/stressed animals which can lead to overestimation 
of morphological effects for small sample numbers. This is because damaged/stressed animals may be 
easier to catch/fall into traps compared to healthy and therefore more alert and vigorous animals. If 
this factor is not taken into account, the observed number of morbidities and impairments may be 
assumed to be more prevalent in the animal population than it is the case. 

2.4.2. Spatial issues 

In linking dose rate to effects, errors can be made about the dose thresholds at which effects are 
observed simply due to factors such as not considering the mobility of the wildlife in regions with high 
spatial heterogeneity of the contamination.  
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Assessment of the exposures received by biota is not possible on the basis of external dose only. This 
is especially true if the internal dose arises from radionuclides incorporated at large distances from 
sampling point, in which case the external dose will not bear a concrete relation to the total exposure 
received by the animal. Therefore, field studies that have established a link between external dose and 
effects for mobile species in heterogeneously contaminated environments like Chernobyl and 
Fukushima have to be taken with caution. 

2.4.3. Ecological issues 

Interpretation of the results of the assessment requires grounding in sound ecological and life history 
knowledge, to take into account factors like that different life stages of organisms can show distinct 
variations in radiosensitivity at the same dose level. 

2.4.4. Statistical issues 

Nature induces very large variation to all things in the field, leading to low levels of statistical 
confidence, which can rarely be achieved with small sample sizes. Therefore, the most important 
aspect of fieldwork is the obtaining enough measurements to establish statistically-significant dose-
effects relationships over the range of exposures being considered. One should always, therefore, 
avoid problems with ‘low-number statistics’, interpreting cautiously effects appearing over a narrow 
contaminant range where there is large spatial variability in background. 

Lastly, in order to achieve the required credibility, it is important to understand that, in field dosimetry 
studies, correlation does not necessarily equate to causation; not only because of the aforesaid issues 
meaning that there can be systematic errors in the evaluation of the dose, but also because the 
conclusions can be misleading, even if the dosimetry is correct, if confounding variables are not 
accounted for. Such confounding factors when examining dose-response relationships may include, 
inter alia, interferences with other pollutants / biological agents, manmade ecosystem changes (e.g. 
the abandoning of contaminated land), radio-adaptation or the presence of transgenerational effects 
that may explain effects at current low doses as caused by higher historical doses. 

3. Theoretical applications 

Uncertainties in wildlife dose assessment may occur from different components of the calculation such 
assessment requires (cf. box below). The ones on which the Task 2.2 was centred were related to the 
wildlife behaviour. This corresponds to the set of ecological parameters driving the characterisation of 
organisms with regard to their exposure done through Concentration Ratios (CR), Dose Coefficients 
(DC, previously called Dose Conversion Coefficients, and noted DCC -e.g. in the ERICA Tool), and 
Occupancy Factors (Vz).  



 
 

 

 
page 57 of 82 

Deliverable D9.63 

 

CR values are required to assess activity concentration in biota from those measured or modelled in 
media, following the equation 𝐶𝐶𝑖𝑖𝑏𝑏 = 𝐶𝐶𝐶𝐶𝑖𝑖𝑏𝑏.𝐶𝐶𝑖𝑖

𝑟𝑟𝑟𝑟𝑟𝑟 where 𝐶𝐶𝐶𝐶𝑖𝑖𝑏𝑏 is the CR of the radionuclide i for the 
organism b (Bq.kg-1 fresh mass of organism whole body per Bq.kg-1 of dry soil or Bq.L-1 of filtered water. 
This parameter may be diet dependent, when knowledge is available. 

For a given radionuclide, DC values are determined according to the radionuclide properties, the 
compositions of exposure media and the geometry of the exposure scene. General dependencies of 
these coefficients have been investigated since the origin of the development of environmental 
dosimetry. For example, Taranenko et al. (2004) deeply explored the theme within the European 
project FASSET, the precursor of the ERICA project which led to the public release of the free 
eponymous tool. In this context, all factors that may influence the DC value were covered, from a 
holistic perspective. In terms of ecology, this means to consider both the size of the organism and its 
location vs. the source of exposure, everything else being equal. These aspects were already analysed, 
the range of variation of the associated factors being not targeted nor constrained to take into 
consideration uncertainties linked with wildlife behaviour. The originality of the present work is to 
focus on effects of ecological parameters by examining them in a realistic and ecologically relevant 
way. We do not claim to lead to new conclusions, but rather we aim to give them a more concrete 
ecological reality through selected illustrations.  

Principle of dose calculation (extracted from Beresford et al, 2007) 
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In order to exemplify the influence of such ecological parameters on the dose calculation, a series of 
theoretical calculations was done focusing successively on four sources of well-known uncertainty: 

• diet (may involve for the same organism a change in CR values to estimate its internal 
activity concentration) => dose calculation for a given scenario for different diets;  

• size of a given organism (may involve a change in the dose coefficient) => dose 
calculation for the range of size for this RAP; 

• habitat and lifestyle of a given organism (may involve a change in the occupancy 
factors vZ or time-budget ) => dose calculation for different combinations of vZ, varying 
from 0 to 1; 

• habitat and lifestyle of a given organism (may involve a change in the organism 
location in terms of distance to exposure source) => dose calculation for different 
distances. 

Given that Reference Organisms are generally used by the radioecology community in dose 
assessments, calculations were done for similar organisms. The basic elements of the calculation 
scenario were identified from the IAEA Handbook of Parameter Values for the Prediction of 
Radionuclide Transfer to Wildlife (TRS 479; IAEA, 2014). The planned investigation required working 
with datasets that exhibit the highest ecological variability, according to the previously listed criteria. 
We identified thus in the TRS 479 the combination of radionuclide and organisms meeting our needs 
according to this rule. Consistently with all previous work in the field of radioecology, 137Cs appeared 
as the radioisotope the most documented in this report. For this isotope, organisms for which CR 
values were available for several diets were arthropods (generic, carnivorous, detritivorous, 
herbivorous), birds (generic, herbivorous, omnivorous) and mammals (generic, carnivorous, 
herbivorous).   

Most of the calculations were done considering an activity concentration of 1 Bq.kg-1 of 137Cs in soil. 
Occasionally, a set of radionuclides differing by their type of radiation and emission energies has been 
considered, mainly to relativize a result by offering additional points of comparison. This was not done 
systematically to avoid the multiplication of cases. When applied, this was done for a unitary activity 
concentration in soil. The need of reproducibility of the presented results encouraged the use of the 
ERICA Tool to run the dose assessments, this internationally recognized tool being free and easily 
available (http://www.erica-tool.com/). All parameters other than the ones tested were kept at their 
default values. In some specific cases, the flexibility required was not permitted by the ERICA Tool and 
other applications could have been used. These cases are mentioned explicitly. 

N.B. this part of the report does not make claims to be either an exhaustive investigation or a full 
numerical characterisation of the effects of variability in wildlife behaviour on dose assessment. 
However, it is in the direct line of the group objective, which was to focus on some of the relevant 
variables and give illustrations of their potential influence on the result of dose calculation. 

3.1. Diet effect 

The total dose rate results from the sum of its external and internal contributions. As previously seen, 
the internal dose rate Dint is proportional to the biota activity concentration, thereby directly 
proportional to the CR (assuming equilibrium concentrations are obtained) at constant activity 
concentration in the exposure medium. That means any change in the CR value is directly applied to 
the internal dose rate. The global effect of the change in CR value (for example with regard to the 
organism diet) is dependent on the weight of the internal contribution to the total dose rate. At the 
maximum, the ratio between dose rates assessed for different CR values will be the same as the ratio 

http://www.erica-tool.com/
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between the CRs, when the total dose rate results only from the internal exposure. A look at the 
expression of the external dose coefficient reveals the absence of contribution of alpha emission in 
this component. For such pure particle emitters, the total dose rate corresponds to the internal one. 
It is proportionally linked to any change in the CR value. For any other emitter, especially those 
combining different kinds of emissions, the result is not obvious and depends on the number and 
intensity of each emission, in combination with the exposure scenario. To illustrate this effect, dose 
rates were calculated for the three groups of organisms we selected, exposed to 1 Bq kg-1 of 137Cs in 
soil, taking into account their diet. 

The IAEA document reported CR values as arithmetic and geometric statistics (mean and standard 
deviation), as well as extrema. These values are presented for 137Cs in arthropods Figure 2-6. Due to 
the (relatively) large amount of data for this isotope, arithmetic and geometric means did not differ 
significantly and shared a same variation pattern with diet. It was decided to work with the AM (Table 
2-1). 

The largest discrepancy in terms of internal dose rates is observed (Figure 2-7) between carnivorous 
and herbivorous arthropods (ca. a factor 26), the lowest between herbivorous and omnivorous 
mammals (factor 1.2). The dose rates calculated for the three groups of organisms varied as announced 
within the ratios of the applied CR values. Integrating this result in the total dose rate led to opposite 
conclusions. Arthropods showed no more difference, with dose rates varying within a factor of 1.1 
when mammals absorbed dose rates were within a range of 2.5.  

 

Figure 2-6. Statistics (AM: Arithmetic Mean; GM: Geometric Mean) and extrema reported for the 137Cs CR to arthropod in 
the TRS 479 (Bq.kg-1 of whole body to Bq.kg-1 of dry soil) 
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Table 2-1. CR values for 137Cs as given in the Wildlife Transfer Database4 for the selection of organisms (Bq.kg-1 fresh mass 
of whole body per Bq.kg-1 of dry soil). 

Diet Arthropods Birds Mammals 
Generic 1.10E-01 6.70E-01 

 

3.50E+00 
Detritivorous 9.00E-02 No data No data 
Herbivorous 9.80E-03 No data 3.90E+00 
Carnivorous 2.50E-01 1.00E+00 5.40E-01 
Omnivorous  No data 5.70E-01 3.20E+00 

Ratio max/min 2.55E+01 1.75E+00 7.22E+00 

 

Figure 2-7. Dose rates calculated with the ERICA Tool (V1.2) for 1 Bq.kg-1 of 137Cs in soil, for same organisms with different 
diets (on the left: internal dose rate; on the right: total dose rate) 

For a given type of organism, the effect of the diet on the total dose rate depends on the contribution 
of the internal exposure to the total one, which itself depends on the kind of emissions of the 
radionuclides involved in the assessment. In any case, the maximum difference cannot exceed that 
observed on CR values.  

N.B. This section only refers to situations with diets constant over time (consistently with the 
equilibrium approach assumed by the use of CR values) while many wildlife species have large seasonal 
changes in their diets. Chapter 4 illustrates the effect of such an example of a seasonally varying diet. 

3.2. Size effect 

It was much less obvious to anticipate the effect on total or partial dose rate of size variation for a 
given reference organism. It is known that dose coefficients for external exposure decrease when size 
increases, due to the more effective self-shielding of large organisms. This effect is even more 
pronounced for low energy emissions (from a factor of four to two orders of magnitude for photons 
within the range of 5 MeV to 10 keV; Taranenko et al., 2004). For internal exposure, it is the opposite 
at least for γ emissions, the larger the organism, the more the absorbed fraction increases. Dose 

                                                           
4 http://www.wildlifetransferdatabase.org/mainpage.asp. This database collates data to provide parameter values for use 

in environmental radiological assessments to estimate the transfer of radioactivity to wildlife. The database was started 
to aid both: (i) the International Atomic Energy Agency (IAEA) in the production of the handbook on wildlife transfer 
parameters (IAEA Technical Report Series 479); and (ii) the derivation of transfer parameter values for the International 
Commission on Radiological Protections (ICRP) list of Reference Animals and Plants (RAPs) (ICRP Publication 114). 
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coefficients for α and β emissions are almost not sensitive to the organism size (Taranenko et al., 2004). 
The absence of linear or other simple relationship between mixed5 dose coefficients and size of the 
organisms make dubious the prediction of the result of their interaction on dose calculation.  

Biodiversity is large even at a taxonomic level such the ones used in the IAEA Handbook already 
mentioned. That may imply a relative lack of consistency in terms of ecological parameters, leading to 
undue consideration due to unrealistic variability. To avoid this bias, we reduced the scope of the 
assessment to a lower taxonomic level than that of the TRS 479. We decided to work at the level of 
the class. We chose to represent the group of arthropods by the class of insects, the group of birds by 
the class of passeiformes and the group of mammals by the class of rodents. The range of size variation 
for each of the three classes was found in the literature (Table 2-2) from which the smallest and largest 
representatives of each class were identified at the species level and characterized by generic mean 
values. 

Table 2-2. Size range from the literature for the selection of organisms. 

Group Class Minimum Maximum 
Arthropods Insects 0.05 cm 

(Baranowskiella ehnstromi) 
8 cm 

(Stag beetle) 
Birds Passeiforms 5 g 

(Firecrest) 
1600 g 
(Raven) 

Mammals Rodents 1 g 
(Etruscan shrew) 

9000 g 
(Coypu) 

List of references  
Arthropods: Sörensson, 1997; Coray & Siede, 2014; Insects-net.fr (2018), Office National des Forêts (2018); 
Birds: Oiseaux.net (2018a, 2018b); 
Mammals: AnAge (2018); Contoly et al., 2000; Quelestcetanimal.com (2018). 
 
Organisms are represented for the purpose of dosimetric calculation as ellipsoids characterised by 
their three axes. This ellipsoidal shape was defined from dimensions taken from photographs and 
combined with a density of one. This expert choice, in agreement with previous similar studies (i.e. 
EMRAS I & II studies related to biota dose assessment), was assumed to be representative of a 
biological tissue. The results were fitted with data on weight and size from Table 2 to derive the most 
relevant equivalent ellipsoid for each organism type. Data were adjusted up or down to reach a 
somewhat realistic generic virtual representative of each species (Table 2-3).  

Table 2-3. Size and mass applied for calculation of total dose rate per “extreme” species for each group of organisms. 

 Axes of the ellipsoid (m) Mass 
Species  a b c (kg) 
Coypu 4.00E-01 1.90E-01 1.90E-01 7.56E+00 
Etruscan shrew 3.00E-02 1.10E-02 1.10E-02 1.90E-03 
Raven 4.50E-01 9.00E-02 1.20E-01 2.00E+00 
Firecrest 4.00E-02 1.90E-02 1.90E-02 7.58E-03* 
Stag beetle 6.50E-02 2.60E-02 1.56E-02 1.38E-02 
Baranowskiella ehnstromi 5.25E-04 1.40E-04 2.81E-05 1.08E-09* 

*mass below the lower bound of mass range authorized for the corresponding animal 
type in the ERICA Tool. 

                                                           
5 In the sense of composed of several types of radiation 
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To illustrate the effect of size, dose rates were calculated for each of the species presenting extreme 
size in each of three groups of organisms, exposed to 1 Bq.kg-1 of a set of radionuclides in soil, varying 
the representative ellipsoid while keeping all the other input data at their default values. Radionuclides 
were selected according to previous work (Vives I Batlle et al., 2007) to cover a range of energies and 
different types of radiation (3H, 14C, 137Cs, 60Co, 90Sr, 238U, 241Am). Due to mass limitation of the ERICA 
Tool that did not allow the use of the right mass values,the calculations were done with the EDEN 
software, developed at IRSN (Beaugelin-Seiller et al., 2006). More flexible with regard to the scenario 
description, it produces dose coefficients according to the user specifications (inputs are required for 
any other data than nuclear information, implemented by default in the tool). EDEN was already used 
in a series of studies on uncertainties in wildlife dose assessments, due to abiotic factors (e.g. 
Beaugelin-Seiller, 2014; Beaugelin-Seiller et al., 2015, Beaugelin-Seiller, 2015). For this exercise, the 
software was parameterized according to the default configuration of the ERICA Tool.  The only source 
of differences was nuclear data (ICRP for ERICA Tool, JEFF for EDEN). Sizes and masses were taken from 
Table 3. Mammals and arthropods were located on soil while birds were located at 5 m from soil.  

Depending on the organism type and radionuclide, differences were more or less significant in terms 
of dose rates (Figure 2-8). The variation can reach up to 6 orders of magnitude between external dose 
rates assessed for the two sizes of insects (Table 2-4). The ratio is much lower for other organisms, and 
even more with regard to internal exposure. Generally the results were in agreement with the 
expected variation. Ulanovsky et al. (2008) reported a factor up to five between dose rates obtained 
for 30 keV photons, varying the mass of terrestrial organisms on the full range allowed by the ERICA 
Tool (factor of nearly 39 000). For external exposure, an increase in size was accompanied by a 
decrease in dose rates, as observed for mammals and birds, at the exception of 60Co and 90Sr. This 
could be explained by the type and energies of their emissions. The isotopes 60 of Co and 90 of Y (in 
equilibrium with 90Sr) are both γ emitters of high energy (more than 2 MeV) with a high penetration 
power of the living tissue. The size of the smallest specimen in each type of organisms may be lower 
than the course of γ radiation in the tissues, allowing part of it to cross the whole body and escape. 
The resulting deposition of energy would be lower than for larger organisms into which all the energy 
is deposited. This assumption of loss of energy due to a path longer than the organism size may also 
explain all the results obtained for insects, as for any radionuclide tested, the smallest insect exhibited 
lower external dose rates than the largest one. This small specimen is actually so small that it could 
almost be assimilated to a microscopic organism, with a very specific dosimetry governed by different 
rules than those valid for more usual sizes of such organisms. The case of insects will not be discussed 
further. 

Table 2-4. Ratio between dose rates calculated for the two extreme size of organisms per type for the set of radionuclides 
under investigation, depending on the exposure (external vs. internal)  

Organism type  insect mammal bird 
Exposure  external internal external internal external internal 
3H 2.28 0.99 0.25 1.00 0.85 1.00 
14C 3.30E+04 2.11 0.01 1.00 0.08 1.00 
137Cs 3.29E+06 13.60 0.51 1.57 0.91 1.30 
60Co 7.68E+06 8.70 9.28 4.79 6.10 2.76 
90Sr 1.95E+04 18.92 31.10 1.25 89.84 1.11 
238U 7.43E+05 1.76 0.01 1.00 0.04 1.00 
241Am 2.16E+06 2.50 0.01 1.00 0.04 1.00 

 



 
 

 

 
page 63 of 82 

Deliverable D9.63 

 

Figure 2-8. Change with size for three categories of organisms (upper line: insect, middle line: mammal, lower line: bird) in 
dose rates (µGy.h-1) calculated with EDEN (V3.1) for 1 Bq.kg-1 of radionuclide in soil (on the left: external dose rate; on the 
right: internal dose rate). 

For internal exposure, similar results were expected for β and α emitters, and that was verified for 3H 
and 14C on one hand and 238U and 241Am on the other hand. The three other radionuclides, whose 
emissions are dominantly high γ energies, presented the expected increase in dose rate with the 
increase in size. 

Finally the impact on the total dose rate per radionuclide for each type of organism, including insects, 
results mainly from the internal exposure. The internal contribution to the total exposure varied from 
about 65% (exposure of the largest bird to 60Co) to 100 % for ca. 80% of the studied cases. For birds, 
the size variation impacted by a factor of 3.4 the total dose rate experienced when exposed to 60Co. 
When summing the results on radionuclides to obtain the total dose rate, the ratio between results 
associated with the smallest and largest specimens in each type of organisms ranged from 1 (mammals 
and birds) to 2.1 (insects). 
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For a given type of organism with usual sizes within a centimetre scale, the size effect impacts mainly 
the external exposure to high energy γ emitters. It can vary within several orders of magnitude. Due 
to the combination of internal and external exposures, and to the summation on radionuclides 
present in the exposure sources under consideration, this effect can be drastically reduced until 
becoming insignificant. A general effect of size cannot be described as it depends heavily on the 
exposure scenario.  

3.3. Habitat and lifestyle 

The objectives of this theoretical part were to illustrate how natural variation in some ecological 
parameters may influence the result of the dose assessment. This part focused therefore on effects of 
variation in occupancy factors (or time budget) and in location in space.  

3.3.1. Location: occupancy factors 

Occupancy factors describe the time spent by an animal in the different media in order to fulfil its 
physiological needs (e.g. feeding, reproduction, rest etc.). This corresponds to the concept of time 
budget more generally used in the field of human radiation protection. Defined as a fraction of time, 
their sum for a given organism is equal to one.  

The proposed illustration of the effect on dose assessment due to variation in occupancy factors 
focused on mammals, sharing their time between a burrow and the soil surface. Another application 
could have been to distribute the time between several ecosystems, for example for amphibians 
inhabiting alternatively aquatic and terrestrial ecosystems. It was considered to unnecessarily 
complicate the purpose of the study and as such not considered. In the case of mammals, the change 
in occupancy factors is expected to only affect the value of the external dose rate. The external dose 
coefficient in soil is about twice that on soil, due to the 2π vs. ‘less than’ π exposure (Figure 2-9 ; 
Ulanovsky et al., 2008). Consequently, the external dose rates should vary in a factor of about two for 
both locations. This ratio should be observed for an organism living all the time on soil compared to 
the same organism living always in soil. The integrated effect on the total dose rate value would be 
lower and depend on the proportion of time the organism spent in each place.  
 

 

Figure 2-9. Variation in surface offered to exposure for organisms living in/on soil 

  

2Π exposure True Π exposure ‘Less than’ Π exposure



 
 

 

 
page 65 of 82 

Deliverable D9.63 

Dose rates were calculated for the two mammals previously defined; varying their occupancy factors 
in and on soil following the examples presented in Table 2-5. The default mammals of the ERICA Tool 
were not used, as the large one cannot be placed in soil, due to size limitation of the Tool. Two new 
organisms were added to the default list of terrestrial reference organisms, using the animal geometric 
properties previously defined. The dose rates were assessed for 1 Bq.kg-1 of dry soil, according to the 
five case studies, keeping any other input data equal to the default values implemented in the 
application. 

 Table 2-5. Variations applied to occupancy factors for mammals living in and on soil 

  In soil On soil 

Case 1 1 0 

Case 2 0.75 0.25 

Case 3 0.5 0.5 

Case 4 0.25 0.75 

Case 5 0 1 

 

As explained, there was no change in the internal dose rate while varying the occupancy factor values. 
It was assessed at 4.8 10-4 and 7.7 10-4 µGy.h-1 respectively for the shrew and the coypu. The external 
dose rates were within a factor of 2.2 (coypu) to 2.7 (shrew), in agreement with the ratio of ca. 2 
generated by the change in exposure geometry (Figure 2-10). For a given location, the difference 
observed between the shrew and the coypu resulted from their respective size (cf. the previous 
paragraph). In terms of total dose rate, the effect was less sensitive, decreased by the addition of the 
constant internal dose rate. The ratios between extreme values were about 1.1 and 1.3. 
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Figure 2-10. Changes in external (EDR) and total dose rates (TDR) calculated for mammals exposed to 1 Bq kg-1 of 137Cs of 
dry soil, varying the occupancy factors in and on soil as described in Table 2-5  

For a given type of organism, the effect of the occupancy factor on the total dose rate depends on 
the contribution of the external exposure to the total. In any case, the maximum difference cannot 
exceed a factor of about 2, according to the largest possible change in the exposure geometry (2π 
vs. less than π).  

3.3.2. Location: distance to exposure source 

Another ecological parameter characterizing the lifestyle of animals that may significantly vary within 
a same type of organisms is the distance to the exposure source, which is obvious for soil and birds. 
This parameter like the occupancy factor would impact only the external dose rate experienced by 
birds, intuitively decreasing with the increase in distance to soil. More precisely, it is well known for 
example that external dose rates resulting from γ radiation from a point source decrease 
proportionally to the inverse of the square of the distance (e.g. Taranenko et al., 2004).  

Dose rates were calculated for birds, varying their distance to soil from 0 to 10 m, by increasing steps 
(0, 10, 20, 30, 50, 75, 100, 200, 300, 500, 750 and 1000 cm), for 1 Bq.kg-1 of 137Cs in dry soil. Calculation 
were done for the two birds with EDEN (the smallest bird is too small to be modelled with the ERICA 
Tool), and also with the ERICA Tool for the largest one. This last calculation aimed to illustrate the 
influence of the tool used to run an assessment.  

A constant internal dose rate was obtained whatever bird assessed and assessment tool used (e.g. 1.9 
10-4 and 2.1 10-4 µGy.h-1 for the raven, respectively with EDEN and the ERICA Tool). This is not more 
discussed.  

The external dose rates estimated by EDEN for distances up to 10 meter above ground varied within 
about one order of magnitude (Figure 2-11). The curves showed what appeared initially as an 
unexpected pattern. The increase in the distance to soil led between 0 and 10 cm to a decrease in the 
dose rate (raven), then for both birds from 10 to 300 cm to an increase and from to 300 cm again to a 
decrease. It should be noted that these values are not absolute indicators of the critical distance 
leading to changes, but correspond simply to tested distances. The trend was similar for both birds, 
with a ratio from 1.1 (on soil) to ca. 2 (at 10 cm from soil) between their respective dose rate values. 
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Then the size effect decreased slightly with the distance to soil. The observed pattern resulted from 
the compromise between the size of the soil area that contributes to the organism exposure 
(intercepted surface/volume defined by the interceptor cone) and the type and intensity of 
radionuclide emissions able to reach the organism. At very low distance, the main process is the 
reduction in the contribution of β radiation, all the more sensitive as the organism is small. For 137Cs, 
it is reduced by a factor of one to four orders of magnitude for respectively the raven and the firecrest 
(no impact on the total dose rate (137Cs including its daughter 137mBa) due to the very low contribution 
of β emission to the firecrest exposure). This effect diminishes rapidly to be supplanted by effects 
linked with γ radiation. For this kind of radiation, at small distances to soil, the increase of the 
interceptor cone (and consecutively of the contributing intercepted surface/volume of soil, cf. Figure 
2-12 with the distance dominates the weakening of radiation. At greater distance, the weakening is 
the major process. This effect of interceptor cone is sensitive for results produced by EDEN. The 
calculation done by this tool considers for each exposure scene a maximal distance where radiation 
coming from farther away have a neglectable probability of reaching the organism. The corresponding 
dose rate is close to its maximal value (about 99%). The calculation of this distance R99 depends 
fundamentally on the radiation type. 

 

Figure 2-11. Changes with distance to soil in external dose rates calculated for birds exposed to 1 Bq.kg-1 of 137Cs in dry soil. 
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Figure 2-12. Changes in external and total dose rates calculated for mammals exposed to 1 Bq kg-1 of 137Cs of dry soil, 
varying the occupancy factors in and on soil. 

External dose rates were calculated with EDEN and the ERICA Tool for a raven similarly exposed to 
1 Bq.kg-1 of 137Cs in dry soil (Figure 2-13). The increase in dose rate estimates by EDEN discussed above 
was not seen in the estimates by the ERICA Tool. The ERICA results show only a decreasing trend, 
reflecting the calculation process applied in this tool (interpolation between air kerma obtained at 0, 
3 and 10 m combined with a dose to kerma ratio; Taranenko et al., 2004; Ulanovsky et al., 2008). 
Results of both tools converge and from 3 m upwards, there is a constant ratio of ca. 3 between the 
estimates of the two tools. This is in the range of the known uncertainty of dosimetric tools compared 
to measurement of the dose with animal-borne detectors (within less that one order of magnitude, 
see §.2.3). Taking into account the differences in the two modelling approaches, and without measured 
dose rates to compare model outputs, it is neither possible nor desirable to identify one or the other 
tool as the most correct. Whatever the uncertainties associated with the dosimetry, it should be 
recalled that they are usually so inferior to that associated with transfer of radionuclides to biota that 
they appear insignificant in the context of a dose assessment involving transfer modelling. 
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Figure 2-13. Changes with distance to soil in external dose rates calculated for a raven exposed to 1 Bq.kg-1 of 137Cs of dry 
soil, varying the calculation tool 

For a given type of organism, the effect of the distance to the exposure source affects the external 
exposure. It can vary within several orders of magnitude. But, due to the combination of internal 
and external exposures, and to the summation on radionuclides present in the exposure sources 
under consideration, this effect can finally be negligible on the value of the total dose rate.  

4. The reindeer case study 

As a practical example of the issues on internal and external field dosimetry for wildlife dealt with in 
the preceding sections, this chapter presents some practical experiences from actual ongoing case 
studies. The studies are associated with a collaborative research program between the Norwegian 
Radiation Protection Authority (NRPA) and some reindeer herders in southern Norway, focused on the 
behaviour of semi-domesticated reindeer living in a Chernobyl fallout affected area.  

The studies are carried out in the Vågå herd, about 200 km North-West from Oslo. The herd's grazing 
land is about 1357 km2, mainly composed of mountainous areas between 1000 and 1600 m above sea 
level (Figure 2-14). The reindeer roam freely there, with some limitations. They spend spring, summer 
and early autumn in the southern part of the area, where they graze sparely scattered in small family 
groups. During these seasons, the herders mainly watch the borders of the area to keep animals from 
migrating into neighbouring areas and herds. During the autumnal mating season (rut), the reindeer 
naturally gather in larger groups. With the arrival of winter and snow, the herders take more control 
of the herd's larger movements. The winter grazing land consist of some relatively isolated mountain 
areas in the Northeast part of the range (Figure 2-14) between which the reindeer do not easily move 
because of deep valleys and human interference (e.g., roads and settlements). However, once moved 
to an area, the animals roam freely again for some weeks.  
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Figure 2-14. Map of the study area showing the grazing land (within the black lines) and the 137Cs deposition (as of 1 June 
2011, from Thørring et al., submitted). The deposition map of Norway illustrates interpolated 137Cs values from Backe et 
al. (1986). 

4.1. The experiments 

In the framework of the CERAD project "Dynamic reindeer" (CERAD, 2018) aiming to develop a dynamic 
model for prediction of 137Cs activity concentrations in reindeer meat, a tracking of the reindeer 
movements has been set up to try to correlate as precisely as possible their locations with known levels 
of ambient contamination. The herders have equipped about 20 adult female reindeer with GPS collars 
(from Telespor AS) reporting positions at set time intervals so that the herders have some information 
about where to find their animals. The reindeer herd in Vågå is usually rounded up twice a year for 
slaughter (usually in mid-September and early December, depending on snow conditions). Since 2014, 
every time the herd is rounded up, these collared reindeer are monitored (live) to determine their 
internal 137Cs activity concentrations. This information is necessary to determine internal doses. In 
addition, in 2016, four different dosimeters (i.e., four different technologies) were attached to each of 
the collars of 15 of the reindeer, for monitoring of external doses.  

4.1.1. Modelling 137Cs concentrations in reindeer 

The 137Cs concentrations determined from the live monitoring results may be used directly for 
conversion to internal doses (see section 4.2). However, significant seasonal changes occur in 137Cs 
metabolism and concentrations in reindeer during a year. The concentrations measured at the two 
annual monitoring occasions therefore only give two point values which representativeness is 
questionable for the rest of the year. This is one of the reasons the CERAD Dynamic reindeer project is 
developing a model to account for the seasonal changes in 137Cs concentrations. The modelling 
approach is based on the work by (Åhman, 2007) using the mathematical formula:  

 

where Qt = total body pool of 137Cs at time t [Bq], I = intake of 137Cs [Bq d-1]; At= fractional absorption 
of 137Cs from the gastro-intestinal tract (based on an earlier study on absorption of Cs on reindeer from 
various feed); T1/2 = biological half-time [days] of caesium in reindeer which varies during the year. See 
Åhman (2007) for details. 

𝑄𝑄𝑡𝑡 = 𝐼𝐼𝐴𝐴𝑡𝑡 + 𝑄𝑄(𝑡𝑡−1)𝑒𝑒−𝑙𝑙𝑙𝑙2×𝑡𝑡/𝑇𝑇1/2
 



 
 

 

 
page 71 of 82 

Deliverable D9.63 

The intake I is modelled daily using consumption values [kg DM d-1] from a general reindeer diet by 
(Gaare and Staaland, 1994) with seasonal variations in consumption of lichens, graminoids, herbs and 
woody plants (Figure 2-15).  

 

Figure 2-15. The reindeer's total daily feed consumption (kg DM d-1) separated into four main components (from (Gaare 
and Staaland, 1994)). 

In the Dynamic reindeer model the 137Cs concentrations in these four diet components are estimated 
individually for each reindeer using common transfer coefficients (Bq kg-1 per Bq m-2) and individual 
time series of deposition values: 

• The common transfer coefficients were obtained from local data, by sampling of the various 
lichen and plant species in this mountain area (Skuterud and Thørring, in prep.).  

• Time series of deposition values are derived for each reindeer by combining its recorded GPS 
positions with the 137Cs deposition map of the area (Figure 2-14). 

4.1.2. Estimating external doses 

External doses to the Vågå reindeer were assessed in cooperation with the University of Salford (UK), 
using both experimental dosimetry and mathematical modelling. The external doses were 
experimentally measured using four different passive dosimeters assembled in an aluminium box 
attached to the collar of each of 15 reindeer (Figure 2-16). The dosimeter technologies were chosen 
based on earlier assessment of potential dosimeters for field application (Aramrun et al., 2018): TLD, 
OSLD6, RPLD7 and DIS8. The dosimeters in the aluminium box were calibrated with 137Cs, 60Co and 226Ra 
sources to test the linearity of gamma energy responses over the range expected in the field, angular 
dependence at relatively different angles and flat energy response between 137Cs and 60Co. In addition, 
a dosimeter box mounted on a collar was calibrated at the Public Health England (PHE) to establish the 
influence of e.g. energy, absolute dose, dosimeter orientation relative to source, and contribution of 
internal radionuclides in the animal body to the dosimeters' response (i.e., 0.028 nGy h-1 per Bq kg-1 of 
137Cs; Aramrun et al., in prep. (a)). The external absorbed doses (in Gy) were assumed to be the same 
as the dose equivalent for the whole body reported by the dosimeters (in Sv) (Aramrun et al., in prep. 
(a)). 

                                                           
6 Optically Stimulated Luminescent Dosimeter 
7 RadioPhotoLuminescent Dosimeter 
8 Direct Ion Storage 
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Figure 2-16. The reindeer's collar with the GPS unit (grey plastic box), the aluminium dosimeter box, bell and 
counterweights. The total mass of the equipped collar is about 490 g, of which the dosimeter box was approximately 150 
g. 

For the mathematical modelling of external doses the ERICA Tool was used. GPS tracks of each reindeer 
and maps of soil concentrations of 137Cs, 40K, 232Th and 238U in the area (Figure 2-14 and from Baranwal 
et al, 2011 were used as input. The quantities of K (in % by weight), U and Th (in ppm concentrations) 
in Baranwal et al. (2011) were converted to Bq kg-1 as described in Aramrun et al. (in prep. (b)). In 
addition, the contribution of cosmic radiation (Cinelli et al., 2017) and internal 137Cs in the reindeer to 
the dosimeter readings were also estimated (the latter based on the above coefficient 0.028 (nGy h-

1)/(Bq kg-1) and the average between the measured 137Cs concentrations in each animal at the start 
and the end of the 2016 experiment). The results of the study are being published in detail elsewhere 
(Aramrun et al., in prep. (b)). 

The dosimeters were mounted on the reindeer 11 January 2016 (little snow at the end of 2015 did not 
allow gathering the herd at the commonly preferred time in December), and recovered 11 December 
2016.  

4.2. Variability in internal doses 

Figure 2-17 illustrates measured and simulated 137Cs concentrations in five9 of the female reindeer 
monitored in Vågå (this project is still on-going, and for practical and technical reasons the simulations 
have not yet been carried out for all individuals). The simulation was conducted for the five animals by 
applying common values for all parameters (assumed consumption, biological half-times etc.) except 
the 137Cs deposition values used to estimate the concentrations in the reindeer fodder. This variable 
explains the differences between individually estimated concentrations (i.e., the differences between 
the curves in Figure 2-17). Therefore, when ignoring variations in other parameters than 137Cs 
deposition, it is not surprising that the individually estimated concentrations do not perfectly match 
the measured values, and that the measured concentrations span a larger range than those modelled. 
However, in general there is a satisfactory agreement between the modelled and measured 137Cs 
concentrations. The agreement is better in winter (measurements in January and December, at the 
beginning and the end of the experiment) than in September. A highly probable explanation would be 

                                                           
9 individuals for which complete records of GPS tracks were available at the moment of the study  
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the variation in the consumption of contaminated fungi causing larger individual differences in meat 
137Cs concentrations in autumn.  

The internal doses were estimated from the concentrations in Figure 2-17 using the "large mammal" 
DC from the ERICA Tool of 3.4E-04 µGyh-1 per Bq kg-1, and assuming that the average body 137Cs 
concentration is 0.57 times the concentration in muscle (Åhman, 1994). Thus, Figure 2-17 also 
illustrates the variability in internal doses during a year. Table 2-6 summarizes the estimated dose 
values. The estimates based on individually measured 137Cs concentrations differ by a factor of ca. 3 
(from 0.57 to 1.8 mGy), while those based on average measured concentrations differ by a factor of 
2.2. The differences in dose estimates based on individually modelled 137Cs concentrations are similarly 
a factor of ca. 3 (between the minimum and maximum values), while the annual average doses are 
comparable for all five animals.  

 

Figure 2-17. Measured and simulated 137Cs concentrations (Bq kg-1) in meat of five female reindeer in Vågå during 2016. 
Dots represent measured concentrations (live monitoring), while lines give simulated concentrations. 

 

Table 2-6. Estimated internal absorbed doses (mGy year-1) by the Vågå reindeer based on measured and modelled 137Cs 
concentrations during 2016 presented in Figure 2-17. Estimates are given based on individual live monitoring results at 
each monitoring occasion and an average of the results in September and December, as well as for the modelled minimum, 
maximum and annual average concentrations. 

Basis of estimate Reindeer name 
Martine Linn Anna Tea Krone 

Live monitoring 
September n/a 0.85 1.6 1.8 n/a 
December 1.5 0.57 1.0 1.4 1.2 
Average 1.5 0.71 1.3 1.6 1.2 

Modelling 
Minimum 0.62 0.54 0.49 0.82 0.91 
Maximum 1.6 1.6 1.5 1.6 1.6 
Annual average 1.2 1.2 1.2 1.3 1.3 

n/a – not available   
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4.3. Variability in external doses  

4.3.1. Measured external doses 

After the study period of 11 months, 12 of the 15 fitted dosimeter boxes were recovered (two reindeer 
had lost their collars, and the last reindeer was not in the gathered herd). The doses accumulated by 
the different dosimeters ranged from 480 to 825 µGy (Table 2-7) when subtracting the contribution 
from internal 137Cs10 in the reindeer body (internal 137Cs was estimated to contribute from 100 to 202 
µGy depending on the individual reindeer, with a mean and standard deviation (SD) of 157±27 µGy). 

Table 2-7. Estimated external doses (µGy) absorbed by the Vågå reindeer during 11 months using different dosimeter types 
(the dosimeter results have been corrected for the contribution of internally incorporated 137Cs to the dosimeter reading). 

Number Reindeer Name TLD OSL RPLD DIS Mean ± SD CV, % 

1 Linn 760 820 600 651 708 ± 100 14 
2 Ragnhild 735 825 615 625 700 ± 99 14 
3 Trinerein 707 717 607 567 650 ± 74 11 
4 Prikka 666 546 556 536 576 ± 61 11 
5 Sigrid Mathilda  685 595 715 n/a 665 ± 62* 9.4* 
6 Rinda 620 630 480 n/a 576 ± 84* 15* 
7 Krone 710 670 580 530 622 ± 82 13 
8 Guri 798 798 618 n/a 740 ± 100* 14* 
9 Frigg 736 816 686 716 739 ± 56 7.5 

10 Martine Ek 713 723 593 733 690 ± 66 9.5 
11 Kari 726 806 716 740 747 ± 41 5.4 
12 Torild 671 651 641 611 643 ± 25 3.9 

n/a – not available (DIS unit failed)  * Mean values calculated from TLD, OSLD and RPLD only 

For a given individual reindeer, the maximum difference between different dosimeters was a factor of 
1.3, and the coefficient of variation for the four dosimeters results was less than 15% (observed for 
the reindeer Rinda). The difference in external doses between the 12 individual reindeer was within a 
factor of 1.3–1.5. The inter-individual ecological variability (variation between individuals) is not larger 
than the technical variability (variation between dosimeters).  

4.3.2. Predicted external doses 

Two different approaches were applied to estimate the external doses: 

1. an average approach for a theoretical average individual: average radionuclide concentrations 
and average altitudes in the grazing land were used to estimate external doses to an average 
individual representative of all animals, and 

2. a realistic approach for each individual reindeer: GPS tracks from each reindeer where 
combined with the map of radionuclide concentrations in the ground to estimate external 
doses to each reindeer as a function of where they were roaming. Furthermore, the GPS tracks 
were also used to estimate individual altitude data and doses from cosmic radiation. 

                                                           
10 The combination of significantly lower 40K activity concentration and higher gamma energy of 40K compared 

to 137Cs allows to neglect its contribution 
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The average radionuclide concentrations and altitude for the grazing land were estimated using a GIS 
software, assuming the herd roamed equally everywhere in the grazing land during the study period. 
The estimated average activity concentrations in soil (assuming the radionuclides are uniformly 
distributed in the top soil (for details and numbers see Aramrun et al. (in prep. (b))) were input into 
Tier 2 of the ERICA Tool using the tool's large mammal geometry (which represents a large deer) to 
predict external absorbed dose rates to the reindeer herd.  

The total average external dose estimated based on these radionuclide and altitude data was 470 ± 
100 µGy (Table 2-8). The external dose from 137Cs constituted about 22 % of the total, while cosmic 
radiation (calculated according to Cinelli et al. (2017)) dominated the dose with about 63% of the total 
external average dose (the average altitude in the grazing land is about 1100 m above sea level). 

Table 2-8. Predicted average external doses (±SD) for an average individual of the herd over eleven months in 2016. 

Radionuclide External dose over 11 months (µGy) 
137Cs 100 ± 90 

40K 47 ± 19 
232Th 9 ± 6 
238U 15 ± 9 

Cosmic radiation 300 ± 40 
Total mean external absorbed dose 470 ± 100 

 

The GPS tracks for each reindeer between 11th January and 11th December 2016 were combined with 
the radionuclide concentration maps in a GIS to estimate time weighted mean concentrations of 137Cs, 
40K, 232Th and 238U for each individual. These activity concentrations were then used to estimate the 
average external absorbed doses of each reindeer by applying the dose conversion coefficients for the 
large mammal geometry extracted from the ERICA Tool. Similarly, the GPS tracks were used to derive 
an average altitude estimate for each reindeer, which was then used to estimate individual values for 
the dose from cosmic radiation.  

Figure 2-18 summarizes the estimated external doses to each reindeer. The total external dose 
estimated based on individual reindeer behaviour was larger than that based on average values in 
Table 2-8, with the individual estimates ranging between 550 and 600 µGy. Cosmic radiation is still the 
dominating exposure, contributing on average about 310 µGy (which is similar to the estimate in Table 
2-8). The largest difference from the average estimates above is the external dose from 137Cs; the dose 
from 137Cs based on GPS tracks is on average about 195 µGy. This is nearly twice the value in Table 2-
8, reflecting that some of the core grazing areas during spring, summer and autumn (in the central 
southern part of the range) is the most contaminated area (cf. Figure 2-14).  
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Figure 2-18. External doses of the individual reindeer over 11 months calculated using the radionuclide activity 
concentrations in soil and GPS tracking units. 

4.4. Summary and discussion 

Figure 2-19 summarizes the measured and predicted external average doses to the reindeer herd in 
Vågå scaled to an annual dose. This experiment is an example where the use of spatially averaged 137Cs 
concentrations results in the lowest dose estimate. At first, it may seem like the doses estimated based 
on GPS tracks are relatively comparable to the dosimeter readings, except they may be somewhat 
lower. However, none of the calculated doses takes into account the effect of shielding of snow, which 
significantly attenuates the gamma radiation from the ground (Offenbacher & Colbeck, 1991). The 
mountainous grazing land in Vågå is covered in snow for 4-5 months a year, and the shielded dosimeter 
readings therefore suggest the calculations by the ERICA Tool should be higher.  

The above dose calculations using the ERICA Tool assumed that the radionuclides are uniformly 
distributed in the soil. However, in Vågå more than 90 % of the 137Cs contamination is still generally 
found in the top 2-4 cm (Thørring et al., submitted). Therefore, using instead the ERICA Tool's large 
mammal planar 137Cs source DC (9.2E-07 µGy h-1 per Bq m-2) gives a 1.58 times higher 137Cs dose rate 
compared to uniform volumetric source, with a total external dose as illustrated with the 'GPS planar' 
bar in Figure 2-19. In addition, the standard 'large mammal' ICRP RAP in the ERICA Tool is a 245 kg 
'deer' which have an external 137Cs DC from a planar source of 9.2E-07 µGy h-1 per Bq m-2. Scaling this 
to an average reindeer mass of 70 kg (with the same relative dimensions as the heavier RAP) increases 
the dose from 137Cs by 27 %, with the result illustrated in the 'GPS planar 70 kg' bar in Figure 2-19. In 
summary, the various results in Figure 2-19 give illustrative quantitative examples of some of the 
uncertainties involved in external dose estimates for wildlife.  
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Figure 2-19. Summary of external doses to the Vågå reindeer during 2016 measured using four different dosimeter 
technologies (green bars) and estimated based on individual GPS tracks and average grazing land parameters. Values were 
scaled from 11 months to a year using average values of the 11 months. The 'Average' bar for the dose predicted based on 
average parameters also indicates the contributions from the different sources to the total external dose. The 'GPS planar' 
bar illustrates average doses estimated assuming a planar 137Cs source instead of uniform volumetric source, whereas the 
'GPS planar 70 kg' bar is the same 137Cs source but with DC for a 70 kg 'deer' (see text for details). 

Additionally this study highlights the major contribution of internal exposure in the dose received by 
reindeer. The dose to reindeer in Vågå from internal 137Cs in 2016 was about 70 % larger than the total 
external dose from all sources, and the average total dose (internal plus external) was close to 2 mGy, 
that is to say about 0.25 µGy h-1. This estimate is one order of magnitude lower than the DCRL value 
recommended by the ICRP for the large mammal. However, during the first years after the Chernobyl 
fallout internal dose from 137Cs alone were 3.5-4 µGy h-1 (estimated from average 137Cs concentrations 
of about 20.000 Bq kg-1 (Skuterud et al., 2005)). In addition, then there were substantial contributions 
from 134Cs, and there were twice as much 137Cs in the ground. Still today the dose is significantly higher 
than the typical background exposure of the large mammal as summarised in the ERICA Tool (ca 0.07 
µG h-1 within a range of 0.055 to 0.087 µGy h-1). 

5. Overall conclusions and recommendations  

This report highlighted some key issues, problems and possible approaches to solve them when dealing 
with dose estimates for wildlife, taking into account the variability introduced by the “behaviour” of 
organisms.  

In the absence of measurements of internal activity concentrations of radionuclides in organisms, the 
uncertainty in internal dose calculations for many radionuclides/organisms relates to the calculation 
of the transfer of activity, especially when there are no site-specific data on the most basic parameters, 
such as CRs.  

=> Internal exposure may vary due to the diet of the organism.  However for any given organism, if CRs are used, 
any difference in the dose due to diet cannot exceed the differences within CRs for the different diets.   
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Uncertainties in the dose calculation part (organism shape, modelling the dose, inhomogeneous 
distributions & other simplifications) are more controllable because they are well studied (exceptions 
notwithstanding).  

Uncertainties in field studies are potentially the most misleading and more greatly affect external dose: 
instrument calibration, issues linked to neglecting spatial distribution, and particularly the use of 
instruments in the field that are not animal-borne, can distort seriously the dose quantification and 
thus interpretation by giving non-representative results.  

=> External exposure may vary due to the time an organism spends in a given location.  For any specific organism 
living in or on soil at a given location, the largest possible difference in dose is close to 2 due to the largest possible 
change in the exposure geometry (2π vs. less than π). However, the most significant variation in dose can reach 
orders of magnitude depending on the distance of target organisms to the exposure source. 

However the consequences of the behaviour variability in terms of total dose rate are difficult to 
anticipate.  

Radiation effects estimation adds a final layer of uncertainty due to confounding factors in causation. 
Extreme care is required in field dosimetry studies - attributing cause to effect should only be 
attempted when the dosimetry is robust and all other potential explanations have been eliminated. 
Results must ultimately make scientific sense and have a proper mechanistic explanation (correlation 
vs. causality) in order for studies to achieve credibility and acceptance. 

There is undoubtedly added value in accounting for variability in human and wildlife behaviour, if only 
in terms of realism of the dose assessment and its communication. The degree of necessity of such an 
approach depends however of the goal of the assessment. For a rapid screening devoted to checking 
the compliance with regulation, a conservative assessment will be sufficient (Beresford et al, 2010), 
insofar as it is certain the assessment is conservative, which is obvious. In any case, when it comes to 
interpreting the dose-effect relationship, a robust realistic dosimetry is required, taking on board the 
significant natural variability in organism behaviour.  

Finally, the added value of considering wildlife behaviour in dose assessment is clearly illustrated by 
the reindeer case study, which demonstrated that no relevant dose assessment can be obtained 
without taking into account the actual location of the animals via their GPS tracks. This is evident, 
even without associating them with other ecological characteristics of the individual animals.   
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