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ABSTRACT

There is currently a revitalized concern about the potential impact of ionizing
radiation on the environment that calls for the construction of a system ensunng an
adequate radioprotection of the non-human biota and their associated biotopes. This
paper first sets the context of the problem hoth, with respect to the general
phüosophy of environmental protection as a whole, but also with respect to the
consideration of the environment achieved so far in the purpose of human
radioprotection. The current accumulated knowledge on the effects of ionizing
radiation to biota (fauna and flora) is then briefly reviewed, encompassing effects at
individual and community/ecosystem level, situations of acute and chronic exposure
to high and low doses, finally leading to the identification of the mosi critical gaps in
scientific knowledge: effects of mixed low dose rates in chronic exposure to
communities and ecosystems. The most significant current international efforts
towards the identification of environmental radioprotection critena and standards
are finally presented along with some relevant national examples.

RÉSUMÉ

impact de la radioactivité sur l’environnement :problématique, état des connaissances et approches vers l’identification de critères de radioprotection.
On assiste actuellement à une revitalisation de la question de l’impact des radiations
ionisantes sur l’environnement qui appelle la construction d’un système capable
d’assurer une radioprotection adéquate des êtres vivants non-humains et des
biotopes qui leurs sont associés. Cette publication situe d’abord le problème dans le
cadre général de la philosophie actuelle qui prévaut en matière de protection de
l’environnement en général, et aussi dans le contexte dans lequel ce dernier a été pris
en considération jusqu’à aujourd’hui par la radioprotection de l’homme. L’état
actuel de la connaissance acquise à propos des effets des radiations ionisantes sur les
êtres vivants animaux et végétaux est ensuite brièvement rappelé, de l’échelle des
individus à celle des communautés et des écosystèmes, des expositions aiguës aux
expositions chroniques, aux fortes et aux faibles doses, pour finalement déboucher
sur I’idenMication des lacunes les plus critiques : les effets de combinaisons de
faibles doses en situation d’exposition chronique sur les communautés vivantes et les
écosystèmes. Sont ensuite présentés les efforts internationaux les plus significatifs
entrepris dans le but d’identifier des critères et des méthodes standards pour la
radioprotection de l’environnement, ainsi que quelques exemples nationaux
pertinents.
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1. Introduction
1.1. Context
In the modem world, environmental protection currently forms a preoccupation
that is ovenvhelming several fields, from resource management to preservationhestoration of biotopes and biocenoses with respect to miscellaneous
anthropic stresses, radiological protection included. The latest international conferences on the environment (Rio and Kyoto) have brought two new concepts to the
forefront, which are now consensual. The sustainable development concept
acknowledges that human activities must “respect” the biotopes and biocenoses
that make up the biosphere, as they condition the support of al1 life in the present
and future, on Our planet. The precautionary principle endeavours to overcome
insufficient scientific knowledge, in particular where long-term effects created by
human activities are concerned, by means of an optimised risk approach.
The developments of the nuclear industry have been initiated by man, Who is
therefore primanly preoccupied, and quite rightly so, by his own radiological
protection. The philosophy, ideas and practical application of this radioprotection
have been successfully set up, through the construction of an intemational
consensus, by the International Commission on Radiological Protection. In this
context where man is the target to be protected, the wider environment has only
been taken into account in a restrictive manner, that is to say in as much that it
provides a direct vector for the exposure of man. As an answer to the growing
preoccupation with environmental radiological protection, the experts (those for
the protection of man), equipped with the knowledge available, have emphasised
man’s greater radiosensitivity as compared to the rest of living world. This
argument has fed the ICRP recommendations which state that to protect man leads
in an implicit manner to a sufficient protection of other living organisms (biota)
(ICRP, 1977; 1991), in any case on the population scale ( M A , 1992; Whicker
and Bedford, 1995).

1.2. Problem: man ’s protector protects the environment?
If this argument generally appears realistic in some known situations, it possesses
unresolved criticisms and remains, in any case, void of real demonstration. The
implementation of a system for environmental radioprotection may only be performed on the basis of an explicit scientific foundation, which is currently lacking.
The ICRP argument is, for example, questioned by the existence of uninhabited
zones of the planet or zones which do not lead to immediate exposure to man. The
practice of deep water storage of radioactivite waste which is today banned has
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often been cited and has not, to date, led to any direct effects on man but has most
probably widely affected the living creatures of the biotope under consideration
(Pentreath, 1998).

In protection terms, man and the environment are different in nature entities
situated at distinct organisation levels. Environment (its biota in particular) cannot
be broken down into one unique species that forms one population of individuals.
The result is that radioprotection system of one or the other may not follow the
same logic, but they should however remain compatible. On the same scale of
ideas, when contaminated by radioactive substances, the environment generally
shows a concomitance of non-radioactive chemical pollutants, in such a manner as
the protection systems for one or another may not ignore each other and should
remain consistent.
As the current worldwide discussion about climate change illustrates, the
protection of environment brings the long-term to the forefront with the potential
impact on future generations and the risk of impairing the general equilibrium that
controls the apparent planetary homeostasis.

The radioprotection of man has constructed a dosimetric system that is
essentially based on short-term acute exposure effects from high doses of
radiation. Currently, the low dose field is only extrapolated and is the subject of
persistent scientific controversy. For man as for the environment, it is particularly
important to note that the effects of low dose chronic exposure in a multipollution
context increasingly form the core of the problem.
Current dosimetric models generally hypothesize an homogeneous distribution
of radioactive nuclides within the organism under study. This leads to the bioaccumulation processes being ignored (at the ce11 or infra-ce11 scale, for example),
which could become crucial in the understanding of dose/effect relationships.
Besides these bioaccumulation phenornena, long-term redistribution phenomena
are also taking place within the environmental physical components that could lead
to localised accumulation pockets, therefore radioactive vulnerable zones.
The basis of the environmental preoccupation arises from the developing
awareness that man is an inherent part of the biosphere and that this later is the
home to vital functions for the survival of humankind that need to be respected.
Unlike man’s protection that is established on a linear logic - from a source to man,
passing through the environment - environmental protection requires a “system”
approach that incorporates feedback cycling (the global system is closed), and
taking into account the complex interactions between the biotope and the living
populations (Bréchignac, 2001). The keyword of environmental protection is
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therefore the “ecosystem”, that is to say the biosphere’s functional unit as a base
for vital functions that condition man’s survival in this biosphere. In the global
ecosystem - the biosphere - it is understood that man has become a participant
whose impact is (has become very) significant, but his survival remains linked to
respecting the fundamental laws that govern the homeostatic functioning of that
ecosystem. This leads to questions on the possible reversa1 of the ICRP statement,
“the environment’s protector may protect man”, especially in the long-tem. In
fact, both will be protected given the acknowledgement that humankind is an
inherent part of the biota forming the biosphere.

2. Irradiation by external - internal exposure
It is important, in a chronic exposure context, to look at the dominant radiation
forms, that differ according to the exposure pathways. The moçt studied is extemal
radiation, that deals with life developing in a contaminated environment, and the
risk in that case is much greater for radioactive nuclides that eniit y. type radiation.
The effects of irradiation by intemally incorporated radioactive nuclides are
much less well-known. They bring bioaccumulation processes into play which are
currently the subject of in-depth study (Garnier-Laplace and Paquet, 2000), and the
associated risk is greater as it is caused by a or p. type emitting radioactive nuclides. It is exactly these types of radiation which are more widespread in living creatures’ exposure to natural radioactive nuclides in the environment (see Sect. 3 ) .
The bioaccumulation intensity stems from three concomitant processes, the
balance of which regulate the pollutant concentration inside the living organism.
These are:
absorption, from the external medium to the internal medium, which brings
transport processes through biological barriers (membranes) into play,
intemal distribution, resulting from various transport, fixation or sequestration
(irreversible or not) processes,
excretion.

For non-human living organisms, the bioaccumulation processes have only been
studied for some heavy metals on a limited number of animal and plant organisms.
A great disparity of mechanisrns that lead to bioaccumulation of chemical
pollutants exists. The associated toxic effects are also varied according to the
observation scale under consideration. The bioaccumulation of radioactive
nuclides in non-human living creatures has only been the subject of a very limited
number of publications (Pentreath and Lovett, 1976; Guary and Negrel, 1981;
Galey et al., 1983; Miramand et al., 1989; Goudard et al., 1991; ChassardBouchaud et al., 1992; Paquet, 1993; Durand et al., 1994; Ribera et al., 1996), and
514
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more particularly for plants (Gouthu et al., 1999) for which extrapolations have
been projected from the behaviour of the corresponding stable elements.
Important questions still remain, as is the case for man, with regards to the
relevance of the methodology employed in order to evaluate risk. 1s it acceptable
to resolve the current knowledge deficiencies, in order to assess the effects of low
doses, by means of linear extrapolation of knowledge that has been gained in a
high extemal radiation situation? Or indeed, can one confirm that internai and
extemal irradiation situation produce, with equal energy, the same effects in the
living creature? These are two questions that require investigation.

3. Evaluation of biota exposure levels
The current data on the exposure levels of fauna and flora to natural radiation or
radiation emitted by the presence of radioactive nuclides that contaminate the
environment are numerous, but incomplete due to the multiplicity of living
organisms (variety of sizes, shapes, habitat, behaviour and movement, etc.).
Numerous simplifications had to be adopted, therefore, even in the most studied
aquatic environment (IAEA, 1988).
Here the specific difficulty is not the development of an appropriate dosimetric
mode1 for a given organism, but rather the essential acquisition of input data on the
spatial distribution of radioactive nuclides (IAEA, 1979), both extemally as well
as within the living organisms (bioaccumulation). Currently, the redistribution
processes are still mainly modelled by making an equilibrium hypothesis and
therefore by using simple distribution coefficients and concentration factors in the
global organism. By means of these assumptions, dose factors have been drafted
for several radioactive nuclides in order to lead to an estimation of dose rates for a
few organisms in different environments. In the aquatic media, it is generally
admitted that simplifications stemming from these assumptions lead to an
overestimation of dose rates. However it must be highlighted that such
simplifications do not take into account time variations in connection with shortterm fluctuation of the discharge, with the different states of the life cycle, with the
behavioural differences, with the seasonal variations of environmental processes,
etc. Further to this, although such an estimation of absorbed dose rate may reflect
the mean level received by the biota (the fauna and the flora), it does not make up
a safe basis for the assessment of total doses received through time. This reserve
is also applied to other environmental media (Coughtrey, 1983; IAEA, 1992;
Myers, 1989).
As a summary (for detailed references, see UNSCEAR, 1996) in the zones of
medium level natural radiation, the dose rates absorbed by the terrestrial plants are
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within the range 0.07-0.8 pGy h-' (0.6-7 mGy year-'), essentially stemming from
222Rn absorbed from the soi1 water. Aquatic plants are generally found to be
subject to absorbed dose rates near to the lower end of this range. The terrestrial
animals that are most exposed are those colonising underground habitat. In this
case, the rough estimations give, from 222Rn and its disintegration products,
0.25 pGy h-' for the lungs and around 0.09 pGy h-' for tissues as for external
exposure. In high-level natural radiation zones (thorium and uranium deposits), the
absorbed dose rates could go beyond these values by a factor of 1000. In the
aquatic environment, it is 210Pothat mostly contributes to the dose, with absorbed
dose rates through the gonads of some manne animals of around some pGy h-'.

4. Radiation effects on biota through external irradiation
A large amount of literature exists on this subject, from the 1960's, which has been
the dealt with in several reports often sponsored by international organisations
(IAEA, 1976; 1979; 1988; 1992; 1995; NCRF', 1991; Rose, 1992; UNSCEAR,
1982; 1996). This synthesis summarises to the main conclusions illustrated by
some selected examples (for detailed references, see UNSCEAR, 1996).

First of all, it is advisable to note that if the radioprotection of man is
concentrated on the individual for ethical reasons, a large consensus exists for
consideration that in the case of the environment, that is to say the biota it is made
up of, it is the populations that should be protected, as a general rule. However, it
is often argued that there can be no effect on the population scale (or indeed at the
upper levels of organisation, community or ecosystem) if there is no effect on
individuals making up this population. In this debate between individuals and
populations, it is important to acknowledge the existence of natural populations
relying on a dynamic equilibrium that they maintain between themselves and with
their biotopes (surroundings), and that ionising radiations only compose an
additional stress factor that may influence the equilibnum. It is the reason why
environmental radioprotection may only be implemented in full connection with
the protection against conventional chemical pollutants.

4.1. Radiution effects on fauna a n d f i r a at the individual level
by external irradiation
These effects have been most studied in high radiation situations.
4.1.1. On plants

For plants, literature reports that lethal radiation doses following a high exposure
are of between 10 and 1 000 Gy. For some lower plant families (mosses and
516
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lichens), the upper end of this range may reach a higher value. Generally, the large
plants are more radiosensitive than the small ones, with a radiosensitivity that
lowers from conifers to deciduous trees, thicket species, herbaceous plants, lichens
and mushrooms. At lower doses, non-lethal effects were observed, for example, a
strong growth inhibition at 4&50% of the lethal dose or the inhibition of seed
production at 2 5 3 5 % of the lethal dose. At doses lower than 10% of the lethal
dose, effects are less noticeable, plants showing a normal appearance.
The different parts of plants show distinct sensitivity to radiation, which go
from dry seeds (the least sensitive) to the apical meristems (the most sensitive).
Plants intended for agriculture show reduction in yield following radiation
exposure, with additional modifications induced by external factors (temperature,
humidity). Young plants and stressed-plants facing difficult growth conditions
may have an increased radiosensitivity.
Plant species also show a range of sensitivity to chronic radiation exposure. For
the most sensitive species (pine), dose rates greater than 3 O 0 0 pGy h-' for 3 to
4 years reduce growth of needles; in those aged more than one year, the needle
length is found to be significantly reduced at a dose rate of 7 O00 pGy h-' on one
growth season only. Where fully-grown pines are concerned, dose rates from
400 to 2 O00 pGy h-' applied for 9 years have produced growth reduction of the
trunk. For white Oak exposed to chronic gamma radiation, late opening buds were
noted as well as an increase in the duration of leaf dormancy. At dose rates
greater than 4 O00 pGy h-', trees were seen to be more sensitive to greenfly
infestation.
From al1 the data available on the consequences of chronic radiation - which
shows the obvious effects on the most sensitive species at around I O O O 3 O00 pGy h-l with specific modifications at 4OO-2 O 0 0 pGy h-' - it is suggested
that dose rates in chronic exposure less than 400 pGy h-' (that i s to say around
10 mGy day-') only produce minor effects on some sensitive plants, but remain
void of damage for the large majority of plants present in natural communities.
4.1.2. On terrestrial animals
Literature concerning radiosensitivity of terrestrial animals is widely dominated
by data concerning mammals, which are also the most radiosensitive. Lethal doses
for high exposure (DL,,,,,)
are located at 6-10 Gy for small mammals, and at
1 S 2 . 5 Gy for the largest wild and domestic animals. When a total dose of around
DL,,/,, is distributed al1 along the life-span of an organism (for example 7 Gy for
the mouse, i.e. 420 pGy h-' or 10 mGy d-'), the mean reduction of the life-span
was calculated at 5%, and would result from cancer induction (UNSCEAR, 1982).
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There is obviously a variation between species, but there is no indication that when
the most exposed individuals are subjected to less than 400 pGy hK', the mortality
rate of the corresponding population may be found to be seriously affected.
The reproductive capacity is more sensitive to the effects of radiation than life
expectancy (mortality rate). The mammals' reproduction rate may be reduced at
doses that only represent 10% of doses that lead to mortality. A loss of oocytes may
occur at 1% of the lethal dose, but as the production of oocytes is excessive,
fertility is found to be little altered. A 25-week exposure from the time of
conception at a dose rate of 800 pGy h-' may lead to the mouse becoming stenle.
For the most sensitive mammal studied, the "beagle" dog, a dose of 180 pGy h-'
produced a cellular regression and sterility in a few months, but no damage with
exposure reduced to 36 pGy h-l throughout the life span.
For birds, similar effects to those observed for small mammals were reported.
Reptiles and invertebrates are less radiosensitive, but it is advisable to note that
such comparisons become arduous due to the notable differences in physiology.
The chronic exposure, undergone in a confined space, of a species of lizard with a
short-term generation time did not produce any notable effect at a dose rate of
830 pGy h-l for 5 years. For two other longer generation time species, some
individuals of the first species became sterile at 630 pGy h-' during 3.5 years, and
at 210 pGy h-' dunng 5.5 years for the other. Adult invertebrates appear to be
hardly sensitive in terms of mortality to the effects of radiation exposure.
However, the gametogenesis, egg development and juvenile stages are more
sensitive.
4.1.3. On aquatic animals
Among aquatic organisms, fish are the most sensitive to the effects of radiation and
in particular embryos in development stage. The DL,, for high radiation on sea
fish is located around 10-25 Gy for investigation penods that reach 60 days after
exposure. For the DL50 of sea invertebrates, the upper end of the observed range
reaches several hundred grays. Embryos however, are found to be affected at much
lower doses, the DL5,30 of salmon embryos for example is located at 0.16 Gy.
Where chronic exposures are concemed, dose rates from 10 O00 to
30 O00 pGy h-' have had no effect on the mortality rate of aquatic snails, St.
Jacques scallops, clams and blue crabs. Slightly higher dose rates have triggered
some effects on the Duphnia pulex population through limiting food. Short-term
exposure (40 days) of fly fish at dose rates of around 14 000-54 000 pGy h-' have
shown no radio-induced mortality, but for another neighbouring species, it appears
518
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that long-term exposure (> 470 days) to dose rates greater than 1 700 pGy h-'
reduced the life-span, in particular for males.
The effects on reproduction make up a much more sensitive indicator for the
response to radiation of aquatic organisms. The reproductive capacity of the fresh
water snail Physa heterostropha and the sea polychaet worms Ophriotrocha
diadema and Neanthes arenaceodentata was found to be reduced during chronic
exposure to dose rates of around 3 200-7 000 pGy h-'. A dose rate of
7 300 pGy h-' sterilises, in 50 days, the male fresh water fish Ameca splendens,
and a dose rate of 1 700 pGy h-' applied throughout the life of some "guppy fish"
couples (Poecilia reticulata) significantly reduced the duration of egg production.
It was deduced that significant effect on fish gonads following chronic radiation
only really began to appear from 1 0 0 pGy h-' .
4.1.4. Classification of radiosensiîiviîy
As the source of radiation effects on living organisms is at the level of interactions
and non-repaired damages at the cellular and the molecular scale, it was logical to
search for a classification established upon chromosome criteria (Span-ow et al.,
1967; Whicker and Schultz, 1982) which however, were not found to be very
discriminating, a feature which suggests that other non-identified parameters
should also be included. These studies however, enabled production of an
approximate hierarchy of the radiosensitivity of the life kingdom to strong (lethal)
doses which places mammals, including man, among the most radiosensitive, and
primitive organisms (bacteria, protozoa, viruses) among the most resistant (Fig. 1).

4.2. Effects of radiation on plants and animuls at the level of population
by external irradiation
4.2.1. What do we know nowadays?
The effects of radiation on the life kingdom at the upper organisation levels population, communities and ecosystems - are much less documented as they have
only been the subjects of rare and spot studies. These studies mainly come from
in situ irradiation experiments, from experimental enclosures in nature intended to
follow the dynamics of some animal populations, or indeed observations carried
out in zones subjected to increased levels of radiation originated naturally or
anthropically (zones contaminated by waste storage or accidental radioactive
discharge). The main difficulty inherent to al1 these studies is found in the
notorious absence of real controls that considerably hinders an unambiguous
interpretation of the observation.
RADIOPROTECTION
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Figure 1- Radiosensih'viiy in acute exposure of the main classes of living organisms (taken from Whicker
and Schultz, 1982).
Radwsensibilüé en exposition aiguë des principales c h s e s d'êtres vivanb (d'après Whicker et
Schuiîz, 1982).

The Pinus type conifers are shown to be the most sensitive of the plant species
studied, whether it is a case of strong or chronic exposure, and the communities of
this type of plant are also the most radio-sensitive amongst those for which data is
available. In general, a forest where the pine is dominant (or Co-dominant) suffers
little at doses of 1-5 Gy in acute exposure or at dose rates of 4 W O00 pGy h-'
through chronic exposure. In this context, the minor effects observed are small
modifications of productivity and reproduction, which disappear when the
radiation source is taken away. Severe effects on the conifer forest may intervene
at doses of more than 20 Gy in acute exposure, or at dose rates of more than
40 O00 pGy hpl in chronic exposure. Such effects lead to mortality of almost al1
the upper level plants and the ecosystem could only recover, if this is at al1
possible, after several decades. Other types of communities of plants can stand
dose rates at least of one order of magnitude greater before showing similar
effects (Tab. 1). It must be highlighted here that knowledge of total absorbed
dose is insufficient in order to correctly characterise the effects of radiation on
living communities as it is also necessary to clarify its variation in time
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TABLE 1
Ranges of high irradiation doses leading ta three degrees of damage
(minor, intermediate and severe) in communitiesof plants.
Gammes des doses en irradiation aiguë produisant trois degrés de dommages
(mineurs, intermédiaireset sévères) aux communautésvégétales.

aEnposure duration from 8 m 30 days. The daily quivalent dose ranges for rhe effccm of chronic expasure are
located beiween 1 and 4%of the values given in the table (taken fmm Whicker and Schultz, 1982).

(that is to Say the dose rate and the duration of exposure). An exposure thus,
for example, of one day of a total of 7 Gy has triggered the same effects
(mortality for pine trees) as an exposure of 70 Gy spread out over a period of one
year.
Due to their mobility, the effects of radiation on animal populations are
difficult to appreciate, and this even more so as they depend on the communities
of plants with which they are associated in the ecosystem. Taking into account the
compensation and adjustment phenomena for stress which intervene in the animai
communities, the current position is to think exposures only resulting in minor
effects to the most exposed individuals only have a slight chance of triggenng
repercussions through the scale of the population. In order to appreciate the effects
of radiation, the reproduction indicators are more sensitive than those that rely
on mortality rate. Amongst the different species, mammals are the most
radiosensitive. On this basis, it is considered that dose rates less than 100 pGy h-'
to which the most exposed individuals would be subjected in chronic exposure
only have a slight chance of setting off noticeable effects on the majonty of
terrestrial animal communities. It has also been concluded that to subject a small
fraction of the individuals of an aquatic population to doses of less than
400 pGy h-' would not have any noticeable repercussion on the scale of this
RADIOPROTECTION - VOL. 36 -No 4 (2001)

Article published by EDP Sciences and available at http://www.edpsciences.org/radiopro

52J

F. BRÉCHIGNAC

TABLE II
Classificationof distincî zones of manifestationsof ionising radiation effect in chronic exposure
according to increasing dose rates (îaken from Polikarpov, 1998).
Classification de zones distinctes de manifestationsd'effets d'exposition chronique aux
rayonnementsionisants selon des débits de dose croissants (tiré de Polikarpov, 1998).

population. It must however be highlighted that recent studies canied out in
contaminated zones in Russia have reported detectable effects observed at Iower
doses (100 pGy h-', Kryshev and Sazykina, 1998; these authors attribute them to
the synergetic presence of other pollutants; 240 pGy h-', Tsytsugina, 1998).
Despite the existence of considerable uncertainty concerning the assessment of
consequences of accidental situations, the analysis of their effects on the biota of
the environment is generally quite in agreement to the other approaches, whether
it addressed the study of natural zones subject gamma sources which were placed
there, or rare experimental work canied out under controlled conditions. If no
extinction of species has k e n mentioned that may be attributed to ionising
radiation, with the overview available to us, persistent noticeable effects are
observed, as for example, the reduction, that is still observed, of soi1 invertebrate
population size in the south-east Ural30 years after the Kyshtym accident (1957).
Homeostatic adjustments have often been recorded with the frequent
manifestation of repair processes, in such a manner that the populations, at least
for the current observations that may be accessed to nowadays, continue to survive
even in a long term chronic exposure situation (Kryshev, 1992; Taskaev et al.,
1992; Arkhipov etal., 1994).
Interesting conceptual classification work conceming the effects of ionising
radiation on the entire spectrum of dose rates that may currently be met on the
planet's surface has recently been performed by Polikarpov (1998). This author
identifies, in particular, 5 zones with increasing dose rate (Tab. II) which he
connects to effects located at the different organisational levels, from cells right up
to ecosystems. This argument, however, relies on the important basic assumption
that there is a more or less linear relationship between radiosensitivity and the
organisational level, a feature that remains to be demonstrated.
522
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4.2.2. The d q j u l i i e s of a holistic approach to the ecosystem
There are inherent difficulties in acquiring information on the large number of
species and living communities which make up the biosphere, on the various
environmental factors - either of a natural or anthropogenic origin - which
interfere with them, and on the characteristic time of effects which only manifest
themselves in the long term through successive generations (hereditary effects).
This statement is general and deals as much with the field of radiotoxic effects as
that of conventional chemical toxic effects. In addition to this, the acquisition of
adequate dosimetric information is hindered by complex source distributions and
by the movement of living organisms in the environment.
The exposure of natural living communities to radiation, which include
organisms showing a large range of radiosensitivities, may only set off direct and
immediate damage to the most sensitive species. It must however be highlighted
that the other species may be indirectly affected, for example through the loss of
their habitat or by means of the competitive advantage gained. For any stress
situation in an ecosystem, like exposure to radiation for example, it is quite
possible if not probable that a complex sequence of rupture of equilibrium, of
adjustment and then reaching a new state of equilibrium takes place. The different
response stages of an ecosystem to any stress whatsoever do indeed begin with the
initial altering of the most sensitive components, followed by the development of
repair mechanisms intended to remove the effects of stress, finally leading to either
a re-balancing of the functioning (homeostasis restoration) or to a fatal divergence.
Radiosensitivity of individuals is only one of the factors that enable the effects
of radiation on populations and ecosystems to be appreciated. Laboratory
observation, most often conceming individuals, may therefore suffer from a lack
of environmental representativity where additional stress like competition and
predatian (indeed the presence of other pollutants) is common. If compensation
mechanisms able to reduce radio-induced damage on the rate of survival or
reproduction can exist (Sazykina, 1996), there are also several indirect effects that
may reduce the apparent benefit to nothing. Modifications in plant cover, for
example, may affect animal communities. When plants die in a highly irradiated
zone, herbivore animal and insects’ food and, therefore, their predators’, is found
to be reduced. These animals may disappear and be replaced by other species that
live in a dead environment. The greenflies have been thus attracted to an irradiated
forest of pines and oaks, and bark beetle o v e m n the trees in a tropical forest when
the natural defence processes are lowered. This may eventually lead to insects
damaging or even killing the trees that would otherwise survive.
It is therefore very likely that the assessment of the effects of radiation at the
scale of communities and ecosystems may not be derived only from the effects
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observed at the scale of individuals. Typically, measurable parameters that deal
with the scale of populations are the number of individuals, their mortality,
reproduction and growth rates. On the scale of ecosystem, it is the changes in
functioning which are usually taken into account, such as the loosening of nutrient
recycling, the modification of primary production, the reduction in biodiversity,
the replacement of natural succession by regression, the reduction in average size
of living organisms, or other indicators such as the incidence of illness. These two
measurable parameter categories are obviously strongly linked, but today there is
no consensus on the scientific relevance of useful parameters suitable to cover
environmental radioprotection from individuals up to ecosystems.
The scientific bases for a comprehensive understanding of the effects of
radiation on biota at higher scales of organisation have therefore not yet been
obtained. Several questions remain, which partly explains the lack of an
international regulatory framework that sets the standards in matters of
environmental radioprotection. Located at the top of the scale of complexity of
living creatures, ecosystems are complex integrators. In real situations, other
pollutants whose combined effects on the interna1 processes are practically
unknown almost always accompany radiopollution to which they may be subject.
Recent studies have indeed showed the existence of synergic responses (Sugg
et al., 1995; Ausseil et al., 2000; Fraysse et al., 2000), the ecological and
evolutionary significance of which may be considerable. Finally, it may be
increasing highlight importance to the effects which could appear in the long
term, that is to say those which by largely exceeding the individual scale, may,
through their reproduction, be expressed much later on the population scale. If the
reproduction critena are shown to be amongst the most radiosensitive parameters,
it must also be acknowledged that the genetic damage appears at even lower
exposure levels, and the implication in the long term of such an observation is
unknown. The example of a recent study on populations of rodents near Chernobyl
(Baker et al., 1996) may be given, which shows a clear change in the DNA coding
for the mitochondrial cytochrome b, without the population appearing to be
affected up until today. One may be right to ask if doses that are too low to affect
reproduction could, however, in the long term, make up a mutational pool
sufficient in the population to alter its normal course of evolution (Whicker and
Hinton, 1996).

4.2.3. whaî are the current gaps in scientific knowledge?
The American Department of Energy (DOE), on the basis of current knowledge,
suggested, in 1996, a regulation for the “radiological protection of the public and
environment” in order to integrate this in the Federal Regulation Code (10 CFR
834). This suggestion included, in particular, a rule of limitation of dose rates to
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10 mGy d-’ for terrestrial plants, recently extended to aquatic animals, and to
1 mGy d-’ for the terrestrial animals. Their authors, however, highlighted that the
implementation of such regulation poses major problems (Whicker and Hinton,
1996):
(1) these dose limits rely on a hypothesis that has not yet been demonstrated that
reproduction, measured by the usual standard methods, makes up the most
cntical limiting criterion,
( 2 ) the question of the necessary practical framework intended to assess and
control these limits is still very problematic.
By concluding, “if these limits appear reasonable on the basis of current
knowledge, Our understanding of the ecological and evolutionary significance of
sub-cellular and molecular modifications induced by ionising radiation i s much
too low to be ignored”, they recommended that effort be concentrated primarily on
research to fil1 in knowledge deficiency.
The first current deficiency deals with the poor knowledge on dose/effect
relationships at the scale of populations and ecosystems (an aspect that is
otherwise still little formalised on the scale of individuals). Recent publications on
the subject have been pressing forward the requirement to acquire this type of
knowledge (Pentreath, 1998; Kryshev and Sazykina, 1998; Sazykina, 1996;
Tsytsugina, 1998; Whicker and Hinton, 1996). Only a few studies were camed out
on-site on natural contaminated sites, but the breadth of their conclusions (as
mentioned above) is rendered considerably fragile by the absence of controls, a
characteristic which is inherent to this descriptive approach. The second
deficiency, also frequently highlighted in literature, deals with long term effect
(one generation - the lifetime of an organism - or more) of chronic exposure of
biota to low doses in a multipollution context. As has already been mentioned,
recent work shows that the combination of radioactive pollutants with
conventional chemical pollutants does indeed display synergies or antagonisms at
the transfer level, and therefore most probably at the effect level too.
Finally, it is important to strengthen that up until now a clearly organised
framework did not exist at the international level upon which a consensual system
of environmental protection can be developed against ionising radiation. It seems,
however, that this process is being implemented at the turn of this millennium
(see hereafter). A prerequisite be correctly defining the question is to clarify its
different aspects: why protect the environment, which elements of the
environment should be protected (biotic andor abiotic), which dosimetry faced
with the multiplicity of living organisms, which quantifiable criteria, which units,
etc.
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5. Which environmental dosimetry?
The anthropogenic discharge of radioactive waste in the atmosphere, in the aquatic
systems or their storage in terrestrial dumps, leads to an increase in radiation
exposure levels of the fauna and flora. The chronic exposure levels (continuous
exposure) are located at absorbed dose rates which do not generally go beyond
100 pGy h-' and only exceptionally reach several thousand pGy h-'. These
exposures to additional radiation are higher than the average natural level of
radiation, but are always generally located within the levels that may be met in
zones having high levels of natural radiation. If one considers the fact that storage
of waste makes up point sources and that discharges are usually found to be
dispersed or diluted, such dose rates only really concem one small section of
individuals of any population whatsoever. The mean dose rate for the population
would really be much less (Woodhead, 1984).
Altogether, the conclusions given above (as well as in Sect. 4) only concern,
however, the effects of radiation with low lineic energy transfer (p and
y radiation). When exposure includes a significant part coming from high lineic
energy transfer radiation (aparticles), it becomes necessary to counterbalance this
component of the absorbed dose (RBE: Relative Biological Effectiveness), and
therefore to use a total balanced absorbed dose in order to appreciate their effects.
The actual knowledge of a radiation effects on biota is insufficient to be able to
correctly locate one acceptable value for this counterbalancing factor; its value has
been set at 20 for man (for the calculation of the equivalent dose), but certain
authors have suggested a value of 5 would be more advisable for aquatic
organisms. The definition of this RBE factor also goes against existence of very
different radio-sensitivities within one same living organism. We know, for
example, that in the case of trees, the meristems (located at the apex of the shoots)
are much more radiosensitive than the Wood.
Furthermore, as it is the case for man, the cx emitting natural radioactive
nuclides seem to constitute a preponderant source of exposure to natural radiation
for the majority of living wild organisms. This strengthens the requirement to
obtain better knowledge of the distribution of these radioactive nuclides in the
potential targets (bioaccumulation) and to finely tune realistic models for the
estimation of absorbed doses.
These difficulties show that the relevance of an environmental dosimetry for
which concepts would be similar to those which have been finely tuned in order to
evaluate risks to man is not yet clearly established.
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6. Approaches to radioprotection criteria
After years of the “wait and see” policy where the reviews of available scientific
matter succeeded one another, a real desire appeared at the tum of this millennium
on the international scale to go on towards a consensual definition of a system of
environmental radioprotection, that is to say which goes beyond only the
protection of man by taking into account al1 living beings and their surroundings
(OSPAR, 1998). In this aim, two major difficulties must be overcome: on the one
hand, to design a system which remains compatible with the radioprotection
system for man, and on the other hand, which is also in agreement with the
approaches implemented for protection against non-radioactive conventional
chemical toxicants (ecotoxicology and environmental toxicology).
Current international work, in addition to national policies which have already
been developed, most very recently, in some countries (USA, Russia, Canada,
Sweden), are not yet structured in a clear coordination context.

6.1. The “Environmental protection” taskgroup of the ICRP
During the “Main Commission” Meeting in Saint-Petersburg, in 1999, the
suggestion to form a taskgroup on Environmental Radioprotection was drafted.
The general aim assigned to the taskgroup was to develop a protection policy and
to set down a general framework for environmental protection that is based on
ethical and philosophical principles. In particular, in the long run, it should
introduce this conceptual framework into the next ICRP recommendations. The
practical aim intends to produce a document that would prepare the introduction
of major ideas into the new ICRP recommendations in 2003. Started at a first
meeting held in Stockholm in November 2000, the taskgroup is currently
elaborating the structure and content of a future document to be drafted.
Issues dealt with in particular were the definition of the aim of ecosystem and
living species protection, that is to say the environment. It is acknowledged that
the biotic and abiotic systems are both implicated, and that it is important to retain
biodiversity. It is also mentioned that from an ethical point of view, one may
consider that it is human responsibility not to alter ecosystems and related species
in an unreasonable manner. Such an approach enables an exit from the vicious
circle of trying to determine whether one should protect the environment for itself
or for the interest of man. If we protect living species for ethical reasons we also
induce a sustainable environment for future generations of al1 species. Another
question consists of identifying if protection should target individuals or
populations. It may be that either case is justified in separate situations. The “wild”
populations should no doubt be distinguished from domestic populations, in
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particular for food. I t could eventually become necessary to define reference
organisms or populations, or even biospheres, in order to access necessary
practical evaluation criteria.

6.2. The International Unwn of Radwecology Workgroup
The IUR (more than 600 subscriptions throughout forty or so countries) initiated a
first Workgroup in 1998 through a Concerted Action of the European Commission
for which work was published in a technical note entitled “Doses and effects in
non-human systems” (IUR, 2000). The TUR currently continues this effort by
the implementation of a newer, broader, Workgroup entitled “Environmental
protection: Exposure and effects in Biota” which should investigate ethical
aspects, questions of exposure dosimetry and dose/effect relationships leading to
the implementation of standards. This thought process work, drafted on the
pioneering approach developed by Pentreath (1998; 1999) and Pentreath and
Woodhead (2000), has in particular enabled, independantly the emergence of two
European projects that have recently been accepted by the European Commission,
FASSET and EPIC in the 5th Framework Programme. The Union, amongst other
things, is currently researching a position of international coordination and to this
end, feeds several discussions with the IAEA.

6.3. The actions of the ZAEA
After having undertaken several reviews of the available scientifique literature, the
IAEA efforts have recently been orientated toward promotion of expert
discussions on the subject of ecological risk assessment in the aim of elaborating
concepts that may lead to identification of standards, criteria and recommendations for environmental protection against ionising radiation (IAEA, 1999). The
latest expert meeting, held in Vienna in August 2000 (22 countries represented)
undertook a thought process around three parallel plans: the ethical principles and
dimensions, the target end-point specification and finally questions related to the
definition of units, quantities and verification. A review of different national
approaches shows that only 3 countries, USA, Canada and Sweden, have currently
tned to develop a system of environmental radioprotection that is more elaborate
than the current ICRP recommendation (IAEA, 2000).

6.4. The European projects of the EC 5th Framework Programme
6.4.1. FASSET “Framework f o r Assessment of Environmental Impact”
The aim of this project consists of defining and providing the radiological
protection with a philosophy and a general framework for assessment of impact on
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the environment. By relying on a set of reference models including target
organisms and ecosystems, this general framework will gather together in a
homogeneous and compatible manner the current knowledge about sources,
exposure, dosimetry and effects on the environment.’The relevant components of
this general framework will be identified on the basis of an “ecosystem” approach,
in order to identify organisms and appropriate end-points, thanks to systematic
consideration of al1 data available and if necessary upon the expert’s judgement.
The project currently relies on the skills of 15 European partners.
6.4.2. EPIC ‘%nvironmental Protection from Ionising Contaminants
in the Arctic”
The main objective of this project consists of developing a methodology for the
radiological protection of populations of living organisms in the arctic ecosystems
by identifying criteria and limit doses. The project relies on the skills of 4 partners,
2 of which are Russian.

6.5. Some relevant national approaches
6.5.1. United-States of America (DOE)
The American DOE has already implemented a dose limit for the protection of
aquatic organisms and currently plans to define standard doses for terrestrial
organisms. In order to respond to method and advice requirements for the
application of these standards, the DOE has erected a “graded approach”
in order to assess doses for biota which can be broken down into 3 successive
phases:
(1) definition of the assessment zone and collection of information on
concentrations of radioactive nuclides,
( 2 ) application of a simple methodology based on general “screening” which
identifies concentrations limits in radioactive nuclides in soils, in sediments
and in water (“BCGs”: Biota Concentration Guides),
(3) if necessary, a special analysis of the site fed by data which are specifically
issued from it. This system relies entirely on values attributed to dose rate
limits such as those given above (10 and 1 mGy d-’; DOE, 2000).

6.5.2. Canada - Canadian Nuclear Safety Commission (CNSC)
The federal and provincial Canadian laws on environmental protection
(Environmental Protection Acts) have set down a general framework for which the
main themes are as follows: prevention of al1 pollution, the objective of not
triggering significant damage to the environment, the implementation of an
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TABLE III
R o u a summary of “no effect estimated values” used for the assessrnent of radiation impact
to biota around Canadian nuùear facilities (P.Thompsou, personal communication).
Récapitulatif sommaire des u valeurs estimées sans effet B utilisées pour l’évaluation
de l’impact des radiations au biota autour des installations nucléaires canadiennes
(P.Tliompson,communicationprivée).

ecosystem approach, the minimising to “acceptable levels” of impact taking into
account the socio-economical factors (ALARA), the multiple implication of
stakeholders in the risk analysis process. In Canada, the main concem is linked
with uranium mines, and the impact assessment methodology relies upon the ‘ho
effect estimated values”, as much for chemical toxicity as for the effects of
radiation. In the case of assessment of radiation toxicity around Canadian nuclear
facilities, these “no effect estimated values” are located between 0.1 and
1 Gy year-’ (rough summary, Tab. III). The Relative Biological Effectiveness
factor (RBE, acknowledging the highest toxicity of high lineic energy transfer
radiation) was set in a conservative manner to a value of 40 for the a particles and
to 3 for p radiation from tritium.

6.5.3.Sweden
Since 1999, the Swedish Environmental Code which sets the legal framework in
matters of environmental protection has clearly stated the philosophy, the aims and
the methods intended to protect the environment from poisonous effects from al1
polluting sources or activities, radioactive or not. The aim of this Environmental
Code is to promote a “sustainable development” through: protection of health,
protection of valuable environments, protection of biodiversity, protection of
terrestrial and aquatic environments taking into account the sustainability principle
founded on ecological, social, cultural and economical aspects. An impact
assessment methodology is currently being developed to lead to standards and
criteria. It is within this context that the Swedish Radiation Protection Institute
(SSI) has initiated the FASSET project for which it is coordinator.
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7.Conclusions
The few currently existing concrete approaches for environmental radiological
protection are based on dose limits (10 and 1 mGy d-’) which have been
detennined from literature dealing with the effects of acute exposure to extemal
radiation on individuals. In this case the standards have been taken from a context
far from the current environmental reality where, most often, contamination is
diffused and residual, that is to say, it subjects the living creatures to low doses in
a chronic manner, over several generations. In addition to this, the current
environmental reality is also charactensed by multipollution for which the
consequences in terms of effects are still largely unknown.
Social pressure currently being put upon the necessity to take into account
radiological environmental protection in an explicit manner is today coming up
against large deficiency of knowledge that a scientist should take to task. It is not
however desirable to wait for this knowledge to become available in order to
implement a consensus system of environmental radioprotection. It is useful, when
faced with this apparent paradox, to issue some directing pnnciples that should
orient development of such a system. First of al1 it is essential that this system
remains compatible with that of the protection of man, in order to avoid
recommendations from one contradicting recommendations from the other. In the
same manner, environmental protection against ionising radiation should be able
to be inserted within the general context of environmental toxicology and even
more so as certain radioactive nuclides show, besides their radiological harm, a
high chemical toxicity (uranium, for example).
Finally, the reliability of the future environmental radioprotection system will
only be ensured if its scientific basis is solid, which reinforces the need to
undertake relevant research in order to fil1 current deficiencies. Some themes to be
developed in synergy may be drafted. First, to complete radioecological
knowledge of transfers by a better knowledge of the distribution of the radioactive
nuclides in living organisms, that is to say, their “bioaccumulation” at tissue,
cellular and molecular levels. This constitutes the key to the correct appreciation
of exposures. Second, to study the effects of this bioaccumulation in a context of
multipollution at low chronic doses (long exposure times), (Garnier-Laplace and
Paquet, 2000). Third, to identify the characteristics of the effects (of these low
doses, in chronic multipollutions) on the scale of the “ecosystem”, in such a
manner not to neglect their consequences on emerging functional processes which
characterise this organisational scale (Anon, 1996; Taub, 1997; Fuma et al., 1998;
2000; 2001; Hinton and Pinder, 2001; Bréchignac, 2001). This last approach relies
on the simplified laboratory mode1 ecosystems. These, more accessible for control,
enable the solution of a good number of stumbling blocks that the “ecosystem”
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in situ approaches come up against: controllable, they enable real control
experiments to be performed and limit sources of variability and uncertainty;
duplicable and repeatable, they promote indispensable statistic assessment;
possessing an apparent homeostasis as on the scale of the biosphere, they make up
a representative mode1 of the environment that is more relevant than individuals
only and enable exploration of genetic effects which go through successive
generations.
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