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FOREWORD 

The IAEA has been organizing international model testing programmes for the transfer of 
radionuclides in the environment and the estimation of radiation exposures since the 1980s. 
These programmes have contributed to a general improvement in such models, both in the 
transfer of data and in the capabilities of modellers in Member States. IAEA publications on 
this subject over the past three decades demonstrate the comprehensive nature of the 
programmes and record the associated advances which have been made. 

From 2012 to 2015 the IAEA organized a programme entitled Modelling and Data for 
Radiological Impact Assessments (MODARIA). The first phase of the programme 
(MODARIA I) focused on testing the performance of models, developing and improving 
models for particular environments, reaching consensus on data sets that are generally 
applicable in environmental transfer models and providing an international forum for the 
exchange of experience, ideas and research information. 

Different aspects were addressed by ten working groups within MODARIA I covering 
four thematic areas: (i) remediation of contaminated areas, (ii) uncertainties and variability, 
(iii) exposures and effects on wildlife and (iv) marine modelling. This publication describes 
the work carried out under thematic area (iii) within working groups 8 and 9. 

From 2016 to 2019 the IAEA organized the second phase of the programme, MODARIA II, 
where seven working groups continued much of the work of MODARIA I. This publication 
describes the ongoing work on exposures and effects on wildlife that began in MODARIA I 
and continued during MODARIA II within working group 5. 

The IAEA wishes to express its gratitude to all those who participated in working groups 8 
and 9 of the MODARIA I programme and working group 5 of the MODARIA II programme. 
The IAEA gratefully acknowledges the valuable contributions of N. Beresford (United 
Kingdom) and J. Vives i Batlle (Belgium) both as leaders of the working groups and to this 
publication. The IAEA officers responsible for this publication were D. Telleria and J. Brown 
of the Division of Radiation, Transport and Waste Safety. 
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SUMMARY 

In recent years there has been a rapid development in models and approaches to assess whether 
the environment (or wildlife) is protected from releases of radioactive material. Through the 
Environmental Modelling for Radiation Safety (EMRAS and EMRAS II) and Modelling and 
Data for Radiological Impact Assessments (MODARIA I and MODARIA II) programmes, the 
IAEA has facilitated knowledge sharing on this topic, including through model 
intercomparison, testing and development.  

In this publication, a summary of the activities of the MODARIA I Working Group 8 (WG8) 
and Working Group 9 (WG9), along with MODARIA II Working Group 5 (WG5) is presented 
considering: 

 The estimation of the radiation exposure of wildlife; 
 Population effects modelling. 

During both MODARIA programmes, the fitness for purpose of available models and tools for 
estimating wildlife exposures have been assessed. On the basis of the evaluations carried out, a 
number of the models and tools can be proposed for use by assessors, all of which are freely 
available to users. Some of these tools facilitate increasingly complex tiered (or graded) 
assessments, whilst others offer increased functionality for specific assessment aspects. Whilst 
there are many assumptions and simplifications in the available models, and large uncertainties 
with respect to radionuclide transfer to organisms, it can be concluded that the commonly used 
models are generally fit for purpose for screening level assessments. In this publication the 
many lessons from the IAEA programmes to assist regulatory bodies and assessors in protecting 
the environment from ionizing radiation are summarized. 

The aim of the system of radiological protection for the environment is to protect populations 
from the deterministic effects of radiation in order to maintain biodiversity. However, most 
methods and tools are developed for estimating exposure to individuals of flora and fauna. In 
this publication, modelling approaches for estimating population dynamics and radiation dose 
effects to populations of wildlife are also addressed. The main output of this activity is an 
ecologically relevant conceptual model of a population of voles in Chornobyl’s Red Forest. 
Whilst the model is not yet experimentally validated with field information for multiple 
scenarios (which would require long term studies), it has now been sufficiently developed to 
produce guidance on, inter alia, the evaluation of risk criteria (benchmarks) used in regulation 
for biota populations in an ecological context. Factors considered include spatial influences 
(e.g. migration, heterogeneity of contamination) and historical doses (higher exposure of 
previous generations). 

The area of wildlife radiological assessment is still developing, with underlying databases 
continuing to be improved, new approaches being generated and existing models and tools 
being revised. 

In conclusion, the IAEA has a key role to continue to promote and support the facilitation and 
sharing of new knowledge and approaches, model development, testing and intercomparison, 
as well as training for its Member States, many of whom have only just begun to adapt to revised 
international recommendations to ensure that the environment and wildlife is protected from 
releases of radioactivity into the environment. 
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1. INTRODUCTION 

1.1. BACKGROUND OF THE MODARIA I AND II PROGRAMMES 

The IAEA organized a programme from 2012 to 2015, entitled Modelling and Data for 
Radiological Impact Assessments (MODARIA2), which had the general aim of improving 
capabilities in the field of environmental radiation dose assessment by means of acquisition of 
improved data for model testing, model testing and comparison, reaching consensus on 
modelling philosophies, approaches and parameter values, development of improved methods 
and exchange of information. 

The following topics were addressed in ten working groups: 

Remediation of Contaminated Areas 

 Working Group 1: Remediation strategies and decision aiding techniques 

 Working Group 2: Exposures in contaminated urban environments and the effects of 
remedial measures 

 Working Group 3: Application of models for assessing radiological impacts arising from 
NORM and radioactively contaminated legacy sites to support the management of 
remediation 

Uncertainties and Variability 

 Working Group 4: Analysis of radioecological data in IAEA Technical Reports Series 
publications to identify key radionuclides and associated parameter values for human and 
wildlife exposure assessment 

 Working Group 5: Uncertainty and variability analysis for assessments of radiological 
impacts arising from routine discharges of radionuclides 

 Working Group 6: Common framework for addressing environmental change in long 
term safety assessments of radioactive waste disposal facilities 

 Working Group 7: Harmonization and intercomparison of models for accidental tritium 
releases 

Exposures and Effects on Biota 

 Working Group 8: Biota modelling: Further development of transfer and exposure models 
and application to scenarios 

 Working Group 9: Models for assessing radiation effects on populations of wildlife 
species 

Marine Modelling 

 Working Group 10: Modelling of marine dispersion and transfer of radionuclides 
accidentally released from land-based facilities 

The IAEA organized a programme from 2016 to 2019 entitled Modelling and Data for 
Radiological Impact Assessments (MODARIA II), which had the general aim of enhancing the 
capabilities of Member States to simulate radionuclide transfer in the environment and, thereby, 
to assess exposure levels of the public and in the environment in order to ensure an appropriate 

 
2 Herein after referred to as MODARIA I in order to differentiate between the two phases of the programme. 
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level of protection from effects of ionizing radiation associated with releases of radionuclides 
and from existing radionuclides in the environment. 

The following topics were addressed in seven working groups: 

 Working Group 1: Assessment and Decision Making of Existing Exposure Situations for 
NORM and Nuclear Legacy Sites 

 Working Group 2: Assessment of Exposures and Countermeasures in Urban 
Environments 

 Working Group 3: Assessments and Control of Exposures to the Public and Biota for 
Planned Releases to the Environment 

 Working Group 4: Transfer Processes and Data for Radiological Impact Assessment 

 Working Group 5: Exposure and Effects to Biota 

 Working Group 6: Biosphere Modelling for Long Term Safety Assessments of High 
Level Waste Disposal Facilities 

 Working Group 7: Assessment of Fate and Transport of Radionuclides Released in the 
Marine Environment 

The activities and results achieved by the Working Groups are described in individual IAEA 
Technical Documents (IAEA-TECDOCs). This publication describes the work of 
MODARIA II Working Group 5, in addition to that carried out under MODARIA I in Working 
Groups 8 and 9. 

1.2. BACKGROUND AND OBJECTIVES FOR MODARIA I AND MODARIA II 
WORKING GROUPS 

In the early 1990s, protection of the environment from radiation was still based on a statement 
issued by the International Commission on Radiological Protection (ICRP) which stated that: 

“The Commission believes that the standard of environmental control needed to protect 
man to the degree currently thought desirable will ensure that other species are not put at 
risk. Occasionally, individual members of non-human species might be harmed, but not 
to the extent of endangering whole species or creating imbalance between species. At the 
present time, the Commission concerns itself with mankind’s environment only with 
regard to the transfer of radionuclides through the environment, since this directly affects 
the radiological protection of man” [1]. 

Consequently, there was no international guidance on how to conduct assessments of the 
impacts of radiation on wildlife, or non-human biota, and no commonly used models for 
conducting radiological environmental impact assessments. 

However, since the 2000s, requirements and guidelines for the protection of wildlife have 
been developed in some countries, e.g. Canada [2], Sweden [3], England and Wales [4] and the 
USA [5], with international organizations beginning to reconsider their position on the issue [6]. 
At the same time, coordinated multinational programmes to develop assessment tools were 
beginning in Europe [7–9].  

Subsequently ICRP, in its Publication 103 [10], recommended the explicit consideration of 
radiological protection of the environment with the objective: 
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“to maintain biological diversity, conservation of species, protection of the health and 
status of natural habitats, communities and ecosystems, with targets related to populations 
or higher organisational levels rather than individual organisms”. 

As a first step to developing a framework for the protection of the environment, the ICRP 
introduced the concept and use of Reference Animals and Plants (RAPs3) [11]. 

The IAEA has a role in transforming the ICRP’s recommendations into practical guidance 
applicable in regulatory frameworks. Principle 7 of the IAEA Safety Fundamentals [12] states 
that “People and the environment, present and in the future, must be protected against 
radiation risks.” The IAEA elaborated a generic screening methodology based on ICRP 
Publications 108 and 124 [11, 13] to assess protection of populations of non-human biota within 
the framework of prospective radiological impact assessment for nuclear facilities, which was 
in turn included in a safety guide published in 2018 and co-sponsored by the United Nations 
Environmental Programme (UNEP) [14]. 

Recognizing that assessment models and approaches were being developed, the IAEA also 
established the ‘Biota Working Group’, Working Group 1 under Theme 3 of its EMRAS 
(Environmental Modelling for Radiation Safety) programme in 2004 [15, 16]. This provided a 
forum to begin to compare the various elements of the models being developed [17, 18], and 
where model predictions were compared with data from contaminated sites [18, 19] and 
suggestions for future developments agreed [20]. This led to further work during the EMRAS II, 
MODARIA I and MODARIA II programmes that comprised: 

(1) The ‘Biota Modelling Group’ (EMRAS Working Group 4); 
(2) Additional activities being initiated on radiation effects [21] and subsequently population 

modelling, starting with the ‘Biota Dose Effects Modelling’ Working Group’ (Working 
Group 6) within the EMRAS II programme; 

(3) Continuation of the work in EMRAS II Working Group 6 in MODARIA I under Working 
Group 9 and MODARIA II under Working Group 5;  

(4) EMRAS II Working Group 5 being established to compile radionuclide transfer 
parameters for wildlife [21];  

(5) Continuation of the work in EMRAS II Working Group 5 in MODARIA I under Working 
Group 8 and MODARIA II under Working Group 5. 

As part of the work, a cohort of scientists was established who have continued to collaborate 
outside of the IAEA programmes [22–27].  

This publication presents a summary of the activities of the MODARIA I Working Groups 8 
and 9, and the MODARIA II Working Group 5. These Working Groups considered different 
aspects of non-human biota, taking into consideration: (i) the estimation of the radiation 
exposure of wildlife (see Section 2 of this publication) and (ii) population effects modelling 
(Section 3 below). This publication concludes with a discussion and suggestions for further 
work on these topics (see Section 4). 

 
3 The RAP is defined as: 

“a hypothetical entity, with the assumed basic characteristics of a specific type of animal or plant, as 
described to the generality of the taxonomic level of Family, with precisely defined anatomical, 
physiological, and life-history properties that can be used for the purposes of relating exposure to dose, and 
dose to effects, for that type of living organism”. 
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2. ESTIMATING THE EXPOSURE OF WILDLIFE 

This element of the work programme builds upon and continues activities initiated during the 
EMRAS I programme [15, 16]. The majority of these studies have now been published in 
various peer reviewed Journals; Appendix I provides a listing of papers published by 
participants of the Working Groups during the EMRAS and MODARIA programmes. 

An overall aim of the work programmes was to evaluate whether currently used models are fit 
for purpose and to test their (often simplistic) assumptions to determine if the approaches used 
are generally protective. 

2.1. ESTIMATING EXPOSURE IN CONTAMINATED ENVIRONMENTS: ANIMAL–
ENVIRONMENT INTERACTIONS 

Over the period that models, tools and radiological environmental assessment frameworks have 
been developed, there have been evaluations of the fitness for purpose of various model 
components (see Section 2.2 below for a summary of activities by the relevant working groups 
from the EMRAS and MODARIA programmes). An element of the assessment approach which 
had previously been overlooked was how animals interact with their environment and how this 
influences the radiation dose they receive. Currently in assessments dose rates to animals may 
be predicted using point of capture/assessment media activity concentrations, or averaged 
media activity concentration across an assessment site [14] or, alternatively, an assumed 
home range for a species. Some field studies may simply relate observations of purported 
radiation effects to ambient dose rate measurements using handheld detectors [27]. The use of 
animal movement models to assess non-radiological contamination had previously been 
proposed [28, 29]. 

At the outset of the MODARIA I working group activities on this topic, there was only one 
study that the group was aware of which considered this issue, a Chornobyl small mammal 
study [30], in which thermoluminescent dosimeters (TLDs) were attached to mice and voles at 
three sites in the Chornobyl Exclusion Zone. The results suggested that assuming the average 
137Cs activity concentration in soil across the assumed home range gave adequate external dose 
rate predictions (compared to results from the TLDs).  

During MODARIA I, two activities were initiated to test the fitness for purpose of current 
approaches to estimating exposure of free ranging animals in the field using field studies 
involving reindeer in Norway (Section 2.1.1) and Elk in Sweden (Section 2.1.2). 

2.1.1. Reindeer, Norway 

Collars with dosimeters and GPS units were fitted to free ranging reindeer (Rangifer tarandus 
tarandus) in an upland area of Norway which received comparatively high deposition of 137Cs 
from the 1986 Chornobyl accident, as detailed in a published study [31]. The dosimeters were 
recovered from 12 animals approximately 11 months after being fitted. Live monitoring data 
were available for the animals as was a spatial dataset of soil 137Cs contamination. External 
dose rates were estimated using the ERICA Tool [32] from: 

 137Cs soil activity concentrations averaged over the whole ranging area of the herd; 
 137Cs soil activity concentrations for areas where the reindeer were known to visit based 

on the GPS tracking data. 
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The average 137Cs dose rate to the 12 study animals was estimated to be approximately twice 
that estimated for the entire range area; collared reindeer mostly occupied areas with the highest 
137Cs soil concentrations as these were correlated with their favoured habitats. The external 
dose estimated using the GPS tracking data were in reasonable agreement with doses estimated 
from the collar mounted dosimeters. External exposure was the focus of this study; however, 
internal dose could be estimated from the available live monitoring data and this was 
approximately one order of magnitude higher than the external dose.  

2.1.2. Elk, Sweden 

Data were available for an area of Sweden in which long term studies of the behaviour of 
Eurasian elk (Alces alces) had been conducted [33, 34]. The data included GPS tracking 
locations for elk between 2006–2007, a 137Cs deposition surface from post-Chornobyl aerial 
surveys, habitat and topography spatial datasets. The study, described in detail elsewhere (e.g. 
in Ref. [35]), compared different approaches to modelling exposure. The approaches were:  

 Conventional approach: an appropriate spatial distribution of soil activity concentration 
for 137Cs within the assessment area was generated. Estimations of exposure were made 
using a spatially adjusted mean soil activity concentration for the entire assessment area, 
‘suitable’ locations within the assessment area (defined by habitat and terrain), and 
‘preferred’ locations where habitat and terrain were ranked most highly. 

 Mass balanced foodweb approach: a mass balanced food web model [36] was applied in 
a spatial context. Habitats were defined as ‘unsuitable’, ‘suitable’ and ‘preferred’. Areas 
with a slope >10° was also defined as unsuitable. 

 Individual based movement approach: spatially variable exposures to individual elk were 
modelled using a simplistic stochastic Lagrangian approach in which elk random walking 
movement was biased by known habitat and terrain slope preferences (defined as for the 
mass balance food web approach). The model was implemented in Goldsim Dynamic 
Monte Carlo Simulation Software4. 

Although the initial focus of this study was consideration of external exposure, the conventional 
and individual based movement approaches were both used to also estimate internal 
exposure. The conventional approach simply used an elk specific CRwo-soil (see Section 2.2.1 
for general definition for CRwo-media) value extracted from the Wildlife Transfer Database [37]5 
to estimate the 137Cs activity concentration of elk. The individual based movement 
approach used a simplified intake retention model in which the internal dose over time related 
to the soil–vegetation–elk uptake of 137Cs along a ‘foraging pathway’ across the variably 
contaminated landscape was applied. 

The main conclusion drawn from this study was that for screening tier assessments the 
conventional approach is sufficient for external exposure estimation. External exposure 
estimates were broadly comparable for the three approaches and the conventional approach was 
the simplest to apply and could be adapted to readily take into account habitat/terrain 
preferences. However, the individual based movement approach has the potential to estimate 
variability within a population and therefore may be useful for higher tier assessments and to 
inform the interpretations of field studies on radiation effects. 

 
4 Goldsim™; https://www.goldsim.com/web/home/ 
5 See also http://www.wildlifetransferdatabase.org/ 
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Internal dose was estimated to be 20–30 times higher than the dose due to external exposure 
with habitat/terrain preferences being important for the modelling of internal, as well as 
external, exposure. Predictions from the individual based movement approach demonstrated 
that internal dose rate will respond to spatial changes in soil contamination more slowly than 
external dose rate, which responds instantaneously. The slower response of internal dose rate 
is the consequence of organism uptake and loss rates of radionuclides being influenced by the 
radionuclide’s biological half-life for the organism under consideration. 

2.1.3. Discussion 

From the studies summarized in Sections 2.1.1 and 2.1.2, it can be concluded that the 
‘conventional approach’ of averaging soil activity concentrations over an appropriate area is 
suitable for initial screening level assessments. 

The two studies outlined in Sections 2.1.1 and 2.1.2, and others published for wolves [38] and 
wild hogs [39], demonstrate that beyond basic screening level assessments that are based on 
maximum media activity concentrations, the application of organism specific knowledge of 
habitat/terrain preferences needs to be considered when estimating exposure. This may mean 
using different spatial extents (and hence media activity concentrations) for different organisms 
within an assessment area. The importance of spatial behaviour may vary between different 
organisms. For instance, it was found [30] that modelling dose rate assuming the average 137Cs 
activity concentration in soil across the assumed home range gave adequate predictions of 
external exposure compared to the results of TLDs attached to small mammals (mice and vole 
species) at sites in the Chornobyl Exclusion Zone. The difference in conclusions reached 
between the small mammal study [30] and the findings of the elk and reindeer studies described 
above may be due to the limited spatial variation in soil contamination over smaller ranging 
areas. 

A number of studies are now available in which modelled estimates of external dose can be 
compared to results from dosimeters attached to study animals, e.g. reindeer [31], snakes [40] 
and small mammals [30]. These studies all showed reasonable agreement between dosimeter 
estimates and model predictions.  

The focus of the studies described above, along with other published studies [30, 38, 40], was 
to consider the estimation of external exposure. However, it needs to be noted that 
habitat/terrain utilization will also impact on internal exposure. Depending upon how animals 
utilize their habitats, the areas contributing most to internal dose may not be the same as those 
contributing to external dose (e.g. foxes may feed in areas relatively distant from their burrows). 
In the reindeer and elk examples, internal dose dominated total exposure. However, the relative 
contributions of external and internal exposure to total dose will depend upon ecosystem 
characteristics determining radionuclide transfer, and on the animal species and radionuclide.  

The application of individual movement-based approaches could be used to consider variability 
in doses within populations in higher tier assessments and field studies on radiation effects. 

Moreover, it is important to acknowledge that consideration of the importance of animal 
environment interaction on animal exposure has to date been restricted to terrestrial ecosystems 
and needs also be given to aquatic environments (e.g. spatial heterogeneity in sediment activity 
concentrations would impact on dose rates to mobile benthic organisms). 
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2.2. LESSONS LEARNT FROM THE IAEA PROGRAMMES 

Within the EMRAS and MODARIA programmes, many model intercomparison exercises 
(model–model and model–data) and evaluations of the fitness for purpose of available models 
for use in regulatory assessments (see Appendix I) have been conducted. Throughout both 
phases of the MODARIA programmes, Working Group 8 (MODARIA I) and Working Group 5 
(MODARIA II) brought together the many lessons from these activities in order to assist 
regulatory bodies and assessors. These ‘lessons’ have now been incorporated in a refereed paper 
[41] and are summarized in the following subsections. 

2.2.1. Model selection 

The majority of models developed for regulatory assessments over the last 20 years have 
common features: 

 They contain a set of hypothetical organisms which do not represent any actual species 
but are representative of broad wildlife groups (e.g. mollusc, bird, tree); 

 Organisms are represented as simple geometries (e.g. ellipsoids) to facilitate dose 
calculations; 

 Precalculated dose coefficients (DCs) are used to estimate unweighted internal and 
external dose rates from organism and media activity concentrations respectively (e.g. 
µGy h-1 per Bq L-1 water for the external dose in the water column of aquatic ecosystems); 

 They consider simplified ecosystems (e.g. freshwater, marine, terrestrial); 
 Simple exposure geometries are used (e.g. on water, in the water column, at the sediment 

water interface, in sediment); 
 Some form of ‘occupancy factor’ is used to describe the fraction of time an organism 

spends in the different exposure geometries; 
 Equilibrium concentration ratios (CRwo-media) relating the whole organism radionuclide 

activity concentration to those in media (where media is typically soil, water or air); 
 For aquatic ecosystems equilibrium water–sediment distribution coefficients (Kd) are 

used;  
 Radiation weighting factors are used for α, low β and high β and γ radiations to estimate 

weighted absorbed dose rates. 

The more comprehensive models are structured to enable tiered assessments, beginning with 
simple conservative screening assessments and progressing to more refined assessments as 
necessary. 

However, whilst the models have these common features, their default parameter values, 
namely for CRwo-media, Kd and radiation weighting factors, can differ substantially [18]. The 
effects of this on model predictions are summarized below. 

An overview of some freely available models based upon the activities of the working groups 
from the EMRAS and MODARIA programmes is provided in Table 1, and key advantages of 
each model are highlighted. 

 



  

10 

T
A

B
L

E
 1

. F
R

E
E

L
Y

 A
V

A
IL

A
B

L
E

 T
O

O
L

S
 F

O
R

 A
SS

E
S

S
M

E
N

T
 O

F 
T

H
E

 R
A

D
IO

L
O

G
IC

A
L

 R
IS

K
 T

O
 W

IL
D

L
IF

E
 B

A
S

E
D

 O
N

 T
H

E
 F

IN
D

IN
G

S 
O

F 
T

H
E

 W
O

R
K

IN
G

 G
R

O
U

P
S

 F
O

R
M

E
D

 W
IT

H
IN

 T
H

E
 I

A
E

A
 E

M
R

A
S

 A
N

D
 M

O
D

A
R

IA
 P

R
O

G
R

A
M

M
E

S
 

M
od

el
 

C
om

m
en

t 
A

va
ila

b
il

it
y/

D
oc

um
en

ta
ti

on
 

E
R

IC
A

 T
oo

l 
S

up
po

rt
s 

ti
er

ed
 a

ss
es

sm
en

t a
pp

ro
ac

h.
 A

llo
w

s 
ad

di
tio

na
l r

ad
io

nu
cl

id
es

 
an

d 
or

ga
ni

sm
s 

to
 b

e 
ad

de
d 

S
of

tw
ar

e 
av

ai
la

bl
e 

fr
om

: h
ttp

:/
/w

w
w

.e
ri

ca
-t

oo
l.e

u/
 

U
nd

er
ly

in
g 

re
po

rt
s:

 h
ttp

s:
//

w
ik

i.c
eh

.a
c.

uk
/d

is
pl

ay
/r

pe
m

ai
n/

E
R

IC
A

+
re

po
rt

s 

S
pe

ci
al

 is
su

e 
of

 J
ou

rn
al

 o
f 

E
nv

ir
on

m
en

ta
l R

ad
io

ac
tiv

ity
: 

ht
tp

s:
//w

w
w

.s
ci

en
ce

di
re

ct
.c

om
/j

ou
rn

al
/jo

ur
na

l-
of

-e
nv

ir
on

m
en

ta
l-

ra
di

oa
ct

iv
it

y/
vo

l/
99

/i
ss

ue
/9

 

C
om

pr
eh

en
si

ve
 in

te
gr

al
 H

el
p 

fi
le

 

R
E

S
R

A
D

 
B

IO
T

A
 

S
up

po
rt

s 
ti

er
ed

 (
or

 g
ra

de
d)

 a
ss

es
sm

en
t a

pp
ro

ac
h.

 S
im

pl
e 

fo
od

 c
ha

in
 

m
od

el
s 

ca
n 

be
 c

re
at

ed
 a

nd
 c

on
ta

m
in

at
ed

 w
at

er
 a

s 
a 

so
ur

ce
 o

f 
in

ta
ke

 b
y 

te
rr

es
tr

ia
l a

ni
m

al
s 

ca
n 

be
 m

od
el

le
d 

S
of

tw
ar

e 
av

ai
la

bl
e 

fr
om

: h
ttp

s:
//

re
sr

ad
.e

vs
.a

nl
.g

ov
/c

od
es

/r
es

ra
d-

bi
ot

a/
 

U
se

r 
gu

id
e 

an
d 

ot
he

r 
pu

bl
ic

at
io

ns
: h

ttp
s:

//
re

sr
ad

.e
vs

.a
nl

.g
ov

/d
oc

um
en

ts
/ 

S
pe

ci
al

 is
su

e 
of

 J
ou

rn
al

 o
f 

E
nv

ir
on

m
en

ta
l R

ad
io

ac
tiv

ity
: 

ht
tp

s:
//w

w
w

.s
ci

en
ce

di
re

ct
.c

om
/j

ou
rn

al
/jo

ur
na

l-
of

-e
nv

ir
on

m
en

ta
l-

ra
di

oa
ct

iv
it

y/
vo

l/
66

/i
ss

ue
/1

 

R
ad

on
 d

os
e 

ca
lc

ul
at

or
 

E
na

bl
es

 d
os

es
 f

ro
m

 22
2 R

n 
an

d 
sh

or
t l

iv
ed

 d
au

gh
te

r 
pr

od
uc

ts
 to

 b
e 

es
ti

m
at

ed
 (

a 
fu

nc
ti

on
al

ity
 m

is
si

ng
 f

ro
m

 c
ur

re
nt

 v
er

si
on

s 
of

 th
e 

E
R

IC
A

 
T

oo
l a

nd
 R

E
S

R
A

D
 B

IO
T

A
) 

V
er

si
on

 (
15

/4
/2

0)
: h

tt
ps

://
ra

di
oe

co
lo

gy
-e

xc
ha

ng
e.

or
g/

co
nt

en
t/

ra
di

oe
co

lo
gy

-m
od

el
s 

P
ap

er
 d

es
cr

ib
in

g 
m

et
ho

do
lo

gy
: h

ttp
s:

//
do

i.o
rg

/1
0.

10
16

/j
.s

ci
to

te
nv

.2
01

7.
06

.1
54

 

A
r 

– 
K

r 
– 

X
e 

do
se

 c
al

cu
la

to
r 

E
na

bl
es

 e
st

im
at

io
n 

of
 d

os
es

 f
ro

m
 n

ob
le

 g
as

es
 (

im
po

rt
an

t c
om

po
ne

nt
s 

of
 

re
le

as
es

 f
ro

m
 n

uc
le

ar
 r

ea
ct

or
s)

 to
 b

e 
es

ti
m

at
ed

 (
a 

fu
nc

tio
na

li
ty

 m
is

si
ng

 
fr

om
 c

ur
re

nt
 v

er
si

on
s 

of
 th

e 
E

R
IC

A
 T

oo
l a

nd
 R

E
S

R
A

D
 B

IO
T

A
) 

D
ow

nl
oa

d 
vi

a:
 h

ttp
s:

//
ra

di
oe

co
lo

gy
-e

xc
ha

ng
e.

or
g/

co
nt

en
t/r

ad
io

ec
ol

og
y-

m
od

el
s 

P
ap

er
 d

es
cr

ib
in

g 
m

et
ho

do
lo

gy
: h

ttp
s:

//
do

i.o
rg

/1
0.

10
16

/j
.je

nv
ra

d.
20

15
.0

3.
00

4 

B
io

ta
D

C
 

T
oo

l e
na

bl
in

g 
do

se
 c

oe
ff

ic
ie

nt
 to

 b
e 

ca
lc

ul
at

ed
 f

or
 th

e 
IC

R
P 

R
ef

er
en

ce
 

A
ni

m
al

s 
an

d 
P

la
nt

s 
ac

co
rd

in
g 

to
 m

et
ho

do
lo

gy
 u

se
d 

in
 I

C
R

P 
P

ub
lic

at
io

n 
13

6 

O
n-

li
ne

 to
ol

: h
tt

p:
//b

io
ta

dc
.ic

rp
.o

rg
/ 

IC
R

P
 P

ub
li

ca
tio

n 
13

6:
 h

tt
ps

://
do

i.o
rg

/1
0.

11
77

/0
14

66
45

31
77

28
02

2 

E
D

E
N

 
E

st
im

at
es

 e
xp

os
ur

e 
fr

om
 B

q 
pe

r 
un

it
 m

as
s 

or
 v

ol
um

e.
 E

na
bl

es
 g

re
at

er
 

fl
ex

ib
ili

ty
 th

an
 d

ef
au

lt 
ap

pr
oa

ch
es

 in
 ti

er
ed

 a
ss

es
sm

en
t t

oo
ls

 (
e.

g.
 

he
te

ro
ge

ne
ou

s 
so

il
/s

ed
im

en
t c

on
ta

m
in

at
io

n 
pr

of
ile

s)
 

C
od

e 
ca

n 
be

 r
eq

ue
st

ed
 v

ia
: h

tt
p:

//w
w

w
.ir

sn
.f

r/
E

N
/R

es
ea

rc
h/

S
ci

en
tif

ic
-t

oo
ls

/C
om

pu
te

r-
co

de
s/

P
ag

es
/T

he
-E

D
E

N
-c

om
pu

te
r-

co
de

-E
le

m
en

ta
ry

-D
os

e-
E

va
lu

at
io

n-
fo

r-
N

at
ur

al
-e

nv
ir

on
m

en
t-

23
68

.a
sp

x 

P
ap

er
 p

re
se

nt
in

g 
th

e 
ap

pr
oa

ch
: h

ttp
s:

//
do

i.o
rg

/1
0.

10
97

/0
1.

hp
.0

00
01

82
19

2.
91

16
9.

ed
 

D
-D

A
T

 
A

 d
yn

am
ic

 to
ol

 f
or

 th
e 

as
se

ss
m

en
t o

f 
ra

di
at

io
n 

do
se

s 
to

 m
ar

in
e 

bi
ot

a 
D

ow
nl

oa
d 

vi
a:

 h
ttp

s:
//

ra
di

oe
co

lo
gy

-e
xc

ha
ng

e.
or

g/
co

nt
en

t/r
ad

io
ec

ol
og

y-
m

od
el

s 

P
ap

er
 d

es
cr

ib
in

g 
m

et
ho

do
lo

gy
: h

ttp
s:

//
do

i.o
rg

/1
0.

10
16

/j
.je

nv
ra

d.
20

07
.1

1.
00

2 

 



 

11 

The ERICA Tool [32, 42] and RESRAD BIOTA [43] are the two most widely used assessment 
tools worldwide and both of these models support the implementation of tiered assessment 
approaches. However, these models currently lack some functionality which may be necessary 
for some assessment situations. For instance, noble gases are often significant components of 
releases from nuclear power plants [44], but, neither the ERICA Tool or RESRAD BIOTA 
currently have the ability to model noble gas releases. Whilst it might be expected, based upon 
assessments for humans [45], that doses to wildlife from noble gases will be low, ignoring 
significant components of radioactive releases from assessments is unlikely to be acceptable to 
stakeholders and regulatory bodies. A model has been developed for estimating the exposure 
of wildlife to 41Ar, 85,88Kr and 131m,133Xe [46] and a similar methodology for estimating exposure 
from 222Rn [47, 48], which can dominate the total exposure of wildlife due to natural 
background sources [49] is also available. Moreover, the latest version of the method also 
considers thoron exposures [48]. 

Models such as RESRAD BIOTA and the ERICA Tool use equilibrium concentration ratios 
(CRwo-media) as collated elsewhere [21] to estimate radionuclide activity concentrations in 
organisms from those in soil, water or air. Such an approach is likely to be sufficient for the 
assessment of contaminated sites (i.e. existing contamination scenarios) and long term planned 
releases. However, for unplanned release scenarios involving abrupt changes in discharges, 
dynamic models may be necessary. This is especially true for organisms that respond slowly to 
a change in ambient radioactivity concentration [50]. The Fukushima accident elicited a desire 
to be able to predict the potential exposure of wildlife following accidental releases [51–53]. 
Whilst the working groups of the EMRAS and MODARIA programmes identified a number of 
dynamic models, most of these are unfortunately not freely available. However, an exception 
is the D-DAT model for marine ecosystems [54]. 

Under MODARIA I, Working Group 8, in collaboration with Working Group 10, compared 
the predictions of a range of dynamic marine models with those made using concentration ratios 
from the ERICA Tool for a location situated offshore from the Fukushima Daiichi site [55]. 
Figure 1 compares predicted 137Cs and 131I activity concentrations in benthic fish using the 
ERICA Tool with those predicted using the D-DAT dynamic model. The equilibrium model 
predicts that activity concentration will rise and subsequently decline more rapidly than the 
dynamic model. This is a consequence of the latter incorporating biological half-lives which 
result in a reduced rate of uptake and loss compared to the instantaneous equilibrium of the 
CRwo-water model. For 131I, the rate of loss is dominated by the physical decay of the isotope (T1/2 

≈ 8 d) and there is less difference between the two sets of predictions than for 137Cs. After 100 
days, the two models give more comparable results with much of the residual variability likely 
being differences in the CRwo-water values used in D-DAT compared to the ERICA Tool. To 
support the development of dynamic models, Working Group 8 published a collation of 
biological half-life values for terrestrial, marine and freshwater organisms [56]. 
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FIG. 1. Predicted changes in 131I and 137Cs activity concentrations in benthic fish (whole body). The 
predictions used modelled water concentrations with time ‘0’ being 11 March 2011; the assessment site 
was assumed to be located 30 m north of the Daiichi drainage channels (adapted from Ref. [55]). 

 

2.2.2. Radionuclide transfer 

Model–model comparisons [18, 57] and the application of participating models in scenario 
applications (i.e. model–data comparisons) [19, 58–60] demonstrated that differences in 
CRwo-media values between models contributed most to variability in predicted estimated dose 
rates. For a given radionuclide–organism combination CRwo-media values may vary over four 
orders of magnitude. Such large variation is seen over all ecosystem and organism types and 
most radionuclides. The uncertainty potentially added to assessments by CRwo-media values led 
to a coordinated effort to collate values [21, 37] and improve the derivation of recommended 
CRwo-media values for different organism–radionuclide combinations [61]; these CRwo-media 
values have subsequently been used to (re-)parameterize models. These efforts also prompted 
studies to increase the range and depth of data available for models in specific environments 
such as tropical systems [62], arid systems [63] and pre- versus post-accident data for the 
Fukushima marine area [64]. Some organisms have life stages which utilize different 
environments (e.g. some insects, amphibians) and data are often lacking with regard to 
radionuclide transfer to non-adult life stages [21]. Recognizing the paucity of CRwo-media data 
for non-adult life stages, MODARIA II Working Group 5 undertook further studies to begin 
addressing these data gaps (e.g. [65]). 

For aquatic ecosystems, Kd values may be equally as variable as CRwo-media values. However, 
until relatively recently, there has been less consideration given to the improvement of datasets. 
This situation has improved for freshwater systems with the publication of a compilation of Kd 
values [66, 67] in collaboration with participants of MODARIA I Working Group 4 who were 
working on Kd values. 
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2.2.3. Dosimetry – what matters and what does not 

The dosimetric components of participating models have been compared in two 
intercomparison exercises considering predicted unweighted dose rates [17, 68]; the exercises 
made predictions of internal and external dose rate under the assumption of unit organism and 
media concentrations, respectively. Internal dose rates predicted by the various models were 
generally similar with 70% of predictions being within ± 20% [68]. Although external dose rate 
estimates were generally within an order of magnitude of each other, they were more variable 
than internal dose predictions. These differences were usually easily explainable, being related 
to: assumed media densities; the number of daughter radionuclides included in the parent 
radionuclide dose coefficients; differences in source target geometry (e.g. accounting for 
feather/fur shielding); source of data on radionuclides (e.g. energy, yield). Whilst explainable, 
the differences could lead to some systematic differences between models [69]. For external 
exposure, variation in estimates was generally greatest for - and low energy -emitting 
radionuclides. Where variation was considerable, the DC values tended to be low, for instance, 
the ‘on soil’ external 14C DC for the ICRP Reference Rat geometry [11] ranged from 0 to 
6 × 10-7 µGy h-1 per Bq kg-1 soil [17]. Therefore, it is highly unlikely that the variation in DC, 
although large, will actually add much to the overall variation in total estimated dose rates to 
any meaningful degree (because the DCs are relatively low and hence the external dose rates 
will be low whichever model is used). Application of the models to various case study scenarios 
[19, 57–60] demonstrated that differences in the dosimetry components of models contributed 
little to the overall variation in total dose estimates; differences in total dose are dominated by 
variation in predicted organism activity concentrations leading to variation in internal dose 
estimates. 

2.2.3.1. Uncertainty in wildlife dosimetry 

Organism size 

The available models contain a relatively limited range of different default organism 
geometries. This can give rise to concerns that it is difficult for users to model specific 
organisms of relevance to them. However, in reality whilst there is an impact of mass on DC 
this is not that great [17, 41, 68] as can be seen from Table 2 which presents predicted external 
and internal dose rates using the ERICA Tool for organisms ranging over eight orders of 
magnitude in mass. Hence, in the mass range of most organisms, differences between default 
organism geometries and the actual geometry of any local organisms of interest will add little 
uncertainty to the overall dose rate estimation. 

TABLE 2. A COMPARISON OF INTERNAL AND EXTERNAL DOSE RATES TO 
ORGANISMS OF DIFFERENT SIZES ASSUMING ORGANISM AND WATER ACTIVITY 
CONCENTRATIONS OF 1 Bq kg-1 FM AND USING THE ERICA TOOL [32] 

Isotope 
Fish egg 

mass 4 × 10−6 kg 
Fish 

mass 1.5 kg 
Seal 

mass 200 kg 

External dose rate (µGy h-1) 
H-3 9.5 × 10−11 3.7 × 10−13 3.2 × 10−14 
Co-60 1.5 × 10−3 1.2 × 10−3 7.2 × 10−4 
Pu-240 9.6 × 10−7 1.2 × 10−7 2.6 × 10−8 
Sr-90 4.9 × 10−4 1.9 × 10−5 4.1 × 10−6 

Internal dose rate (µGy h-1) 
H-3 8.2 × 10−6 8.2 × 10−6 8.2 × 10−6 
Co-60 5 × 10−5 2.6 × 10−4 2.8 × 10−4 
Pu-240 3 × 10−2 3 × 10−2 3 × 10−2 
Sr-90 1.6 × 10−4 6.3 × 10−4 6.5 × 10−4 
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Voxel phantoms 

In estimating the dose rate to humans, voxel modelling is used. In contrast to the simplistic 
assumptions included in wildlife assessment tools (e.g. simplified geometry, homogenous 
distribution of radionuclides within organisms) voxel modelling utilizes advanced imaging 
technologies to generate realistic and detailed dosimetric phantoms to calculate radiation dose 
to individual organs via the Monte Carlo modelling method. A number of voxel models have 
now been proposed for wildlife species, such as crab [70], frog [71], small mammals [23, 72] 
and trout [73]. The voxel models are not proposed for application in regulatory assessment, 
however, they have been used as a mechanism of assessing whether the assumptions used in 
regulatory models are fit for purpose [23, 41, 73]. In summary, the findings of these evaluations 
were as follows: 

 Dose rates calculated assuming a simple homogenous geometry generally agree with 
those calculated by organism specific voxel models within a factor of two to three; 

 Variations in assumptions with regard to tissue composition and density will add little 
uncertainty to dose estimates; 

 Highly heterogeneous distribution of radionuclides (e.g. 90Sr in bone, 131I in thyroid) will 
lead to organ specific dose rates that are considerably higher than estimated dose rates for 
the simple homogenous geometry. 

Based on these evaluations, it can be concluded that the simplified homogenous geometries 
used within tools utilized for regulatory assessment are fit for purpose. Exceptions may be the 
few cases where a radionuclide accumulates in a relatively small organ (radioiodine 
accumulation in the thyroid is likely the most extreme example of this). Complex voxel models 
may have a role in aiding the interpretation of wildlife dose effect studies. 

Soil water 

For terrestrial ecosystems estimates of soil activity concentrations are needed to estimate 
external dose rates and possibly organism activity concentrations. To estimate external dose 
rates, DC values are in theory applied to fresh mass soil activity concentrations, whereas to 
estimate organism activity concentrations CRwo-soil values are applied to dry mass soil activity 
concentrations. External DC values were estimated to vary by a factor of approximately 1.5 
over realistic ranges of soil moisture (dry to saturated) [74]. Compared to CRwo-soil values this 
adds little uncertainty to the estimation of exposure.  

It is likely that assessors will input dry matter soil activity concentrations into their assessment. 
This is appropriate for conservative screening assessments as it will maximize the estimated 
external dose rate. However, for ecosystems with high soil moisture content (e.g. wetlands) 
fresh mass soil activity concentrations need to be used to estimate external dose rates. For 
instance, it has been demonstrated [59] that external dose rates using a reported soil dry matter 
content of 10% were an order of magnitude lower than those calculated using soil dry mass 
activity concentrations; converting to a fresh mass soil activity concentration resulted in an 
order of magnitude decrease in the soil activity concentration in effect by dilution. 

Inhomogeneous radionuclide distribution on soil/sediment profiles 

While radionuclide activity concentrations are likely to vary with depth in soils and sediments, 
assessment models typically assume homogeneous distributions. It has been demonstrated [75] 
that external dose rates could vary over three orders of magnitude when considering realistic 
soil dwelling organism locations and radionuclide profiles and that an assumption of 
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homogenous distribution was not necessarily conservative. However, for conservative 
screening assessments, assuming homogenous radionuclide distribution in soils and sediments 
will be conservative if the maximum soil activity concentration (from any soil layer) is the 
method used.  

Radioactive decay and daughter products 

‘Short lived’ radionuclides generated by radioactive decay are included within the DC for the 
parent radionuclide in many models with secular equilibrium between the parent and daughter 
radionuclides being assumed [17]. The rules defining which radionuclides are included within 
the parent DC varies between models. For instance, in the current ERICA Tool version (v1.3) 
[32] the parent DC includes daughter products with decay half-lives of ≤ 10 days while in the 
initial assessment levels of RESRAD BIOTA [43] the half-life cut-off is 100 years. Users need 
to understand these rules and ensure that they do not double account by considering the daughter 
radionuclide separately from the parent in the assessment (e.g. RESRAD BIOTA includes 234Th 
(half-life approximately 24 days) in the DC of 238U). An implicit assumption on including 
daughter radionuclides in the parent DC is that the transfer of the daughter to organisms is the 
same as that of the parent, which is not always the case.  

The validity, and conservatism, of this assumption has not been investigated. Ideally daughter 
radionuclides would be modelled separately and the approach for the assessment of the impact 
of radioactive discharges to the environment to wildlife6 would adopt this approach which is 
based upon ICRP Publication 136 [77]. However, this approach requires CRwo-media values for 
daughter radionuclides, some of which are elements for which there are few CRwo-media values 
available. This requirement for additional CRwo-media values may add uncertainty to the 
assessment.  

2.2.4. Using the models in assessments 

The available models have limitations with respect to, for instance, the default ecosystems, 
organisms considered, exposure geometries and input requirements. However, as discussed 
below, it is possible to use the models in ways which circumnavigate some of these limitations. 

2.2.4.1. Ecosystems 

Models consider generic ecosystems, for example terrestrial, marine and freshwater in the 
ERICA Tool and terrestrial, freshwater and riparian in RESRAD BIOTA. However, assessors 
may need to consider different ecosystems, migratory species or organisms spending time in 
more than one ecosystem type. 

In some instances it may be possible to re-parameterize the CRwo-media values to be representative 
of the ecosystem under consideration. For example, the Wildlife Transfer Database contains 
data for estuarine ecosystems [37]. If an organism which inhabits more than one ecosystem type 
(e.g. duck species) requires assessment then, for a conservative screening assessment, risk 
quotients for each radionuclide could be estimated separately for the different ecosystem types 
with the overall risk quotient being the sum of the most conservative radionuclide specific 
values regardless of the ecosystem. For a more refined assessment, estimates of the time spent 
in the different ecosystems could be used together with consideration of which ecosystem(s) is 
used for food. 

 
6 A new approach is under development and will replace that used in Ref. [76]. 
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Assessor choice when considering organisms which may inhabit different ecosystems can result 
in considerably different dose estimates. In a published example [59], assessment predictions 
for wetland ecosystems were compared and it was found that dose estimates varied by up to 
three orders of magnitude depending on the choices made by the assessor.  

2.2.4.2. Exposure geometries 

There are limitations in most assessment models on the organism and exposure geometries that 
can be considered. In the terrestrial ecosystem for example, the ERICA Tool allows birds to be 
on soil or in the air whereas mammals can be on the soil surface or in soil. However, 
assessments might be necessary for birds that burrow (e.g. Fratercula arctica) or flying 
mammals (e.g. bats). While it may appear that the ERICA Tool could not model these 
organisms, the bat could potentially be modelled as a bird (organism density assumptions in the 
model are the same for both mammals and birds) if an external dose rate in air is needed, and a 
dose rate for F. arctica in burrows could be estimated by modelling it as a burrowing mammal. 
A model intercomparison exercise for an area containing contaminated waste trenches [57] 
gives examples of how non-standard organism exposure geometries can be modelled.  

The appropriateness of default geometries for plants in some approaches requires consideration. 
In some approaches (e.g. Refs [11, 77, 78]) the geometry for plants represents above ground 
parts (e.g. tree trunk) whereas in many situations plant roots may be the most exposed plant 
parts. Although some approaches allow users to create geometries representing roots, as 
discussed previously [57], it may be appropriate to have plant root as a default geometry. 

2.2.4.3. Model inputs 3H and 14C 

In some approaches specific activity models are used to predict 3H and 14C activity 
concentrations in terrestrial organisms. These approaches relate organism activity 
concentrations to air concentrations, not soil activity concentrations as is the case for most 
radionuclides [18]; this is similar to some approaches for estimating 3H and 14C transfer to 
human foodstuffs [79]. However, in some instances assessors will have soil but not air 
concentrations available (see the example given in Ref. [59]). Therefore, guidance on how to 
estimate an air activity concentration from a soil concentration is needed. 

The underlying assumption of a simple specific activity model is that the ratio of the 
concentrations of radioactive and stable isotopes is the same in all environmental 
compartments. Therefore, in the case of 14C, if the soil activity concentration is known, 14C air 
concentrations can be approximated as follows: 

 𝐶௔௜௥ =
஼ೞ೚೔೗

భర ×଴.ଶ

ௌ௢௜௟ ஼௔௥௕௢௡

ଵସ  (1) 

where: 

14Csoil is the activity concentration of 14C in soil (Bq kg-1); 
14Cair is the activity concentration of 14C in air (Bq m-3); 
Soil Carbon is the concentration of stable carbon in soil (g kg-1);  
0.2 is the typical stable carbon content of air (g/m3) [21]. 

For 3H, the assumption can be made that the activity concentration in air moisture (CAM, Bq m-3) 
will be equal to that in soil water (CSW, Bq m-3). The concentration of 3H in air (Cair, Bq m-3) 
can then be estimated as follows: 
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 𝐶௔௜௥  =  𝐶஺ெ  ×  𝐻஺ (2) 

where: 

HA is the absolute humidity (kg m-3). 

Typical HA values for different climates are presented in Ref. [80], which also presents a 
methodology for estimating HA from relative humidity if already known. This approach will 
give an approximation of the 3H concentration in air which can be input into models. However, 
it needs to be noted that root uptake may be the dominant source of 3H in plants at sites with 
contaminated soil and/or groundwater [81, 82]. 

2.2.5. Best practice approach – coping with missing data and daughter products 

During the course of assessing the various scenarios, issues were encountered with respect to 
dealing with missing data (e.g. for a specific daughter product within a decay chain). This was 
most notable for the scenarios which considered lakes impacted by uranium mining and 
processing industries [60, 83]. Some best practice guidance has been suggested to aid future 
assessors; this is summarized below and can be found in more detail elsewhere [41]: 

 If only water activity concentrations are available for an aquatic assessment: to calculate 
sediment activity concentrations a best estimate Kd value is used, e.g. the mean value for 
similar sites or a value selected from an up to date comprehensive review [66, 67]. 

 If only sediment activity concentrations are available for an aquatic assessment: to 
calculate water activity concentrations a best estimate Kd value is used, e.g. the 
mean value for similar sites or a value selected from an up to date comprehensive review 
[66, 67]. 

 If media activity concentrations are lacking for radionuclides within a decay chain for an 
aquatic assessment: secular equilibrium in the same media is assumed, preferably with 
the closest member in the decay chain for which data are available. For the 238U and 232Th 
decay chains, radon and thoron gas will escape; 210Po and 210Pb activity concentrations in 
media can be assumed to be 80% of the 226Ra activity concentrations [84]. 

 If sufficient whole organism activity concentrations are available for organisms of 
interest, then these are used in the assessment. Moreover, consideration needs to be given 
to the amount of data available versus the quantity and provenance of CRwo-media values 
available in the Wildlife Transfer Database7 [37]. 

 If whole organism activity concentrations for a given organism are not available at an 
assessment, data for the most similar species at the same site are used if available. 

 If no measured data for a given organism are available at a site, then the whole organism 
activity concentration is predicted using CRwo-media values preferably from measurements 
made previously at the assessment (or similar) site if sufficient measurements are 
available; if no relevant CRwo-media values are available then they can be obtained from the 
Wildlife Transfer Database. 

 If neither CRwo-media values or whole organism activity concentrations are available for the 
specific radionuclide–organism combination, then extrapolation approaches as described 
elsewhere [32, 85] are used. 

 
7 The database can be accessed: http://www.wildlifetransferdatabase.org/ 
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3. MODELLING AND DATA FOR ASSESSING RADIATION EFFECTS ON 
POPULATIONS OF WILDLIFE SPECIES 

3.1. BACKGROUND 

Over the last 20 years, an international system for the protection of wildlife from ionizing 
radiation has emerged. As part of this, it has been necessary to implement an approach to 
determine the potential effects of environmental exposures. This approach is based on 
Environmental Risk Assessment (ERA) methodologies, equivalent to those used for chemical 
substances [86, 87], and whose aim is also to protect populations and biodiversity. The ERA 
approach is aimed at estimating environmental risk for exposed non-human biota at different 
levels of biological organization for many wildlife groups. The risk determines the probability 
and magnitude of adverse effects that occur (for example in exposed individuals, populations, 
communities, ecosystems) for different groups of wildlife.  

In order to be able to determine the level of risk, the output from an ERA needs to be compared 
to numeric criteria to determine the level of risk to wildlife. For example, the ERA approach 
developed in ERICA [32, 42] uses a generic Predicted No Effect Dose Rate (PNEDR) (which 
is equivalent to Predicted No Effect Concentration (PNEC) for chemicals) for the protection of 
ecosystems 10 µGy h-1, which is considered incremental to the natural background [88–92]. 
Other numeric criteria called Derived Consideration Reference Levels (DCRLs8) have also 
been proposed by the ICRP in Publication 108 [11]. DCRLs have been defined for a set of 
twelve Reference Animals and Plants (RAPs) that have been identified by the ICRP [11], as it 
is impossible to consider all species of flora and fauna in assessments. These RAPs are the 
reference deer, rat, duck, frog, trout, flatfish, bee, crab, earthworm, pine tree, wild grass and 
brown seaweed. For screening prospective assessments in regulatory frameworks for nuclear 
facilities, the IAEA recommends the use of ICRP RAPs and DCRLs [14] noting that this is also 
compatible with the use of reference organisms and radiological criteria as recommended in the 
ERICA approach [32, 42]. 

There is a degree of discrepancy between traditional chemical ERA methods, most often 
measured at the individual level in a limited number of test species, and the recommended 
goal for radiation protection of the environment which is ‘to ensure ecosystem function by 
protecting the sustainability at the population level, of the vast majority of all species’. It is 
recognized that special attention needs to be given to ‘keystone, foundation, rare, protected or 
culturally significant species’ [89, 93]. 

Furthermore, radiation effects data for actual populations encountered in the field are rather 
limited, requiring assessors to use laboratory data and make assumptions on their extrapolation, 
which introduces uncertainties into the assessment. Frequently, this is addressed by 
incorporating some level of precaution in the ERA by, for example, dividing the PNEDR values 
derived from individual level radiotoxicity data by a safety factor. A comparative study of 
radiotoxicity data between laboratory tests and the Chornobyl exclusion zone suggested that 

 
8 The DCRL is defined as follows (see Ref. [14]: 

“a band of dose rate within which there is likely to be some chance of deleterious effects of ionizing 
radiation occurring to individuals of that type of reference animal and plant (derived from a knowledge of 
defined expected biological effects for that type of organism) that, when considered together with other 
relevant information, can be used as a point of reference to optimize the level of effort expended on 
environmental protection, dependent upon the overall management objectives and the relevant exposure 
situation.” 
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PNEDR values might differ by more than one order of magnitude between controlled 
experimental and natural field conditions [94]. 

Within both MODARIA programmes, the IAEA posed the key question: “Which dose rate 
levels do not affect populations and ecosystems?”, thereby framing the question in terms of 
population modelling and the data available to parameterize them. The objective was to apply 
population models to different exposure situations, learn from these applications (in particular 
aspects relating to spatial and ecological issues), identify or conduct new experimental studies 
or data against which to test models and increase where possible the robustness of model 
assumptions and hence predictions. Where possible, data and models for species representative 
of the RAPs were the focus of the work undertaken. The available science was to be examined 
in relation to the requirements established in the IAEA safety standards in relation to the 
assessment and regulation of radioactive releases to the environment, taking advantage of the 
international forum provided by the MODARIA programmes for the exchange of experience, 
ideas and research information.  

3.2. DEVELOPMENT OF THE MODELLING AND DATA FRAMEWORK 
(MODARIA I) 

3.2.1. Introduction and scope 

Working Group 9 (WG9) was established as part of the MODARIA I programme and 
comprised some 20 researchers and regulators with the IAEA as a key stakeholder. It had, as 
its overall objective, the assessment of radiological effects on populations of various 
representative wildlife species, with a focus on developing and promoting modelling methods 
to link effects reported for laboratory or field organisms to their integrated consequences on 
populations. To fulfil this objective, exposure conditions, dose response relationships for 
relevant life history traits and life history characteristics of the considered species, over their 
entire life cycles, needed to be described in a form amenable to the derivation of parameters for 
modelling. Working Group 9 also identified key endpoints for use in population modelling that 
could be used as a basis for assessing protection levels for populations. Working Group 9 did 
not propose that any population models developed are to be used for regulatory purposes, but 
rather presented a mathematical solution, or conceptual model, for use in determining the 
robustness of the benchmarks for use in wildlife radiological assessment. 

Initial discussions by WG9 focused on answering the question: “How can population models 
be used to test the robustness of benchmarks such as the DCRLs?” It was concluded that models 
need to be kept as generic as possible and be applicable to different species, with an adequate 
degree of realism (region of interest related to the exposure situation, population size, 
geographical range, survival areas); avoiding models that are too complicated. Population 
models for radiation protection of wildlife need to focus on basic ecological interactions, such 
as monospecific population responses of reference species, and then be applied to representative 
wildlife species (including RAPs) so that they can be used to assess population effects against 
the relevant DCRL. Comparisons of population outputs with thresholds for effects at the level 
of individuals in experimentally controlled exposures (such as those provided by studies 
collated within FREDERICA9) are also possible, in order to assess whether a population type 
assessment is more or less restrictive than the appropriate benchmark that is being applied 
within an assessment.  

 
9www.frederica-online.org 
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The need for reviewing relevant chronic experimental and field data was underlined, in order 
to transform them to quality assured models that are applicable to chronic dose rate exposure 
situations. It was also deemed necessary to establish a conceptual model that takes into account 
both acute and chronic exposure situations, operating at the community level and integrating 
ecophysiological factors such as food limitation, density dependence, self-limiting growth and 
animal mobility. This established the basic philosophy to follow during MODARIA I and 
MODARIA II. 

The following tasks were undertaken within WG9: 

 Task 1: Identification of sources of population modelling parameter data, involving 
reviews of laboratory and field studies, leading to life history and ecology data, as well 
as radiation effects datasets. Of particular importance here are life history parameters for 
a number of species, i.e. bee and other insects (Drosophila); duck; salmon, frog, crab and 
other benthic crustaceans (lobsters); pine tree, wild grass, brown seaweed and any other 
species which relate to the ICRP RAPs and have previously well studied radiation effects. 

 Task 2: Compilation and evaluation of population models, leading to selected practical 
approaches to radiation dose effect modelling in wildlife. This was to include a 
comparison of radiation dose effect models developed for EMRAS II Working Group 6 
and STAR10 WP5 (ordinary differential equation (ODE) population models) and 
physiology based matrix population models (DEBTox applications from STAR). 

 Task 3: Methodological guidance for population modelling, including the preparation of 
a definition for ‘population’ for modelling purposes in the context of radiation protection, 
formulation of a mathematical solution or conceptual model for specific animals and 
plants using effects data from both acute and chronic radiation exposures, and focusing 
on the repair mechanism and its influence on the three effects endpoints; mortality, 
morbidity and reproduction (fecundity). 

 Task 4: Conducting an ongoing review of data on historical adaptive responses and 
hormetic effects of low dose exposure, as part of an effort to identify what data are 
available for population modelling. 

3.2.2. Population modelling life history and radiosensitivity data 

A biological description of each representative species identified for potential use in population 
modelling was performed. It was decided to focus on species that are representative of the 
taxonomic groups represented by the ICRP RAPs [11] considering their different life stages. 
For example, the ICRP ‘Reference Deer’ is representative of a large terrestrial mammal. Deer 
are important components of ecosystems and have been the subject of various radioecological 
studies. Likewise, the ICRP ‘Reference Rat’ is representative of a small terrestrial mammal, 
and with the exception of humans, there is probably more information on the effects of radiation 
on rodents than on any other mammal. The ICRP ‘Reference Duck’, representative of an aquatic 
bird, can be viewed as a bird that is ‘typical’ of wetland areas [11]. The ICRP ‘Reference Bee’ 
is representative of a terrestrial insect, the ICRP ‘Reference Crab’ of a marine crustacean, and 
the ICRP ‘Reference Earthworm’ of a terrestrial annelid. For all of the RAPs, life history 
parameters and radiosensitivity data were gathered. 

 
10 Strategy for Allied Radioecology, the EC-funded Network of Excellence in Radioecology 
(https://www.ceh.ac.uk/our-science/projects/strategy-allied-radioecology-star) 
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Some other species were explicitly included if they had been modelled by any of the WG9 
participants in the context of population modelling, such as, for example, the European lobster 
(Homarus gammarus) and various fish. In addition, a primary focus was given to species for 
which at least one chronic gamma effect on survival, fecundity or hatching is described. 
Overall, the selected species covered several taxonomic groups including aquatic and soil 
invertebrates (i.e. molluscs, annelids and arthropods) as well as fish and terrestrial mammals. 
Some additional species for which no relevant chronic effect data were available were also 
included in the review (i.e. Lumbricus terrestris and Sus scrofa). The earthworm L. terrestris 
was included in order to explore how the difference in life history characteristics compared to 
a closely related species (i.e. Eisenia fetida) may influence population responses, assuming the 
same individual radiosensitivity with respect to reproduction endpoints.  

The AnAge curated database of ageing and life history in animals11 provided another accessible 
and extensive collection of information suitable for population modelling, including average 
lifespan, average mortality rate, reproduction rate, survivorship of youngling and adults, death 
rates, biomass (and loss rate); germination rate, flowering rate, carrying capacity, which can be 
used in models to parameterize standard ecological processes. Radiation effects data linking 
effects for the relevant endpoints (i.e. mortality, morbidity and reproduction) were identified 
with the FREDERICA database, a primary information source for this project [95–97] and in a 
focused article on species radiosensitivity [98]. This allowed the production of a summary of 
the species and endpoints that have been studied in field experiments. 

A collection of relevant life history, ecology parameters and radiation effects datasets for 
animals and plants was eventually produced. A template was developed to accommodate the 
relevant data, and this continued to be updated during both the MODARIA I and II programmes. 
The dataset contains, for example: 300 references for plants e.g. wild grass, and 40 references 
dealing with Pinus (mainly sylvestris); data on salmonids, insects (e.g. Drosophila and bees); 
data on Daphnia and 14 other species from the EC STAR project including nematodes, frogs, 
marine crustaceans (e.g. Homarus gammarus) and many other species. The habitats of the 
different life stages were noted and indicated, with care being taken to avoid unnecessary 
complexity, yet collecting life stage information at the highest life stage resolution that is 
possible to avoid missing opportunities for describing critical life stages. 

The main conclusion of this part of the work was that there are sufficient data to parameterize 
population models for most of the ICRP RAPs, mainly for single age class models but also for 
multiple age class models in some cases, and that the principal sources of information 
are the AnAge curated database for life history data and the FREDERICA database for 
radiosensitivity data. 

3.2.3. Review of population models 

3.2.3.1. Identification of population models 

A literature search for existing population models for each representative species was 
performed in the online databases. Models were selected and listed, along with a description of 
any particular life cycle format used (if present) along with model applications. Population 
models were found for amphibians (frogs); fish (flatfish, trout and salmon); insects (bees) and 
crustaceans (crab and lobsters). Models reviewed belonged to two main categories, namely: 

 
11 https://genomics.senescence.info/species/ 
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 Stage structured or age structured matrix models often including a density dependent 
parameter; or 

 ODE models, i.e. models based on solving a system of ordinary differential equations 
representing the population with time as a continuous variable. 

Most population models have been applied to non-radiological stressors; few models have been 
specifically developed for radiation effects. Population modelling has been introduced in the 
field of radioecology [99–102] and a number of population models have been developed to 
consider the impact of radiation on mortality, fecundity and radiation damage repair [103, 104]. 
The concept has been extended to include age structure, such as the four age groups model for 
the European lobster Homarus gammarus combining reproduction, removal by predation, 
natural death, fishing, ionizing radiation effects and migration [105]. After being identified in 
the initial review, models of this type were further developed and applied in the modelling 
activities performed during the MODARIA II programme. 

A number of population models were identified for vegetation, as well as an overview of models 
for plants, summarized in Refs [106, 107]. This included models for pine tree population 
response to various stressors including climate change. Matrix models have also been used to 
model the number of trees in each stage or age class [108]. In the case of algae (brown seaweed), 
structured matrix models exist for predicting general density dynamics, and also ODE models 
with the population biomass usually expressed as a whole without discriminating between size 
or life history phases. Another study [109] combined the two model types into a model for 
macroalgae which modelled biomass and numerical density of predefined size classes 
simultaneously, as a function of time.  

Finally, a mathematical modelling approach to understand the ecological effect of chronic 
irradiation in a microcosm microbial system was also evaluated [110]. The model is an ODE 
approach, with a variant of the Lotka-Volterra equation. The system consisted of defined 
microorganisms, namely, the free living heterotroph protozoa Tetrahymena thermophila B, the 
autotroph algae Euglena gracilis and the heterotroph bacteria Escherichia coli. This study 
compared different experimental results with model predictions based on acute experimental 
data, leading to a new model for chronic exposure. Through this model, it is possible to explore 
the concept that a real ecosystem is too complex to evaluate the ecological effects of an 
environmental stressor, so a closed experimental ecosystem (microcosm) which is 
self-contained and more simplified, is used in conjunction with a mathematical model of the 
microcosm.  

The main conclusions arising from the several hundred studies identified were that: 

 Very few studies consider recovery after external stress; 
 The models reviewed tended to be based on a limited amount of information, and were 

specific for very particular sets of conditions; 
 Most studies use density independent models with no competition considered;  
 Most models are heavily grounded in basic biology, with information on life history that 

is relatively easy to find.  

3.2.3.2. Sourcing of radiosensitivity information and issues identified 

Participants of WG9 reviewed the basic radiation effects data for population model parameter 
estimation. Key data were obtained, such as LD50/30, LD100, dose producing sterility, life 
shortening at different dose rates, recovery rate after non-lethal acute exposure, percentage of 
reversible damage in tissues and doses producing total depression of immunity. These data were 



 

23 

transformed into the modelling parameters needed to run an ODE radiation repair type of 
population model, set up for two mammal species of different size and lifespan, i.e. mice 
and wolf. 

Modelling studies were identified, whose aim was to test the hypothesis that population 
level endpoints might be more radiosensitive than individual level endpoints for a wider 
range of animal species. Some of these studies have suggested applying population 
models of representative wildlife species to investigate population responses to ionizing 
radiation [111–113]. Expanding on this aspect, as part of the research conducted during STAR, 
population modelling was carried out for aquatic invertebrates exposed to chronic gamma 
radiation [113], using matrix models known as ‘Leslie matrices’ [114]. The model simulations 
appear to support the hypothesis that in some species, the endpoints at population level might 
potentially be more radiosensitive than individual level endpoints (e.g. the response by the 
modelled population was observed to have resulted from simultaneous effects affecting several 
individual level modelled endpoints). 

Another issue raised by this review was that the small number of population models that 
consider radiation do not take important factors like radio adaptation into account, and that 
adaptation effects are not presently included in species sensitivity distributions presently12. 
Overall, the source of information most directly relevant for the work performed during 
MODARIA I was the deliverable report D5.2 of the EC programme STAR [115]. This report 
was particularly useful for the modelling work performed during MODARIA I and II as it 
contained mature examples of both matrix and radiation repair ODE modelling, and thus formed 
the initial basis of much of the subsequent MODARIA I model development work. 

3.2.3.3. Contributions from members of MODARIA I Working Group 9 

MODARIA I WG9 work continued in the direction of the aforesaid investigations with a 
detailed study on population modelling to compare chronic external gamma radiotoxicity 
between individual and population endpoints in four taxonomic groups, covering 12 laboratory 
species (including aquatic and soil invertebrates, fish and terrestrial mammals); thereby 
enabling the transition from individual to species population level effects using Leslie matrices. 
A successful comparison of the radiosensitivity between individual and population endpoints 
was made as well as an examination of how protective the internationally proposed benchmarks 
for environmental radioprotection were against various risks at the population level; this was 
reported in the first major publication from the Working Group [99]. Matrix models combining 
life history and chronic radiotoxicity data derived from laboratory experiments were used to 
simulate changes in population endpoints for a range of dose rates. Model predictions indicate 
that proposed reference benchmarks for different taxonomic groups are protective of all 
simulated species against population extinction, and that the ERICA reference benchmark of 
10 μGy h-1 is adequate as a protection criterion for all simulated species against 10% of the 
effect causing population extinction.  

For vegetation, both a simple working ODE biomass model for grass and a matrix (age 
structured) population model were proposed. The ODE model included vegetation specific 
processes such as seasonal variations in germination, flowering and seed production. A 
comparative analysis of both types of plant model was therefore possible. Spatial coverage of 
the model, competition between grass species and meta populations (distinct patches coupled 
by dispersal) were identified as additional processes that might need to be included in future 
model developments. 

 
12 This was modelled in detail at a later date during the MODARIA II programme. 
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Additional work within WG9 also led to a model being developed with distinct compartments 
for the different individual types of bees (i.e. workers, males and females/queen). This work, in 
addition to the presentation of a mechanistic toxicity study on Daphnia magna [112, 116, 117], 
shows that it is feasible to use the Leslie matrix approach to test benchmarks for individuals in 
order to investigate how populations respond to them, and that this approach allows for the 
incorporation of modes of action and effects; it being possible to fit the DEBTox equation to 
the available data and to easily adapt it to different species. Matrix modelling was also used to 
show that community level interactions might play an important role, and such a model could 
be validated by designing experiments (such as irradiation of beehives) to gain new data based 
on model predictions. On the other hand, the matrix modelling approach has the limitations that 
the models reviewed are density independent, do not include seasonality and they are not really 
designed for forecasts in the long term. 

3.2.3.4. Main conclusions of the population modelling review 

The main conclusions of the population modelling review were that: 

 Both matrix and ODE approaches are applicable for determining the sensitivity of 
different end points to chronic and acute doses of radiation in wildlife populations; 

 Stage based matrix models are more common in the literature;  
 Matrix models can be kept relatively simple, assuming density independence and 

deterministic population dynamics (where vital rates remain constant). 

Consequently, these models can be used to predict exponential population growth or decline, 
determine the age stage distribution throughout the population and the reproductive rates for 
each class.  

Regarding ODE models, several mathematical formulations including the Malthus model, a 
logistic model, a single age fecundity repair model and dual age class radiation effects 
modelling were available [103, 104, 118]. ODE models are amenable to the amalgamation of 
processes in a flexible set of differential equations, which allows testing of process sensitivity 
and the effect of multiple stressors in a broader ecological context within a mathematical 
framework. The potential of the ODE approach as a heuristic tool for conceptual development 
of the approach for radiation dose to populations was therefore highlighted, including its ability 
to combine, in a relatively simple phenomenological approach, the impact of multiple stressors 
on populations. 

3.2.4. Formulation of a mathematical methodology for population modelling 

3.2.4.1. Definition of population for the purposes of population modelling 

The first step in the formulation of a mathematical methodology for population modelling is to 
have a working definition of population for the purposes of modelling. Two complementary 
definitions were proposed within WG9: 

 Population definition 1 (model cohort) from the perspective of dose criteria, the 
population is defined as a group of individuals exposed to the same level of radiation 
stress modelled through an ecological approach to simulate the collective response of a 
group. Population growth rate, carrying capacity and minimum viable population might 
be the targeted endpoints.  

 Population definition 2 (assessment model) based on the operational definition of the 
assessment population in which individuals with common ecological characteristics (as 
defined by the ecological parameters of the population) undergo different exposure 
conditions. 
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At a given dose level, a population can be considered to be protected if, following a continuous 
constant level of dose in the presence of all relevant natural stressors, the total size of the 
different age classes in the population decreases temporarily relative to the control population, 
but eventually tends towards a new stable level. The problem is that communities change due 
to many factors so the impact of radiation in this context is hard to prove unless the problem is 
framed not only in terms of radiation biology but also within an ecological framework.  

Consequently, the modelling problem to be solved is how to deduce the dose rate that induces 
population extinction or (for a matrix model) the reduction in the population growth rate 
parameter ( that causes extinction.  

3.2.4.2. Mathematical model formulation 

Different approaches can be formulated to predict actual wildlife population dynamics under 
the effect of radiation. The simplest of all the sufficiently realistic approaches are: 

 A first order ODE approach based on logistic growth [119, 120] (see Eq. (3));  
 the Leslie matrix approach [121] (see Eq. (4)), which is a discrete population model of 

finite age classes. 

In their simplest conception, both approaches can be described as follows: 

 
ௗ௫

ௗ௧
= 𝑟𝑥 ቀ1 −

௫

௞
ቁ − 𝛼𝑥 (3) 

 𝒙(𝑡 + 1) = (1 − 𝛼)𝑳𝒙(𝑡) (4) 

where: 

x denotes the population density; 
r denotes the intrinsic growth rate per individual which is equal to the reproduction rate of the 
female population multiplied by the fraction of females (y-1);  
 denotes the mortality rate due to the irradiation (y-1) in the logistic model (or the probability 
of death in the matrix model);  
K denotes the carrying capacity;  
x(t) denotes the vector of the population density in each age (x0(t)...xn(t));  
L denotes the life table (matrix).  

It needs to be noted that the matrix model is a discrete time model, whereas the ODE models 
are continuous time models.  

In the Leslie matrix approach, the population is represented as an age structured vector N(t) 
containing the numbers ni(t) of individuals in each age class i at time t, with i the individual age 
ranging from 1 to imax [122]. All existing age classes instantaneously advance one age class at 
discrete, equidistant time intervals . The number of eggs in n1(t) depends on the cumulative 
reproductive investment of individuals in all cohorts over the time interval (t + , t). The 
population at t +  is obtained from the following equation: 

 𝑁(𝑡 + ∆) = 𝐴 × 𝑁(𝑡) (5) 

where: 

A is the transition matrix of size imax. 
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The elements of the matrix, A are the survival rates Pi , or probability that an individual of age 
class i survives to the next age class over the time interval t + , t) arranged on the subdiagonal 
of A; and the fecundity rates Fi for each age class i arranged on the first row of A.  

In the case of continuous variable ODE population models (in which population and time are 
not discrete but continuous variables) a system of ordinary differential equations is to be used, 
as in the following example of dual age class model: 

 
ௗேబ

ௗ௧
= 𝑀଴(𝑡) − 𝑠𝑁଴ − 𝑑଴𝑁଴ + 𝐼଴(𝑡) (6) 

 
ௗேభ

ௗ௧
= 𝑠𝑁଴ − 𝑑ଵ𝑁ଵ + 𝐼ଵ(𝑡) (7) 

where: 

Ni is the abundance at time t (i = 0 for juvenile and 1 for adult);  
M0(t) is the number of offspring generated per unit time;  
s is the growth rate from juvenile to adult;  
di are the intrinsic rates of juvenile or adults loss due to mortality (intrinsic and predation); 
Ii(t) represent immigration for each age group of the population.  

In this ODE model, the interlife stage rate constants are equivalent to the interstage probabilities 
of the Leslie matrix; however, in this case the variables are continuous. 

This linear model assumes ideal resources (food, shelter, temperature and living space) at the 
start of the simulation. As the population grows, however, individuals interfere with each other 
by competing for some critical resource, such as food or living space, as modelled by the logistic 
equation described above.  

MODARIA I WG9 proposed the ‘radiation damages recovery and repair’ ODE approach [104] 
as the viable ODE model to adopt. In this type of model, the population consists of healthy and 
sick individuals, all having a repair mechanism, but in the sick individuals this mechanism is 
impaired (expressed as a reduction of a ‘repair pool’), wherefore some sick individuals can 
become healthy and some will die. At high radiation doses, the repair pool is totally impaired 
and the model therefore allows a seamless transition from chronic to acute effects. Only 
individuals labelled as ‘sick’ can die from radiation exposure, although healthy individuals can 
die of natural causes. Radiation repair is based on the concept of the repairing pool operating at 
a phenomenological rather than molecular level. The repair pool is 100% (expressed in relative 
units) when there is no radiation exposure and it becomes depleted in proportion to dose, 
compensated by a natural self-recovery tendency in the form of a logistic function. The model 
also allows reproductive effects to be considered separately from morbidity and mortality by 
means of a similarly designed ‘fecundity pool’.  

This type of approach has been extensively developed [103–105, 118, 122], tested in an 
intercomparison of population models performed at the end of EMRAS II Working Group 6 
activities [101] and shown to be able to reproduce the effects observed at various doses for fish 
and small mammals reported in the FREDERICA database [122]. 
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3.2.4.3. Example of application: the dual age class ODE population model 

The dual age class model for the simulation of radiation effects in biota was set up for fish and 
small mammals, i.e. mice, during the preceding work carried out during EMRAS II (see Fig. 2). 
The mathematical development, including how the previous equations were generalized to 
various species, exposure situations and age groups, is fully described in the deliverable report 
D5.2 of the EC STAR project [115], which contains mature examples of both matrix and 
radiation repair ODE modelling. During the EMRAS II project, using the dual age class ODE 
model, the following conclusions were obtained:  

 The population survival of short lived species is better than that of long lived animals; 
 Dose rates of about 10-2 Gy d-1 for 5 years produce a significant reduction of large 

mammal populations, while populations of small mammals survive at 80–100% of the 
control; 

 A dose rate of 2 × 10-2 Gy d-1 for 5 years produces a considerable reduction of all 
populations, excepting small mammals, which survived at levels above 70% of the 
control; 

 Higher dose rates result in progressive extinction of the population of all species 
modelled. 

Based on these conclusions, a potential relationship between higher reproduction rates and 
lower radiation effects at population level can be hypothesized, in that the population survival 
of species that have a high reproduction capacity seems to be better.  

3.2.4.4. Conclusions on population models and suggestions for further work 

In conclusion, the work of WG9 enabled the exploration of radiation effects in the models in 
terms of: (i) propagating dose rate response curves from individual to population using 
population matrices; and (ii) demonstrating the radiation induced lethality versus recovery 
approach in continuous ODE models for single and multiple age classes.  

The final outcome of WG9’s work was the formulation of ODE models to simulate population 
response to ionizing radiation in an ecosystem with a limiting resource. The equations for 
biomass growth in a limiting environment were combined with the equations for the repairing 
pool and fecundity autorecovery in the same model.  

For the first time, a method to extract analytical solutions from the model was developed, which 
made it possible to bridge the gap of calibration of chronic effects with acute data or vice versa, 
and which also allows the analytical calculation of thresholds for population extinction for 
different animal species while taking into account the compensatory effect of the environment. 
This model was applied to mice and wolf populations, and it was used to construct a preliminary 
‘radiation exposure population effects’ scale for the two species in order to identify which 
species was vulnerable to chronic radiation exposure at the population level [123]. 

WG9 was able to demonstrate that continuous ODE models and Leslie matrix models are 
equivalent, in the sense that they derive from the same general principles, and that matrix 
models can be deduced as a discretization limit of continuous models. The working group also 
developed an approach to bridge the gap between acute and chronic effects within the context 
of the ODE model. 
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The work performed suggested the need for future investigations to validate and improve the 
predictive ability of different population dose effects models. This included principally the need 
to include ecological effects such as emigration and immigration from the patch occupied by 
the population or, at a later stage, introducing a more detailed age class structure into the 
population models.  

There have been a number of publications prepared as a consequence of the work carried out 
on this topic during MODARIA I, and its continuation during MODARIA II building on the 
work undertaken during EMRAS II. The main work is cited in Refs [99, 101, 102, 104, 105, 
115, 118, 122–124]. Appendix II provides a separate list of all papers published by members of 
the Working Groups on the subject of estimating radiation effects on wildlife.  

3.2.5. Ongoing literature review on data on effects and adaptive response 

Throughout the duration of the project, an ongoing search for the available adaptive response, 
non-targeted effects and historical effect data was conducted. Available data on adaptive and 
hormetic responses in non-human biota databases, and their potential implications for radiation 
protection, were examined through a modelling application within MODARIA II, WG5. 

Environmentally relevant dose rates to wildlife resulting from routine radioactive discharges 
and existing environmental relevant exposure situations are usually low. Effects caused by low 
dose rates in any living organism are complex to interpret, a problem often compounded with 
the fact that radiation effects data derived from field studies of low dose radiation exposure are 
challenging to interpret because such exposure could potentially result in hormetic effects and 
adaptive responses, as well as genomic instability and other effects such as hypersensitivity, 
thought to be adverse. 

Adaptive and hormetic responses may need to be taken into account in a regulatory context. 
Potentially, considering these effects could have an impact on the guidelines and policies used 
for the protection of biota. For example, not considering studies reporting neutral or beneficial 
effects of radiation could lead to a more negative perception of radiation. If radiation effects 
were to produce a positive result, this would mean that the current approach to protection is 
likely to be conservative. However, the matter is far from resolved, i.e. there is an ongoing need 
for more exposure testing, as it is not currently possible to prove conclusively that there is a 
positive response from low levels of radiation exposure in exposed species. The first step to 
take was therefore to carry out a review the available evidence. 

A literature search was performed with the aim of reviewing the data available for adaptive 
responses and hormetic effects at the organism level on biota. In total, 58 research articles were 
found for which most data were on mammals (mice); followed by insects and fish. A database 
of articles was created, in which the articles are cited along with organism name, development 
stage, radionuclide, experiment type, type of effect observed, summary of findings and a 
commentary on the findings. 

An explanation on the current understanding of non-targeted effects of ionizing radiation is 
provided in Ref. [125], and an up to date review including non-human biota considerations is 
provided in Ref. [126]. These show that hormetic effects and adaptive response are not 
considered in species sensitivity distributions, probably because there is still not enough 
information on these types of responses in non-human biota at the levels of radiation exposure 
at which regulation is applied. The majority of the studies identified were published in the last 
15 years, which may indicate that interest in this area is beginning to increase.  
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The main conclusion of this work is that there is excellent research on genomic instability, 
bystander effects and adaptive responses, but the processes controlling these phenomena and 
their link to ionizing radiation in the environment are not yet clearly understood. It is too early 
to incorporate this type of effect into modelling approaches used in an assessment and 
regulatory context. Reviewing and evaluating new data as it emerges in the future is therefore 
important and the follow-up programme to MODARIA II could be an appropriate forum to do 
this. The importance of modelling approaches which include non-targeted effects has been 
highlighted by WG5, by introducing an adaptation in the ODE conceptual model developed for 
field voles in the Chornobyl Red Forest. 

3.3. THE ECOSYSTEM MODELLING APPROACH AND REGULATORY 
IMPLICATIONS (WORK UNDER MODARIA II) 

3.3.1. Introduction and scope 

MODARIA II Working Group 5’s subgroup on effects in non-human biota (WG5 Effects) 
comprised a core of 15 experts with the aim of continuing with the work started during 
MODARIA I. By the end of the MODARIA I programme, preparation for population model 
methodologies and data to analyse the effects of ionizing radiation in non-human biota had been 
completed. The subsequent problem to be addressed during MODARIA II was how to transition 
to practical examples of population models. The specific key questions to be addressed were: 

 How robust are the existing radiation protection benchmarks for exposure to biota 
populations?  

 Can population modelling provide evidence based arguments to defend the radiation 
protection benchmarks for wildlife when they are challenged by stakeholders? 

In order to achieve a focused breakthrough, and given the participant expertise available, it was 
decided to pursue an ODE modelling framework in further investigations, focusing on the 
post-accident situation in Chornobyl and attempting to model the impact of radiation in a 
population of voles from the Red Forest. The WG5 Effects subgroup established the following 
tasks around the modelling effort, which eventually converged in the mathematical formulation 
of a model fully adopting an ecological approach to study the impact of ionizing radiation in 
wildlife: 

 Task 1. Review evidence on historical doses and transgenerational effects: evaluating 
existing data on radiation effects propagation across the generations, and based on data 
available, adapt the ODE population model formulism to account for inherited effects, 
including possible beneficial effects of radiation such as adaptation. 

 Task 2. Model the impact of radiation exposure in a population of voles from the Red 
Forest, considering an ecosystem approach to study the impact of historical exposures on 
population dynamics.  

 Task 3: Review population modelling approaches in the regulation of chemical hazards, 
establishing how population modelling has influenced benchmarks with regards to 
chemicals (i.e. pesticides, metals and organic substances). 

3.3.2. Review of evidence on historical doses and transgenerational effects (Task 1) 

A review of available data was performed on radiation induced inheritable (memory) effects to 
distant progenies of non-human biota in chronic or acute low dose exposures. The main 
objective was to identify scientific reports linking current radiation effects to historic dose rates 
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and to subsequently identify potential issues in relation to the interpretation of benchmarks for 
radiation protection. An additional objective was to identify whether these inheritable effects 
help to explain current controversies in the literature about whether biota are affected at the 
lower levels of dose involved in most planned exposures.  

The effects and mechanisms induced by low dose exposures are increasingly being recognized 
as different to high dose/dose rate effects. They include non-targeted effects (NTE) and so 
called ‘memory’ effects. The mechanisms underlying these effects are not clearly understood 
(even in human radiobiology) although they are well documented in vivo and in vitro. They 
dominate the radiation response at doses below 0.5Gy acute exposure, contributing 90–100% 
of the observed total effect.  

The outcomes of radiation exposure are still controversial. They range (with acceptable 
supporting data) from claims of beneficial hormetic effects and adaptive responses to claims of 
low dose hypersensitivity, bystander effects and genomic instability increasing the relative 
effects of low doses [127, 128]. It is probable that all these outcomes occur and are driven more 
by genetic and lifestyle/environmental factors rather than dose. This does not help those trying 
to reduce uncertainties, but it does support the need to develop community level multistressor 
modelling approaches in order to move forward. 

The present review identified past radiation experiments that could not be carried out today due 
to financial and sometimes more stringent ethical reasons. Therefore, it is important to ensure 
that data from these studies are preserved. Specific studies are cited in the European 
Radiobiological Archives13, which are thereby highlighted as an important information 
resource. Moreover, an article on the quantification of thresholds for lifetime health effects in 
biota was published by the members of the WG5 Effects subgroup [129]. 

The hypothesis was evaluated that effects reported at the current dose rates documented in the 
Chornobyl Exclusion Zone (CEZ) could be due to past acute exposure and subsequent 
transgenerational transfer of genetic damage, i.e. residual from acute exposure, rather than 
current dose rates. This is considered to be an important issue because it has the potential to 
clear controversies about the interpretation of field data present in the current published 
literature [130–136]. These controversies remain open, so there is a need for further evaluation 
to determine whether there are issues with the methodology (e.g. field dosimetry issues or 
confounding factors) or other explanations for the reported effects.  

Two studies were carried out in association with MODARIA II WG5 that attempted to garner 
further evidence on this subject. Through a PhD project set up at McMaster University in 
Canada [137], the yield of mutations in bird populations from the CEZ were compared against 
a new generation of mutation rates from cellular lines using lethal mutation assay, essentially 
assessing radiation effects in the progeny of originally irradiated cells. In effect, this is a historic 
dose reconstruction exercise to the time of the Chornobyl accident. A reasonable assumption 
was made that birds in the area were descendants of those living there during the original 
incident. Results suggest a non-targeted type of effect, since there were no signs of increase in 
effect with increasing dose, but rather a saturated response was seen.  

Additionally, during the project, a dose reconstruction was carried out on the Fukushima 
Daiichi Nuclear Power Plant accident, studying the effects of the initial doses on directly 
exposed species and their progeny at the time where the radionuclides in the environment were 
decaying [138] The authors of the papers proposed that ‘historic acute exposure and its resulting 

 
13 https://era.bfs.de 
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NTEs may be partially involved in the high mortality/abnormality rates seen across generations 
of pale grass blue butterflies (Zizeeria maha) around Fukushima’ [138]. It appears that mortality 
rates of the progeny from irradiated progenitors increased linearly with the increasing historic 
radiation doses. These results are a possible suggestion of NTEs being involved, but continual 
accumulation of mutations over generations in their natural contaminated habitats remains a 
likely contributor to the observed outcome [138]. 

The WG5 Effects subgroup also evaluated reports on radiation effects for situations in which 
there was no direct energy deposition in the cells of organisms, yet chemical or biological 
signals induced a response, including effects through progeny. This issue is currently not 
considered in radiation protection. Genomic instability and whether this can give a higher level 
of effects in progeny is also not factored into models at the current time, yet it could potentially 
help explain laboratory field discrepancies, although whether these impacts are causing 
significant harm and, therefore, whether they need to be taken into account in risk assessments 
has not yet been concluded. Another point of interest is the bystander effect, which has long 
been reported in literature for many decades, and radiation induced genomic instability, which 
allows for possible change in a population that could lead to a form of adaptation.  

The findings and implications of the studies mentioned above are still being considered, so no 
definitive conclusions can be made at this point. The WG5 Effects subgroup therefore proposes 
that this remains an important area of work and that the follow-up IAEA programme to 
MODARIA II would be an appropriate forum to undertake this work.  

A practical modelling study was identified on the subject of adaptive response [139], and this 
found ready application in the modelling of radiation effects in Chornobyl Red Forest vole 
populations conducted under Task 2 (see Section 3.3.3). This study postulates that an increased 
radioresistance phase occurs at intermediary doses of radiation (0.5–1 Gy); following a 
‘priming’ low dose phase that somewhat reduces the overall susceptibility of a cell population. 
The model discussed in Ref. [139] considers both a memory mechanism leading to successful 
repair/adaptation of radiation-damaged organisms and a communication mechanism under 
which a damaged organism can induce another organism to adapt. An adapted organism can 
also induce protection in a healthy organism, but this presumably happens in single cells rather 
than whole animals. 

The overall conclusion from the review of historical effects is that the outcomes of radiation 
exposures are still controversial, but more quantitative information is continuing to become 
available. Recent analysis of the contributions of memory and legacy effects to the total effects 
seen using data sets from Chornobyl and Fukushima (i.e. voles, birds, fruit flies and butterflies), 
suggest that this type of research may help to reduce uncertainties arising from extrapolations 
from laboratory studies to field situations [137, 138]. Given the discrepancy between data from 
measurement in the field and predicted dose effects generated using databases mainly 
containing data from laboratory based experiments from acute exposures, it is important to 
continue reviewing the information, in order to develop meaningful models.  

3.3.3. Modelling the impact of historical exposures on population dynamics (Task 2) 

3.3.3.1. Formulation of the modelling problem 

Population models in the context of the work of WG5 were used as a tool to answer questions 
relevant to regulation (such as how robust the existing benchmarks are for exposure to biota 
populations) but without suggesting that population models are to be used as a new method as 
part of regulatory assessments. This is because the IAEA and other international organizations 
(i.e. ICRP, UNSCEAR, UNEP, IUR, EC, OECD-NEA) convened under the auspices of the 
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Coordination Group on Radiological Protection of the Environment concluded that, particularly 
for planned exposure situations, the reference approach provided by the ICRP is sufficiently 
practical for the assessment and control of the radiological impact related to planned releases 
to the environment. Therefore, notwithstanding the need for more detailed considerations 
regarding populations in certain radiological scenarios, it is not the aim to change the structure 
of the protection system as of now. 

The question of how to bring ecological realism into population models for radiation exposure 
of biota was the first part of the activities carried out by the WG5 Effects subgroup. A 
previously published nutrient phytoplankton zooplankton model [140] was used as an example 
of how to consider balances and imbalances between benchmark species for radiation exposure 
when dealing with the protection of an ecosystem, and to feed into the discussion of what 
constitutes a population for the purposes of modelling. It was observed that in a predator–prey 
system, if the predator is more radiosensitive than the prey, then an indirect effect of the 
radiation exposure is to increase the prey population which could offset the direct impact of 
exposure. This indicates that population level effects are more complex than effects at the level 
of the individual, and that a model ought to therefore contain enough realism to cover the most 
important ecological interactions, especially those that can counterbalance the impact of 
radiation, such as migration and predation, and that populations and not ‘population’ is what is 
present and needs to be protected when looking at the problem.  

The WG5 Effects subgroup tested the impact of the acquired knowledge on ecological 
interactions between species on the radiation protection of an ecosystem by producing a 
demonstration population model for a vole population inhabiting a contaminated patch of the 
CEZ, known as the Red Forest. The scenario involved a realistic dose profile to small mammals 
as a function of time since the beginning of the accident to the present, taking into account the 
decay of short and long lived components of the contamination from the initial high dose rate 
to the present. Ecosystem permeability was considered as a factor, i.e. including spatial 
variability in exposure due to patchy contamination in three adjacent regions, with organisms 
able to migrate with set migration rates between a high exposure inner to a less exposed outer 
region, which in turn is open to animals from neighbouring environments to move into the area.  

It is necessary that the model can make the connection between historical doses and 
transgenerational effects, because any transgenerational effect is, by definition, a consequence 
of a past (historical) dose, so in modelling one cannot really separate the two. As part of this, 
the model may explicitly consider the probability of radiation induced adaptation as a new 
mechanism for the model, because, of all the mechanisms considered in the Task 1 review, this 
was the most amenable to be mathematically conceptualized. The model is an extension of the 
ODE approach previously studied during MODARIA I (Section 3.2.4), and considers 
reproduction (fecundity function) and radiation damage repair mechanisms (repairing pool) as 
a function of dose rate, as well as natural death, in a population comprising of healthy, sick and 
adapted organisms. For the propagation of historical effects, it is necessary to consider that both 
healthy and sick organisms can reproduce such inherited effects and could be represented. 

WG5 developed a population model and took it through an integrated testing in order to 
effectively explore the influence of historical doses on current generations by considering 
radiation exposure, migration, radiation damage and repair and spatial issues at the population 
level. It is expected to be possible in the future to further develop the model through the 
introduction of other non-targeted and hormetic effects beyond the proof of concept 
factorization of adaptation that was carried out here. 



 

34 

3.3.3.2. Model design 

The model that was developed considers three spatial zones, i.e. a contaminated inner region, 
an intermediate partly contaminated zone and a non-contaminated outer zone. Organisms can 
pass between each zone, but will always pass through the intermediate zone. A carrying 
capacity determines how much of the population is able to live in each zone, i.e. what is the 
maximum population density at which further population growth stops according to the 
Verhulst logistic population model [119, 120]. Migration fluxes were assumed to be 
proportional to population density differences between adjacent zones, and to interzonal 
migration rates calculated by means of a stochastic random walk model. Therefore, the model 
calculates overall population movement in a simplified way, since a more realistic and detailed 
treatment would require an individual based model (IBM), which is well beyond the scope of 
the present study. 

The mathematical blueprint of the model for all processes considered is given by the following 
dynamic equations: 
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where: 

Xi, Yi, Wi, Zi are the healthy, sick, radiation adapted and dead individuals at Regions i=1, 
2 and 3; 
Li = Xi + Yi + Wi is the total living population in each region i; 
Fi and Ri are the (dose dependent) fecundity and radiation damage repairing functions; 
DRi is the time dependent dose rate; 
ri is the reproduction rate of the overall population (0.06 days-1);  
di is the natural death rate (combining natural death and predation) of 0.0031 days-1. 

The migration fluxes Mi are given by: 

 𝑀௜ =  ∑ ൬𝜇௝௜
்ೕ

ௌೕ
− 𝜇௜௝

்೔

ௌ೔
൰ଷ

௝ୀଵ + 
଴
௜ଷ  (14) 

where: 

𝜇௜௝ is the migration matrix which has elements dependent on the surface area of the zone, which 
conform to a surface migration rate of 3.7  105 m2 d-1. The term 

଴
௜ଷ with ௜ଷ = 1 if i = 3 and 

0 otherwise signifies that Region 3 is an unlimited source of animals with a flux 
଴
 set to balance 

loss of animals to inner regions. 
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In Eqs (8)–(13), the time dependent carrying capacities Ki of the three regions are given by: 

 
ௗ௄೔

ௗ௧
= 𝐾௜

௠௔௫𝜎௜ ൬1 −
௄೔

௄೔
೘ೌೣ൰ − ௜𝐷𝑅௜ (15) 

where: 

𝛿௜𝐷𝑅௜ is a term representing radiation damages to the ecosystem; 
𝐾௠௔௫

 is the maximum carrying capacity in optimum conditions; 
DRi is the dose rate;  
iandi are the parameters (0.0164 and 0.036 days-1, respectively) which are the rates of 
recovery and damage, respectively, for the understory vegetation that the voles feed upon.  

The main parameters of the radiation damage and repair submodel are as follows:  

 , r and f are parameters for damage to the population, its repairing pool and the 
fecundity (0.11, 0.4 and 0.45 Gy-1, respectively).  

 and r are rate constants for the repairing process and the recovery from non-lethal 
damages (0.2 and 0.21 days-1, respectively).  

 is the lethality rate for radiation damaged individuals that do not recover (0.015 days-1). 
 r is the damaged individuals repair rate (0.032 days-1).  
 p0, p1 are the two coefficients for the saturation function controlling adaptation probability 

in the model described in Ref. [139];  
 is the rate for adapted organisms becoming healthy (0.1, 0.032 Gy-1 and 0.15 day-1, 

respectively).  

Full details of the derivation of the model equations and parameters are given in Ref. [141]. 

3.3.3.3. Modelling results and interpretation 

An illustration of the type of model simulations run during the present study is given in Fig. 3, 
which shows an initial fall of healthy animals in Region 1. At this point, there is limited resource 
available for the voles. Migration from Region 2 into Region 1 takes place, but incoming 
animals soon become sick. Meanwhile, more voles move into Region 1 from Region 3. A peak 
of adapted organisms forms at 100 days. The population tend gradually to a stable level as 
radiation dose decreases. 
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FIG. 3. Model output showing a realistic scenario if response of the field vole population to the 
decreasing contamination present since the initial accident on 26 April 1986 (adapted from Ref. [141]). 

 

The main conclusions of the modelling exercise were as follows: 

 Migration from non-contaminated areas in the early phase of the accident was found to 
be the main driver to restoring the population lost by the impact of high levels of radiation.  

 In a situation such as the Chornobyl Red Forest, newly immigrated individuals became 
sick but the population of healthy voles recovers steadily over a period of about 3 years, 
sustained by immigration. 

 The ability of the wildlife to self-repair the radiation damages recovers more slowly than 
the fecundity pool, leading to the propagation of morbidities.  

 A migration rate of 255 m2 s-1 at 0.035 Gy d-1 acts as a tipping point for population 
survival for the considered scenario.  

 A dose rate of 7–10 Gy d-1 is an additional tipping point for vole morbidity.  
 The model predicts that a source of healthy voles coming from a relatively 

uncontaminated area of 20 km2 can sustain the population as a whole.  
 A tipping point for population survival is encountered when the surface area of the most 

contaminated patch and the total area formed by the three regions exceed a ratio of 1:25. 
 Historical effects of radiation are predicted to occur with a time delay of 1 year or more 

since the highest exposure.  
 However, the impact of adaptation seems minor for voles, but it could be stronger in less 

mobile species where immigration is not such an effective restoring force. 
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 The population level radiation effects predicted by the model are in reasonable agreement 
with previous field observations. However, migration of the voles appears to delay the 
onset of effects appearing at high dose rates by about an order of magnitude. 

 The model suggests that, at least for this case study, benchmark values such as the ICRP 
DCRLs are sufficiently protective at the level of the population, considered in an 
ecological context. 

3.3.4. Chemicals modelling and alternative modelling approaches (Task 3) 

There is an emerging trend in the protection of the environment which considers that the 
demonstration of protection from radioactive substances is integrated into the environmental 
impact assessment alongside the assessment conducted for chemical substances. Consistency 
of approach is a desirable goal for a method for explicitly demonstrating that the environment 
is protected from harmful effects relating both to the presence of radioactive substances and 
chemical substances. The purpose of this task was not to realize this integration, but to examine 
population models applied to the chemical domain in order to establish a point of comparison 
with how far population modelling has gone to assess similar issues in radioecology. 

3.3.4.1. Similarities and differences between the regulation of chemicals and radioactive 
material 

At the outset of this work, it was not certain whether the approaches to the regulation of 
chemicals could be extrapolated or even compared to radiation protection approaches. For 
wildlife species, at the population level, the potential effects of chemical contaminants are 
poorly documented. For risk assessment purpose, therefore, extrapolations are made from the 
observed chemotoxicity in laboratory tests to natural field conditions. Many assumptions and 
uncertainties arising from this extrapolation have to be taken into account. Moreover, the effects 
of chemical contaminants on wildlife species are also poorly documented at the population level 
and this makes it necessary to extrapolate radiotoxicity effects from laboratory tests to natural 
field conditions.  

An increasing number of studies have suggested applying population models of representative 
wildlife species to investigate population responses to toxic contaminants within a chemical 
risk assessment. Examples are available for pesticides [142–146]. One of the objectives of these 
studies was to develop mathematical expressions capable of extrapolating the observed toxic 
effect (as seen in individuals in some experiments) to the population level, in order to test 
whether populations can be more sensitive. This challenge is equivalent to that faced when 
studying the effects of radionuclides, and is addressed in an equivalent way to radionuclides, 
by incorporating precaution in the ERA. Specifically, the European guidance given in 
Ref. [147] recommends dividing the PNEC or PNEDR values derived from individual level 
radiotoxicity data by safety factors. The values for safety factors have a wide range of several 
orders of magnitude, depending on the quality and quantity of toxicity data (i.e. acute or chronic 
tests, number of tested species, number of represented trophic levels). Extrapolating 
environmental risks based on safety factors has been shown in several studies to be a major 
source of uncertainty in ERA, leading to either under or overestimated risks [148]. 

There are substantial differences between ERAs for chemical and for radiological assessments 
(such as a larger number of sources, different modes of action). Hence, the objective of the task 
was limited to answering the questions: ‘Has population modelling been used (and to what 
extent) in setting chemical benchmarks?’, and ‘What are the lessons to be learned in 
radiological benchmark setting?’ For the latter question, a chemical–radiological comparison 
was previously considered by the EC PROTECT project, and ERICA (and PROTECT) used an 
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approach analogous to that for chemicals to set benchmarks for radiation exposure of wildlife. 
Therefore, it was thought that there was much to be learned from the use of population models 
in the regulation of chemicals, for what it represents in terms of consistency of approach with 
the regulation of the impact of ionizing radiation exposure on biota. 

3.3.4.2. Literature review of population models in the regulation of chemicals 

The regulation of chemicals invokes ecosystems or foodwebs as protection goals but protection 
data are largely on individuals, which is similar to the situation for radioactive material. 
Definitions of protection endpoints for exposure to chemicals appear not to have been 
elaborated in fine detail as yet. Most chemical protection goals use the threshold principle, 
based on the most sensitive species. Most regulations require multiple species to be considered 
(although limited to a small number of taxa) but use of population modelling and food web 
modelling is rare. For chemicals, there is usually a reliance on standard tests. Whilst population 
modelling is not legally required in assessments, assessors often consider it as best practice, but 
this does not influence benchmarking. The radiation protection of biota is actually ahead of this 
situation, partly due to the drive to prove safety even when the ecosystem is apparently 
protected. 

The main finding of this task was a review of existing chemical toxicity population models 
[149] which constitutes the key source for which population models are available for chemicals 
risk assessment. This review refers to 150 publications describing 90 models, with some 27 of 
these dealing with ecological processes, with most being for the aquatic environment. About a 
quarter of the models are for the terrestrial environment, with some 81 of the 90 models dealing 
with extrapolation from individual to population. What is needed in models, such as recovery 
processes, is stipulated, and how models fit amongst these criteria is generally well defined. 
The majority of the models are structured population models that take account of different age 
classes of species.  

There have been some initiatives to standardize approaches such as the Marie Curie Initial 
Training Network project CREAM14 (Mechanistic Effect Models for Ecological Risk 
Assessment of Chemicals); the Society of Environmental Toxicology and Chemistry (SETAC) 
(a learned society rather than an initiative to standardize regulatory approaches); the Guidance 
on Plant Protection and the European Centre for Ecotoxicology and Toxicology of Chemicals 
(a consortium of industries that tries to standardize assessment methods at the industry level). 
This includes ecosystem services. The endpoints of models are similar to population models 
used in MODARIA I and II for radiation exposure, namely, growth, mortality within 
population, repairable damages and fecundity. 

3.3.4.3. Types of models and data used in ecotoxicology 

There seems to be a general tendency towards the application of dynamic energy budget (DEB) 
modelling to (eco)toxicological problems (DEBTox modelling). DEB modelling is an approach 
that mathematically follows the energy budget of an individual organism throughout its life 
cycle. The physical state of the organism e.g. age, size and amount of reserves, and its 
environment, e.g. food density and temperature, can be characterized. DEB models of 
individual organisms could be used as a basis for modelling the dynamics of structured 
populations [150]. Applying DEB modelling to ecotoxicology involves linking toxicant 

 
14 https://cream-itn.eu/ 
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concentrations to the effects on life history traits over time, in what is known as a toxicokinetic–
toxicodynamic modelling approach.  

There is abundant information for parameterizing DEBTox, with a particularly relevant 
resource being the ‘Add my Pet’ database15 which is a curated database covering over 1000 
species and is readily available. Some DEBTox models that already have a history of chemicals 
are adapted to deal with radiological exposures in non-human biota [151, 152]. 

A comprehensive description of DEBTox theory is given elsewhere [151, 152]. Here, only the 
application of some specific DEBTox models is briefly presented. The DEBTox model for 
animals has been developed to analyse data from ecotoxicological tests of chemical compounds 
[153, 154]. Although DEBTox models have been successfully applied to ecotoxicology, 
ultimately there are not too many examples when it comes to radionuclides. Applying the 
approach to the case of ionizing radiation implies that a metric is defined for the factor of 
radiological stress [151, 152]. A DEBTox model for the effects of chronic gamma radiation 
exposure in the nematode C. elegans was recently published [155], whereas other studies [116, 
156, 157] have dealt with exposure to depleted uranium.  

DEBTox models can be used to test transgenerational changes in effect severity. As formulated, 
DEBTox modelling has many implications for the interpretation of the links between exposure 
level and molecular responses and between molecular responses and their consequences for the 
organism in question. Work carried out by members of WG5 has proven that DEB models can 
be integrated with bioenergetics models (BEMs); which involve the investigation of energy 
expenditure, losses, gains and efficiencies of transformations in the body. A BEM-type model 
is AQUATRIT [158, 159], which was developed for tritium transfer in aquatic food chains, 
considering both organically bound and dissolved organic tritium.  

A particular subset of models used in ecotoxicology are the IBMs; where individuals are 
modelled and population effects are obtained as emergent properties. Several examples for 
chemical exposure were found in the literature, specifically models for metals and their effects 
for invertebrates, copepods and fish [160, 161]. IBMs capture the dynamics of the populations 
in a realistic way when the environmental parameters are fluctuating. However, this type of 
model is complex and computationally demanding in comparison with the ODE and matrix 
models developed during both the MODARIA I and II programmes, where the key processes 
are captured in a small number of equations that can be solved by a simple iterative integration 
algorithm and, in some cases, an analytical solution can be found.  

Population modelling is not inherently more complex than some of the modelling used in 
assessments (e.g. geological disposal). There is, however, a general issue with complexity of 
models in terms of their transparency and openness and communication of the uncertainties 
built into them. In this regard, an approach that is as practical and simple as possible, involves 
a less substantial investment to foster the acceptance and understanding among stakeholders 
and can then be used as a stable base to add new features (such as impact of stressors) onto that 
base, bridging the gap between science and regulation.  

From the argument presented above, it can be concluded that using one of the established IBMs 
and adding radiation effects might be a good trial approach, in the sense of improving the 
modelling of effects that can be inherited, such as adaptation and transgenerational effects. 
However, it is not suggested that this is rushed until an approach is found that is appropriate, 

 
15 https://www.bio.vu.nl/thb/deb/deblab/add_my_pet/index.html 
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proportional and is robust and fit for purpose. A proof of concept would be a good step and 
could build on the initial development of individually based population modelling for radiation 
exposure estimation as described in Section 2.1.2 above. Such a model would allow individuals 
of different ages coexisting, death due to age to be accounted for individually and differences 
in males and females to be studied, as well as allowing implementation of non-targeted effects 
transmitting between exposed and non-exposed organisms. The next IAEA programme 
following MODARIA could provide an appropriate forum for this work to be carried out. 

An additional activity undertaken during the MODARIA II programme was a visit to the 
University of Gent in Belgium to discuss consistency between the approach in risk assessment 
within the ‘radiological world’ and ecotoxicology, examining to what extent one can use or 
adapt models in (eco)toxicology within the radiological risk assessment. Furthermore, how the 
gap between research on individuals and assessment at population level is closed by modelling 
was investigated, as well as whether there are lessons to be learned in the radiological domain. 
This informed the conclusions outlined below. 

3.3.4.4. Main findings of the ecotoxicology and environmental impact assessment review 

The situation in the field of ecotoxicology and environmental impact assessment (human or 
non-human) is that population models are not routinely used because of their perceived 
complexity and inherent uncertainties. As a result, there is a need to further demonstrate 
whether the ‘simpler’ models are robust and fit for purpose. This fits into a broader general 
mismatch between the speeds at which scientific insights and policy align. The bridging of the 
individual population gap with models is one of the areas where this mismatch is very 
pronounced. Nevertheless, the WG5 Effects subgroup advocates that it is important to continue 
advancing the harmonization of modelling between radioecology and ecotoxicology beyond the 
MODARIA I and II programmes by fostering interaction with relevant networks of expertise, 
for example, by holding joint meetings between chemical and radioecological modellers. One 
such network is the Society of Environmental Toxicology and Chemistry’s (SETAC) 
Mechanistic Models in Chemical Risk Assessment group16.  

Several projects (e.g. as part of the CREAM Network) and workshops have already tried to 
improve the situation and facilitate the necessary understanding, with some success, i.e. a 
substantial part of the work carried out during CREAM has been translated into guidance 
documents for the European Food Safety Agency; notably the guidance for toxicokinetic (TK) 
models. In this regard, it was noted that IAEA programmes such as MODARIA I and II already 
help to improve the process and rate at which science is integrated into regulation and guidance 
in the domain of radiation protection. 

Future initiatives to stimulate the exchange between both radioecological and ecotoxicological 
fields were identified by WG5, and these constitute the basis for the following proposals for 
future development: 

 The facilitation of information exchange, perhaps by way of meetings, to increase the 
contact between experimentalists and modellers of both chemical and radiological fields 
(e.g. European Radioecology ALLIANCE workshops could include a specific session on 
ECOTox models, and SETAC workshops could include a session on radionuclides). Such 
sessions could explore the parallels and differences between both fields, not only on the 
scientific side, but also at the level of users such as regulatory bodies and industry. 

 
16 www.setac.org/group.seigmemorisk 
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 Stimulation of consistency of approach between environmental impact assessment in 
ecotoxicology and in radiation protection at a regulatory level. NORM sites and legacies 
could be a good proof of concept in this regard. Moreover, the EC project RADONORM17 
already includes an initiative to model the impact of ionizing radiation in the context of a 
chemically contaminated NORM site in Belgium, using a mixed toxicity approach framed 
in the context of an ODE population model as a proof of concept investigation.  

 Produce a prototype IBM model in frame of inheritable effects of ionizing radiation and 
compare it with the ODE approaches used during the MODARIA II programme. 

  

 
17 https://www.radonorm.eu/ 
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4. DISCUSSION AND CONCLUSIONS 

4.1. EXPOSURE MODELLING 

Over the last 20 years or so, a number of models and tools to assess the radiological risk to 
wildlife have been developed and some of these are now used worldwide. Through the EMRAS 
and MODARIA programmes, the fitness for purpose of these various models and tools has been 
investigated at length. On the basis of evaluations carried out, a number of the models and tools 
can be proposed for undertaking radiological assessments for wildlife, all of which are freely 
available to users (see Table 1).  

Some of these models are tools which facilitate increasingly complex, tiered (or graded) 
assessments, while others offer increased functionality for specific aspects of the assessment in 
question. Whilst there are many simplifications in these models and large uncertainties with 
respect to radionuclide transfer to organisms, it can be concluded that the commonly used 
models (e.g. the ERICA Tool [32] and RESRAD BIOTA [43]) are generally fit for purpose for 
screening level assessments.  

The area of wildlife radiological assessment continues to develop. For example, as the 
parameters within the underlying databases are improved, new approaches are developed and 
existing models and tools are advanced. For instance, ICRP Publication 136 [77] presents dose 
coefficients derived using an updated methodology that includes a new approach to assessing 
the external exposure of terrestrial animals, an extended set of environmental sources of 
radionuclides in soil and in air, as well as an assessment specific consideration of the 
contribution of radioactive progeny to the dose coefficient of parent radionuclides.  

The forthcoming IAEA approach18 for the assessment of the impact of radioactive discharges 
to the environment adopts this revised ICRP methodology for estimating dose coefficients, 
includes exposure pathways not in the existing screening level models (e.g. land irrigation, 
application of sewage sludge to land) and includes interception of aerially released 
radionuclides by vegetation surfaces [162]. 

In addition to those mentioned above, other novel approaches to estimating the transfer of 
radionuclides in the environment are being investigated and developed [85, 163, 164]. 

Continued work in this field has been identified to support the sharing of new knowledge and 
approaches, further model testing and intercomparisons, and the provision of training for IAEA 
Member States (many of whom have only just started to adapt to revised international 
recommendations to ensure that wildlife is protected from releases of radioactivity into the 
environment).  

Furthermore, a number of the exercises carried out during the EMRAS and MODARIA 
programmes have demonstrated the potential contribution of ‘assessor uncertainty’ as a 
contributor to total assessment uncertainty [59, 60, 165]. 

4.2.  POPULATION MODELLING AND EFFECTS 

Work carried out on population modelling and effects shows that it is necessary to maintain a 
stakeholder dialogue on factors influencing wildlife population responses to radiation exposure 
in the environment and how this affects the validity of the benchmarks used in risk assessments 
for radiation protection. Evaluating the problem within the context of a population model that 

 
18 The new approach is under development and will replace that used in Ref. [76]. 
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combines radiological impact with an ecological approach is a viable tool to inform this 
stakeholder dialogue. With the modelling developed within the MODARIA programmes, it is 
already possible to do this, but further validation in real field cases is needed. Hence, at present, 
use of these models in regulatory assessments is not being considered. 

Model validation using field data is challenging, due to insufficient long term studies on the 
response of wildlife to chronic radiation exposure in the presence of ecological factors. 
Experimental studies using laboratory ecosystems (mesocosms) can provide the necessary 
knowledge to test and validate the population models. It is also necessary to continue reviewing 
the evidence for radiation effects including non-targeted effects and adaptation from the level 
of individuals to populations, reaching a synthesis of the information, in order to develop 
meaningful model systems for demonstrating the protection of wildlife living in contaminated 
ecosystems. 

Adaptation of biota to chronic exposure to ionizing radiation involves a more detailed 
consideration in future modelling investigations than has been done previously [141]. This is 
because phenomena like adaptation may be occurring and involve changes in various biological 
processes, and the importance these processes have for a wildlife population in a spatially 
heterogeneous and slowly declining dose profile is not wholly clear. The dose scenario 
investigated here is an existing exposure situation, whereas most of the models in use are being 
applied in the context of planned exposure situations and therefore there is a need to expand the 
work to such exposure scenarios. It is also necessary to seek knowledge on adaptation 
probability for multicellular animals, given that most of the existing evidence is for laboratory 
cell cultures. Moreover, what role these factors may play when considering the appropriateness 
of the benchmarks used in risk assessments still needs to be established. 

The reliability of population model predictions depends on the availability of life history 
information and of robust datasets on biological effects (i.e. morbidity, reproduction and 
mortality). For chronic lifetime exposures of long lived organisms to radiation, such data are 
rather limited and extrapolation from acute to chronic effects is fraught with uncertainties. 
Consequently there is an ongoing need to critically evaluate this information, as has been done 
during both MODARIA I and II [129]. 

The population models developed so far [99, 101, 102, 111, 115, 122, 141, 166] need to undergo 
continual improvement to increase ecological realism, because some of the concerns voiced by 
stakeholders are about indirect effects. The following areas have therefore been identified for 
further study: 

 Consideration of a more complex connectivity pattern between regions with different 
levels of contamination; 

 Improvement of the representation of habitat restoration in the equations for carrying 
capacity; 

 Inclusion of the differentiation of the sexes (i.e. sex ratio, different home ranges/mobility 
and behaviour of males and females);  

 Incorporation of the Lotka-Volterra predator prey equations [100, 167] in order to better 
consider ecosystem level effects, given that the death rate is a strong function of predation 
pressure. 

However, it needs to be borne in mind that these developments would tend to cause loss of 
generality in the model, making it more case specific. 
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The Chornobyl Field Vole case study [141] clearly demonstrates that morbidity effects in a 
population are the earliest signs of radiation damage and that a decrease in average population 
size can be a significant effect at higher doses but also that migration from an uncontaminated 
area can counteract extinction in such a situations. These results can be used to illustrate that 
tipping points in terms of dose rate for population survival are higher than the current 
benchmarks set for the protection of the environment, which seem therefore to be fit for 
purpose. However, it is necessary to widen the exercise to include additional scenarios and case 
studies covering different exposure situations, in order to confirm this conclusion. This requires 
formulating scenarios with different dose rates and basic population parameters (and if possible 
different but complementary modelling approaches); in order to underpin discussions with 
stakeholders on what kinds of scenarios and species are more sensitive.  

Amongst the set of population recovery strategies considered, migration appears to be the most 
effective, so this is a key factor to follow up in an assessment, and as part of it, field data on 
animal mobility would appear to be an important part of an ecological impact assessment. An 
additional factor is the spatial extent of the contamination, in the sense that if a population is 
spread over a heterogeneously contaminated zone, there is a point in which the most exposed 
organisms are sufficiently numerous to be able to consider that the overall population is at risk. 
It is also clear that if large and/or long lived wildlife are within an assessment, this could be an 
important factor to consider, because the bigger the size and longevity of an animal implies 
higher population vulnerability in chronic exposures. 

Within both MODARIA I and II, ODE and matrix model approaches were developed, tested 
and applied successfully to investigate whether current benchmarks are fit for purpose in 
demonstrating protection at the level of the population. However, the range of case studies has 
been somewhat limited and other modelling approaches (e.g. DEBTox) are being used in 
chemicals risk assessment; hence, testing of benchmarks need to be continued under different 
scenarios in order to understand whether different modelling approaches provide consistent 
results. The same is true for individual based modelling, since these approaches have proven 
successful in ecotoxicology. 

Effects studies indicating non-targeted effects, genomic instability, hormesis and 
transgenerational effects as being possible factors for the induction of radiation effects in 
populations are still being reviewed at the current time, and it is important to maintain an 
ongoing search for new evidence which is critically evaluated because this could potentially 
help to explain the controversies between some field studies. 

Stimulation of consistency of approach between environmental impact assessment in 
ecotoxicology and in radiation protection needs to be addressed. NORM and other legacy sites 
could provide opportunities to explore this because they have a mix of radioactive and chemical 
contamination. A mixed toxicity approach framed within the context of an ODE population 
model could be the first step in a proof of concept investigation.  

Future initiatives to stimulate the exchange between both radioecological and ecotoxicological 
ERA fields would be beneficial. Specifically, advantage needs to be taken of opportunities 
presented at meetings to share and discuss the approaches being developed for risk assessments 
for chemicals and for radioactive material, allowing for cross pollination of concepts. 
Consistency of approach needs to be a goal in producing technical and guidance documents as 
required by the United Nations Environment Programme. 

The above conclusions have now been incorporated in a journal article discussing the modelling 
approach for the assessment of radiological impact on populations of wildlife [168]. 
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