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Executive Summary

This report describes in details the basic con¢cegtsds and data treatment for the population
modeling approaches that have been implementedr WWée5 dedicated to “ecologically-
relevant low doses effects to non-human speciepadsof Task 5.1 devoted to the derivation
of population-level protection criteria. Two modgi approaches are presented for
extrapolating radiation dose effects from individu® populations of non-human biota.

< The first approach, developed as part of the SpAdyramme, is inspired from methods
which are increasingly used in ecotoxicology to radd population effects of chemical
contaminants. The approach applies Leslie matchkrtigues to the case of chronic external
gamma irradiation on a range of wildlife specieasddl on effect data available in the
FREDERICA database and interpreted as dose rgienss curves. Considered species cover
14 species representing four taxonomic groups (agwand soil invertebrates, fish and
terrestrial mammals). The strength of the methodsisuitability to integrate outcomes of
DEBToxapplications that will be conducted under Task &3consequences for population
dynamics (limited to the few experimentally tesspecies).

< The second approach evolves from a model spétjfidaveloped to address radiation
effects at the population level in the Europearsieband generalised to some mammalian
species during the IAEA programme EMRAS Il from 9a0 2011. The model, based on a
set of differential equations describing a simptifilife history (with two life stages) with
logistic functions for reproduction and mortalitydaa radiation repair mechanism, is reported
in this deliverable with its application to fishcamouse.

Results of simulations are compared and discusseerlying the following conclusions:

(i) Population consequences vary depending on impandigidual endpoints and life
history characteristics of exposed species;

(i) Populations can be more radiosensitive than the sesitive individual endpoint, as
a result of combined slight effects on severahiitilial endpoints;

(i) The scarcity of data for acute and chronic expostten makes it necessary to rely on
highly speculative extrapolation®.¢. among species, acute to chronic exposures,
among radiation types). This point underlines teechto improve our understanding
of the mechanisms underlying radiation toxicity, arder to make better use and
interpretation of all the available effect data.

(iv) One major limit of the present approaches residéisair incapacity to integrate all the
molecular, cellular or histological damages desatim exposed organisms. This limit
is the cause for one main discrepancy between popoilevel results and those based
on the most sensitive individual endpoints takiegaoaint of all sub-individual levels
of biological organisation.

Future directions include analysing effects usingchanistic concepts in order to make the
best possible use of all available data and defirddequate threshold levels assumed to
protect species and/or taxonomic groups accordainiéir life history characteristics.
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1. Scope and background

During the last decade, successive EC-funded psojgach as FASSET (Williams
2004), ERICA (Larsson 2008) and PROTECT (Howetdl 2010), conceived, applied and
promoted methods for ecological risk assessmerdgxtomine whether the environment is
protected from ionising radiation. The so-calledIER tiered approach was proposed in
accordance with those developed for chemicals. $5&3g the degree of environmental
protection from radiation requires the evaluatibrexposure in relation to effects. One major
task of successively ERICA and PROTECT was to é@eeieological protection benchmarks
for radioactive substances, intended to reflecteatration levels or dose rates assumed to be
“safe” and used to screen out exposure scenarine etological concern. These benchmarks
were derived on the basis of current knowledge frtime FREDERICA database

(www.frederica-online.org Copplestone et al., 2008), which compiles acutd ahronic

effects of ionising radiation on four umbrella endys (i.e. mortality, reproduction, mutation
and morbidity) in 16 wildlife groups. A preliminargnalysis was performed to critically
screen available raw effect data from experimerdadlotoxicity tests against a number of
quality criteria and build dose rate-effect relaships to quantify non-human biota responses
to chronic external gamma irradiation exposure.s€heelationships yielded estimates of
critical chronic radiotoxicity values, expressedEd3Ry, (dose rate values giving 10% effect
in comparison with a control), for each wildlifeespes and endpoints (including survival,
reproduction and age at maturity etc.). An estinadtethe Hazardous Dose Rate at which
maximum 5% of species are affected at a 10% eftaal (HDRs) was then obtained by
fitting a Species Sensitivity Distribution (SSD) the set of lowest estimatdfDRyo per
species. An Assessment Factor (AF) of 2, determfoddwing a multi-criteria weight of

evidence approach, was finally applied to the HDRIlue to derive an ecosystem-level
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Predicted No-Effect Dose Rate of 10 uGy tGarnier-Laplace et al., 2008; 2010) in
accordance with the generic value proposed by ERIB&esford et al. 2007; Brown et al.
2008).

An SSD approach usingDRyy adopted two main implicit assumptions that: 1)
radiotoxicity at the individual level can be didgctcompared between different species and
between different endpoints, and 2) any selectatlviolual-level endpoint is directly
indicative of effects on population. The secondnpakelates to the recognized need of
increasing ecological relevancy by considering aiglevels of biological organisation such
as populations, communities and ecosystems intlmgical risk assessment (De Mott et al.,
2005). Like in ecological risk assessment for clwamicontaminants, one of the most
important challenges in radioecology is to extrapmkoxic effects observed on organisms to
higher levels of biological organisation (populagp communities...) to avoid inaccurate
ecological risk estimates. Effects at the individigzel have, in fact, been shown to have
variable predicted consequences on populationsndémee on which endpoint was affected
and on life history characteristics of the expospécies (Stark et al., 2004; Raimondo et al.,
2006). Life history encompasses a multitude otdraihich define life cycles of speciesd.,
survival, time to maturity, fecundity, number oforeductive events, life-span). Addressing
consequences of ionising radiation at the populalevel therefore requires modeling
approaches which integrate both individual-baseskdesponse relationships and life history
characteristics of the considered species.

In this context, this report describes two modelapproaches for estimating radiation
dose effects to populations of non-human biota. fiise approach, developed as part of the
STAR programme, is inspired from methods whichiaceeasingly used in ecotoxicology to

address population effects of chemical contaminahite approach applies Leslie matrix
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techniques to the case of chronic external gamnadiation on a range of wildlife species,
based on effect data available in the FREDERICAalade and interpreted as dose rate
response curves. The second approach evolves franmodel specifically developed to
address radiation effects at the population lemethie European lobster and generalised to
some mammalian species during the IAEA programmd& BBl Il from 2009 to 2011 (Vives

i batlle et al., in press). The model, based oretao$ differential equations describing a
simplified life history with logistic growth funatinh and a radiation repair mechanism, is

reported in this deliverable with its applicati@nfish and mouse.

2. Overview of the methods for estimating population fects
for animals and plants

2.1. Background

The ERICA and PROTECT methodologies have proposedjeneric screening
benchmark of 10 uGyhat the ecosystem level, with expectation thateédmdiest effects are
observed no less than one order of magnitude alibige level. Case studies have
demonstrated that the application of such generneesing value to all organism types may
raise problems, as the most exposed organism figehthay not necessarily be the organism
most at risk (Beresfor@t al 2009). Garnier-Laplace et al. (2010) have disaligbat it is
desirable to have screening values for as manyaeteorganism groups as justifiable
(probably at the family or class level). Respongesadiation exposure are highly variable
depending on the biological species. For exampie, 30% lethal dose (LRBozg varies
greatly from ~ 18 Gy for simple unicellular organisms to ~ 1 Gy flarge mammals

(Bytwerk 2006; Garnier-Laplace et al. 2004; Gantiaplace et al. 2006; UNSCEAR 2008).
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Similarly, chronic EDR, values are spread over 6 orders of magnitude (&araplace et
al., 2010).

In order to assess species protection at the piopulkevel rather than at the individual
level, population dynamics of generic species umdataminant/radiation exposure has to be
modeled. Many examples of population models existhe literature, such as population
matrices or logistic approaches, both of which Hasen applied in an ecotoxicology context
(Chandler et al. 2004; Doi et al. 2005). Other apphes adopt a system of first-order
differential equations with self-limiting growth @arding to the logistic equation (Verhulst
1838, 1845). The effect of radiation can be incoapexd into a population model and there are
many ways to deal with this. The simplest is tauass that the mortality rate is proportional
to the dose rate. More sophisticated models incthdeeffect of radiation on reproduction.
Other advanced models consider a variable effecadiition in the range from chronic to
acute exposures, as the natural radiation damagkamisms of the body are depleted and the
balance between ‘healthy’ and 'damaged’ organiseesrhes altered (Kryshev et al. 2006;
Kryshev et al. 2008). Finally, more sophisticatpgraaches (both dynamic and mechanistic
in their concept) that include the effect of raiaton the dynamic energy budgets of living
organisms (DEBTox model) have also been succegsfaiteloped to deal with effect data on
depleted uranium chemotoxicity (Massarin et al. @@011). The strength of this approach
was found in its adequacy to be combined with keshatrices in order to extrapolate
consequences of toxic effects for population dymar{Biron et al., 2012).

The two approaches presented in this report haes Iseiccessfully used to model
observed radiation effects (mortality, fecundityglategree of organism damage) over a range
of generic non-human biota, by considering: 1)dbgon of chronic radiation on life history

traits and their combined consequence for the @ and; 2) a simplified population
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approach based on modeling of a self-repairing ttancmechanism that most organisms

have.

2.2. Combining individual dose-response curves using Leslie
matrices

In the STAR programme, a different modeling apphoa@as developed to estimate
critical radiotoxicity values, nameBDR; (Effective Dose Rates yieldingo effect compared
to control) for the individual net reproductivee®&, (hnumber of offspring per individual over
a lifetime) and the asymptotic population growtkera (dimensionless). The method uses
population matrix models such as Leslie matricesslje, 1945; Caswell, 2001). In the past
decades, matrix population models have been inagigsused in ecotoxicology for
investigating the dynamics of stage- or age- stmect populations under exposure to a toxic
compound with various effects on life history tsaisurvival and reproduction).

Leslie matrices allow instantaneous projection ofamism performances to the
population level by combining dose rate respondatiomships established for various
individual endpoints and life stages as availahlehe FREDERICA database with data on
species life cycles collected from the literatufée method was initially applied to three
invertebrate species (Lance et al., 2012) for wisigfiicient primary effect data on chronic
radiotoxicity was available. In the present repdhie method is generalized to other
representative wildlife species for which some vaitg¢ chronic effects are described,
including soil invertebrates, fish and terrestrrmaBmmals. For each of the 14 species
considered, sensitivity oRy and 4 to reduction in fecundity, survival and delay in
reproduction is analysed to identify the individuahdpoints which have the greatest
influence. TheEDR estimated in each species are compared betweendivelual and the

population levels and their suitability as ecol@djiz relevant protection criteria is discussed.
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2.2.1. Why matrix population models?

In the Leslie matrix approach, the population igresented as an age-structured vector

N(t) containing the numbers;(t) of individuals in each age classat timet, with i the

individual age ranging from 1 tig,ax All existing age classes instantaneously advanees on

age class at discrete, equidistant time interdalBhe number of eggs inl(t) depends on the
cumulative reproductive investment of individuaisail cohorts over the time interval« 4,
t). The population at + 4 is obtained from the equatitN‘(t +A): Al N(t), whereA is the

transition matrix of axX imax IN @ Leslie matrix, the elements of the makiare:

- the survival rate®; (the probability that an individual of age clasirvives to the next age

class over the time the time interval 4, t) arranged on the subdiagonal/of

- the fecundity rateB; for each age classarranged on the first row &{

The model can predict the steady-state, or stalgje,structure to which the population
tends asymptotically and where it grows at a katthe asymptotic population growth rate.
The mathematical and computational convenience aifixnpopulation models brings many
advantages including the possibility:

- to represent mathematically the population strgctira biological species and the growth
of the population using a relatively simple updataigorithm operating over discrete time
intervals.

- to combine observed effects on different endpahtde individual level (including among
several life stages, several generations, severlabrts with different sensitivities to
toxicant or different locations and exposure leyelsd extrapolate their consequences to
the population level (Task 5.1), on a relativeipgie mathematical platform that does not

require complex numerical integration methods teresolution;
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- to identify key life history traits (and endpointir the population through sensitivity
analyses (Task 5.1);
- to integrate outcomes of mechanistic approachds asi©EBtox (Task 5.3), including in a
multi-contaminant context (connection to WP 4).
Matrix population models provide a common modeleqgproach for addressing the

different objectives in STAR WP4 and WP5.

2.2.2. Main demographic endpoints

Depending on model assumptions, various populatizaracteristics can be obtained

from mathematical outcomes of a Leslie matrix. Safidem are given in Table 1.

2.2.3. Sensitivity analyses

Sensitivity analyses examine how population endgpiand particularly the asymptotic
population growth ratd, change in relation to vital rates. The sensitiat any population
endpoint to change in any entycan easily be calculated.

If some factoix affects any of the entrieg of the transition matrix, the total derivative

of A can be approximated by:

In ecotoxicology, the factor can refer to an exposure level, such as the ctratiem of
a chemotoxic compound or a dose rate due to amadide. Total sensitivity off can be
decomposed into several contributions: for examga@sitivity to changes in fecundity rates
and sensitivity to changes in survival rates. Hemncatrix population models can be used to
identify which endpoint among survival, longevitfecundity and age at maturity for

example, has the most critical influence on popaagjrowth for a given species.
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Table 1. Calculated population endpoints using mair population models.

Name, symbol

Mathematical calculation

Further commats

Asymptotic population
growth ratep

Dominant eigenvalue of the
transition matrix A

-if 2 > 1, population grows on the
long-term.

- if 1 < 1, population tends toward
extinction.

Stable age distributiony

Right eigenvector of A
associated to

e.g. the contribution of each age class
to population size

Reproductive valuey,

Left eigenvector of A
associated td

e.g. the contribution of each age class
to population growth

wherel; is the probability to survive

Individual net reproductive =Y f i-1
rate,Ry R Z‘ B until agei : |, = I_l S,
]:
when a distribution of values is
Probability of extinction P(<1) calculated for a considered exposure

scenario

Time to extinction,T,

lapse time required for a population
with 4 < 1 to decline fronN(to) to a
target fractions of N(to)

with Ay andAy the transition
matrices of the control and
exposed populations.

lapse time required for an exposed
population (withl > 1) to grow from

N(to) to a target siz&l(t) compared to
the unexposed control

Relative changes in

. . Ky
carrying capamtyT

0

with K, andKy the asymptotic
sizes of the control and
exposed populations.

only in density-dependent
populations
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2.2.4. Population response to ionising radiation

Toxicity is widely known to alter different life Higry traits of organisms at different life
stages, suggesting that the population responsa toxicant depend on the combined
responses of every affected endpoint and life stAgpressing matrix entries as functions of
exposure concentration or dose rate is particuladyf adapted to evaluate more precisely
how exposure to radionuclides influences populatipmamics. The model simply writes:

N(t+1)= A [N(t)
with A, the exposure-dependent transition matrix.

Exposure-response relationships can be used torlatkix entries;(x) to any exposure
conditionx and extrapolate population growth ratas a function ok. Responses to toxicity
are expressed as reduction coefficients, whichyajgpéach impaired vital rate (Fig. 1). Such
dose rate-response relationships are available ttenFREDERICA database, including
polynomial, log-logistic, Probit or Weibull modeladditional relationships can be fitted

based on newly acquired experimental data. Alliked@e given in Part 3.

2.3. A dual age-class model associated with radiotoxic effects
assumptions

The second method based on the logistic approadivezl/from a recent study for the
European lobster (Vives i Batlle et al., 2010), dddpo a population formed of two age-
classes including an independent fecundity funci@om low-density 'Allee’ effect. The
approach uses a system of continuous (in respesnej, non-linear differential equations to
describe the population behavior at any point nmeti Its specific purpose was to develop a
model capable of predicting dynamic long-term efeaf chronic exposures on a simplified,

dual age class population structure. The logistidehavas recently used to run an inter-
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Fig. 1. Extrapolation approach proposed for predicing population-level response

using dose rate-effect relationships derived frdmougic toxicity data (experiments or FREDERICA
database) and age-structured population matrixe(bas demographic data from the literature).

comparison benchmark scenario “Population resptémsehronic radiation exposure” with
generic population models of seven mammalian spetnethis study, life history parameters
for mouse, hare/rabbit, wolf/wild dog and deer wdedined using the Animal Ageing and
Longevity Database (AnAge 2012) as reported in ¥ivBatlle et al. (in press).

The effect of radiation in the continuous modelapresented as acting upon repairable
radiation damage, reproduction effects and lethahage (mortality). This is incorporated as
the repairing function®& for young and adult, an approach that follows jmes work to
evaluate cell survival to radiation exposures tected endpoints (Laurie et al., 1972; Kappos
and Pohlit, 1972), attempting to extrapolate ihigher levels of organization. The parameters

for the radiation model are described elsewhergdev et al. 2006, 2008; Vives i Batlle et
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al., 2010, in press). The full description of thed®mlp extracted from a recent publication

(Vives i Batlle, in press), is given in Part 4.

2.4. Species selection

2.4.1. Species addressed with the Leslie matrices

The approach based on Leslie matrices aims to camtimonic effects of gamma
radiation found in the FREDERICA database for différendpoints. The database covers
chronic effects at the individual and sub-indivitieaels including 1) morbidity, 2) mortality,

3) reproductive capacity and 4) mutations. Gendiiochemical or histological damages
cannot be used directly in the extrapolation frawdividual effects to population dynamics.
The primary/main focus is therefore given to speéieswvhich at least one chronic gamma
effect on survival, fecundity or hatching is debed. The selected species cover several
taxonomic groups including aquatic and soil inverages (i.e. mollusks, annelids and
arthropods) as well as fish and terrestrial mamnfatsne additional species for which no
relevant chronic effect data were available ar® aluded in the study (i.d.umbricus
terrestris Rattus norvegicusind Sus scrofp The earthworni. terrestriswas included to
explore how the difference in life history charaisttics compared to a closely related species
(i.e. Eisenia fetida influence population responses, assuming the samdévidual
radiosensitivity with respect to reproduction endpm For the two mammalian speciés. (
norvegicusand S. scrofa for which only genetic, biochemical or histologicdamages are
described, effects on survival and fecundity aedmted from extrapolations as described in

paragraph 2.6.2.
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2.4.2. Species addressed with the dual age class model

The logistic model with radiation repair mechanisntyancluded species of freshwater
fish and mice, which are the ones for which the FERICA database has relevant data. Life
history parameters for the freshwater fish spectessidered (common grass and silver carp,
loach, tilapia, Siberian roach, goldfish and pikere averaged to create a single model for
generic freshwater fish. It is of course diffictdtinclude additional species due to the scarcity
of effects information in databases such as FREDBRI@ost of which is of the form “no
effect observed” or “minor/some/major” loss of fadity, survival or healthy individuals,

without giving numerical information.

2.4.3. ICRP “Reference Animals and Plants”

Considering the huge diversity of living organisntss impossible to consider all species
of flora and fauna as part of an environmental ichpasessment, and to enhance consistency
with the existing radioprotection system for humiaeings. In this context, ICRP has
promoted the concept of “Reference Animals and tB1afRAP). a RAP “is defined as a
hypothetical entity, with the assumed basic charetics of a specific type of animal or
plant, as described to the generality of the tartndevel of Family, with precisely defined
anatomical, physiological, and life-history propestthat can be used for the purposes of
relating exposure to dose, and dose to effectghartype of living organism”. This limited
set of pre-defined reference organisms is compogd@ species: deer, rat, duck, frog, trout,
flatfish, bee, crab, earthworm, pine tree, wildsgtaand brown seaweed. These RAPs are
documented in terms of dosimetric models to coneggosure to radionuclides into dose
(rate), life history traits and qualitative dosaté) — response relationships.

The methods we propose in this deliverable are egipke to any of these RAPs provided

that dose rate — response relationships can beematically processed on the basis of
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existing effects data and/or that assumptionsri@rispecies extrapolation can be reasonably

adopted.

2.4.4. Vascular plants, phytoplankton, bivalves

Several taxa have not yet been modeled, but arerwwhsideration for future model
development. These will extend the range of lifetdms types and phylogenetic groups
considered and further test the applicability af thodeling approach. Candidate species for
future model development include the following spsc
e Lemna minor: Initially, a population model fotemna minorDriever et al. 2005) has been
tested to analyse uranium effects on growth. Modatlifications are considered by adopting
different functional responses for reproductiorerand mortality to test its suitability for

analysing effects of chronic gamma exposure.

e Poa annua: At present cold tests are performed to evaluagelith cycle of a grasf0a
annua under greenhouse conditions. Tests are set ugetd and how we can influence life
cycle seed-to-seed in field is 6 weeks; under dreese conditions 12 weeks). Once set up is
optimized, gamma exposure experiments will be ésteddl to assess growth related
parameters and reproduction (time to reproductirmmimber of viable seeds, post-radiation

growth). These can then be used as input data feoination modeling.

e Marine bivalves (Mytilus edulis and Crassostrea gigas) are under consideration as
candidates for future model development. Marinealves are ecologically important, are
abundant in coastal areas, and are often consugnbdrbans. Their life histories provide an
interesting comparison with the previously modesgabcies and good life history data is
available. Adults are either hermaphrodit@rgssostrea giggsor unisexual Mytilus eduli3.

After fertilization, large numbers of offspring ahrough different pelagic larval stages over
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the course of several weeks, before settling dh@substrate and metamorphosing into small
sessile juveniles. Juvenile stage varies widelwbeh species according life history strategies
and environmental conditions such as temperataocg availability and substrate availability.
Age at maturity varies is usually one to a few gedlost bivalves can in principle live for
decades, but early mortality, especially duringldrgal stage, is high. Irradiation effect data
is less readily available. Extrapolation and/or ctampentary experiments will need to be

carefully considered.

* Phytoplankton forms the base of the majority of aquatic food svahd is thus interesting
to consider from an ecological perspective. In toldj most have a relatively simple life
cycle, dominated by vegetative reproduction, thosgkual reproduction and resting stages
may also occur. Preliminary data searches havelfthat most irradiation effects data are
presented for cultures rather than individual ¢eligl thus dose rate response curves are

established at the population level, without furthepulation modeling required.

2.5. Collecting information on species life history parameters

2.5.1. Life history parameters for the Leslie matrices

Life history data for aquatic and soil invertebgatnd one fish species (i.e. Medaka)
were obtained from the literature and served asbdss for estimating average parameter
values to be used in the Leslie Matrix models desgy the control populations. In order to
limit the variability due to differences in expeemtal conditions among studies, we
considered only values measured under optimal teatyre and light conditions. Parameters
for aquatic invertebrates, soil invertebrates aneddka are given in Tables 2, 3, and 4,
respectively. Parameters for which only one studg awvailable are reported without standard

deviation.
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In fish (except Medaka) and terrestrial mammal$yesfor life history parameters in the
Leslie matrices are derived from online databaseduding the Animal Ageing and

Longevity Database (AnAge 2012itp://genomics.senescence.info/spefiesid Fishbase

(www.fishbase.orly Parameters are given in Tables 4 and 5.

2.5.2. Inferring life history parameters for the dual atgss model

The logistic differential equations model with repserves to illustrate well the problem
of inferring life traits from physiological paranees. The primary characteristic physiological
information for the species are taken from the AeAgatabase (AnAge 2012) and other

online resources such as Arkiveww.Arkive.org and the Fishbasevivw.fishbase.orlj as

described previously (Vives i Batlle, in press). &ihknowledge is scarce or limited (e.qg.
missing data for some critical life stage of thgasism development) it is necessary to carry
out various interpolations and extrapolations teecalata gaps in life history parameters. The
method used to cover these data gaps where daéztiginot available on reproduction rate,
growth rate, natural mortality rates in the envimemt under the effect of predation or
organism sizes are fully described in Part 4, ajgsoting a previous publication (Vives i

Batlle, in press).

2.5.3. Dealing with gaps of knowledge

It is recognized that there is a significant uraiatl concerning the results of the many
studies performed to assess the response of widl@ions to radiation. The main issues and
limitations identified in these previous studiedieh can aid their evaluation for application
to radiological assessment, relate to extrapolatmuglel predictions to natural populations.
This is because population dynamics depend on mamyoemental factors such as the

presence of limiting resources, fluctuating troplmnditions and temperature, predation

[STAR] 21
(D-N°:5.2) —Life history traits radiosensitivity and populatiorodeling
Dissemination levelPU
Date of issue of this repoi®1/07/2012



pressure, density-dependence and exposure to esxtirtoxicants, among others. Another
factor often not well understood is interactionsoag species in a community-level context
(Wilson et al. 2009). Those limitations have bearendly discussed by Garnier-Laplace et al.
(2012), underlying the discrepancy between laboyato controlled conditions in ecotoxicity

tests and chronic field exposure conditions inGhernobyl Exclusion Zone data.

2.6. Collecting information on species radiosensitivity

2.6.1. Chronic dose rate response curves for Leslie nestric

For the Leslie matrices, dose response curves ttemFREDERICA database were
selected and only included effects on survivalufetity and hatching, as already mentioned
in paragraph 2.4.1. There were few species for whithhe chronic radiation effect data
needed for the population dynamic modeling was gmigsand therefore a number of
assumptions and extrapolations had to be perfoasedescribed in the next paragraph. The
original references from which raw data were caodldc the FREDERICA database dose
response curve identification number, and the tfpextrapolations (if needed) are specified

in Table 6.

2.6.2. Extrapolation rules

When knowledge on chronic data was scarce or ewvereristent in a species, effects
were estimated using extrapolations rules. Scieatif grounded extrapolations were
proposed in the case of chemicals, such as, fampbea transformations based on species
sensitivity distributions establishing acute toartic ratios for different substances (Duboudin
et al., 2004). Such meta-analysis has never bdeawad in the case of ionising radiation and

would require a considerable amount of work. Simgd&apolations rules were employed at
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this preliminary stage to overcome the problem wofested individual endpoints in some
species, although we are aware that these repre@sesdkness in our approach.
 Extrapolation among life stages (within the samepecies):

Effects of gamma radiation on survival during orfe Btage (juvenile or adult) or one age
class were considered to be representative of titieeejuvenile and adult stages. This
assumption might underestimate toxicity becaustcally sensitive life stages might exist
although their radiosensitivity has not been ingaséd. In egg carrying species, such as
Porcellio scabersurvival rates of eggs were considered equdldbdf the adult.
 Extrapolation from acute to chronic exposure (withn the same species):

Effect on survival inNeanthes arenaceodentatBisenia fetida Lumbricus terrestrisand
effects on hatching and fecundity @ryzias latipeswere only examined after acute short-
term irradiation. An extrapolation from acute taamic exposures was performed assuming
that an equal effect level results from chronic ldase rate as from acute irradiation,
depending only on the cumulated dose. With resjpeatiult mortality, this assumption might
be conservative because most data would suggestidisa protraction increases the shD
value due to compensating repair mechanisms ankhcepent of killed cells through
proliferation of survivors, which can take placd@at dose rates (UNSCEAR, 2008). On the
other hand, exposure of critically sensitive lifeages, for which there are less data,
complicate the extrapolation from acute to chrexposures (ECRR, 2010).

 Extrapolation among taxonomically close species:

Radiosensitivity in one species was considerecetoepresentative of another species in few

taxonomically close cases only (within a same sdégifamily or genius), namely:
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- Chronic effects on hatching and fecundity: frdme ted wornEisenia fetidato the common
earthworm Lumbricus terrestris two species of the Lumbricidae family (Annelids,
Oligochaetes);

- Acute effects on survival: from the common pilbedlouse toArmadillium vulgareto the
common rough woodlousePorcellio scaber two species of the oniscid suborder
(Crustaceans, Isopods);

- Acute effects on survival: from the mosquitofi@ambusia affinigo the guppyPoecilia
reticulata, two fish species of the poeciliid family (TeleqsEyprinodontiformes);

- Acute effects on survival and chronic effects fecundity: from the Chinook salmon
Oncorhynchus tshawytscha the rainbow trouOncorhynchus mykisswo fish species of the
salmonid family (Teleosts, Salmoniformes).

e Extrapolation among radiation types:

No effect of chronic or acute gamma radiation orvisal was available for the earthworm
terrestrisand for the rainbow troncorhynchus mykis#n these cases, chronic survival was
extrapolated from acute exposure to X-rays respagtin Oncorhynchus tshawytsclaadL.
terrestris

e Extrapolation based on allometry (among mammal spzes):

In terrestrial mammals, chronic radiosensitivity | history traits was particularly well
described in the moudglus musculusStudies were much scarcer in larger species, with
chronic dose response curves available only farodgtion in the goaCapra hircusand for
mortality jn the dogCanis familiaris To overcome knowledge gaps, allometric relatigoshi
were established so as to estimate parameter® ohigsing dose response curves. This was

achieved after survival was expressed on the samgeunit in different species. By analogy
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to the approach proposed by Bytwerk (2006), pararaét of dose rate response curves
(EDRsp or slope parameter) were expressed as functiobsdyf mas$:

o=ammP

This extrapolation was also applied to two additisecies for which no relevant chronic

effect data were available (ilRattus norvegicuandSus scrofa

2.6.3. Inferring 30-day lethal dose for the dual age classlel

Although the fundamental mechanisms that causatiadidamage apply similarly to all
species, responses to radiation exposure are elirewariable depending on type of
radiation, the intensity of the exposure (acuteswerchronic), biological endpoint (mortality,
morbidity or reproduction), life stage and, abollespecies. The 50% lethal dose, that is, the
dose of radiation expected to cause death to 5fepenf an exposed population within 30
days (LDsos30 varies greatly among wildlife, from ~ 1@y for simple unicellular organisms
to ~ 1 Gy for large mammals. This highlights theheigradiation sensitivity of organisms
having a larger level of biological organizationaf@ier-Laplace et al. 2004; Bytwerk 2006;
Garnier-Laplace et al. 2006; UNSCEAR 2008), not tention individual variability within
the same family (Tsyusko et al. 2011).

In light of the above, gaps of knowledge across waithin species are difficult to
address. For this reason, it is always recommendedse experimentally-derived 50%
lethality effect doses for the juvenile and addlthee species under consideration, as done for
most of the considered species in the dual-ages alasdel. When there are no direct
experimental values available, a method was devigethferring LD so/30 from allometric
relationships. This method uses the mass-depentlentedric equation based on Bytwerk

(2006) and Highley and Bytwerk (2007):
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a=""2 _ 00961 m(kg)*?"

50
This work compiled Ly3 values for acute exposure in covering many phglathe adult of
each species. Authors stated that this allomegtationship only applies to the adult members
of each species. For offspring, if no experimedtth is available, a value at least as low as
that for the adult is used to avoid an underestonaif radiosensitivity.

A challenge of the approach is that dgfy values have long been known to be dependent
on test conditions such as dose rate and exposun&tiah. The exact relationship is
inadequately understood, though the 50% lethal dokieely to be higher when spreading the
exposure over longer times (Bytwerk 2006). This msethat, in practice, calibrating the
model with allometrically-derived LE3 is likely to result in a conservative estimatioin o

threshold values at which effects on mortality samder chronic exposure.

2.6.4. Validation of the model with fish effect data frahre EPIC study

In order to provide validation data for radiatioffieets in adult fish, we consulted the
effect data on chronic radiation in fish from thelERtudy ( Sazykina and Kryshev 2003).
These data have already been used to calibrate gle-sige population model for fish
(Kryshev et al. 2008). The EPIC study also incluedsrmation on dose-effect relationships
for salmon and pike eggs (Kryshev and Sazykina PpQ@¥feviously used in modeling
(Kryshev et al. 2006). The assembled comparisonseates established in these two
publications, which also give a point of compariseith a previous, single age class

population model (Kryshev et al. 2006; 2008).
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3. Combining dose rate-response curves using Leslie tiaes

3.1. Mathematical formulation

3.1.1. Modeling life history

Time units are expressed in weeks, months or yegpendling on species longevities.
Three different life stages, namely the egg, theeile and the adult stages, were defined
over the species life cycles (Fig. 2), consideagg at hatchingy, age at maturityy (e.g. at
first reproduction) and species longevityx (in time units). Survival ratel; (per time unit) at

agei were calculated in the different life stages as:

Egg stage Juvenile stage Adult stage
@Pl : : PIH .PIM .F>iM+1 .Pimax-1 @ imax
! F; Fi Fi
1 |M+l Imax'l Imax
! — J
= Y
! 1
! 1
0 0 0 Fig+1 Fina-l  Fimax
P 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0
A 0 0 Pi, 0 0 0 0 0 0
- 0 0 0 0 0 0 0 0
0 0 0 0 Pi, 0 0 0 0
0 0 0 0 0 Pi,+1 0 0 0
0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 Pi,wx-1 =0

Fig 2. Life cycle graph and associated Leslie makiA

with egg, juvenile and adult stages. Ages expressaaeeks withiy at hatchingjy at first
reproduction, andh.x the species lifespan amyl the survival rate (proportion of survival per
week) and~; the fecundity rate (number of offspring per weiekdge class (Caswell, 2001).
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P =(H)Yi

in the egg stage (e.g. with<li < iyy) with H the proportion of hatching eggs;

R= (Sobs)]/tObS

in the juvenile and adult stages (e.g. Wit i <iy andiy <i <imax respectively), withSps
the proportion of survivors after a periaghs (specific of each life stage if available or
common to the juvenile and adult stages otherwisdjviduals of agemnax were assumed to

die of old age, s&} _ =0.

In fish and mammals, age-specific survival rates @tained based on the Gompertz
function (Finch, 1990; Strehler, 1999) which is simplest, most widely used method to

describe the increase in mortality rakdg(per time unit) with agein vertebrates:

R =1-M; =1- IMR[2MRDT

with IMR the initial mortality rate (per time unit) at maty and MRDT the mortality rate
doubling time (in time unit).
Reproduction occurred only in the adult stage. Rdity rates at age(average eggs per

adult per time unit) were calculated as:

Fi=pPrK
wherepr is the proportion of reproducing adults, a@Rdis the reproduction rate (eggs per

reproducing adult per time unit).

3.1.2. Modeling individualR, and populatiori

Population dynamics were studied using Leslie roas¢ri(Caswell, 2001). Each matrix
model described a theoretical age-structured ptipunlaassuming a closed system with no

immigration or emigration, no seasonal change nvigal and fecundity rates, no density-
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dependence, no competition, parasitism or predapoessure. Leslie matrices were
constructed with a number of age classes and tteps gi.e. in weeks, months or years) in
accordance with species longevities (Fig. 2). A&sample, Leslie matrices f@. diadema

N. arenaceodentatandP. heterostrophavere constructed with 15, 31 and 22 one week age
classes respectively. Leslie matrices were usedltulate the asymptotic population growth
rate A as the dominant eigenvalue of the matrix (CaswadiQl). Values ofd provided
information regarding population sustainabilidypelow 1 indicating a long-term decline in
population size ultimately leading to extinction.eThet reproductive rati&, were calculated

as an integrated index of individual reproductiverfprmance allowing comparisons of

sensitivity between the individual and the popolatievels:

i-1

| j=

i-1
where I_l Pj is the probability to survive until age andF; andP; are the age specific
J:

fecundity and survival rates respectively. Matramputations were performed using the

software MATLAB (MathWorks, Inc).

3.1.3. Sensitivity of individual B and populatioii to changes in individual endpoints

Sensitivity of populationd and individualRy to reduction in fecundity, reduction in
survival and delay in reproduction were examinedalirspecies. To do so, effext(ranging
from 0 to 100% compared to the control) was appitefécundity rate§; or survival rate$;
as follows:

1) x % decrease if; in all age classes;
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2) (X)J/ZiM % decrease i; in all age classes so as to obtefiti decrease in survival aften2
(with iy the age at first reproduction);
3) a delaydin reproduction ok % relative tdy, obtained by shifting fecundity rates so that:
Fiss=Fi

In the semelparous species (the marine polychidet@enaceodentatand the fishO.
mykis$ in which death occurred straight after reproduttidelaying reproduction led to
increasing age class number in the Leslie matrixgereas delay in reproduction did not

change age class numbers in the iteroparous spédtes the effect was appliedl,(x) and
Ro(x) were calculated as above and reductions &amdR, were expressed as percent relative

to the valuesl (0) andRy(0) in the control population.

3.1.4. Effects of external gamma radiations

Dose rate-effect relationships in each species weseribed with log-logistic or Brain-
Cousens models (Garnier-Laplace et al., 2008; 2840)effective dose rat&DR, causingx
=10, 20 or 50% effect on hatching, fecundity anc/isal were calculated. Effects of gamma
radiation were combined and propagated to the dipul level using Leslie matrices. To do

so, effects on hatching, fecundity and surviva dbse ratelr, x4 (ar), = (dr) and Xg (ar)
respectively, were applied uniformly to the surVimad fecundity rates? (0) and F; (0) in

the control matrices assuming that: 1) reductiomatching applied to survival in the egg
stage; 2) reduction in survival after a titgg applied to the juvenile or adult stage (specific 0
each life stage if data is available or commonht juvenile and adult stages otherwise); 3)

reduction in fecundity applied to the adult stafeus:
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R (dr)=R(©0)txy (@)™ with 1<i<iy
R (er)= R O)dxs (@) with iy <i<iv o i i <ina
F; (dr) = F (0) kg (dr) with iy <i<imax

with R (dr) and F; (dr) the survival and fecundity rates in age claasa dose ratér. Effects

on survival time were translated to effects on salvrates assuming that survival time

represented the time required to reduce a popul#&id 0% of its initial sizg,e..

=
tdr 1o

xg(dr)=(0.2)
with to andty, the survival times in the control and at the dagedr respectively.

Values of A(dr) and Ry(dr) were calculated as explained above and expressed a
percent reduction relative to the conti{0) and Ry(0) for dr ranging from 0 to 10uGy H".

Effective dose rate®,-EDR( and A-EDR; causingx= 10, 20 or 50% effect oRy, and A
respectively and extinction dose ratBx{EDR causing the extinction of the populatiohg

1) were calculated.

3.1.5. Building and propagating uncertainty

Uncertainty and confidence intervals (95%) wereltbusing a parametric bootstrap
method. To do so, datasets were simulated for eadpoent and species by randomly
sampling residual values from a normal distributiSampling was achieved within a range
from -3oto 30, whereg was the standard deviation of observed residgass/oid extreme
values while exploring 99% of the distribution. As# rate response curve was adjusted to
each sampled data set and the procedure was répgeatdtain 10,000 parameter sets for
each endpoint (hatching, fecundity and survivalpm$times, the parameter estimation

process apparently failed to converge, leadingorrant parameter values. Such cases were
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not included in the analysis. Bootstrap and fittimgre performed using the R software (R

Development Core Team, 2010) with tire andboot packages (Ritz & Streibig, 2005).
Uncertainty was propagated:

e To the population level.In each species, we randomly combined dose respomyes

using Leslie matrices to obtain 10,000 responseesuof A(dr) and Ry(dr) over the range

of dose rates.

e Among mammal speciesRandomly pairing dose rate response curves betteemouse
and the goat for fecundity and between the mousk the dog for survival allowed
establishing 10,000 allometric relationships witbdp mass and estimate 10,000 new

parameter sets (EDR50 and slope parameter) foddii@anal mammalian species.

3.1.6. Lowest significant effects

This point aimed to estimate dose rate thresholdeeéiter referred to d&%-lo0EDR and
A-loEDR) above whichR,(dr) and A(dr) became significantly lower than their respective
control valuesRy(0) and A(0). To achieve this estimation, the 10,000 responseesuof
Ro(dr) were used to calculate 5,000 random value&Ry(dr) = Ry(dr)- Ry(0) (with Ry(0)
and Ro(dr) based on independent parameter s&s)JOEDR was defined as the dose rate
where the frequency OARO(dr)>O in this distribution went below = 0.05. Other target
frequency values were testdd=(0.01 and 0.001). The same approach was condwitethe
10,000 response curves dfdr) to estimatel-loEDR Values ofRy-loEDR and A-loEDR
were approached by dichotomy (to a precision 625 pGy H). Confidence intervals (95%)
were constructed by randomly pairify or A response curves to build n = 2500 or 5000

distributions of ARy (dr) and AA(dr).
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3.2. Life history parameters

Considered species, for which data on chronic &ffet external irradiation on survival
of main life stagesi.e. eggs, juveniles and adults) and on fecundity vet@lable in the

FREDERICA databas@cluded the following species covering four taxemo groups.

3.2.1. Aquatic invertebrates

Aquatic invertebrates (Table 2) were representedwmy marine polychaete®yeanthes
arenaceodentataand Ophryotrocha diadema and a freshwater gastropod?hysa
heterestrophaThe polychaetebl. arenaceodentatandO. diademaare important members
of benthic marine communities and one of the migod resources for fish and crustaceans
(Akesson, 1983). The gastropBd heterostrophdsyn.P. acutaandintegra) lives and feeds
in the water columne(g, on sediments, stones, macrophytes) and mighthbentost
widespread freshwater gastropod in the world (Dikb al., 2002).

Further life cycle specificities are given below:

1) N. arenaceodentatégs a unisexual polychaete with a sex ratio of 50%e species is
semelparous and short-lived because females dre after reproduction (Pesch et al., 1991).
Prepro IS determined by the proportion of males and fesaistablishing pairs between 11 and
14 weeks of age (88%) and the proportion of paioslpcing fertilized eggs (86%) (Oshida et
al., 1981; Pesch et al., 1991; Moore and Dillor93Harrison and Anderson, 1994; Bridges
et al., 1996).

2) O. diademais an iteroparous hermaphroditic polychaete. Feityiis age-dependent, with
reproductive output reaching maximum (30-40 eggy Yaour weeks after maturity.
Cocoons are released at intervals of about 3 days am average lifetime total of 14 + 1
cocoons and 313 + 15 eggs produced per adult (Akes983; Premolli and Sella, 1995;

Knowles and Greenwood, 1994; 1997; Sella and Lay@000).
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Table 2. Life-history parameters for aquatic inverebrates.

Data from the literature are reported as meanggdstrd deviation when available). Age-specific

values depend on agéweek).

Neanthes Ophryotrocha Physa
arenaceodentata diadema heterostropha
% hatchingH 546 +2.5 75.0+£1.2 90.4+2.0
Age (weeks)
Hatchingiy 3
Maturity iy 14 7
Lifespanimax 15 (death after 31 22
reproduction)
Survival rates
P (week’)
Egg 0.82+0.01 0.87 £0.01 0.90 +£0.02
Juvenile 0.96 +0.01 0.97 £0.01 i<4:0.75+£0.01
i=4:0.92+0.01
i>4:0.93+0.01
Adult 0.96 +0.01 0.97+0.01 0.93+0.01
declining by 0.03 per
week fori > 13
% reproducing 38 95 91
adultspr
Reproduction 330+6 increasing varying
ratesk (eggs from30+1(=6) from27+£3(=9)
week) to 60 +3(=9) to 165 + 7 (= 15)
declining by 10% per 21 + 3 fori > 15
week fori > 12
References Oshida et al., 1981; Pesch Akesson, 1983; Premolli & De Witt, 1967; Ravera,

etal., 1991; Moore &
Dillon, 1993; Harrison &
Anderson, 1994; Bridges
etal., 1996

Sella, 1995; Knowles &
Greenwood, 1994; 1997;
Sella & Lorenzi, 2000;
Lorenzi et al., 2006

1967; Cooley & Miller,
1971; Cooley, 1973; Fujita
& Egami, 1984;

Wethington & Dillon,
1997; Monsutti-Grecescu,
1998; Jarne et al., 2000;
Henry, 2002; Escobar et
al., 2008; Auld & Relyea,
2010
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3) P. heterostrophais a hermaphroditic gastropod which preferentiathytcrosses

(Wethington and Dillon, 1997, Jarne et al., 200)e species lays egg capsules, typically
containing a few ten eggs (Jarne et al.,, 2000; ¥eR002). Fecundity is age-dependent
reaching maximum between 8 and 15 weeks of ag&\(ltle 1967; Ravera, 1967; Cooley and
Miller, 1971; Cooley, 1973; Fujita and Egami, 1984onsutti-Grecescu, 1998; Henry, 2002;

Auld and Relyea, 2010).

3.2.2. Soil invertebrates

Soil invertebrates (Table 3) were represented bytemestrial oligochaetes belonging to
the earthworm family Lumbricida&, fetidaandL. terrestris,and the common woodloude,
scaber (Latreille 1804), which is a terrestrial crustace&arthworms contribute to soll
formation and maintenance of soil structure antlifgrand increase the nutrient availability
for plants and other organisms (Edwards, 2004). Et®y constitute a major food source for
many soil and terrestrial invertebrate and vertebspecies. The woodlouge scaberhas a
key role in the organic matter decomposition inssgiemos et al., 2010). The life cycle
characteristics described below are mainly obtaiinech experiments performed at ~20, 15
and 15-20 °C foE. fetidg L. terrestris andP. scabeyrespectively.

1) E. fetidais an epigeic earthworm species which typicaledi in compost or manure
heaps. It is one of the most frequent used speacistandard soil toxicity testing (OECD,
2004; Spurgeon et al., 2003) due to the ease wiibhnit can be obtained and experimented
upon, its high reproductive capacity and short-d¢yele. E. fetidais a hermaphrodite
characterized by reciprocal crossover fertilizati@luzeau et al., 1992). At constant
temperature (~20°C), it will be a continuous breg@educing from 2 to 5 cocoons per worm
per week. The hatchability of cocoons is generaigh(90-100%) (e.g. Heckmann et al.,

2011; Hertel-Aas et al., 2007, 2011) and an avecageound 3 hatchlings emerge per cocoon
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Table 3. Life-history parameters for soil invertebrates.

Parameters at optimal temperatures of 20-25 °E&fdetidaand 10-15 °C foL. terrestris(reviewed
by Lowe and Butt, 2007). Data from the literature eeported as mean (+ standard deviation when
available). Age-specific values depend on iagmaonth).

Eisenia fetida Lumbricusterrestris Porcellio scaber
% hatchingH 96 71 79
Age (months)
Hatchingiy 1 3 1
Maturity iy 3 7 13
Lifespanimax 20 31 30
Survival rates
P (month")
Egg 0.96 0.892 0.79
Juvenile 0.985 0.988 i <4:0.8426
i >4:0.9828
Adult 0.899 0.968 0.9388
% reproducing 100 100 50
adultspr (hermaphroditic) (hermaphroditic) (unisexual)
Reproduction increasing increasing 1* reproductive period
ratesR (eggs from 24.1 (= 4) from1.2 { = 8) 10.1 (= 14)
montH") to 28.8 (i < 17) 1.8(=9) 2.4 (=15)
declining fori > 17 t02.9 (10 = 20) 22 g z igg
21.6 {=18) declining by 2% per '
10.1 {=19) month fori > 20 Non productive period
0.7 ( = 20) to 0.55 (= 31) (18<i<26)
2" reproductive period
20.3 (= 27)
5.1 ( =28)
15.2 { =29)
10.1 { = 30)
References Hertel-Aas et al. 2007;  Svendsen et al., 2005; Butt, Sutton et al., 1984;
Hertel-Aas et al.2011; 1993; Butt et al., 1994  Warburg et., 1984; Donker
Spurgeon & Hopkin, 1996; et al., 1993a,b; Whitington
Michon, 1954 cited in et al., 1993; Van
Gates, 1972; Venter & Brummelen et al., 1996;
Reinecke, 1988 Zimmer & Topp, 1997,

Zimmer, 2002; Kolar et al.,
2008; Lemos et al., 2009,
2010;
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(e.g. Edwards and Bohlen, 1996; Hertel-Aas et 8D,722011). The embryonic development
takes from 3 to 4 weeks and the juveniles reachathdt stage 7 to 12 weeks after hatching
(Edwards and Bohlen, 1996; Hertel-Aas et al., 2@¥11; OECD, 2004; Spurgeon and
Hopkin, 1996). The average and maximum life expextahave been reported to be
approximately 21 months (Michon, 1954 sited in Gg@ates, 1972) and 54 to 60 months
(Herlant-Meewis, 1967 sited in Gates 1972), respeigt

2) L. terrestrisis an anecic earthworm which occurs in pasture lahere it lives in deep
vertical burrows within the soil (Edwards and Bohld®96). It is considered as a more
ecologically relevant species than fetidaand the reproductive capacity is much lower.
terrestris is also a reciprocal hermaphrodite and it produapgroximately 0.5 to 0.75
cocoons per week (Butt et al., 1992; Svendsen.eR@05). The hatchability of cocoons is
lower than forE. fetidg varying from 56 to 84 % (Butt, 1993; Butt et 41994; Daniel., 1992;
Svendsen et al., 2005). The embryonic developmetd far at least 13 weeks and only one
hatchling emerge from each cocoon. It reaches $exaturity after approximately 5 months,
and a median adult survival time of 21.5 monthsbeen estimated (Svendsen et al 2005).

3) P. scaberis unisexual and the sex ratio in the field iswthbthroughout the year (Donker
et al.,, 1993a). They have distinct reproductive queiand females will probably have two
broods during their lifetim. After fertilizationhé eggs are stored in the brood pouch for 26 to
30 days (Lemos et al., 2010; Whitington et al.,3)9@nd the newly hatched mancae (larvae)
is kept there for several days after which theyrakeased from the female (Whitington et al.,
1993). The number of embryos in the brood dependb®gize of the female with an average
of around 20 mancae delivered following one pregggonker et al., 1993b; Lemos et al.,
2010; Zimmer and Topp, 1997). The juveniles becomealy matured after approximately

one year and the maximum life-span was reportdx t80 months (Sutton et al., 1984).
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3.2.3. Fish

Fish (Table 4) are represented by two freshwateciepethe Japanese meddbeyzias
latipes and the guppyPoecilia reticulata and a freshwater salmonid, the rainbow trout
Oncorhynchus mykisgeplaced in future modeling developments by thenGok salmon
Oncorhynchus tshawytschas more effect data are available for this spgciEsh are
important members of the aquatic communities, asttophic level consumers (herbivorous
or planktivorous species) or higher trophic leveddators (piscivorous species). Life cycle

specificities are given belowvivw.fishbase.or}

1) Rainbow trout and steelhead trout are freshwagsident and ocean-going forms of the
same salmonid speci€ncorhynchus mykis#ative to tributaries of the North Pacific Asia
and America, the species has been introduced tooatinents. Like salmon, steelheads are
anadromous: they return to their original freshwdit@tching ground to spawn after two to
three years at sea (fecundity of 3000 to 5000 edd® species is capable of iteroparity if it
can return to the ocean after spawning and hasslevy ageing, with a maximum recorded
life-span of 11 years. High mortality in streams ladso been reported, suggesting that the
species may be considered as semelparous (altibagteroparous reproduction could also
be taken into account).

2) Japanese medak@ryzias latipesnative of freshwaters and brackish waters of Bas,

is a widely used organism in biological investigas because of its high fecundity, small
adult size, and ease of husbandry. Every few dagmales spawn a cluster of 15-20
externally fertilized eggs attached to the femaddote deposition onto vegetation or the
bottom. A mean proportion of hatching eggs of 7382 been reported, with egg development
of 10 days and species longevity of 347 to 485 days

3) The guppyPoecilia reticulatais native of the Amazonian area and has beenduated to
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Table 4. Life-history parameters for fish.

Data from the literature are reported as meanggdstrd deviation when available). Age-specific
values depend on agémonth).

Oryzas latipes Poecilia reticulata Oncorhynchus mykiss

75 n.a. n.d.

% hatchingH (ovoviviparous)

Age (months)

Hatchingiy 0.5 0 1
(ovoviviparous)

Maturity iy 4.5 2.6 34

Lifespanimax 20 28 35

(death after
reproduction)

Survival rates

P (month")
Early life 0.84 0.9 0.77
stages 0.95 0.95
Initial 0.1 0.7 0.9
mortality rate
(year')
Mortality rate 0.2 0.4 2
doubling time
(year)
% reproducing 50 50 50
adultspr (unisexual) (unisexual) (unisexual)

Reproduction

10 broods month

1 brood montt

1 spawning trip

ratesR 45 eggs per brood 30 eggs per brood 5000 eggs

(offspring _ _ _ _ _ v _
Je R=175(=5) R=21{=3) R =5000 { = 35)

year) R =350 ( > 5) R=30(>4)

References Man and Hodgkiss Animal Aging and Longevity Database

(1981); Egami (1971); http://genomics.senescence.info/species/
Balon (1990); Howard
et al. (1998); Teather et
al. (2000); Davis et al.
(2002); Dhillon & Fox
(2004); lwamatsu
(2004); Leaf et al.

(2011)

FishBase Database
http://www.fishbase.org
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many countries on all continents, as one of thetipogular freshwater aquarium species. It is
a small member of the Cyprinodontiformes, with magevity of 2 years and like all other
members of the Poeciliid family is ovoviviparou®(live-bearing). Males possess a modified
tubular anal fin, thgonopodiumused to inseminate female guppies. The gestagnagis

on average of 28 days, varying with water tempeeatBroods are on average of 28 free
swimming fry which reach maturity within three wuf months. After giving birth, the

female is ready for mating within only a few hours.

3.2.4. Terrestrial mammals

Terrestrial mammals (Tables 5-1&2) are representetioymuroid rodents, the house
mouseMus musculusaand the brown raRattus norvegicysand three larger species, the
domestic dogCanis familiaris the domestic godapra hircusand wild boarSus scrofalLife

cycles are detailed below (AnAge databdmtn://genomics.senescence.info/spegies/

1) The house mouddus musculusives mainly associated with humans as a wild ahifka

the laboratory mouse, the species is one of the mygsortant model organisms in biology
and medicine research. Breeding occurs throughmuye¢ar (however, animals living in the
wild do not reproduce in the colder months, eveugh they do not hibernate). The gestation
period is about 19-21 days. One female can haweetfivlO litters per year, of six to eight
young, so the mice population can increase vergkiyuiMales reach sexual maturity at about
six weeks and females at about eight weeks, bt ¢ert breed as early as five weeks. House
mice usually live under a year in the wild, dueatbigh level of predation and exposure to
harsh environments. In captivity, however, thegoflive two to three years.

2) The brown rat (street rat, Norwegian ®gttus norvegicuss one of the largest muroids.
This rodent has spread to all continents, makinigeitmost successful mammal on the planet

after humans. Indeed, with rare exceptions, thewvbroat lives wherever humans live,
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particularly in urban areaf. norvegicushas also become the laboratory rat, an important

model organism in biological research. As a truenimore, the brown rat consumes almost

anything, with cereals forming a substantial pairtite diet. The brown rat can breed

throughout the year if conditions are suitablehvatfemale producing up to five litters a year.

The gestation period is only 21 days, and littensiber seven young on average. Rats reach

sexual maturity in about five weeks. The maximure Bpan is up to three years, although

Table 5-1. Life-history parameters for terrestrial mammals.

Data from the literature are reported as mean gadsird deviation
when available). Age-specific values depend on iagmonth, = 4

weeks).
Mus musculus Rattus norvegicus
Mass (g) 20.5 300
Age (months)
Maturity iy 14 3.25
First birth 2 4
Gestation time 0.6 0.75
Lifespanimax 28 38
Survival rates
Initial 0.01 0.002
mortality rate
(year")
Mortality rate 0.3 0.3
doubling time
(year)
% reproducing 50 50
adultspr (unisexual) (unisexual)
Reproduction 5.4 litters yeat 3.7 litters yeat
ratesR, 7 offspring per litter 9.9 offspring per litter
(offspring _ _
montt!) R=29(>2) R=38(>4)
References Animal Aging and Longevity Database

http://genomics.senescence.info/species/
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most barely manage one. A yearly mortality rate96% is estimated, with predators and
interspecies conflict as major causes.

3) The domestic do@anis lupus familiarigCanis familiarig is a subspecies of the gray wolf
(Canis lupuy. The species is a member of the Canidae family. ddgemay have been the
first animal to be domesticated, as working, huptemd companion animal in human history.

Unlike obligate carnivores, dogs can adapt to aewahging diet. In domestic dogs, sexual

Table 5-2. Life-history parameters for terrestrial mammals.

Data from the literature are reported as meanggdstrd deviation when available). Age-specific
values depend on agéyear).

Canisfamiliaris Capra hircus Sus scrofa
Mass (kg) 40 61 180
Age (years)
Maturity iy 1.4 1.1 0.9
First birth 1.6 15 1.25
Gestation time 0.2 0.4 0.3
Lifespanimax 14 14 18
Survival rates
Initial 0.02 0.02 0.02
mortality rate
(vear’)
Mortality rate 3 3 4
doubling time
(year)
% reproducing 50 50 50
adultspr (unisexual) (unisexual) (unisexual)
Reproduction 1.5 litters yeat 1 litters year 1.5 litters yeat
ratesR, 6 offspring per litter 1.5 offspring per litter 7 offspring per litter
(%f;i:?)””g R=36(=2) R=0.75(=2) R=7.9(=2)
y R=9(>2) R=15(>2) R =105 (> 2)
References Animal Aging and Longevity Database

http://genomics.senescence.info/species/
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maturity happens around age six to twelve monthsb&ih males and females. Dogs bear
their litters for an average of 63 days, although length of gestation can vary. An average
litter consists of about six puppies. The aging ifFadf dogs varies according to their adult
size (often determined by their breed): smallersdofgen live over 15-16 years, medium and
large size dogs typically 10 to 13 years.

4) The domestic goatapra aegagrus hircugCapra hircug is a domesticated subspecies of
the wild goat of southwest Asia and Eastern Europe. Jdat is a member of the family
Bovidae. Goats are one of the oldest domesticgtedies, and have been used for their milk,
meat, hair, and skins over much of the world. Gaats browsing animals, like deer,
preferring to feed on vines, shrubbery and on weedisgrazers like cattle and sheep. Goats
reach puberty between three and 15 months of agending on breed and nutritional status.
Breeding season varies with regions and climatessta@ion length is approximately 150
days. Twins are the usual result, with single amdetr births also common. Life expectancy
is between 15 and 18 years.

5) Wild boar Sus scrofa(Sus scrofa), also known as wild pig, is a speoieshe family
Suidae. Native across much of Europe and much d,Amipulations have been artificially
introduced in other parts of the world, most notaghke Americas and Australasia. The age of
puberty for sows ranges from 8 to 24 months of dgpending on environmental and
nutritional factors. Gestation lasts approximatElyp days, giving birth to a litter typically of

4—6 piglets.
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3.3. Sensitivity analyses to changes in individual endpoints

3.3.1. Aquatic invertebrates

Due to their relatively short longevities, popubatidynamics of aquatic invertebrates
were described with one week as a time step. Catimigalife histories among the three tested
species (Table 2) yielded different net reprodwctiatesR, of 44, 237 and 317 offspring
produced over a lifetime and different asymptotipglation growth rates of 1.29, 1.63 and
1.92, respectively irN. arenaceodentataP. heterostrophaand O. diadema The marine
polychaeteN. arenaceodentatavas the slowest growing species, due to a relstilang
juvenile stage and a very short reproductive petiogel to semelparity.

Net reproductive ratd; was most sensitive and directly proportional t@rges in
fecundity independent of life history strategiegy(RBA).Response dR, to changes in other
life history traits differed among species and wasst sensitive to changes in survivalOn
diademathan inN. arenaceodentatdelay in reproduction showed the smallest infaeeon
Ry independent of the species. Conversely, asymppatpulation growth raté was most
sensitive to delay in reproduction (except for mdns in fecundity above 90%) in every
species (Fig. 3B). Populatignshowed greater variations in fast growi@gdiademahan in
the slow growingN. arenaceodentataReducingi by 10% was obtained through strong
reductions in fecundity (by 50 to 80%) or surviyaly 80 to 95%). Comparing sensitivity
betweenR, and4 (Fig. 3C) highlighted delay in reproduction (engeasuring changes in age
at maturity) as a highly relevant ecotoxicologieidpoint for individual-to-population

extrapolations.
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Fig 3. Sensitivity analyses for three aquatic inveéebrate speciedN. arenaceodentata, O. diadema
and P. heterostropha

as responses of (A) net reproductive €offspring per individual over a lifetime), (B) yasptotic
population growth ratd and (C) compared sensitivity dfandR,, to reduction in fecundity, delay in
reproduction and reduction in survival (respectivekpressed as % reduction in fecundity rates, %
increase in age at first reproduction and % reduadti survival at twice the age at first reprodoicji

3.3.2. Soil invertebrates

Due to relatively long lifespans in soil invertetes (Table 3), population dynamics were
described with one month (4 weeks) as a time dd#perent net reproductive rateR, of
10.6, 27.0 and 208 offspring produced over a fietiand different asymptotic population
growth ratest of 1.13, 1.27 and 2.48 were obtained ForscaberL. terrestrisandE. fetida
respectively. The woodlouge scabemwas the slowest growing species due to a longijleve
stage and only two short reproductive periods duthe lifetime. The influence of similar
percentage changes of the three endpoints on dngdoal net reproductive rat, was very

similar for E. fetidaandL. terrestris(Fig. 4A). Ry was equally sensitive and directly
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Fig 4. Sensitivity analyses for three soil invertatate specie<sE. fetida, L. terrestris and P. scaber

as responses of (A) net reproductive i€offspring per individual over a lifetime), (B) yasptotic
population growth ratd and (C) compared sensitivity dfandR,, to reduction in fecundity, delay in
reproduction and reduction in survival (respectivekpressed as % reduction in fecundity rates, %
increase in age at first reproduction and % reduadt survival at twice the age at first reprodoicji

proportional to changes in fecundity and mortalitythe two earthworm species, whereas
delays in reproduction had smaller influence Ry The net reproductive rate . scaber
was, on the other hand, most sensitive to delagpnoduction at effect values below 70%,
whereas it became most sensitive to reductionaarfdity at higher values. The asymptotic
population growth raté was most sensitive to delay in reproduction aradtlesensitive to
effects on mortality in the prolific fast growing € 2.48) E. fetida (Fig. 4B): A 10%
reduction ofA was obtained either by a ~12% delay in reprodoct#t®% reduction in
fecundity or a 70% reduction in survival. The asyotipt population growth rate was less
sensitive and showed less variation in responsandar effects on the different endpoints in

the slow growind.. terrestris(1 = 1.27) andP. scaber(A = 1.13) (Fig 4B). A 10% reduction
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of A for L. terrestrisandP. scabemwas first obtained after either large reductiongeicundity
(70 and 85%, respectively) or survival (85 and 9Q0%spectively) or a large delay in
reproduction (85 and ~100%, respectively). Commasensitivity betweeR, andZ (Fig. 4C)
showed that delay in reproduction is an importat@xicological endpoint foE. fetidaand
L. terrestrispopulations. The situation was differentAnscabemwhere any change iRy was
associated with one effect level on populationndependent of the impaired individual

endpoint.

3.3.3. Fish

Time steps of 8 weeks were chosen to describe pigruldynamics in the three fish
species (Table 4). With populatiarof 5.42 and 5.23ryzias latipesandPoecilia reticulata
are much higher reproductive fish than the slowngng Oncorhynchus mykisShe latter
species exhibits a smaller populatibr§l.52) in spite of itdR, of 1250.9 offspring per fish
(equivalent to that of 1332.6 offspring per fishGn latipesand much greater than 252.9
offspring per fish calculated iR. reticulatg due to semelparity and a relatively long juvenile
stage.

Individual Ry in oviparous species is most affected by changéscundity whereaB, in
the ovoviviparous?. reticulataappears most sensitive to changes in survival &id\). As
observed in aquatic invertebrates, individiRal is relatively less sensitive to changes in
survival in the slow growing semelparous speciestim fast growing iteroparous species.
Similarly again, populatio (most affected by delay in reproduction in all @ps) is less
sensitive to changes in individual endpoints inglev growing semelparou3. mykisshan

in fast growing iteroparou®. latipesandP. reticulata(Fig. 5, B).
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Fig 5. Sensitivity analyses for three fish speci€3. latipes, P. reticulata and O. mykiss

as responses of (A) net reproductive Rf€offspring per individual over a lifetime), (B) ysptotic
population growth ratd and (C) compared sensitivity dfandR,, to reduction in fecundity, delay in
reproduction and reduction in survival (respectivekpressed as % reduction in fecundity rates, %
increase in age at first reproduction and % reduadti survival at twice the age at first reprodoiaji

3.3.4. Terrestrial mammals

Considered mammals are characterized by moderdiednal R, ranging from 40-46
(Rattus norvegicusnd Sus scrofato 32-33 Mus musculusand Canis familiari9 and 5.5
(Capra hircug offspring per individual. Population dynamics small mammalian species
(M. musculusand R. norvegicups with short longevities are described with timepst of 8
weeks (Table 5.1) and are therefore easier to camfma those of fish. Rodents show
population of 2.27 and 1.83, which range as intermediateesahetween fast growing and
slow growing fish. Longevities are expressed inrgea larger mammal species (Table 5.2).
Populationd in Capra hircus Canis familiarisand Sus scrofarespectively 1.39, 2.26 and

2.61 when 1 year is considered as a time step) beusd-adjusted relative to a common time
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Fig 6-1. Sensitivity analyses for two terrestrial rammalian species M. musculus and
R. norvegicus

as responses of (A) net reproductive Rf€offspring per individual over a lifetime), (B) ysptotic
population growth ratd and (C) compared sensitivity dfandR,, to reduction in fecundity, delay in

reproduction and reduction in survival (respectivekpressed as % reduction in fecundity rates, %
increase in age at first reproduction and % reduadti survival at twice the age at first reprodoiaji

step (becoming 1.05, 1.06 and 1.16 with time sté@weeks) to be compared to that of fast
growing rodents.

Individual Ry is most affected by changes in survival in all maahspecies, a common
feature to viviparous species and the ovoviviparils P. reticulata(Figs. 6.1 & 6.2, A).
Mammals are characterized by a smigll due to their short juvenile stage relative to
longevity. As a consequence, delay in reproductexpressed relative i) has an apparent
moderate influence on populatidn(Figs. 6.1 & 6.2, B). Delay in reproduction rensgin

however, a critical endpoint, considering its coneplanfluence orry andZ (Figs. 6.1 & 6.2,

C).

[STAR] 49
(D-N°:5.2) —Life history traits radiosensitivity and populatiorodeling
Dissemination levelPU
Date of issue of this repoi®1/07/2012



>

C. familiaris C. hircus S. scrofa
100 100 100
&
o 80 o 80 o 80
o o o
§ 60 f’/ S o0 7 S o0
3] s 5 > 3
L 40 X L 40 . L 40
5 93;;,»”‘ 5 s | %
8 20f E M 8 20| B 2t tAT R 20
PUPSS M
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
B % effect on endpoint % effect on endpoint % effect on endpoint
30 30 30
Vi Z
O/ sl 4 e/
é 20 ,A'AA/A‘fA é 20 )ﬁ% é 20 7/ . . .
5 A 5 %4 5 J —O— Reduction in fecundity
Pl Y s v i :
x oz b
£ 10 %f% xxxxx § 10 o DR I P g5 —4— Delay in reproduction
s Vs B A st s e —%— Reduction in survival
XXXXXXXXX
x -~
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
C % effect on endpoint % effect on endpoint % effect on endpoint
30 7 30 30

77
20f £ A

A
10 o e

% effect on A
o,
*,

X
X

X
_x
X~

% effecton A
T,
\ \J\b
X ‘o\b
% effect on A
5

0 20 40 60 80 100 0 20 40 60 80 100 20 40 60 80 100
% effecton R % effecton R % effecton R

Fig 6-2. Sensitivity analyses for three terrestriamammalian specie<C. familiaris, C. hircus and
S. scrofa

as responses of (A) net reproductive €offspring per individual over a lifetime), (B) yasptotic
population growth ratd and (C) compared sensitivity dfandR,, to reduction in fecundity, delay in
reproduction and reduction in survival (respectivekpressed as % reduction in fecundity rates, %
increase in age at first reproduction and % reduadti survival at twice the age at first reprodoicji

3.4. Effects of ionising radiation on individual endpoints

The amount of available data on survival and repridn effects of chronic gamma
radiation strongly varies among species (Tables B}1&nowledge gaps were dealt with
using extrapolations as described in paragrapl2. 26 the case of the mouse, several studies
address chronic survival and provide complemerkagwledge. In this case, effect data are
merged together after survival rates are translatedhe same time basis. Effects on
reproduction are also particularly well describadthe mouse, through reductions in litter

size, number of litter and proportion of reprodgcfemales. Resulting effect is considered to

be the combination of the three endpoints.
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Table 6-1. FREDERICA dose response curves selectfmnt aquatic and soil invertebrates.

Effect description and identity number in the FREDEA database. Extrapolations are indicated by
letters: A, from acute to chronic; L, among lifags; S, among taxonomically close species; X,
among radiation types.

Species and Database Effect description

Reference

endpoints ID num.  and extrapolations
Neanthes arenaceodentata
Hatching  358-6 Percent hatching broods Harrison & Anderson, 1994

Fecundity 358-13

Embryos per brood

Survival 357-27/28 Juvenile survivaltoday 100 A  Anderson et al., 1990
Ophryotrocha diadema
Hatching 361-23 % hatching eggs Knowles & Greenwood, 1994
Fecundity 361-31 Eggs per worm
Survival 361-28 Survival to day 62
Physa heterostropha
Hatching 326-6 % hatching eggs Cooley & Nelson, 1970
Fecundity 326-5 Eggs per snall
Survival 326-3 Adult survival
Eisenia fetida
Hatching Hertel-1  FO hatching - week 9 to 12 Hertel-Aas et al., 2007
Fecundity Hertel-2  FO total hatchlings per adult
Hatching Hertel-5  F1 hatching - week 12 to 16
Fecundity Hertel-3  F1 total hatchlings per adult
Survival 755-14 Survival rate at day 80 A Suzuki & Egami, 1983

Lumbricusterrestris

Survival 764-3 Survival to day 67 AX  Hancock, 1962

Porcellio scaber

Hatching 772-7 Female survival to day 40 L  Nakatsuchi & Egami, 1981
Fecundity 247-12 Number of offspring per tank Hingston et al., 2004
Survival 772-7 Female survival to day 40 AS Nakatsuchi & Egami, 1981
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Table 6-2. FREDERICA dose response curves selectin fish and terrestrial mammals.

Effect description and identity number in the FREDEA database. Extrapolations are indicated by
letters: A from acute to chronic; L, among life gda; S, among taxonomically close species; X,
among radiation types; M, among mammals basedlomeiry.

Species and Database Effect description Reference
endpoints ID num.  and extrapolations

Oryzias latipes

Hatching 16-14 Relative male hatchingrate A  Egami et al., 1983
Fecundity 16-10 Relative hatching rate A
Survival 204-3 Fish lifespan Egami & Hama-Furukawa, 1980

Poeciliareticulata

Fecundity 74-2/3 Mean infertility / Fecundity Woodhead, 1977
Survival 88-1 Survival to day 30 AS Blaylock & Mitchell, 1969

Oncorhynchus mykiss

Hatching 61-1 Frequency of viable eggs A Newcombe & McGregor, 1972
Fecundity 170-1 Percent undifferentiated sex S  Bonham & Donaldson, 1972
Survival 65-4 Fingerling survival to day 90 ASX Bonham et al., 1948

Mus musculus

624-4/5 Litter size Ro6nnback, 1967
Fecundityq 616-1/4 Fertility span /Litter number Roénnback, 1983
624-1/2 Percent reproducing Ronnback, 1967
618-8/10 Survival time Mole & Thomas, 1961
Survival 619-1 Lifespan reduction Spalding et al., 1964
1027-6 Survival time Thomson & Grahn, 1989
Tanak-19 Female survival time Tanaka et al., 2007

Canisfamiliaris

Fecundity Extrapolated fecundity effect M Allometry with m = 40 kg

Survival 630-1 Survival at day 540 Raabe et al., 1981
Capra hircus

Fecundity 622-1 Offspring over 5 litters Austin & Hupp, 1969

Survival Extrapolated survival effect M Allometry with m = 60 kg

Rattus norvegicus

Fecundity Extrapolated fecundity effect M Allometry with m =300 g

Survival Extrapolated survival effect M Allometry with m =300 g
Sus scrofa

Fecundity Extrapolated fecundity effect M  Allometry with m = 180 kg

Survival Extrapolated survival effect M Allometry with m = 180 kg

3.4.1. Aquatic invertebrates
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Comparing radiosensitivity of individual endpoiatsiong the three species (Fig. 7, Table
7) suggested thaM. arenaceodentatwas slightly more radiosensitive th@n diademawith
lowest EDRy respectively of 832 and 1288 uGy hespectively. In both species, hatching
was the most sensitive individual endpoint altho&f¥R,, confidence intervals reported for
hatching overlapped with those reported for fectynd?. heterostrophappeared to be the
least sensitive species with a lowEEIR,, of 54954 puGy H for fecundity,i.e. one order of
magnitude greater than those calculated for theratpecies (Table 7). With the exception of
N. arenaceodentataurvival which was extrapolated from acute irréidia all dose rate
response curves were obtained from chronic expssuoraking aquatic invertebrates the best

described taxonomic group in terms of chronic ra€isitivity.

N. arenaceodentata O. diadema P. heterostropha
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Fig 7. Effects of chronic gamma radiation on indiwilual endpoints of three aquatic invertebrate
speciesN. arenaceodentata, O. diadema and P. heterostropha

as responses of hatching (% success), fecunditynlieu of offspring produced) and survival (%
survival) on a range of dose rates. Datasets frested chronic exposure (open circles) or from
extrapolations (open triangles) as detailed in egrelph. Dose rate-response curves fitted using the
log-logistic model (95%-confidence intervals baseda parametric bootstrap with 10,000 resampled
datasets)EDRy,, EDR,; andEDRsy as horizontal blue dotted lines.
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Table 7.Effective dose rates for individual endpoints in agatic invertebrate species.

EDRy,, EDRyy andEDRsg inducing 10%-, 20%- and 50%-effect on hatchingufelity and survival of
each studied species as derived from log-logistgedresponse curves. Confidence intervals (95%)
presented into brackets built using parametric $toayp with 10,000 resampled datasets.

Endpoint and Neanthes Ophryotrocha Physa
EDR (uGy/h) arenaceodentata diadema heterostropha
Hatching
EDRy 832 1288 70795
[0 - 3631] [851 - 1738] [36308 - 81283]
EDRy 1660 3890 77625
[468 - 6026] [3311 - 4571] [47863 - 85114]
EDRso 5495 26915 93325
[2570 - 12023] [21379 - 36308] [77625 - 95499]
Fecundity
EDRy 9550 1738 54954
[2291 - 12303] [0 - 2818] [47863 - 56234]
EDRy 12303 3162 61659
[5012 - 14125] [2042 - 4677] [54954 - 63096]
EDRs 18197 9120 74131
[16218 - 26915] [7413 - 11749] [69183 - 75858]
Survival
EDRy 5495 2399 66069
[4266 - 5623] [1288 - 6310] [56234 - 97724]
EDRy 5888 4074 208930
[5495 - 6607] [3090 - 7079] [177828 - 239883]
EDRy 6761 10233 1513561

[6457 - 10233]

[7943 - 16218]

[758578 - 1737801]

3.4.2. Solil invertebrates

Few individual endpoints were studied under chraxjgosure in soil invertebrates. With

a lowestEDRy, for fecundity of 2630 pGy hin Porcellio scaber(Figs. 8-1&2, Table 8), the

woodlouse appears to be more radiosensitive spdeEisenia fetida The dose response

curve forP. Scabeffecundity was, however, best fitted to the datagighe Brain-Cousens's

model (Brain and Cousens, 1989), indicating slighticreased fecundity compared to
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Fig 8-1. Effects of chronic gamma radiation on indiidual endpoints of two soil invertebrate
specie<E. fetida and P. scaber

as responses of hatching (% success), fecunditylfeu of offspring produced) and survival (%
survival) on a range of dose rates. Datasets firested chronic exposure (open circles) or from
extrapolations (open triangles) as detailed in gaalph. Dose rate-response curves fitted using the
log-logistic and Brain-Cousens models (95%-confaeintervals based on a parametric bootstrap
with 10,000 resampled dataseSDR,,, EDRy, andEDR;, as horizontal blue dotted lines.
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controls at lower dose rates. Compared to aquatieriebrates,P. scaberis more

radiosensitive than the freshwater gastropbtysa heterostrophand more radioresistant

than the marine polychaetbls arenaceodentatandO. diadem&Table 7). In the earthworm

Eisenia fetida two successively exposed generations FO and éltled lowestEDRy, for

fecundity of 3388 and 6457 pG¥ mespectively. This observation suggested that &ffeere

Table 8. Effective dose rates for individual endpaits in soil invertebrate species.

EDRy,, EDRyy andEDRsg inducing 10%-, 20%- and 50%-effect on hatchingufelity and survival of
each studied species as derived from log-logisticBrain-Cousens dose response curves. Confidence
intervals (95%) presented into brackets built uspagametric bootstrap with 10,000 resampled

datasets.
Endpoint and Eiseniafetida Eisenia fetida .
EDR (uGy/h) Fo F1 Porcellio scaber
Hatching
EDRio 5495.0 6456.5 95499.0
[4570.5 - 8317.5] [6025.5 - 7413.0] [95499.0 - 95499.0]
EDRy 6606.5 7762.0 104712.5
[5754.0 - 9119.5] [7413.0 - 8511.0] [104712.5-104712.5]
EDR;g 8912.0 510714.5 120226.0
[8128.0 - 10232.5] [10714.5 - 10964.5] [120226.0 - 120226.0]
Fecundity
EDRio 3388.0 8317.5 2630.0
[1949.5 - 5247.5] [4168.5 - 8709.0] [1737.5 - 4265.5]
EDRy 5754.0 9119.5 3162.0
[4168.5 - 7943.0] [5495.0 - 9332.0] [2089.0 - 5888.0]
EDR;g 14454.0 10471.0 6606.5

[11481.5 - 18196.5]

[8709.0 - 10964.5]

[3388.0 - 21877.0]

Endpoint and

EDR (uGy/h) Eisenia fetida Lumbricusterrestris Porcellio scaber
Survival
EDRyg 102329.0 436515.5 85113.5
[91201.0 - 123026.5] [338843.5 - 457088.0] [85113.5 -87096.0]
EDRyg 117489.5 446683.5 97723.5
[107151.5-138038.0] [389045.0-467735.0] [97723.5-97723.5]
EDRso 147910.5 5478630.0 120226.0

[138038.0 - 162180.5]

[467735.0 - 501187.0]

[120226.0 - 123026.5]
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slightly stronger in the FO than in the F1 generai However, the difference was not
significant, when comparisons were based on thesardpoint between the two generations.
The radiosensitivity of the two earthworm speciealdmnly be compared with respect to
survival, due to lack of reproduction data forterrestris(Table 8, Fig. 8-2), indicating that
E. fetidawas slightly more sensitive than terrestriswith chronicEDRyy survival values of
102329 uGy/h and 436516 pGy/h, respectively. Botdluas were, however, based on

extrapolations from acute exposures.

3.4.3. Fish
The lowest observeBDR, values varied among the different fish specieg.(gj Table

9), ranging from 282 uGyhfor P. reticulatafecundity, 1820 uGy hfor O. mykisshatching
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Fig 9. Effects of chronic gamma radiation on indivilual endpoints of three fish species
O. latipes, P. reticulata and O. mykiss

as responses of hatching (% success), fecunditylfeu of offspring produced) and survival (%
survival) on a range of dose rates. Datasets frested chronic exposure (open circles) or from
extrapolations (open triangles) as detailed in egreph. Dose rate-response curves fitted using the
log-logistic and Brain-Cousens models (95%-confade intervals based on a parametric bootstrap
with 10,000 resampled dataseSDR,,, EDRy, andEDR;, as horizontal blue dotted lines.
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to 41687 uGy 1 for O latipeshatching. This observation suggested hateticulatawas the

most radiosensitive among the three considered digties. However, a majority of the
EDRy values was derived from extrapolated dose respomses, making such conclusion
highly uncertain because effects on many endpomése not experimentally studied under

chronic gamma exposure (Table 6-2). In particulatadn fecundity which appeared to be

the most sensitive endpoint in chronically expo&edreticulataand O. mykisswas only

available from acute exposure@ latipes

Table 9.Effective dose rates for individual endpoints in h species.

EDRy,, EDRyy andEDR;, inducing 10%-, 20%- and 50%-effect on hatchingufelity and survival of
each studied species as derived from log-logigsigedesponse curves. Confidence intervals (95%)
presented into brackets built using parametric $ioap with 10,000 resampled datasets.

Endpoint and

Oryzias latipes

Poeciliareticulata

Oncorhynchus mykiss

EDR (uGy/h)
Hatching
EDRyg 41686.5 1819.5
[38018.5 - 45708.5] [0.0 - 3311.0]
EDRy 48977.5 (ovoviviparous species) 2691.0
[45708.5 - 53703.0 [1584.5 - 4168.5]
EDRso 64565.0 5370.0
[60255.5 - 67608.0] [3980.5 - 7244.0]
Fecundity
EDRyg 114815.0 2815 2041.5
[109647.5 - 123026.5] [0.0 - 794.0] [724.0 - 4073.5]
EDRy 234422.5 630.5 4466.5
[229086.5 - 245470.5] [122.5 - 1258.5] [2570.0 - 7413.0]
EDRso 794328.0 2570.0 16595.5
[776247.0 - 831763.5] [1513.5 - 3630.5] [11748.5 - 29512.0]
Survival
EDRyg 891245 57543.5 3019.5
[0.0 - 107151.5] [48977.5 - 64565.0] [2884.0 - 3235.5]
EDRy 95499.0 63095.5 3388.0
[63095.5 - 125892.0] [57543.5 - 69182.5] [3162.0 - 3630.5]
EDRso 109647.5 75857.5 3980.5

[97723.5 - 169824.0]

[70794.0 - 79432.5]

[3715.0 - 4265.5]
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3.4.4. Terrestrial mammals

Although very few chronic effect data were avaitalii mammals, this taxonomic group
includesMus musculusvhich is the most studied species under chronionga radiation
(Figs. 10-1&2, Tables 10-1&2). The species appeargdhasmost radiosensitive among
chronically tested species (both within mammals awviten all taxonomic groups are
considered), with afEDRyo of 26 pGy H for fecundity as compared to 1995 pGy im
Capra hircus Radiosensitivity with respect to survival is mat#ficult to compare. An
EDRy value of 2754 pGy hin M. musculusand 123027 pGy hin C. familiaris indicates
that the radiosensitivity differs with 2 ordersmégnitude between the two species. However,
this conclusion has to be mitigated, considerirggdiiference in longevity among species. In

fact, survival was normalised to a common time a&di8 weeks, which corresponds to a

M. musculus R. norvegicus
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0 A Extrapolated chronic effect
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Fig 10-1. Effects of chronic gamma radia-
tion on individual endpoints of two terres-
trial mammalian speciesM. musculus and
R. norvegicus

Effect on fecundity

o o o0
N N o

prOo N O

o

o

100 100 10° 10 10 100 10 100 10
Gamma dose rate (LGy h'l) Gamma dose rate (LGy h'l)

)

@
S

-3
=3

as responses of reproduction (number of
offspring produced) and survival (% survival)
on a range of dose rates. Datasets from tested
T chronic exposure (open circles) or from
Gamma dose rate (uGy ) extrapolations (open triangles) as detailed in

Effect on
proportion reproducing
B
)

N
=)

e o

=
N
N
N

5 1k — each graph. Dose rate-response curves fitted
g os Zos using the log-logistic model (95%-confidence
5 50 - intervals based on a parametric bootstrap with
£ o2 £ 02l anam mscue § 10,000 resampled dataseBPR;,, EDR,, and

W 1w 1w w10 10w o o 1 EDR;, as horizontal blue dotted lines.

Gamma dose rate (LGy h'l) Gamma dose rate (LGy h'l)

[STAR] 59
(D-N°:5.2) —Life history traits radiosensitivity and populatiorodeling
Dissemination levelPU
Date of issue of this repoi®1/07/2012



C. familiaris C. hircus S. scrofa
1.2 14 1.2

-.%' === = from %' 1:2 %' IS from
S 08 C. hircus and £ S 08 C. hircus and
S M. musculus 5 o M. musculus
2 Los 2
= 06 = = 06
o4 gos 504
S S04 S
202 2 2o2 .
i i 02 i O Observed chronic effect

0 0 0

10° 10 10" 10° 10° 10° 10° 10" 10° 10 10° 10° 10" 10° 10

A Extrapolated chronic effect

—— Fitted dose rate-response curve
12
) ---- 95% confidence interval

0.8

Gamma dose rate (UGy h'l) Gamma dose rate (UGy h'l) Gamma dose rate (UGy h'l)

from C. familiaris
and M. musculus

from C. familiaris
and M. musculus

Effect on survival
Effect on survival
Effect on survival
o
>

0.2

0
10°

o o o o r
o N »d o ® k-

100 100 100 10°
Gamma dose rate (UGy h'l)

100 100 10° 10°
Gamma dose rate (UGy h'l)

10° 100 10" 10° 10° 10°
Gamma dose rate (UGy h'l)

Fig 10-2. Effects of chronic gamma radiation on iniyidual endpoints of three terrestrial
mammalian specie<C. familairis, C. hircusand S. scrofa

as responses of reproduction (number of offsppegluced) and survival (% survival) on a range of
dose rates. Datasets from tested chronic exposapen(circles) or from extrapolations (open
triangles) as detailed in each graph. Dose rajgerese curves fitted using the log-logistic model
(95%-confidence intervals based on a parametri¢sbap with 10,000 resampled dataseEf)R;,
EDR,, andEDRy, as horizontal blue dotted lines.

Table 10-1.Effective dose rates for individual endpoints in terestrial mammal species.

EDRy, EDR,, and EDRsy inducing 10%-, 20%- and 50%-effect on reproducti@moportion
reproducing, number of litters and litter size) anuolvival of each studied species as derived from
log-logistic dose response curves. Confidence vater(95%) presented into brackets built using
parametric bootstrap with 10,000 resampled datasets

Endpoint and Mus musculus Endpoint and Mus musculus
EDR (uGy/h) EDR (uGy/h)
Proportion Litter size
reproducing EDRy 977.0
EDRyo 2238.5 [0.0 - 1445.0]
[0.0 - 2753.5] EDRy 15135
EDRy 2630.0 [999.5 - 1995.0]
[2089.0 - 3090.0] EDR,, 3235 5
EDRso 3548.0 [2753.5 - 3715.0]
[3162.0 - 3890.0]
Number of litters Survival
EDRy 26.0 EDRy 2753.5
[2.5 - 107.0] [1949.5 - 3548.0]
EDRy 147.5 EDRy 4365.0
[48.5 - 354.5] [3548.0 - 5247.5]
EDRso 2884.0 EDRs 9772.0
[2041.5 - 4073.5] [8912.0 - 10964.5]
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Table 10-2.Effective dose rates for individual endpoints in terestrial mammal species.

EDRy,, EDRyy andEDR;, inducing 10%-, 20%- and 50%-effect on fecunditd aorvival of
each studied species as derived from log-logisigedesponse curves. Confidence intervals
(95%) presented into brackets built using paramebootstrap with 10,000 resampled

datasets.

Endpoint and

Canisfamiliaris

Capra hircus

EDR (LGy/h)
Fecundity
EDRyo 1819.5 1995.0
[1778.0 - 1949.5] [1995.0 - 1995.0]
EDRy 2238.5 2454.5
[2238.5 - 2344.0] [2454.5 - 2454 5]
EDRso 3311.0 3548.0
[3311.0 - 3388.0] [3548.0 - 3548.0]
Survival
EDRyo 123026.5 4786300.5
[0.0 - 588843.0] [4466835.5 - 5011872.0]
EDRy 281838.0 5011872.0
[107151.5 - 1445439.5] [4897788.0 - 5623413.0]
EDRso 1202264.0 5495408.5

[602559.0 - 2884031.5]

[5370317.5 - 6918309.5]

Endpoint and

Rattus norvegicus

Sus scrofa

EDR (uGy/h)
Fecundity
EDRyo 501.0 2570.0
[426.5 - 645.0] [2511.5 - 2818.0]
EDRy 741.0 3090.0
[630.5 - 870.5] [3019.5 - 3311.0]
EDRso 1479.0 4265.5
[1318.0 - 1584.5] [4265.5 - 4466.5]
Survival
EDRyo 40737.5 11748975.5
[34673.5 - 46773.5] [11220184.0 - 12882495.0]
EDRy 52480.5 12302687.5
[47862.5 - 58884.0] [11748975.5 - 14454397.5]
EDRso 79432.5 13182567.0

[77624.5 - 93325.0]

[12589254.0 - 16982436.0]
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relative age seven times olderM musculug7.1% relative tdnax Of =2 years) than irC.
familiaris (1.1% relative tamnax Of 14 years). Expressed at an equivalent relatge (for
example 1 year, 7.1% @fay, survival inC. familiaris would be approximately 50%, which
means that the effective dose rate rather correlsptunarEDRs value.

Allometric relationships lead to predictions of i@ésistance with respect to survival in
C. hircusandS. scrofawith EDRyo of 4786301 and 11748976 puGY hespectively, due to
the large body mass of the two species (60 andk@yj8@espectively). These values are high
compared to theEDRy, of 123027 uGy W which was obtained experimentally for
C.familiaris (40 kg) from chronic gamma exposure. Such incoamsisesults illustrate how
unsatisfactory allometric extrapolations are anorgly suggest that other extrapolations

rules should be considered.

3.5. Combined effects of ionising radiation on individual £y and
population A

3.5.1. Aquatic invertebrates

Compared to results on individual endpoints idgintd N. arenaceodentatas the most
radiosensitive species, consequences of combirfedtefor individualR, and populatiort
led to a different order of radiosensitivity amosgecies (Fig. 11, Table 11). In fa€,
diademaexhibited the lowesEDRy, for both R, (616 pGy H) and A (5012 pGy H).
P. heterostrophaemained the least sensitive species Wil values of 17378 and 74131
nGy h' for Ry andA respectively.

Due to their respective sensitivity to changes ndividual life history traits, 10%
reduction was observed at lower dose rates forambductive ratd, than for asymptotic

population growth rate, with a 4 to 8-fold factor iIEDRyo values betweeR, and/ in every
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Fig 11. Effects of chronic gamma radiation on neteproductive rate R, (offspring produced per

individual over a lifetime) and asymptotic populaton growth rate A in three aquatic
invertebrate specied\. arenaceodentata, O. diadema and P. heterostropha

as a response to combined reductions in hatcheagnflity and survival on a range of dose rates
(95%-confidence intervals as dotted lines base@ garametric bootstrap with 10,000 resampled

datasets)Ry- andA-EDRyo, EDR,; andEDR;, as blue dotted line®y- andA- EDR causing population
extinction as red continuous lines.

species (Table 11). Thus, 10%-reductionlinvas predicted only when several individual
endpoints were strongly affected: >50% in hatchamgl survival inN. arenaceodentata
>20% in hatching, fecundity and survival@ diadema>10% in hatching and survival and
>50% in fecundity inP. heterostrophaPopulation extinctionA < 1) was predicted at dose
rates above thé-EDRy, in every species, for reductions inranging from 22.3% N.
arenaceodentadato 48.0% Q. diadema These observations suggested that 10% reduction i
A or population extinction was too severe an eftecbe used as a “safe” target level for
protection of species at the population level.

In two species, lowest significant changesRinandl were predicted at dose ratd®-(
loEDR and/-loEDR) of 760 and 716 pGyhin O. diademaand of 12767 and 13759 uGy h
in P. heterostrophabelow the lowesEDR, reported for individual endpoints (1288 pGY h
in O. diademaand 54954 puGy hin P. heterostrophg This suggested that some significant

change inRy and 2 might occur, as a result of slight concomitant nrjes on several
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Table 11. Effective dose rates for individuaR, and population4 in aquatic invertebrates species.

Dose rates inducing= 10, 20 and 50%-effect on net reproductive Rytand asymptotic population
growth ratel (respectivelyR-EDR, and1-EDR)), predicted population extinctiong1) (Ex-EDR and
lowest significant changé £ 0.05) inR, and/ (respectivelyRy-loEDR and2-loEDR). Confidence
intervals (95%) presented into brackets built usipgarametric bootstrap with 10,000 resampled

datasets.
Endpoint and Neanthes Ophryotrocha Physa
EDR (uGy/h) arenaceodentata diadema heterostropha
Net reproductive
rateRy
Ry-EDRyo 832 616 17378
[0 - 2818] [0 - 1096] [9550 - 33884]
Ry-EDRyo 1660 1288 43651
[447 - A577] [602 - 1820] [31623 - 50119]
Ry-EDRso 5128 3802 66069

[2512 - 6607]

[3162 - 5012]

[54954 - 69183]

Asymptotic population
growth ratel

J-EDRyo 6918 5012 74131
[3236 - 10471] [4266 - 6166] [64565 - 77625]
J-EDRyo 8709 11482 89125
[4266 - 17783] [8709 - 13804] [83176 - 91201]
J-EDRy 17783 70794 141254

[8709 - 91201]

[14454 - 134896]

[131826 - 169824]

Population extinction

A<1)
Effect onl 22.3% 48.0% 38.7%
Ex-EDR 9332 61659 114815
[4467 - 19498] [13804 - 114815] [112202 - 125892]
Lowest significant n = 5000 n = 5000 n = 5000
change
Ry-loEDR 1412 760 12767
[1346 - 1478] [736 - 789] [12259 - 13307]
J-IoEDR 1412 716 13759
[1346 - 1478] [689 - 742] [13221 - 14341]

individual endpoints. INN. arenaceodentatahe calculatedRy- and A-IoEDR (1412 pGy H)
were above the lowe&DRy, (832 Gy H for hatching). In this species, effects on several

end points could not combine as fecundity and salwere affected at comparatively higher
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dose rates. Finally in all species, repoittdeDR differed onlyslightly betweerR, and, with
no difference iM\. arenaceodentatand overlapping 95%-confidence intervalindiadema
and P. heterostrophaPredicted values also varied significantly wikie tconsidered target
frequency f, with for example -loEDR ranging from 2326 to 4819 pGy‘hin N.
arenaceodentatgrom 1038 to 1413 pGyin O. diademaand from 20857 to 29204 pGy h

in P. heterostropharespectively fof=0.01 and=0.001.

3.5.2. Soil invertebrates

The influence of different life history strategiem &, and 1 was explored in the
earthworms Eisenia fetida and Lumbricus terrestris (Figs. 12-1&2, Tables 12-1&2).
Responses d®, and/ to gamma irradiation were calculated based ors#éimee dose response
curves for hatching and fecunditye( those established fdE. fetidg and distinct dose

responses curves for survivak(those specifically established flar fetidaandL. terrestris.

E. fetida (FO) E. fetida (F1) P. scaber

0

N

o

S

0
Boe
o N
S o

@
S

% effecton R
% effecton R
s
5 3

% effecton Ry

N
o o

o O\
2 4 g 5 0 2 4 5 5 o 2 4 g 5 i
10 10 10 10 . 10 10 10 10 10 . 10 10 10 10 10 . 10 Predicted dose rate-response curve
Gamma dose rate (UGy h™) Gamma dose rate (UGy h™) Gamma dose rate (UGy h™) X i
---- 95% confidence interval
120 120 120
100

100
80

60
40

80
60
40

% effect on A
% effecton A

% effecton A

\ 20 20
0 0 2 4 ~ 6 8 o 0 2 4 > 6 8 0 0 2 4 6 8
10 10 10 10 10 10 10 10 10 10 10 10 10 10 10
Gamma dose rate (LGy h‘l) Gamma dose rate (UGy h'l) Gamma dose rate (UGy h'l)

Fig 12-1. Effects of chronic gamma radiation on neteproductive rate R, (offspring produced

per individual over a lifetime) and asymptotic popuation growth rate A in two soil invertebrate
specie<E. fetida and P. scaber

as a response to combined reductions in hatchauyntity and survival on a range of dose rates
(95%-confidence intervals as dotted lines based garametric bootstrap with 10,000 resampled

datasets)Ry- andA-EDRyo, EDR,; andEDR;, as blue dotted line&y- andA- EDR causing population
extinction as red continuous lines.

[STAR] 65
(D-N°:5.2) —Life history traits radiosensitivity and populatiorodeling
Dissemination levelPU
Date of issue of this repoi®1/07/2012



L. terrestris (FO) L. terrestris (F1)

.
@
<)

% effecton R

o L
10 10° 10" 10° 10° 10 10° 10" 10°  10°

B 4 — Predicted dose rate-response curve
Gamma dose rate (UGy h™) Gamma dose rate (UGy h™) ) }
120 ---- 95% confidence interval

% effecton A
% effecton A

10° 107 10° 10° 10° 10 100 100 10°

10°
Gamma dose rate (LGy h'l) Gamma dose rate (UGy h'l)

Fig 12-2. Effects of chronic gamma radiation on neteproductive rate R, (offspring produced

per individual over a lifetime) and asymptotic popuation growth rate A in a soil invertebrate
specied.. terrestris

as a response to combined reductions in hatchewyntlity and survival on a range of dose rates
(95%-confidence intervals as dotted lines based grarametric bootstrap with 10,000 resampled

datasets)Ry- and/-EDRy,, EDRyy andEDRy, as blue dotted line&y- andi- EDR causing population
extinction as red continuous lines.

In earthworms however, survival started to declihdose rates where fecundity and hatching
were strongly impaired (Figs. 8-1&2). Thu&; andZ responses to gamma irradiation were
driven by changes in fecundity and hatching. ChangeR, were predicted at a sanig-
EDRyo in the two species, with values of 3236 and 6334 |i* respectively in generations
FO and F1. This was becauBg was equally sensitive to changes in individual pamaks
betweerE. fetidaandL. terrestris(Fig. 4-A&B). One might conclude that in earthwanlife
history had no influence oRy,. However, due to different uncertainty in contRyl values
between the two species, lowest significant chamy&g were detected at high&-loEDR

in L. terrestris(7059 and 8246 uGy*hin FO and F1 respectively) thankh fetida(2610 and
5200 pGy H in FO and F1 respectively). Conversely, changésvirere predicted at different
J-EDRyo between the two species, with FO and F1 value866f7 and 8709 uGythin E.
fetidaand of 9550 and 10471 pG¥ In L. terrestris depending on the generation. This was
becausé was more sensitive to changes in individual enaigsdnE. fetidathanL. terrestris

(Fig. 4-A&B). As in aquatic invertebrates;IoEDR followed the same trend &%-l0o0EDR
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(Fig. 4-A&B). As in aquatic invertebrates;IoEDR followed the same trend d&%-loEDR
(Tables 12-1&2). Finally, with a two-fold factor icontrol values ofl between the fast

growing E. fetidaand the slow growing. terrestris population extinction was predicted for

Table 12.1. Effective dose rates for individuaR, and population in soil invertebrate species.

Dose rates inducing= 10, 20 and 50%-effect on net reproductive Rytand asymptotic population
growth ratel (respectivelyRy-EDR, andA-EDR)), predicted population extinction1) (Ex-EDR and
lowest significant changé £ 0.05) inR, and/ (respectivelyRy-loEDR and2-loEDR). Confidence
intervals (95%) presented into brackets built usipgarametric bootstrap with 10,000 resampled

datasets.

Endpoint and Eisenia fetida Eisenia fetida :
EDR (uGy/h) o £1 Porcellio scaber
Net reproductive
rateR,
Ro-EDRyo 3235.5 6309.5 2630.0
[1778.0 - 4466.5] [3890.0 - 6918.0] [1737.5 - 4265.5]
Ro-EDRyo 4677.0 7413.0 3162.0
[3715.0 - 6309.5] [5128.0 - 7762.0] [2089.0 - 5888.0]
Ry-EDRso 7413.0 9332.0 6606.5

[6760.5 - 9332.0]

[7585.5 - 9549.5]

[3388.0 - 21877.0]

Asymptotic population

growth ratet
J-EDRy 6606.5 8709.0 44668.0
[5754.0 - 8709.0] [6760.5 - 8912.0] [8709.0 - 79432.5]
/-EDRy 8709.0 9999.5 91201.0
[8128.0 - 9999.5] [8709.0 - 10232.5] [52480.5 - 97723.5]
A-EDRso 16217.5 13489.5 125892.0

[12882.0 - 18196.5]

[12882.0 - 16982.0]

[117489.5 - 128824.5]

Population extinction

A=1)
Effect oni 59.7% 59.7% 11.5%
Ex-EDR 22386.5 15135.5 61659.0
[14791.0 - 26915.0]  [14454.0 - 22386.5]  [11219.5-83176.0]
Lowest significant n = 2500 n = 2500 n = 2500
change
Ro-loEDR 2610.0 5199.9 5062.8
[2549.0 - 2670.0] [5135.0 - 5263.0] [4268.0 - 7413.0]
/-loEDR 2606.2 5198.0 5102.4

[2548.0 - 2666.0]

[5129.0 - 5261.0]

[4266.0 - 7763.0]
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much smaller effects and at lower dose ratds ierrestris(Ex-EDRof 12882-15136 uGy'h
1) than inE. fetida (Ex-EDR of 15136-22387 pGy 1. This illustrated the fact that equal

radiosensitivity at the individual level might medifferent risks for populations.

Table 12.2. Effective dose rates for individualR, and population4 in soil invertebrate species.

Dose rates inducing= 10, 20 and 50%-effect on net reproductive Rytand asymptotic population
growth ratel (respectivelyR-EDR, and1-EDR)), predicted population extinctiong1) (Ex-EDR and
lowest significant changé £ 0.05) inR, and/. (respectivelyRy-loEDR and2-loEDR). Confidence
intervals (95%) presented into brackets built usipgarametric bootstrap with 10,000 resampled

datasets.

Endpoint and
EDR (uGy/h)

Lumbricusterrestris
FO

Lumbricusterrestris
F1

Net reproductive
rateR,

Re-EDRy, 32355 6309.5

[0.0 - 7244.0] [0.0 - 8511.0]
Ro-EDRyg 4677.0 7413.0

[0.0 - 7943.0] [0.0 - 8912.0]
Ro-EDRy, 7413.0 9332.0

[5247.5 - 9549.5]

[6606.5 - 9999.5]

Asymptotic population

growth ratet
A-EDRyo 9549.5 10471.0
[8317.5-10714.5] [9119.5 - 10964.5]
/-EDRy 14125.0 12589.0
[12302.5-16217.5] [12022.5 - 15135.5]
A-EDRso 95499.0 28840.0

[28840.0 - 162180.5]

[25703.5 - 83176.0]

Population extinction

A<1)
Effect onl 21.4% 21.4%
Ex-EDR 15135.5 12882.0
[12589.0 - 17377.5]  [12302.5 - 16217.5]
Lowest significant n = 2500 n = 2500
change
Ro-loEDR 7059.2 8246.4
[6309.0 - 8318.0] [7413.0 - 8913.0]
J-loEDR 5825.6 7488.3

[5128.0 - 6918.0]

[6607.0 - 8129.0]
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In Porcellio scaber Ri-EDRyo was predicted at a lower dose rate (2630 u®ythan in
earthworms, as the woodlouse was the most raditisensoil invertebrate species at the
individual level (Table 12-1, Fig. 12-1). HoweverEDR); was one order of magnitude
greater than in earthworms, as a result of pomndtibeing moderately sensitive to changes
in individual endpoints (Fig. 4C). Consequently,sjgiee a very low value of in the
control,population extinction was predicted at iieatesEx-EDRamong soil invertebrates.
Thus, the lowest contrdl and the strongest radiosensitivity in individuapoints did not
necessarily imply that the population was at ri®ke critical aspect was how population
growth rate responded to changes, depending ohi$ifery characteristics. Finallfporcellio

scabershowed similar values &-loEDRand-loEDR asE. fetidain generation F1.

3.5.3. Fish

In fish, the lowest significant changes in popuati (for a parametef of 0.05) are
predicted at dose rates of 781 uGYih P. reticulata 2170 uGy H in O. mykissand 43105
uGy h' in O latipes (Table 13, Fig. 13). Thus, extrapolating radiatidfeas to the
population level yields no change in the order @fgmitude of radiosensitivity in the three
considered fish species. b reticulatg radiation effects on fecundity and survival ocouer
distinct dose rate ranges (WIBDR, of 282 and 57543 puGy hrespectively). In fact, their
combined consequences for individil and populatiort are equivalent to those obtained
from a mere effect on fecundity alone. In this sp&cthe survival dose rate response curve
result from an extrapolation from acute exposureGambusia An experimental test of
survival under chronic gamma radiation B reticulata would improve this estimation of
population-level effects. 1. mykissEDRyo of 1820, 2042 and 3020 pG¥ hespectively for

hatching, fecundity and survival allow a certainge® of combination among radiation
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O. latipes P. reticulata O. mykiss
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Fig 13. Effects of chronic gamma radiation on neteproductive rate R, (offspring produced per

individual over a lifetime) and asymptotic populaton growth rate A in three fish speciesO.
latipes, P. reticulata and O. mykiss

as a response to combined reductions in hatchauynflity and survival on a range of dose rates
(95%-confidence intervals as dotted lines base@ garametric bootstrap with 10,000 resampled

datasets)Ry- and1-EDRyo, EDR,; andEDR;, as blue dotted line&y- andi- EDR causing population
extinction as red continuous lines.

effects, yielding an intermediate value fB§- and A-loEDR (2170 pGy H). Like in the
aguatic invertebratBl. arenaeceodentatéhe same value is found fBs-loEDR andA-loEDR

in O. mykissdue to semelparityD. latipesappears to be the least sensitive fish specidwat
population level. Like inP. reticulata however, chronic effects of gamma radiation are
experimentally tested on fecundity only and on sahonly, respectively if©. mykissandO.

latipes while most of the modeling outcomes rely on eptated dose rate response curves.

3.5.4. Terrestrial mammals

Mus musculusoffers an illustration of how interesting the apgeh might be when
abundant chronic effect data is available. A tofdlour dose responses curves are combined,
with effects at the individual level occurring ove@rsame range of dose rate (WHBRso of
2884, 3236, 3548 and 9772 pGYfor number of litters, litter size, proportion @producing
adults and survival respectively), to estimate eguences for individud®, and populatiori

(Fig. 14, Table 14-1). As a resulR, appears more sensitive than the most sensitive
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Table 13. Effective dose rates for individuaR, and population4 in fish species.

Dose rates inducing= 10, 20 and 50%-effect on net reproductive Rgt@nd asymptotic population
growth ratel (respectivelyR,-EDR, and1-EDR)), predicted population extinctiong1) (Ex-EDR and
lowest significant changd € 0.05) inR, and 1 (respectivelyRy-loEDR and -loEDR). Confidence
intervals (95%) presented into brackets built ustngarametric bootstrap with 10,000 resampled
datasets.

Endpoint and

EDR (uGy/h) Oryzas latipes Poecilia reticulata Oncorhynchus mykiss
Net reproductive
rateR,
Ro-EDRyo 38018.5 281.5 1737.5
[0.0 - 53703.0] [0.0 - 3548.0] [0.0 - 2344.0]
Ro-EDRyo 46773.5 630.5 2238.5
[0.0 - 57543.5] [0.0 - 4265.5] [758.5 - 2570.0]
Ro-EDRso 63095.5 2570.0 2753.5
[50118.5-69182.5] [81.0-9119.5] [2570.0 - 3019.5]
Asymptotic population
growth ratet
2-EDRyg 52480.5 707.5 3235.5
[43651.0 - 57543.5]  [40.5-1621.5] [3019.5 - 3467.0]]
2-EDRy 64565.0 1737.5 3630.5
[57543.5-69182.5] [660.0 - 3019.5] [3388.0 - 3890.0]
J-EDRyo 95499.0 11748.5 4466.5

[85113.5 - 99999.5] [6025.5 - 34673.5] [4073.5 - 4786.0]

Population extinction

A<1)
Effect onl 81.6%- 81.0% 34.3%
Ex-EDR 125892.0 67608.0 3980.5
[114815.0 - 181970.0] [52480.5 - 75857.5]  [3715.0 - 4265.5]
Lowest significant n = 2500 n = 2500 n = 2500
change
Ro-loEDR 51386.6 3269.8 2170.0
[50896.0 - 51875.0]  [3118.0 - 3433.0] [2151.0 - 2188.0]
J-loEDR 43104.7 780.6 2170.0
[42695.0 - 43514.0] [749.0 - 814.0] [2151.0 - 2188.0]
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M. musculus R. norvegicus
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Fig 14. Effects of chronic gamma radiation on neteproductive rate R, (offspring produced per

individual over a lifetime) and asymptotic populaton growth rate A in five terrestrial
mammalian speciesM. musculus, R. horvegicus, C. familiaris, C. hircus and S. scrofa

as a response to combined reductions in fecundity survival on a range of dose rates (95%-

confidence intervals as dotted lines based on anpetric bootstrap with 10,000 resampled datasets).

Ro- andi-EDRy, EDR,y andEDRy, as blue dotted line®,- and/- EDR causing population extinction
as red continuous lines.

individual endpoint, with &Ry-EDRyo of 26 uGy R equal to that estimated for number of
litters and aRy-EDRs of 977 uGy H below anyEDRs, measured for individual endpoints.
The value oft-EDRy is found at 269 pGy hand lowest significant changesRg and .. are
respectively predicted for 144 and 344 pGy &t dose rates below the second lovEBR;,
estimated at the individual level for proportionreproducing adults (977 uGyh

In other mammal species, effects on survival aponted or predicted at much higher
dose rates (WittEDRy ranging from 40738 pGy hto 11749 mGy H) than effects on

fecundity (with EDRy ranging from 501 to 2570 puGy™*h As a result, combined

[STAR] 72
(D-N°:5.2) —Life history traits radiosensitivity and populatiorodeling
Dissemination levelPU

Date of issue of this repoi®1/07/2012



consequences for individu&, and population. are equivalent to what would be obtained
from a mere effect on fecundity alone (Fig. 14, [€ald4-1&2). Despite that, it is interesting

to note thaRy-loEDR andA-loEDR remain moderately influenced by allometry to boagss,

Table 14.1. Effective dose rates for individualR, and population4 in terrestrial mammal species.

Dose rates inducing= 10, 20 and 50%-effect on net reproductive Ratand asymptotic population
growth ratel (respectivelyR-EDR, and1-EDR)), predicted population extinctiong1) (Ex-EDR and
lowest significant changé £ 0.05) inR, and/. (respectivelyRy-loEDR and2-loEDR). Confidence
intervals (95%) presented into brackets built ugingarametric bootstrap with 10,000 resampled

datasets.

Endpoint and
EDR (uGy/h)

Mus musculus

Canisfamiliaris

Capra hircus

Net reproductive

rateR,
Ro-EDRyo 26.0 1778.0 1995.0
[0.0 - 436.0] [0.0 - 3019.5] [0.0 - 3388.0]
Ry-EDRy 137.5 2238.5 2454.5
[0.0 - 630.5] [0.0 - 3235.5] [0.0 - 3630.5]
Ro-EDRso 977.0 3311.0 3548.0
[426.5 - 1412.5] [2454.5 - 4073.5] [0.0 - 4466.5]
Asymptotic population
growth ratet
2-EDRyg 269.0 2570.0 3090.0
[29.0 - 660.0] [2041.5 - 3019.5] [0.0 - 3801.5]
2-EDRy 1071.0 3388.0 4265.5
[630.5 - 1412.5] [3019.5 - 3715.0] [2818.0 - 4897.5]
A-EDRsg 3388.0 6918.0 11748.5

[3019.5 - 3630.5]

[6309.5 - 7762.0]

[7943.0 - 14454.0]

Population extinction

A<1)
Effect onl 56.0% 55.7% 28.2%
Ex-EDR 3801.5 8511.0 5247.5
[3467.0 - 4168.5] [7585.5 - 9549.5] [3801.5 - 6165.5]
Lowest significant n = 5000 n = 2500 n = 2500
change
Ro-loEDR 344.4 2906.3 3719.2
[326.0 - 363.0] [2869.0 - 2939.0] [3673.0 - 3768.0]
A-IoEDR 1435 2187.1 3283.1

[133.0 - 154.0]

[2161.0 - 2209.0]

[3241.0 - 3323.0]
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with lowest significant changes detected at dogesraanging from 443 uGyhin R.

norvegicusto 3283 PGy H in C. hircus Lower values might be estimated after additional

individual endpoints are experimentally tested urateonic gamma radiation.

Table 14.2. Effective dose rates for individuaR, and population4 in terrestrial mammal species.

Dose rates inducing= 10, 20 and 50%-effect on net reproductive Rytand asymptotic population
growth ratel (respectivelyR-EDR, and1-EDR)), predicted population extinctiong1) (Ex-EDR and
lowest significant changé £ 0.05) inR, and/. (respectivelyRy-loEDR and2-loEDR). Confidence
intervals (95%) presented into brackets built usipgarametric bootstrap with 10,000 resampled

datasets.

Endpoint and
EDR (uGy/h)

Rattus norvegicus

Sus scrofa

Net reproductive
rateR,
Ro-EDRio

Ro-EDReo

Ro-EDRso

501.0
[0.0 - 776.0]

741.0
[0.0 - 977.0]

1479.0
[1071.0 - 1659.5]

2570.0
[0.0 - 4365.0]

3090.0
[0.0 - 4570.5]

4265.5
[81.0 - 9119.5]

Asymptotic population
growth ratet
J-EDRy

A-EDRyg

A-EDRsg

11215
[911.5 - 1258.5]

1949.5
[1698.0 - 2089.0]

13803.5
[10471.0 - 15848.5]

3311.0
[0.0 - 3801.5]

4168.5
[3311.0 - 4570.5]

7079.0
[6165.5 - 7762.0]

Population extinction
A=<1)
Effect oni
Ex-EDR

45.4%
8709.0
[7079.0 - 9999.5]

61.7%
10232.5
[52480.5 - 75857.5]

Lowest significant
change
Ry-loEDR

/-IoEDR

n = 2500
725.3
[712.0 - 739.0]

442.8
[435.0 - 451.0]

n = 2500
4640.2
[4584.0 - 4699.0]

3272.1
[3242.0 - 3303.0]
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4. Dual age class population model with radiation repia

4.1. Model description

Most organisms can be identified over the courghef development as passing through
a series of age classes. The examples derived frenitérature and from life history data
available on genomics databases suggest that,shcaees, the population can be subdivided
in just two age classes: juvenile and adult indiaid, connected by a growth rate:

dN,
dt

dl\,:l = SNO _d1N1 + |1(t)

=M (t) =N, —doNg +1,(t)

WhereN,; is the abundance at timhé = O for juvenile and 1 for adultMo(t) is the number of
offspring generated per unit tims,is the growth rate from juvenile to adutt, are the
intrinsic rates of juvenile or adults loss due tortality (intrinsic and predation) anil(t)
represent immigration for each age group of theufan. This linear model assumes ideal

resources (food, shelter, temperature).

4.1.1. Reproduction

As the population grows, individuals interfere wihch other by competing for some

critical resource, such as food or living space.sTisi modelled by the logistic equation

dN =rF (1—%} wherer is the multiplication rate, equal to the numbepfi$pring produced

dt
by a typical female multiplied by the fraction @nfiales (usually 50%). The const&nis the
‘carrying capacity’, i.e. the maximum number of Hduallowed by the resources of the

ecosystem (in this study this is always assumézbtbd organisms).
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In the above logistic equation, a time-dependentrdity functionF represents the
fecundity of the population, i.e. the number ofiinduals that are at any given time capable

of reproducing. The simplest form of this functisnF = N, a direct consequence of there
being a limiting terml—%. However,F is generally variable, and to represent this aemor

general type of model can be introduced (Krysheal.2008):

d_N =rF (1—Ej
dt K

o= (1) (1)
dt K L

Here,f andL are the rates of self-recovery and the maximunarfdity of the population,
respectively. It is easy to see that this systeraqpfations still has a simple solution of the
type F = N with K =L, but there are other solutions that theoreticallgw for an imbalance
between fecundity and population numbers, causedekample by the presence of a
contaminant.

The model can be further refined by assuming tlgufation growth is limited when

population numbers are very low, due to the ina@dalkfficulty of mating:

dN_ ¢ (1_ﬂj(1_ﬂJ
dt KN

Where W is the minimum viable population below which thepplation is not sustainable
(W= 2 for sexually reproducing organisms; assumecket@ m our calculations).
Generalizing the previous equations to two agesekgives us the basic population

model without radiation and for an isolated popolat
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dN, _ [1_%j(1_ﬂ] ~(s+do)N,

dt K, )
dN
d_tl = SNO - lel

o p[-Nels fF(l—Ej
dt K, L

4.1.2. Equilibrium solution

A stable analytical solution for the system (beyadmel trivial solutionNp = N; = F = 0)

can be found by equalling the differential equadioém zero and neglecting the te(rh—%j
1

(a suitable approximation for non-sparse populadonThe equations become further
simplified in the symmetrical cas€¢ =L andr =f, giving the following simple expressions

for the (initial) steady-state conditions:

N :Kcﬁ[l_s+doi}
S s r

s+doi}

N =F = Kc{l—
S I

Where, for convenience . = Kodi. The maximum theoretical values that juvenile addlt
1

. . d . . . :

populations can attain ark.— and K_, respectively; corresponding to high survival and
S

reproduction rates and low mortalities for juveraled adult. These values can therefore be

interpreted as the carrying capacities of the extesy for adult and juvenile organisms.

A unique stable solution (other than trivial) fdretabove system exists if and only if

s+doﬁ<

S T

1.
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4.1.3. Radiation effects

The effect of ionising radiation manifests itsel§ aepairable radiation damage,
reproduction effects and lethal damage (mortalitye assume that there is a pool of damaged
individuals; coexisting with healthy individuals; (Initial value ofYp, Y1 = 0). A repairing
pool R (different for each age group) represents theapto repair radiation damage.

The repair mechanism is a quantity symbolizing aetya of highly complex repair
processes that occur at cellular and sub-cellglemdtic) level (Kryshev et al. 2008). Here, we
model it in a non-mechanistic way, and thereforedesenot cover explicitly the range of
teratogenic, genetic, developmental and behaviogffacts observed in biota. It does not
account either for variations in tissue radio-sivisy. However, this approach, which is well
grounded on previous literature (Laurie and Fox72)9is a step forward from simpler
models representing the radiation effect by re¢ptirortality linearly to the dose rate.

By integrating the repairing pool with a populatimodel the impact of ionising radiation
can be modelled in a population context, considerimepairable radiation damage,
reproduction and mortality (lethal damages) asrdisimodeling endpoints. For example, the

N, +Y,

fraction of adults killed by ionising radiationay given time can be defined hs N©
0

We derived the following system of seven first-ardéferential equations for the model:
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No — g, N, + 4., R, +rE[1-No Yo |9 W4 g )N,
dt K, .

dy.

d_'[o = aodr No _KoYo Ro _goYo - (S+ dO)YO

d

d—Tﬁrﬁ{l—%j—k&YoRo -ald R

d(;\ll = _aldr N1 +K1Y1 Rl + SNo - lel

d = aldr N1 _K1Y1 R.L _£1Y1 + SYo - d1Y1

1

—=-q}d,F -rF 1- Ny fF[l—Ej
dt . L

t
-1
dt
d
- nR{l—Mij - KR ~aid,R
dF

where a,,ay,a},&,k;,ky, 1, T are parameters for the radiation model, descripedur

previous work (Vives i Batlle et al., 201MWt, andM; are logistic constants for the recovery
pool, made equal to K for symmetry, aghds the radiation dose rate.

Note that, in the above equations, the damagediithdils are not included in the

. : N W -
fecundity saturation termi-—Xor the term 1—Wbecause it is assumed that damaged
1 1

organisms do not participate in reproduction. Hosvewthe saturation term for juveniles

s =1—Mincludes the damaged population because it is as$uimat healthy and

0
damaged individuals share the same ecological s@dms is very important conceptually,
because it prevents mortality from becoming negativlow dose rates, an artifact that was
observed in an earlier version of the model.
The model was constructed and equations solved mcatlg using the modeling
softwareModelMaker®version 4 (Citra 1997; Rigas 2000). For the executf the model,

Gear’'s method, an appropriate solver for stiff datians where different processes happen
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on very different time scales, was chosen, withyditne steps, 1doutput points, a random
seed of 1 and a relative error per step of°10he accuracy of the solver was tested by
comparison with the analytical solutions for theuiélgrium (no effects) and lethality (acute

effects) cases.

4.1.4. Chronic versus acute dose effects

The equation system for our model has an impofeature. At low levels of dose, the
repair function acts to return damaged individu@sthe healthy state (chronic effects).
However, at high doses, the repair mechanism amdeitundity function are depleteldy ~
R, ~F~ 0 andN; becomingY; (all population damaged — acute effects), hencecame

approximate:

dN

dto = _(aodr +S+do)No
% = aodr No _(S+do +£0)Yo
le = +SN0 _(aldr +d1)N1
% = aldr N1 + SYo _(dl +51)Y1

The equation foN, can be solved ad, = Ne @ s*%}and substituted into the other

equations which, being of the tyed%+ p(xX)y = q(x), can be solved as:
X

y= e—jP(x)deq(X)efP(x)dxdx_'_ C)

The solutions must verifyy = 0 andN; = No for t =0; hence:
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NO - N(i)ni e—ﬂot

_oad i i
YO_—/]l_/]O N, (e e )
N, =N lini et 4 f N (i)ni (e—ﬂzt _ e—/iot)

2~

— Sq aO 0'1 ] ini [ 4= Aot —Ast SCyodr ini [ 4=t — At
Y, = + Ny le™ —e™ |- Ny le™ —e™ |-
' /10_/‘3£/]1_/]o A=A ’ ( ) (/‘1_/10)(/11_/13) ’ ( )
a,d, ini S ini |[amdot _ oAt
—/12—/\3('\]1 +—/12_/10 N, J(e e )

where the system's eigenvalues are given by:
A =—(a,d, +s+d,); A, =—(s+d, +&, ) A, = —(a,d, +d,)and), = —(d, +¢,)

It is of interest to calculate the surviving fracts for juvenile and adults with respect to
the initial (equilibrium) population, ofy and fi. Substitution of the equilibrium values

calculated in the section 'equilibrium solutiorads to:

f, = Ny ':;iYo - a.d, e — g g
Ny /11 - /10

f, = N, -I:IY:L —e My d, (e—Azt _e—Aot)+ dd, [ Qy + a, j(e—aot _e—/\gt)
N, A, = A A=A\ A -A A, —A

d.a,d, At A a,d, ( d, j At A
_ e il -e 3 | — 1+ e 2 -e 3
(/]1 _AO)(/‘l - /13)( ) /]2 - /13 /12 _/]0 ( )

Now, we can use the approximation tligtand & = & dominate over the remaining
eigenvalue terms such that’ <e™ <e™' << e (this was verified numerically with our
model parameters for fish and mammal populations):

fo= A

/11 _/10

fl =d dlao + al (14_ d1 J _ dl ( ao + 0'1 lee—/lst
(/]1_/10)(/11_/13) /12_/13 /12_/10 /10_/13 /11_/10 /12_/10

This indicates that at high dose rates juveniled adults decrease exponentially. As

natural death and survivorship weigh on top of addn damage, a dose rate equal to the
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LDsos30 applied over 30 days reduces the population sormemlore than 50%, an inevitable

result of coupled dual age-stage population modelin

4.1.5. Calibration of the model with fish data

To represent fish, the generic population model agdied to fish eggd\p) coexisting
with adults ;). The model was calibrated using physiologicalpseters for the following
fish species: common cargyprinus carpi9, grass carpGtenopharyngodon ideljaloach
(Misgurnus fossiliy tilapia (Tilapia mossambida Siberian roachRutilus rutilus lacustrig
goldfish (Carassius auratus gibeljp silver carp KHypophthalmichthys molitrjxand pike
(Esox luciuy. The information was taken from the Animal Ageiagd Longevity Database
(AnAge 2012), and where not possible, from onliesources such as the Centralized Digital
Library of Life on Earth (ARKive 2012), the IUCN adlist for threatened species (IUCN
2011) and the Global Information System on Fislgshpase 2012). Additional information
for carp was obtained from the Global Invasive $medatabase (Radke 2005) and,
elsewhere for longevity (Kolar et al. 2005).

Reproduction rate from the above sources was @tulilas clutch size x clutches per
year x female/(female + male) ratio (assumed to-l®5). We assumed that each mature
female is fertile (otherwise a corrective factanet available here - should be included in the
calculations). It must also be assumed that soméhefprocesses e.g. reproduction are
continuous and uniform. This runs counter to the faat many species of fish spawn usually
one time rather than at a continuous daily rateaktputhe annual number of eggs spawned
divided by 1 year. However, population as a whol@yrbe considered to spawn over the

entire season in the first approximation.
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4.1.6. Calculation of mortality rates

There is little information available for the adaltd juvenile natural mortality rates in
the environment under the effect of predation. pammeter can vary with size, sex, parasite
load, density, food availability and predator numshbé@owever, natural mortality as a function
of mass has been calculated in fish stock assessnuetels (Siegfried and Sanso, 1996).

For adults, defining the lifespah, as the age for which a fractiérof the population is

still alive, di;= In(10)/lifespan, we can approximate = iln% choosingf = 0.01 (only 1%

of the population surviving). An improvement is tige Peterson & Wroblewski's (P-W)
model (Peterson and Wroblewski 1984), an allomeapproach that predicts decrease of
death rate with increasing body mass. Assuming ¥&dter content in fish this model
predictsd (d™) = 1.32x10°m(kg;freshmas3 °*°. Both approaches give similar result, with
the allometric model an average 30% higher. Fa #tudy we adopted a P-W-calculated
adult death rate of 0.3 yé5rsimilar to the available field information (Ahsam and Carney
1975; Jagrgensen et al. 1991; Woodhead 2003).

For eggs with a mass of 1.78 x1@g, the P-W equation givedy = 3.6 x 10 d™.
However, in the embryonic development stage, thalave information indicates that the
survival is very low. Not even the approximation bwWcGurk (1986),
d(days') = 201x10°m(kg;freshmas} °*, which corrects for the P-W model tendency to
underestimate slightly for small organisms, predigt, ~10* d* suffices to reduce the egg
production rate of ~ Tod™* to levels compatible with the low survival probitgs observed.
This is because, in the natural environment, vegy fish fecundities are balanced by very

low hatching success and high egg and larval mbesl(Dahlberg 1979). To solve this
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problem, we based our estimate on the survivorérifish eggs calculated previously in

another model (Kryshev et al. 2008), or 5.0 % #J.

4.1.7. Calculation of the death rate as a function ofsievivorship

Starting from the previously calculated model sohg for a state of equilibrium, it is

possible to calculate the net production rate fits at steady-state as:

g1 (57 d) g}
SN, = chl[l S

r

This can be compared with a single life stage mbdeing the equations:

aN _ rF(l—ﬁj —-d,N; d—F:—rF(l—ﬂj+ fF(l—Ej
dt K dt K L

with Kc = Nmax = L = Fmax @ssuming that the adult has the same deathdrabel carrying

capacity K. for both models. In this case, the equilibrium uson would be

d—N:r'N(l—Kﬁj—le:O, from where N :Kc(l—ij, with a net production rate

dt r

C

d,N = chl[l—d—fj. For both types of model to have the same netymtamh rate a certain
r

relationship must exist between the "effective"tdraf formation of mature individuals)

reproduction rate r' of the single life stage maaled the constants s, dp andd; of the dual

S r .
rord,=s —-1{. Usingr
+dOJ 0 ;(r. j g

= 7.53 x 168 d* (the mean reproduction rate for the species mghidy, see below) amd= 5

life stage modell—Mﬁ :1—d—}. Henceforth,r':(
s r r

x 10% d* givesd, = 2.6 d".
The use of a formation rateof 0.05 d' is not only consistent with Kryshev's single-age
class model but also with the predicted mean sarghip to metamorphosis of a cohort of

freshwater fish larvae being 5.3% per day (Houd@4)95% of the population still alive at
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maximum age giving a generation rate of 5.3 ¥ @8). This value gains credence by indirect
evidence from other freshwater fish species: 13% d* survivorship (Forney 1976) (yolk-

sac larvae alone, hence an upper estimate foruthgrbwth process from egg to adult), and
lost eggs/larvae owing to the predation reaching®@2per clutch in smallmouth bass (Iguchi
et al. 2004). Indeed, if we assume the predatiaurscwithin 24 h after laying the clutch

(according to (Dahlberg 1979) the majority of tlwsd for river fish eggs occurs within a
timescale of a few days and carp eggs hatch wihim 4 days), this is equivalent to a death

rate of —In(1-0.924)/(2 - 4 d) = 0.6 - 1.3 d compatible with our value.

4.1.8. Organism masses and growth rate

A simple scaling approach can be used to calculemass of the juvenile organism

where direct data was not available but organisigtlewas obtainable:

m =[] m
L,
For example, grass carp length (juvenile) = 20 cAband length (adult) = 1.2 m so
mass (juvenile) = 24.8 kg x (0.2 / 22)0.115 kg. As the common carp can also grow 2o 1.
m, we adopted the ratio (0.2 / 2®)r all carp species.

The mass of the egg, necessary if the populatiodemonsiders the lower life stage to

be the eggs themselves, was derived as followsT fapia mean egg diameter is d = 1.5 mm

egg

(Coward and Bromage 1999) so the massits pV, _%lde3= 1.8 x 10Pkg . For pike and

goldfish d = 2.68 and 1.29 mm, respectively (Bawstka et al. 2001) so the mass is 1.0 x 10
®>and 1.1 x 18kg, respectively. For roach and carp species ardieggeter between 1.25 and
15 mm, equivalent to an average of 1.36 x ®1(kg, was obtained

(http://www.fishing.visitwales.com/en/content/cmsicee/general coarse fish/spediesFor

the catfish (loach) the size is between 1.3 andving equivalent to an average of 1.44 €10
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kg. An allometric relationship between body massl aomlume of egg has been found
(Blueweiss et al. 1978), but this is too unrelidioleuse here, having 4 of only 0.26.

The growth rate s, determining the speed at whighecomesd\;, was obtained from a
simple approximation assuming that for the meanageaturityA,, a large fractiorf of the

eggs becomes adult. Therefore:

(1- )N, = Njg™ ors:iln(ij.
A \1-f

The dataset derived from the above approximatiead to population model parameters

for a "generic" fish (Table 15). With these paraengt the generic model gives a stable

population of 987 adults and 7,665 eggs, with aigarship of 5%. The adult/egg ratio of a

ini

stable population can be calculated as followsti&tawith an initial amount of egds;” and

neglecting reproduction and the adult death d@te‘d% = —(s+d,)N, and% =sN, —d,N;.

Thus:

No — N(i)nie—(s+d0)t
NN gt

— o (s+do=d)
S+do_dl(1 s+ dt)

N1 =g ini e—dltj' e—(s+d0—dl)tdt —
0

The first derivative of the above equation can eduto calculate the maximum valueNaf

d

o x e
Nlmax — SNénle_dltIe_(Sero_dl)tdt — SNO ( d1 j
0

s+d, | s+d,
max S
Whend; tends to zero¢ = Nlim = ord. For our input data this gives~ 10”. This value
0 0

gains credibility by the indirect evidence that #ealy period of carpQyprinus carpid has
the highest mortality rate with less than one irf 1i6h surviving the first few weeks,

indicating an upper limit foif of 10° (AnglingTimes 2010). For pike, one study of 1.25
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million eggs produced 39 pike living to 3 yearse(thean age of maturity) corresponding to

an overall survival probability of 3.12 x 2@Broughton 2000).

Table 15. Model parameters for fish (calculated fothis report), mouse and other mammals
(calculated for EMRAS 1)

Data in italics are calculated using allometri@ati@inships.

Parameter Generic fish Tilapia Carp Pike
Death rate(d)

for juvenile 1.23E+00 1.23E+00 1.84E+00 1.44E+00

for adult 8.85E-04 1.49E-03 7.57E-04 6.64E-04
Mass (kg)

for juvenile 1.78E-06 1.78E-06 1.30E-06 1.01E-05

for adult 4.94E+00 6.22E-01 9.26E+00 1.56E+01
Growth rate (d) 1.14E-04 4.54E-04 8.20E-05 1.05E-04
Recovery rate 7.53E+02 7.53E+02 1.37E+03 6.85E+02
for fecundity (d)
Reproduction rate (4 7.53E+02 7.53E+02 1.37E+03 6.85E+02
Carrying capacity 1.00E+03 1.00E+03 1.00E+03 1.00E+03
of fecundity (-)
Carrying capacity of 1.00E+03 1.00E+03 1.00E+03 1.00E+03
ecosystem (-)
Parameter Mouse Hare/rabbit Wolf/dog Deer
Death rate (d)

for juvenile 2.74E-05 1.34E-05 9.68E-06 5.80E-06

for adult 1.42E-03 6.40E-04 3.15E-04 2.93E-04
Mass (kg)

for juvenile 1.90E-03 8.25E-02 4.50E-01 6.71E+00

for adult 2.32E-02 3.00E+00 3.33E+01 1.49E+02
Growth rate (d) 4.12E-02 2.10E-02 2.11E-02 4.87E-03
Recovery rate 2.98E-02 1.99E-02 7.39E-03 1.60E-03
for fecundity (d)
Reproduction rate (4 2.98E-02 1.99E-02 7.39E-03 1.60E-03
Carrying capacity 1.00E+03 1.00E+03 1.00E+03 1.00E+03
of fecundity (-)
Carrying capacity 1.00E+03 1.00E+03 1.00E+03 1.00E+03
of ecosystem (-)
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4.2. Calibration of the model

4.2.1. Life history parameters

The characteristic physiological parameters for tlspecies chosen in the
(intercomparison) benchmark scenario for genericemhare/rabbit, wolf/wild dog and deer
populations were taken from the online AnAge datab&AnAge 2012). There was no
information available in the database for the aduld juvenile mortality rate in the natural
environment under the effect of predation. Hence,the adult we used the definition of
lifespan as the age of the 10% oldest survivorgl am average mortality rate of
In(10)/lifespan was thus derived. For juveniledydhe mice have initial mortality rate (IMR)
data in the database. The following approach wasl:usbserving that the adult death rate
follows an allometric lawd; = 7.11 x 1¢f x my®** R2 = 0.977, we adapt this law to fit the
IMR of the juvenile mouse with the same exponertdZ 10° = a x (1.90x 1) ***soa =
8.32x10° and dy = 8.32x10° x my®*®. The full set of model parameters thus derived for

mammals is also shown in Table 15.

4.2.2. Parameterisation of the radiation model

The point of departure for parameterizing the raoilemodel is the following set of

equations for a single population model by Krysheal (Kryshev et al. 2008):

dx d

d—_—C)’pX+KyR+,UF( max ) dy—a'px &y —KkyR

dR

dt (Rmax ) RyR aRpR _:_af pF_IUF(Xmax_X)-'-:ufF(Fmax_F)

Wherex andy represent healthy and damaged individuals, the dose rate (Gy3), «a is the
repairable radiation damage rate constanti{Ggis the lethality rate constant{dandag, o

are repairing pool and reproduction function ratestants (all in GY). Additionally, k andkg
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are repair rate constants for the damaged popunlaitd the repairing pool itself

respectively. Alsop andy, are the normalized reproduction rates.

4.2.3. Determination of the radiation model rate constants

Following previous work (Vives i Batlle et al., 201we tooka; = 10 xa andog = 2 X0t

In(2) _

1n@_ . We further tooke :E— 0.023 d, designed so that in the limit

50/30

= 20xa, with a =

case of high exposure, wh&wandN are 0 and all the organisms are damaged, applicafi
a dose equal to the Lsbsp gives 50% reduction of the population in 30 daysicec is a
constant, this model is therefore linked to thesdddat high doses, extrapolating to low doses

by means of the repair mechanism.

Next, we calculated = 1.5« - 15 as done previously (Vives i Batlle et al., 20106l a

consistent with Kryshev's fish model (Kryshev et2808). We also used the relatigpy =
Rmax = Fmax= K, L andM (symmetry of fecundity, repair and population sation), as well
ag =f. The latter derives logically from the fact thidti<r, the population cannot recover and
collapses following a start from low population rgns. Conversely, if>r the number of
individuals capable of reproducing would be gereztat a higher rate than the total number
of individuals. Hence, must be equal th

The rate constants for the recovery functipnvere deduced from the fact that, in the
single age group model by Kryshev et al. (20Q&)(equivalent tor; in our model) is set to
1.5 times the reproduction rate Our dual life stage model should tend to Kryshev'
formalism whers tends too. For this to happen, a certain relationship myustdetween the

"effective" rate of formation of mature individualsand the reproduction rateof the single
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life stage model, involving dand d: 1—Ld°i:1—d—f. Therefore,r':( +Sd jrand
s r r s+d,

1.5[ S jr.
s+d,

4.2.4. Estimation of the Llysqfor fish and mammals

S
1
e
]

It has been reported that, for fish= 1.2 x 10'mGy™* so LDsgs0 = 5.78 Gy (Kryshev et
al. 2008). Using Bytwerk's allometric formula fdwet LDso/30 (Bytwerk 2006; Higley and
Bytwerk 2007) with an egg mass of 1.78 x®18nd an adult mass of 4.94 kg would give
LDsoz0s of 40.1 and 5.86 Gy, respectively. For adults ik similar to Kryshev's constant,
thus validating it. In another study, it is repadrtihat the embryos of caryprinus carpid
have a similar LBz of 6.01 Gy for low-LETy-radiation (Blaylock and Griffith 1971). It is
therefore reasonable to use ansggy of 5.78 for adult fish.

For fish eggs the allometric relationship givesL&g30 of 40.1 Gy which is obviously
too high, because embryos are more radiosenshisve the adults despite their smaller size.
Bytwerk's formula is only valid for adults. We tle&sre adopt a LEy300f 3 Gy for fish eggs,
again following previous work (Kryshev et al. 2006ho applied an LBy3 of 3 Gy for
salmon eggs exposedyeoadiation at the initial period of development (Gdilov 1971).

For mammals, the species-dependent (free) parasnetiating to radiation: LE30S for
juvenile and adult of each species, were re-cdedlaas follows. The allometrically
calculated LRo30s for mouse, hare/rabbit, wolf/wild dog and deer &1.7, 6.3, 4.6 and 3.8
Gy, respectively. However, direct data exists foeg first three species: 11.1 (Golley et al.
1965; Gambino et al. 1968), 10.2 (Pryor et al. J9&7d 2.6 Gy (Norris et al. 1968) for

mouse, rabbit and dog, respectively. For deer faynmation was found, though an average of
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2.3 Gy (Sasser et al. 1971; Von Zallinger and TdmP88) for organisms of similar mass
(donkey and cattle) can perhaps be taken as arr@alecapproximation.

The same values were assumed for the juvenilerahdoadult of each organism, given
the paucity of data. As stated previously, it woh&dincorrect to apply Bytwerk's allometric
relationship to the juvenile of each species. Tatagether, the LEy3, data selected are
consistent with acute lethal doses k) of typically 6-10 Gy for small mammals and 1.2—
3.9 Gy for larger animals and domesticated livdstoodicating the higher radiation

sensitivity of large mammals compared with smallhmaals (ICRP 2008).

4.3. Results

4.3.1. Validation of the model for fish

When modeling effects on fish eggs, and particyléot mortality on short time periods
(tens of days), it is necessary to perform someahalterations to mimic the experiments in
which these effects were measured. The egg pradurie is so high that it would mask any
radiation-induced lethality effects. There wouldréddeen no adult fish actually reproducing
in the tanks used for the egg experiments, so dejtemn is disallowed in the model.
Likewise, the large death rates for fish eggs nigsset to zero, since we are interested in
modeling the radiation effects in excess of a aimgopulation.

In general, the dual-age class model was foundréaligt successfully most of the
experimental observations for loss of fecunditwstal/repair (mean of absolute differences
= 13%, 77% of the data within + 20%) and tendsdadmsonably compatible with previous
fish modeling results for eggs and adults (Kryske¢wal. 2006;. 2008) (mean of absolute

differences = 10%, 88% of the data within £20%)ealibration for acute effects using the
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experimentally observed Ldgso values for egg and adult appears indeed to worlk fae
chronic doses.

There are some limitations. For fish eggs there avasgle anomaly in that practically
total mortality of eggs is predicted for a doseeraf 39.200 pGy h applied over 14 days.
With a LDso00f 3 Gy d* the model cannot reproduce this result becatiseplies a higher
LDsos30 for acute doses. The above notwithstanding, oureainodn clearly predict tipping
points around which significant onset of the effesiculated occurs, namely: (a) mortality for
fast-developing eggs in the dose rate range 12208300 uGy H: (b) mortality for slowly-
developing eggs in the dose rate range 1250-1667ht((c) mortality for adult in the dose
rate range 833-1250 uGy-h(d) significant depletion of repair pool for egigsthe dose rate
range 417-833 pGy (e) significant depletion of repair pool for atlinl the dose rate range
417-1250 pGy h and (f) fecundity in the dose rate range 1250-26@y h'. Around the
tipping point, model predictions can vary signifilg compared with experimental values,
but in reality the dose rates triggering significaffects are very close to dose rate values for
which the model predicts the same effects.

To illustrate the above point, we compared the megrerimental dose rates for fish at
which the various effects are observed with the ehpdedicted dose rate to achieve same
effect. Figure 15 (left) shows that the two setsdata are strongly correlated, with a
coefficient of determination Rof 0.91 on a wide range of dose (chronic as welheute)
from 10* to 1 Gy &', and for a wide variety of different effects intbdish and fish eggs
(mortality, morbidity — interpreted as depletiontbé repair pool — and fecundity).

We verified mathematically that the tipping poifits loss of repairing pool, fecundity
and survival result from a predicted quasi-sigmbidase-response relationship with a

shallow no-effect region at low doses followed asgke variation over a narrow interval
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Fig. 15. Comparison of experimental results and maal predictions

Comparison of experimental dose rates for diffeedfects with model-predicted dose rate needed to
obtain the same observed effect in fish (data ftben EPIC study; left) and mice (data from the
FREDERICA database).

around the tipping value, whereupon the dose-respaurve stabilizes to near-100%
effect. This is typical of deterministic effect®y which many cells are killed by radiation
resulting in a significant loss of organ functioboae the threshold dose value, resulting in
significant effects at population level.

As an additional exercise, the model was testedthagéurther data from the radiation
dose effects database FREDERICA (Brown et al. 20D8pplestone et al. 2008). We
extracted from the database fish data for (low-LE-Fadiation, eliminating alb-, B- and
mixed exposure data (the latter, because we caatlthen sure if it was low-LET radiation or
not). This comparison excluded information thatrzstnbe calculated by our model such as
hormetic effects, specific effects such as chamgéddood composition or changes in size or
lifespan. We also excluded qualitative informatmithe type 'effect observed but no value
given', or effects for which exposure time cannetclalculated because the cumulative dose

was not reported.
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As seen in Figure 15, this comparison too appeaarsessful in that (a) similar effects are
reasonably reproduced at similar doses, (b) obdemeeeffect doses tend to coincide with
doses for which modelled effects are < a few pdresal (c) experimental doses at which
effects were observed and those for which the madetiicts the same effect are well

correlated (y = 1.04x; R2 = 0.89), lending furteezdence to the model.

4.3.2. Validation of the model for mammals

We compared the predictions for small mammals (retmade) with effects data based on
whole body external gamma irradiation studies ftommFREDERICA database (Copplestone
et al. 2008). The reason for limiting the compatiso small mammals is that some 50% of
the 106 FREDERICA effects data for mammals arexfme and voles, whilst only 5% of the
information is for dogs and no data are availabter&bbits or deer.

Again, the logistic dual-age class model was foundapproximate most of the
experimental observations (mean difference of logsfecundity/survival/repair between
modelled and experimental prediction = 22%, 75%hef predictions to +30%). As can be
seen in Figure 15, these results are somewhaatessate than for fish, due to differences in
radiation sensitivity between mice species.

Results of this comparison were quantified in terofisdose rate for the model to
reproduce an observed effect over the given timgose application, versus the experimental
dose rate at which the actual effect was report®dh the exception of a single effect
corresponding to an acute dose of 7.7 Gy applied a\20-minute period, which could not be
modelled, a linear relationship exists between rtiuglel-predicted doses for a given effect
and the experimental data (Figure 15). This retastigp has a satisfactory coefficient of

determination (y = 0.92x, R2 = 0.81), lending aiaahiil credence to this model.
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4.3.3. Predictions for a 'benchmark scenario'

We used the benchmark scenario developed by thé IBista Dose Modeling Group
of the EMRAS Il Programme for generic populatiofisnice, hare/rabbit, wolf/wild dog, and
deer. Each population, initially consisting of*&himals equivalent to the carrying capacity
of the ecosystem, were chronically exposed on geraf dose rates from 417 to 2083 uGy h
for 1 to 5 years. Two additional years after thesation of exposure were considered to test
for recovery of the population. Model predictioms fnice (Table 16) indicated that at dose
rates < 1250 pGyh the population reaches a new stable level witisds after 5 years

ranging 2.5 - 9% of the initial population, deperglon dose.

4.3.4. Further observations

The present study suggests that population behawiod radiological effects can be
successfully integrated, providing indicative d&ta natural wildlife populations where an
exhaustive experimental study is not yet available.

An example of the potential of the model is itsligpto interpret data for different dose
rates and lengths of exposure. For instance, thergwental data for fish and small mammals

show that the mortality (ofy) follows a trend with the cumulative dofg which can be

loosely approximated ds, =1-¢e*. The modelled data also follows the same patteon.

Table 16. Predicted surviving fraction from initial population at different dose rates (uGy H) d;
for mice populations

Organism Time (y) d =417 d =833 d = 1250 d = 1667 ¢d =2083

Mouse/vole 1 99.0 96.8 75.0 54.3 38.6
2 98.3 94.2 40.4 15.2 7.5
3 97.8 92.6 14.6 3.6 14
4 97.5 91.6 4.4 0.9 0.3
5 97.4 91.0 1.3 0.2 0.1

thttp://www-ns.iaea.org/projects/emras/emras2/waytgroups/working-group-six.asp?s=8
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Fig. 16. Observed and model-predicted reduction isurvival at different cumulated dose (Gy) in
mice and fish

Observed data®() and model predictions)) of loss of survival at different values of cumtita dose
for adult mice (left) and fish (right); solid linét through modeled data.

mammals, k = 0.035 Gyfor modelled data vs. 0.031 Gyor FREDERICA effects data
represented in this way (Figure 16). For fish, @.85 Gy* for modelled data vs. 0.11 Gyor
EPIC effects data (eggs and adults).

In another example of the model's potential, weistlithe relative difference in effect of
adopting a “lethal damages / total damages” ratif.02 {-radiation) or 0.90(-radiation).
Whilst for small mammals (mice) a low-LET radiatidiose rate of 417 puGy‘hinduces a
2.1% loss of survival (mortality) after 1@ays, an equivalent-radiation dose rate of 292
nGy H' is required to generate the same effect in theemdthis suggests a radiation quality
factor of 14 for high-LETa-radiation, resembling the factor of 10 - 20 ofta&topted in non-
human biota dose assessments (Brown et al. 2008sViBatlle et al., 2004). With a ratio of
0.25 (the intermediate < 10 kef4radiation case) the equivalent dose rate was 92 G
which gives a radiation quality factor of 4.5, nedding the factor of 3 for low-energfy-

radiation adopted in non-human biota dose assessrhgranalogy tdH dosimetry. For fish,
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Fig. 17. Relative survival, fecundity and repair pol in mice and fish as a function of dose rate

Survival, fecundity and repair pool (fraction oftial population) of the adult mouse (left) andhfis
(right) as a function of dose rate (from 417 to20&y h').

the model-predicted radiation quality factors afe f@r a - similar to the value of 30
calculated in our previous work (Vives i Batlle &t, 2010) - and 7.5 for < 10 keB-
radiation. These higher values result from the agimpopulation effect on species that have
a very high fecundity but a very low survival fraegg to adult (Figure 17).

The FREDERICA database contains only 5 referendéeguantifiable effects (mainly
fecundity) of chronic exposure to < 10 kéwradiation (Tritium) to small mammals which
can be interpreted on the basis of our model. Sointliee records are for rat rather than mice
species; hence model runs for those data were ediémt the different LBy300f 7.5 Gy for
the rat (Casarett 1968; Hall 1973) to avoid redgdtire dataset.

The model tends to give somewhat lower estimatekss of survival and fecundity
(differences < 20%), but successfully predicts zermoderate effects on fecundity at doses
< 208 puGy H and significant effects at doses in the order 38 @Gy R, a factor of ~ 3
below the doses at which low-eneryradiation produces significant effect on reprodurct

Without adjusting the LBys0 a single acute effect in mice fecundity at 708y, in 30 d
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(equivalent to a dose of 0.5 Gy) cannot be repredury the model — a similar problem as
that encountered previously for acute doses. Howetlee remaining results show an

acceptable linear correlation between experimatdaé and 'same effect' modelled dose (y =
1.6731x; R2 = 0.97). This provisional result netmbe revisited when further effects data for

low-energyp radiation on mammals and other species becomdslatea

5. General discussion, lessons learnt, Ilimitations and
perspectives for improvements

5.1. Propagating radiosensitivity from individual to population
levels

In our studies based on Leslie matrices or dualchags continuous time population
models, we explored population response to chramgcing radiation in aquatic and soill
invertebrates, fish and mammalian species basel) anreview of radiation effects on their
main life history traits and 2) a modeling exerceseamining how population growth or
carrying capacity declined as a result of combicleghges in several life history traits. These
approaches were in agreement with the hypothesaigtipulation-level effects depended both
on how key biological functions are affected byitity at the organism level and how
population dynamics respond to such effects. Ia tlointext, previous studies concluded that
the same level of effect could have different copgaces for the population depending on
the impaired individual endpoint and on life histstrategies (Forbes and Calow, 1999;
2002; Heppel et al., 2000; Stark et al., 2004; Raido et al. 2006; Alonzo et al., 2008a).
Using Leslie matrices, sensitivity analyses conéidrearlier findings that effects of ionising
radiation cannot be directly compared between migvidual and the population level. Our

results pointed that net reproductive rd® and populationi were respectively most
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influenced by changes in fecundity and delay inredpction, e.g. that critical end points
differed between the individual and population leveFurthermore, predicted levels of
change depended on life history characteristicsthef tested species. Our simulations
supported, independent of the modeling approackidered, the earlier assumption that the
most influential individual endpoint for populatiatynamics was not necessarily the most
sensitive to radiological (or chemical) toxicity g&menga et al., 1996). The dual age-class
population model verified mathematically that sualj fecundity and repairing pool have
quasi-sigmoidal dose-response relationships wittedate (Figure 17). The most sensitive
endpoint seems to be repairing pool, followed lopfaity and effect on survival.

With the Leslie matrix approach, no direct correlatwas observed between life history
strategy and radiosensitivity that might have addvéome degree of simplification. In fact in
aquatic invertebrates, the slow growilgy arenaceodentatand fast growingO. diadema
(with respectivel values of 1.29 and 1.92 in control conditions) evegually sensitive to
ionising radiation at the individual level whered@sheterostrophavith an intermediate of
1.63 was the most radioresistant among the threeiesp In soil invertebrates, fecundity
showed comparable sensitivity to ionising radiatlmetweenEisenia fetidaand Porcellio
scaber although respective values of 2.48 and 1.13 westenated forl in each species. A
similar comparison was more difficult to addressoiier taxonomic groups due to the
scarcity of effect data giving no basis for compgniadiosensitivity.

Results from the dual age-class continuous timeuladipn model reinforce the fact that
propagating radiosensitivity from individual to poation levels results in different patterns
than expected for an individual organism. For exama population of mice appears more
radiosensitive than fish despite the lower sbg) for the latter, with an earlier onset of

fecundity loss for the former organism. We attrébthis to the combined effect of greater
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longevity and reproduction rates for freshwateh fcompared with mice. The model also
suggests that adverse radiation effects to fishrgosbhave stronger consequences for
populations in slow growing speciese( those with low fecundity or a long juvenile stage
than in fast growing oned.€. those with high fecundity or a short juvenileggpa In

mammalian species, population survival under raahagxposure was higher in species with

high reproduction capacity (Vives et al., in press)

5.2. Compared population-level predictions

5.2.1. Comparison with literature benchmarks

With the Leslie matrix approach, combining avaitabffects observed in each species on
distinct life stages and individual endpoints yeadsignificant changes in both individuzj
and/or populatiori. at minimum dose rates of 716 and 2,606 pGyéspectively in aquatic
(O. diademjtand soil E. fetidg invertebrates and of 781 and 144 pGyréspectively in fish
(P. reticulatg and terrestrial mamma(®1. musculus Such results suggest that the generic
provisional benchmark values of 200 uGyand 2 pGy f (incremental dose rates) proposed
by PROTECT respectively for invertebrates and \meees (Garnier-Laplace et al., 2008;
2010) might be protective of theoretical populatsimulated in each considered species.

In the PROTECT project, derivation of generic banark values was based on the set of
lowest individualEDRy estimated among tested endpoints for each selsptaes (Garnier-
Laplace et al., 2010). This approach was basedhenassumption that a population was
protected from ionising radiation when the mosts#ére individual endpoint was protected.
Our simulations suggested that this assumption nasverified, as shown in the aquatic
invertebratesO. diademaand P. heterostrophaand in the earthwornk. fetida In fact,

significant reduction in individuaR, or populationi resulting from a combination of slight

[STAR] 100
(D-N°:5.2) —Life history traits radiosensitivity and populatiorodeling
Dissemination levelPU
Date of issue of this repor31/07/2012



effects (<10% reduction) on several life histogits, was predicted at dose rates below any
EDRyo derived for the species at the individual levelnMgstEDR,o of 1288, 54954 and 2606
uGy h' respectively inO. diadema P. heterostrophaand E. fetidd. This observation
supported the idea that a species might not begext (against an effect of 10% or lower)
below theEDRy derived for the most sensitive individual endppiftseveral life history
traits are simultaneously affected. Although valassmated at the population level remained
at the same order of magnitude as the lok&dR o at the individual level, benchmark values
might be slightly but significantly reduced if degd from a set of population-levEDR. This
issue underlined the need for population modelmngtegrate all observed effects, including
those most sensitive on molecular and cellular eimdg. This challenge must be solved
before outcomes of population dynamics are used detablishing population-level
radioprotection criteria for the different taxonamyroups. When all observed effects are
taken into account, population response might beensensitive than individual endpoints
such as survival, fecundity and hatching.

The results from the logistic, dual-age class patoth model tend to confirm the ERICA
benchmark value of 10 pGy*tor all biota as a dose rate below which adveftees are not
expected, with expectations that measurable effeegin to appear about an order of
magnitude above this value, and also support th#asiUSDoE benchmark of 40 pG¥ tior
terrestrial animals, with the expectation that obakle effects on mammals may occur at

about one order of magnitude higher.

5.2.2. Comparison between modeling approaches

For taxonomic groups which were considered withhbmiodeling approaches, namely
fish and mammals, it is interesting to compare &tmn outcomes between the dual age

class model and the Leslie matrices.
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Fig. 18.Example of effect gamma radiation on population stncture and population self-
recovery for deer at low dose rates

Self-recovery of the population of deer at low doages (left) and effect gamma radiation on
population structure (right) for deer — dose ratie8 — 42 pGy H (0 — 0.005 Gy d) administered over
2,000 days. The fraction > 100% adults in the pafpoh structure graph at high dose rates is a
numerical artifact that only appears at extremely population numbers.

In a previous study (Vives et al., in press), thmldage-class population model was
applied to generic populations of mice, hare/rgbilf/wild dog, and deer exposed for 5
years to a chronic dose rate range from 417 to 2088 h' followed by 2 year-recovery
(EMRAS 1l benchmark scenario). Simulations of chesign population size predicted that
populations reached a new stable size >90% ofritialisize at dose rates of 833 uGyin
mice and 417 pGy hin rabbit. Extinction (or a severe decrease inutaton size) was
predicted at higher dose rate in the two speciedoge rate of 417 uGy'tcaused extinction
in wolf and deer populations. An additional simidatin the most radiosensitive species
(deer) suggests that a dose rate of 42 p&Gislthe highest that will not drive the population
to extinction (Figure 18). In fish, a decline ingudation was predicted at dose rates of ~1100
uGy h*.

These results contrasted with those obtained \wgh_tslie matrix approach. Combining

chronic dose rate response curves suggested thatgtion extinction was induced at dose
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rates ranging from 3802 pGytin the mouse to 8511 pGy'tin the dog and at 3981 pGy h
in the most radiosensitive fis®( mykisy Thus, dose rates causing extinction differeaivgy
order of magnitude, in agreement with the statentbat allometrically-derived LE30
resulted in conservative estimations of chronic edoates threshold causing mortality
(Bytwerk 2006). With the Leslie matrix, variatioria radiosensitivity among species
suggested that large mammals might be more resitan small mammals. Due to data
scarcity however, both approaches rely to a lakgeng on extrapolations with the result that

robust conclusions could not be drawn under theunistance.

5.3. Relevance of effect data for population modeling

Ecological risk assessment focused on the populddgel gains 1) in robustness by
considering consequences of combined effects oerakewmdividual endpoints and integrating
life history properties of the different speciesda?) in ecological relevancy compared to
approaches based on the organism level (Forbe€alagdv, 2002; Stark et al., 2004; De Mott
et al., 2005; Raimondo et al., 2006). Matrix pofiola models have previously been
recognized as valuable tools to predict toxic eéffemn population dynamics (Forbes et al.,
2009; Salice and Miller, 2003; Chandler et al., £0Bin-Le and Yaobin, 2009; Charles et al.,
2009). The method is promising under the conditfat detailed descriptions of life histories
and robust datasets on biological effects of imggiadiation are available for reliability of
model predictions (Klok and de Roos, 1996). Howeyeedictions may be questionable
when such knowledge is scarce, limited to few imlial endpoints— as is often the case in
the literature — or even absent for some critidalHistory trait or life stage. In our study, this
was particularly true of delay in reproduction, fehich radiation effects were examined in

few species although this life history trait waentfied as critical for populatios in all
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tested species. In this context, one can wondethgh¢he set of radiation effects considered
in this study was relevant for population modeling.

The experimental range of dose rates on which oodating was based should be
discussed as the lowest tested dose rate varieglyéghong species, from 2 uGy for M.
musculus(an acceptable value considering the calculatéoEDR of 144 pGy H) to 10.0
mGy h' for P. heterostrophaln cases such @ heterostrophavhere the lowest tested dose
rate was high, fitted dose rate response curves$ianhp assumed that the level of effects
continuously decreased to the control. This assiemgs not supported by a number of
studies describing a biphasic response curve indeehages with larger effects at low doses
(ECRR, 2010).

The fact that our modeling approach did not inclatfects at lowest levels of biological
organisation had strong implications for the presticradiosensitivity at the population level.
Our working assumption was justified consideringtthnks between molecular or cellular
responses and population dynamics remain diffitulestablish (Fedorenkova et al., 2010;
Van Straalen et al., 2010). Many examples of genetolecular and cellular damages were
reported in the considered speciesNlnarenaceodentatéor example, such effects occur at
much lower doses compared to those at the indiVithweel (Dallas et al., 2012). In this
context, one can hypothesise that damages at tietigemolecular and cellular levels could
serve as early warning indicators for environmemffécts at doses where fitness-related
effects are not visible, at least over short-testbolatory experiments.

The previous assumption cannot be tested for leng-texposure situations because
radiation effects have mainly been explored forosxpes limited to one life stage or one
generation, whereas populations might be exposedutations largely exceeding organism

lifespans. Several studies have showed that tdfécts of radionuclides, such 48Am or
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depleted U, on survival and reproduction couldéase in severity over successively exposed
generations (Alonzo et al., 2008b; Massarin et20110). One might question the relevance
for population dynamics of effect data reported fowe generation if results are not
representative of effects in the subsequent genesat

External gamma radiation employed in our approadghinnot be representative of
environmental exposure, at least for alpha and kedation. In fact, several studies have
reported larger effects of internal exposure toenadrne tritiated water at comparable dose
rates (Jha et al., 2006; Dallas et al., 2012)hbsé¢ cases, the nature of the radiation source
(water) and the type of emitted radiation (low gyebeta-particles) might also contribute to
the difference in toxicity, compared to externahgaa irradiation. The consequences of
chronic internal alpha and beta exposure remainbdo investigated under laboratory
conditions as the majority of gamma radiation efeeported in the literature to date concern
external exposures.

The dual age class population approach faces additissues regarding the relevance of
effects data. A specific problem is raised by howarlidity data are interpreted to adjust the
percentage depletion of the recovery pool. In paldr, the limitation concerns the use of a
generic variable which covers a wide range of éfferom peripheral blood changes, to
reduced growth or organ mass loss, cancer induycttm). Because the approach is not
mechanistic, the radiation repair mechanism camookr the whole range of teratogenic,
genetic, developmental and behavioural effectsrteddn FREDERICA and cannot predict

stochastic effects such as chromosomal aberratioti€ancers.
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5.4. Need for robust mechanistic models instead of extrapolations

In any population modeling exercise, the validity predictions depends on the
availability of detailed descriptions of life-histes and robust datasets on biological effects
(Klok and De Roos, 1996). However, predictions niey put under question when such
knowledge is scarce or limited. The fact that owdels strongly relied on extrapolations in
order to overcome the scarcity of useable effeta dgpresented one of the main limits of our
approaches.

e Extrapolations from acute to chronic effectsremain highly debatable as they represent
both an extrapolation from high to low doses ammimfrpulsed to continuous exposures.
Organisms are very unlikely to respond linearlythese two situations. On the one hand,
chronically cumulated doses at a low dose rateeleaore time for organisms to develop
compensatory responses such as repair mechanigpair processes might reduce damages
and effect severity up to a dose threshold abovéchwheparation capacity becomes
overloaded and/or damaged. Such a threshold hagharhchance of being exceeded after
short-term acute doses than under chronic low dates. On the other hand, continuous long
term exposures increase the chance that a raditigeriée stage or process gets exposed and
observed ionising radiation effects increase iresey

e Extrapolations using allometry, especially under chronic exposure, appeared yoorl
consistent with the fact that organisms are unjikelrespond in the long-term depending on
an index of their body volume only, but rather hatreng specific (metabolic, physiological,
cytological etc.) features which modulate theip@sse to ionising radiation.

* Basing modeling onose rate response curvesstablished at fixed time exposureduced
the number of effect data points and implied effedrapolations among age classe$he

fact that effects were not considered as dynamicgsses ranked a significant fraction of
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effect data as not useable in a preliminary screganalysis because a sufficient effect range
for establishing a dose rate response curve isremarted for every exposure time. This
screening step, as well as unnecessary extrapmdatimong age classes, can be avoided if
models are able to describe effect variations twee with increasing organism age.
Alternative mechanistic approaches such DEBtox @wilr'S (Kooijman and Bedaux,
1996; Jager et al., 2011; Jager and Zimmer, 20ff@) a conceptual framework to integrate
toxic sublethal and lethal effects as dynamic psees over time. By describing how toxic
contaminants cumulated in organisms or induce catival pools of damages over time, these
approaches have a strong potential for integragiifgct data which are collected at various
exposure times, instead of considering endpoiiaieses at single exposure times, and under
different (constant or time-varying) exposure tipetterns (Billoir et al., 2012). Based on
threshold toxicity functions, these approachesvakxploration of various hypotheses on an
exposure range from low sublethal doses to higmaletoses and might fill a gap between
acute and chronic exposure situations. Mechanggtjgroaches offer insight in underlying
modes of action, which have strong potential fokilng effects among different levels of
biological organisation, for conceptual extrapaati of common underlying mechanisms
among species of a same taxonomic group and forehmgdof their consequences for life
history depending on specific, physiological andrphological characteristics (Swain et al.,
2010; Wren et al. 2011). Recently, the DEBtox apphohas been successfully applied to
radionuclides in the case Bfaphnia magnaexposed to depleted uranium (Massarin et al.,
2011) and has demonstrated that effects on growth r@production could be jointly
explained by a reduction in assimilation, a toxioda of action which was confirmed in
daphnids through complementary physiological arelyand observations of histological

damages on the gut epithelium. Such damages wspeokerved iftisenia fetidaexposed
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to natural and depleted uranium (Giovanetti et2d11,0) suggesting a common mode of action

among daphnids and earthworms.

5.5. Ecological realism in population models

Extrapolating model predictions to natural popwlas is further complicated because
population dynamics depend on many additional emwrental factors such as fluctuating
trophic conditions and temperature, predation pmessdensity-dependence, exposure to
mixtures of toxicants, etc. as well as interactianmsong species in a community-level context
(Forbes and Calow, 2002; Pennington, 2003). In ¢bistext, applying a logistic function to
survival and the fertility rates, as proposed ie ttual age class population model, is an
interesting approach to simulate density-dependemca theoretical population. However,
parameterising such functions requires that thebioed effect of radiotoxicity and crowding
is explored under laboratory controlled conditioBsher ecological constraints, such as food
conditions, are also of interest. For example, iGikt al. (2008) showed that resistance to
starvation declined in early larval stagesDHphnia magnaexposed to ionising radiation.
Their result illustrated how responses of irradigbepulations might differ under constant or
depleted food conditions. Modeling approaches is study assumed that populations were
growing in a theoretical spatially unlimited habitand under optimal environmental
conditions (as that provided in laboratory testsjhat density dependence theoretically did
not modulate the capacity of organisms to cope vattising radiation (i.e. that effect data
observed under favourable laboratory conditionsewepresentative of crowded, limiting
environmental conditions), as a simplified approdoh modeling population effects of

ionising radiation.
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Extrapolating effects from organisms to populatioagses the critical question of
defining an acceptable level of radiological prditat which guarantees the persistence of a
population (Wilson et al 2009). The Leslie matrppeoach showed that 10%-reduction in
populationA was a result of concomitant strong effects on #viedividual endpoints in
every species. From this point of view, such aedon may not appear sufficiently “safe” for
organisms. Authors recently used population extinc{populationi<l) as an endpoint for
population-level risk assessment of zinc on a raoigwildlife species (Kamo and Naito,
2008; Tsushima et al., 2010). On this basis, thevitenmentally safe” concentrations for
populations were one order of magnitude greaten tbarresponding no-observed-effect
concentrations for individual endpoints. In agreatneith these results, population extinction
was predicted in our study at dose rates whichelgrgxceededEDR, calculated for every
endpoint (except fecundity iN. arenaceodentaja A target dose rate (or toxicant
concentration) which reducesto 1 and theoretically brings populations to thiges of
extinction in controlled laboratory conditions seemuch likely to cause their extinction in a
realistic ecological context characterized by clagg- and temporarily unfavourable —
environmental conditions. From this point of viethe lowest dose rate inducing a
statistically significant change in individu&, or populationi seemed a more acceptable
criterion for radiological protection of wildlifepgcies. Which level of statistical significance

is ecologically significant is an issue which rensaio be examined.

5.6. Conclusions / Research perspectives

Population models constructed in this study frormdgraphic data of the literature also
allowed integration of all available radiation effelata measured at the individual level in

order to derive dose rates above which theoreficgdulation growth was significantly
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affected compared to unexposed control. This methayg be limited by the lack of data on
chronic effect of ionising radiation on life hisyotraits in non-human species. However, it is
helpful to identify critical endpoints for populati growth in various species with different
life history strategies and to focus future laborgtinvestigations. One big challenge for the
approach consists in experimentally testing andeptually building the link between effects
observed at molecular levels with those which alevant for population dynamics, by
conducting exposure experiments on relevant tinaesdor the population (including those
susceptible to give rise to adaptive response) tsting trans-generational effects of
radiation. Population-level evaluation of radiatieffects should also be extended include
more species that cover the diversity in physialalyiand life history characteristics and
extended radiation effect models to deal both waithte and chronic exposure situations.

Both Leslie matrix and modeling results cannot fiterpreted as final model validation
because long-term experimental studies of populatimamics in the wild under the effect of
radiation are very scarce and not well documerttemljgh some limited evidence exists that
might at least provide a yardstick for future mogdeddictions (Mihok 2004). Moreover, the
effects data used here are dominated by acute espostudies with relatively few
experiments conducted over long-term exposuresoto Hadiation doses. However, the
modeling studies given in this report provide ewicke that population behaviour and
radiological effects can be successfully integratgding indicative information for natural
wildlife populations where an exhaustive experimaéstudy is not yet possible.

Future research directions can concern the studwadiation effects at the community
level, with the ability to link the transfer andfesft models (Wilson et al. 2010) and analyse
radiation-induced perturbations in predator-prelatr@nships in simple trophic webs. To

improve the predictive ability of different poputat dose effects models would involve, for
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example, studying the influence of natural immigmaton population recovery after exposure
to ionising radiation, and analysing synergistiteets of radioactive substances with other

toxic contaminants.
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