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FOREWORD

In recent years, awareness of the vulnerability of the environment has increased, as evidenced
by new and developing international policies for environmental protection, starting with the
Rio Declaration of 1992. In the context of ionizing radiation, the existing international
approach is largely based on providing for the protection of humans, but this is being
critically reviewed in several international fora. It is in this context that the
Third International Symposium on Protection of the Environment from lonising Radiation
(SPEIR 3) was held between 22 and 26 July 2002, in Darwin, Australia.

The symposium focused on issues related to the development and application of a system of
radiation protection for the environment. The symposium programme included sessions
dedicated to: ongoing research on the effects, responses and mechanisms of the interactions of
ionizing radiation with biota; policy and ethical dimensions of the development of a
framework for environmental radiation protection; and the development and use of methods
and models for evaluating radiation as a stressor to the environment. Three workshops were
held to allow for detailed discussion of each of these subjects.

This symposium was the third in a series. The first International Symposium on Ionising
Radiation: Protection of the Natural Environment, was held in Stockholm, Sweden, 20-24
May 1996. This symposium was organized jointly by the Swedish Radiation Protection
Institute (SSI) and the Atomic Energy Control Board (AECB) of Canada, and the proceedings
were published by the Akademitryck AB, Edsbruk, Sweden in 1996. The second International
Symposium on Ionizing Radiation: Environmental Protection Approaches for Nuclear
Facilities, was held in Ottawa, Canada, 10-14 May 1999, and was organized by the Canadian
Nuclear Safety Commission (CNSC), the Supervising Scientists Group of Environment
Australia, and the Swedish Radiation Protection Institute (SSI). The proceedings were
published in April 2001 by CNSC. This third symposium was organized by the Supervising
Scientist Division of Environment Australia and the Australian Radiation Protection and
Nuclear Safety Agency, in co-operation with the International Atomic Energy Agency, and
supported by the following organizations:

Energy Resources Australia Limited, Australia.

Canadian Nuclear Safety Commission, Canada.

Radiation and Environmental Science Centre (RESC), Ireland.
Swedish Radiation Protection Authority (SSI), Sweden.

British Nuclear Fuel Limited (BNFL), United Kingdom.

The Environment Agency, United Kingdom.

The United States Department of Energy, United States of America.
European Commission.

The theme of this symposium is closely related to the IAEA’s work programme on the
development of safety standards on the protection of the environment from the effects of
ionizing radiation. The IAEA’s programme also has the objective of fostering information
exchange and establishing an international consensus on this issue, and its involvement in the
organization of this symposium, and the publication of these proceedings, are examples of its
activity in this regard. This work is continuing with preparations for the International
Conference on the Protection of the Environment from the Effects of Ionizing Radiation,
which will be held in Stockholm, Sweden, 610 October 2003. The responsible IAEA officer
is C. Robinson of the Division of Radiation and Waste Safety.
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Symposium Opening Speech

A. Johnston

Supervising Scientist Division, Environment Australia, Darwin, NT, Australia

Ladies and gentlemen, my name is Dr. Arthur Johnston, Supervising Scientist. Please join me
in thanking Mr. Ash Dargan of the Larrakia Aboriginal people, once again, for his welcome
to his country. I would also like to welcome you to Darwin and to the Third International
Symposium on the Protection of the Environment from lonising Radiation, or SPEIR 3 as we
have come to know it.

This Symposium would not have been possible if not for the hard work of the International
Organising Committee and the Domestic Organising Committee. The membership of these
committees is on the back page of the Symposium Program and I encourage you to take a
moment during the next few days to take note of those individuals. In particular, it is
appropriate that we recognise the extraordinary efforts of Ms. Sandie Devine who has done
such a magnificent job over the past 18 months to make this Symposium happen.

SPEIR 3 has received excellent support from various organisations which must be
acknowledged. The Domestic Organising Committee was drawn from the Supervising
Scientist Division of Environment Australia and the Australian Radiation Protection and
Nuclear Safety Agency. These Australian Federal Government Agencies organised the
Symposium in co-operation with the International Atomic Energy Agency. I also wish to
recognise the contributions of our sponsors who have provided considerable financial support.
They are:

—  The International Atomic Energy Agency;

—  United States of America Department of Energy;

—  Swedish Radiation Protection Authority;

—  United Kingdom Environment Agency;

—  British Nuclear Fuels Limited;

—  Energy Resources of Australia Limited; and

—  The Radiation and Environmental Science Centre of the Dublin Institute of Technology.

The Symposium was also supported by the the Eurpoean Commission and the Canadian
Nuclear Safety Commission.

But now to what lays before us. Over the next few days, 48 oral presentations will be made,
15 posters will be presented, and 3 workshops will be completed covering the broad topics:
—  lonising Radiation and Biota: Effects, Responses and Mechanism,

—  Frameworks for Environmental Radiation Protection, and

—  Methods and Models for Evaluating Radiation as a Stressor to the Environment.



Many conferences and symposia are proud to boast one internationally recognised keynote
speaker. We have three of the highest order; Professor Ward Wicker of Colorado State
University, Dr. Lars-Erik Holm, Director of the Swedish Radiation Protection Authority, and
Professor Jan Pentreath from the University of Reading. In addition to delivering a keynote
address, they have each agreed to act as session chairs and lead the Workshops on Day 4 — so
we are certainly getting value for money! We also have about 100 delegates, from every
corner of the globe representing, I dare say, a very significant proportion of the world’s
expertise in the emerging field of environmental radiation protection. So we have a recipe for
a very successful Symposium. However we still need to combine the ingredients in the right
way. The subtitle of the Symposium is “The Development of a System of Radiation Protection
for the Environment”. 1 ask that each of us focus on that throughout the next few days, and
particularly during the workshops, as it is the ultimate goal behind this Symposium, and
behind others that have preceeded it and that will follow. The challenge is to make progress in
identifying the important issues, defining what we know, don’t know, and need to know,
agreeing on where there is consensus and where there is not, and then close, even if only
slightly, the gaps and uncertainties that emerge. I’m confident that we will succeed in meeting
that challenge, and also have a lot of fun along the way. On that note, and with the big picture
firmly in mind, I take great pleasure in opening the Third International Symposium on the
Protection of the Environment from Ionising Radiation and invite Dr. Abel Gonzailez,
Director of the Division of Radiation and Waste Safety of the International Atomic Energy
Agency, to discuss the Development of IAEA Policy on the Radiological Protection of the
Environment.



The development of IAEA policy on the
radiological protection of the environment

A.J. Gonzalez

Division of Radiation and Waste Safety, International Atomic Energy Agency, Vienna

Abstract. This paper was presented as an opening address of this symposium, on behalf of the International
Atomic Energy Agency (the Agency). It comprised an overview of the Agency’s responsibilities, related to
environmental radiation protection; its historical involvement in this issue; the context of its current work
programme; and a number of issues for further consideration.

1. INTRODUCTION

The Agency is the organization within the UN family with statutory functions in radiation safety. Its
Statute requires the Agency °...to establish ...standards of safety for protection of health and
minimization of danger to life and property...” [1]. In this context, the Agency is continuously
working towards the construction of an international radiation safety regime, which includes legally
binding conventions, a corpus of international standards, and provisions for their application. A
hierarchy of safety standards exists in which: Safety Fundamentals present basic objectives, concepts
and principles of safety and protection; Safety Requirements establish requirements that must be met to
ensure safety, and Safety Guides recommend actions, conditions or procedures for meeting the safety
requirements. The Agency also undertakes to provide for the application of these standards.

The Agency’s current safety standards include Safety Fundamentals on The Principles of Radioactive
Waste Management [2], which include the following principle: “Radioactive waste shall be managed
in such a way as to provide an acceptable level of protection of the environment”. This principle has
also been effectively incorporated in The Joint Convention On Safety Of Spent Fuel And Radioactive
Waste Management [3], which entered into force in the year 2000. The implications of these
commitments on present and future Agency work are explored.

The development of international radiation safety standards is achieved through the interaction of a
number of international organisations. The United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR) traditionally provides estimates on the biological effects, attributable
to radiation exposure, while the International Commission on Radiological Protection (ICRP) makes
basic recommendations on radiation protection, which are incorporated into international radiation
safety standards by the Agency, in cooperation with other specialized UN organizations, as
appropriate.

2. HISTORICAL BACKGROUND

The Agency has a long history of involvement in the field of radiation protection from radioactive
materials released into the environment. The wording of its Statute, which requires the ‘minimization
of danger to life and property...” [1], may be interpreted as a reference to the ‘environment’, as it
would now be phrased. In 1958, the UN Conference on the Law of the Sea [4] recommended assigning
responsibilities to the Agency for promulgating standards to prevent pollution due to radioactive
materials. In 1963, the Agency issued the first international standards for radiation protection [5], and
in 1967 revised them with the effect of implicitly affording protection of the environment [6].

In 1972, the Agency established the definition and recommendations for the London Convention, one
of the first international undertakings for the protection of the sea [7]. In 1976, the Agency issued the
first report on effects of ionizing radiation on aquatic organisms and ecosystems [8]. This was
followed, in 1978, by the establishment of the first international standards for limiting discharges to
the environment [9] and, in 1979, by the first international methodology for assessing impacts of
radioactivity on aquatic systems [10].



In 1982 the new IAEA international radiation safety standards [11] were issued introducing the
concept of the dose commitment, the use of which effectively allows for the build up of material in the
environment, and thus acts to protect it. In 1982, the Agency issued the first international standards on
generic models and parameters for assessing environmental transfer [12], in 1985 the first international
standards for evaluating transboundary exposure [13] and, in 1985, the first international consensus
document on Kgs in sediments and concentration factors in the marine environment [14].

A major milestone occurred in 1986 when the Agency issued new comprehensive standards for
limiting discharges describing in extenso the concept of limiting discharges on the basis of dose
commitment [15]. Also in 1986, the Agency issued a consensus report on chromosomal aberration
analysis for dose assessment, which may have implications for the interpretation of dosimetric work
on fauna and flora [16]. In 1988, the Agency issued a report for assessing the impact of deep sea
disposal of low level radioactive waste on living marine resources [17]. In 1992 a report on effects of
ionizing radiation on plants and animals at levels implied by current radiation protection standards
[18] reviewed knowledge, available at that time, on effects of ionizing radiation on species in
terrestrial and freshwater aquatic environments.

In 1992, following the United Nations Conference on Environment and Development in Rio de
Janeiro, the Agency’s role in this field was strengthened. In 1996 the Agency established the first
international fundamental principles for radiation safety [19], the first international fundamental
principles of radioactive waste management [2], which form the basis for the Joint Convention [3], and
the current international radiation safety standards (co-sponsored by FAO, ILO, NEA, PAHO and
WHO) [20].

3. RECENT AND CURRENT DIRECTIONS

In 1997, Member States adopted, under the auspices of the IAEA, the Joint Convention that includes
the following general safety requirement: ‘provide for effective protection of individuals, society and
the environment, by applying at the national level suitable protective methods as approved by the
regulatory body, in the framework of its national legislation which has due regard to internationally
endorsed criteria and standards’ [3]. Furthermore, Article 4 of the Convention establishes that “Each
Contracting Party shall take the appropriate steps to emsure that...individuals, society and the
environment are adequately protected against radiological hazards”. This Convention entered into
force on 18 June 2001, and the First Review Meeting of the Contracting Parties is expected to take
place in November 2003, initiating the first international undertaking to protect the environment
against radiation exposure.

In a response to this convention, and the corresponding principle incorporated in the [AEA
Fundamentals on Radioactive Waste Management, the Agency’s recent work in this area been focused
on the development of safety guidance on the application of this principle. In 1999, the Agency issued
its first dedicated report on issues related to the protection of the environment from the effects of
ionizing radiation [21]. In 2001, the Agency updated its standards for limiting radioactive discharges
to the environment [22], and issued the first comprehensive generic models for applying the
international guidance for limiting discharges [23]. This rich history of commitment to the control of
releases of radioactive materials to the environment, has continued with consideration of issues related
specifically to the protection of the environment itself. In the first half of 2002, the Agency issued the
first international report on ethical considerations for protecting the environment from the effects of
ionizing radiation [24], which is described in more detail in another paper in these Proceedings [25].

Other elements of the Agency’s work are also of relevance to an understanding of the levels of
radionuclides present in the environment, and of the practical application of international standards in
an environmental context. For example, the Agency has compiled inventories of radioactive waste
disposals at sea [26], and the first global inventory of ‘accidents and losses’ at sea involving
radioactive materials [27]. The Agency’s function to provide for the application of the international
standards has resulted in a number of extensive studies aimed at assessing the radiological situation in
areas affected by environmental contamination, including: Chernobyl [28], the nuclear testing sites of
Bikini Atoll [29], the Atolls of Mururoa and Fangataufa [30], and Semipalatinsk in Kazakhstan [31],
as well as the former Soviet Union’s dumping area in the Kara Sea [32]. Another mechanism
employed is appraisal, and the organisation of international peer-reviews. For example, the



international peer review of the biosphere modelling programme of the US Department of Energy’s
Yucca Mountain Site Characterization Project [33].

4. DEVELOPMENT OF AN INTERNATIONAL SAFETY REGIME

It is recognized that other international organizations have interests and responsibilities related to
environmental radiation protection; notably the United Nations Scientific Committee on Effects of
Atomic Radiation and the International Commission on Radiological Protection. The Agency
continues to work closely with these organizations with the objective of consolidating a strong
international regime for the radiation protection of the environment, comprising legally binding
international obligations for controlling discharges into the environment, international standards for
limiting discharges, and provisions to ensure their application.

The consolidation of the international safety regime will be facilitated by forthcoming conferences
being held by the Agency. The International Conference on Issues and Trends in Radioactive Waste
Management will take place in Vienna, 9—13 December 2002. Then, in 2003, the Agency will hold a
conference dedicated to the issue of protection of the environment from the effects of ionising
radiation. This Conference, which will take place in Stockholm, 6—-10 October 2003, will provide a
timely opportunity to discuss a number of developments in this area, which will take place during
2003, and to consider their implications for guiding future work at national and international levels.

5. ISSUES TO BE RESOLVED

This policy is being challenged on the basis that, under current circumstances, it might not be
sufficient to provide adequate protection to certain ‘environments’; e.g. to environments where
humans are absent. A notable example of this situation was assessed by the Agency in consideration of
the former Soviet Union’s dumping site in the Kara Sea, where humans appear to be afforded a greater
level of protection than the environment [32]. A number of underlying questions may be formulated as
follows:

— Is the aim to protect the human habitat or the wider environment? (The current international
standards implicitly refer to species in the ‘human habitat’, rather than to species in the
‘environment’.)

— Is the objective to protect individuals of a given species or the species as a whole? Namely, is it
sufficient to protect non-human species as a whole, i.e., collectively? Or should protection be
afforded to individual members of the species?

—  And finally, what is the applicable ethic?
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1. IONISING RADIATION AND BIOTA:
EFFECTS, RESPONSES AND MECHANISMS



Effects of ionising radiation on plants and animals:
What we now know and still need to learn*

F.W. Whicker?, T.G. Hinton"

* Department of Environmental and Radiological Health Sciences, Colorado State
University, Fort Collins, CO, United States of America
® Savannah River Ecology Laboratory, Aiken, SC, United States of America

Abstract. The intent of this presentation was to provide a broad review of the status of existing knowledge on
the effects of ionizing radiation on plants and animals, in the context of field rather than laboratory settings, and
to offer thoughts on what more we need to learn in order to set protection criteria and test for compliance with
greater confidence. General findings from historical studies on designed and accidental irradiation of plant
communities and animals, including comparative radiosensitivity and modifying factors, were reviewed.
Expermintal limitations of most studies and difficulties in response interpretation were discussed in reference to
ecological relevance and protection criteria. Recovery of radiation damaged plant communities and animal
populations, both during and after radiation exposure, were discussed. The commonly measured responses,
mortality and reproduction, were reviewed and questioned as the most radiosensitive, ecologically-relevant
endpoints.

Our perceptions of major knowledge gaps on effects of ionizing radiation on the environment were reviewed,
and the types of specific studies that appear needed were presented. These needs were discussed under the
general headings of dosimetry, damage endpoints, and dose/response relationships. In the area of dosimetry for
example, more work is needed on critical species identification, dose model refinements to account for temporal
and spatial dose distribution, and RBEs for various damage endpoints. It is known that biological effects such as
genomic damage occur in organisms at dose rates well-below those required to obviously impair reproduction.
The question is, are such effects hamful to populations in the irradiated generation or in succeeding generations,
and if so, under what conditions? Many species and ecosystems have not been experimentally irradiated, either
with relatively uniform photon exposures from sealed sources, or from radioactive contamination, which
produces large dose variations in space and time. Finally, very little, if anything, is known about whether and to
what extent chemical and other stresses interact with the stress of chronic irradiation.

" Only an abstract is given here as the full paper was not available.
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A regulatory framework for environmental protection

G.J. Dicus

US Nuclear Regulatory Commission, Rockville, MD, United States of America

Abstract. Industry, regulatory agencies, and the public have been assessing the environmental impacts of
regulated, as well as unregulated activities, for many years now. The basic underlying assumption has generally
been that the environment is protected through the protection of humankind. In the United States, the
environmental regulatory framework has been improved by having a sound executive policy and national
regulatory infrastrcture, increased consultation with other agencies, changes in the process and timetable for
rulemaking changes, and improved communications by the Federal regulators. This paper discusses the various
mechanisms in the United States for achieving and maintaining protection of the environment; why regulatory
openness and stakeholder involvement is an integral piece of a successful program for protection of the
environment; and how international organizations can make a valuable contribution in providing international
consensus in the global arena of environmental protection.

Good morning. It is a pleasure for me to be here today to help start off the Symposium’s timely
discussion of Protection of the Environment from Ionizing Radiation. I am sure some of you attended
the Forum in Sicily earlier this year that addressed Radiological Protection of the Environment. When
I spoke at that Forum, I focused my comments on several areas, including the development of
radiological protection regulations in the United States, the many agencies and branches of
government involved in environmental issues, the challenges of maintaining good communication
between agencies and the public, the difficulties in finding a path through the morass created by dual
regulation, and the emerging challenges to create internationally accepted uniform standards for
addressing radiological issues. Today, I would like to expand on a new concept, which I mentioned
only briefly in February, that has introduced significant uncertainty in the US legal framework for
environmental evaluations and has the potential to make evaluations of environmental impacts much
more complex. This relatively new concept is called "Environmental Justice."

However, before discussing Environmental Justice as it is defined and being implemented in the U.S.,
I will very briefly review with you how our Federal Government reviews major actions that could
affect the environment. For over three decades, the Federal government in the United States has
reviewed major actions that could affect the environment under the process set forth in the National
Environmental Policy Act of 1969 (NEPA). Most of the individual states within the United States
have comparable legislation governing state level actions. While some individual environmental
evaluations may have remained controversial, the last few decades has seen most government agencies
develop an understanding of the basic process for preparing environmental evaluations. Under NEPA,
"major federal actions significantly affecting the quality of the human environment" must be
accompanied by a detailed environmental impact statement that serves to inform the decision-maker of
the potential negative impacts, benefits, and need for the proposed action. NEPA itself does not dictate
that any particular balance of benefits versus costs is necessary for ultimate approval of a particular
project, but rather constitutes a full disclosure process so that the responsible authority is fully
informed prior to finalizing its decision. In the NRC process, members of the public may comment on
draft Environmental Impact Statements published for comment and, by meeting certain standards for
participation, may participate in a formal proceeding challenging the completeness and accuracy of the
proposed Environmental Impact Statement. There are many specific pitfalls and procedural
requirements that make hearings on NEPA issues in the United States complex, but what I’ve just
described is a good overall summary of the process.
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This relatively predictable process was complicated in 1994 when President Clinton issued an
Executive Order introducing the concept of "Environmental Justice" with respect to environmental
analyses. Ostensibly not creating any new requirements, this Executive Order directed Executive
Agencies to include in environmental analyses a specific consideration of any disparate impact of
proposed actions on minority and low-income populations in the United States. Although, as an
independent agency, NRC was not required to follow the Executive Order, it followed its traditional
approach of voluntarily attempting to meet the intent of the Executive Order to the extent possible.

The concept of Environmental Justice is new to the NEPA process. The underlying concept is
inherently laudable. Its goal was to assure that minorities and the financially disadvantaged were not
bearing a disproportionate share of environmental impacts from government approved activities.
Given the expense of challenging proposed government actions, there is a logic to assuring that those
least able to afford challenging actions are not penalized because of those financial limitations.

The IAEA recently published a discussion report that raises, among other ethical considerations of
radiological protection of the environment, the issue of Environmental Justice.

As I understand the issue of Environmental Justice as described by IAEA, it is somewhat different
than the concept in the U.S. The IAEA concept, like the 1992 Rio Declaration, relates to issues such as
liability, and compensation. It considers the balance between benefits and detriment by redistributing
the “benefits of actions or policies” or demand compensation for detriment. It further encompasses
direct and indirect harm to humans and harm to the environment including inhabitants and habitants.
Environmental justice in the U.S. is directly related to socio-cultural protection of disadvantaged and
minority populations.

The difficulty is in trying to implement this new concept into the established process for
environmental reviews. In general, United States federal agencies have not yet reached a comfort level
as to how best to apply the concept of Environmental Justice to evaluations of proposed actions. This
is not the traditional environmental review that looks at potential releases and provides an evaluation
of the impacts of the proposed project on hypothetical individuals. We all, at least, had some comfort
level in looking at potential radiation doses and determining potential impacts on humans and the
environment. We have not, however, developed concepts of radiological impact that focus on ethnic or
monetary subgroups of affected populations. Initial attempts by NRC to apply this concept quickly
demonstrated the difficulty and pitfalls of this new element of environmental reviews.

For example, in one NRC case involving the licensing of a proposed centrifuge enrichment facility,
there was an environmental justice concern introduced in the environmental hearing, addressing the
expected blocking of a route between some local residences and a local church. The residences
affected were in a low income area and many of these individuals did not own cars. The location of the
proposed facility rendered the route for walking to a particular church unavailable and alternatives for
walking to the church were significantly longer. Ultimately this project was abandoned for a variety of
reasons before this particular issue was resolved. It was the first time the issue of Environmental
Justice was raised and might have proven to be difficult to resolve.

Although still in litigation and not appropriate for detailed comment given the Commission’s role as
the ultimate reviewer, an ongoing NRC proceeding is considering the question of whether there can be
a subgroup of a minority group. Specifically, we have a group of Native Americans claiming they are
entitled to Environmental Justice consideration because they believe the Tribal Government will not
fairly distribute profits from a proposed NRC licensed facility within the tribe. The concept of
subgroups within recognized minorities and/or low income groups could further complicate
environmental evaluations.

What does this mean to those of us who must conduct these evaluations? It means we must ask a
different set of questions and apply our health physics and environmental expertise in an expanded and
more complex manner. The NRC has developed some guidance for its staff following our initial
experiences with applying the concept of Environmental Justice. From this guidance I’d like to note a
few of the elements considered in evaluating the question of whether there are disparate impacts on
minorities and the poor, when evaluating a potential radiation-related activity.
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The first need is to gather information on the populace around a proposed facility. After identifying
the minorities and low income groups that are affected by the proposed facility, one must compare
their representation within the affected group to that of the larger population. In the United States that
can be done by looking at the state population demographics, or several states where the facility is
located near state borders, and determining whether there is a higher percentage of a minority and/or
low income group in the affected population than in the general population.

The next part of the evaluation must be to determine the impacts on these minority and/or low income
populations, as compared to the rest of the affected population. For example, if the poor are more
likely to eat fish and game from the affected area, eat locally grown food, or grow their own, it must
be determined if this results in a higher radiological impact than for the rest of the affected population.

In the United States such evaluations are not limited to health and safety impacts. Cultural impacts are
also considered under NRC guidelines. The example of the affect on access to a church that I
mentioned earlier is one example, as would similar access issues related to the ability of the poor
and/or minorities to easily reach businesses or work locations. With respect to Native American
Tribes, considerations of ancient burial grounds and areas that are considered sacred to the tribes
culture must also be considered.

In the United States we also will include potential benefits to these same groups. Our evaluations will
consider the financial benefits to minorities and/or low income groups from increased job
opportunities and potential increases in property values from the proposed facility. Finally, the
evaluation will consider what actions can be taken to mitigate any negative impacts on these specific
groups and whether alternative sites may be available for the facility that would have less impacts.

Clearly, as professionals involved in considering the impacts of activities involving radiation that
affect the environment, we have a significant role in looking at these types of issues. We are quite
capable of providing an evaluation of potential health impacts, based on current knowledge, for an
individual who is exposed to a level of exposure from a facility. We are even capable of looking at a
worse case scenario and assuming maximum ingestion of locally-grown food or maximum time living
and working in the affected area. For example, NRC has included suppositions in some of its
evaluations that included individuals having a substantial intake of locally grown food or assuming the
affected population is represented by the individual living closest to the facility. Comparing impacts
on different populations within the same area, however, is a far more challenging endeavor and will
require that we become more knowledgeable about cultural specifics within various affected
population groups. In the future, when we ask a question about radiological impacts, we may have to
concern ourselves with non-health non-environmental impacts not previously considered. These will
present new challenges for us, but will perhaps allow a more complete and meaningful understanding
of the impacts of the projects we are considering. While the goal of assuring no one group must
shoulder the burden of government projects is laudable, the implementation of Environmental Justice
as a method for reaching that goal presents new and complex challenges for the future.

Today’s presentations and others during this symposium concern the science of radiation impacts on
the environment. Our radiation protection standards and are our regulatory requirements are based
generally on the best available science. They are therefore dependent on the work of scientists — the
studies, the findings and the interpretations of those findings. Sooner or later, in some fashion, proven
out comes will become part of a radiation protection scheme.

But science is only part of the equation. Political and socio-economic factors are also parts of the
equation and in the decision making process could take precedence over the science. Environmental
justice is an example.

I suggest that it is incumbent on those of you primarily involved in the science to give those of us
primarily involved in policy and political arenas the best foundation possible to balance the equation
to give science a very strong voice. I wish you good luck and to the organizers of this symposium,
thank you and I wish you a successful venture in the next four days.

Thank you.
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Chronic radionuclide low dose exposure for non-human biota:
challenges in establishing links between speciation in the exposure
sources, bioaccumulation and biological effects

Uranium in aquatic ecosystems: a case-study

J. Garnier-Laplace, C. Fortin, C. Adam, O. Simon, F.H. Denison

Institute of Radioprotection and Nuclear Safety (IRSN), Division of Environmental
Protection, Laboratory of Experimental Radioecology, Saint-Paul-lez-Durance, France

Abstract. In the field of environmental radioprotection, the knowledge gaps concern situations leading to
chronic exposure at the lower doses typical of the living conditions of organisms influenced by radioactive
releases. For any radionuclide and ecosystem, the specificities of these situations are as followed: (i) various
chemical forms occur in the environment as a function of the physico-chemical conditions of the medium; (ii)
each transfer from one component to another can lead to a modification of these forms with a “chemical form-
specific” mobility and bioavailability; (iii) different categories of non-radioactive toxicants are simultaneously
present. In this multipollution context, the biological effects of ionising radiation may be exacerbated or reduced
with the potential for action or interaction of all the pollutants present simultancously. These situations of
chronic exposure at low levels are likely to cause toxic responses distinct from those observed after acute
exposure at high doses since long-term accumulation mechanisms in cells and tissues may lead to microlocalised
accumulation in some target cells or subcellular components. The assessment of these mechanisms is primordial
with regard to internal exposure to radionuclides since they increase locally both the radionuclide concentration
and the delivered dose, coupling radiological and chemical toxicity. This is the main purpose of the
ENVIRHOM research programme, recently launched at IRSN. After a global overview of the experimental
strategy and of the first results obtained for phytoplankton and uranium, this paper scans the state of art for
uranium within freshwaters and underlines inconsistency encountered when one wants to carry out an
Ecological Risk Assessment (ERA) on the chemical or on the radiological standpoint. This example argues for
future research needs in order to establish well-defined relationship between chemo-toxicity and radiotoxicity
for internal contamination. The operational aim is to bring adequacy between ecological and human health risk
assessment for radioactive or “conventionnal” substances.

1. ECOLOGICAL RISK ASSESSMENT AND RADIONUCLIDES: BACKGROUND AND
GAPS OF KNOWLEDGE

At the present time, the international community is showing a priority need for the development of
design, knowledge and methods for ecological risk evaluation in connection with ionising radiation [1,
2, 3]. Within the framework of radioprotection, one of the main challenges is to acquire data necessary
for ecological risk assessment for situations where living organisms are chronically exposed to
radionuclides present at low level within the different components of the biosphere. In these situations
and throughout their lifespan, the non-human biota and each person from the general public are subject
to external radiation according to their mode of life within contaminated environment and to internal
radiation alongside chemo-toxicity, both as a consequence of the integration processes of
radionuclides in living organisms (direct transfer from abiotic compartments and trophic transfers by
ingestion). For both of the following cases, the risk is, in particular, a function of the type of radiation:

— in the case of internal contamination, the risk linked to the biological incorporation of ¢ or B
emitting radionuclides will be more important than that linked to the incorporation of
radionuclides that mainly emit radiation which is not directly ionising i.e. neutrons and photons
(low LET, high penetration);

— in the case of external radiation, this hierarchy works in the opposite direction. The risk that is
therefore associated with y emitters is more important in front of that associated with a or 8
emitters. Furthermore, the potentially associated chemo-toxic risk thus becomes insignificant.

Within the framework of point (1), the ENVIRHOM programme, launched last year at the IRSN
suggests data acquisition to understand and quantify biological effects involved by the accumulation
of radionuclides by living organisms (biological components of ecosystems and the general public for
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human populations) in chronic exposure situations [4]. The accumulation mechanisms in cells and
tissues may lead to microlocations on some target cells or subcells according to the biochemical
behaviour of the studied radionuclide, bringing chemo-toxic phenomena into play and energy deposits
of a very different size and flow rate, characterized by heterogeneity at the cell scale. Biological
effects may result from these phenomena. These effects on living organisms, man included, are not
precisely known to date as the vast majority of available data corresponds to studies performed on
high doses of radionuclides, short term exposure and not within a multipollution context (i.e. without
taking into account the simultaneous presence of other categories of pollutants: metals, organic
micropollutants, ...). Moreover, the risk evaluation due to ionising radiation has never been compared
to the traditionnal ecotoxicity assessment carried out for chemical susbtances, eventhough internal
contamination by any radionuclide obviously brings together radiotoxicity and chemotoxicity.

ENVIRHOM suggests the assessment of the integration potentialities of radionuclides into the trophic
networks from the soil and sediment considered as reservoir compartments of the biosphere likely to
be gradually and significantly enriched in radionuclides released into the environment, and acting as
secondary source-terms for the other components of the ecosystems. These transfers within
ecosystems are characterised by a wide variety, concerning both the biogeochemical behaviour of
radionuclides and the feeding strategies of plants and animals. The studies of long term induced
biological disturbance as a consequence of bioaccumulation processes will be systematically focused
on behaviour, growth and ability to reproduce, without excluding other more subtile effects (such as
cytogenetic effects for example). The aim is to go on establishing relationships between the
concentration of bioavailable chemical species in the various exposure sources for organisms, and the
ecological repercussions, as a result of individual disturbances, in particular in terms of population
dynamics and community structure.

In order to limit the framework of this very broad research programme, a list of a limited number of
radionuclides has been decided on the basis of a multi-criteria approach. The choice has been made
within the list of radionuclides with a significant occurrence in the different source-terms from nuclear
installations under normal operating conditions (nuclear power plant, fuel reprocessing plant), storage
sites for radioactive wastes, uranium-bearing ore mining sites in operation or after closure, and more
generally industries or particular geochemical situations generating a significant increase in naturally
occurring radionuclide concentrations in the environment, post-accident situations such as Chernobyl.
The first criteria is the type of radiation with selection of a and B emitters that develop the highest risk
associated with internal contamination. The second criteria is the physical period, which should be
significant in terms of chronic contamination at human lifespan scale, or 70 years. Thereafter, the
remaining nuclides were ranked according to their propensity to react with biomolecules directly
dependent on the affinity of radionuclides for hydroxyl groups, thiols and/or phosphates and therefore
to bioaccumulate (In general, the tendency to form organic complexes is proportional to the tendency
to hydrolyse and the electric charge, and inversely proportional to the ionic radius). The main
differences within these biochemical properties help to distinguish two categories of elements:
radioactive isotopes of an element (stable isotope or chemical analogous) involved in the constitution
of living matter as macro-nutrients or oligo-elements or radioactive isotopes without any known
biological function. Applying this selection method, the priority for radionuclides is as followed:
oemitters with three actinids: natural uranium, americium-241 and neptunium-237, long-lived B
emitters with technicium-99, iodine-129, selenium-79 and Cs-135. The first experimental development
was launched with uranium.

In the first part of the paper, the brief prospective description of the experimental strategy of the
ongoing ENVIRHOM programme is given and partly illustrated with some first results concerning
phytoplankton. In a second part, the knowledge needed to carry out any ecological risk assessment is
listed and illustrated for uranium and freshwater ecosystems Before conclusion, the need to define for
radionuclides a consistent approach with that develop for chemical pollutants for which the targets
protected by the regulations are mankind, the fauna and the flora is illustrated by comparing no-effects
values for uranium on the chemical and radiological aspects. Illustrations are given for phytoplankton
in order to insist on the discrepancy that appears when the approach existing for ecological risk
assessment based on the methodology developped at EC [5] and the approach emerging within
radioecological risk assessment, are bringing together.
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2. THE EXPERIMENTAL STRATEGY OF THE ENVIRHOM PROGRAMME: TOWARDS
THE IMPROVEMENT OF KNOWLEDGE LINKED TO INTERNAL CONTAMINATION
EXEMPLIFIED WITH URANIUM AND FRESHWATER ECOSYSTEMS

2.1. Global overview

A few number of biological models have been selected in order to cover a wide range of diversity for
feeding strategies and thus biological barriers to be crossed and for bioaccumulation mechanisms
likely to be involved in animals and plants. For example, concerning freshwater ecosystems, a
unicellular algae exposed to radionuclide within the water column, and several invertebrates were
selected such as crayfish and bivalves. The feeding strategies of these latters based on the sediment
interstitial water, the water at the water-sediment interface and various particles (phytoplankton,
organic detritus, various sedimentary particles) make them particularly well-suited as biological
models for the study of the influence of geochemical and biological parameters on bioavailablity and
on the bioaccumulation processes. Different types of prey-predator trophic relations have been chosen
to complete in a simplified way the range of dietary patterns that may occur for consumers while
selecting invertebrate (crayfish) as second order consumer, and several species of fish. All these
biological models are widely used in toxicological or ecotoxicological studies and more or less
extensive data exists on their physiology. They may be considered as generic key stone phyla within
ecosystem functionning.

2.2. Link between chemical speciation of the radionuclide in the source of exposure and
bioaccumulation processes: short term exposure experiments

The bioaccumulation of a pollutant results from the interaction between the physical and chemical
variables of the exposure sources (“physical” compartments and food) and those concerning the
characteristics relative to living organisms, from molecular scale to the highest level of integration
(biocenosis). In any case, the biogeochemical behaviour of pollutants within physical compartments
(atmosphere, soil, sediment, water column) controls the capacity for transfer towards organisms. The
speciation of the pollutant in the medium is the first factor that regulates its bioavailability and
therefore, its bioaccumulation. For metallic polluants, it is generally admitted that the total aqueous
concentration is not a good predictor of bioavailability and its complexation with most dissolved
inorganic and organic ligands normally leads to a decrease in bioavailability. Under this assumption
and model known as the Free-lon-Model, pollutant uptake and induced biological response (toxicity)
vary as a function of the concentration of the free-metal ion in solution; however, a great number of
exceptions exists [6].

Concerning uranium, geochemical model may fairly reliably support the experimental approach as
long as enough thermodynamic data is available and its consistency has been verified, at least for
reactions with mineral ligands. The exposure media are in the first stage of simplified physico-
chemical composition i.e. artificial water of mineral composition in such a manner as to predict in the
most reliable way possible, the chemical aqueous forms of U that are likely to be present and to cross
over biological barriers. The geochemical speciation code JChess [7] using a database compiled from
the OECD/NEA thermochemical data base project [8] was used to perform the solution speciation
calculations (Figure 1a). Three main variables are then with a complexification of the water column
chemical composition: (1) pCO, and pH (from atmospheric pression to 10 atm and from acid to basic
conditions respectively); (2) competitive cations such as Ca, Mg; (3) presence of ligands such as
phosphates, or dissolved organic matter. For these complementary short-duration well-defined
laboratory experiments in simplified conditions; biokinetics for short exposure times (in hours for
algae, in days for animal models) and characterisation of the input mechanism(s) are investigated.

The concentration range used in total uranium in the exposure sources goes up to a maximum of
1 mg1”', a value that may be encountered in an aquatic ecosystem that is influenced by mining
discharge.

Where bivalve is concerned, the uranium transfer associated with model mineral particles will be
assessed, in the same way as the trophic transfer due to ingestion of phytoplankton [9]. In order to
quantify the bioaccumulation processes that may be employed during transfer through ingestion when
in a predator-prey relationship, experimental studies on the bivalve (asiatic clam as prey) or the fish

17



(rainbow trout as predator) will begin with a pharmacokinetic approach in order to model the fate of
an alimentary bolus where the main chemical “pools” of uranium in the prey (subcellular
fractionation) have been explored.

2.3. Bioaccumulation/biological effect link: chronic exposure (long term) experiments

Based on knowledge gained from previously described experiments, the exposure scenario that defines
the most important bioavailability will be chosen to be transposed into experiments that enable
simulation of chronic exposure under controlled conditions (significant duration in front of the
organisms’ lifespan). During these experiments, the bioaccumulation processes will be investigated in
parallel with the involved biological effects. The primary aim of the studies of microlocalisation will
be to determine, for a few target organs, whether uranium is evenly distributed in the tissues and cells
or whether, on the contrary, it is localised in particular structures. In the latter case, the position of the
radionuclides in relation to or within target cells will be established. The chosen observation technique
will be electron microscopy in transmission associated with a spectral analysis of X energy dispersion.

Certain biochemical responses will be measured to assess the early effects of stress at cellular or
subcellular level, involving dosage and validation techniques borrowed from ecotoxicology. Several
(sub)cellular endpoints will be investigated: (1) The responses to oxidative stress (catalase, superoxide
dismutase, glutathion transferase, forms of glutathion); (2) The exploration of energy expenditure
(adenylate load, glycogen reserves, protein, lipid and glucid content); (3) Other biomarkers of more
general effects (induction of metallothioneins (or phytochelatines for plants), of stress proteins (hsp).
At the individual scale, the investigation of biological disturbances following bioaccumulation will be
undertaken mainly on three essential functions of great importance for the functionning and structure
of any ecosystem: the growth, the behavior and the reproduction, this latter including cytogenetic
effects on germinal cells. For organisms with a sufficient organisation level (fish), this will be mainly
viewed as investigations on the immune system, the central nervous system and the reproductive
system.

2.4. First results obtained for the unicellular algae model and uranium

Phytoplankton represents the basic part of the productivity chain, at the lowest trophic level in the
freshwater trophic networks. It is therefore a key player in the elements cycle in the ecosytems,
especially with regards to their integration into the food chain from the water column.

Two distinct phenonema may be identified for algae: adsorption (metal fixation at the algae surface
without penetration of the cellular membrane) and absorption (metal internalisation). Particular
attention is given to the difference between these two phenomena. The first is of a chemical nature
whereas the second is of a biological nature. By using short exposure time (< 1 h) and low cellular
density for the experimental population, it is possible to keep under control the uranium solution
chemistry and to achieve the identification of one or more chemical species that govern the
uranium/algae interactions.

The first results [10] suggest that uranium adsorption at the surface happens very quickly and reaches
a stationary state (equilibrium) in just a few minutes. The absorption, however, increases with
exposure time. In addition to this, saturation phenomena are noted when the uranium concentration
reached a certain level (some uM i.e. around 0.1 mg/L), that is to say that the metal internalisation
capacity of the algae reaches a maximum level. One other stage was overcome when observing that
phosphates (which are found in the environment due to human activities and which are responsible for
the eutrophication of waterways), by forming chemical complexes with uranium, unaffect absorption
of this metal by the algae. The uranium accumulation is significantly lower in acidic (pH 5) than it is
in neutral media (pH 7). This remark leads to important questions as uranium chemistry is greatly
altered within this range. Michaelis-Menten kinetic parameters K,, and V,,,x were determined using the
Marquardt-Levenberg algorithm to obtain the best fit to the observed uptake levels (see equation and
curves in Figure 1b). The half-saturation constant is nearly doubled at pH 7 when the data is analysed
based on the total uranium concentrations. Growth toxicity tests, representative of long term exposure
(the lifespan for an algae within our experimental conditions is in the order of 10 h), are in progress,
underlying the importance of the water quality variables (such as pH). Microlocation data are also
expected.
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FIG. 1. a) Uranium speciation diagramme in a very simple artificial water in equilibrium with
atmospheric CO,; b) U intracellular uptake for phytoplankton after 30 minutes of exposure at various
total uranium concentrations (@ = pH 5; o = pH 7). Error bars represent the standard deviation from
the average of three measurements.

3. CURRENT AVAILABLE DATA FOR ECOLOGICAL RISK ASSESSMENT: STATE OF
THE ART FOR URANIUM IN FRESHWATERS

In complementarity with health risk examination, any risk assessment to biota from exposure to
radionuclides is to be associated with (1) different source-terms and environnemental released
scenario, (2) exposure pathways and potential biological effects at different organisation level, (3)
estimation of no-effects values and finally, (4) risk calculations as the ratio between predicted
concentrations in the source of exposure and estimated no-effects concentration. Concerning the case
of internal contamination by any radionuclide, the radiological and the ecotoxicological risk
assessments have to be consistent with each other. The whole methodology is exemplified here after
with uranium in freshwater ecosystems, underlying discrepancies to solve between the potential risks
from the radiological and the chemical toxicity standpoints, giving perspectives for future research
needs, as previously overviewed within the ENVIRHOM programme description.

3.1. Source-terms and environmental exposure pathway analysis

Uranium is a naturally occuring element, member of the actinide series. By mass, natural uranium is
composed of 99.3% ***U, in equilibrium with Z*U (therefore, 0.005%) and 0.7% ***U. Including these
three radionuclides, the specific activity for natural uranium is equivalent to 2.6 10* Bg/kg. The
environnemental behaviour of U has been extensively studied and a number of reviews exists in the
literature. Its concentrations in terrestrial and aquatic ecosystems may be increased in connection with
various anthropogenic contributions, originating from uses throughout the different stages of the
nuclear fuel cycle (mines and waste storage sites in particular), and up to agricultural use (phosphate
based fertilizers), the medical surroundings, research laboratories and military use of depleted uranium
[11]. Several phenomena linked to the biogeochemical behaviour of uranium, in connection with the
implementing of physical processes of solid transport (erosion, sedimentation ...) and water transport
(colloid and dissolved forms), may lead to the existence of accumulation zones in soils and sediments:
horizons that are rich in organic matter and/or iron oxyhydroxides in an oxidising condition, flooded
soil or sediments in a reducing condition (uranium is therefore at the (+1V) valency and tends to enter
into zones that are rich in organic matter, in sulphur and/or minerals rich in Fe(Il)). Uranium’s
environmental geochemistry quite schematically enables to predict U transport into high Eh zones
[U(+VID)] and a deposit by reduction and precipitation in low Eh zones [U(+1V)] [12]. The existence of
these accumulation zones may enhance reactions that are likely to occur at the biological interface
level and consequently, the mechanisms leading to an implementation of the bioaccumulation
processes on various intracellular biological targets in plants and animals. The bioavailability of the
radionuclide and its uptake by biota ultimately govern their effects on biota.
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At the present time, even if knowledge exists, the operational codes currently used with this purpose,
to simulate the likely routes of acute and/or chronic exposure for biota, consider the ecosystems in a
very simplified way, at equilibrium, with a homogenous concentration, performing exchanges on the
basis of transfer coefficients that characterise the element without distinguishing chemical species or
even mobile and bioavailable fractions. The accumulation processes in some areas of the biosphere are
not taken into account, in the same way as the bioaccumulation processes and the potentially induced
effects on the biocenosis.

3.2 Biological Effects: chemical toxicity and radiological toxicity

The toxic effects linked to pollutants are, as a general rule, closely associated with the processes of
bioaccumulation, although since certain of them lead to the sequestration of pollutants in non-toxic
form, this may limit the biological consequences within a certain range of concentration. Organisms
develop a wide range of biochemical, immunological and physiological responses, according to the
concentration level of the pollutant and the duration of exposure. The earliest manifestations may be
observed at cellular level or at the level of the individual. They are of three kinds: (1) direct interaction
between the toxic element and the biological target(s), (2) effects on the energetic or hormonal
metabolism that may have repercussions on growth, fecundity and life-span, or (3) behavioural effects.

For uranium as for the majority of radioactive pollutants, current understanding of radiation effects
coupled with chemical effects stems to a large extent on observations made after acute exposures, i.e.
at high doses and for short term duration. Data never distinguish the two combined effects and
uranium has mainly be studied on the ecotoxicological point of view (Table 1).

At cellular level, various forms of damage may be caused by metals and metalloids according to the
conditions of exposure, by means of three mechanisms: (1) binding with intracellular or membranous
biomolecules (enzymes, DNA, phospholipids); (2) reaction with the bonds of thiol groups of
biomolecules (glutathion, peptides, various proteins); (3) damage to the membranous transport, the
stability of the lysosomas and DNA replication [13]. Uranium, like many xenobiotics, induces
oxidative stress at cellular level, defined as the full range of deleterious effects linked to active forms
of oxygen or oxiradicals [14]. In freshwater animals (bivalves and fishes), it triggers in vitro
mechanisms of membranous lipidic peroxidation and inhibits the catalytic activity of various enzymes
involved in antioxidation defence (superoxide dismutase, catalase, glutathion peroxydase and
reductase, etc...). In vivo, these mechanisms would also appear to occur with differences between the
molluscs that rather react by adaptation of the levels of activity of the antioxidation enzymes and the
fishes where this mechanism is linked to adaptation of the glutathion concentration [15, 16]. U
accumulates in lysosomes of marine and and freshwater molluscs and crustaceans [17] and mammals
[18]. When precipitated as U phosphate microneedles, U damages subcellular structures, such as
lysosomal membranes. These membrane peroxydations have also been observed on mammals [15, 19].
Tasat and de Rey [20] suggested that these severe damage to organelles and cell death were mainly
explained by lysosomal membrane damage and the subsequent release of hydrolytic enzymes into the
cytosol. For fish, recent laboratory studies on Coregonus clupeaformis exposed by the trophic
pathway with artificial food contaminated by U during a 100-days period, showed the most significant
effects were elevations of lipid peroxidation and histopathological lesions in liver and posterior kidney
such as tissue necrosis, inflammation [21, 22]. These sub-lethal effects had no effects upon parameters
at the whole body level with the experiment duration (growth, morphometrics). Globally, these organs
are also considered as target tissue for mammals and for massive concentrations, lesions of the renal
tubule cells lead to necrosis and cell death with severe disturbances for renal reabsorption [19]. For
lower concentrations, a modification of the cellular energetic metabolism has been reported [23].
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TABLE 1. ACUTE TOXICITY DATA FOR URANIUM AND FRESHWATER PLANTS AND

ANIMALS
Species Age/size Chemical form Parameters U-value Temp. pH  Water quality Reference
(mg U/) (°C)
Phytoplankton
Chlorella sp. Exponential ~ Uranyl ECso—72h 0.044 27 6.5 2-4mg/l CaCO; Franklin et al., 2001 [24]
phase 0.078 5.7
Cladocera
Daphnia magna 1j Uranyl CLso—48h 5.3-7.6 20 8 66-73 mg/l CaCOs Poston et al., 1984 [25]
30-44 126-140 mg/l CaCO;
30-74 188-205 mg/l CaCOs
Species from South ~ <6h Uranyl sulfate  CLs, — 24h 0.4-6.4 27 6.6 3.3 mg/l HCO; Bywater et al., 1991 [26]
Hemisphere®
Bivalve
Corbicula fluminea 2-2.5cm Uranyl acetate  CLso — 96h 1872 20 7.9 178 mg/l CaCO; Labrot et al., 1996 [27]
Velesunio angasi 0.8-2.5cm Uranyl sulfate  ECs, — 48h 0.117 28 5 2.5 mg/l HCO; Brown et al,. 1994 [28]
Markish et al., 2000 [29]
0.247 +7.5 mg/l COD
0. 634 6
1.228 + 7.5 mg/l COD
Cnidaira
Hydra sp. Mature Uranyl sulfate LOEC — 96h 0.15-0.40 30 6.5 12-20 pS/cm Hyne et al,. 1992 [30]
Uranyl ECs0— 96h 0.114 27 6 6.6 mg/l CaCO;—Hardness ~ Riethmuller et al., 2001
4 mg/l CaCOs-alcalinity [31]
0.177 165 mg/l CaCO;-Hardness
4 mg/l CaCOs—alcalinity
0.171 165 mg/l CaCO;-Hardness
102 mg/l CaCOs—alcalinity
0.219 330 mg/l CaCO;—Hardness
4 mg/l CaCOs—alcalinity
Fish Uranyl acetate  CLs, — 96h 3.05 20 7.9 178 mg/l CaCO; Labrot et al., 1996 [27]
Brachydanio rerio
Pimephales np.? Uranyl CLso— 96h 2.8-3.1 n.p. np. 20mg/l CaCOs Tarzwell and Henderson,
promelas 135 400 mg/l CaCO; 1960 [32]
Pimephales juvenile Uranyl CLso — 96h 16.7 20 7.9 6673 mg/l CaCO; Poston et al., 1982 [33]
promelas
Oncorhynchus n.p. Uranyl CLsp—96 h 6.2 n.p. n.p  Faiblement minéralisée Davies. 1980 in: Bywater et
mykiss al., 1991 [26]
Salvelinus fontalis 8.0
Species from South  juvenile Uranyl sulfate  CLso—96 h 0.7-3.5 27 6.6 3.3 mg/lHCO; Bywater et al., 1991 [26]
Hemisphere®

" The test parameter used to quantify toxicity may vary from one experiment to another: the lethal (or effect) concentration for 50% of the
individuals after 24 or 96h-exposure period (LC ou ECsy); the lowest observed effect concentration inhibiting growth (LOEC).

% Experiments carried out for 4 species from northern Australia: Diaphanosoma excisum. Latonopsis fasciculata. Dadaya macrops.
Moinodaphnia macleayi.

3 Not précised.

* Experiments carried out for 6 species from northern Australia: Melanotaenia nigrans. Melanotaenia splendida inornata. Craterocephalus
marianae. Pseudomugil tenelus. Ambassis macleayi.

Concerning radiological effects, uranium is an alpha-emitter and therefore presents an internal hazard
for living organisms. However, its low specific activity led researchers to focus on its chemical
toxicity. For radioactive substances, a number of literrature reviews, mainly based on data from y
external irradiation, have suggested doses of approximately 2.5 and 0.5 mGy-d" respectively for
aquatic plants and fish [34] or 10 mGy-d”" for aquatic species in general [35] would not endanger
populations. Data mainly concerns high doses and acute exposure. For lower doses, reproduction and
genotoxicity have mainly been studied, but if effects on reproduction are considered to be the most
likely limiting endpoint in terms of survival for the population, genetic damages present some
difficulty in interpreting the significance of the effects at the population level. In any case,
radionuclides are only seen as different types of particle-emitters and the radiological risk assessment
is therefore carried out with the addivity assumption by summing all external and internal sources of
radiation. However, concerning internal contamination, and particularly for o and B particles, the
absence of any structured relation between radiotoxicity and chemical toxicity, may bring inadequacy
for this assumption and inconsistency for conclusions of ecological risk assessments on the chemical
or radiological standpoints. Within this scope, the importance of the bioaccumulation phenomena is
primordial with regard to internal exposure by radionuclides since they increase locally both the
radionuclide concentration and the biological effect of the delivered dose.
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TABLE 2. DISCREPANCY OF NO-EFFECTS VALUES FOR URANIUM AND FRESHWATER
PHYTOPLANKTON ON THE ECOTOXICOLOGICAL OR RADIOLOGICAL ASPECTS.
CALULATION ARE CARRIED OUT AS A FIRST APPROACH ACCORDING TO OBTAINED
DATA FOR CHLAMYDOMONAS REINHARDTII (SEE EQ. (1) AND FIGURE 1B)

No-effects values  U-value in water Internal Dose rate for Reference for the PNEC value
(ng/h alpha radiation mGy/d
PNEC 0.044 2.56 107 (pH 7) Data analysis according to EC, 1996 [5]
chemical toxicity 1.33 107 (pH 5)
No-effects values 259 (pH 5) 2.5 Data from this study analysed according to
51(pH7) Environment Canada guidelines (2000) [34]

3.3. No-effects values: comparison of the “chemical” and “radiological” approaches

The overall approach follows the guidelines in EC (1996) [5]. The central concept is to characterize
chronic ecological risk as a quotient of the estimated exposure value divided by the estimated no-
effects value. If the quotient is less than unity, the pollutan is not toxic. On the basis of litterature
effects data (Table 1), adopting the extrapolating method that consists in applying a conservative and
protective factor of 1000 if “at least, one short-term L(E)Cs, from each of the three trophic levels of
the base-set (fish, dapnia and algae) is avalailable” [5], the no-effects values for freshwaters should be
equivalent to 0.044 pg U/l. On the basis of the accumulation results obtained for phytoplankton, a
simple calculation of radiation dose rate due to internal contamination by alpha emitting can be carried
out for the whole life of a given phytoplanktonic cell. Using Mickaelis-menten equations (see Figure
1b) to convert water concentration into cell concentration after a lifespan exposure (around 10 hours
for Chlamydomonas sp.), one obtains the internal dose rate (DR;y, in mGy/d) according to the
following equation: DRyy= DCFjpe [cellna] Eq(1) with:

—  DCFjyq, the internal Dose Conversion Factor equal to (1.6x10_10xz PE.), where 1.6x107"°

corresponds to the conversion Factor between absorbed energy in MeV and mlJ, P;E; are the
average yield time energy values for alpha radiation (i.e. 4.55 MeV for natural U);

—  [cellmax], the maximal concentration expressed as Bq/kg fresh weight in an algal cell after a time
exposure period equivalent to its life span.

The calculated dose rates corresponding to the chemical predicted no-effects value are reported in
Table 2 for two pH conditions (2.56 x 107 and 1.33 x 10~ mGy/d respectively for pH 7 and 5). The
retrocalculation with the same equations on the basis of the “radiological predicted no-effects value”
recommended by Environment Canada [34] gives much higher water concentrations that the “chemical
PNEC” (51 and 259 pg U/l respectively for pH 7 and 5; see Table 2). The two modes of toxic effects —
radiotoxicity and chemical toxicity — are always handled separatly, mainly because there are
undistinguishable when internal contamination is considered. However, this method consisting in
performing separatly the risk assessment for non-radioactive and radioactive substances, leads to
inconsistent no-effects values. Moreover, the potential combined effects of chemotoxicity and ionizing
radiation for a given radionuclide, have never been assessed.

5. CONCLUSIONS — PERSPECTIVES

Globally, concerning internal contamination and the resulting potential hazard for both ecosystems
and human populations, research are needed to acquire knowledge concerning:

(1)  the consequences of the existence of a radionuclide concentration heterogeneity at the scale of
the cell/organ/full organism — this heterogeneity couples chemo-toxicity and radiotoxicity, and
basic knowledge does not exist to have well-defined relationship between the different (or not!)
toxic effects; moreover, this heterogeneity leads to locally important delivered dose and to
calculate it precisely at the scale of (sub)cellular target becomes necessary in order to acquire
fiable data to establish dose-effects relationships.
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the consequence of a chronic exposure at low-level coming from the specificities of these
situations as followed: (i) various chemical forms occur in the environment as a function of the
physico-chemical conditions of the medium; (ii) each transfer from one component to another
can lead to a modification of these forms with a “chemical form-specific” mobility and
bioavailability; (iii) different categories of non-radioactive toxicants are simultaneously present.

the need to define for the radionuclides a consistent and integrated approach with that developed
for chemical pollutants for which the targets protected by the regulations are mankind, the fauna
and the flora.
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Abstract. There have been very few studies on comparative radiobiology. Any work that has been done has
involved very high doses which are not relevant for environmental exposures. The aim of the present study was
to compare the effects of radiation on primary cultures from both rainbow trout and Dublin Bay prawn,
Nephrops norvegicus.

Primary cultures from the pronephros of rainbow trout and from the haematopoietic tissue of Nephrops
norvegicus were irradiated in situ 2—4 days after explantation using a “°Co teletherapy unit. The doses used were
0.5 and 5 Gy. The cultures were fixed 4—7 days post irradiation in 2.5% glutaraldehyde, post fixed in 1% OsOy,
dehydrated in ascending grades of ethanol and embedded in epoxy resin. Thin sections were cut en face from the
embedded cultures, stained with uranyl acetate and lead citrate and examined using a JEOL 2000 transmission
electron microscope.

The irradiated cultures from both rainbow trout and Nephrops norvegicus displayed pronounced morphological
damage, in particular to the nucleus and mitochondria. Damage to the cytoskeleton was also evident. However,
cells from the haematopoietic tissue of Nephrops norvegicus appeared to be considerably more radiosensitive
than cells from the pronephros of rainbow trout.

These results may have important implications for environmental radiation protection policies.

1. INTRODUCTION

There have been few studies on the comparative effects of radiation on different species. Any research
that has been done has mainly involved very high radiation doses which are not relevant to
environmental exposures.

Very few radiobiological studies have been done on species other than mammals. Among the
vertebrates, some research has been completed on reptiles. Altland et al [1] reported the lethal dose of
radiation for turtles to be 10-15 Gy and also noted effects on hematopoietic tissue similar to those
observed in mammals. Skinks have been shown to survive exposure to 15Gy while iguanas survive
12 Gy [2]. Turner et al [3] found sex, age and dose rate effects in lizards, which may explain variations
found in other studies. More recently, Ulsh et al [4] reported that human fibroblasts are 1.7 times more
sensitive than turtle (7. scripta) fibroblasts to radiation induced chromosomal aberrations.

There are many publications on fish radiobiology due mainly to the use of medaka, Oryzias latipes, as
a model for studying environmental germ cell mutagenesis [5]. In addition, our group has shown
similar radiosensitivities for human and fish cell lines to UV-A and UV-B radiation [6].

Among the invertebrates, there is a suggestion of extremely radioresistant responses. Tunicates
(Botryllus schlosseri) were exposed to doses of 25 Gy before an immune recognition response was
observed [7]. Insect cell lines are known to have radiation dose response curves with Dy values in the
region of 30Gy as compared to 1-2Gy for most mammals. Sponges have been shown to be similarly
radioresistant [8].
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The overall impression from the available literature is that invertebrates are extremely radioresistant
relative to most vertebrates and especially relative to mammals. This has implications for radiological
protection policies but may also point to interesting mechanisms which might help in the
understanding of the evolution of protective mechanisms. Similarly, fish, as primitive vertebrates, are
an important species for radiobiological studies.

Haematopoietic tissue is of considerable interest as it is one of the most sensitive and widely studied
tissues in mammalian radiobiology.

Since teleost fish have no lymph nodes and their bones usually have no medullary cavity,
haemopoietic tissue is located in the stroma of the spleen and the interstitium of the kidney. The head
kidney or pronephros is commonly supposed to be the organ of haemopoiesis analogous to red bone
marrow in mammals [9]. The blood forming cells are found in various stages of development,
undifferentiated stem cells, blast cells, immature and mature stages of red and white blood cells.

In crustacea, haematopoietic tissue covers the dorsal part of the cardiac stomach or more posteriorly
occurs as part of the membrane supporting the heart. The haematopoietic tissue is generally organised
into lobules composed of stem cells and maturing hemocytes bounded by an intimal layer. Crustacean
hemocytes are thought to be functionally analogous to vertebrate leukocytes. Two major groups are
recognised; hyaline hemocytes and granulocytes. The latter group is further divided into small and
large granule hemocytes [10].

The aim of the present study was to compare the effects of radiation on primary cultures of
haematopoietic tissue from Dublin Bay prawn, Nephrops norvegicus, and from rainbow trout,
Oncorhynchus mykiss.

2. MATERIALS AND METHODS

2.1. Animals

Healthy males and females of N. norvegicus (average length 10—12 c¢cm) were captured by trawling in
the Firth of Forth, near Edinburgh, Scotland. After transfer to the laboratory, animals were maintained
in aerated seawater (salinity [S]= 33%o) at ~14°C. All the animals were in intermoult stages.

Healthy rainbow trout (200-300g) were obtained from a commercial fish farm. The fish were killed by
an overdose of ethyl-4-aminobenzoate.

2.2. Primary culture method

The prawns were anaesthetized, and immersed in seawater at 40C for 50—60 min then dipped briefly in
10% (w/v) sodium hypochlorite followed by several rinses with 70% ethanol to control contamination.
The haematopoietic tissue was carefully removed and placed in an antibiotic solution with 10% (w/v)
2X Leibovitz’s medium (Gibco BRL), 1% penicillin-streptomycin (Sigma 10 x 4 [U/ml — 10 x
2 pg/ml), 10 pg/ml amphotericin B (Sigma) and 5 pg/ml gentamicin (Sigma). The tissue was washed
three times in the antibiotic solution, before chopping into fragments of ~1 mm’ using razor blades.
Small fragments (explants) were placed into sterile disposable 25 cm” tissue culture flasks (Nalgene,
Nunc), containing 1.5 ml of freshly made medium. To initiate the cultures, the medium was prepared
using 70% (w/v) artificial seawater (S = 28%o), containing 10% (w/v) 2x Leibovitz’s L-15 medium,
10% foetal bovine serum (FBS; Gibco BRL), glucose (1 g/l) (26), L-proline (0.06 g/l) (22), and 1%
penicillin-streptomycin (10 % 4 IU/ml — 10 x 2 pg/ml). Based on previous experience in the
laboratory, 5% (v/v) N. norvegicus serum was also added to the medium, in order to obtain rapid
attachment and growth from the explants. The osmolality of the medium was adjusted to 800
mOsm/kg by means of a Roebling Camlab osmometer using 6—7% of Chen Salts (NaCl 102.4 g/1, KCl1
1.8 g/l, MgS0, 10.8 g/, CaCl, 5.1. g/l and MgCl, 11.8 g/l). The pH was adjusted to 7.4. The medium
was filtered through a vacuum filter using 0.22 pm pore size cellulose membranes (Corning — Sigma)
prior to use. The cultures were transported to the Dublin Institute of Technology, incubated at 16°C,
and observed daily using an inverted Olympus CK microscope at magnifications of 100x and 200x.
Once the cultures were initiated, fresh medium (1 ml) without N. norvegicus serum was added on the
next day of seeding. At day four, the final volume of medium was made up to 4.5 ml. Cultures were
used within one week.
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The pronephros, readily identified by its dark red colour, was dissected from the rainbow trout in a
sterile cabinet. Mesothelium and fatty tissue were removed and the tissues were subsequently placed in
3—4 baths of medium in order to dilute / remove any microbes that may be present. The explants were
placed into sterile disposable 24cm?” tissue culture flasks (Nalgene, Nunc), containing 2ml of RPMI
medium supplemented with 10% fetal calf, 10% horse serum, 20 mM L-glutamine and 1% penicillin-
streptomycin. The explants were incubated at 18°C without media change for 16 days.

2.3. Irradiation

Explant cultures were irradiated in situ on the culture flasks. The dose was delivered at room
temperature using a Cobalt 60 teletherapy unit at a flask to source distance of 80cm. Under these
conditions, the dose rate was approximately 1.9Gy/min during these experiments. After irradiation, the
cultures were replaced in a refrigerated incubator set at 16°C for Nephrops cultures and 18°C for
rainbow trout cultures and maintained there until they were processed 4—7 days later. The doses used
for these experiments were 0.5Gy and 5Gy.

2.4. Transmission electron mMicroscopy

The cultures were fixed 4—7 days post irradiation in 2.5% (v/v) glutaraldehyde in 0.1 M phosphate
buffer for 1 hour, postfixed in 1% osmium tetroxide in 0.1M phosphate buffer for a further hour,
dehydrated in ascending grades of ethanol, and subsequently embedded in epoxy resin. Thick sections
for light microscopy (1pum) were cut en face parallel to the plane of growth with a glass knife and
stained with toluidine blue and examined using a Leica DMLB light microscope. Thin sections (60nm)
were then cut en face with a diamond knife, stained with uranyl acetate and lead citrate, and examined
using a JOEL 2000 transmission electron microscope. Three areas of the cellular outgrowth from three
replicate cultures were examined at the ultrastructural level.

3. RESULTS

3.1. Nephrops norvegicus haematopoietic tissue

Haematopoietic tissue was composed generally of lobules of densely packed cells including stem cells
and maturing hemocytes surrounded by an outer intimal layer (Figure 1). Primary cultures of
haematopoietic tissue were found to contain similar cell types as the intact tissue although granulocyte
type cells were more common than hyaline hemocyte type cells (Figure 2). Nuclei were regularly
shaped and the cells were vacuolated and contained mitochondria with tubulo — vesicular cristae.
Ribosomes and a glycogen were freely distributed in the cytosol.

Apoptotic bodies were common in the primary cultures irradiated at 0.5 Gy (Figure 3). Abnormal
mitochondrial — RER complexes were also observed frequently. In the cultures irradiated at 5 Gy, a
thorough disintegration of the cellular cytoplasm was observed with only occasional disrupted
mitochondria and truncated RER evident (Figure 4).

3.2. Rainbow trout pronephros

Tissue from the rainbow trout pronephros was mainly composed of lymphocytes, monocytes,
granulocytes and erythrocytes among the cell processes of reticular cells (Figure 5). Primary cultures
of pronephros were found to contain similar cell types as the intact tissue (Figure 6). Granulocytes,
containing both small and large granules, were found to be of a regular round shape and of a uniform
size, approx. 10 um (Figure 7).

Granulocytes in the cultures irradiated at 0.5 Gy and 5 Gy were consistently found to show an
elongation towards a spindle shape and there was considerable variation in size, ranging from 5-20
um (Figure 8). This effect was more pronounced in the cultures irradiated at the higher dose of 5 Gy.
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FIG. 1. Haematopoietic tissue from Nephrops
norvegicus showing a variety of cell types
surrounded by an outer intimal layer.

FIG. 3. Primary culture of Nephrops
norvegicus haematopoietic tissue irradiated at
0.5 Gy showing apoptotic bodies.
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FIG. 2. Primary culture of Nephrops
norvegicus haematopoietic tissue showing
similar cell types as the intact tissue. Note
mitotic cell on upper right.

FIG. 4. Primary culture of Nephrops
norvegicus haematopoietic tissue irradiated at
5 Gy showing a thorough disintegration of the
cellular cytoplasm.



FIG. 5. Tissue from the rainbow trout FIG. 6. Primary culture of rainbow trout
pronephros showing lymphocytes, monocytes, pronephros showing similar cell types as the
granulocytes and erythrocytes among the cell intact tissue.

processes of reticular cells.

FIG. 7. Primary culture of rainbow trout FIG. 8 Primary culture of rainbow trout

pronephros showing granulocytes, containing pronephros irradiated at 5 Gy showing

both small and large granules. elongated  granulocytes with  considerable
variation in size.

29



4. DISCUSSION

Ultrastructural changes are often detectable at lower doses of toxicants where conventional
histological examination fails to reveal abnormalities. Electron microscopy allows observation of very
early morphological changes whereas histology usually reveals only more severe changes.

In the Nephrops cultures exposed to 0.5 Gy y radiation, changes in cytoplasmic organelles and
frequent apoptotic bodies were observed. At 5 Gy, a thorough disintegration of the cellular cytoplasm
was seen. The most common feature of the irradiated rainbow trout pronephros cultures was the shape
change in the granulocytes. This was apparent at 0.5 Gy but much more pronounced at 5 Gy. There
were also significant variations in the size of the granulocytes in the irradiated pronephros, again more
pronounced at the higher dose.

Widespread damage or cytoplasmic disintegration of the scale seen in the Nephrops cultures was not
seen in previous ultrastructural studies carried out in this laboratory with irradiated human primary
urothelial cultures [11, 12]. Irregular nuclei, accumulations of lysosomes and lipid droplets were
common in human urothelial cultures irradiated at 5Gy.

The shape and size changes seen in the rainbow trout cultures are most likely related to cytoskeletal
damage.

The high levels of apoptosis seen in the cultures irradiated at the lower dose suggest a protective
response in the Nephrops cultures. Terminally damaged cells may be removed by programmed cell
death before they pose a threat to the organism as a whole. Selection and proliferation of healthy cells
could account for the apparent radioresistance previously reported for invertebrates.

In conclusion, the primary cultures from both rainbow trout and Nephrops norvegicus displayed
pronounced morphological damage following cobalt 60 gamma irradiation. However, cells from the
haematopoietic tissue of Nephrops norvegicus appeared to be considerably more radiosensitive than
cells from the pronephros of rainbow trout. These results may have important implications for
protection of the environment and species other than man.
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A model for exploring the impact of radiation on fish populations

D.S. Woodhead

The Centre for Environment, Fisheries and Aquaculture Science, Lowestoft Laboratory,
Lowestoft, United Kingdom

Abstract. In the general context of protecting the biotic environment, it is frequently the population of
organisms at which it is intended that protective measures should be directed. It is well-established, however,
that exposure to low-level, chronic irradiation can affect the survival and reproductive capacity of individual
plants and animals. Although it is clear that such effects can have implications for the well-being of the
populations, it is less apparent (and almost certainly not the case) that the radiation can affect population
attributes directly, i.e., without the mediation of effects in individuals. The problem is, therefore, to establish
criteria for the limitation of effects in individuals such that the population will also be sufficiently protected.
Before this can be achieved, it is necessary to have a means of relating the known effects of radiation in
individuals with their possible consequences for the population. A simple Leslie matrix population model
approach has been developed to investigate how the effects of radiation in individuals may propagate to produce
(or not) a response at the population level. Different species can have different reproductive strategies and life
cycles, and may, therefore, respond differently to the same degree of radiation effect on survival and
reproductive capacity. It is of interest to investigate their possible responses at the population level, and the
matrix population model approach is here applied to two somewhat contrasting fish species — the plaice
(Pleuronectes platessa) and the thornback ray (Raja clavata). The results from the models appear to confirm the
relative sensitivities of the two populations, as might be predicted on the basis of their life cycles and
reproductive strategies, to the possible effects of radiation on individual fertility, fecundity and mortality.

1. INTRODUCTION

It is frequently asserted that measures to protect the environment — the flora and fauna — from the
contaminants arising from human activities should be focussed on the population level in the
biological hierarchy. It is also the case, however, that the effects of the contaminants mainly, if not
entirely, develop from processes that take place in individual organisms. To the extent that the effects
of the contaminants in individuals influence the population attributes of age-dependent survival
(through increased morbidity and mortality) and age-dependent reproductive capacity (through
reductions in fertility (gamete production) and fecundity (the production of viable offspring)), there is
a link, probably complex and non-linear, between the individual and the population responses. A third
category of effect — an increase in mutation rate — will, for the present, be assumed to be captured by
the changes in survival and reproductive capacity; it is recognized, however, that significant
contaminant-induced changes in the gene pool would represent a change in the character of the
population that should be considered in its own right.

Given — and it is a reasonable assumption — that the population attributes are not directly impacted by
radiation, and that the population is to be protected, the question is: what degree of limitation on the
direct effects in individuals, i.e., measures to protect the individual, implies no significant consequent
impact at the population level? The response is often that there can be no significant effects on the
population if there are no significant effects in individuals, although this response, however apparently
reasonable, hardly answers the question in a transparent and scientific manner. In practice, the
question can be addressed through the development and investigation of the behaviour of models of
relevant populations. A simple (not to say, simplistic) Leslie matrix model approach has been
developed as an experimental tool to investigate the possible responses of a population to radiation
exposure as mediated through the effects at the individual level [1]. This has already been applied to a
plaice (Pleuronectes platessa) population. This fish can mature at age two years, lives for about
7 years (in the Irish Sea), and each individual mature female can produce many thousands of eggs.
This is a life strategy that is often said to be relatively resilient to environmental change (including
contaminant effects). A contrasting strategy of later maturity, longer reproductive life and the
production of fewer (but more protected) eggs and more highly developed neonates, as exemplified by
the thornback ray (Raja clavata), is often said to be more sensitive to environmental change. It is the
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purpose of this paper to apply the Leslie matrix model approach to these contrasting fish populations,
and to compare the possible responses of the populations to radiation-induced effects on individual
survival and reproductive capacity.

2. THE POPULATION MODEL

The development of the matrix population model for the plaice has already been presented in some
detail elsewhere [1]. In brief, the general matrix equation:

ny Fl F2 F3 FS ny

n, Pl 0 0 0 n,

Il3 — O P2 O ceee O Il3 (1)
ng ) (t+1) 0 o ... Py 0 ng ) (t)

allows the initial, age-dependent population at time (t) to be projected forward to time (t+1), provided
that the age-dependent fecundities (F;) and survival probabilities (P;) can be estimated (see [2] for a
full discussion of matrix models). (In this paper, fecundity is taken to be the production of viable
neonates potentially capable of surviving to reproductive maturity; fertility is taken to be a quantitative
measure of the production of viable gametes, i.e., sperm and ova that can combine to produce zygotes
that have the capacity to pass through embryonic development to produce larvae or post-natal
individuals.) For the two fish species considered here, it may be assumed that the time step (t) to (t+1)
is one year, as the fish, once mature, spawn annually. For the plaice, this occurs in the period February
— April and the fertilised eggs develop in the water column and hatch out after a period of about 20
days; this is followed by a planktonic stage of about 60 days at which time the larvae metamorphose
and adopt the adult benthic habit as Group-0 juveniles. There are, thus, three stages, of differing
durations and with differing survival probabilities, in the first calender year of the life of the plaice; of
these, the first two must be taken into account in the estimation of the F;. For the thornback ray,
spawning occurs over the period February to September and an individual female may, depending on
size, produce up to 140 eggs, usually in pairs on alternate days. The period of embryonic development
is temperature-dependent and can last for 112—144 days. The newly-hatched rays are fully-developed,
but miniature, versions of the adults; for the ray, therefore, there is just one stage to be included in the
estimation of the F;. Although, for both species, the detailed timings are variable, for the purpose of
the population model they have been reduced to the standard parameters given in Tables 1 and 2.

2.1. The estimation of F;

Fish grow at a variable rates through their lives, and at a given age there is likely to be a range of sizes
for each species. The number of eggs produced by a female is, however, more likely to be correlated
with size rather than age. For the purpose of the model, therefore, it has been assumed that size does
correlate with age so that the F; can be estimated for each annual time step.
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Tablel. Population parameters to implement the Leslie matrix projection model for plaice

Stage Duration My Mo 1M 11 Coefficient Increase of  Coefficient sHo Mean Initial Proportion
years of natural  coefficient  of fishing length number of mature
mortality of natural mortality cm fish *
mortality
with age
Developing 0.055 303 (5+0.5) - - - - - - - - -
4
egg x10
Planktonic 0.165 - - 30+3 (1+0.1) - - - - - - -
larvae x107
Post meta- 0.780 - - - - 3 0.01 0.00 1.0E-10 - (2.50E+07) 0.0
morphic
Gp-0
Group-I 1 - - - - 0.3 +0.03 0.02 0.00 1.0E-07 - (5.62E+06) 0.0
Group-II 1 - - - - 0.3 +0.03 0.03 0.70 7.0E-08 21.9 (1.35E+06) 0.5
Group-I1I 1 - - - - 0.3+0.03 0.04 0.71 1.0E-06 26.9 2.72E+05 0.9
Group-1V 1 - - - - 0.3+0.03 0.05 0.72 5.0E-06 31.9 1.15E+05 1.0
Group-V 1 - - - - 0.3 +0.03 0.06 0.73 1.0E-05 37.0 1.74E+04 1.0
Group-VI 1 - - - - 0.3+0.03 0.07 0.74 5.0E-05 42.0 3.20E+03 1.0
Group-VII 1 - - - - 0.3+0.03 0.08 0.75 1.0E-04 45.0 1.30E+03 1.0

* The numbers in parenthesis have been extrapolated from the available information.



Table 2. Population parameters to implement the Leslie matrix projection model for the thornback ray

Stage Duration e oMo oblq olo Coefticient Increase of  Coefticient sHo Mean Initial  Proportion

years of natural coefficient  of fishing length number mature

mortality of natural mortality cm of fish *
mortality
with age
Developing 0.334 4.53 (6.0 £ 0.60) - - - - - - -
egg +0.453 x10°
Group-0 0.252 - - 3.77+£0377 (6.6 +0.66) - - - - 12.0 - -
x107

Group-1 1 - - - - 1.57+£0.157 0.001 0.000 2.1E-07 149 (482381) 0.00
Group-II 1 - - - - 0.717£0.0717 0.002 0.000 8.8E-07 25.6 (172210) 0.00
Group-IIT 1 - - - - 0.168 +£0.0168 0.003 0.000 1.7E-06  35.3 61481 0.00
Group-1V 1 - - - - 0.0733 £ 0.0073 0.004 0.000 6.5E-08 443 26240 0.00
Group-V 1 - - - - 0.0733 £ 0.0073 0.005 0.012 6.5E-08 524 15596 0.00
Group-VI 1 - - - - 0.0733 £ 0.0073 0.006 0.012 6.5E-08 599 12785 0.25
Group-VII 1 - - - - 0.0733 £ 0.0073 0.007 0.012 6.5E-08  66.7 10324 0.50
Group-VIII 1 - - - - 0.07 3+0.0073 0.008 0.012 6.5E-08  73.0 8373 0.75
Group-IX 1 - - - - 0.0733 £ 0.0073 0.009 0.012 6.5E-08  78.7 5664 1.00
Group-X 1 - - - - 0.243 +0.0243 0.010 0.036 1.1E-06  83.9 3058 1.00
Group-XI 1 - - - - 0.243 +0.0243 0.011 0.036 1.1E-06  88.6 1165 1.00
Group-XII 1 - - - - 0.243 +0.0243 0.012 0.036 1.1IE-06  93.0 422 1.00
Group-XIII 1 - - - - 0.243 +0.0243 0.013 0.036 1.1IE-06  97.0 349 1.00
Group-XIV 1 - - - - 0.243 +0.0243 0.014 0.036 1.1E-06  100.6 160 1.00
Group-XV 1 - - - - 0.243 +0.0243 0.015 0.036 1.1E-06 103.9 77 1.00
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Table 2. continued: Population parameters to implement the Leslie matrix projection model for the thornback ray

Stage Duration by oty okl oty Coefficient Increase of  Coefficient st Mean Initial Proportion

years of natural coefficient  of fishing length number mature

mortality of natural mortality cm of fish*
mortality
with age

Group-XVI 0.243 +0.0243 0.016 0.036 1.1E-06  106.9 37 1.00
Group-XVII 0.243 £0.0243 0.017 0.036 1.1E-06  109.7 18 1.00
Group-XVIII 0.243 £ 0.0243 0.018 0.036 1.1E-06  112.3 8 1.00
Group-XIX 0.243 +£0.0243 0.019 0.036 1.1E-06 114.6 4 1.00
Group-XX 0.243 +£0.0243 0.020 0.036 1.1E-06 116.7 2 1.00
Group-XXI 0.243 £0.0243 0.021 0.036 1.1E-06 118.6 1 1.00
Group-XXII 0.243 £0.0243 0.022 0.036 1.1E-06  120.4 0 1.00
Group-XXIIT 0.243 £0.0243 0.023 0.036 1.1E-06  122.0 0 1.00
Group-XXIV 0.243 £ 0.0243 0.024 0.036 1.1E-06  123.5 0 1.00
Group-XXV 0.243 £0.0243 .025 0.036 1.1E-06  124.8 0 1.00
Group-XXVI 0.243 £0.0243 0.026 0.036 1.1E-06  126.1 0 1.00
Group-XXVII 0.243 £ 0.0243 0.027 0.036 1.1E-06  127.2 0 1.00
Group-XXVIII 0.243 +£0.0243 0.028 0.036 1.1E-06  128.2 0 1.00
Group-XXIX 0.243 +£0.0243 0.029 0.036 1.1E-06 129.2 0 1.00
Group-XXX 0.243 +0.0243 0.030 0.036 1.1E-06  130.0 0 1.00

" The numbers in parenthesis have been extrapolated from the available information.



2.1.1. The plaice

For the plaice, the available data for the northeast Irish Sea have been used to develop the presumed
number-at-age/length (see Table 1) and weight-at-length [1]. Based on data for plaice populations in
the North Sea [3], it has been assumed that the regression equation:

In(F) =—C +3.11 In(L) — 0.218 In(t) )

would be a reasonable basis for estimating the fertility F (in thousands of eggs per female) from the
length L cm and age t years; the regression coefficient C showed substantial variability between years
(range 5.996-6.375). To introduce the influence of stochastic environmental conditions into the
structure of the model, the values of the coefficients in eq.(2), for each age (length) class in each year,
have been randomly taken from the normal distributions:

C=6.0+0.1;3.11+0.11; and, 0.218 £ 0.11,

to provide an estimate of the total variability in fertility (note that these distributions have no empirical
basis). It has been assumed that the population of female plaice matures progressively from Group-II
to Group-IV (see Table 1). During the embryonic and larval development periods, the plaice will
experience variable survival probabilities that arise from both inherent and environmental factors that
can be independent of, or may be dependent upon, density. In general, the survival at any stage may be
modelled as [4]:

% = -{st + spoN(D) }N(t) 3)

where sp; and g, are the density-independent, and density-dependent, survival coefficients for stage
S, respectively. The general solution to eq.(3) provides the number of survivors from stage Sg(t) to
stage S(i+1)(t(i+1)):

1

Nsisny(tien) = 4

S(i)H2

exp{siy 1 % (L1 — (i)}
[exp{s() H1 x (ti+1) —t)) — 11+ () i+ ~ i)
Sy Ne (1)

This equation is applied sequentially to the egg and larval stages to estimate the values of F; for each
adult age-group. To introduce the element of environmental variability, the relevant parameter values
were drawn randomly from the normal distributions adopted to model the plaice egg and larval stages
as given in Table 1 (see [1] for full details of the implementation of the population model).

2.1.2. The thornback ray

The literature on the growth rate and reproductive biology of the thornback ray is limited and not
entirely consistent; the population model will, therefore, be rather more speculative than that for the
plaice. The available data have been used to parameterise the von Bertalanffy growth relationship for
the thornback ray and, assuming an annual time step, provide estimates of length (cm.)-at-age:

L(t+1) = L(t) + {139 — L(t)} {1 — exp(-0.09)} (5)

where 139 cm. is the assymptotic ultimate length, and 0.09 is the annual growth coefficient [5]. These
lengths have been converted to weight (kg) using the relationship given by Holden [6]:

W(t)=3.26 x 10° x L(t)*" (6)

The annual egg production per female has been estimated using the expression developed by Holden
[7], adjusted to give an overall lower average value of 100 as suggested by Ryland & Ajayi [5]:
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Ne=1.19 L(t) - 10.9 (7)

The population of female thornback rays has been assumed to mature progressively from Group-VI to
Group-IX (see Table 2). For the thornback ray, there are two stages to be considered in the first year of
life for the estimation of F; — the developing egg and the Gp-0 hatchlings — and the relevant parameter
values, and their distributions (to introduce stochasticity into the model), for application in eq.4, are
given in Table 2.

2.2. The estimation of P;

The survival of the post-metamorphic plaice, and the thornback rays, depends on the influence of
natural (density-independent and -dependent) factors, and, at ages greater than 2 years (plaice) and 5
years (thornback ray), the impact of fishing. The survival for any year i (or stage S;) is obtained from
eq.4:

~ Ngsn (teny)
Psiy =
Nsite
 son : xpis i <Gy —ta))
S(iyM2 s(i) M1 x (tieny — ti
2 Ngi) (tgiyexpsey H1 X (ti+1) —tiy)y — 1+ ® b O
S(i) M1 L)

As discussed previously [1], the density-independent mortality has been taken to have three
components: a stochastic coefficient of natural mortality; a small coefficient of natural mortality that
increases with age; and, a coefficient of fishing mortality that increases slightly with age for the plaice
and has two different, and age-dependent, values for the thornback rays. In the operation of the
population model, these three components are aggregated to give the single parameter g;u;. The
density-dependent coefficient, g, is a singular component. The values adopted for the various
parameters, developed from the information available in the literature, are given in Tables 1 and 2 (for
the plaice see [1], and for the ray [5]).

3. THE IMPLEMENTATION OF THE MODEL

In the development of the matrix population model for the plaice [1], it was noted that, although some
of the relationships and parameter values were derived from data concerning real populations, others
were not. The model could not, therefore, be taken to provide an accurate representation, in all details,
of the real population in the contaminated region of the northeast Irish Sea. The same is undoubtedly
true for the thornback ray population model. For both species, it has been assumed that the starting
population amounts to approximately 250 tonnes, with corresponding number-at-age and
length/weight distributions developed from the available data relating to commercial and/or research
vessel catches [5, 8]. The initial numbers of fish in each age group are given in Tables 1 and 2.

4. THE BEHAVIOUR OF THE MODEL POPULATIONS

The time-dependent development of the two populations, in terms of the spawning biomass and the
number of recruits to the spawning biomass from the spawning occurring 2 (plaice) and 6 (ray) years
previously, has been projected. Figure 1 shows the evolution of the plaice and ray populations, both
with, and without, the impact of fishing. In the absence of fishing, the number of Gp-II plaice recruits
increases by a factor of ~3.5, and the spawning biomass increases from 260 te to about 1100 te;
similarly, the number of Gp-VI ray recruits increases by a factor of ~1.5, and the spawning biomass
increases from 130 te to about 500 te. With the applied fishing pressure, the number of Gp-II plaice
recruits approximately doubles, and the plaice spawning biomass increases marginally to ~350 te; the
number of Gp-VI ray recruits increases marginally, and the spawning biomass increases to ~350 te.
The initial sharp rise and decline in the ray spawning biomass is probably the consequence of a
mismatch between the age/size distribution of the starting population and the aggregate effect of the
parameters selected to implement the population model, together with the 6 year generation time; it is
clear, however, that the population stabilizes after about 30 years of evolution.
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FIG 1. The evolution of the plaice and thornback ray populations with zero and standard fishing
pressure. a, c: the recruitment of Gp-1I plaice and Gp-VII thornback rays, b,d: the spawning biomass
of plaice and thornback rays.

4.1. The evolution of the populations

In the absence of detailed data on the effects of chronic irrradiation on the important population
attributes — fertility, fecundity and mortality — the approach has been to examine the effects of 0.5, 1,
2, 5 and 10% reductions in fertility (egg output), embryonic survival, and final age-dependent
survival.

4.1.1. Fertility

The effects of the reductions in egg production are shown in Figure 2a. In terms of the consequent
reductions in both the number of recruits to the breeding population and the spawning biomass, the
plaice appears to be rather more sensitive than the ray to a given reduction in egg production. This
response is somewhat puzzling, but it seems to imply that, within the parameter spaces applied to each
model population, the factors acting after the production of the eggs are more significant in
influencing the outcome. The simple comparative magnitudes in the reductions in the spawning
biomass and numbers of recruits are not, however, clear indicators of the fates of the respective
populations. A closer examination of the trends in the spawning biomass, in terms of the mean annual
stochastic rate of growth (see Table 3) indicates that, for a 10% reduction in egg production, the ray
population is in terminal decline (a mean annual growth rate < 1); in contrast, the plaice population
retains growth potential, although progressively reduced, at all levels of reduced fertility. (It should be
noted that, although the mean stochastic growth rate may be > 1, the population does not actually grow
indefinitely due to the non-linear interactions between the various density-dependent and density-
independent factors.)
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production per female; b: embryo survival to hatching, c: final age-dependent survival; and, d: the
combined stresses.
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TABLE 3. MEAN ANNUAL STOCHASTIC RATE OF SPAWNING BIOMASS GROWTH OVER
THE PERIOD 30-100 YEARS, WITH THE INDICATED % CHANGES IN THE POPULATION
ATTRIBUTES

Plaice
Baseline 1.00165 0.5% 1% 2% 5% 10%
Reduced egg production 1.00163 1.00161 1.00157 1.00144 1.00114
Increased coefficient of egg mortality 1.00162 1.00158 1.00150 1.00119 1.00036
Increased final age-dependent mortality 1.00164 1.00163 1.00161 1.00155 1.00143
Combined effects 1.00159 1.00152 1.00134 1.00053 0.99729
Thornback ray

Baseline 1.00020

Reduced egg production 1.00019 1.00017 1.00014 1.00004 0.99983
Increased coefficient of egg mortality 1.00018 1.00016 1.00011 0.99994 0.99961
Increased final age-dependent mortality 1.00013 1.00005 0.99990 0.99944 0.99868
Combined effects 1.00009 0.99996 0.99971 0.99881 0.99660

4.1.2. Fecundity

The effects of the reduced embryonic survival to egg hatch are shown in Figure 2b. Again, in terms of
the degree of impact on the two measures of population evolution, the plaice appears to be more
sensitive than the ray to a given reduction in neonate production. The effects of given reductions in
fecundity on the growth potential of the populations is greater than is the case for comparable
reductions in fertility (Table 3). The plaice, however, still retains a progressively reduced potential for
growth at all levels of reduced fecundity, whereas the thornback ray population is in decline at both
5% and 10% increases in the coefficient of egg mortality (Table 3). It may be concluded, therefore,
that the possible effects of radiation may be more significant at this stage of development.

4.1.3. Mortality

On the assumption that the accumulation of radiation exposure over the lifetime of the fish would have
a progressive effect on their possible mortality, the age-dependent coefficients of natural mortality
have been proportionately increased over the lifetime of the two fish to give the final increases of 0.5,
1, 2, 5 and 10% for Gp-VII plaice and Gp-XXX rays. The effects of these increases in age-dependent
mortality are shown in Figure 2c. In contrast to the outcome of effects on the previous two attributes,
the ray is substantially more sensitive to increased age-dependent mortality than the plaice. Indeed, in
terms of a given degree of impact, an increase in age-dependent mortality has the least effect on the
plaice population as compared with reductions in fertility and fecundity. The opposite is true for the
thornback ray and its population is in decline at increases in final age-dependent mortality > 2%
(Table 3). Given that the loss of individuals of reproductive age also has the implicit effect of reducing
the aggregate fertilities and fecundities of the populations, and that this applies to a greater extent to
the longer-lived thornback ray, such an outcome might not be unexpected.

4.1.4. Combined effects

Of course, the effects of radiation will impact all three of the population attributes considered above,
although not to the same degree either for each attribute or for each species. There is not, however,
sufficient information to quantify the actual relative degrees of effect, and the simple approach has
been adopted of considering the aggregated consequences of the same degree of effect on each of the
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three attributes. The effects on the evolution of the spawning biomass of the two populations are
shown in Figure 2d. Overall, the thornback ray population is more sensitive to the cumulative applied
stresses than is the plaice; the two populations are in decline at changes in the attributes > 1% and >
10%, respectively.

5. CONCLUSIONS

The long-term evolution of the two fish populations, as described by the matrix population models
described here, appears to confirm their presumed relative sensitivities to the possible effects of
radiation-induced changes in individual fertility, fecundity and mortality. This conclusion is, however,
contingent on the degree to which the present parameterisation and implementation of the models
accurately describes the features of real populations. Nevertheless, the models do provide a helpful
and practical means of exploring the implications, for populations, of radiation damage in the
constituent individuals, and effort could be usefully applied to improving the basic biological
information required for their implementation.
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Long-term combined impact of *’Sr and Pb** on freshwater cladoceran

D.I. Gudkov, M.G. Mardarevich, L.S. Kipnis, A.V. Ponomaryov

Institute of Hydrobiology of the National Academy of Sciences of Ukraine, Kiev,
Ukraine

Abstract. The effect of Pb*" (0.01 and 0.1 mg I'") and *’Sr (2E+01; 2E+03 and 2E+05 Bq I'") in conditions of
long-term two-factor experiment had a negative impact practically upon all biological parameters of freshwater
cladoceran Daphnia magna shown in decrease of the productional characteristics, delay of growth rate and
reduction of lifetime. The level of radiotoxical effect positively correlated with the contents in water of the
researched agents and their combinations. At combined impact of the radiating and chemical factors the positive
modifying effect of radionuclide on toxic influence of lead ions in range of *°Sr activity 2E+01-2E+03 Bq I"" is
registered. It is supposed, that at exposure of ionising radiation in doses 7—70 cGy at daphnia occurs stimulation
of protective reactions of organism, interfering realisation of damaging effect of the radiating factor. It is
supposed that one of the radioprotective mechanisms is the activation of glutathione system and increase of level
of sulthydric groups of endogenous glutathione, having the important significance for oxidation-reduction
reactions and in fermentative reparation of damages. However besides of radioprotective function glutathione
takes part in synthesis of metalthioneins, which by chelation are capable to remove heavy metals from a
biochemical exchange. Thus, metabolic changes, initially directed on realisation of radioprotective effect, at
combined impact of the radiating and chemical factors can carry multifunctional character, being shown in
positive modification of toxic influence caused by ions of heavy metals.

1. INTRODUCTION

In conditions of global pollution of biosphere the living organism are exposed to long-term impact of
the different man-caused factors. The important place among them occupies the sources of ionising
radiation and chemical agents. At the same time the radionuclide contamination modified by a wide
spectrum of substances of an organic and inorganic nature is capable to result in biological systems in
the most unexpected effects.

In the present studies the biological aspects of separate and combined long-term impact of *°Sr and
Pb”" on freshwater cladoceran in condition of two-factor experiment are considered. The changes of
lifetime as well as some of morphometrical and productional parameters of Daphnia magna Straus
were used as criteria of a radiotoxical impact.

Daphnia are widely distributed zooplanktonic organisms also are one of a food object for majority
species of freshwater fish. In comparison with other species of daphnia Daphnia magna Straus is easy
enough for cultivation has the large sizes and high sensitivity to toxic substances of a various nature.
These characteristics predetermined the use of this species as the most popular object in toxicological
researches. Thanking to filtration way of feeding in daphnia organism occurs a concentrating of
polluting substances, both from water and from filtered suspensions, that causes the increased reaction
of shellfish on the presence of toxic pollutant at water environment [6, 10, 11]. In this connection the
biotests with use of D. magna are standardisated in a number of the countries of the world.

2. MATERIALS AND METHODS

The preparation of experiment was carried out taking into account of the recommendations stated in
methodical manuals [2, 5, 12]. For experiment selected two-day time juvenile of the synchronised
laboratory culture. As environment used missed through a layer of sorbent and settled water with the
following hydrochemical parameters: hardness — 4—6 mg-eq I''; dissolved oxygen — 7,8-8,2 mg I''; pH
— 7,7-8,2; temperature — 19-21°C. Daphnia was kept in 50 ml glasses with two individual in
everyone. Experiment realised in 5 reiterations on one generation. Each two day carried out
replacement of water. The size control of daphnia was carried out every 5 day by determination of
distance from leading edge of a head up to the basis of a thorn. The daily diet of daphnia made up
200-300 thousand cells of Chlorella per 1 ml of water.
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Estimation of the radiotoxic impact studied at the separate and combined influence of *’Sr with
specific activity 2E+01, 2E+03 and 2E+05 Bq 1" and Pb*" in concentration 0,01 and 0,1 mg I"".

The criteria of biological impact were the following parameters: delays of sexual maturity; quantity of
litters during life; quantity of juvenile in litters; total quantity of juvenile; dynamics of growth rate and
lifetime of daphnia. Experiment carried out during 60 days — up to the moment of death of all
researched individuals. The analysis of results of researches realised by comparison of similar
parameters of experimental and controls individuals. The contribution of the radiation and chemical
factors at change of biological parameters estimated with use of a method of the dispersion analysis [4]
and program for statistical data processing "Statistica 5.0" (StatSoft Inc., USA). The absorbed dose
rate from an external and internal irradiation of *’Sr determined according to a method [8].

3. RESULTS AND DISCUSSION

During experiment the authentic decrease of daphnia lifetime in all experimental concentration was
observed (Figure 1). The value of this parameter was naturally reduced with increase of the contents in
water of the researched agents both at separate and at combined impact. The minimal value of average
life expectancy is registered at Pb>" concentration 0,1 mg I"' (20 days).

If to compare combined impact of *’Sr and Pb*", the concentration of metal 0,01 mg I"' practically did
not influence on lifetime of shellfish, which was observed in experimental radionuclide concentration.
However practically all of *°Sr activity stimulated increase of daphnia lifetime in a combination with
Pb*" (in comparison with its separate impact). The exception were daphnia under impact of combined
activity of *’Sr 2E+05 Bq I"' and concentration of Pb*" 0,01 mg 1. At the same time the average
lifetime of daphnia was about 27 day, that there are less of value for shellfish in similar separate
concentration of both agents. The most intensive modifying effect of *°Sr on impact of Pb*" is
observed at radionuclide concentration in a range 2E+01 — 2E+03 Bq 1" (Figure 2).

The analysis of the change of the daphnia linear dimension data during experiment has shown, that the
most intensive growth of shellfish in the control was observed within the first 10 day with peak of the
maximal value for 5 day (Figure 3). In all experimental concentration there was a displacement of
peak of the maximal growth of daphnia: 10th day — for all activity of *°Sr and concentration of Pb*"
0,01 mg I"' both joint combinations of the radiation and chemical agents; 15th day — for concentration
of Pb*" 0,1 mg I"". At the same time if in all experimental concentration the displacement of peak of a
growth occurred on a background lower rates of growth (in comparison to the control) at concentration
of *’Sr 2E+03 Bq I"' the maximal growth of daphnia was at a level of control individuals.

Concentration of Pb> 0,01 mg I"' practically did not effect on daphnia growth rate at combined impact
with °Sr activities if to compare the value of this parameter for shellfish in experiment without Pb*".
However the positive modifying effect of all *’Sr activities is authentically registered at combined
impact with Pb”" shown both in increase of a daphnia growth rate, and in earlier maximal values of
this parameter. As well as in a case with average lifetime the most intensive modifying effect of *Sr
on impact of Pb>" is observed at radionuclide concentration in a range 2E+01 — 2E+03 Bq I
(Figure 4).

The authentic decrease of daphnia productional parameters, expressed in decrease of number of litter
during life (Figure 5), in decrease of average quantity of juvenile in litter (Figure 6) and, accordingly,
in decrease of total juvenile (Figure 7) are registered in all experimental concentration. At the same
time the increase of Pb”" concentration was accompanied by decrease all described productional
parameters. As to impact of *°Sr, it carried some other character. In particular parameter of number of
litter for life with increase of radionuclide activity was decreased, while the average juvenile in litter
on the contrary — was increased, that can be explained by display of compensatory reactions at impact
of ionising radiation. Nevertheless the total number of juvenile during experiment with increase of *°Sr
activity was decreased.
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FIG. 1. Average lifetime of daphnia during experiment. Here and in FIG. 5, 6 and 7: Sr-90 (1) —
YSr=2E+01 Bq I''; Sr-90 (2) —*"Sr=2E+03 Bq I''; Sr-90 (3) — *’Sr=2E+05 Bq I'; Pb (1) — Pb’*=0,01
mgl': Pb (2) — Pb*"=0,1 mg I".
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FIG. 2. Dynamics of lifetime of daphnia under combined impact of *°Sr and Pb*".
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FIG. 4. Dynamics of growth rate of daphnia during life under impact of *°Sr and Pb*".
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FIG. 5. Average quantity of litters during life.
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FIG. 6. Average quantity of juvenile in litters.
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FIG. 7. Total quantity of juvenile during experiment.
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FIG. 8. Dynamics of the total quantity of juvenile during experiment under combined impact of *’Sr
and Pb*".

The combined impact of the chemical and radiation factors on a parameter of average quantity of
daphnia litter during life was characterised by the similar tendencies shown at separate influence of the
researched agents. At the same time the modifying effect of *°Sr on Pb*" impact did not carry the
expressed character. The combined influence of Pb>" and *°Sr had as antagonistic and stimulating
character on average quantity of juvenile in litter at different combinations of the agents. However
most indicative was the influence of combined impact on total juvenile during experiment. Positive
modifying effect of **Sr in a range of concentration 2E+01 — 2E+03 Bq I"' on impact of Pb*" here
prevailed (Figure 8). The combined impact of the maximal activity of *’Sr (2E+05 Bq I"") with Pb**
concentration rendered the greater negative effect, than separate impact of the researched agents.
Authentic differences in terms of daphnia sexual maturity in experimental concentration and in the
control (on the average 10 day) are not registered. At the same time it is necessary to note that with
increase of *’Sr concentration the quantity of sterile individuals was grew. Its maximal quantity is
observed at activity of *°Sr 2E+05 Bq I"' as separately and together with different concentration of
Pb**, that allows to make a conclusion about primary impact of the radiation factor on value of this
parameter.

4. CONCLUSION

The Pb*" in concentration of 0,01 and 0,1 mg I and *°Sr in concentration of 2E+01, 2E+03 and 2E+05
Bq 1" in conditions of two-factor experiment rendered a negative impact practically on all researched
biological parameters of freshwater cladoceran Daphnia magna Straus, shown in decrease of the
productional characteristics, delay of rates of growth and reduction of daphnia lifetime. The level of
toxic effect positively correlated with the contents of the researched agents and their combinations in
water.

At combined impact of the radiation and chemical factors the positive modifying effect of radionuclide
on toxic influence of Pb*" is registered in a range of *Sr activity 2E+01 — 2E+03 Bq 1.

It is supposed that at impact of ionising radiation on daphnia in a range of doses 7-70 ¢Gy and Pb*" in
concentration of 0,01-0,1 mg I'" occurs a stimulation of protective reactions of organism, interfering to
realisation of damaging influence of the radiation factor. At the same time one of mechanisms of
radioprotection is the activation of the glutathione system and increase of a sulthydric groups level of
endogenous glutathione (y-glutaminyl-cysteinyl-glycine) having the important significance for
oxidation-reduction reactions and participating in a fermentative reparation of damages [7-9].
However besides of radioprotective function glutathione takes part in synthesis of proteins-
metallotioneins, which by chelatation are capable to remove the heavy metals from a biochemical
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exchange [1, 3]. Thus metabolic changes, initially directed on realisation of radioprotective effect, at
combined impact of the radiation and chemical factors can carry multifunctional character, being
shown in positive modification of toxic influence caused by ions of heavy metals.
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Abstract. A laboratory experiment was performed in order to characterize the influence of sublethal
concentrations of the organic micropollutant 17-B-estradiol (E2) and metals (Cd/Zn) on the bioaccumulation of
ICo, '*Cs and """"Ag by the rainbow trout, when micropollutants were applied separately or in different
mixtures. Different groups of trouts were constituted and exposed to various pollutant mixtures (metal(s) and/or
E2). In parallel, the effect of these exposures were explored through biomarker measurements in order to define
the health status of the fish and to gain indication on the possible mechanisms involved. After 21 days, plasmatic
parameters (vitellogenin and aminotransferases) and liver biomarkers (enzymatic and non enzymatic
antioxidants, stress proteins and EROD activity) were assessed. Subsequently, fish were exposed to waterborne
13Cs, ¥'Co and """Ag for 3 weeks. The results obtained show that the exposure to organic pollutants lead to an
increase of radionuclide bioaccumulation, while the exposure to metals have the opposite effect. For the group
exposed concomitantly to metals and E2, the observed effect corresponds to the addition of the two types of
effects taken separately.

1. INTRODUCTION

In the context of the new European water policy based on the double objective of restricting the
release of hazardous substances into aquatic systems and defining quality standards for ecosystems,
there is an increasing need to characterize the patterns of artificial radionuclide accumulation under
realistic hypotheses. Several questions must be addressed; in particular the eventuality of an
interaction between widespread metallic and organic micropollutants and radionuclides has to be
considered.

Among the major gamma emitting radionuclides identified in the liquid effluents of Pressurised Water
Reactors, the radioisotopes of cesium, cobalt and silver have been largely studied and the
characteristics of their bioaccumulation by freshwater organisms is now well known. However, the
experiments have been focused on the behaviour of radionuclides taken separately, which was the first
step to understand the involved mechanisms. Recently, the work of Sugg et al. [1] and Jagoe et al. [2]
have focused on in situ measurements of stable metals (Hg, Pb) and radioactive pollutants (**’Cs) in
fish in the cooling pond of the Chernobyl power plant without, however, seeking to elucidate any
possible interactions. The impact of stable micropollutants on radionuclide uptake by aquatic
organisms may be conceptualized into different stages. First of all, the stable micropollutant must be
able to cross the biological barriers as a function of its bioavailability. Once inside the cell, different
cellular mechanisms may transform the pollutant into an inactive form and eliminate it. With an
increasing ecotoxicological dose, defense mechanisms will counteract the toxic action of the
pollutants, until they cannot compensate the damages anymore. Molecular and cellular biomarkers are
very often used to give an earlier indication of the health status of an organism before an irreversible
damage is observed at the individual or population level. In a multipollution context, the main goal for
radioecologists is to assess the influence of this health status modified by the presence of stable
pollutants on the characteristics of radionuclide bioaccumulation.

Within this framework, some experiments have been performed to test this hypothesis. A laboratory
experiment showed that for the bivalve species Dreissena polymorpha and Corbicula fluminea, °’Co
soft body concentration decreased with increasing zinc and cadmium concentration, whereas the
opposite trend was observed for ''""Ag. No significant effect could be evidenced in the case of **Cs
[3]. The same tendency was observed for C. fluminea contaminated in situ by Cd and Zn downstream
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from an old zinc ore treatment facility and by radionuclides in an artificial channel at the nuclear
power plant of Golfech (France). No statistically significant difference was evidenced between control
and metal polluted groups for '*’Cs. On the contrary, for **Co, ®°Co and '"""Ag, specimens exposed at
the moderately metal polluted station were less contaminated by radionuclides than those from the
control group [4]. As regards fish, rainbow trout have been caged during 4 weeks downstream from
the same zinc ore treatment facility and were then brought back to the laboratory to be contaminated
by """"Ag, >’Co and '**Cs. A clear trend was observed for the three radionuclides, i.e. fish exposed to
metals accumulated smaller amounts of radionuclides. The decrease in radionuclide concentration for
these individuals ranged from 20 to 90 % depending on the organ and on the radionuclide [5].

The study presented in this paper aims at evaluating under laboratory controlled conditions, the
possible influence of cadmium and zinc when applied in mixture or alone, with or without a
co-exposure to 17-B-estradiol (E2), on the characteristics of >’Co, **Cs and '"""Ag bioaccumulation
by the rainbow trout.

2. MATERIAL AND METHODS

2.1. Fish

Juvenile rainbow trout (Oncorhynchus mykiss) of an average body weight of 10 + 0.14 g w.w. were
obtained from the fish farming “Petit Large” of Saumane, France. Throughout the experiment,
including during the acclimation phase, the fish were fed with a standard pellet trout food (0.16 pg
Cd/g and 2.1 ng Zn/g d.w.), at a rate of 1% per day of the mean fish body weight. They were
acclimated for two weeks in 500 1 tanks containing oxygenated tap water (pH 7.85, conductivity 421
uS/cm, 145 mg/l HCO5', 68 mg/l Ca®) at 12 + 0.5 °C under artificial light reproducing day light on a
16 h-light 8 h-dark cycle.

2.2. Experimental design

The experiment was designed in such a way as to simulate the discharge of low-level radioactive
liquid effluents into a freshwater ecosystem contaminated chronically with stable pollutants. During a
first phase of 21 days (phase I), fish were exposed to stable pollutants. Eight groups of 45 fish were
randomly placed in 90 1 tanks and exposed to different stable pollutant mixtures. Three groups were
contaminated from waterborne metals (Cd alone, Zn alone, mixture of Cd and Zn); one group was
contaminated by an intra peritoneal injection of 17-B-estradiol (E2) dissolved in corn-oil; one group
was contaminated from waterborne Cd and Zn and received an injection of E2. To allow a real
comparison between the fish exposed to metals and those exposed to organic micropollutants, an
additional group exposed to waterborne Cd and Zn was injected with corn oil alone. Two control
groups were used, the first one for the waterborne exposure and the second one where fish were
injected with corn oil (carrier control). Cd and/or Zn were added in the water at nominal concentration
of 1.2 pg Cd/l and 160 pg Zn/l from stock solutions of CdCl, and ZnCl, (Merck) acidified with 2 %
(v/v) of HCL. E2 (Promochem) was dissolved in sterile corn oil and administrated by two successive
intraperitoneal injections at the beginning of the experiment and after 14 days. Each injection
corresponded to 2 pl of corn-oil per g fish in which E2 was dissolved in order to be administrated at a
concentration of 0.25 mg/kg fish. To limit alterations of the chemical characteristics of the water and a
decrease in cadmium and zinc concentrations, the water was totally changed three times a week and
the metal contamination was renewed.

During a subsequent phase lasting 21 days (phase II), a radioactive contamination was added. The
radionuclides were obtained from the Amersham International Radiochemical Centre (UK). They were
added to the water respectively in the form of ’CoCl,, **CsCl and ''""AgNO3, at a nominal level of
15 Bg/ml for each radionuclide.

2.3. Sampling and chemical analyses

Samples of water were taken every day for measurement of stable metals (Cd and Zn) throughout the
experiment and radionuclides (°’Co, '**Cs and '"""Ag) during phase II.
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In order to measure the metal content in the fish, the following organs and tissues were sampled at day
21: liver, digestive tract, kidney, gills, muscles and blood. Each organ or tissue was mineralised
individually in a glass tube with a screw stopper (HNO; 65%, 3 hours, 105°C, Blockdigest). The
cadmium content was measured by graphite furnace atomic absorption spectrometry (Perkin Elmer
4110 ZL). The detection limit using this technique was 0.1 pg Cd/l. Zinc concentration was
determined by flame atomic absorption spectrometry (Varian, Spectro AA 200), with a detection limit
of 10 pg/l.

Radioactivity measurements were performed on living fish twice a week during phase II. The fish
were taken randomly, weighed and introduced into a tube filled with non-contaminated water kept at
12°C to measure their radioactivity for three minutes. All measurements were carried out on by
gamma spectometry, in a multichannel analyser (SM512, Intertechnics), connected to a sodium iodide
well probe. At day 35 and 42 (corresponding respectively to 14 and 21 days of radionuclide exposure),
5 fish per group were dissected. The measurements were performed using a high-purity germanium
detector connected to a multichannel analyser. Under these conditions and for a counting time ranging
from 1 to 10 hours, the detection limit was of the order of 1 Bq and the maximum relative error on the
counting was 10 %. All the results of the measurements were related to the first day of the experiment
by correction for the physical decay of the radionuclide.

At the end of phase I, 10 fish were sacrificed for each condition in order to carry out different analyses
of the plasma and the liver. First, a blood sample was taken from each specimen. The sample was
introduced into a heparined tube (Lithium heparine plasma microtubes, Sarstedt), then centrifuged
(15 min, 3000 g, 4°C). Following this procedure, the supernatant was collected in order to recover the
plasma. The samples were then rapidly plunged into liquid nitrogen and kept at —80°C until analysis.
On each aliquot of plasma, the following measurements were carried out: enzyme activities such as
aspartate (AST), alanine aminotransferase (ALAT) and alkaline phosphatase (AlIP). These analyses
were measured with a Cobas Fara automated multi-analyser (Roche) by using commercial Roche kits.
Vitellogenin (Vtg) levels were measured using a competitive method ELISA, with anti-salmon Vtg
antibodies (BNS5, Biosence Laboratories) and purified rainbow trout Vtg as standard. Hepatic
biomarkers were also measured on the supernatant of homogenated liver centrifuged at 10,000 g for
15 min at 4°C (S9 fraction). Measurements of glutathione (tGSH, GSSG) and GSH redox status were
performed. The GSH redox status was expressed as the ratio between GSSG, as GSH equivalent, and
tGSH. Antioxidant enzymes such as total glutathione peroxidase (GPx), superoxide dismutase (SOD)
and glutathione reductase (GR) were assessed. The total antioxidant activity, Trolox equivalent
antioxidant capacity (TEAC) and Heat shock proteins (Hsp70, Usp60 and -actin contents in the liver)
were also determined. All the analyses and methods used for these biomarker measurements are
further detailed by Ait-Aissa et al. [6].

2.4. Statistical analyses

For the analyses of variance, the exposure groups are divided into two categories depending on the
type of treatment. For fish exposed to waterborne metals, groups were compared to control group,
whereas for fish exposed by intra peritoneal injection, they were compared to carrier control group.
For metals and radionuclides concentrations measured in the filtered water of the different exposure
tanks, the means over the exposure period were compared by one-way ANOVA, followed by a
Tukey’s test. The same tests were performed to compare metals and radionuclides in fish organs.
Interaction effects of exposure conditions were determined by a two-way ANOVA with the different
micropollutants concentrations fixed as co-factors. These tests were performed using the Systat v10
software. As regards the biomarkers analyses, some biomarker data were log-transformed (group 1:
GSSG, 2GSSG/tGSH, GR, TEAC; group 2: GSSG, GR, HSP70a, HSP70b, HSP60 and EROD) to
conform to the normality assumption (Lilliefors test, based on a modification of the Kolmogorov-
Smirnov test) and to the homogeneity of the variances (Levene’s test). Significant effect of chemicals
on the biomarker measurements were then determined by one-way ANOVA, followed by an unilateral
Dunnett’s test.
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TABLE 1. CADMIUM CONCENTRATIONS (ng/g w.w.) IN DIFFERENT ORGANS AND
TISSUES AFTER 21 DAYS OF EXPOSURE. CONCENTRATIONS IN THE MUSCLE WERE
BELOW THE DETECTION LIMIT. VALUES ARE MEAN + Clys, (n=8). (* AND BOLD
CHARACTERS: SIGNIFICANTLY DIFFERENT FROM THE CONTROL, p<0.05)

Liver Kidney Digestive tract Gills
Control 5+£3 30+ 15 10+7 31+6
Cd 45+ 8 * 105 + 18* 28 + 6% 550 + 80*
Zn 12+9 20+ 6 14+8 42+ 8
CdZn 43 £ 11% 114 £ 22* 26 + 8* 580 £ 110*
Carrier control 6+t4 18+9 12+9 20+ 12
E2 5+3 31+10 8+7 44 £ 15
CdZngarmier 39+ 12% 124 +23* 30 = 10% 510 £ 60*
CdZnE2 48 + 6* 98 + 12* 35+ 12% 620 + 140*

3. RESULTS AND DISCUSSION

3.1. Metals concentrations in water and fish organs

No significant difference could be evidenced between the metal concentrations of the water for the
five different metal exposure conditions (p<0.05). As regards organs and tissues (Table 1), the highest
discrepancies between Cd exposed and control groups were found in the case of gills and liver, where
the Cd concentrations were respectively 30 and 8 fold the amount measured in the control group. In
the case of Zn, no significant difference was highlighted between zinc exposed groups and the control.
The mean concentrations measured were 160, 60, 37, 30 and 8 pg/g (w.w.) respectively for digestive
tract, gills, kidney, liver and muscle.

3.2. Biomarkers responses at day 21

The exposure to metallic and organic pollutants did not induce any growth or survival alteration. A
mean mortality of 4 to 6 % was observed but did not differ between control and exposed groups. This
result indicated that the exposure concentration were really sublethal. This has been confirmed by
other experiments [7] where mortalities up to 30 % occurred in the fish groups that had received 10 pug
Cd/1 and/or 1000 pg Zn/l, whereas no mortality was observed for the groups that had been exposed to
1.5 ug Cd/1 and 200 pg Zn/l. The liver somatic index measured at day 21, 35 and 42 did not show any
effect of the concentrations of Cd and/or Zn used. On the opposite, at day 42, all the groups that had
received an intra peritoneal injection were characterized by a significant increase of this parameter,
when compared to the control. The injection of corn oil leads to an increase of the liver somatic index,
which should be considered when performing this type of experiment. This increase may be linked to
the high load of oil administrated, leading to an alteration of liver function. As regards the biochemical
analyses of the plasmatic parameters AST, ALAT and AIP, no significant difference was evidenced
between control, Cd, Zn and Cd/Zn groups on one hand and on the other hand, between carrier
control, E2, CdZng,ier and CdZnE2. On the contrary, high levels of Vtg were measured in E2 and
CdZnE2 treated groups, with no statistical difference between each other (0.87+0.26 and 0.80+0.14
mg/ml). In the other groups, Vtg concentrations were below the detection limit of 300 ng/ml.

Liver biomarkers responses are summarized in Table 2. In the case of fish exposed to waterborne
metals, a general increase of antioxidant defences is noted. For Cd alone, non enzymatic (total GSH
and TEAC) and enzymatic (SOD) antioxidant defenses are increased. For GR an important but not
significant increase is found. In the case of Zn alone, a significant increase of SOD and GR is noted
and this trend is also observed for glutathione and TEAC but is not significant. For stress protein, no
effect of metal exposure could be highlighted, except a significant induction for Zn. Possible joint
effect of Cd and Zn were evaluated. Significant interactions were noted for tGSH (p=0.015), GSSG
(p=0.007), GSH redox status (p=0.022), GR (p=0.013) and HSP70a (p=0.047), that indicate an
antagonism between Cd and Zn action. Cadmium is well known for its oxidant capacity and its
interaction with intracellular thiols, thus leading to the formation of aberrant complexes such as
protein-glutathione complexes [8]. The results show that the exposure to Cd and/or zinc lead to an
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increase of glutathione forms. On the contrary, no impairment of the GSH redox status nor increase of
GR levels were noted. On the whole, the adaptative response to the oxidative action of metals is
sufficient to counteract their toxic effects since no sign of toxicity was evidenced (no induction of
stress proteins, nor antioxidant depletion and nor GSSG accumulation). As regards EROD activity, a
significant induction was observed for the three metal conditions. Such an inductive effect was
observed by Lemaire-Gony et al. [9] for sea breams exposed to 40 pg Cd/l for 15 days. These authors
indicate that this effect probably results from a non specific interaction of metals with cellular
membranes in the endoplasmic reticulum. However, this induction remains very low compared to the
much higher induction observed during the same experiment (results not shown), where EROD
activities in fish exposed to PCB77 was induced up to 30 fold as compared to control fish [6].

In the case of the groups exposed to organic compounds, the fish exposed to E2 alone were
characterized by a decrease of antioxidant defense (tGSH, GSSG, TEAC and SOD) and by an increase
of GPx activity. The GSH redox status and GR were not altered by the treatment. This antioxidant
defences depletion could be explained by the study of Palace et al. [10] who showed that during
normal vitellogenesis, the vitamins are remobilized from visceral organs to be stored into the gonads
before their incorporation into growing oocytes. No effect of E2 was observed on stress protein, but
the CdZn.ier group was characterized by a significant increase of HSP 70a and b. A similar result was
found by Heikkila et al. [11] on Oncorhynchus tshawytscha hepatocytes exposed to Cd, where a
significant decrease of EROD activity was noted. The basal level of EROD activity has been shown to
be affected by several biological factors, such as sexual maturation. Therefore, Andersson and Forlin
[12] have suggested that estradiol could exert a negative control on cytochrome P4501A1 levels. The
most striking result concerns fish exposed concomitantly to waterborne Cd and Zn and to E2 by i.p.
injection, in which the biomarker responses seem to compensate themselves. The biomarker responses
observed for E2 and CdZn when applied separately were in opposition, whereas they seem to
additionate themselves for the CdZnE2 group. Such an effect has been observed for Cd and E2 in
rainbow trout by Valencia ef al. [13]. The authors showed that Cd causes the transcriptional down-
regulation of Vtg synthesis in E2 injected fish. This response is correlated with (i) the preferential
binding of Cd to non-MT proteins in the liver, (ii) decreased cadmium induction of hepatic MT
mRNA and (iii) increased sensitivity of fish to cadmium toxicity.

TABLE 2. EFFECT OF A 21 DAYS EXPOSURE TO DIFFERENT METAL AND ORGANIC
MICROPOLLUTANTS ON HEPATIC BIOMARKERS. VALUES ARE RELATIVE TO THE
CONTROL LEVEL. BOLD CHARACTERS AND * ©: SIGNIFICANT INCREASE (DECREASE)
OF THE BIOMARKER RESPONSE FOR EXPOSED GROUPS AS COMPARED TO CONTROL
GROUP; “©: p<0.05; 77 p<0.01

Waterborne metals Organic compounds
Cd Zn CdZn E2 CdZn.amier CdZnE2
tGSH® 1.7 1.2 147 0.7 1.1 1.0
GSSG* 1.2 1.6 0.4 0.7 " 0.7 0.4
2xGSSG/tGSH 1 1.6 0.3 1 05" 0.4
TEAC® 1.3 1.3 15" 0.7 1.6 1.2
SOD¢ 1.5" 1.6" 2.07 0.7 0.9 0.8
GPx! 1.0 0.8 0.8 1.9 1.7 2.0"
GR! 2.0 1.5 1.0 0.9 1.4 0.9
HSP 70a° 1.2 217 1.0 0.9 31" 1.6"
HSP 70b° 1.2 1.2 1.1 0.5" 1.5" 1.2%
HSP 60° 0.8 1.0 0.8 0.8" 1.2 0.9
EROD' 2.0" 247 2.7 0.4 0.7 0.9

* mean over 3 replicates.
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3.3. Radionuclides concentrations in water and in fish (organs/whole body)

The mean radionuclide concentration in the water during the 21 days of the phase II were 13.6 £ 1.1,
10.5+ 0.2, and 11.6 + 3.9 Bg/l for *’Co, "**Cs and '""™Ag respectively. No significant difference could
be evidenced between the radionuclide concentrations in each treatment tank.

As regards the '"""Ag concentrations in fish organs (Table 3), concentrations in the liver are very high
as compared to the other radionuclides or to the other organs, with concentrations up to 9000 Bg/g in
the liver of the control group. Similar results were found by Garnier et al. [14] after a 57 day
waterborne exposure to AgCN in the liver of Salmo trutta. The authors showed that ''""Ag liver
content represented 70 % of whole body content, with a very slow depuration since after a 28 day
depuration period, 62 % of '"""Ag were still found in that organ. It is now admitted that silver is
sequestred in the very stable chemical form Ag,S in the liver, but also in the gills and digestive tract.

For the groups exposed to Cd and/or Zn, silver concentration is lower in all the organs and at the
whole body level as compared to control, with a statistical significance for 15 values over 21.
Depending on the organ, this decrease ranges from 2 to 3 fold as compared to control group. An
interaction effect of the two metals, corresponding to a synergism, has been found for the liver
(p<0.001), the digestive tract (p<0.009), the kidney (p<0.069) and at the whole body level (p<0.001).

As regards the trouts exposed to organic compounds, in the CdZn,.er group (exposed to waterborne
Cd and Zn and injected with corn-oil), a similar decrease is observed in the liver, the digestive tract
and the whole body, with a decrease up to 2.6 for the liver concentrations. On the contrary, a
significant increase is evidenced in the blood compartment for this group, which was also observed for
the groups exposed to waterborne metal, but not significantly. For fish exposed to E2, an increase of
the accumulated amounts is observed in each organ and at the whole body level. Significant increase is
evidenced up to 1.6 in the gills, 1.3 in the liver and 1.2 in the whole body. In the same way as for the
biomarker results, the most striking observation concerns the fish group exposed concomitantly to
metals and E2. For this group, the effects of metals and estradiol seem to compensate themselves. A
significant decrease is found in the liver and at the whole body level, but stands between the increase
induced by E2 alone and the decrease observed for the CdZn.,yi.r group. This effect is observed for all
the organs except for blood, where the radionuclide concentration is closer to the level measured in the
control group. According to the two-way factorial ANOVA, a slight interactive effect between metals
and E2 was evidenced for gills (p<0.069) and blood (p<0.001).

13Cs is distributed in a more homogeneous way (Table 4) in fish organs as compared to silver, which
may be linked to the chemical analogy of cesium with potassium, a macroelement widely spread in
different organs. As regards fish exposed to waterborne Cd and/or Zn, a similar significant decrease of
3Cs accumulation is evidenced in every organ and at the whole body level. This decrease is less
important than that observed for ''""Ag, since the maximal decrease observed for liver is of 1.8 fold as
compared to 3.2 fold in the case of silver. An interactive effect of Cd and Zn is significant for all the
organs and for the whole body, according to the two-way factorial ANOVA.

As regards the groups exposed to waterborne Cd and Zn and to oil injection, very similar significant
results are obtained, with a maximal decrease of 2 fold in the liver as compared to carrier control.
Concerning E2 exposed group, an increase of accumulated '**Cs is noted in every organ, but is only
significant at the whole body level (p<0.05). Finally, for the group exposed to waterborne Cd and Zn
and injected with E2, the results are similar to those found for ''""Ag, particularly in the case of liver
and gills where it appears that the effects of E2 and metals compensate themselves. The global result
tends to a decrease of accumulated cesium, but this decrease is less marked than in the CdZn
contaminated group. No interaction could be evidenced between the organic and the metallic
pollutants.
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TABLE 3. CONCENTRATION OF '"""Ag (Bq/g w.w.) IN DIFFERENT ORGANS AND IN THE
WHOLE BODY OF TROUTS AFTER 42 DAYS OF EXPOSURE TO DIFFERENT METAL AND
ORGANIC MICROPOLLUTANTS. VALUES ARE MEAN =+ SD (n=5). BOLD CHARACTERS
AND " O: SIGNIFICANT INCREASE (DECREASE) OF THE CONCENTRATION FOR EXPOSED
GROUPS AS COMPARED TO CONTROL GROUP; " ©: p<0.05; ™ ©?: p<0.001

Liver Digestive Kidney Gills Muscle Blood Whole
tract body
Control 8700 + 724 93+19 564 + 74 221+14  6.1+17 28+£7 166+13
Cd 3324+592° 5219 304 £57 163£21° 44+£09 367 8111
Zn 3776 £3117° 52+15° 409 + 90 182+6 48%£0.7 39+6 94t11"
CdZn 2723+391° 4710 271 £53 169t47 37108 31+12 6610
Carrier control 7368 £ 355 72+18 489 £ 122 2319 51+£13 213 17115
E2 9730 £2096° 91+ 15 656+238 3721557 8.0+3.7 29+2 213+29"
CdZncarrier 2827+ 677" 47+ 4 331+26 191+18 4.0+0.6 34+9° 74+10
CdZnE2 5126 £ 365 59+5 595 + 88 278+23 43+09 17£5 118+£10

TABLE 4. CONCENTRATION OF '*Cs (Bg/g w.w.) IN DIFFERENT ORGANS AND IN THE
WHOLE BODY OF TROUTS AFTER 42 DAYS OF EXPOSURE TO DIFFERENT METAL AND
ORGANIC MICROPOLLUTANTS. VALUES ARE MEAN + SD (n=5). BOLD CHARACTERS
AND *©: SIGNIFICANT INCREASE (DECREASE) OF THE CONCENTRATION FOR EXPOSED
GROUPS AS COMPARED TO CONTROL GROUP; *©: p<0.05; 7 : p<0.001

Liver Digestive tract ~ Kidney Gills Muscle Blood Whole

body

Control 30+5 43+6 307 23+£2 22+3  74+£07 2243
Cd 18+2° 2627 195 15+1° 13+177 5.0+0.7 14%05°
Zn 18+2° 33+2 22 +4 172 1517 59+£15 161"
CdZn 17+£3" 3313 21+4 18+ 2 13£2° 55+14 14+2°
Carrier control 29+4 44 +7 35+£4 22+2 22+3  68+£05 23%2
E2 34+5 52+4 38+7 26%3 27+3 88+20 28+3"
CdZn yrrier 15+3" 33+2 213 16 +2 14+2° 52+10 15x2°
CdZnE2 22+5 3416 217 20£5 16£3 6.1+£13 1613

TABLE 5. CONCENTRATION OF *'Co (Bg/g w.w.) IN DIFFERENT ORGANS AND IN THE
WHOLE BODY OF TROUTS AFTER 42 DAYS OF EXPOSURE TO DIFFERENT METAL AND
ORGANIC MICROPOLLUTANTS. VALUES ARE MEAN =+ SD (n=5). BOLD CHARACTERS
AND " O: SIGNIFICANT INCREASE (DECREASE) OF THE CONCENTRATION FOR EXPOSED
GROUPS AS COMPARED TO CONTROL GROUP; “©: p<0.05; 7 ©”: p<0.001

Liver Digestive Kidney Gills Muscle Blood Whole
tract body

Control 25+4 404 82+9 90+ 11 6.9+0.7 101+£9 24+£2
Cd 25+ 11 33+7 71+£17 94 £ 15 62+0.8 123 +18 23+5
Zn 214 41+13 71+ 18 87+ 17 6.1+1.1 92+13 22+4
CdZn 26+4 40+ 6 75+£22 92+17 57+0.6 106 + 10 2212
Carrier control 20£2 43+6 74+ 10 97+15 6.6+1.2 106 £ 13 25+1
E2 341£10" 64 £ 20 110 £22" 1471227 10137 150+127 39+8"
CdZnamier 22+7 40+ 10 78£9 87+9 64+1.5 107 £ 8 23+4
CdZnE2 29+5 51£10 102 +23 122 +27 8.1+1.5 135+ 9" 31+6

56



Finally, the results of *’Co contamination (Table 5) do not allow to conclude to an effect of a
concomitant exposure to Cd and Zn on cobalt uptake. No significant difference nor any tendency
could be evidenced. The same conclusion can be drawn from CdZn...; group. On the opposite, a
significant increase of cobalt accumulation was observed in groups injected by E2. The maximal
increase (1.7 fold the value measured in the carrier control group) was observed in the liver. As for
1"0mA g and "**Cs, the groups contaminated by metals and E2 are characterized by a less important
increase, only significant in the blood compartment. This result is more surprising in the case of
cobalt, since no decreasing effect of Cd and Zn was observed on cobalt accumulation. As for cesium,
no interaction between metals and E2 could be evidenced.

4. CONCLUSIONS

Some hypotheses may explain the effect of stable micropollutants on radionuclide uptake by fish.
With regard to the biomarkers responses, it appears that a decrease in radionuclides concentrations is
linked to an increase of antioxidant mechanisms, as if these defense mechanisms would manage the
detoxification of the radionuclides together with Cd and Zn. For organic compounds, the inverse
relationship is observed, but the toxicological significance remains to be explained. More general
hypotheses may be drawn. For metals, several authors have shown that the exposure to high
concentrations of Cd (1 mg/l) and Zn (15mg/l) induces increased mucus production in the gills [15,
16]. This mucus made of glycoproteins acts as a complexing agent for cations, with probably a
different affinity for different metals, which could explain why cobalt is not influenced by a Cd and
Zn co-exposure. Another hypothesis could be based on an alteration of gill epithelium permeability
following Cd exposure, leading to ultrastructural damages of gills. The effect of Cd on Na'/K'-
ATPase activity have been shown [17] which could be linked to differences in selective permeability
of gill epithelium to Cs™ and other cations. Moreover, the competitive effect of Cd on calcium
channels has been shown [18] and could be applied also to Ag'. This competition hypothesis
corroborates with the significant difference in silver distribution in the metal exposed groups as
compared to control group (results not shown). In the control group, ''°™Ag liver content represents 70
% of the total amount in the fish, whereas it represents c.a. 60 % in the metal exposed fish, with a
concomitant increase in gills and kidney. The competition of the radionuclide with Cd and/or Zn for
complexation with binding sites such as MT in the liver may occur. Concerning the exposure to E2,
the increase in radionuclide uptake is observed for the three radionuclides, which would indicate that
the mechanism governing this effect is not specific. A logical hypothesis would be an increase of the
respiratory activity of trouts, which has been shown for several micropollutants. In the particular case
of cobalt, an additional hypothesis would be that the radionuclide is remobilized from visceral organs
as shown by Palace et al. [10] following vitellogenin induction by E2, which could explain the
significant increase of cobalt concentration in blood observed for E2 exposed groups. Finally, the
results obtained for trouts exposed concomitantly to metals and E2, show that the effects are more or
less additive. The main hypothesis to explain this result is based on Valencia et al. [13] paper, where
the authors showed that (i) Cd causes the down-regulation of Vtg, which could explain a decreased
need in oligoelements such as cobalt, (ii) decreased induction of MT mRNA, which would explain a
decreased accumulation of silver.
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Use of genetic markers for ecological risk assessment at the Idaho
National Engineering and Environmental Laboratory: Microsatellite
mutation rate of burrowing mammals

Genetic markers for ecorisk assessment*

A.L Stormberg®, S. Perry®, M. Lucid”, J.A. Cook”

a J[daho National Engineering and Environmental Laboratory, Idaho Falls, ID, United
States of America

b Idaho State University, Department of Biological Sciences, Pocatello, ID, United States
of America

Abstract. Radiological and hazardous waste have been disposed at the U.S. Department of Energy’s Idaho
National Engineering and Environmental Laboratory since 1952. Escape of radionuclides and hazardous
constituents from uncontained wastes, and from deterioration of waste containers and waste disposal practices
has resulted in contamination of the subsurface soils in the Subsurface Disposal Area (SDA) and at other
facilities. To assess the risks to human and ecological health, the potential impacts of contaminant exposure on
identified receptors must be determined. Burrowing and excavation of the soil by small mammals, including
deer mice (Peromyscus maniculatus), is responsible for some radionuclide transport through the SDA
environment; however, the genomic effects of exposure to contaminants are not known. This research will
evaluate if molecular genetics can be used to determine whether exposure to contaminants affects organisms at
the genomic level.

The ratio of microsatellite mutant alleles vs. the non-mutant alleles (m/nm) was used as a direct assessment of
mutation, using parent/offspring comparison of allele differences. Preliminary allele scoring was performed with
10 microsatellite markers for females and offspring from two uncontaminated control locations (Burn and
Atomic City), and two contaminated test locations (SL-1 and RWMC). Fetal genotypes that gave a single
inconsistent genotype with the mother were scored as mutations. The proportion of mutant alleles from each
population was compared and tested for significant differences using the Fisher’s exact test.

Preliminary data suggest that the contaminated SL-1 site may have higher mutation rates in comparison to at
least one of the control sites (Atomic City). The rather small sample size for Burn (N = 6) makes a quantitative
estimate of the difference in mutation rate between contaminated and uncontaminated locations approximate at
this time. Finally, the mutation rate obtained by combining the contaminated RWMC and SL-1 sites was
significantly higher than the uncontaminated Burn and Atomic City sites combined.

" Only an abstract is given here as the full paper was not available.
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The use of biomarkers in the assessment of biological damage in the
lugworm (Arenicola marina) and the lobster (Homarus gammarus) due
to environmental contamination

J.L. Hingston®, D. Copplestone’, P. McDonald’, T.G. Parker®

* Environmental Research and Consultancy, University of Liverpool, Birkenhead,
United Kingdom

® Westlakes Scientific Consulting, Whitehaven, United Kingdom

¢ British Nuclear Fuels Limited, Seascale, United Kingdom

Abstract. There is increasing realisation that environmental monitoring practices need to ensure the protection
of the environment as a whole. Previous research has put forward a precautionary approach based upon the
principle ‘to protect the environment is to protect human populations’. A more suitable way to determine if the
environment is being protected is to monitor organisms (sentinel species) that are in direct contact with
contaminated materials such as sediment, water and air. This paper assesses biological damage in the lobster and
the lugworm from several sites round the UK. These sites are influenced with enhanced levels of radionuclides,
heavy metals or persistent organic compounds from anthropogenic practices. The biological damage is assessed
by the use of biomarker techniques (in particular the comet assay) and analytical results have been obtained for
site comparisons. To date biological responses in lugworms, for the reference site and one test site, have been
shown to be significantly different. As a result of this, the work lends itself to the current discussion on the
identification of suitable endpoints for use in ecological risk assessments. This paper also raises the issue of
harmonizing environmental radiation protection with non-radiological environmental protection.

1. INTRODUCTION

Biomonitoring techniques and their application to human population studies have been well
documented [1-3] but with focus of environmental protection now directed upon non-human biota
[4, 5] there is a need to find techniques to demonstrate responses in alternative monitoring (sentinel)
species. The species chosen for this work were the lobster (Homarus gammarus) and the lugworm
(Arenicola marina). Species were selected based on criteria put forward by Phillips [6] which included
abundance, length of life, ability to accumulate contaminants and suitability of tissues for sampling.
More specific criteria concerning dosimetric models and public and political perceptions were also
taken into account [7]. The lobster for example has frequently been reported as having one of the
highest affinities for *’Tc in the seafood group and as a result has achieved a high public and political
profile [8]. The lugworm is not part of the human foodchain but its use for biomonitoring sediment
bound contamination in the intertidal area is now being considered [9]. Radionuclide studies on
lugworms however, are rare.

The aim of this work was to determine whether a biomarker technique derived from human biomarker
studies can be used to show a response in the lobster and the lugworm. To achieve this the Single Cell
Gel Electrophoresis (SCGE or the comet assay) was used, which measures DNA strand breaks in
single cells. The technique is inexpensive, relatively simple and quick to perform, does not require
dividing cells (unlike most cytogenetic techniques) and has already been developed for the mussel
(Mytilus edulis) and the ragworm (Nereis virens) [10, 11]. DNA strand breakage can be induced by a
wide range of contaminants and is not a signature of specific substance exposure [12]. As the comet
assay can measure cumulative DNA damage caused by all genotoxic contaminants present in an
environment [13] the method could be used to compare individuals from different industrial locations.

This paper assesses biomarker responses in the chosen reference species and demonstrates the
application of the comet assay method. Results of a fieldwork sampling programme to study lugworms
from four sites around the UK is also reported.
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2. METHODS

2.1. Site descriptions

Field sites were selected after a literature review of the levels of radionuclides, metals and persistent
organic pollutants from sites around the UK. Several sites were considered and the following sites
were selected . The locations of these sites are depicted in Figure 1.

2.1.1. Drigg and Braystones, Cumbria, United Kingdom

Situated within 2km either side of the main BNFL Sellafield discharge pipeline these sites are subject,
under authorization, to discharge effluent containing radionuclides. These sites are predominantly
contaminated with anthropogenic radionuclides and are included in the BNFL statatory environmental
monitoring programme.

2.1.2. Tamar Estuary, Plymouth Tor Point, Devon, United Kingdom

The Tamar estuary is subject to many industrial discharges, including persistent organic pollutants
(POPs), metals, hydrocarbons and organometallic compounds, such as tributyltin.

2.1.3. Seabait Ltd, Ashington, Northumberland, United Kingdom

Seabait Ltd breeds worms for use in sea angling, brood feeds and scientific research. This site was
used as a substitute for the preferred reference site when the UK Foot and Mouth crisis of 2001
prevented access to The Rine (5km from Ballyvaughan), County Clare, Republic of Ireland.

2.2. Comet assay

A brief summary of the methods are presented here. Full details will be published in Hingston et al.
[14].

2.2.1. Lobster

Haemolymph was extracted and prepared cell suspensions were spun in a microcentrifuge at 717 x g
before being resuspended in 0.65% low melting agarose and spread onto agarose-coated slides. The
slides were immersed in cold lyzing solution (2.5M NaCl, 10mM Tris, 0.1mM EDTA, 1% Sarcosy],
1% Triton X-100 and 10% DMSO, pH 10) at 4°C for 1 hour. The slides were then rinsed in cold
unwinding buffer (30mM NaOH, 2mM EDTA at pH 12.5) and left at 4°C for 20 min in fresh
unwinding buffer. Electrophoresis was conducted at 4°C for 10 min at 25V (300mA). The slides were
rinsed once in distilled water and washed three times for 5 min in neutralization buffer (400mM Tris at
pH 7.5) before being stained with ethidium bromide and a coverslip added. Using a fluorescent
microscope the DNA was visualized and the parameters, comet moment, tail moment, tail length and
percentage of DNA in the tail were recorded using a CCD camera and an image analysis system. A
minimum of 50 cells per slide were scored.

2.2.2. Lugworm

Coelomic fluid was extracted from the lugworm and the comet protocol for lobster was applied with
the following modifications; the unwinding step takes place for 30 min, electrophoresis for 20 min and
after electrophoresis there are two washes with distilled water for 10 min and one with neutralization
buffer for 10 min.

2.3. Dose responses

Dose responses were carried out to establish that biomarker responses could be detected in the selected
species. Samples of heamolymph and coelomic fluid were extracted and exposed, in vitro, to doses of
0, 1, 3 and 5Gy using a Seifert isovolt 320 x-ray set. DNA damage was then assessed using the
methods described.
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FIG. 1. Map of Great Britain illustrating the position of the field sites.



3. RESULTS

3.1. Biomarker responses

Using image analysis software the tail moment values for cells per individual were obtained. Tail
moment represents a measure of tail length against a measure of DNA content in the tail. Tail moment
is the measure used to depict dose and field responses in this paper, however due to a general
consensus amongst investigators [15] values for the parameter tail length are also reported.

The dose responses and field responses (see Section 3.1.3) are plotted as histograms with the x-axis
representing tail moment values in increments of 0.5. The last column (‘more’) on this axis respresents
any tail moment value which is above 11. This is necessary as it incorporates infrequent values which
range from 11 to 174 in the examples described below.

3.1.1. Dose responses — Lobsters

Only at doses of 3 and 5Gy can a clear visual response be observed in lobster cells (Figure 2). At 0Gy
a positively skewed distribution is depicted with the majority of values located in the 0.5 catergory. At
a dose of 1Gy the majority of values were still located in the 0.5 catergory but values were recorded in
the ‘more’ catergory but not in the 0 catergory. At 3 and 5Gy the distribution of tail moment values
were more evenly spread between 0.5 and 10.5 with a distinct shift towards higher tail moment values.

3.1.2. Dose responses — Lugworms

A similar trend in response is observed in the lugworms cells (Figure 2). At doses of 0 and 1Gy the
majority of values are located in the 0.5 catergory. At 3 and 5Gy the distribution of tail moment values
are more evenly spread. At 5Gy, in particular, there is a shift in distribution towards higher tail
moment values with the lowest values recorded in the 2.5 catergory.

3.1.3. Lugworm field responses

An illustration of typical field responses in lugworms from the Seabait and Plymouth sites is given in
Figure 3. Histograms of tail moment values for four individual lugworms from Seabait (reference site)
are depicted alongside histograms for four individuals from Plymouth (contaminated site). The
majority of the tail moment values for the Seabait individuals range from 0.5 to 3. The individuals
from Plymouth, however, show a much broader distribution of tail moment values, with a large
number of cell tail moment values in the ‘more’ category. It is, therefore, apparent that the individuals
from the Plymouth site show more damage. The Kolmogorov-Smirnov test [16] was undertaken to
determine the statistical significance of the differences in tail moment distribution between the Seabait
and Plymouth individuals, depicted in Figure 3. Each of the four individuals from the Seabait site was
compared to each of the four individuals from the Plymouth site using the Kolmogorov-Smirnov test
(p < 0.05) giving a total of sixteen tests. Plymouth lugworms b, c, and d were shown to differ
significantly to Seabait lugworms a, b, ¢ and d. The only individual from the Plymouth site not to
differ significantly in tail moment distribution was Plymouth lugworm individual a which could not be
distinguished from any Seabait individual.

The Seabait and Plymouth samples, however, were processed on separate occasions which leads to the
possibility of inter-run experimental variation being introduced. Causes, effects and mitigation of this
variation are considered in the discussion. Field responses in lobsters are currently being collated.
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3.2. Comparison of sites with enhanced level of radionuclides or persistent organics —
illustrative example

The results presented here form part of a larger study looking at the DNA damage of lugworms from
three contaminated sites and one reference site. Four individuals from each site were sampled and 50
of their cells assessed for DNA damage using the parameters tail moment and tail length. For each
individual the mean tail moment and mean tail length values were calculated. These values, for each of
the lugworms, were plotted against each other to show how the two parameters vary for and between
individuals (Figure 4).

From Figure 4, a clear relationship between the two parameters can be observed. Those individuals
with high tail moment values generally also have high tail length values. This is perhaps not
unexpected, as the tail moment is partly dependent on the tail length. Looking at the variations
between sites, it appears the individuals from the reference site (Seabait) have lower values for both
parameters. In contrast, individuals from Plymouth show the highest values and individuals from
Braystones and Drigg have values between these extremes. However three of the four individuals in
both the Seabait and the Braystones groups have very consistent tail moment values within those
groups. The tail length values in the Seabait individuals encompass a narrower range than the values
observed in contaminated site individuals. In general individuals, from the contaminated sites show a
wider variation in response of both tail moment and tail length.
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FIG. 4. Average tail moment values versus average tail length values for cells from individual
lugworms from sites around the UK.

4. DISCUSSION

This work has shown that a biomarker response has been seen in lobster and lugworm cells subjected
to SCGE. However in the lobster and the lugworm a clear, definite response is only seen at doses of 3
and 5Gy in vitro (Figure 2). It could be argued that this reflects either the sensitivity of the assay or the
increased tolerance of these species to genotoxic insult. In humans however, the comet assay has
detected a response at doses of S0mGy [17]. This supports the argument that the lobster and the
lugworm are more robust species, capable of withstanding a certain level of environmental stress.
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With the lugworm however, the distribution of tail moment values at 3 Gy are similar to the observed
field responses in the Plymouth lugworm individuals in Figure 3. It has to be noted that the dose
responses were irradiation specific and undertaken within controlled laboratory conditions on worms
taken from a controlled environment (Seabait). The field responses, however, reflect the influence of
multiple factors, such as contaminant mixes, which need further investigation.

The lugworm field responses depicted in Figure 3, show that levels of DNA damage do appear to
differ between the contaminated site (Plymouth) and the reference site. The Kolmogorov-Smirnov test
carried out stated that with the exception of Plymouth lugworm individual a, the tail moment
distributions obtained for the Plymouth individuals were significantly different than those obtained for
the Seabait individuals. This difference in response may only be due to the Seabait worms living in a
protected environment without the stresses of, for example, predation found in their natural habitat.
Sampling the intended reference site (County Clare) will verify this. The fact that one of the Plymouth
individuals did not differ significantly from the Seabait individuals could indicate that the results
obtained from populations will overlap. However to allow direct comparison of field site results
gained in separate comet assay runs inter-run experimental variation should be accounted for. This
variation can be caused, for example, by changes in electric current during the electrophoresis step of
the assay. This could affect the rate that DNA migrates in the electrophoresis step. This project is
currently investigating the use of an internal standard to account for inter-run experimental variation.
By pooling a sample of blood from several reference lugworms/lobsters, separating the sample into
different vials and freezing these vials for storage in liquid nitrogen, a sample could be run in every
comet assay carried out for that species. To date, however, the freezing process has caused additional
DNA damage. Cells from frozen sub samples are unscorable due to severe damage i.e. the cells are
broken apart. The issue of variability within the comet assay is the subject of many papers and it has
been concluded that more information is required on it’s sources, not only between experiments but
also between cell and cell, and individual and individual [15].

In the site comparison (Figure 4), the tail moment and tail length values for Braystones and Drigg
appear to be higher than those for the reference site and lower than those for Plymouth. With
Braystones and Drigg primarily contaminated with radionuclides this is one of few studies which puts
such sites in context with sites contaminated with other non-radioactive materials. Figure 4 further
highlighted the low level responses of the Seabait worms seen in Figure 3 but also revealed a
consistancy in response in these worms. In contrast the lugworms from contaminated sites show a
wider range of responses and these observations are regardless of inter-run experimental variation.
Consequently one issue to consider is that of outliers. In cytogenetic studies rogue cells (cells with an
abnormally high number of aberrations) have been defined as outliers and are removed from data sets
before analysis [18]. Identification of outliers in the comet assay has not been defined but with the
‘more’ catergory of the histograms in Figures 2 and 3 containing infrequent numbers of high tail
moment values, it is of concern here.

Despite the uncertainty regarding variability of the comet assay, this study has demonstrated that the
comet assay can discern DNA damage in individuals from sites with differing levels of environmental
contamination. Statistical confidence in the results will be increased as more individuals per site are
assessed and an additional site (Milford Haven) is also being incorporated into the next stage of this
project to represent a location predominantly contaminated with heavy metals. Contaminant analyses
have also been carried out for all sites and initial results have shown that the majority of sites support a
mixed inventory of contaminants. As no one site is solely contaminated by one type of contaminant,
exposure to a low-level mix of contaminants may have unpredictable effects compared to the effects
observed from laboratory exposures to single contaminants [19]. Therefore due to possible synergistic
and antagonistic effects this work can, at present, only suggest whether certain contaminants have an
effect on the level of DNA strand breakage in biota. To define the effects of a contaminant further,
laboratory based exposure studies would have to be employed. Further investigation into
contaminants, mixtures and their effects will place biological responses to radiological and non-
radiological contaminants in the same context and should become instrumental to environmental
protection in the future.
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Statistics of extreme values — comparative bias associated with various
estimates of dose to the maximally exposed individual

M.D. Wilson, T.G. Hinton

University of Georgia, Savannah River Ecology Laboratory, Aiken, SC, United States
of America

Abstract. Protection of the environment from anthropogenic radiation is an on-going international concern. The
paradigm currently in use argues that the population is adequately protected if the maximally exposed
individual’s dose is below a certain limit. Based on data sampled from natural populations, resource managers
need to be able to test the hypothesis that the maximally exposed individual’s dose is acceptable. Recognizing
the difficulty of sampling the maximally exposed individual within a contaminated environment, risk assessors
have used various alternative approaches. One statistic currently used is the upper 95% confidence limit on the
sample mean. An alternative approach is to make no distributional assumptions and use the sample maximum
value as an estimate of the maximally exposed individual. Other managers assume that an increased
conservatism, added to the model parameters used to estimate risk, will compensate for the inability to sample
the maximally exposed individual. While some risk assessors have changed the internationally accepted
paradigm and applied recommended dose limits to representatively, rather than the maximally exposed
individuals. We propose an alternative: given a sample, find the maximum likelihood estimates of the assumed
population parameters and use the 99™ percentile as an estimate of the maximally exposed individual. To
determine the effectiveness of our proposed alternative, we use computer simulation techniques to generate a
“population” of doses with known distributional qualities, and then mathematically “sample” this population and
compare the different statistics. The simulation procedure is repeated many times, each time producing a
measure of the distance between the estimate and the “true” value. We are thus able to quantify the bias
associated with several approaches used to determine compliance with dose limits.

1. INTRODUCTION

There is considerable interest in understanding the risks that nonhuman biota experience when
exposed to radiation. A consensus, however, as to how to conduct radioecological risk analyses does
not exist. The science associated with radioecological risks is actually fairly well developed in that a
paradigm of acceptable dose rates for nonhuman biota have been largely agreed upon internationally.
For example, a dose rate of 10 mGy d' has been generally accepted as a level below which
populations of aquatic animals are thought to remain healthy [1]. Indeed, the U.S. Department of
Energy has proposed these same dose limits within a technical standard for all of their facilities.
Implementing this criterion, however, is problematic because the criterion states that if the maximally
exposed individual receives < 10 mGy d’ then the population is adequately protected [2]. When
attempting to estimate the dose of the maximally exposed individual in a population several
difficulties arise. If the assumed distribution is Normal, there is no population maximum because the
tails of the Normal distribution go to infinity. This is the case for many continuous distributions.
Hence there is no unbiased statistic for the population maximum. Realistically, how can the dose rate
to maximally exposed individuals be determined? What sample statistic should be used to estimate
such an extreme value?

Recognizing the difficulty of determining what the maximally exposed individual’s dose rate is, risk
assessors are considering other approaches and other parametric estimators. Our intention in this paper
is to compare some of the popular alternative approaches, as well as to suggest a statistic that we think
realistically approximates the criterion as established by the International Atomic Energy Agency [2].
We hope that this paper will stimulate discussion concerning the problem resource managers face
when trying to test the hypothesis that the maximally exposed individual’s dose is below an
established criterion.
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1.1. Qualitative approaches

Two approaches qualitatively address the problem of identifying maximally exposed individuals and
will be briefly discussed here before we proceed with a more rigorous mathematical comparison of
other methods. The first qualitative approach is a well-accepted method that purposely uses
conservative parameters in a computer simulation to estimate the upper bound maximum dose rate that
an organism might be exposed to. This so-called screening model method was first used in human risk
analyses [3], but was quickly adapted for ecological risk analyses by both U.S. [4, 5] and European
groups [6]. The concept of a screening model is that if the computer predictions fall below the dose
rate criterion (e.g. 10 mGy d”' for aquatic organisms), then there is high confidence that the actual dose
rate received by animals in the contaminated environment are much less. The confidence that the
model over-estimates the actual dose rates experienced in the field stems from using upper bound
estimates of important model parameters, such as distribution coefficients, concentration ratios, and
bioavailability constants. If, however, dose rates based on the screening model are above the dose rate
criterion, then a series of steps are invoked that add more realistic, site-specific data to the risk
analysis. If failure to comply with the criterion continues, then field samples of the biota are eventually
taken and their contaminant body burdens are used to more accurately estimate dose rates. Even
though actual body burden data are obtained from a sample of the population, the fundamental
problem of determining the dose rate to the maximally exposed individual within that population still
remains. Thus, screening levels models are very useful, but only as long as their predictions fall below
the target criterion.

We also classify the second method as qualitative because it changes the basic paradigm for protecting
biota established by the IAEA [2]. At least one group has rationalized that a shift in the paradigm is
warranted, and that if a representative animal within the population receives < 10 mGy d”', then the
population is adequately protected [S5]. If the dose of a representative individual is estimated using the
sample mean, this change in dose limit interpretation could result in 50% or more of the population
receiving dose rates > 10 mGy d”', rather than only maximally exposed individuals as the original
guidelines established. Although a change in the paradigm may eventually prove to be correct, we are
unaware of peer-reviewed data that support such a drastic shift in the established criteria, and thus
consider it an untested, qualitative method.

1.2. Quantitative methods

In the remainder of the paper we use Monte Carlo simulations to “sample” from a known, model-
generated “population”. We can then compare the ability of various sample statistics to estimate the
maximally exposed individual’s dose. (The latter is a known value from our model-generated
population, whereas in a field sampling situation complete knowledge of the distribution does not
exist). The statistics we tested were:

(1)  the 95" percentile of the sample mean, (i.e. the value at which the probability of the mean lying
above this value falls to 5%);

(2) the maximum from a sample of the population;

(3) the maximum likelihood estimate (MLE) for the 99.99™ percentile to estimate the maximally
exposed individual’s dose; and

(4)  the MLE for the 99.99™ percentile to estimate the true population 99.99" percentile.

The last statistic is proposed as a small change in the current criterion by making the assumption (not
validated here) that if 99.99% of the population has received less than some appropriate regulatory
limit, then the population is adequately protected. The third and fourth statistics differ in that one is
attempting to estimate the population maximum, while the other is attempting to estimate the 99.99"
percentile of the population.

Although the challenge to a resource manager is in determining if the maximally exposed individual’s
dose rate is below an accepted criterion (e.g. 10 mGy d™), in this paper we use the Maximally Exposed
Individual’s "*’Cs Activity Concentration (MEIAC) as the endpoint for comparing the various
parameters listed above. Activity concentrations are used here because of the lack of appropriate,
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field-derived dose data. The use of activity concentrations (i..e. "*’Cs body burdens) are a reasonable
surrogate for dose rate in that an organism’s internal dose is derived directly from its contaminant
burden, and the use of activity concentrations allowed us to use real data in constructing our model
simulations. Our conclusions should be very similar to those obtained here, had we had dose rate data
to work with.

2. METHODS

2.1. Field data

Population characteristics used in the model simulations were obtained from "*’Cs contaminated fish
sampled in 1996 from a lake located on the Savannah River Site, a former U.S. Department of Energy
nuclear production facility located in South Carolina, USA. We used data on the top predatory fish in
the lake (Largemouth Bass; n = 194; p =267 Bq kg'; o = 61 Bq kg™), and from a sample of assorted
fish species normally preyed upon by bass (n = 52; u= 105 Bq kg'; o = 42 Bq kg™"). Kolmogorov-
Smirnov tests revealed that the bass data were normally distributed (p = 0.35, Figure 1), but not the
prey data (p = 0.04, Figure 1). A log-transformation of the prey data normalized the distribution (p =
0.31). These data sets were chosen so that we could test the four statistics under both normally and
log-normally distributed assumptions.

2.2. Model simulation

We simulated a population by taking a large, model-derived sample of size 5000, which represented a
natural, finite population from approximately the same distribution as our field data. The mean (p) and
standard deviation (o) used for the model-simulated populations were the sample mean and sample
standard deviation from *’Cs concentrations in the fish populations described above. From the model-
simulated population we then randomly drew a sample (n=194 for the bass simulation and n = 52 for
the fish prey simulation) and calculated the four statistics listed above, as well as the model-simulated
population maximum. We then calculated the bias by subtracting the statistic of interest from the
maximum of the simulated finite population and saved all results. To calculate the bias when
estimating the true 99.99" population percentile, we used the theoretical normal percentile in place of
the population maximum. This procedure of deriving a population of 5000 and randomly sampling
from it was repeated 1000 times for each dataset. Histograms were then developed for each of the
statistics and compared to the histogram for the model-derived population maximum (i.e. the desired
criterion). The simulation and random sub-sampling used a Markov Chain/Monte Carlo (MC/MC)
procedure similar to a parametric bootstrap [7]. The parametric bootstrap differs from a regular
bootstrap in that, instead of re-sampling the data with replacement, we obtain parameter estimates
from the data for the assumed distribution and then simulate a random sample, calculate our statistic,
and repeat this procedure a large number of times. Model simulations were necessary in order to
compare the population maximum to each proposed statistic, i.e., to calculate the bias. The estimate of
the bias associated with each statistic was the mean of all 1000 biases obtained during the simulation
procedure. The MC/MC estimate of the 95% confidence interval for the bias was the 25" and 975"
elements of the ranked bias vector. Likewise, the confidence intervals around the Maximally Exposed
Individual’s Activity Concentration for each statistic were the 25" and 975" elements of the ranked
1000 statistics obtained during the simulation procedure. All calculations, simulations, and
sub-samplings were performed in S plus. The normality tests were performed in SYSTAT.

3. RESULTS

3.1. Bass data

Monte Carlo estimates of the expected bias, the 95% confidence intervals for the bias and for the
statistic are shown in Tables 1 and la for the model-simulated data derived from the normally
distributed bass population. The second and third columns show the bias and 95% confidence interval
for the bias when the MEIAC is the ‘parameter’ of interest. The fourth column of Table 1 is the
estimated 95% confidence interval for the statistic itself. Table 1a shows the bias and confidence
interval when the 99.99™ population percentile is the parameter of interest. The results can be easily
visualized in a histogram (Figure 2).
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FIG. 1. Histograms of '*’Cs concentrations in bass (n = 194) and an assortment of fish species preyed
upon by bass (n = 52). Data are from a 1996 sampling of a Cs-contaminated lake and show the
different distributions of the two populations.

TABLE 1. BASS DATA SET—BIAS ESTIMATE FOR THE MAXIMALLY EXPOSED INDIVIDUAL’S
ACTIVITY CONCENTRATION (MEIAC) WHEN USING THE 95™ PERCENTILE OF THE MEAN,
THE SAMPLE MAXIMUM, AND THE MLE FOR 99.99" PERCENTILE OF THE DISTRIBUTION.
BIAS INDICATES THE DIFFERENCE IN Bq kg OF THE STATISTIC’S ESTIMATE OF THE MEIAC
FROM THE POPULATION MEIAC. A NEGATIVE BIAS INDICATES THAT THE STATISTIC
OVER-PREDICTED THE MEIAC BY THE NUMBER of Bq kg”' SHOWN

Statistic of Interest Mean Bias of MEIAC 95% CI of Bias 95% CI of Statistic
95" Percentile of Mean 224 191 to 269 259 to 277
Sample Maximum 57 0to 118 396 to 494
99.99" Percentile MLE 2 43 to 47 470 to 519

TABLE 1A. BASS DATA SET—ESTIMATING THE TRUE POPULATION 99.99" PERCENTILE BY
THE MLE. UNITS ARE Bq/kg

Mean Bias 95% CI of Bias 95% CI of Statistic

0.3 -25t023 470 to 519

Frequancy

3 8

FIG. 2. Histograms of 1000 model simulations derived from a normally distributed population of bass.
The maximum likelihood estimate of the 99.99" percentile (MLE-99Q), the sample maximum, and the
95™ percentile of the sample mean (950 Mean) are compared to the endpoint of concern (i.e. the
population maximum,).
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Note that for this dataset, the maximum likelihood estimate (MLE) for the 99.99™ percentile (Table 1a)
has the lowest bias for both the Maximally Exposed Individual’s Activity Concentration (MEIAC) and
the true distribution 99.99" percentile. It, of course, has a smaller bias when estimating the true 99.99™
percentile, than when estimating the MEIAC. It also has reasonably short confidence intervals. The
first row, third column in Table 1 shows that the bias for the 95" percentile of the mean was between
191 and 269 Bq kg™ 95% of the time. The sample max will never have a bias less than zero, because
the population max will always be greater than or equal to the sample max. Occasionally, we will
sample the population maximum or values very close to it, yielding a bias of zero or near zero. The
bias for the sample maximum when estimating the population maximum was between 0 and
118 Bq kg™ 95% of the time. The bias for the MLE 99.99" percentile when estimating MEIAC was
between — 43 and 47 Bq kg™'. Finally, if we seek to estimate the true 99.99" percentile, rather than the
MEIAC, using the MLE for the 99.99" percentile resulted in an average bias of 0.3 Bq kg™ and a 95%
confidence interval between -25, and 24 Bq kg ™. Also note that the confidence interval around the 95"
percentile of the mean (259 to 277) was of the same order of magnitude and at about the same range as
the confidence interval around the bias (191 to 269), showing that this statistic is a very poor estimator
for the MEIAC.

3.2. Fish species preyed upon by bass

A dataset consisting of mixed prey species (n=52) was analyzed using a log-normal assumption. The
log-transformed data passed the KS test (p=0.31), indicating there is insufficient evidence to reject the
null hypothesis that the data are log-normally distributed. Tables 2 and 2a show the simulation results
for the fish prey species, and the associated histograms are presented in Figure 3. Here again the bias
for the MLE for the 99.99™ percentile was by far the smallest among the statistics tested.

The next set of analyses (Tables 3 and 3a, with associated histograms in Figure 4) were performed to
see what would occur if, as sometimes happens in practice, the investigators incorrectly assumed that
the data were normally distributed. The 99.99"™ percentile remained the best estimator of the
population maximum. However, its bias increased from —6 (Table 2) to 117 Bq kg (Table 3). This
suggests that misidentification of the distribution will decrease your ability to accurately estimate the
Maximally Exposed Individual’s Activity Concentration.

TABLE 2. FISH PREY DATA SET—ESTIMATING THE MEIAC USING A LOG-NORMAL
ASSUMPTION. BIAS ESTIMATE FOR THE MAXIMALLY EXPOSED INDIVIDUAL’S
ACTIVITY CONCENTRATION (MEIAC) WHEN USING THE 95" PERCENTILE OF THE
MEAN, THE SAMPLE MAXIMUM, AND THE MLE FOR 99.99" PERCENTILE OF THE
DISTRIBUTION. BIAS INDICATES THE DEVIATION IN Bq kg' OF THE STATISTIC’S
ESTIMATE OF THE MEIAC FROM THE POPULATION MEIAC. A NEGATIVE BIAS
INDICATES THAT THE STATISTIC OVER-PREDICTED THE MEIAC BY THE NUMBER OF
Bq kg' SHOWN

Statistic of Interest Mean Bias of MEIAC 95% CI of Bias 95% CI of Statistic
95" Percentile of Mean 257 197 to 361 91to 110
Sample Maximum 137 34 to 248 167 to 299
99.99" Percentile MLE -6 -135to 118 282 to 479

TABLE 2A. FISH PREY DATA SET—ESTIMATING THE TRUE POPULATION 99.99"
PERCENTILE BY THE MLE USING A LOG-NORMAL ASSUMPTION. UNITS ARE Bg/kg

Mean Bias 95% CI of Bias 95% CI of Statistic

-2 -120to 79 282 to 479
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FIG. 3. Histograms of 1000 model simulations derived from a log-normally distributed population of
contaminated fish preyed upon by bass. The maximum likelihood estimated of the 99.99™ percentile,
the sample maximum, and the 95" percentile of the sample mean are compared to the endpoint of
concern (i.e. the population maximum,).

TABLE 3. FISH PREY DATA SET—ESTIMATING THE MEIAC USING A NORMAL ASSUMPTION.
BIAS ESTIMATE FOR THE MAXIMALLY EXPOSED INDIVIDUAL’S ACTIVITY CONCENTRATION
(MEIAC) WHEN USING THE 95" PERCENTILE OF THE MEAN, THE SAMPLE MAXIMUM, AND THE
MLE FOR THE 99.99" PERCENTILE OF THE DISTRIBUTION. BIAS INDICATES THE DIFFERENCE IN
Bq kg' OF THE STATISTIC’S ESTIMATE OF THE MEIAC FROM THE POPULATION MEIAC. A
NEGATIVE BIAS INDICATES THAT THE STATISTIC OVER-PREDICTED THE MEIAC BY THE
NUMBER OF Bq kg"' SHOWN

Statistic of Interest Mean Bias of MEIAC 95% CI of Bias 95% CI of Statistic
95" Percentile of Mean 254 194 to 355 96 to 117
Sample Maximum 142 40 to 263 165 to 309
99.99" Percentile MLE 117 38 to 225 203 to 292

TABLE 3A. FISH PREY DATA SET—ESTIMATING THE TRUE POPULATION 99.99" PERCENTILE BY
THE MLE USING A NORMAL ASSUMPTION. UNITS ARE Bq/kg

Mean Bias 95% CI of Bias 95% CI of Statistic

84 22t0 153 203 to 292

80 160 20 se0 480 ' 'seo '
Bg /kg
FIG. 4. Histograms of 1000 model simulations assuming a normal distribution of log-normally
distributed data (fish prey from Figure 3). The maximum likelihood estimate of the 99.99" percentile,

the sample maximum, and the 95 percentile of the sample mean are compared to the endpoint of
concern (i.e. the population maximum,).
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4. DISCUSSION

As mentioned in the Introduction, several difficulties exist when attempting to estimate the dose of
maximally exposed individuals in a population. For example, there is no population maximum in a
Normal distribution because the tails of the distribution go to infinity. Thus, there is no unbiased
statistic for the population maximum. Additionally, the quantiles of the sample mean are highly
dependent on sample size and are not necessarily close to the quantiles of the population that the
sample came from. The use of the 95" percentile of the sample mean could possibly result in the
perverse result that an estimate of the MEIAC is below that of an observed sample value.

4.1. Implementation issues

For this investigation, we used MC/MC estimates of the 95% confidence intervals around each
statistic, using a procedure similar to a parametric bootstrap. These confidence bounds are valid so
long as the distributional assumptions hold and can be used to determine the rejection region in a
hypothesis test. When the sample size is quite large, the MLE for the 99.99™ percentile will have an
asymptotic distribution that is normal. The confidence interval can then be constructed using the
asymptotic standard error and the appropriate quantile from the standard normal distribution,
depending on the degree of significance desired. However, because we are estimating an extreme
quantile, the convergence to normality is slow, and for small to moderately large samples, the error in
the normal approximation will be large. For smaller samples, a true bootstrap could be performed on
the data and bootstrap estimates of the confidence bounds obtained. Recent improvements in software
have made the bootstrap reasonably simple to perform in such packages as Excel, S plus, and Matlab.
In practice, an investigator would use the confidence interval around each statistic to conduct the
following test:

—  H,: the maximally exposed individual’s dose is less than or equal to the current regulatory limit,

—  H,: the maximally exposed individual’s dose is greater than the current regulatory limit, and
would reject H, if the lower bound of the confidence interval for the statistic being used were
greater than the regulatory limit.

It should be noted here that these results apply only to natural populations that have the same
distribution as those shown here. The bias and variance of these statistics will vary with sample size
and the underlying distribution that the data are drawn from. The 99.99" percentile is difficult to
interpret for small populations. For example, in a population of size 5000, only about 2 individuals
will lie at or above the 99.99™ percentile. If the population has fewer than 1000 members, the meaning
of the 99.99™ percentile is difficult to interpret. For this reason, we suggest exploring the possibility of
using the 99" (as opposed to the 99.99™ percentile), and shifting the regulatory criterion appropriately
to argue that if the top 1% (as opposed to the top 0.1%) of the population has a dose less than or equal
to the regulatory limit, then the population is adequately protected. The 99" percentile was tested
(results not shown here) and was found to be a biased statistic for the MEIAC. However, the MLE for
the 99" percentile is clearly unbiased for the 99™ percentile of the distribution. So if regulatory limits
could be written for the top 1% of the population rather than the maximally exposed individual, the
MLE for the 99" percentile would be a superior statistic.

5. CONCLUSIONS

This work highlights the difficulty resource managers face if tasked with testing whether or not their
data set complies with an extreme statistic criterion (i.e. maximally exposed individuals). The data
indicate that statistics based on characteristics of the sample mean or sample maximum have
considerable bias when attempting to estimate a maximum. For the data sets we tested, the MLE for
the 99.99" percentile proved to be the best statistic for estimating the Maximally Exposed Individual’s
Activity Concentration in that it had the smallest bias and the shortest confidence intervals. It was also
shown that the MLE for the 99.99"™ percentile was unbiased for the true population percentile.
However, its accuracy was reduced if the distribution (normal versus log-normal) was not properly
identified. It is our contention that shifting the paradigm from regulating the dose of the maximally
exposed individual to regulating the top 0.1% of the population is not a significant change. Therefore,
if adherence to the IAEA criteria [2] is desired, we recommend using the MLE for the 99.99"
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percentile to estimate to true population percentile, rather than to estimate the dose to the maximally
exposed individuals. Furthermore, if appropriate regulatory limits for the top 1% of the population can
be identified, then we suggest using the 99" percentile, rather than the 99.99".
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Radiation effects on the environment beyond the level of individuals*

U. Kautsky?, M. Gilek?

a Swedish Nuclear Fuel and Waste Management Company, Stockholm, Sweden
b Sddertorns Hogskola, Huddinge, Sweden

Abstract. Currently there are several initiatives to address radiation effects on the environment. A common
standpoint is that the goal is to protect the environment, i.e. the function of ecosystems and maintaining
populations. However, the questions of effect are usually studied on the individual, organs, cell or sub-cellular
level. This leaves a large gap between where the measurement endpoint (individual and lower levels) and the
assessment endpoint (population and ecosystems) which is not addressed sufficiently.

This paper discusses effects and processes above the individual level important for a framework for addressing
effect on the environment. First it is realised that there are few examples how radiation-effects can have major
disturbance only on level above individuals. All population effects and ecosystem effect are mediated through
the individual level. This is contrary some other environmental stressors, e.g. nutrients and highly biomagnifying
substances (e.g DDT, PCB). However, even there are effect on the individual level few of them will affect the
populations or ecosystem function and usually in a lower extent. The impact of individual changes on the
population and ecosystem level is dependent, on population size, total biomass, life history, reproduction
investment, generation time, inter- and intra-specific competition, predation and resource exploitation.

Thus for regulatory framework, if the objective is to protect the function of the ecosystem and maintaining
populations (in the sense of the Rio declaration), it must be realised that addressing effects on individuals can be
a overly pessimistic approach.

" Only an abstract is given as the full paper was not available.
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The FASSET radiation effects database
A demonstration
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Abstract. FASSET (Framework for ASSessment of Environmental impacT) is an EC funded project, within the
5™ framework programme (Euratom) in the field of nuclear energy. Its main objective is to create a framework
for assessing the impact of radioactive contamination on non-human biota. Effects analysis forms an integral
part of the framework, taking account of available data on the biological effects of radiation. For the purpose of
FASSET, dose rates need to be estimated, and dose (rate) — effect relationships need to be identified: both will
form an important input into the overall framework. This will provide the basis for determining dose rates at
which different degrees of effects in the environment may be expected.

In order to start identifying relevant biological effects for different organisms and different environments, a
Microsoft® Access database is being assembled in which data from the literature for a number of wildlife groups
(e.g. birds, plants, fish) are being compiled. This information is grouped under four umbrella effects (morbidity,
mortality, reproduction, and mutation). The database also records whether data are suitable for use in deriving
RBE (relative biological effectiveness) values for different types of radiation.

The database is divided into two main functions: data entry and query reports. Its aim, under FASSET, is to
develop dose-effect and dose-response-relationships, which can be used to judge environmental consequences
resulting from exposure to ionizing radiation. Quality assurance exercises have been used for both data entry
consistency by the various organisations taking part, and for detecting numerical inaccuracy.

A number of constraints in data entry were necessary in order for the database to be manageable and reasonably
focused, recognizing that judgement will need to be applied for the purposes of FASSET.

The structure and use of the database will be demonstrated including examples of its application using the query
options. The intention is to publish the database on the FASSET web-site, and consider its expansion beyond the
duration of this project. The database will allow the identification of gaps in knowledge and, so, give direction
to future research.

1. BACKGROUND

The FASSET project’s Technical Annex [1] clearly specifies, under its Work Package 3 (WP3) on
“Effects”, the need to gather scientific information, in order to:

— identify a range of dose rates at which different degrees of effects in the environment would be
expected;

—  derive dose rate/response relationships for the chosen endpoints;

—  determine dose-rate thresholds or minimum dose rates at which effects in the environment are
expected to be minimal with a high degree of certainty; and,

—  help define the reference organisms for dosimetric purposes, for integration in WPI
“Dosimetry”;

and more generally to:

—  describe the biological effects of ionizing radiation that are likely to be of significance for
protection, at the intended biological level, in an environmental context;

—  identify data in the literature that may be of use in determining the relative biological
effectiveness (RBE) of the different types of radiation with respect to chosen endpoints; and,

78



— identify reference organisms, which can be used in a radiation protection framework.
The way in which to gather information was only described in the Technical Annex as:

“The available information will be organised into a format that will indicate the approximate dose rate/
response relationships and, therefore, the threshold dose rates at which minor radiation effects can
currently be expected to become apparent in the defined biological processes in the selected target
organisms.”

Information to be gathered should include data on:
— acute and high dose rate exposures;

—  chronic, low-level exposures extending over a significant fraction of the life time of the
organism; and,

— endpoints such as morbidity, mortality, reproduction (as fertility and fecundity) and mutation
rate.

The estimated dose rates will form an important input to the overall framework. They will also
indicate the range likely to arise from controlled radioactive waste management practices, and that are
likely to persist in the long-term after an accidental release of radionuclides when remediation
activities might be required. This will provide the appropriate context for the collection and
organisation of the data obtained from the literature. This has been undertaken in several steps.

2. COLLATION OF REFERENCES

A review of the available literature on the effects of radiation on plants and animals, other than
humans, was undertaken in context of generating the required tools within FASSET. The workload
was divided between six organisations (Swedish Radiation Protection Authority; Environment Agency
of England and Wales, UK; Centre for Environment, Fisheries and Aquaculture Sciences, UK;
Spanish Research Centre in Energy, Environment and Technology; Norwegian Radiation Protection
Authority; and Westlakes Scientific Consulting Ltd, UK). The literature search was based initially on
seven categories: mammals, plants, soil fauna, social insects, bacteria, birds, amphibians and reptiles,
and aquatic biota.

As papers were identified, the list of categories was widened to include: fungi, moss/lichens, and the
aquatic biota group was subdivided into fish, crustaceans, molluscs, zooplankton, aquatic invertebrates
and aquatic plants. (It is fully recognised that there is overlap between these categories, but they
provide a convenient and practical means for structuring the available data).

As a starting point for the literature searches, existing major reviews were obtained such as by
UNSCEAR [2] and TAEA [3]. Using a cascade approach, the references cited within the original
reviews were also checked and obtained if relevant. In addition to the cascade search, available
electronic search engines were used to supplement the information in particular with respect to more
recent publications. Combining these two approaches, literature was obtained for the period 1945 to
2001.

A search of literature abstract sources was also carried out to establish the number of references that
have been published overall in the ‘radiation effects’ research field. This was compared with the total
number of references to be entered into the database (Table 1).

This helped put into perspective the completeness of papers reviewed under the FASSET radiation
effects database. It also partly support the justification for using (or not) a given reference organism
based on available data.

79



TABLE 1. NUMBER OF REFERENCES THROUGH IN ABSTRACT SEARCHES [4, 5], USING

“RADIATION EFFECTS” KEYWORDS PER WILDLIFE GROUP, AND THOSE BEING
ENTERED IN THE FASSET RADIATION EFFECTS DATABASE
Abstract searches by wildlife groups References to enter in the FASSET Database”
Amphibians 357
Reptiles 100 Amphibians & Reptiles 30
Invertebrates 37
Soil fauna 12
Bacteria 6203 Soil fauna and bacteria 74
Birds 1 089 Birds 60
Insects 3415 Insects 41
Mammals 26 144 Mammals 310
Plants 16 965 Plants 399
Fish 1531 Fish 200
Crustaceans 217
Molluscs 194 Aquatic invertebrates 42
Review papers 46
Total 56 264 Total 1202

" Numbers not yet finalised.

2.1.
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Data requirements

It was recognised that there is a need to be open and transparent in gathering the literature, and
that this process is as important as the information itself. Furthermore, in order to be
manageable and reasonably focused within the available time and resources, a pragmatic
approach was required in collating the information. Consequently a number of constraints were
applied to the literature:

Data were collated back to 1945 — due to potential problems in accessing earlier literature.

Searches concentrated on the most relevant papers. For example, there is a vast quantity of
published papers on the effects of ionizing radiation on mammals (e.g., radiobiological studies
in relation to radiotherapy treatment). Therefore there is a need to use informed judgement on
the FASSET aims and requirements in order to select the appropriate literature for inclusion in
the database.

Literature on mammals with data on acute exposure with doses greater than 10 Gy was excluded
to limit the volume of data for inclusion. These doses are unlikely to be encountered under
normal environmental situations.

References that couldn’t be accessed were at least recorded. If information did not obviously fit
into one of the four umbrella categories e.g. genomic instability or bystander effects (both of
these might affect mutation rate by mechanisms not yet understood), the information was
retained for discussion.

Data were collated at species level, with the expectation that it will be condensed to give a
generic summary appropriate to the selected reference organisms (the selection of candidate
reference organisms appropriate to the needs of FASSET is listed in its Deliverable 1[6]).

Units given in the original publication were used, but these were converted into ‘standardised’
units for the total dose (Gy) and dose rate (uGy h™") for interpretation.

Both laboratory experiments (so as not to miss out potentially important and relevant data) and
field studies were included but identified as such.

Exposures to radiation of high and low linear energy transfer were noted to provide an
indication whether suitable data for deriving RBE values for different types of radiation were
available.



3. DATABASE DESIGN

From the first FASSET workshop in Madrid (February 2001), it was agreed that a structured database
should be constructed in which the relevant literature could be assembled. Construction and use of a
structured approach should help ensure consistency in data entry and make interpretation of results
easier.

Whilst a two dimensional array was originally envisaged, i.e. Microsoft® Excel spreadsheet format, all
WP3 participants agreed that an Microsoft® Access 97 database was the best way forward to collate,
and later interrogate, all the relevant effects’ literature and data.

During the design phase of the database, it became apparent that there were three important aspects
involved. These are to:

—  have clear objectives of what data are needed, and to restrict the information gathered to the
FASSET requirements, i.e. to relate dose to effects data from the most relevant literature for a
range of wildlife groups and endpoints;

—  have clear guidance for the data entry in order to ensure consistency in the data; and,

— undertake a series of Quality assurance (QA) exercises to ensure that all participants involved in
data entry are aware of the requirements, data entry system and that everyone extracts
information in the same manner. Additional QA checks have also been put in place to ensure
that the information transcribed into the database is correct.

The first database version, contracted out by the UK Environment Agency, was relatively simple but
significantly made use of a series of menu driven options to guide the user to perform the operations
required. Furthermore, predefined drop-down lists were extensively used to improve consistency of
the data being entered. The first QA exercise was performed, using the first database version, to ensure
that all participants involved in gathering and entering the literature were working in unison. For this
QA, ten papers were selected, read in conjunction with an initial guidance document, and data entered
into the database. Once data entry had been completed, an assessment was performed to highlight
erroneous data and identify any problems. Significant difficulties were identified particularly with
respect to the data extraction objectives, the format of the database and the level of operator
interpretation that should be employed (or not). Both the guidance and database structure were revised
to finally produce the “Radiation Effects Database” version le.

In the final version le, all user options are still selected from a series of menus, which should be self-
explanatory, and drop-down menus widely relied upon. An example of the typical menu options is
provided in Figure 1.

Additional guidance has now been given at key points within the database and there is a help option,
which allows the user to link directly to relevant sections within the Operating Guide (which is in
Microsoft® Word 97). The operating guide provides information on the use of the database, detailing
how the information should be entered, and describes the search/report functions and capabilities of
the database using screen shots to illustrate the different screens and discusses the options that can be
taken.

There are three levels of access to the database: data entry, basic searches and reports, and restricted
maintenance. The password protected security system is needed to secure the integrity of the database.
Every user may access the searches and reports but data entry access is restricted to personnel that
have participated into the QA exercise to ensure consistency in data entry; and maintenance is reserved
to the designer for full access to the underlying tables and queries that form the structure of the
database. These options are briefly discussed below.
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FIG. 1. Example of Menu option within the FASSET Radiation Effects Database vle.

Data entry

Data entry is divided into two parts: publication details and the effects data extracted from the
reference. The publication details include a description of the following:

Author(s), (year), title, journal, volume number, page numbers;
Atrticle type, keywords, language; and,

The person entering the data (note for QA checking purposes the records are time and date
stamped on entry).

As a hard copy of most original papers has been obtained, further information is entered on the
institute holding the reference, and the person to contact.

The effects data part consists of recording details of the study, including:

Laboratory or field study, radionuclide involved, radiation type and whether it is an external or
internal exposure, acute, chronic or transitory exposure, ecosystem type (e.g., terrestrial, marine,
freshwater or estuarine), species studied and their associated wildlife ‘group’ e.g., mammal,
bird, reptile etc., any activity concentrations reported and a freeform notes box.

The data are also classified against one of four umbrella endpoints, which are described as:
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morbidity: including effects such as reduced immune function, damage to the central nervous
system, reduced mobility, reduced growth rate;

mortality: including change to the death rate, usually as an increase;

reproduction: including change to gamete production, fertilization rate, embryonic and/or larval
survival rates, increases in sterility; and,

mutation: including increases in DNA damage, genetic effects in both somatic and germ cells.



The effects data are then summarized against a specific endpoint (e.g. egg production or hatching
success). The data are recorded as either dose or dose rate data (in the original units), duration of
exposure (which may then be used to determine either total dose or dose rate if the information is not
reported) before adding a numeric value for the measurement of the specific effect. In addition, there
is a series of check boxes which can be used to record information such as the Lowest Observable
Effect Dose (or Dose Rate), Highest No Effect Dose (or Dose Rate) and whether the data line is for a
control or background exposure level. A comment box also permits the effect of the radiation exposure
to be described. Wherever possible such comments are taken from the paper and include such things as
whether the effect is significantly different from the control etc. Note the interpretation of the reviewer
should be minimal at this point.

It was decided to actively avoid interpretation/manipulation of the source data by the person inputting
the data. Thus only raw data are entered into the database. The only ‘manipulation’ of the data now
includes the automatic conversion of the original dose units to the standardised Gy and pGyh™, and
the calculation of the dose or dose rate when both corresponding dose rate or dose and duration of
exposure were given.

3.2. Data searches and reporting options

Once the database is compiled, then most users will only use the query reports. There are three search
options:

— asequential search on wildlife group, umbrella endpoint and dose or dose rate (with options for
viewing and reporting the data after each search);

— a manual search of the database (which allows the user to search the database on any field
contained within it but at the moment it is only possible to view the search results from within
the database itself; and,

—  search for references that may be used to generate RBE information.
The search results can be exported to Microsoft® Excel for further interpretation and assessment.

Reports can also be created for listing references, and saved as delimited text files, which can be
opened in Microsoft® Word 97 or via the Windows Notepad. The reference list can also be viewed
from within Microsoft® Access.

3.3. Database management

This option is for exclusive use of the database designer and people charged with maintaining the
database. It allows access to the underlying data tables and it is possible to carry out some routine
tasks for checking data integrity, for example by checking for duplicate reference entries.

4. EXAMPLE

To illustrate the function of the database, an example of the information contained on reproduction in
fish has been provided in Table 2. It summarizes the data on chronic exposures for standardised dose
rate (Gyh™") ranges, which will be used in FASSET. For acute exposures, FASSET will consider dose
ranges (Gy) of 0 —0.199; 0.2 — 0.499; 0.5 - 0.999; 1.0 — 1.99; 2.0 — 4.99; and >5.

The information obtained has been collated from a number of references, which have been input into
the database, full reference details are available from within the database (e.g. authors, title, journal or
report, year and page numbers etc.). Interpretation and assessment of this information was still
required to summarize the information into the statements made in the Tables. Therefore, the
summarization process should be justified by anyone undertaking such an assessment.
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TABLE 2. CHRONIC EFFECTS OF IONIZING RADIATION ON REPRODUCTION IN FISH

Dose Rate Range  Reproduction References
(uGyh™
0-99.9 The majority of values obtained in this group reflect the control or [7, 8]
background dose group. [9, 10, 11]
Normal cell types observed or normal levels of damage described. [12, 13, 14]

Normal mortality rates outlined.

100 —-199.9 No data available

200 —499.9 Reduced spermatogonia and sperm in testes [15, 14]
(8]
500 -999.9 Delayed spawning [16, 8]
Increased proportion of non-germinal cells in testes [14, 9]
Reduction in testes mass
1000 — 1999 Mean lifetime fecundity decreases [13, 14, 9]
Early onset of infertility [8]
2000 — 4999 Reduced number of viable offspring [13,9, 8]
Increased number of embryos with abnormalities [7]
Increased number of smolts in which sex was undifferentiated
Increases in brood size have been reported
Increased mortality of embryos
5000 - 9999 Reduction in young fish surviving to 1 month [16, 9]
Increased vertebral abnormalities [10, 8]
>10000 Interbrood time tends to decrease with increasing dose rate [16,17]
Significant reduction in neo natal survival [9, 8, 13]

Sterility in adult fish [10]
Destruction of germ cells within 50 days in Medaka

High mortality of fry, germ cells not evident

Significant decrease in irradiated male salmon returning to spawn after 3

years. After 4 years, female salmon exhibited significantly reduced

fecundity on return.

In this case, the data have been summarized into statements that reflect the current state of knowledge
based on papers from 1945 to 2001. Data extracted reflect a variety of species, although it is
recognised that some of them are more radiosensitive than others. The list of species, both freshwater
and marine, includes: Acerina cernua, ruff; Alburnus alburnus, bleak; Aristichthys nobilis, Bighead,
Brachydanio reria, Zebrafish; Carassius auratus, Goldfish; Carassius carassius, Crusian carp;
Chasmichthys glosus, Goby; Cyprinus carpio, Carp; Esox lucius, Pike; Fugu niphobles, Puffer fish;
Fundulus heteroclitus, Killifish; Gambusia affinis affinis, Mosquito fish; Lebistes reticulatus, Guppy;
Misgurnus anguillicaudatus, Loach; Oncorhychus kistuch, Silver salmon; Oncorhynchus tshawytscha,
Chinook salmon; Oryzias latipes, Medaka; Paralichthys olivaceus, Flounder; Pimephales promelas,
Fathead minnow; Pleuronectes platessa, Plaice; Poecilia reticulata, Guppy; Rutilus rutilus, roach;
Salmo gairdnerii, Rainbow trout; Salmo trutta, Brown trout; Tinca tinca, Tench.

The types of experiments that have been summarized include assessments on the impact of x-rays,
gamma rays (principally external Cs-137 and Co-60 sources) and beta emitting radionuclides (Tritium,
Sr-90/Y-90). A range of specific endpoints have been considered: mutation frequency; % hatchability;
% abnormalities; survival rates (germ cells, embryos); histopathology of gonads; % sterilization
(embryos, adults); size and weight of gonads; and egg production capacity.

The effects were summarized into generic statements of effect by the authors and these are given in
Table 2. Note that effects are reported in order of occurrence, therefore once it has been described at a
particular dose or dose rate, it is not then reported for higher dose rates although it is expected to
occur. In this way, the effects are described only once.

The information was summarized for this paper to provide an indication of the data‘s availability
within the database, and further assessment is required before this information should, or could, be
used to derive threshold dose (rate) limits or to guide the selection of reference organisms. At least one
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data gap has been identified in the dose rate range of 100 — 199.9 pGyh™. It is recommended that
consideration be given to experiments, which are designed to help complete the missing information.
For the purposes of FASSET it is recommended that these experiments should in the first instance
focus on the organisms from which the reference organism concept (see [) has been developed.
Furthermore, there is a need to ensure consistency in the data being reported within future publications
in order that the relevant information is provided for use in the assessment of the impact of ionizing
radiation on wildlife under the umbrella endpoints described.

5. CONCLUSIONS

The database contains data compiled from the literature on the effects of ionizing radiation on wildlife.
Search options have been used to generate data (as in the example provided here) for deliberations
within WP3 of the FASSET programme on the dose or dose rate relationships with respect to four
umbrella endpoints of interest in a range of different wildlife groups. This information has been
reviewed and will be described in FASSET Deliverable 4 [18].

The completed “Radiation Effects Database vle” is an addition to the original intended FASSET
deliverables, and will be available on www.fasset.org, hopefully by September 2002.

In addition to providing the information needed for the requirements of FASSET , the database can
also be used to identify gaps in the available information, which may guide further research. It is also
hoped to secure the maintenance and update of the database beyond the duration of the current project.

In summary, the database has been created for Work Package 3 (Effects of low dose rate chronic
irradiation of native wild organisms) of the FASSET (Framework for the Assessment of
Environmental Impact) project. Its main use is to gather literature data to help summarize dose-effect
relationships between radiation and selected organisms.
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Alpha radiation weighting factors for biota

D.B. Chambers, M. Davis, N. Garisto

SENES Consultants Limited, Richmond Hill, Ontario, Canada

Abstract. It is well know that the potential for radiation effects on living organisms depends not only on the
absorbed dose and dose-rate, in the tissue or organ of interest, but also on the type and energy of the radiation
causing the dose among other factors. For example, alpha particles and neutrons can produce observable damage
at lower absorbed doses than gamma radiation. This observation has lead to the practice of multiplying the
absorbed dose by a modifying factor commonly referred to as relative biological effectiveness or RBE, and other
terms such as quality factor, radiation weighting factor and for non-human biota, ecodosimetry weighting factor.
For human dosimetry, ICRP 60 recommends radiation weighting factors of 1 for beta and gamma rays, 10 for
neutrons and 20 for alpha radiation. To distinguish from the radiation weighting factors for humans, we adopt
the provisional term “ecodosimetry radiation weighting factor” er for application to non-human biota. The
selection of an ecological relevant e must not be considered in isolation but rather, it must be the consequence
of an integrated evaluation which includes the selection of the relevant biological endpoint, the approach to
calculating relevant dose, and the selection of the most appropriate ecodosimetry radiation weighting factor.
This paper reviews the selection of ecologically relevant endpoints for alpha radiation, the corresponding
estimation of dose, and the selection of ecodosimetry radiation weighting factors. Overall, a nominal eg of about
10 for population relevant deterministic endpoints, with a range from about 5 to about 20 is recommended.
Sources of uncertainty in this estimate are discussed.

1. INTRODUCTION

The effects of exposure to ionizing radiation depend not only on the adsorbed dose (appropriately
averaged over a relevant target volume), but also on the type of radiation. This latter factor has been
variously referred to as “radiation weighting factor”, quality factor, and relative biological
effectiveness (RBE). For protecting humans, the International Commission on Radiological Protection
(ICRP) has developed the concept of a single equivalent dose, which allows the summation of doses
from different types of radiation using radiation weighting factors in order to satisfy a single
equivalent dose limit. The radiation weighting factors currently recommended for humans by the ICRP
are 1 for beta and gamma rays, 10 for neutrons and 20 for alpha particles [1].

To date, there is no similar consensus for the equivalent radiation weighting factors for non-human
biota. In view of the current and anticipated future interest in protecting non-human biota (e.g. [2-5]),
there is a need to develop a scientifically appropriate yet manageable system for the dosimetry. A
biota equivalent of “radiation weighting factor” or “RBE” is an important element of such a system. A
recent paper by Trivedi and Gentner [6] has suggested the term “ecodosimetry [radiation] weighting
factor (eg)” for the non-human biota equivalent of the human “radiation weighting factor”. The term
proposed by Trivedi and Gentner is descriptive and distinctive from the term “radiation weighting
factor” which is used in human dosimetry; therefore, in the remainder of this paper we adopt the
naming convention of Trivedi and Gentner.

Various authors have proposed dosimetry systems to assess the potential dose to non-human biota
from both internal and external radiation (including among others [7—13]). There are many sources of
uncertainty in the dosimetry, including for example the selection of a biologically relevant endpoint,
the implications of the non-uniform distribution of radionuclides; the ecodosimetry weighting factor,
and the different radiation sensitivities of tissues, and organs, which for non-human biota are largely
unknown. The ecodosimetry weighting factor (eg) is the focus of this paper.
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2. RBE AND eg

The concept of RBE can be understood as the “inverse ratio of absorbed doses of different quality
radiations, delivered to the same locus of interest, that produce the same degree of a given biological
effect in a given organism, organ or tissue” all other factors being equal [15]. Gamma rays from '*’Cs
or “°Co and 250 kVp x-rays have been used as the “standard” or “reference’ radiations. It is important
to understand, in looking at the literature, that ®Co gamma rays are less effective than 250 kVp x-rays.
At high doses, the difference is small (RBE = 0.86 for “°Co relative to x-ray as the standard); however,
the difference is larger at lower dose rates (15). Overall, the difference in the relative effectiveness of
%9Co gamma rays and 250 kVp x-rays is about a factor of 2 [15-17].

RBE depends on many factors among them, the type of cell or tissue irradiated, dose and dose-rate, the
distribution of LET or lineal energy, the endpoint (effect) of interest, and other factors (e.g. [18])
Barendsen [19] indicates that in addition to cellular processes, RBE depends on other factors such as
“multicellular interactions, immunological, hormonal, and possibly other system factors”. Amongst
the other factors, RBE depends on Linear Energy Transfer (LET) which is the amount of energy
absorbed by the target tissue per unit path length. Low LET radiations such as x-rays, gamma rays or
electrons of any energy have an average LET of about 3.5 keV/um (of water) or less [15, 17]. In many
systems, the RBE increases with increasing LET until the LET reaches about 100 keV/um and then
begins to decline. This phenomenon is shown for example in the impairment of regenerative capacity
of cultured human cells inactivated by monoenergetic particles (e.g. Figure 4 of [18]). The peaking of
the RBE at an LET of about 100 keV/um can perhaps be explained by noting that it only requires a
few tens of keV of energy to break a single stand of DNA and that a single particle with a LET of
100 keV/um is sufficient to produce a double strand break which is prone to imperfect repair and may
result in the death of the cell. Thus at LETs greater than 100 keV/um, there is sufficient energy to
ensure a double strand break in target DNA and additional energy is simply wasted. ICRU 40 [16]
discusses shortcomings to the use of LET as a measure of biological effect since LET is not simply
related to energy deposition in a given irradiated volume and suggests that lineal energy (y), in essence
the ratio of the energy absorbed in a volume of interest divided by the (mean) chord length of that
volume is a better metric for biological effect. Issues of microdosimetry are reviewed in [20].

The selection of the relevant (target) tissue is an important consideration. For example, for radiation
induced bone cancer in beagles, the RBEs for bone seeking radionuclides relative to Ra-226 for *'Pu,
22Th, **®Ra and *°Sr respectively have been estimated as 6, 8, 2.5 and 0.07 to 0.24. This is explained
by the different pattern of energy deposition of the radionuclides which leads to different irradiation of
sensitive tissues. For alpha emitters, “surface seekers” are more toxic then “volume seekers” and
[ radiation is less effective than alpha radiation in inducing bone cancer [21].

A considerable range of RBE values have been reported in the literature. For example, Rao et al., [22]
report studies of sperm head abnormalities from in vivo studies of mice following the injection of
various radiochemicals including *'°Po citrate. The authors raise the question of whether it is
appropriate to compare the effect of a uniform dose (120 kVp x-rays delivered acutely) to the effect of
very localized doses arising from internal alpha particles. There is also the question of which is the
most relevant endpoint, induction of sperm head abnormalities with a reported RBE of 245 or survival
with a reported RBE of 6.7.

There is also the question of the role of repair in estimating RBE. Petin and Kabakova [23] in
commenting on their experiment with wild and radiosensitive mutants of yeast note a high correlation
between the RBE of high LET radiation and cell repair capacity. They observed that RBEs for alpha
particles, relative to gamma radiation, were high in cells capable of repair and that RBEs were lower in
cells deficient in repair capacity. Jenner et al [24] reporting on the induction and rejoining of double
strand breaks (dsbs) in DNA from mammalian cells discuss the increased efficiency of high LET
radiation, such as alpha particles, at inducing inactivation of repair mechanisms. The RBE for
induction of dsbs by alpha particles was <1. However, the rejoining of dsb damage was found to
depend on radiation quality. For cell survival, the authors found alpha RBEs (at 10% survival) of
about 5.3 and 11.8 for aerobic and hypoxic conditions respectively.

Consider the two dose response curves show in Figure 1 for a standard reference radiation A (assumed
low LET) and the radiation of interest B (assumed high LET).
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FIG. 1. Dose Response and Relative Biological Effectiveness (RBE).

In this instance, we assume the reference radiation follows a linear-quadratic dose-response relation of
the form “Effect = a,D + PoD*” when D is the absorbed dose and that radiation B follows a linear
dose response relation of the form “effect (E) = agD” in this instance, the RBE is defined as;

D,(E)

D, (E)

Where DA(E) and Dg(E) are the absorbed doses of radiations A and B which cause the same
(probability) of effect E. It is clear from the figure that the calculated RBE depends on both the level
of effect and the absorbed dose of the two radiations needed to produce that effect. In general terms,
RBE increases with decreasing dose and reaches a maximum value which, following ICRP practice, is
referred to as RBEy,; for stochastic effects and RBE,, for deterministic effects [18]. At the origin, the
RBE is equal to the initial slopes of the two radiation (i.e. aa/0tg).

RBE, =

In discussing the factors which affect the quantification of harm to cells and tissues, Feinendegen et al
[25] argue that there is a need to assess risk at the cellular and tissue levels without using the “rather
inaccurate” RBE. Irrespective of the validity of this position, it is very evident that the concept of RBE

is complicated and selection and use of RBEs, or in this instance €gr, must be carefully thought out.

3. ECODOSIMETRY WEIGHTING FACTOR (€R)

According to the ICRP, deterministic effects arise from the “collective injury to substantial numbers
or relatively large proportions of cells in effected tissue” (18). In addition for deterministic effects, the
dose-response relation for many specific endpoints shows a threshold below which there is either no
effect or the effect is so small it is undetectable. The ICRP also indicates that RBE values for high
LET radiation at doses below the threshold for deterministic effects are necessary to assess the effects
of exposure to mixed high and low LET radiation. The ICRP further note these RBE,, can be estimated
by extrapolation from information at higher doses (18). Nevertheless, questions remain about the
interpretation of RBE,, for doses below the threshold for the endpoint of interest.
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A number of authors have reported data and evaluations of RBE as discussed below. For present
purposes, we adopt the view that the goal of ecological protection is to protect the viability of the
population of organisms of interest even though some individual organisms might be affected.
Although we recognize this view is the subject of current and ongoing discussion, such a view is
generally consistent with current practices and views previously expressed by various authors (e.g. [2—
4,17, 8, 27]). While there are considerable data on the effects of ionizing radiation on individual biota
of various types, information relating to effects on populations is limited. Thus, in utilizing the
available data it is important to understand that the presence of detectable radiation effects in
individuals would not necessarily have a significant effect on the population of organisms. For non-
human biota, it is therefore appropriate to focus on population relevant endpoints such as reduced
fecundity or reproductive capacity.

In the authors’ view, the use of mechanistic effects (such as morphology of sperm head aberrations,
peripheral blood lymphocytes, mutations in marker genes etc.) could potentially provide an “early
warning” of potential harm but their relevance to the whole organism is not yet well understood in
most cases. Similarly, stochastic effects which are important to individuals are unlikely to represent
significant risk to the population unless a quite large fraction of the population is affected.

Much of the currently available data has been summarized by various authors including the ICRP [18],
the NCRP [17], Kocher and Trabalka [27], Trivedi and Gentner [6], Environment Canada/Health
Canada [4], and the (former) Advisor Committee on Radiation Protection [2] and the U.K.
Environment Agency [13] among others.

ICRP Report No. 58 (18) and NCRP Report No. 104 (17)

The available data on deterministic RBE is in these documents can be summarized as follows:
—  for 1-5 MeV neutrons, RBE,, ranges from about 4 to 12 with an average of about 7;
—  for 5-50 MeV neutrons, RBE,, ranges from about 3 to 10;

—  for heavy ions, RBE,, ranges from about 2 to 5;

—  limited data on alpha radiation in the lung suggest RBE’s in the range of 7-10 (for a-particles
relative to P radiation); and

—  the ICRP did not consider data for plants.

Kocher and Trabalka (27)

These authors reviewed the available data on RBEs for alpha radiation in non-human biota. They
concluded that, the relevant endpoints for non-human biota are deterministic, and that the available
data on RBEs for deterministic effects suggest the RBE,, should be in the range of about 5-10.

Trivedi and Gentner (6)

These authors provide a comprehensive review of the available data on RBEs for non-human biota,
discuss various factors which affect the selection of an “RBE” for non-human biota and suggest:

—  the use of the term ecodosimetry weighting factor (er) for non-human biota;
— an eg for alpha radiation of 5 for deterministic endpoints related to survival and fitness;

— an eg for alpha radiation of 10 for deterministic effects associated with reproductive end points;
and

— an eg for alpha radiation of 20 for stochastic endpoints.

Environment Canada/Health Canada (4)

These authors reviewed published data on RBE and noted that there is no current consensus as to the
appropriate value of RBE for alpha radiation in non-human biota. Amongst other citations, these
authors refer to UNSCEAR 1996 [26] which suggests an RBE of 5 for protection of non-human biota,
and to Pentreath and Woodhead [14] who suggest a “provisional RBE of 40 until” a more securely
based set of values had been obtained. These authors have adapted an RBE of 40 on the basis that it
was considered not to “underestimate potential effects and yet not be very conservative”.
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U.K. Environment Agency (13)

In their review of dosimetry for non-human biota, the U.S. Environment Agency discuss the concept
of RBE and application to the dosimetry of non-human biota. The authors recommend an alpha
weighting factor of 20 for biota noting that “the value of 20 is likely to be conservative in respect of
deterministic effect”. They also note that, in part, the lower effectiveness of the reference radiation at
low dose rates may contribute to higher reported RBE values for alpha radiations.

ACRP 22 (2)

The (former) Advisory Committee in Radiation Protection (ACRP), reviewed available data
concerning the protection of non-human biota from ionizing radiation. These authors concluded that
deterministic endpoints are most relevant for assessing population effects. With respect to the RBE
issue, the authors reviewed the underlying concept of RBE, the available data from which the RBEs
for biota could be estimated, and critiqued (largely on the basis of dose and dose distribution) several
in vivo studies in animals which reported much higher RBEs than those derived from studies of
cultured cells. Based on their evaluation of the data, the ACRP recommended a nominal radiation
weighting factor for alpha radiation in non-human biota of about 10 with a range of 5 to 20.

4. CONCLUSIONS

As discussed in the foregoing paragraphs, there are many factors which affect the calculation of an eg
for a biologically relevant population endpoint for a particular target organism. In addition, the
available data show a considerable range of possible values. Thus some judgment is required in
assigning values of eg. In the authors’ opinion, for deterministic population relevant endpoints, RBE
values in the order of 5 to 10 seem reasonable with an upper value of about 20. Uncertainty has to be
acknowledged in these estimates. In the future, it may be possible to develop probability distribution
functions (pdf’s) to capture (some of) the uncertainty in eg. Such pdf’s would need to be developed for
specific biological endpoints.
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Abstract. Over 90% of the radiation dose received by biota exposed to radionucles released from uranium
mines and mills in Canada is from internally deposited alpha-emitters. Therefore, to properly characterize the
potential environmental effects of ionizing radiation resulting from such exposures, it is necessary to take into
account the greater relative biological effectiveness (RBE) of alpha particles. There is currently no consensus on
the value of a radiation weighting factor to be used in calculating doses to non-human biota from exposures to
alpha-particles. Values on the RBE of alpha particles have been derived in a broad range of experiments.
Experimental results suggest that RBE values tend to be higher at the lower dose rates and when the irradiation
is from radionuclides incorporated into tissue rather than external radionuclides. Therefore, to obtain an RBE
value that has the greatest ecological relevance, the available data were reviewed and studies conducted in whole
organisms at relatively low dose rates were given the most weight. Primary studies using endpoints such as
mortality, reproduction and immune function provided the following RBE values: 40-50 (life shortening in
mice); 47-377 (best estimate = 80) (oocyte mortality); 130—180 (hemopoiesis- acute gamma reference); 250—
360 (hemopoiesis- chronic gamma reference). Based on the available data, we recommend a RBE value of 40
for the ecological risk assessment of biota chronically exposed to alpha-emitting radionuclides. This value is
representative of the RBE data on life shortening in mice and is in the low range of values obtained for other
endpoints. A value of 40 for chronic exposures is realistic and is not considered overly conservative particularly
because there are little data on the biological effects of alpha emitters on a wide range of aquatic and terrestrial
species.

1. INTRODUCTION

The assessment of ecological risk from radiation exposure is conducted by comparing the EEV
(estimated exposure value) expressed as a dose of radiation (internal + external) to the ENEV
(estimated no effects value), the dose at which effects are not expected. Estimated no effects values
have generally been derived from experimental data obtained by exposing whole organisms to gamma
sources (e.g., °Co or *’Cs) because the vast majority of the radiation effects data has been obtained
through experiments with external gamma sources [1].

Since assessments focus on determining whether or not the radionuclides in effluents released from
nuclear facilities may have an adverse effect on the environment, biota residing in habitats
contaminated with radionuclides will be exposed to radiation (in excess of natural background
radiation) over their entire life cycle, and perhaps for several generations. Therefore, the doses (and
dose rates) of interest in ecological risk assessments represent chronic rather than acute exposures. In
addition, exposures are mainly internal from alpha, beta and gamma emitters incorporated into the
tissues of organisms. In the case of biota exposed to releases from U mines and mills over 90% of the
dose is from alpha-emitters deposited internally. Therefore, to properly characterize ecological risk,
the greater effectiveness of alpha particles in producing biological damage must be taken into account.
This will allow an appropriate comparison of an EEV resulting from an internal dose of radiation from
alpha emitters with an ENEV derived from an exposure to an external source of gamma radiation.

There is currently no consensus on the value of a radiation weighting factor to be used in calculating
doses to non-human biota from exposures to alpha particles. Some investigators have not modified the
calculated absorbed dose (in Gy) due to alpha particles [2] because the weighting factor of 20 used in
human radiation protection may not be appropriate for non-human biota. Others [3] state that for non-
human biota weighting factors are required to modify the calculated absorbed dose and thus give a
measure of the biologically effective dose in aquatic organisms. NCRP, Blaylock et al., and
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Copplestone et al., [3—5] suggested the use of a quality factor of 20 to the absorbed dose from alpha-
particles. UNSCEAR [6] has taken a different view stating that the experimental data for animals
indicate that a lower weighting factor of 5 for alpha radiation would be more appropriate and that the
weighting factors for beta and gamma radiation would remain unity. More recently Kocher and
Trabalka [7] have expressed the view that an appropriate radiation weighting factor for alpha particles
for use in protection of biota probably lies in the range of about 5-10. This is based on the assumption
that deterministic effects (e.g., cell killing) are the primary concern in protection of biota. Finally,
Pentreath and Woodhead [8, 9] have recommended a value of about 40 for provisional application.

Studies conducted on non-human species for a variety of endpoints have reported increased biological
effectiveness of alpha particles (range from 1 to over 300). The purpose of this review is to derive a
RBE weighting factor for non-human biota. The value for a RBE for ERA purposes should be
representative of experimentally-determined RBE values for a specific type of radiation with respect to
biological endpoints and dose-rates most relevant for the protection of non-human biota. The
following sections summarize the approach taken in recommending a RBE weighting factor for alpha-
emitting radionuclides for the purpose of calculating EEVs.

2. METHOD

Endpoints that are the most relevant to the assessment of ecological effects are those that provide a
measure of change in the ability of organisms to reproduce. Some endpoints such as reduction in the
number of gametes produced, gamete death, increased abnormalities, and mortality at early life stages
affect fertility or sterility directly. Other endpoints such as alterations in genetic material may cause
indirect effects on reproductive potential [6, 10]. For example, Blocher [11] reports that residual
double strand breaks are a major cause for loss of cellular reproductive capacity after irradiation with
both x-rays and alpha particles. Harrison and Knezovich [10] reviewed the literature on whole
organism irradiation experiments and found that many of the radiation effects on fertility can be
attributed to damage to chromosomal material. Radiation effects on hemopoiesis are also relevant
because hemopoiesis is linked to immune function and organism fitness.

The extensive database on RBEs presents a wide range of values derived for different endpoints and
using different radiation exposures. Therefore, when recommending a RBE value for alpha emitters,
experimentally derived RBE values should be weighted according to the ecological relevance of the
endpoint, how the dose was delivered (external or tissue incorporated radionuclides) and the type of
exposure (acute or chronic).

Studies on RBE can be divided into in vitro studies, in which external exposures to cell cultures were
used primarily to determine an effect or mechanism of toxicity, and in vivo studies, in which internal
or external exposures of whole organs or entire organisms were performed. For this assessment we
reviewed experimental data summarized in NCRP [12] and more recent literature on experiments
conducted in vivo using environmentally relevant dose rates. The in vivo studies retained for this
review are those in which the irradiation protocol and internal distribution of the alpha-emitter varied
between 100% in the cytoplasm to 100% in the nucleus of the irradiated cells. The studies in which the
alpha-emitter was primarily found in the cellular cytoplasm were retained because experimental data
have shown that irradiation of only the cytoplasm can induce mutations in the nucleus of the target
cells by a process involving oxy-radicals [13].

Our analysis suggests that RBE values tend to be higher at lower dose rates and when the irradiation is
from tissue incorporated radionuclides rather than external radionuclides. To obtain a RBE weighting
factor that has the greatest ecological relevance studies conducted in whole animals at relatively low
dose rates were given the most weight. After these primary studies, cell culture experiments performed
at doses ranging from about 10 mGy to over 150 Gy were considered for supporting information with
more weight being accorded to experiments conducted at the lower doses.
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3. LITERATURE REVIEW

3.1. Damage caused by alpha particle irradiation

The amount and type of biological damage produced by radiation is related to the type of radiation
exposure [14, 15]. The efficiency with which the radiation causes damage is the Relative Biological
Effectiveness (RBE) of the radiation and it is generally expressed relative to a low energy reference
radiation whose characteristics in a medium (i.e., water, air or tissue) are well known. High linear
energy transfer (LET) radiations such as alpha particles and neutrons have a higher effectiveness for
producing effects than low LET radiation at the same absorbed dose. In some studies, the higher
energy associated with high LET radiation has been shown to produce unique types of damage which
are not observed with low LET radiations [11, 16—18].

The original model of radiation damage suggested that damage to cells occurs mainly as a result of
direct damage to DNA and as sub-lesions combine to cause the death of the cell. Subsequent
experiments indicated that damage to the cell was caused by ionization tracks and clusters of
ionization [16]. Thus, increased damage from high LET radiation is caused by higher numbers of
ionizations in the region of an alpha track. Also, the damage from low LET and high LET radiations is
qualitatively different [16]. Cell lethality studies indicated approximately 10 ionizations for high LET
and 3 ionizations for low LET radiations. For high LET mutagenic damage, the increase in RBE with
LET is due to clusters of 15-20 ionizations. This model is used to explain RBE values of about 10 for
cell lethality.

Barendsen [19, 20] suggested that RBE is strongly dependent on LET for some types of damage and
that the damage from alpha-emitters is not as readily repaired as that from x-rays or gamma rays. The
RBE value increases after a cellular repair period [11]. This is explained by the fact that double strand
breaks induced by alpha particles are repaired more slowly and a higher fraction remains unrepaired.
More effective damage repair at lower gamma doses contributes to higher RBE values at low doses.

There is also evidence that the damage caused by alpha radiation is fundamentally different from that
of low LET radiations [16]. This is because of the presence of large clusters of physical damage from
the alpha particle impact, which the cell cannot repair. Recent studies also indicate that irradiated
tissue cells which have not been hit by an alpha particle contribute significantly to the response. For
example, Zhou et al., [13] report that irradiation of 10%—20% of a cell population resulted in a
mutagenic yield that was similar to when 100% of the cells in a population were hit. This response,
termed the “bystander effect” may be mediated through gap function cell-cell communication. These
effects, which are not observed under exposure to low LET radiations, indicate that the RBE of alpha-
emitters can be very large.

3.2. Relative biological effectiveness of alpha particles

3.2.1. Summary of experimental data reviewed in NCRP [12]

NCRP [12] concluded that data are generally of insufficient quantity and quality to permit accurate
estimation of the RBE at the low dose and dose rates relevant to radiation protection. One of the
difficulties in accurately estimating the RBE of alpha particles is that for most endpoints examined,
RBE values increase as the dose rate and dose decrease and the majority of the studies used high doses
and dose rates.

From their review, NCRP [12] concluded that a nominal RBE value of 50 with a range of 30 to 70
would accommodate the majority of the data on chromosome aberrations in spermatogonia. In the case
of specific locus mutations in oocytes, there is a wide range of RBE values (14 to 70) probably
attributable to differences in ages of the females studied and the differing sensitivities of the maturing
oocyte stages.
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NCRP [12] also reviewed experimental data on life shortening in mice from all causes of death
obtained from long-term studies. The RBE of internally incorporated alpha particles varied between 15
and 20 when compared to weekly fractionated gamma ray exposures and ranged up to 40 to 50 when
compared with continuous gamma ray exposures.

Studies conducted using plant systems also show that low doses of radiation yield large RBE values
while high doses yield lower values. For example, exposure of plant systems to high doses and high
dose rates resulted in an average RBE value of 12 + 3 (average of 16 studies) while exposure to a low
dose administered at any dose rate resulted in an average RBE value of 65 + 5 (average of 23 studies)
[12]. NCRP [12] also concluded that plants with either greater DNA content per cell or larger nuclear
volumes than mammalian cells, the RBE values tend to be larger than those observed in mammalian
test systems by a factor of two or more.

3.2.2. Summary of In vivo Studies

There are few studies on the RBEs of alpha-emitting radionuclides administered to test animals in
which sufficient time was permitted to allow the incorporation of the radionuclides into tissue. Nine
such in vivo studies were reviewed. Endpoints included hemopoiesis and reproduction in male mice,
mortality of oocytes in mice, lens opacification, and mortality and general injury in the rat. Relatively
high RBE values are generally evident (Table 1). Stannard and Cassaret [21] report a RBE value of 24
for mortality and general injury in the rat. The RBE value for oocyte mortality in mice ranges between
47 and 377, with a best estimate of about 80 to account for the uncertainty in the dose to the tissue due
to the assumption of uniform distribution. The RBE for spermhead survival is much lower (6.4 and
6.7). In comparison, the RBE value for spermhead abnormality is about 245.

The RBE value for effects on hemopoiesis was also investigated in vivo. Of special concern are
radiation effects on hemopoietic stem cells whose propagation is important in combating diseases and
the deleterious effects of environmental contaminants. The results indicate higher RBE values when
the reference radiation was administered continuously (RBE between 250 and 360) than when the
gamma exposure was acute (RBE between 130 and 180) (Table 1).

TABLE 1. RBEs DETERMINED
RADIONUCLIDES IN RODENTS

FOR TISSUE-INCORPORATED ALPHA-EMITTING

Test system RBE Alpha Emitter  Dose Reference

RBE
Spermhead survival 74+24 148Gd-citrate 90 + 29 mGy Howell et al. [22]
Spermhead survival 54+£09 mRa-citrate 124 + 20 mGy Howell et al. [22]
Spermhead survival 4.7 2 bb/Bi/Po 143 £14mGy  Howell etal. [22]
Spermhead survival 6.7+14 ZIOPo-citrate Rao et al. [23]
Abnormal Spermhead 245+23 bo-citrate 1 to 150 mGy Rao et al. [24]
Hemopoiesis 130-180 *  **p, 10 to 14 mGy Jiang et al. [25]
Hemopoiesis 250-360** *¥p, 10 to 14 mGy Jiang et al. [25]
Hemopoiesis 150% 239Pu 10 to 14 mGy Lord and Mason [26]
Oocyte mortality 47-377 2pocl 0.11to 1.8 mGy  Samuels [27]
Lens opacification 4-8 250 mGy Brenner et al. [28]
Lens opacification 1040 50 mGy Brenner et al. [28]
Lens opacification 50-100 10 mGy Brenner et al. [28]
Lethality, general injury 24 ZIOPO Stannard and Cassarett [21]
Spermhead, genetic damage 22-24 239Pu 0.9 mGy/day Searle et al. [29]

* Acute “’Co gamma reference radiation.
** Chronic “*Co gamma reference radiation.
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In a study of in utero hemopoietic sensitivity to an alpha-emitter (Pu-239) in mice administered at
100 kBqkg” bw, Kozlowski et al., [30] estimated an RBE value of 50-100 for the induction of
chromosomal aberrations in bone marrow cells. The doses to the critical tissue in offspring were
estimated to be about 10 mGy (administration on day 6) and 5 mGy (administration on day 13),
whereas dose to maternal bone varied between 420 and 840 mGy. However, despite the apparent in
utero sensitivity of hemopoietic tissue to alpha irradiation, this was not always reflected in incidences
of acute myeloid leukemia. Kozlowski et al., [30] report two studies conducted at doses of 10 to
85 kBq-kg" in which no cases of acute myeloid leukemia were observed in offspring and two other
studies conducted at doses of 5 to 25 kBqkg' in which significant incidences of acute myeloid
leukemia were reported in adults. These studies on the incidence of acute myeloid leukemia in mice at
different ages exposed to alpha-emitters suggest that the RBE for acute myeloid leukemia may not
always be as high as 50-100 found when using the in utero chromosomal aberration endpoint. The
ambiguity in the data on incidences of acute myeloid leukemia suggests, however, that there is
uncertainty in this regard.

Lens opacification was investigated at a range of doses (10 mGy to 250 mGy) and again RBE values
increased with decreasing dose and ranged from 4-8 at 250 mGy to 50-100 at 10 mGy.

The data summarized above were generally obtained in experiments where animals were exposed to
environmentally relevant doses ranging from about 1 mGy to 150 mGy. The reported RBE values
ranged from 6.4 to ~360 and are considered most relevant to the derivation of a RBE weighting factor
because they cover endpoints that are directly affecting reproductive capacity and potential fitness of
the animal (immune function).

3.2.3. Summary of In vitro Studies

In vitro studies have generally been conducted at high dose rates using external radionuclides (i.e. not
incorporated into cells). Of the studies summarized in Table 2, only one study [31] appears to have
been conducted at doses below 1 Gy. In this study doses in the 10-500 mGy range were used and an
RBE of 7 is reported for embryo cell mortality, whereas a value of 60 is reported for morphological
transformations of these cells. Results from cell culture tests at doses above 1 Gy using death of cells
as the endpoint indicate RBE values for alpha particles are in the range of 2 to 10 (Table 2).

The RBE values for genetic endpoints generally have a broader range, from less than 1 for double
strand breaks in hamster ovary cells [32] to >100 for sister chromatid exchange in V79-4 hamster cells
[33] (Table 2). These values are consistent with the view that RBEs for mutation are higher than that
for cell survival observed in other studies [31].

4. RECOMMENDED RBE WEIGHTING FACTOR FOR ALPHA-EMITTERS

Two significant features are evident from the in vivo studies above. First, these studies are in vivo tests
at relatively low doses and dose rates, and hence are much closer to environmental exposure
conditions than in vitro tests, which use very high doses and dose rates. Second, the endpoints used are
critical from the standpoint of the maintenance of a population of organisms (effects on oocytes, sperm
and immune system health). Based on the data presented above, and considering the wide range of
RBE values (<1 to 300) reported in studies using several endpoints and species, it is important to
recommend a weighting factor which will not underestimate potential effects and yet not be overly
conservative. The majority of studies report RBE values <10. However, for ecologically significant
endpoints and at environmentally relevant doses and dose rates higher RBE values of >100 are
reported. It is these environmentally relevant RBEs that should be used for weighting doses from
alpha emitters. The RBE for alpha-emitters from low-dose whole organism and low-dose cell-culture
studies is log-normally distributed with a geometric mean (GM) of 40 and a geometric standard
deviation of 5.2.
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TABLE 2. RBE VALUES FOR ALPHA RADIATION FOR IN VITRO TEST SYSTEMS USING
SEVERAL BIOLOGICAL ENDPOINTS

Test System Endpoint Alpha RBE Reference
Emittar
Human Diploid  chromosome breaks Pu-238 2.16 +£0.13 Bedford and Goodhead
Fibroblasts [34]
Erlich ascites double strand breaks Am-241 2.7+04 Blocher [11]
tumor cells 3.8+ 1.2 (10 Gy)
Rat lung binucleated cells; Radon 652+84* Brooks et al. [35]
fibroblasts micronuclei
Human fibroblasts cell mortality Pu-238 5.2 Chen et al. [36]
RBE = 13.3 and 18 (mutation
frequency)
Human peripheral chromosomal aberrations 15 Schmid et al. [37]
lymphocytes
C3H 10T1/2 cells cell death 4.5 Durante et al. [38]
5.1 (at 80% cell survival)
V79-4 Chinese double strand breaks Pu-238 1.19+£0.18 Jenner et al. [39]
Hamster cells 1.16 £ 0.16 (23 keV-um™)
V79-4 Chinese 10% cell survival Pu-238 53 Jenner et al. [32]
Hamster cells anaerobic = 11.8 £ 0.5
V79-4 Chinese double strand breaks Pu-238 0.68+0.12 Jenner et al. [32]
Hamster cells anaerobic = 3.0
SV40 - gene sequences Pu-238 6 Liicke-Huhle et al. [40]
transformed RBE =1 (Day 6)

Chinese hamster
embryo cells

Syrian Hamster ~ 10% cell survival Radon 7to 12 Martin et al. [31]

embryo cells progeny

Syrian Hamster ~ Morphological Radon 60 to 90 Martin et al. [31]

embryo cells transformation progeny

C3H 10T1/2 cells cell survival Pu-238 4.6t07.9 Roberts and Goodhead
[41]

Chinese Hamster Chromosome damage 15 to 20 Brooks [14]

ovary cells

* in vivo exposure, in vitro measurement

Another consideration is that very few studies have been conducted to investigate the RBE value of
alpha emitters in organisms other than mammals. Information does exist, however, on DNA repair in
some aquatic organisms. The results of these experiments indicate that DNA strand breaks are repaired
but that the time course of repair is slower than in mammals (i.e. days rather than hours) [10]. This has
been attributed to the lower metabolic rates of poikilotherms, such as fish and invertebrates, at low
temperatures [42]. In addition, NCRP [12] concluded that for many plant systems with either greater
DNA content per cell or larger nuclear volumes than mammalian cells, the RBE values tend to be
larger than those observed in mammalian test systems by a factor of two or more. For example, for
cytogenetic effects, the average RBE for plants exposed to low doses of radiation was reported to be
65 £ 5 (average of 23 studies) [12]. These results suggest that a level of conservatism (or safety factor)
is needed in deriving a RBE weighting factor for all biota based on data from mammalian studies.

Given these considerations and that RBE values are higher both at environmentally relevant dose rates
and for ecologically significant endpoints, the GM RBE value of 40 is recommended as the weighting
factor for the assessment of biota chronically exposed to alpha-emitters. This is consistent with
Pentreath and Woodhead [8, 9] who have suggested for provisional application the adoption of a
weighting factor for alpha emitters of about 40. The proposed weighting factor of 40 also falls within
the range of RBE values (40 to 50) reported for life shortening in mice from all causes of death when
the gamma ray dose is administered through continuous exposure [12].

98



(1]

(2]
(3]
[4]

[5]
(6]

(7]
(8]

(9]

[10]

[11]

[12]

[13]

[14]
[15]
[16]
[17]
[18]
[19]

[20]

[21]

REFERENCES

BIRD, G.A., THOMPSON, P.A., MACDONALD, C.R., SHEPPARD, S.C., Ecological risk assessment
approach for the regulatory assessment of the effects of radionuclides released from nuclear facilities, Third
International Symposium on the protection of the Environment from lonising radiation. Darwin, Australia,
22-26 July (2002).

AMIRO, B.D., Radiological dose conversion factors for generic non-human biota used for screening
potential ecological impacts, J. Environ. Radioact. 35 37B51 (1997).

NATIONAL COUNCIL ON RADIATION PROTECTION AND MEASUREMENT, Effects of ionizing
radiation on aquatic organisms. Washington, D.C., NCRP Report No. 109 (1991).

BLAYLOCK, B.G., FRANK, M.L., O’NEAL, B.R., Methodology for estimating radiation dose rates to
freshwater biota exposed to radionuclides in the environment, Oak Ridge National Laboratory, Oak Ridge,
Tennessee (ES/ER/TM-78) (1993).

COPPLESTONE, D., BIELBY, S., JONES, S.R., PATTON, D., DANIEL, P., GIZE, I., Impact assessment
of ionizing radiation on wildlife, U.K. Environment Agency R&D Publication 128 (2001) 222.

UNITED NATIONS SCIENTIFIC COMMITTEE ON THE EFFECTS OF ATOMIC RADIATION,
Effects of radiation on the environment, Vol. V92-53957, UNSCEAR, United Nations, New York, N.Y.
(1996).

KOCHER, D.C., TRABALKA, J.R., On the application of a radiation weighting factor for alpha particles
in protection of non-human biota, Health Phys. 79 (2000) 407—411.

PENTREATH, R.J.,, WOODHEAD, D.S., A system for environmental protection: reference dose models
for fauna and flora, IRPA-10, 10th International Congress of the International Radiation Protection
Association, J. Health Phys. Society (2000).

PENTREATH, R.J., WOODHEAD, D.S., A system for protecting the environment from ionizing
radiation: selecting reference fauna and flora, and the possible dose models and environmental geometries
that could be applied to them, Sci. Tot. Environ. 277 (2001) 33-43.

HARRISON, F.L., KNEZOVICH, J.P., Effects of radiation on aquatic and terrestrial organisms, In:
Radioecology: Radioactivity and Ecosystems (2001 In press).

BLOCHER, D., DNA double strand break repair determines the RBE of a-partibles, Int. J. Radiat. Biol. 54
(1988) 761-771.

NATIONAL COUNCIL ON RADIATION PROTECTION AND MEASUREMENT, The relative
biological effectiveness of radiations of different quality, Recommendations of the National Council on
Radiation Protection and Measurement, NCRP Report No. 104 (1990) 218.

ZHOU, H., SUZUKI, M., RANDERS-PEHRSON, G., VANNAIS, D., CHEN, G., TROSKO, J.E,,
WALDREN, C.A., HEI, T.K., Radiation risk to low fluences of o particles may be greater than we thought,
Pro. Natl. Acad. Sci. USA. 98 (2001) 14410-14415.

BROOKS, A.L., Chromosome damage in liver cells from low dose rate alpha, beta, and gamma irradiation:
derivation of RBE, Science 190 (1975) 1090-1092.

COX, R., THACKER, J., GOODHEAD, D.T., MUNSON, R.J., Mutation and inactivation of mammalian
cells by various ionizing radiations, Nature 267 (1977) 425-427.

GOODHEAD, D.T., THACKER, J., COX, R., Effects of radiation of different qualities on cells: molecular
mechanisms of damage and repair, Int. J. Radiat. Biol. 63 (1993) 543-556.

GOODHEAD, D.T., NIKJOO, H., Track structure analysis of ultrasoft x-rays compared to high- and low-
LET radiations, Int. J. Radiat. Biol. 55 (1989) 513-529.

PRISE, K.M., Use of radiation quality as a probe for DNA lesion complexity, Int. J. Radiat. Biol. 65 (1994)
43-48.

BARENDSEN, G.W., Sublethal damage and DNA double strand breaks have similar RBE-LET
relationships: evidence and implications, Int. J. Radiat. Biol. 63 (1993) 325-330.

BARENDSEN, G.W., RBE-LET relationships for different types of lethal radiation damage in mammalian
cells: comparison with DNA double strand breaks and an interpretation of differences in radiosensitivity,
Int. J. Radiat. Biol. 66 (1994) 433—436.

STANNARD, J.N., CASARETT, G.W., Concluding comments on biological effects of alpha-particle
emitters in soft tissue as exemplified by experiments with polonium-210, Radiat. Res. Suppl. 5 (1964) 398—
434,

99



[40]
[41]

[42]

HOWELL, R.W., GODDU, S.M., NARRA, V.R,, FISHER, D.R., SCHENTER, R.E., RAO, D.V,,
Radiotoxicity of gadolinium-148 and radium-223 in mouse testes: relative biological effectiveness of
alpha-particle emitters in vivo, Radiat. Res. 147 (1997) 342—-348.

RAO, D.V., NARRA, V.R., HOWELL, R.W., GOVELITZ, G.F., SASTRY, K.S.R., In vivo radiotoxicity
of DNA-incorporated '*’I compared with that of densely ionising alpha-particles, Lancet II (1989) 650—
653.

RAO, D.V., NARRA, V.R.,, HOWELL, R.W., LANKA, V.K., SASTRY, K.S.R., Induction of sperm head
abnormalities by incorporated radionuclides: dependence on subcellular distribution, type of radiation,
dose rate, and presence of radioprotectors. Radiat. Res. 125 (1991) 89-97.

JIANG, T.N., LORD, B.I., HENDRY, J.H., Alpha particles are extremely damaging to developing
hemopoiesis compared to gamma irradiation, Radiat. Res. 137 (1994) 380—384.

LORD, B.I., MASON, T.M., On the relative biological effectiveness of alpha-particle irradiation with
respect to hemopoietic tissue, Radiat. Res. 145 (1996) 510-518.

SAMUELS, L.D., Effects of polonium-210 on mouse ovaries, Int. J. Radiat. Biol. 11 (1966) 117—-129.
BRENNER, D.J., MEDVEDOVSKY, C., HUANG, Y., MERRIAN, G.R. JR., WORGUE, B.V,,
Accelerated heavy particles and the lens, VI. RBE studies at low doses, Radiat. Res. 128 (1991) 73-81.
SEARLE, A.G., BEECHEY, C.V., GREEN, D., HUMPHREYS, E.R., Cytogenetic effects of protracted
exposures to alpha-particles from plutonium-239 and to gamma rays from cobalt-60 compared in male
mice, Mutat. Res. 41 (1976) 297-310.

KOZLOWSKI, R., BOUFFLER, S.D., HAINES, J.W., HARRISON, J.D., COX, R., In utero haemopoietic
sensitivity to alpha, beta or x-irradiation in DBA/H mice, Int. J. Radiat. Biol. 77 (2001) 805-815.
MARTIN, S.G., MILLER, R.C. GEARD, C.R., HALL, E.J., The biological effectiveness of radon-progeny
alpha particles. IV, Morphological transformation of Syrian hamster embryo cells at low doses, Radiat.
Res. 142 (1995) 70-77.

JENNER, T.J.,, DELARA, C.M., O’NEILL, P.S.D.L., Induction and rejoining of DNA double strand
breaks in V79-4 mammalian cells following gamma and alpha irradiation, Int. J. Radiat. Biol. 64 (1993)
265-273.

PRESTWICH, W.V.J., NUMES, J., KWOK, C.S., RBE from a microdosimetry approach, Atomic Energy
Control Board, Ottawa, Ontario, AECB INFO-0593 (1995).

BEDFORD, J.S. GOODHEAD, D.T., Breakage of human interphase chromosomes by alpha particles and
x-rays, Int. J. Radiat. Biol. 55 (1989) 211-216.

BROOKS, A.L., MIICK, R., BUSCHBOM, R.L., MURPHY, M.K., KHAN, M.A., The role of dose rate in
the induction of micronuclei in deep-lung fibroblasts in vivo after exposure to cobalt-60 gamma rays,
Radiat. Res. 144 (1995) 114-118.

CHEN, D.J., STRNISTE, J.F., TOKITA, N., The genotoxicity of alpha particles in human embryonic skin
fibroblasts, Radiat. Res. 100 (1984) 321-327.

SCHMID, E., HIEBER, L., HEINZMANN, U.R.H., KELLERER, A.M., Analysis of chromosome
aberrations in human peripheral lympocytes induced by in vitro x-particle irradiation, Radiat. Environ.
Biophy. 35 (1996) 179-184.

SCHMID, E., HIEBER, L., HEINZMANN, U.R.H., KELLERER, A.M., Analysis of chromosome
aberrations in human peripheral lympocytes induced by in vitro x-particle irradiation, Radiat. Environ.
Biophy. 35 (1996) 179-184.

DURANTE, M., GROSSI, G.F. NAPOLITANO, M., PUGLIESE, M., GIALANELLA, G., Chromosome
damage induced by high-LET alpha-particles in plateau-phase C3H 10T1/2 cells, Int. J. Radiat. Biol. 62
(1992) 571-580.

JENNER, T.J., BELLI, M., GOODHEAD, D.T., IANZINI, F., SIMONES, G., TABOCCHINI, Direct
comparison of biological effectiveness of protons and alpha-articles of the same LET, III, Initial yields of
DNA double strand breaks in V79 cells, Int. J. Radiat. Biol. 61 (1992) 631-637.

LUCKE-HUHLE, C., PECH, M. HERRLICH, P., Selective gene amplification in mammalian cells after
exposure to “°Co y rays, **' Am a particles, or UV light, Radiat. Res. 106 (1986) 345-355.

ROBERTS, C.J., GOODHEAD, D.T., The effects of ***Pu o particles on the mouse fibroblast cell line C3h
10T1/2: characterisation of source and RBE for cell survival, Int. J. Radiat. Biol. 52 (1987) 871-882.
ANDERSON, S.L., HARRISON, F.L., Effects of radiation on aquatic organisms and radiobiological
methodologies for effects assessment. U.S. Environmental Protection Agency, Washington, D.C. (Report
No. 520/1-85-016) (1986).

100



2. FRAMEWORKS FOR
ENVIRONMENTAL RADIATION PROTECTION



Radiological protection of the environment

L.-E. Holm

Swedish Radiation Protection Authority, Stockholm, Sweden

Abstract. Protection of the environment is developing rapidly at the national and international level, but there
are still no internationally agreed recommendations as to how radiological protection of the environment should
be carried out. The International Commission on Radiological Protection (ICRP) is currently reviewing its
existing recommendations for human protection. It has set up a Task Group with the aim of developing a
protection policy for, and suggesting a framework of, protection of the environment that could feed into its
recommendations for the beginning of the 21* century.

Although the Task Group has not yet finally decided on the objectives for the environment, these might be to
safeguard the environment by preventing or reducing the frequency of effects likely to cause early mortality,
reduced reproductive success, or the occurrence of scorable DNA damage in individual fauna and flora to a level
where they would have a negligible impact on conservation of species, maintenance of biodiversity, or the health
and status of natural habitats or communities. To achieve these objectives, a set of reference dose models,
reference dose per unit intake and external exposure values will required, plus reference data sets of doses and
effects for both man and the environment. This paper provides a progress report of the work of the Task Group.

1. INTRODUCTION

Environmental protection generally has made substantial progress in philosophy and guidance since
ICRP’s recommendations on radiological protection were published in 1991 [1]. The increasing public
concern about environmental hazards has led to a great number of international conventions and a
variety of national statutory requirements to protect the environment. Radiological protection of the
environment has over the last decade attracted increasing attention. The need to protect the
environment in order to safeguard the future well being of man is one of the cornerstones of the Rio
Declaration [2]. There is today a generally held view that explicit protection should be provided for
non-human organisms and ecosystems also from harmful effects of ionising radiation, and there are
specific legal requirements to do so in many countries.

There is rapid progress of the development of approaches to protect the environment, driven to a large
extent by the needs of national regulators and of international organisations as part of their initiatives
for a sustainable development. ICRP has up till now not explicitly dealt with protection of the
environment, except in those situations where radionuclide levels in non-human organisms were of
relevance for the protection of man. The current view of the ICRP is that “the standards of
environmental control needed to protect man to the degree currently thought desirable will ensure that
other species are not put at risk” [1]. Hence, there is little ICRP guidance as to how radiological
protection of the environment directly should be carried out, or why. There are also clearly situations
where ICRP’s view is insufficient to protect the environment, e.g., where humans are not present or
have been removed, or situations where the distribution of radionuclides in the environment is such
that the exposure to humans would be minimal, but other organisms in the environment could be
considerably exposed.

The Sintra Declaration of the OSPAR Convention for the Protection of the Marine Environment of the
North-East Atlantic [3] emphasises a need to “prevent pollution of the maritime area from ionising
radiation through progressive and substantial reductions of discharges, emissions, and losses of
radioactive substances with the ultimate aim of concentrations in the environment near background
levels for naturally occurring radioactive substances and close to zero for artificial radioactive
substances”. It has been agreed that environmental quality criteria should be developed in order to do
this, and progress in this area to be reported by the year 2003. The International Atomic Energy
Agency (IAEA) has addressed environmental protection in several documents, and has recently
published a report on ethical considerations in protecting the environment from the effects of ionising
radiation [4]. The Nuclear Energy Agency (NEA) of the Organisation for Economic Co-operation and
Develompent has pointed out the need to clarify ICRP’s current view on environmental protection [5].
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NEA recently arranged an international forum on protection of the environment, and is planning to
organise another two meeting over the newxt two years. The International Union of Radioecology
(IUR) organised a consensus conference on the protection of the environment in 2001. The consensus
statement included the following principles: Humans are an integral part of the environment, and
whilst it can be argued that it is ethically justified to regard human dignity and needs as privileged, it
is also necessary to provide adequate protection of the environment. In addition to science, policy
making for environmental protection must include social, philosophical, ethical (including the fair
distribution of harms/benefits), political and economic considerations. The development of such policy
should be conducted in an open, transparent and participatory manner. The same general principles
for protection of the environment should apply to all contaminants.” [6]. At a national level,
authorities are introducing legislation to protect the environment from harmful radiation effects. There
is thus a risk that this may lead to different scientific and social approaches and make harmonisation
with other systems used for environmental protection difficult.

ICRP has set up a Task Group with the aim of developing a protection policy for, and suggesting a
framework of, environmental protection in order to feed into the Commission’s recommendations for
the beginning of the 21* century [7]. The Task Group consists of six persons from Canada, Norway,
Russian Federation, Sweden, UK, and USA. In addition, there are 21 corresponding members from 12
countries, European Union, UNSCEAR (FN:s stralningskommitté) and Greenpeace (Table 1).

TABLE 1. MEMBERS AND CORRESPONDING MEMBERS OF THE ICRP TASK GROUP ON
PROTECTION OF THE ENVIRONMENT

Members: Corresponding Members: C.-M. Larsson, Sweden
L.-E. Holm (chairman), Sweden F. Brechignac, France I. Likhtarev, Ukraine
R. Alexakhin, Russian Federation D. Cancio, Spain C. Mothersill, Ireland
J. Pentreath, UK S. Carroll, Greenpeace C. Robinson, IAEA
K. Shrader-Frechette, USA International S. Sadasivan, India
P. Strand, Norway M. E. Clark, USA S. Saint-Pierre, France
P.-A. Thompson, Canada S. Domotor, USA R. Saxén, Finland
F. Fry, UK A. Shpyth, Canada
K. Fujimoto, Japan S. Sundell-Bergman, Sweden
N. Gentner, UNSCEAR D. S. Woodhead, UK
G. Hunter, EU H. Yang, China
A. Janssens, EU A. Zapantis, Australia

2. WHY DO WE NEED A SYSTEM TO PROTECT THE ENVIRONMENT?

The increasing public concern over environmental hazards has led to a variety of national statutory
requirements for environmental protection, and the importance of explicit radiological protection of
other living organisms is also acknowledged. The human habitat has probably been afforded a fairly
high level of protection through the application of ICRP’s current system of protection. However, it is
impossible to convincingly demonstrate that the environment will be adequately protected in different
circumstances, since there are no explicit sets of agreed assessment approach, criteria, standards or
guidelines with international authority or endorsement. This is leading to different national approaches
and makes harmonisation with other systems used for environmental protection difficult.

Different approaches have also been made to address directly in a wider context the many questions
raised with respect to the application of the Commission’s current statement on environmental
protection. These include:

—  Arguments that because humans are protected, therefore all other environmental components are
protected;
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—  Calculations to demonstrate that, in hypothetical situations and if radionuclide concentrations in
the environment are such that humans would not receive more than 1mSv a”, other organisms
would receive dose-rates that are lower than those likely to cause harm at the population level

(8]
—  Derived environmental concentrations in a tiered approach, based on environmental dose rates
considered safe [9];

—  Target dose rates that have been developed for biota based on an ecotoxicological approach
including application of safety factors [10];

—  The development of a hierarchical system for protection to provide ‘derived consideration
levels’ that could be used to help decision making in different situations [11,12]; and,

—  Attempts to produce systematic frameworks for assessing environmental impact of radiation in
specific ecosystems, including the EC projects Framework for Assessment of Environmental
Impact (FASSET) and Environmental Protection from lonising Contamination in the Arctic
(EPIC) [13].

The question whether or not radiation experts want to protect individuals, populations, or ecosystems
is becoming less important, because a growing number of animals, plants, areas, and habitats are
already afforded legal protection from harm from all kinds of activities, including radiation. Many
species are also protected at the individual level. At the national level there is also often the
requirement to address environmental protection transparently through environmental impact
assessments, in order to demonstrate compliance with existing legislation.

There are several reasons why ICRP needs to consider its future involvement with regard to protection
of the environment. These include:

—  the need to demonstrate that the principles of radiological protection are consistent with existing
international principles and recognise the inter-dependence of humans and the environment;

— the need for operators and regulators to demonstrate compliance with existing environmental
requirements;

— the need to provide advice with respect to intervention situations; particularly where the
potential for human exposure is minimal or where action to protect people has already been
undertaken;

— the need to demonstrate explicitly how knowledge of the potential extent of radiation effects on
the environment can be used to inform stakeholders.

It is not for ICRP itself to derive an ethic upon which environmental protection should be based, as
others have already done this on behalf of society as a whole. There is sufficient evidence to indicate
the level of interface required between general knowledge of radiation effects and the requirements of
environmental protection. There also exists overwhelming demand and sufficient information for this
to begin now.

A system of protection is necessary to enable frequent reviews of what we know and do not know
about radiation doses and effects on different organisms. It should be applicable to all situations and
allow a systematic approach to the derivation and revision of the different parameters that it contains
[11,12]. Some basic elements of a system for the protection of the environment are:

— aclear set of objectives and principles;

— an agreed set of quantities and units;

— areference set of dose models for a number of reference fauna and flora;
— areference set of values to estimate radiation exposure;

—  abasic knowledge of radiation effects;

— ameans of demonstrating compliance; and

—  regular reviews and revisions as new knowledge develops.
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3. A COMMON APPROACH FOR HUMANS AND THE ENVIRONMENT

It will not be possible to provide a general assessment of the radiation effects on the environment as a
whole. Instead, the ICRP Task Group uses the approach proposed by Pentreath [11,12], which is based
on reference sets of dosimetric models and environmental geometries, applied to one or more
reference sets of fauna and flora. This would allow judgements to be made about the probability and
severity of radiation effects, as well as an assessment of the likely consequences for either individuals,
the population, or for the local environment.

The Task Group recommends that the radiation-induced biological effects in non-human organisms be
summarised into three broad categories: early mortality, reduced reproductive success, and scorable
DNA damage (e.g., mutations, aberrations, etc.) in order to simplify and enable the development of a
management framework. These categories comprise many different and overlapping effects and
recognise the limitations of our current knowledge of such effects.

Calculations of radiation dose require a consistent set of reference values to describe the anatomical
and physiological characteristics of an exposed individual. These reference values for tissues and
organs define a reference individual. For humans, Reference Man [14]) has been the primary reference
for dose assessments for several decades, supported by secondary sets of data for a foetus, a child etc.
For environmental protection, a set of primary Reference Fauna and Flora has proposed that could
serve as typical ‘hypothetical’ representatives of animals and plants [11]. A possible set of reference
dose models and environmental geometries for them has also been suggested [14], along with the
concept that secondary and less complete data sets could also be compiled to reflect different fauna
and flora of relevance for specific environmental situations. The Task Group supports this approach.

Reference organisms are not intended to describe an ‘average’ individual of a specified group. The
purpose is rather to create a standard and a point of reference for the procedure of dose estimation. A
reference fauna and flora contains various components, and the selection criteria for these primary
reference organisms will include many scientific considerations [12]. The reference organisms should
be ‘typical’ of different habitats and have public or political recognition. It contains reference dose
models for different terrestrial and aquatic animals and plants, and reference dose per unit intake
(look-up tables), a few ‘effect’ end points, ‘Derived Consideration Levels’, and primary and secondary
reference fauna and flora. Such a system would make best use of existing data on doses and effects in
other organisms and would also identify data gaps for further research.

The ICRP Task Group intends to propose a system for radiological protection of the environment, that
is harmonised with the principles for the radiological protection of humans along the lines described
above. This system will be designed so that it can be integrated with methods that are already in use in
some countries. The objectives of a combined approach to the radiological protection of humans and
the environment might be to:

—  to safeguard human health by:

o preventing the occurrence of deterministic effects;
o limiting stochastic effects in individuals and minimising them in populations; and

—  to safeguard the environment by:

o preventing or reducing the frequency of effects likely to cause early mortality, reduced
reproductive success, or the scorable DNA damage in individual fauna and flora to a level
where they would have a negligible impact on

. conservation of species, maintenance of biodiversity, or the health and status of natural
habitats or communities.

A common approach to the achievement of these objectives could be centred on a set of reference dose
models, reference dose per unit intake and external exposure values, plus reference data sets of doses
and effects for both humans and the environment. The variety of dose models needed for such
reference organisms will depend upon the biological effects, and a hierarchy of dose model
complexity has been suggested by Pentreath & Woodhead [15]. Such models have already been used
and form the basis of the current studies in the EC-project FASSET [13].
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4. DOSE CONSIDERATION LEVELS

ICRP is currently discussing an approach to protect humans based on Bands of Concern and
Protective Action Levels with reference to background dose rates (6). This idea is similar to the
concept of Derived Consideration Levels that has been proposed for fauna and flora to guide the
consideration of different management options [11,12]. There are only two factors upon which to
assess the potential consequences for fauna and flora: natural background dose rates, and dose rates
known to have specific biological effects on individuals. Bands of Derived Consideration Levels for
reference fauna and flora could be compiled by combining information on logarithmic bands of dose
rates relative to normal natural background dose rates plus information on dose rates that are known to
have an adverse biological effect.

Other factors would also have to be taken into account, particularly with regard to the scale of the area
affected in terms of elevated dose rates, and the specific nature of the fauna and flora that lived within
it. This would also define the boundary between radiation protection expertise and the need for advice
that would be provided by others, depending upon the circumstances of the situation. An example of
what the Derived Consideration Levels might be for a reference organism is shown in Table 2.

TABLE 2. DERIVED CONSIDERATION LEVELS FOR A REFERENCE ORGANISM (BASED
ON [12])

Relative Dose Rate Likely Effect on Individuals  Aspects of concern
>1000 normal Early mortality Possible remedial action considered
> 100 normal Reduced reproductive Concern dependent on what fauna and flora, and their
success numbers, likely to be affected
>10 normal Scorable DNA damage Consider action?
Depend on faunal type?
Normal background No action considered
< Normal Low-trivial No action considered

Whereas dose rates higher than background would be of increasing concern. One advantage of this
approach is that for any given spatial and temporal distribution of radionuclides, one should be able to
estimate both the relevant bands of concern with respect to both members of the public (based on
Reference Man or ‘secondary’ data sets) and the environment (based on primary or secondary
Reference Fauna and Flora). These two concepts would be independent of each other, although
derived in a complementary manner, and they would each be related to the same concentration of a
specific radionuclide, within a specific environmental material, at any particular site (Figure 1).

5. DISCUSSION

A systematic approach is needed in order to provide high-level advice and guidance for protection of
the environment. This should ideally include a clear set of principles and objectives; an agreed
terminology (particularly with regard to quantities and units); reference dose models and related data
sets to estimate exposures; biological end points (radiation effects); data relevant to the needs of
environmental protection; guidance on the practical application of the system; plus clear ownership
and management of review and revision processes in the light of new data and interpretations.

Given the speed with which radiological protection of the environment is developing, and the lack of
any systematic and structured approaches that have wide support, there are strong expectations from
many quarters on the ICRP to act. No doubt, ICRP is the organisation that is best placed for providing
guidance that could be globally accepted and that could combine radiological protection of humans
and of the environment into a coherent framework. This would require that the ICRP system for
assessments be expanded to incorporate the environment, that a system for evaluation of
environmental risks is developed, and that a new system for managing environmental risks be formed.
In the latter case, the ICRP must recognize its appreciation of developments in other fields.
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Informed policy & management decision making with regard to public
health & environmental protection for the same environmental situation

FIG. 1. Developing a common approach for the radiological protection of man and the environment
(based on [12]).

If the ICRP were to widen its scope of activities and address directly radiological protection of all
living organisms, international and national authorities would welcome such a commitment. ICRP has
a long experience on which such a system of protection could be built. This would add credibility both
to the environmental protection among those working with radiation and to ICRP among those
working with other sectors of environmental protection. For the regulators and the industry, an ICRP
initiative would increase the possibilities of demonstrating compliance with environmental
requirements relating to release of radionuclides into the environment. It would also provide advice in
intervention situations on how to deal with questions relating to certain segments of the environment.
Finally, it could also be used to inform stakeholders and help bring the radiological protection more in
line with the regulation of other potentially damaging industrial practices or of other contaminants
associated with practices of interest to ICRP.

For ICRP, another consequence would be the need to demonstrate its commitment for environmental
protection. This commitment must be reflected in the organisation of the Commission’s work and in
the composition of experts. It would require expertise in radioecology, radiobiology, ecotoxicology,
dosimetry to deal with issues relating to the environment, such as estimating exposures, identifying
data on biological effects and developing dose models for reference organisms.

ICRP’s system of protection has evolved over time as new evidence has become available and as our
understanding of underlying mechanisms has increased. Consequently the Commission’s risk
estimates have been revised regularly, and substantial revisions are made at intervals of about 10-15
years. It is therefore likely that any system designed for the radiological protection of the environment
would also need time to develop, and similarly be subject to revision as new information is obtained
and experience gained in putting it into practice.
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Development of an international framework for the protection of the
environment from the effects of ionizing radiation

C.A. Robinson

Division of Radiation and Waste Safety, International Atomic Energy Agency, Vienna

Abstract. The International Atomic Energy Agency (IAEA) has established a programme of work to develop
safety standards related to the protection of the environment from the effects of ionizing radiation, in
cooperation with other national and international organizations undertaking related work. The focus for the
IAEA work has been on the identification of the ethical basis and the corresponding protection principles for
environmental protection in general and with application to radiation in particular. This paper will provide a
summary of progress.

Three representative ethical viewpoints have been considered that reflect the spectrum of views on the
environment and man’s interaction with it — anthropocentric, ecocentric and biocentric ethics. Five broad
principles have been identified that are incorporated in international legal instruments, and thus represent a
consensus reached by signatories from many different cultural and ethical backgrounds. These are:
sustainability, maintenance of biodiversity, conservation, environmental justice, human dignity. The identified
protection principles are discussed in the light of the representative ethical viewpoints.

In order to develop a practical framework for assessing the impact of ionizing radiation on the environment, it is
necessary to link measurable components of the five principles with scientific information relating to radiation-
induced changes. Four types of effect have been considered (morbidity, mortality, reduction in reproductive
success and scorable cytogenetic effects), all of which are relevant to each of the above protection principles. In
order to assess the impact of radiation on the environment, and to make decisions about its protection, it is
necessary to relate these effects to measurable environmental quantities and this is the subject of on-going
research by other organizations.

The implications of both the identified principles and current scientific knowledge on the effect of radiation on
living tissue for the development of radiation protection philosophy is discussed. Factors affecting the choice of
measurable endpoints and approaches to develop a framework to aid decision-making environmental radiation
protection are explored.

1. INTRODUCTION

The International Atomic Energy Agency (IAEA) has had a programme of work on the assessment of
the effects of ionizing radiation on species other than man for a number of years. In 1979, IAEA
published, in its Technical Reports Series No. 190, 4 methodology for assessing impacts of
radioactivity on aquatic ecosystems [1]. A subsequent report, [AEA Technical Report Series No. 288
(1988) on Assessing the Impact of Deep Sea Disposal of Low Level Radioactive Waste on Living
Organisms [2] discussed the doses to a number of ‘typical’ marine species living at or near the sea
floor. Both of these reports were prepared to provide guidance on setting limits on the practice of
dumping at sea, which has since been abandoned. However, significant elements of the procedures and
data adopted remain valid. In 1992, IAEA published its Technical Reports Series No. 332, on Effects
of lonizing Radiation on Plants and Animals at Levels Implied by Current Radiation Protection
Standards [3], based on a similar approach, which considered the impacts of radionuclide releases on
terrestrial and freshwater environments.

During the last few years, there has been an increasing awareness of environmental issues, evidenced
by the growing number of national and international legal instruments that relate to environmental
protection. The Rio Declaration of 1992 [4] was a particularly significant step in this regard; it
contains a total of 27 Principles, many of which relate explicitly to environmental protection. This
change of attitude is also reflected in the IAEA Safety Fundamentals for Radioactive Waste [5],
published in 1995, which includes the principle: “Radioactive waste shall be managed in such a way
as to provide an acceptable level of protection of the environment”. As a consequence of the need to
provide additional guidance on the practical application of this principle, the IAEA has been working
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towards the development of an international environmental protection framework, that will form the
basis of additional safety standards.

In 1999, IAEA-TECDOC-1091, Protection of the Enviromnment from the Effects of lonizing
Radiation [6], was published, with the aim of stimulating a discussion of the issues that will need to be
resolved in developing guidance on this subject. This report provided the basis for discussion at the
IAEA Specialists Meeting, held in 2000. In parallel, a series of expert meetings were held to develop
draft guidance, paying particular attention to an elaboration of the ethics and principles underlying
environmental protection, and their implications for the development of an approach for radiation.
This material was discussed at a second Specialists Meeting, held in November 2001, and provided the
basis for IAEA-TECDOC-1270, Ethical Considerations in Protecting the Environment from the
Effects of lonizing Radiation (2002) [7].

This paper provides a status report on the development of IAEA Safety Standards on protection of the
environment from the effects of ionizing radiation. The ethical bases and the protection principles,
discussed in Reference [7], are presented. The way in which these issues may be incorporated within
developing future guidance is then discussed, drawing particular attention to the results of the
discussions at the IAEA Specialists Meetings, held in the years 2000 and 2001.

2. IAEA-TECDOC-1091

IAEA-TECDOC-1091 [6] was published in 1999, and provided the first step towards the development
of an internationally accepted philosophy and methodology for protecting the environment against
ionizing radiation. The report reviewed various related issues and examined possible approaches to
establishing criteria. It was intended to stimulate discussion on the subject in Member States. The
following general conclusions were drawn:

(1)  Although the ICRP approach is used in many countries for protection of the environment,
several countries recognize the need to develop guidance and criteria to explicitly demonstrate
that the environment is protected;

(2) There is, as yet, no clear consensus on what guidelines, endpoints or targets may be used as a
basis for environmental protection, but a number of ideas were put forward in Reference [6];

(3) The extent of knowledge on the effects of radiation on organisms other than man is considered
to be sufficient to move forward on this subject;

(4) Approaches and criteria for the protection of the environment from the effects of ionizing
radiation should be developed to take account of approaches taken for other environmental
pollutants;

(5) In order to reduce uncertainties and achieve greater confidence that criteria will provide the
desired level of protection, improved knowledge is required in certain areas.

3. DISCUSSIONS AT THE IAEA SPECIALISTS MEETING, 2000

The issues raised in the above report were discussed further at the IAEA Specialists Meeting, which
took place at the IAEA Headquarters in Vienna, 29 August — 1 September 2000 [8]. Around 60
participants attended this meeting from 22 TAEA Member States and 2 international organizations. It
provided an opportunity for information exchange, on work in progress, and for discussion of key
issues, and represented a significant step towards the development of an international consensus. The
following detailed agreements were reached:

— It was agreed that high priority should be given to developing, in a systematic way, an
international system of protection for the environment. In addition, the participants agreed that
the objectives of environmental protection are to minimize unnecessary impacts on the
environment and to ensure that biodiversity was maintained and ecosystem function sustained.

—  Standards and criteria should be developed which provide a transparent basis for determining
whether environmental protection is adequate. It was accepted that protection of the population
is generally the main focus for environmental protection, recognizing that the overall objective
is to protect the ecosystem or environment. However, effects at the population or higher levels
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of organization are the result of effects on the individual. Thus, it may be reasonable to consider
population and individual effects as two measures of protection.

—  Absorbed dose was regarded as the best measure of impact. Environmental concentrations,
while valuable as secondary measurable quantities, do not allow the relative impacts of different
radionuclides to be taken into account. The development of generic or reference organisms, for
dosimetry purposes, was supported. It was stressed that the level of conservatism implied by the
models should correspond to the level of analysis.

4. IAEA-TECDOC-1270

Following the above conclusions of IAEA-TECDOC-1091 [6], and the discussions and
recommendations of the Specialists Meeting, [AEA work on this subject continued by focusing on the
ethics and principles underlying environmental protection. The objective of this work has been
twofold; to provide a firm basis on which to develop a practical protection system and, by exploring
the implications of a range of ethical views, to determine the extent to which a universal approach
would be viable. The results of this work are outlined in I[AEA-TECDOC-1270 [7], and the key
features that have an influence on the future development of a protection system are outlined below.

4.1. Scientific background

It is known that detrimental effects on biota can be observed at radiation doses and dose rates
considerably above those that occur naturally. Indeed, much of the current basic knowledge about the
molecular and cellular mechanisms of radiation damage has come from studies with both animals and
plants. Some detrimental effects (termed deterministic effects) are manifest in individuals when the
radiation dose absorbed by the organism exceeds some threshold — cell killing and resultant tissue
damage, for example. Other detrimental effects (termed stochastic effects) are manifest by an increase
in the frequency of their occurrence, in a population, with increasing dose. Examples of such effects
are the development of cancer in some animals, or mutation in the genome. A consequence of both
deterministic and stochastic effects is that the lifetime of some organisms will be shortened,
reproductive ability may be reduced, and the genome may be adversely affected. Were sufficient
numbers of organisms in a given species to be affected in these ways, changes in populations could be
manifest, and any given ecosystem perturbed.

Reviews of environmental radiation levels and radionuclide concentrations, and of the effects of
radiation on biota, exist, notably by the United Nations Scientific Committee on the Effects of Atomic
Radiation [9, 10] However, uncertainty remains about the actual radiation doses experienced by
natural biota throughout their lifetimes, due partly to insufficiencies in the present dosimetiric
methods. There is also no coherent model for predicting the likelihood of deterministic and stochastic
effects that can be applied in a generic way for individual members of species, for populations, or
whole ecosystems. The current situation is that assessments of the significance for health, competitive
capabilities, and reproductive success of biota, resulting from anthropogenic additions to their
radiation exposure, rely on compendia of empirical data on the relationships between deterministic or
stochastic effects and radiation doses. There would be value in developing a more systematic and
internationally agreed procedure.

4.2. Ethical diversity

The IAEA is an inter-governmental organization comprising over 130 Member States, from all parts of
the world. The IAEA membership thus represent a wide variety of cultural backgrounds that will
affect the way in which nature is viewed, both by individuals and society, and the way in which
‘protection’ is interpreted and implemented. In an effort to understand the impact of these differences,
an IAEA expert group undertook to identify a representative range of environmental ethics and to
explore the relationship of these different ethics to ‘norms’ included in legal instruments related to
environmental protection.
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The most fundamental ethical divergence is between anthropocentrism and non-anthropocentrism.
Proponents of anthropocentrism regard human beings, their life and experiences as the only or main
thing of moral standing. In this case, environmental protection is considered to be important only in so
far as it affects humans [11, 12]. Advocates of non-anthropocentrism reject the assertion that moral
value can be derived and justified only in terms of human interests, and offer a variety of alternative
bases for moral value. Two different were identified to represent the range of non-anthropocentric
outlooks were discussed — biocentrism and ecocentrism [13].

Biocentrism (literally ‘life-centered’) has been broadly defined as an ethical outlook in which it is
asserted that moral standing can be derived from a particular biological characteristic of individual
members of a species. A necessary consequence of all biocentric outlooks is a recognition that
individual life forms other than humans can have value in themselves, and should be respected for
what they are. Since biocentrism is focused on individuals rather than the diversity of species, these
outlooks have also been described as an ‘individualistic’ environmental ethic [13—15].

Proponents of ecocentrism reject the assumption that morally-relevant value can be derived only from
some biological attribute of individual organisms. Ecocentrists regard diversity of species, ecosystems,
rivers, mountains and landscapes as having value in themselves, even if they do not affect the welfare
of humans or other individual members of non-human species [13, 16, 17]. All ecocentrists attach
particular value to the diversity, dynamics and interactions within a healthy ecosystem, but differ in
their views on the cause of and solutions to modern environmental problems. The general concern for
the biotic and abiotic community as a whole [18], leads to the alternative classification of the
ecocentric outlook as an ‘holistic’ environmental ethic [13, 15].

4.3. Environmental protection ‘norms’

There is now a greater concern for other forms of life, for nature and the environment in general,
evidenced by a number of recent international legal instruments, of which the Rio Declaration on
Environment and Development of 1992 [4] is the most obvious. Thus, while there exists a diversity of
ethical outlooks, international agreement has been reached on a number of ‘norms’ that relate to the
environment and its protection. A number of such ‘norms’ or principles are identified, in Reference
[7], which would be of relevance in developing consistent principles for the protection of the
environment from ionizing radiation, as discussed below.

Early concern relating to the natural world centred around the loss of individual species or of unique
natural areas, making conservation and preservation the major focus of concern. This is still an
environmental protection principle, particularly for rare or threatened species or areas. However, a
greater understanding of the highly complex inter-dependence of wildlife has led to recognition that
conserving individual species is not sufficient in itself, and an additional focus for protection has
evolved; biological diversity or ‘biodiversity’. There are three elements to biodiversity: the diversity
of habitats (or of ecological complexes); the diversity of species; and the diversity of the genetic
variability within each species. The Rio Declaration on Environment and Development in 1992 [4]
includes the maintenance of biodiversity, and the status of this concept as a central principle of
environmental protection is confirmed by the existance of a specific legal instrument; the Convention
on Biological Diversity [19].

The Rio Declaration [4] also incorporates the idea of sustainable development, of which
environmental protection is said to constitute an integral part. It commits States to ‘cooperate
to...conserve, protect and restore the health and integrity of earth’s ecosystem’, which may be
considered as an implicit inclusion of the concept of maintenance of biodiversity. Furthemore,
development must be fulfilled to meet, equitably, “.. developmental and environmental needs of
present and future generations.” — this emphasises the importance of inter-generational equity.

Sustainable development and the Rio Declaration [4] also address aspects of human rights. In
environmental protection decision-making, such issues are important. For example, some human
interests will be in opposition to the need to protect other species, bringing human rights and ‘norms’
related to justice into play. For example, liability and compensation for environmental damage or
stress, is also included in the principles of the 1992 Rio Declaration [4], developed into the concept of
‘environmental justice’ in IJAEA-TECDOC-1270 [7]. The Rio Declaration also requires that ‘...each
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individual shall have appropriate access to information concerning the environment that is held by
public authorities...’. More generally, human rights are a cornerstone of the Charter of the United
Nations [20], and the concept of informed consent, and the implied need to account for different views
when making decisions is discussed in Reference [7] under a general heading of ‘human dignity’.

4.4. Application of protection ‘norms’ or principles

The impact of ionizing radiation on biota may be assessed in terms of the first of the three ‘norms’ or
principles discussed above [7]; conservation, maintenance of biodiversity and sustainable
development. The ‘development’ aspects of sustainable development are, however, beyond the scope
of radiation protection. For this purpose, those aspects that deal with biodiversity and inter-
generational equity are discussed under a heading of ‘sustainability’ [7]. The principle of sustainability
thus implies that impacts on future generations and productivity are of particular concern and that the
quality of the environment should not be diminished over time. While maintaining biodiversity and
conservation (or habitat protection) are important considerations in their own right, they are also
essential features of the application of the principle of sustainability.

These principles can be used in combination with scientific information, relating to deleterious effects
of ionizing radiation and the scale of such effects (exposure or dose rate), as part of an assessment
framework to evaluate the possible impact of radiation on the environment or biota within it.Under
normal circumstances, the primary impact of ionizing radiation is on living tissue. Thus, the main focus
for protection of the environment from the effects of ionizing radiation is likely to be on the protection
of biota. Furthermore, it is concluded in Reference [7] and elsewhere [21, 22] that the principal
biological impacts that may have an impact on these principles are: radiation-induced early mortality,
increased morbidity, reduced reproductive success and possible deleterious hereditary effects.

In making environmental management decisions, there is a need to balance various interests. The two
other principles — those related to human dignity and to environmental justice — inform such
judgements. Human dignity provides support for preference to be given to human interests, relative to
those of biota, but it also acts to support the idea that those affected should be involved in the
decision-making process (informed consent). The principle of environmental justice allows both the
distribution of benefit and impact to be taken into account, and for potential compensation for
environmental damage incurred.

Although included in international legal instruments, the ideas encompassed by the above principles
will clearly be given a different priority, depending on cultural and ethical backgrounds. An
anthropocentric would, presumably, place a high weight on human dignity and environmental justice,
and while the interests of sustainability may be of central interest in developing a protection approach,
the primary motivation — of ultimately protecting humans — will be different from those with an
ecocentric viewpoint. These differences may lead to differences in the detailed application of the
principles, particularly in trade-off situations.

5. DISCUSSIONS AT THE TAEA SPECIALISTS MEETING, 2001

This meeting was of a similar format to the previous one and again provided an opportunity for both
information exchange and detailed discussion. It was attended by around 60 experts, this time drawn
from 19 Member States and 6 international organizations. Three Working Groups were established
and the main conclusions of each group is outlined [23].

5.1. General environmental protection principles

It was agreed that the ethics and principles, outlined above and in Reference [7], are a reasonable basis
for developing a framework for protection of the environment, although it was recognized that there
was a need to distinguish the concept of the protection of biota from that of the environment, which
includes abiotic components. However, it was agreed that the initial focus for environmental radiation
protection should be on biota.
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Harmonization of the approach adopted to protect the environment from radiation with those for
chemicals was seen as being desirable. It was also suggested that the concepts and tools (such as the
precautionary approach and ALARA), incorporated in different protection systems, should be
considered so that those best suited to a framework for protection of biota from radiation could be
identified and incorporated as appropriate.

5.2. Application and specification of endpoints

In order to develop a practical framework for assessing the impact of ionizing radiation on the
environment, it is necessary to link measurable components of the five principles with scientific
information relating to radiation-induced effects in biota. It was agreed that the four effects or
protection endpoint categories discussed above (early mortality, morbidity, reduced reproductive
success and deletarious hereditary effects) provided a useful basis. Further, it was recognised that an
assessment of the potential impact of levels of radionuclides on biota also requires the effects data to
be related to measurable environmental quantities. The most directly useful quantity is likely to be an
environmental dose rate, but the need for other measurable quantities is also recognized for a number
of reasons, for example for research or for early-warning purposes.

In developing standards and criteria for compliance, it is important to allow for the fact that scientific
information is only one input into decision-making, socio-political issues related to ‘acceptability’ are
also relevant.

For biota, the concept of dose is not yet fully developed; radiation weighting factors and tissue
weighting factors for the relevant protection endpoints are necessary. An international consensus on
this issue would be valuable.

Although the focus for consideration was on the effects of ionizing radiation, it was recognized that
exposures to other stressors might modify the response to radiation, and therefore the combined effects
of radiation in the presence of other stressors should ideally be taken into account.

5.3. Selection of reference biota

The choice of biota and habitats is, to some extent, determined by environmental protection principles,
and the ecological hierarchy that is considered to be the focus for protection. This may also be defined
by specific legislative commitments. It was agreed that the reference organism approach is a
reasonable basis on which to develop a generic framework to protect biota from the effects of ionizing
radiation. In accepting this, it was recognized that effects on higher levels of organization (e.g.
populations) occur only if individual organisms are affected, and that effects data are generally
available for individuals rather than higher levels of organization. The need for further information on
the extrapolation of individual effects to higher levels of organization was also identified.

The general features of the ecosystem and organism, that are of importance in defining the target for
assessment, may be identified. A list of criteria for selecting reference organisms was developed,
which addressed societal demands, ecological characteristics, and technical aspects [23].

It was recognized that a reference organism approach can be integrated within a tiered system, for
example to demonstrate regulatory compliance, although the way in which effects data are
incorporated in the compliance assessment may vary between different countries. A tiered approach
provides flexibility; ability to iterate through the evaluation process, and to address multiple
environmental assessment scenarios and user needs.

6. FURTHER DEVELOPMENT OF A PROTECTION APPROACH

Following on from these meetings and publications, work has continued towards the specification of
the components of a protection framework. In doing so, it is recognized that scientific information is
only one input into decision making, and the acceptability of ‘risk’ is essentially a socio-political
decision. The overall approach should therefore provide a transparent scientific assessment that is
input to decision-making and management. The way in which criteria are included in such a system is,
at present, open to question. A preliminary illustration of a step-wise process is demonstrated in
Figure 1.
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FIG. 1. Preliminary illustration of the components of an approach for environmental radiation protection.

The first step, planning, entails the identification of the legal and technical basis for further assessment.
It is at this stage that the purpose of the assessment is characterised — for example, whether the
assessment is to support pollution control decisions or in another context, perhaps in regard to nature
conservation legislation. Different requirements may yield different assessment endpoints.

The processes involved in undertaking an impact assessment may be characterised by three basic
steps; problem formulation, assessment and risk characterization. The first of these steps is largely an
information gathering exercise, on the basis of which it is possible to scope the scale of assessment
needed, determine whether additional research is required to address the assessment requirements, and
to allow more detailed planning of the assessment. Issues considered here may include a consideration
of whether an assessment based on a generic reference organism approach is sufficient for the purpose,
or whether a more site and environment-specific approach is called for.

The next stage in this process is the assessment itself, which involves an analysis of exposures and
possible effects. Exposure analysis includes taking account of environmental transfers and an
evaluation of the doses to representative organisms, defined during the previous stages. The effects
analysis stage takes account of the information that relates exposure and dose to effects. It would
generally be expected that these effects would relate to the principles outlined above. The final stage
of the assessment process is termed ‘risk characterizatoion’, which entails the presentation of the
results within the assessment context. It may involve, for example, a prediction of the dose rate to a
certain organism, together with information about the uncertainties and limitations implied by the
assessment. Alternatively, different protection options may be categorised in terms of the potential
effects on a range of organisms. Thus, this stage could include comparison with a criterion or standard,
but a judgement on the acceptability or otherwise of the assessed impact, forms part of the
management stage, together with choices about the appropriate actions to take as a result.

The final stage in this process is decision and management. The issue of acceptability is related to the
five principles described above. The relative importance of each of these principles, and the way in
which they are incorporated in national legislation and regulations will vary as a result of the
prevailing cultural influences, as discussed above. Criteria, used as a measure of acceptability, may
also arise from different types of requirement. Two main categories of requirement can be identified;
pollution control and nature conservation. In the first, the criteria will relate to inputs into the
environment, while in the later case, specific requirements related to the environmental status or the
total impact of man’s activities on particular species may be called for.
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7. CONCLUSIONS

It is necessary to develop an international approach to address the protection of the environment (or
biotic components of it) from the effects of ionizing radiation. This development should take account
of, but should not be restricted by, the current state of knowledge. It is recognized that, under normal
circumstances, the main direct impact of ionizing radiation on environmental media is due to its inter-
action with living tissue. Thus, the assessment of effects on biota is likely to be the primary focus of a
framework for protection of the environment from ionizing radiation.

There is a consensus emerging that the principles discussed above provide a reasonable basis for the
development of a framework for environmental protection [23, 24]. Although not mutually exclusive,
they incorporate quite distinctive features that are important to retain. In order to develop a practical
framework for assessing the impact of ionizing radiation on biota, it is necessary to link the five
principles with scientific information relating to radiation-induced changes. Four types of effect have
been considered to be relevant (morbidity, early mortality, reduced reproductive success and
deleterious hereditary effects [7, 21, 22].

The challenge now is to build on this ethical base and set of protection principles, the scientific and
management framework that will guide Member States in implementing programmes to assure
adequate protection of biota. Progress is being made in all these areas by the IAEA, as demonstrated,
and by other organizations as discussed in more detail elsewhere [7, 25-29].

This development will need to take account not only of the scientific information on the effects of
ionizing radiation, but also allow for the ethical diversity existing amongst the Member States of the
IAEA and elsewhere. The development of a systematic framework that separates assessment and
management aspects of the protection process may be of value in ensuring that national and regional
differences may be accommodated, while still allowing an international standard that will allow
protection professionals to communicate on the same basis. To further facilitate this process, it is
important to consider developments in environmental protection from other pollutants and
assumptions and limitations inherent in the approach adopted should be clearly identified.
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From human to environmental radioprotection:
Some crucial issues worth considering

F. Bréchignac, J.C. Barescut

Institute for Radioprotection and Nuclear Safety, Department for Environmental
Protection, Saint-Paul-lez-Durance, France

Abstract. The need to establish a system capable of ensuring adequate protection of the environment from the
harmful effects of ionising radiation is at present particularly challenged. This comes both from a restrictive
consideration of the environment in the so far existing system for human radioprotection, and the planetary-wide
growing concerns about man's technogenic influence on his environment which have yielded “sustainability”
and "precaution" as guiding principles for environmental protection. For the sake of protection, the environment
is traditionally addressed through its biota since these are the sensitive components of ecosystems. Similarities
between man and biotas root from the ubiquitous mechanistic effects of radiation on life which disrupt
molecules. However, important differences also arise in a number of perspectives, from the vast biodiversity of
species with a large spectrum of radio-sensitivities to their hierarchical self-organisation as interacting
populations within ecosystems. Altogether, these aspects are prone to promote complex arrays of different
responses to stress which lie beyond the scope of human radioprotection which only considers individuals of one
single species. The focus on individuals in a bottom-up approach, due to its easier amenability to quantification,
has prompted the development of current ecotoxicological methods as a scientific foundation to regulating
environmental protection. Exclusive basement of Ecological Risk Assessment on this reductionist approach,
however, is currently questioned by the most recent ecological theories which call for additional consideration of
more holistic, top-down, approaches. In moving from man to environment radioprotection, these current
challenges are discussed by highlighting some crucial issues linked to setting up dose limits in chronic exposure,
weighting them according to radiation types (RBE), identifying appropriate effect endpoints
(stochastic/deterministic, individual/population- or ecosystem-relevant), and taking due account of other
concomitant contaminants (synergies/antagonisms) which call for filling critical gaps in knowledge.

1. INTRODUCTION

The development of a system capable of ensuring adequate protection of the environment from the
harmful effects of ionizing radiation is currently particularly challenged. This need evolves first from a
re-examination of the ICRP position which postulates that respecting rules and standards set for
human radioprotection will implicitely ensure adequate protection of the other living beings, therefore
of the environment [1, 2]. This first approach has been founded on the observation that man is one of
the most radio-sensitive species among the life kingdom. However, human radioprotection has
considered the environment only in the perspective of a sanitary impact on individuals of the Homo
sapiens species, an approach that does not provide explicit protection of all other biotas. For example,
habitats and biota not closely associated to humans (as a source of exposure) have not been
considered. Also, the respect of the dose limit in man, as the endpoint of a given food chain, does not
prove that biota situated earlier in this food chain are not exposed to toxic levels. This shows that
moving from the radioprotection of man only to that of the environment necessitates a widened view.
This is re-inforced by the recent planetary-wide concern on the technogenic influence of man on the
environment which calls for concepts such as "sustainable development” and "precaution" as
principles guiding the general philosophy of environmental protection [3].

In terms of radioprotection, the environment is often reduced to fauna and flora because they
constitute the sensitive component of ecosystems. Similarities which gather man and other biotas are
rooting from the ubiquitous effects of ionising radiation on life in altering the integrity of organic
molecules. However, important differences need to be acknowledged, from the wide spectrum of very
different species inhabiting the environment to their highly hierarchical self-organisation within
ecosystems where inter-population interactions are dominating [4]. As such, the environmental
response to radiological stress largely exceeds the only domain of man radioprotection which is, per
definition, restricted to individuals of one single species.
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2. CURRENT APPROACH TO RADIOPROTECTION OF THE ENVIRONMENT

2.1. The proposal of dose limits from existing knowledge

Several extensive reviews on the effects of ionising radiation on biotas have been promoted during the
past two decades, often upon the incentive of international organisations. The most recent key
documents are the reviews from NCRP [5], IAEA [6] and UNSCEAR [7], the essential conclusions of
which having been recently summarized [8]. In brief, the extensive literature reviewed indicated that
there were no convincing evidence that animal and plant populations would be affected at dose rates
less than 1 mGy.d™" (terrestrial animals) or 10 mGy.d"' (aquatic animals and terrestrial plants) of low
LET radiation (photons), even if such dose rates were noted to promote visible effects at the scale of
individuals.

This conclusion has prompted the development of regulations based on dose limits, as for the
American DOE which has proposed to include these (Table 1) in the Code for Federal Regulation (10
CFR 834) aimed at the “radiological protection of the public and the environment”. Guidelines and
method recommendations have been elaborated during the past years, and fully detailed in a Technical
Standard which describes a “graded” approach [9]. Recently, the UK Environment Agency
recommended its authorities to adopt these dose limit levels, while acknowledging that recent studies
in the Russian contaminated territories revealed noticeable effects at lower dose rates on individuals
[10]. This recommendation was illustrated by an impact assessment of the Sellafield installations over
the surrounding ecosystems which concluded that the local biotas were exposed to levels situated at
several orders of magnitude below these limits.

Although still based on the concept of dose limits, the approaches pursued in Canada and Russia are
rather different, and also yield different limit values. The CNSC recommendations are fully compliant
with the Ecological Risk Assessment methodology currently used for chemicals which is based on
ecotoxicology [11]. It uses “Environmental No Effect Values” which are derived from toxicological
effects on individuals (obtained in the laboratory) divided by a safety factor (typically 10 to 1000) to
account for extrapolations to real conditions. This different interpretation of the literature data leads to
lower dose limits (or ENEV values) ranging from 0.2 to 2.5 mGy.d" (Table 1). Finally, Russia is
considering to set dose limits with respect to the lethal dose such as not to exceed 1 % of the LDs, for
marine organisms, for example [12]. This leads to an even lower range of dose limits (0.07 to 1
mGy.d™", Table 1), which are considered as “primary”, i.e. corresponding to an ideal situation where
only the radiation-induced stress is involved. Indeed, most dose-effect relationships knowledge has
been obtained in the laboratory in such an ideal context. In a second step, “secondary” (local) dose
limits are established by applying correction coefficients to the primary sets, which take into account
the combined action of additional stress (climatic, other pollutants, anthropogenic pressure).

It is important to note at this stage that this dose-based approach complies with the “bottom up”
alternative of the Ecological Risk Assessment procedure set up for non-radioactive pollutants which
uses the methods of ecotoxicology. This reductionist alternative, in contrast to the other “top-down”
which follows an ecosystem approach [4, 13], relies on dose-effect relationships knowledge derived
for individuals of a few representative species. This is next extrapolated to higher levels of
organisation, communities and ecosystems whose protection is aimed at.

Not considering the question of the extrapolation to higher organisational levels, which is not relevant
for human protection, it is also worthwhile noting that this dose-based approach also complies with the
current philosophy of man radioprotection set up by ICRP, as it is also aimed at the protection of
individuals. This initial similarity for man and biota has been acknowledged and further exploited by
some authors in the proposal to consider a common approach for man and biota which would ensure
an overall protection coverage of both man and the environment [14]. This is done in particular by
mimicking the “reference man” concept to yield “reference fauna and flora” [15]. There is an
optimisation interest in this approach in that it makes maximum use of past experience gained through
dealing with man radioprotection, hence minimising the need for novelty and effort, as it simply
applies to each considered biota (with some relevant adjustments) what is currently done for man.
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TABLE 1. PROPOSED DOSE LIMITS FOR PROTECTING FAUNA AND FLORA AGAINST
DELETERIOUS EFFECTS OF IONISING RADIATION

Dose limit or environmental

Classes of biotas considered no-effect value (ENEV)
(mGy.d™)
UNSCEAR [7] Terrestrial plants 10
US DOE [9] Aquatic animals 10
UK EA [10] Terrestrial animals 1
Algae, macrophytes 2.5
Terrestrial plants, invertebrates 2.5
Benthic invertebrates 1.6
Canada [11] Small mammals 1
Fish 0.5
Amphibians 0.2
Plants, invertebrates 1
Russia [12] Poikilotherm animals - 0.3
Hematotherm animals (life time < 5 years) 0.14
Hematotherm animals (life time > 5 years) 0.07
ICRP Man 0.0027

2.2. Robustness of the corresponding scientific foundation

There are strong limitations to the relevance of the scientific knowledge from which the above limits
have been derived. The existing literature essentially addresses short-term exposure to high doses of
external y radiation on individuals, whereas the vast majority of current environmental concerns are
linked to long-term chronic exposure effects of low doses to populations and ecosystems [8]. In order
to secure a robust radioprotection system rooted within a sound scientific foundation, it is crucial to
gain better knowledge and understanding on the following issues.

There is poor knowledge currently on the effects which may appear in the long-term, i.e. those which,
farther than the scale of individuals may, through their reproduction, appear later on at the scale of
populations. This is particular crucial for chronic exposure situations (several generations) to low
dose rates generated internally through bioaccumulation processes [16]. In this context, the most
critical radionuclides are o and P emitters susceptible to bioaccumulation. If reproduction-related
criteria are recognised as being the most radio-sensitive, one must bear in mind that genetic damages
are promoted at even lower dose rates, and that the long-term implications of such an observation is
not known. One can question if doses too weak to affect reproduction could nevertheless promote in
the long-term a mutational pool in the population sufficient to alter the course of its evolution [17].

Present knowledge is even poorer on the dose-effect relationships at the supra-individual scales
(population, community and ecosystem), and this is a general limitation for all sources of stress, not
only the particular field of radiation. A growing number of studies driven in situ on contaminated
natural environments have been reported recently, but the strength of their conclusions is suffering
from the lack of controls inherent to this descriptive approach [18]. The scientific basis for a well
mastered understanding of the effects of radiations on biota at the higher levels of organisation is not
yet acquired. Located at one end of the complexity scale of living entities, ecosystems are complex
integrators, and quantifying the stress they suffer from the introduction of toxicants within their looped
processes of energy and matter transformation is still an unresolved, although central, issue [19, 20].

Finally, it is worth recalling that real situations of environment contamination usually consist of the
concomitant occurrence of multiple pollutants. In particular, the transfer of radionuclides within, and
in-between biota through food chains, has been recently demonstrated to exhibit synergies or
antagonisms with the occurrence of other chemicals, a feature which can no longer be ignored [21].

121



TABLE 2. RBE VALUES FOR A PARTICLES RECOMMENDED FOR ESTIMATING DOSES TO
BIOTA

RBE values Author

1 Amiro, [23]

5 UNSCEAR, [7]

5-10 Kocher and Trabalka, [24]

20 NCRP, [5]; Blaylock et al., [25], Copplestone et al., [10]
40 Pentreath and Woodhead, [26]; CNSC, [11]

3. WHAT RBES FOR BIOTAS?

In human radioprotection, accounting for the different efficiencies with which high and low-LET
radiations promote biological harm has been achieved through the use of a correction coefficient
(Relative Biological Effectiveness, RBE), an approach which allows for dose additivity, and hence,
total dose calculation. For man, the RBE values suitable for dose calculations are well documented,
they concern one single species (Homo sapiens) and a given effect endpoint (cancer induction). As an
example, this has resulted in a consensual value of 20 to be used for a particles. The situation is far
less clear for fauna and flora where a large array of different RBE values have been reported (up to
300 and more), which vary not only with the species, but also with the effect endpoints considered.
Also, some studies have indicated that RBE values tended to be higher at low dose rates and for
internal contamination, and to be lower for deterministic endpoints. Therefore, still for the example of
a particles, different recommendations have arisen ranging from values of 1 up to 40 (Table 2). This is
an issue of importance which generates a significant uncertainty, especially in the case of chronic
exposure situations, where o and P particles prone to bioaccumulation phenomena play a predominant
role. A good illustration of this problem has been recently provided [22, 13] in showing that the
contribution of a particles in the total dose estimation to biota around Sellafield raised from 30 to 90
% when taking a RBE value of 20 instead of 1, with a potential increase of the total dose up to one
order of magnitude.

Another problem concomitant to selecting RBE values is the identification of relevant endpoints
which would be appropriate for assessing ecological effects [11]. The current approach largely relies
on endpoints which provide a measure of deterministic effects susceptible to change the ability of
biota to reproduce, effects which are thought to have the largest ecological impact at population level
and higher. These are for example gamete death or reduction in production, increased abnormalities
and early mortality. However, chromosome alterations may also affect reproduction, and even further,
the general metabolism (through protein synthesis) and haemopoiesis linked to immune fitness. Due to
the poor knowledge on their long-term ecological significance, especially at the population level and
higher, such cytogenetic effects are currently still largely ignored.

4. DOSE COMPARISONS OF INTEREST

Currently, the dose limit in use for protecting the mammal species Homo sapiens is set at 1 mSv.y”
following ICRP recommendation. When assuming, for simplification, this dose rate to be promoted by
low LET radiation, this dose limit falls within the order of magnitude of the natural background (a few
mGy.y™"). For other non-human mammal species, the most often proposed dose rate limit, 1 mGy.d,
lies approximately 2 orders of magnitude above the natural background (Figure 1).
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FIG. 1. Comparison between man and non-human mammals of currently proposed dose limits in
chronic exposure.

It is therefore quite clear that, whilst belonging to the same family where radiation effects should not a
priori differ greatly, the protective dose limits proposed are quite different for man and the other
mammals, the most severe limit applying to the former. The question next comes: is this 3 orders of
magnitude difference justified? Some preliminary elements of explanation can be put forward. First,
there is a clear difference in approach in that man protection concerns the individual whereas
protection of biota usually addresses the population. Several authors have claimed the occurrence of
compensation mechanisms acting at the higher organisation levels due to redundancy [27, 28], but it is
difficult to make sure that under a given stress ecosystems will always be less sensitive than
individuals, especially bearing in mind that only a few individuals will ever be tested (therefore
questioning the notion of the “most sensitive species”), and that ecosystem response may be driven
indirectly (i.e. not necessarily via a direct effect of radiations). Furthermore, this individual/population
justification for the difference cannot be invoked anymore in the case of endangered species for which
the level of protection is also the individual. A second element of explanation comes from the fact that
the effect endpoints considered in both cases are different, stochastic for man (cancer induction) and
most often deterministic for biota (reproduction attributes, believed to be more relevant), and it is
known that stochastic effects are usually induced at lower doses than deterministic ones. But this
explanation would require a demonstration that the radio-sensitivity difference between stochastic and
deterministic effects is indeed covering 3 orders of magnitude.

Recently, some authors attempted to compare the 1 mGy.d" dose rate level to the kind of levels to
which biota are currently exposed in the present existing environments [29-31]. They showed that
such a level was only encountered in areas which had been previously contaminated, the non-
contaminated environments promoting background dose rates to biota quite lower. From this
observation, these authors questioned the acceptability of such a dose rate as a limit for protecting
biota.
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5. ON THE PERTINENCE OF THE CURRENT APPROACH

It is worth highlighting that any system of protection, irrespective of its limits and uncertainties, has
the first merit to be existing. A non-perfect protection is always better than no protection at all. But
conversely, a protection system is necessarily limited and eventually turning out to be false as the
knowledge improves, and care must be taken that its only existence does not lead to the comfortable
feeling of no risk. Such an attitude would certainly drive to crude disillusions. It is therefore of
paramount importance to always keep in mind the limits of the system, in such a way as to always
remain capable of reducing them. Hence, a good protection system is that which co-evolves
continuously with the concommitant effort of improving the knowledge on which it is settled.
Reinforcing the pertinence of the radioprotection system of the environment as it is currently evolving
requires therefore to address and fill the gaps of knowledge mentioned above (effects of chronic low
doses, in a multipollution context, at population/ecosystem level, [20]).

Meanwhile, it is of paramount importance to ensure that the future system of radioprotection of the
environment will remain compatible with the rules of the ERA methodology which is currently in use
for chemical toxicants [32]. It is the essential condition to avoid any fatal divergence that would drive
it away from the general philosophy of environmental protection as it is setting up nowadays in all
domains. The radiological stress is only but one of many other stresses, and must therefore be treated
in a way coherent with the whole sum of stresses. The domain of low doses also implies that radiations
do not constitute anymore a dominant source of stress, but only one component of a multipollutant-
promoted stress that needs to be tackled seriously since several combinations have been demonstrated
to present synergistic or antagonistic effects [21, 33-36]. Ideally, the domain of low mixed doses
should drive to the consideration of a unique system of protection, able to cope with chemical toxicity
as well as radiation toxicity.

One observes next that the dose limits currently proposed are not consensual. It is probably
worthwhile noting that the most recent recommendations (Russia, Canada) are more severe, with a
difference of approximately one order of magnitude. This comes from different appreciations of the
doses promoting risk, a limited knowledge on the radiation effects to low dose in chronic exposure and
uncertainties inherent to how such radiation effects, whilst evaluated on individuals, should be
extrapolated to higher levels. Currently, an important effort is undertaken on elucidating
bioaccumulation in individuals whose influence on repartition and effects is particularly relevant in
situation of chronic exposure to low dose rates [16]. However, one central source of uncertainty, the
recurrent problem of extrapolation of effects from individuals to higher organisational levels, still
remains to be appropriately tackled, both in terms of fundamental concepts and practical aspects.

6. EXTRAPOLATION TO HIGHER LEVELS

Currently, both the scientific foundation and the regulatory approaches to environment protection are
based upon the response of the individual. Nevertheless, there is today a large consensus in that
environmental protection is not primarily aimed at the protection of individuals of biota species, but
rather at the protection of the system as a whole, i.e. populations and their interactions within
ecosystems. This discrepancy essentially roots from a reductionist pressure on the regulation side
which favours the individual due to its easier amenability to measurement and quantification through
ecotoxicological methods. A growing pool of environmental specialists are recommending that, since
this hinders the success of Ecological Risk Assessment [37, 38], efforts shall be devoted to develop a
complementary “ecosystem approach”.

Any ecosystem is more than a simple collection of individuals: its understanding cannot be reduced to
the only description of its constituting individuals. Indeed, toxicants impact different processes at
these two levels of organisation, the ecosystem level bringing additional constraints to the system
(predation, competition, ...) which are prone to yield system dynamics quite different from its
subsystems. This is because the ecosystem associates various populations of different species playing
different, but complementary (symbiotic-like), functional roles where important features are
hierarchical self-organisation and matter-energy cycling. At this level, interdependence between
populations often overrides the single responses of individuals, a feature which can promote a loss of
predictability from subsystems to system behaviour [39—41].

124



Ilustration of such counter-intuitive ecological responses have been shown regarding radiation impact.
Short-term, single-species, ultraviolet-B irradiation of a benthic diatoms population demonstrated
reduced photosynthesis and growth, but long-term, multi-species level, tests demonstrated an
increased standing crop of diatoms because the radiation also inhibited chironomids larvae, which are
algal consumers [42]. v irradiation of a simplified model ecosystem assembling populations of an algal
producer (Euglena), a protozoan consumer (Tetrahymena) and a bacterial decomposer (E. coli) also
showed that a collapse of the ecosystem balance could be promoted via trophic restrictions indirectly
mediated by radiation effects, through differences in species sensitivities [43, 44]. Predation and
competition are known ecosystem-level processes which, through balancing inter-population
relationships, act on ecosystem structure and resilience.

With respect to extrapolation to ecosystems, which form the level of concern most relevant (but often
not yet applicable), the challenge here is to be able to move from the blind application of a “safety
factor” to some methods grounded on sounder science. It is within this context that model ecosystem
experimental approaches have been proposed [20], and are currently emerging [43—45]. In non-
radiological environmental science, this has already proved to be a powerful method for evaluating
and unravelling impacts of physical, chemical and biological perturbations [46].

7. CONCLUSION

Environmental radioprotection faces the challenge to be located at the crossroad of several pathways
which all need to be assembled together: 1) a large toxicological knowledge and experience, but
focused on chemical stress for biotas, as formalised under ERA, and more focused on man with
respect to radiation impact; 2) a limited environmental radiotoxicology understanding facing the need
for a regulation system to be based upon it; 3) a current knowledge essentially based upon the
individual response whereas the protection aims at higher organisation levels.

It is this context which drives the current european framework for environmental radioprotection to
evolve along a present approach guided by practicability: a focus on individual responses (concept of
reference organisms) with a rather flexible choice of endpoints (concept of umbrella endpoints) to be
selected as with the best relevance as possible to ecological effects at higher levels of organisation
[47]. But meanwhile, the limitations in relevance of this approach, are identified, acknowledged and
recommendations for further work put forward to promote future improvements and better relevance.
In particular, recent ecological theories founded on complex systems are promoting a more realistic
understanding of ecosystems which points to the danger of basing Ecological Risk Assessment
exclusively on a reductionnist approach [48].

Shifting emphasis from the individual to the ecosystem is prone to resolve the recurrent debate on the
different possible views on environment protection, from anthropocentric to biocentric and even
sometimes ecocentric. As the smallest functional and structural unit of the environment, the ecosystem
embeds all, men, biotas and their abiotic biotopes, and acknowledges this complex, but not random,
interactive assemblage as being the basis which supports all forms of life, including that of man.
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Abstract. A number of international organisations are focussing on a revision of radiation protection policy
from the existing system which addresses only effects on man, to one which also addresses effects on the wider
environment. These developments are expected to effect a wide range of stakeholders, including industry,
regulators, scientists, users and the public. With this in mind a “Consensus Conference on Protection of the
Environment” was arranged as part of an International Seminar on “Radiation Protection in the 21° Century:
Ethical, Philosophical and Environmental Issues” held at the Norwegian Academy of Science and Letters. The
conference attracted 45 international experts representing various disciplines and affiliations including
Environmental Science, Health Physics, Radioecology, Ethics and Philosophy and a wide spectrum of
perspectives bearing on the question of radiation protection of the environment. The conference was novel in
that the participants were professionals rather than laypersons, and the purpose of the consensus procedure was
to identify areas of agreement as an input to the ongoing regulatory developments. The success and innovation
of the model is reflected in the significant areas of agreement identified in the final consensus statement, and the
subsequent interest at an international level. Participants also noted the need for furthering the debate through
ongoing work. Notable issues were the harmonisation of standards for radiation with other environmental
stressors, guidance for balancing different interests and values within practical management, and the need for
assessment criteria.

1. INTRODUCTION

Traditionally, radiological protection frameworks have focused almost exclusively on the protection of
man, relying on the tenet that “if man is adequately protected then other living things are also likely to
be sufficiently protected” [1]. The flaws in such a philosophy have been increasingly recognized, from
both a scientific and risk management point of view. There is a growing awareness that radiation
protection needs to explicitly address the question of effects on the environment [2—4], and the issue is
now on the agenda for the majority of international organisations concerned with nuclear issues (e.g.,
ICRP, TIAEA, OECD/NEA, EU) [5-11]. Some form of international legislation and regulation is
anticipated within the next 3—4 years.

Interestingly, many organizations have identified a need to clarify the ethical and philosophical basis
of any framework of environmental protection (IAEA, ICRP, IUR) [7, 8, 12, 13]. Developing a
framework of protection raises a number of philosophical issues and dilemmas [14]. A number of the
issues are already familiar (if still controversial) within environmental ethics, such as valuing the
environment, animal rights, environmental risk, the precautionary principle, and differing cultural and
social attitudes towards nature [15]. Practical management questions for radiation protection include
the definition of harm, genetic change, the level at which damage is occurring (individual, species,
ecosystem), and comparison of natural and man-made radiation. Other relevant issues are the public’s
perception of radiation risks and similarities between attitudes towards biotechnology and nuclear
technology. Finally, authorities need to consider the increased public awareness and concern for
environmental issues in general, and from the evolving integration of environmental protection into
international convention and legislation, such as the Rio declaration, OSPAR, the Aarhus convention,
and the recent WSSD) [16—-19].

It is clear that developments in radiation protection of the environment will affect a wide range of
stakeholders, including industry, regulators, scientists, users and the public. With this in mind a recent
“Consensus Conference” was arranged as part of an International Seminar on “Radiation Protection in
the 21" Century: Ethical, Philosophical and Environmental Issues” held at the Norwegian Academy
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of Science and Letters, Oslo, 22-25™ October 2001 [20, 21]. The conference attracted more than 50
international experts representing various disciplines and affiliations including Environmental Science,
Health Physics, Radioecology, Ethics and Philosophy, and a wide spectrum of perspectives bearing on
the question of radiation protection of the environment.

2. CONSENSUS CONFERENCE MODELS

Since “procedure is often as important as outcome” in ethical decision-making, it is necessary to be
clear about the aims, formats and organisation of the Oslo consensus conference. Different procedures
or models for consensus conferences exist world wide, and there are different interpretations of what
one might mean by “consensus conference” [22-23]. Essentially, as for any participatory decision-
making or evaluation process, the “model” can be described according to:

(1) the overall aims and objectives (i.e., consultancy, actual decision making, input to an ongoing
process, satisfaction of free informed consent);

(2) the participants (i.e. professionals, specialists, “experts”, lay persons, ethical committees,
stakeholders) and their representative status (i.e., themselves, organisations, unions, or some
stakeholder group who cannot “speak for themselves™ such as future generations or animals);
and

(3) the procedure (i.e., closed or by invitation only, open, media access, accountability).

There is no one “best” or “most ethical” consensus conference model, and the design of the process
will depend on the issue in question. But the success and value of the outcome of any process will
hinge primarily on openness about the overall procedure from the very start, and transparency and
accountability are fundamental in this respect. Failure is almost guaranteed if participants suspect that
they are taking part in a process where the decision has already been made [24]. If the eventual
decision goes against the views of some participants, the decision-maker should take care to justify
and rationalise why those views were overridden. Although, it may seem that “open shop” should be
preferable to “closed shop”, there are situations where closed shop can be justified [25, 26]. This is
often the case when the aim is consensus on an individual level, which can be compromised in an open
forum, since individuals would have to “tow the party line”. Lay participation in consensus
conferences on highly contentious matters, where there is disagreement between experts and where
policy-making is not the aim, often does little to promote public respect and trust in science. However,
open procedures, at least for part of the time, are almost always to be preferred in cases of actual
societal decision making.

Despite the many variables, the two most common perceptions of consensus conferences are the
so-called “American” and “Danish” Models. The American model derived primarily from the “science
courts” in the 1980’s where groups of experts or professionals were responsible for reaching
consensus on some actual area of policy or decision. These were particularly common within medical
ethics. Alternatively, the Danish model is often used to describe conferences where participants are
primarily laypersons, with the objective of providing an input to decision-making. Other examples
include citizen’s juries; round table conferences; stakeholder consultation, and value workshops
[23, 28].

3. THE OSLO CONSENSUS CONFERENCE

The Oslo conference might be best described as a mixture of the two models [26]. The participants
were professionals, having a broad range of disciplines, but predominantly although not exclusively
with some expertise or background in radiation protection. The two participants from NGOs
specialised in radiation issues. The intention was that individuals should represent themselves rather
than their organisations, hence badges stated only name and country, although their affiliation was
available from the participant list and the background of speakers was made clear to the audience. The
level of “prior contact” was rather low. A rough estimate by the two chairs of the number of persons
known to each participant gave a mean of 5.3 in a total of 45 participants.
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The conference aims were to provide a forum for discussion of current issues in radiation protection,
to have an input to international developments related to protection of the environment, and to
encourage wider participation in the debate. The purpose of the consensus procedure was to identify
areas of agreement as an input to the ongoing regulatory developments. Some form of consent was a
main goal, but not a requisite. Implementing the consensus procedure at the start, rather than at the end
of the development of legislation, gave stakeholders the opportunity to influence the ongoing
procedure, without constraints that the consensus has to be reached at a legislative level.

The participants were there primarily by invitation, however the conference was open to any member
of the NKS or IUR, space permitting. Other people who heard of the conference and expressed an
interest in “dropping-in”, were permitted (e.g. a member of the American embassy). But these only
attended for a single day or session, had no active input and have not been included in the participant
tally.

4. LECTURES AND WORKING GROUP DISCUSSIONS

The approach to consensus was carried out by having invited plenary lectures giving an overview of a
particular area, followed by discussions in small working groups (Figure 1). The subject areas were
divided into: i) Risk and public perception; ii) General values; ii) Management criteria; iv)
Precautionary principle. The first day was intended to act as a “trial day” in order that participants
could become familiar with the procedure. But the outcome of this day was deemed important to the
issue and to some extent reflected in the eventual statement. There were three groups, all with mixed
representation. Each group elected a chairperson and secretary, and although people had been asked by
the organisers to volunteer in advance, it was made clear to the group that the eventual choice was in
their hands, and re-elections were possible after the trial. Speakers, chairs, organisers and participants
all took part in discussion groups. Each group had an independent facilitator. The facilitators had no
background in radiation protection, but did have expertise in facilitating at lay person consensus
conferences on scientific issues. There was interaction between the facilitators, organisers and
chairpersons prior to the conference and the facilitators were fully informed of the background, aims
and objectives to the conference.

Flenary Group Flenary
Day 1 Leetures Diseussion Surmmary
]:1,-,“ 'G':ruup Monary
Day 2 Leciures THicussion Sammary
Flenury Group | Flenary
Lectures DMisensgion  — Summary
Day 3
Flenary Group | Flenary . | Dirafiing Trralt
Lectures Discussion | Summary '_l {“nmmittep Sratement
|
|
Diay 4 Flenary Diseassion & Revision of Final
Consensus Statement Statpneant

FIG. 1. Overview of the conference procedure [20].
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At the start of the conference, each participant was given a set of statements, four per session, related
to the topic under discussion. The 16 statements were carefully chosen to be deliberately provocative,
covering science and value statements, and “extreme” and ‘“generally accepted” viewpoints. It was
certainly not the aim to draft a collection of statements that the organisers thought the participants
might agree on. A selection of statements, one from each session is given below.

Example Discussion Statements

—  The general public does not have the level of scientific competence needed for engagement in
policy making.

—  The standard of environmental control needed to protect man to the degree currently thought
desirable will ensure that other species are not put at risk

— Radioecology needs a dose effect unit for flora and fauna, other than the Gray.

—  Our present level of knowledge allows setting quantified limits and constraints that will protect
man, future generations and the environment sufficiently

The groups could accept reject or amend the statements, in all cases giving reasons for their decisions.
If there was no consensus it was important to have an idea of why there was not consensus. The
facilitators helped the chairman to steer the discussion process, were aware of the reasons behind the
choice of the various statements, and in some cases helped formulate the discussion statements.

At the end of each group session the participants reconvened in plenary and the secretary and/or
chairman of each group presented the outcome. Participants were able to comment and question these
outcomes. A brief summary of each group’s response to the discussion statements was typed up,
distributed to the whole conference and these were intended to form the basis for consensus (Figure 2).
The intention was that areas where different groups came to similar conclusions independently would
enhance the chance of consent in the whole group. Obviously there were areas where consent was not
so extensive, particularly in the precautionary principle session. But overall, the degree of agreement
was surprisingly consistent.

5. DRAFTING COMMITTEE AND CONSENSUS STATEMENT

At the end of the third day, a drafting committee consisting of the chairman and secretary from each
group meet to draft a consensus statement, aided by one of the facilitators. Although the brief
summaries formed the main input for the drafting committee, the members had access to their more
detailed background notes from discussion. These proved helpful in supporting and clarifying the
areas of agreement and controversy. To decrease the perception of an undue influence from the two
conference chairs on the eventual statement, they were effectively “removed” from the active
consensus procedure and participated as observers, but were allowed to respond to questions from the
committee.

The draft statement was distributed to the remaining participants in the morning of the day 4, and the
whole group met in plenum to discuss and revise the statement. This was aided by having a computer
projection of the statement on screen, so that participants could follow all revisions. The statement was
scrutinised, commented on and edited line-by-line, with active participation from all parties (excepting
the two chairs). By lunchtime the final statement was available. Of the 26 participants remaining at the
final session, all gave consent to the statement. 19 of the early departees gave consent ex post. 1
person has not given consent (not replied to emails). Apart from addition of the missing signatories,
the statement has not been altered in any way since distribution at the final session (even the
typographical error!).
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The general public does not have the level of scientific competence needed for
engagement in policy making

] a-group:
— The general public has the right to accessible understandable scientific information

For some members of the public this may facilitate engagement in policy making

u B-group:

— Scientific competence?

— But they bring common sense, expertise in other areas, and generally have
something to say that is relevant.
B y-group

Wrong - demonstration of scientific arrogance and not acceptable in 21 century

Science is one (not necessarily primary) input into the decision making process; the
public have a right to take part in this process, irrespective of their scientific
competence;

to achieve this they have the right to best available info. Presented in an appropriate
manner

Radioecology needs a dose effect unit for flora and fauna, other than the Gray.

| a-group:

— To assess the impact on the environment there is a need to take into account radiation
type, type of organism, and biological end points in developing quantities and units
with the intent to avoid unnecessary complexity.

| B-group:

— The authoritative body (or bodies) should give serious consideration to the
development of quantities and units for flora and fauna that are equivalent to the

Sievert for humans. This should be in addition to the continued use of the Gray.

Holding back the development of the subject

Should be undertaken as soon as possible
| y-group:

Absorbed dose is a necessary but not a sufficient quantity; we should have units to
reflect the different types of impact/biological effects.

Concern about weighting factors, avoid the difficulties of the past, but we do want to
relate exposure to effects.

FIG. 2. Examples of group summaries for discussion statements.

133



6. CONCLUSION

The success and innovation of the model is reflected in degree of agreement achieved in the final
consensus statement (Figure 3), the response and ongoing interest of the original participants, and the
interest at an international level. The statement has been referred to in most of the international
documents and international meetings pertaining to protection of the environment [7,8,29,30,31].
Although the final consensus statement identified significant areas of agreement on protection of the
environment from ionising radiation, participants also noted the need for furthering the debate through
ongoing work. Notable issues were the harmonisation of standards for radiation with other
environmental stressors, guidance for balancing different interests and values within practical
management, and the needs for assessment criteria.

Guiding Principles

Humans are an integral part of the environment, and whilst it can be argued that it is ethically justified to
regard human dignity and needs as privileged, it is also necessary to provide adequate protection of the
environment.

In addition to science, policy making for environmental protection must include social, philosophical,
ethical (including the fair distribution of harms/benefits), political and economic considerations. The
development of such policy should be conducted in an open, transparent and participatory manner.

The same general principles for protection of the environment should apply to all contaminants.
Statements

1. As part of the effort to revise and simplify the current system of radiological protection for humans,
there is a need to address specifically radiological protection of the environment.

2. There are several reasons to protect the environment including ethical values, sustainable
development, conservation (species and habitat) and biodiversity.

3. Our present level of knowledge should allow the development of a system that can be used to
logically and transparently assess protection of the environment using appropriate end points. The
development of the system ought to identify knowledge gaps and uncertainties that can be used to
direct research to improve the system.

4. The best available technology including consideration of economic costs and environmental
benefits should be applied to control any release of radionuclides into the environment in a
balanced manner with respect to other insults to the environment.

5.  When a product or activity may cause serious harm to the human population or to the environment,
and significant uncertainties exist about the probability of harm, precautionary measures to reduce
the potential risk within reasonable cost constraints should be applied. In making such assessments
and decisions, an improved mechanism for incorporating developing scientific knowledge needs to
be established.

6. To assess the impact on the environment there is a need to take into account inter alia radiation
type, type of organism, and biological endpoints (impact-related). In order to improve the
transparency of assessing environmental impacts, the authoritative bodies should consequently
give consideration to the development of quantities and units for biota, with the intent to avoid
unnecessary complexity.”

FIG. 3. Excerpt from the Oslo Consensus Statement [21].
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Is there a role for comparative radiobiology in the development of a
policy to protect the environment from the effects of ionizing
radiation?

Comparative radiobiology and radiation protection

C. Mothersill, C. Seymour

Radiation and Environmental Science Centre, Dublin Institute of Technology, Dublin,
Ireland

Abstract. The last few years has seen what people are now referring to as a “shifting paradigm” in our way of
thinking about radiation effects on biological systems. The concept of the central role of DNA damage due to
double strand breaks induced by a radiation “hit” has been itself hit by many studies showing persistent effects
in the distant progeny of radiation exposed cells. This phenomenon is known as radiation induced genomic
instability. More recently evidence has been accumulating that not even the parent cell need be exposed to
radiation (the bystander effect), and that the bystander cells can demonstrate genomic instability and effects at
low doses which are inconsistent with a mechanism based on DNA hits as important targets at low doses. The
new paradigm suggests that cellular stress responses or damage signalling through a range of signal transduction
pathways are involved. Cell-cell contact or secretion of damage signalling molecules can induce responses in
undamaged and unirradiated cells. Are these new effects relevant to risk assessment, or does it matter how
radiation affects cells if we have good epidemiological evidence on which to base our risk estimates? If DNA
based dose responses are not so important at environmentally relevant doses, then it is not logical to base our
environmental protection system on consideration of radiation dose as if this is in some way unique and not
affected by the presence of other environmental stressors. The aim of this paper is to review the new concepts
and to consider reasons why they might alter our methods of risk estimation. In particular the paper considers
the impact of the new concepts on environmental protection and discusses the need for research in the field of
comparative radiobiology if we are to develop policies which can adequately protect biodiversity.

1. INTRODUCTION

Until very recently, Radiation protection standards have been set using two pillars of “truth”; 1. Our
knowledge of the effects of acute high doses on man allows us to extrapolate using the LNT
hypothesis to determine the effects of chronic exposure in the low dose region and 2. Our knowledge
of the effects of ionizing radiation on man is enough to allow us to set standards for protection of the
environment. Both of these statements can be challenged. The first can be disputed because of the
epidemiological data emerging from studies of Chernobyl and because of the considerable progress in
the elucidation of mechanisms underlying low dose responses. These suggest that genetically
predetermined biological responses to cellular stress induced by radiation but also many chemical
pollutants, are involved in the final expression of cellular damage following exposure. Cellular
signaling mechanisms appear to induce a tissue level or organism level response through systemic
coordination. Data for humans and genetically characterized mice suggest that protective responses for
an organism may appear at the cellular level as death or terminal differentiation (i.e. removal of the
damaged or mutated cell). On the other hand, damaged organisms with for example cancer or
mutations causing disease, may contain cells which escaped an active cell killing response to the
insult. The generation of sensible policies for radiation protection, require insights into the
mechanisms involved in level of selection decisions by organisms and into the role of genetics and
specific genes involved in sensitivity and resistance. A study of resistant and sensitive genomes
throughout the animal and plant kingdoms can clearly offer potential approaches to the discovery of
important mechanisms and genes. In regard to the second “truth”, there is a very fundamental
difference in our requirements for protection of man versus protection of “the environment”.
Protection of man is concerned with protection of individual human lives, and mainly with prevention
of cancer. Protection of “environments” is concerned with protection of populations of species, where
the individual life is relatively insignificant. Key issues for radiation protection policy for the
environment are whether radiation exposure makes the population, or elements within it, less fit to
deal with the other stressors (chemical, physical or biological). This would make it less competitive.
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Are there mechanistic thresholds where a substance in isolation is not a problem but because it shares
a common mechanism with other stressors, it pushes the species beyond a mechanistic tolerance level?
What are relative adaptive responses like between different species? Other concerns must be relative
effects on dominant species, which could allow the emergence of new dominants. Central to all this is
a basic understanding of the comparative effects of radiation on species which could lead to modelling
some of the above effects. A final point is that a clear distinction needs to be made between
preservation of the status quo and protection through understanding of an ecosystem which is
evolving. The contribution of comparative radiobiology to these questions will be discussed with
particular reference to newly appreciated low dose effects including genomic instability and bystander
effects.

2. GENOMIC INSTABILITY

While cancer is clearly the most worrying consequence of exposure of people to low dose radiation,
reproductive failure is of much more consequence for environmental radiation protection. We are
always assured by the radiation protection agencies that the doses to the human population from the
nuclear industry, medical exposures and the natural environment are below the level that causes cancer
but in the last ten to fifteen years it has become apparent that low doses of radiation can cause subtle
effects in cells surviving the dose, which may not become apparent for many, many cell generations
(See major reviews cited) and which may damage the reproductive integrity of progeny from both
sexual and asexual reproduction. These effects have been shown in human cells and in mice and also
by our group in prawns and trout, to result in multiple mutations and excess cell death for at least 50
and up to 400 generations after the initial exposure of the parent cell to radiation [1-4]. A
characteristic of this type of damage is that it appears in the progeny of cells, which had previously
appeared to have survived the radiation dose unharmed. It is known from human and animal work that
certain genetic subtypes are more susceptible to genomic instability than others [2—4]. The mechanism
by which radiation causes these changes in the genetic material is unknown but may be related to
oxidative stress induced by the initial radiation exposure, which then predisposes the surviving cells to
sustain mutations more easily [5, 6]. What is clear from all the work in this field is that the mutations,
whether lethal or not are non-clonal and random. That means they are not induced as a distinct
mutational event in the parent cell at the time of irradiation. If they were then the same mutation would
be passed to all the cells, which come from the parent. What happens is that all daughter cells in the
irradiated population have an increased probability of getting a totally unpredictable and random
mutation somewhere in the DNA. Some may be lethal, some non lethal and some may occur in
oncogenes implicated in carcinogenesis. This latter type of mutation is the one most relevant to
radiation protection of man but subtle loss of reproductive success at the cellular level may be much
more relevant for species other than man, where population survival rather than individual survival is
critical.

3. GENOMIC INSTABILITY AND BYSTANDER EFFECTS IN SPECIES OTHER THAN MAN

Among the considerable literature on environmental effects of radiation, there are very few studies of
comparative radiobiology. Most investigations are ecological in nature and study biodiversity or
environmental health of high background habitats. While these are very valuable for monitoring
effects of radiation on ecosystems and charting the recovery of populations, they do not contribute to
our knowledge of cellular mechanisms by which different species deal with radiation exposure. This
means that while we may know precisely what effect radiation exposure has on a habitat or population
we do not know why. There is also a long-term problem, given our emerging knowledge of delayed
effects such as genomic instability, of ensuring that vulnerable or sentinal species are adequately
protected by blanket protection legislation.

Actual studies of comparative radiobiology, (other than those relating to man or models used to study
selected aspects of human radiobiology, for example, Nematode, fruit fly and yeast) tend to be very
limited. They are mainly found in old literature, and they use extremely high doses, which are
irrelevant to environmental conditions. The endpoint is usually death of the irradiated animal in the
laboratory, which really precludes any mechanistic or long-term studies. The current state of the art
was reviewed in two major reviews by our laboratory [M1 and 2] and shows that in the old literature
using death of the animal in the laboratory as the main endpoint, species other than man are extremely
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radioresistent. This work needs to be challenged now in the light of studies by our group and others
[7-13] showing that the delayed effects discussed above do occur in environmentally relevant species
and that the loss of reproductive success at the cellular level may result in a cumulative loss of success
at the organism level and ultimately at the population level. The key facts leading us to this conclusion
are the relative sensitivity of haematopoeitic tissues across species [13, plus Lyng et al and Otwell et
al., this meeting], and the demonstration of delayed reproductive death due to bystander effects in
these tissues. Both these findings mean that dose and effect cannot be linked simply in a direct
relationship and provide a possible mechanism whereby very low doses exposure at one point in time
might lead to reproductive failure and immune compromise at distant time points. A further
complication arises from the consideration that other environmental pollutants can cause delayed
reproductive death [7, 9, 10]. Thus we can assume no simple relationship between dose and effect and
need to consider multifactorial aetiologies over time. The challenge will be to ascribe a relative
importance to radiation among other environmental agents or to develop an integrated environmental
protection policy which is mechanism driven and which measures population response over time
rather than cumulative dose.

4. IMPLICATIONS FOR RADIATION RISK ASSESSMENT

Some of the implications of these considerations for risk assessment and for development of new
protection policies are listed below:

— At present we know that radiation induces the phenomena of genomic instability and bystander
response, described above, in man, other mammals, fish and crustaceans. This covers all classes
in which an effect has been sought.

—  The induction dose required is low, the effect is fully expressed at acute doses of 3—5mSv for
sparsely ionising radiation and one track trough a population of cells for densely ionising
radiation. Action limits for workers in the radiation industry are in this range but this is for
yearly exposures. It is important to realise that no one has tested lower and maximum
expression of delayed effects is already seen at the relatively low doses tested.

—  There does not appear to be an increasing effect with increasing dose so the effect is relatively
more significant as a risk factor at low doses than at high doses.

—  Delayed reproductive death (lethal mutations) is a common occurrence in progeny which
survive irradiation. This cell loss is probably an important factor in determining long-term
reproductive fitness at the population level.

—  Immune system components are very sensitive to these delayed effects.

—  Cancer is a multistep process and requires several mutations to establish a tumour, therefore any
process which increases the mutation frequency of a cell population must, by definition,
increase the risk of a carcinogenic mutation. Given the fact that these effects lead to an
increased tolerance for mutation, the possibility of the involvement of genomic instability or
bystander mechanisms in other disease aetiologies cannot be ruled out.

—  We know that in medical conditions where genomic instability is a part of a recognised genetic
syndrome (Bloom’s syndrome, Franconia’s anaemia), cancer frequency is high.

—  We have strong evidence from human in vitro experiments and mouse in vivo and in vitro
experiments that there is a genetic basis for instability and therefore we suspect that some
species/individuals will be more likely to become genetically unstable after exposure to
radiation than others.

—  We do not know how radiation induces instability or what the mechanism of the bystander
effect might be. Such knowledge might enable us to prevent it’s induction.

—  We do not know if there is a natural mechanism for controlling or preventing the establishment
of cells carrying instability. Research is needed to investigate this and to determine mechanisms
underlying the control of survival and death post irradiation.
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We do not know what underlies the apparent genetic or species basis for instability effects. It is
particularly important to determine whether there are different subpopulations of humans and
animals and whether these can be identified by simple screening tests. Again this information
would provide possible avenues for protection of exposed populations such as the use of
sensitivity scaling factors.

We do not know whether there is a low dose threshold for genomic instability or the bystander
effect. The lowest doses tested showed, in most cases, maximum expression of the effect. These
doses are at the upper limit of environmental relevance. What happens at lower doses? The
concept of “background levels of mutation” does not apply here since the radiation effect
appears to be to raise the background or intrinsic mutation rate for the whole population of cells
for as long as has been measured.

We do not know how other pollutants such as mutagenic chemicals affect unstable cell
populations. It is reasonable to expect higher levels of mutations following chemical exposure if
the population already has a higher susceptibility to mutation induction. Research to clarify this
might help to explain why studies in one area show evidence of “radiation” induced cancer
while studies in another area do not. Radiation may just be facilitating the mutagenicity of
another factor. Again knowledge of the mechanisms and interactions would aid development of
logical and effective protection strategies.
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Abstract. Frameworks for assessing and managing environmental risks are normally organized in three different
stages: 1) the problem formulation stage where the purpose of the assessment is determined, based on
considerations for hazard identification and characterization, temporal and spatial scales, as well as levels of
simplification and conservatism; 2) the assessment stage, where the most suitable methodology, including the
exposure and effect analyses, is selected and employed, resulting in a characterization of the risk; and 3) the risk
management stage involving methodologies to eliminate, mitigate and/or prevent environmental consequences.

No international guidance is available on a methodology for assessments and management of environmental
risks resulting from radioactive contaminants. Whereas the current ICRP system addresses both the problem
formulation and assessment stages, it is not concerned with the environment per se, and the usefulness of the
management principles (justification, optimization and dose limits) in environmental radiological protection is
debatable.

The present paper explores approaches, commonalties, differences and applicability of recent developed
methodologies, notably the European Commission funded FASSET (Framework for ASSessment of
Environmental impacT) project, and the BIOMASS (BIOsphere Modelling and ASSessment) project supported
by the International Atomic Energy Agency. Furthermore, reference is given to the regulatory guidance in
England and Wales to protect wildlife from ionizing radiation. The paper considers, inter alia, the following
elements:

—  methods for selection of radionuclides, based on, e.g. toxicity, persistence, particle-reactivity, dispersion,
and type of source;

—  the need for generalizations, e.g. reference ecosystems, reference organisms and stylized dosimetric
models, and the applicability of probabilistic approaches; and

— the selection of biological effects, covering the range from acute to chronic effects.

1. INTRODUCTION

The current system for radiological protection, as outlined by the International Commission on
Radiological Protection (ICRP) in its Publication 60 [1] makes no reference to environmental
protection, although the view is held that the environment indirectly is afforded adequate protection
through application of the system. This indirect approach is nowadays, however, generally considered
inadequate or even inappropriate. This may not only apply in situations where man is absent or not
exposed, but may also be doubted on more scientific grounds. Consequently, there is much
international effort in development of new assessment and management systems focusing on
protection of the environment or even trying to link the systems for protection of humans and the
environment, respectively, together.

Ecological risk assessment has been developed in the non-radiological field. It may be defined as: “an
evaluation of the likelihood of adverse effects on organisms, populations and communities from
chemicals in the environment” [2]. The word “chemicals” may be replaced by “stressors”. As the
ecological risk assessment approach is meant to be flexible to be adapted to different situation, its
application to the radiological field is a natural progression, radionuclides being just another
stressor [3].
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Ongoing international activities to establish frameworks for radiological impact assessments focusing
on biota and ecosystems, and to various extents incorporating elements of frameworks created for
non-radiological assessments, include those of the International Atomic Energy Agency [4], the
ongoing revision of the ICRP recommendations, and EC (FASSET — Framework for ASSessment of
Environmental impacT [5]; EPIC — Environmental Protection from Ionizing Contamination in the
Arctic). On a national level, the US Department of Energy has developed a tiered approach to
demonstrate compliance to certain derived environmental nuclide concentration standards [6]; the
approach to assessment based on exposure and effects analysis developed by the Environment Agency
of England and Wales in collaboration with English Nature [7]; and the Canadian Nuclear Safety
Commission’s initiatives [8].

A related activity has recently been concluded in the form of the IAEA BIOMASS (BIOsphere
Modelling and ASSessment) project [9]. The BIOMASS programme aimed to develop and apply a
methodology for defining biospheres for practical radiological assessment of releases from radioactive
waste disposal, as simplified in Figure 1.

The assessment context under BIOMASS is a systematic analysis of the background, purpose and
expected outcome of the assessment. The present paper analyses how FASSET has applied elements
of the BIOMASS assessment context.

2. FASSET PROBLEM FORMULATION IN RELATION TO BIOMASS

The ecological risk assessment involves considerations to be made during problem formulation,
development of relevant methodologies for assessments, and development of the relevant management
methods, as shown in Table 1. The general structure of existing frameworks for environmental risk
assessment has been considered to be appropriate to FASSET.

The use of ecological risk assessment is also favoured from the simpler environmental impact
assessment approach, as assumptions and uncertainties are explicitly considered and examined
throughout the risk assessment [3].

From Table 1, it is obvious that important choices need to be made at the problem formulation stage,
and that these choices will guide the methodologies applied during assessments. Furthermore, the
problem formulation will be the foundation for which managerial measures that can be taken on the
basis of the assessment.

In order to guide assessors, the BIOMASS project has reviewed and systematically analyzed the
different options that can be considered during the problem formulation stage, and their implications
for the subsequent assessment. In this section, the FASSET approach is described for the problem
formulation elements identified in BIOMASS. An overview of the FASSET approach is given in
Table 2, whereas some of the elements are expanded on in Sections 2.1 — 2.7. Full justification will be
detailed in the Deliverable D2 “Existing programmes for the assessment of risks to the environment
from ionizing radiation and hazardous chemicals; their relevance to FASSET”, to be published in
November 2002, on the FASSET web-site www.fasset.org.
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Why is the assessment
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Which impacts to evaluate?

What needs to be included?
Which time scales to be >
assessed?

-
What features, events and
processes to consider? L
What are the pathways
from source to receptor?
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N

Can the biosphere system
be described mathematically?
What are the assessment
end-points?

J L

What are the data
requirements? e
What data are available?

Establishing and Understanding

the Assessment Context
and Relevant End-points

y

Identification and Justification

of the Major Components of the

Biosphere System under Study

v

Development of a Biosphere
System Description

v

Development of
the Biosphere Model

v

Selection and Justification
of Data

Notes: Iterations within methodology omitted for clarity.
Definition of exposure groups also omitted

Definition of the purpose
of the assessment

Definition of the broad characteristics
of the biosphere system relevant
to the assessment

Development of a detailed qualitative
description of the biosphere system.

Development of mathematical description
of the biosphere system

Defines the data management protocol

FIG. 1. Simplified Stages of the BIOMASS Methodology [10].

TABLE 1.

GENERIC FRAMEWORK FOR ASSESSMENT AND MANAGEMENT OF

ENVIRONMENTAL RISKS FROM IONIZING CONTAMINATION

Problem formulation

Assessment

Management

Description and definition of the

assessment context:

Purpose

— Rationale and Approach

— Spatial and temporal
considerations

— Source characterization and
hazard identification

— Identification of effects and
objects for protection

— Data requirements

— Treatment of background

Methodologies relevant to:

— Exposure analysis

— Effects analysis

— Risk characterization and
consequence analysis

Strategies and methodologies

relevant to:

— Prevention, mitigation and
elimination of environmental
consequences

144



TABLE 2. PROBLEM FORMULATION ELEMENTS CONSIDERED IN THE FASSET
FRAMEWORK - EXAMPLES

Formulation Element

Relevance to FASSET

Purpose of the assessment

— FASSET focuses on impact assessment on biota and ecosystems, not primarily
on management.

— FASSET should be capable of guiding a wide range of stakeholders.

— FASSET should deal with all effects of radioactive substances; Multi-
contaminant effects will be considered, though they will be dealt with as
uncertainties.

Rationale and approach to
assessment

— Realistic estimates will be made, on the basis of which a precautionary approach
can be built.

— Effects analysis included within the assessment

— Framework to be user friendly and understandable, but based on sound science.

Spatial and temporal
considerations

— The framework is to consider both accidental and chronic situations.

— Some general guidance about the definition of the assessment area will be given.

— No specific consideration of changes in the biosphere with time, or of the
transition between one biosphere state and another, is made.

Source characterization
and hazard identification

— Source term characterization requires information to be supplied by the assessor
(list to be provided).

— A preliminary list of radionuclides will be included in the framework.

— Method for hazard identification will rely on biological and chemical properties
of the radionuclides.

Identification of effects
and objects of protection

— Input to FASSET is given in terms of the radionuclide concentration, deposition,
or flow in environmental media.

— Dose/dose rate is the appropriate quantity to work with in order to characterize
the effects related to a given exposure.

— Dose-effect data will be collected and summarized for each reference organism
and four groups of effect.

— Populations and ecosystems are the targets for protection, whereas individuals
are the targets for assessment.

— Seven major European ecosystems considered.

— Reference organisms will be used as a basis for modelling.

— Justification given for the identified 31 candidate reference organisms[11].

Data requirements

— FASSET is based on the use of generalized empirical data from traceable
sources for European ecosystems. Quality checks are being carried out on the
data.

— Where data are insufficient, data gaps will be filled if possible by analogy. A
reasonable degree of caution will be adopted, accompanied by clear statements
about the assumptions made and the introduced uncertainties.

Treatment of background

— The environmental effect of radionuclides in the environment is related to the
total dose, which includes both the natural background, anthropogenic
background and the dose increment from the source being assessed.

— The framework will give guidance to the assessor about how to measure or
derive the background levels, including the consideration of all sources into a
given receiving environment.

2.1. Purpose

The FASSET framework will centre on the scientific dimension of an impact assessment framework
for biota and ecosystems, and will be appropriate for varying formulated problems, e.g. FASSET will

consider:

—  Ongoing, past and future releases — the framework should enable for assessment of actual
effects on the basis of measurements and direct observations in the environment, which makes it

relevant.
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—  Chronic and acute effects — the framework should allow for assessment of effects of chronic low
dose rate radiation as one extreme and acute high doses following e.g. accidental releases as the
other extreme. Thus, the range of biological effects as well as environmental dose rates
considered has to be wide.

—  Be appropriate for various purposes, e.g. licensing, demonstration of compliance, assessments
of accidents, decisions concerning remediation — the framework has to come up with as realistic
data as possible to support decision-making.

Ethical considerations that drive the need for the assessment, for example cultural or legal dimensions,
are not incorporated within FASSET. These issues pre-determined by the assessor’s societal
requirements, and make part of the planning process that precedes the formulation of the assessment.
The risk management stage also lies outside the scope of the FASSET project, as it is not for FASSET
to prescribe management decisions. The emphasis of FASSET will rather help the development of
tools and data for the assessment phase.

2.2. Rationale and approach

BIOMASS distinguishes between the ‘equitable’ and the ‘cautions’ approaches. FASSET sets out to
provide guidance to regulators, implementers and stakeholders in general by providing realistic
estimates; a cautious approach can be developed on the basis of a realistic assessment e.g. through
application in the managerial stage. The approach also needs to be flexible and manageable in order to
take into account the various risk management options, the capability of implementers and regulators
to adopt the methodology, as well as societal concern defined in the formulation stage.

A consequence of this is that the effect analysis becomes integrated into the assessment, and is not
carried out separately. An important part of the FASSET project thus becomes the methodology for
assessing effects (see effects and objects of protection below).

Within the generic ecological risk approach, a tiered approach is often embedded into the assessment
for screening purposes, e.g. in regulatory UK [12] and USA [3]. FASSET will not use such a tiered
approach since it is not a compliance tool, targeted to predefined dose or concentration thresholds. A
generic screening assessment using reference organisms is an appropriate first step of an assessment.
However, the FASSET framework recognizes:

—  that there sometimes will be a need to follow up a screening stage with more specific
assessments (e.g. when the margin of safety in the screening assessment was insufficient);

— that the screening methodology should be designed in such a way that it facilitates rather than
hinders subsequent specific assessments (e.g. by using similar basic criteria for choice of
endpoints); and

— that several plausible contamination scenarios are site-specific by nature (e.g. nuclear facilities
and waste repositories) which implies that there will be a strong demand on the risk assessment
of such facilities to generate estimates of risks to valued components of the surrounding
ecosystem (i.e. a site-specific assessment).

2.3. Spatial and temporal considerations

FASSET will consider both accidental and chronic situations. For accidental situations, discussion is
required concerning assumptions of equilibrium in the exposure models, and the interface of FASSET
with dispersion and transport models, both in terms of time and space, particularly with respect to
modelling a point source.

No specific consideration of changes in the biosphere with time, or of the transition between one
biosphere state and another, is presently made within FASSET. FASSET should however, be
applicable to future biosphere states (assumed/predicted) or past situations.

Spatial considerations may be very specific to a particular assessment. Again, the interface with
dispersion/transport models is important as these models will provide the basis for the definition of the
area of assessment. General guidance about the definition of the assessment area would involve e.g., a
check to ensure that areas of high concentration/accumulation outside the defined assessment area do
not occur.
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2.4. Source characterization and hazard identification

Source term characterization requires amongst others the following information, which will need to be
supplied by the assessor:

— total release of radioactivity and the relative contribution of each isotope;

—  distribution of release over time;

—  change with time in relative contribution of each isotope;

—  isotopic dilution of radionuclides in the receptor ecosystems;

—  physical parameters of radionuclides (i.e. half-lives, type and energy of radiation);
—  chemical form of the radionuclides; and

—  origin of radionuclides; the way in which radionuclides reach the receptor ecosystem, e.g. from
below ground, as release directly to surface water, deposition to land or water surfaces.

Hazard analysis should consider:

— the environmental behaviour, either known (e.g. known sorption behaviour), or calculated (e.g.
from chemical equilibrium calculations);

— the biological activity, either known (e.g. the uptake of a radionuclide in a range of biota), or
calculated (tendency to hydrolyze, form biological ligands etc);

—  chemical toxicity, either known, or based on classification into two groups; elements with no
known biological function and elements which have a known biological function (e.g.
macronutrient, micronutrient) or analogous elements; and

—  Dbioaccumulation and biomagnification, expressed in units which allow comparison of
radionuclides, e.g. g C"' or g dw’', as well as on a fresh weight basis.

2.5. Identification of effects and object of protection

A total of 31 candidate reference organisms have been identified so far within FASSET, being
representative of the seven chosen European ecosystems. They serve as a basis for exposure analysis,
taking into account radionuclide concentrations (external and internal) per unit deposition or unit flux,
and dose conversion factors that consider geometric factors. Input into exposure analysis is given in
terms of the radionuclide concentration, deposition or flux in environmental media.

Dose and dose rate are the appropriate quantities to characterize the effects related to a given exposure
(i.e. to express the dose-effect relationships for the four groups of effects being considered). Dose-
effect data, measured or observed in individuals, will be collected and summarized for a number of
wildlife group. The information will be divided into four groups of effect (morbidity, mortality,
reproductive effects, cytogenetic effects), which are considered to be important to the performance of
the population.

2.6. Data requirements

FASSET has formulated the data requirement as a part of the problem formulation stage, rather than as
part of the assessment stage (cf. BIOMASS methodology). This is partly because of the pre-selection
of seven European ecosystems.

The level of uncertainty depends on whether the assessment is probabilistic or deterministic, and
whether it is cautious/conservative or realistic. FASSET will take an equitable approach, realistic
approach (worst case is not considered). However, the definition of equitable will need to be redefined
from the BIOMASS philosophy to be applicable to the FASSET framework.

Consistency within the choices of data is important from the assessment context through to the
development of the models. However, data are often supplied from a number of sources, which can
lead to uncertainty in the results. Quality checks are being carried out on the data, and use of data is
being maximized by pooling the available data. Where data are insufficient, a reasonable degree of
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caution will be applied, accompanied by clear statements about the assumptions made and the
introduced uncertainties. Where data are missing or incorrect, it is important to investigate ways of
identifying the correct data. BIOMASS developed a structured data management system to link data
types, data availability and data requirements.

2.7. Treatment of background

The environmental effect of radionuclides in the environment is related to the total dose, which
includes both the natural background, anthropogenic background and the dose increment from the
source being assessed. Background can be either directly measured, or based on estimates from
reference areas. Geological criteria (and others) may be defined to help the assessor in the appropriate
selection of background values from a compiled list.

3. FASSET ASSESSMENT METHODOLOGY IN RELATION TO BIOMASS

Carrying out the assessment itself will need to consider a wide range of scientific knowledge.
FASSET’s “Effects” group is assembling a Radiation Effects Database that will gather literature data
to help summarize dose-effect relationships between radiation and selected wildlife groups. The
“Dosimetry” and “Exposure” groups will provide tabular parameter values, but coupled with guidance
on how to use them, together with data uncertainty and limits of applicability. The overall framework
will develop further each of those components needed to complete the assessment methodology, to be
published in October 2003.

Questions to be addressed include the selection of key elements (e.g. features, events, processes,
reference organisms, radionuclides), as well as the level of simplification to be introduced in
assessment methods. The application of the BIOMASS methodology to FASSET will ensure that only
relevant parameters are considered within each given assessment, based on the assessor’s chosen
purpose. The main benefits will consist of following the BIOMASS step by step approach, using
interaction matrices and checklist Tables at critical stages of the assessment. For example, FASSET
will be able to refer to existing interaction matrices for certain ecosystems, and complement others by
using the BIOMASS format as a template.

4. INTERACTIONS BETWEEN FASSET AND OTHER EXISTING INITIATIVES

The BIOMASS approach has also been shown to be applicable to the UK’s approach dealing with
impact assessment of ionizing radiation on wildlife [13]. The study investigated dose rate calculations
and impact assessment of ionizing radiation on target organism. To do this, the assessor’s
requirements were: a radionuclide source, exposure pathways and ecological parameters. Many
assumptions were then made about total absorbed dose and compared with known radiological effects.
The result was a comprehensive set of spreadsheets that are able to calculate concentrations in
different organisms within an ecosystem, as illustrated in Figure 2 [7]. As a result of the study, some
findings have fed into FASSET, and further developed into regulatory guidance in England and Wales
to protect wildlife from ionizing radiation [14].

In order to benefit from the views of other organizations that have an interest in environmental
radiation protection, the FASSET consortium arranged an External Forum in April 2002, to which
representatives from these organizations have been invited. The event also coincided with the project’s
mid-term review, and provided the opportunity to consult with international views. A number of issues
and recommendations were raised and taken on board by FASSET, where appropriate. The outcome of
the Forum is posted on the FASSET web-site.
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Dose & Impact Assessment
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FIG. 2. Impact assessment approach used in R&D Publication 128 [7].
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Ethical aspects of the protection of animals

L. Koblinger, I. Vigh

Hungarian Atomic Energy Authority, Budapest, Hungary

Abstract. Many of the studies dealing with the protection of animal lives against the harmful effects of ionising
radiation concentrate on the technical aspects of the question, mainly on the comparison of the radio-sensitivities
of various species. In this paper we intend to address rather the basic ethical question: Why should we protect
other species than man? What kind of philosophical arguments of the protection can be listed?

First, we discuss the intentional irradiation of animals. From the very beginning of radiation studies series of
irradiation of animals were carried out intentionally, partly for the purpose of extrapolation modelling.
Furthermore, there were attempts to find radio-protective chemicals to be used as a certain kind of preventive
medicine for men. Another branch of intentional exposure is food preservation by irradiation, which is
considered by the World Health Organization as “safe and wholesome”. By the application of this technique,
lives of millions of human beings can be saved in the developing world. Similarly beneficial is the sterilisation
of syringes and other medical instruments.

The second basic philosophical question discussed in our presentation is weather animals should be per se
protected? While killing a human being is considered as a crime in all civilised societies and the ethical
background is given in all ethical religions, the picture is not so homogeneous in respect of the animals. There
seems to be a clear difference between the teachings of the Eastern and Western religions.

If we do not protect the animals for themselves, we still may need to protect them in our (human) interest. For
the application of a “sake of mankind” philosophy, animals should be distributed into groups of “beneficial” and
“damaging” for the present and future life of mankind. Do we have enough knowledge to decide about it
nowadays?

Finally, special attention is given to questions on biodiversity. Animals disappeared “continuously” during the
biological history of the Earth. This spontaneous change in the spectrum of the fauna has been a fundamental
factor of the evolution. Several thousand years ago man started to influence the fate of several kinds of animals.
Conservation of the diversity, in our reading, means mainly the conservation of variations much more than
conservation of each variant.

1. INTRODUCTION

Very soon after the discovery and first applications of the x-rays (Rontgen, 1895) and radioactivity
(Becquerel, 1896) scientists took notice of the harmful health effects of ionising radiation.

In 1902 W. H. Rollins reported experimentally induced fatalities in guinea pigs exposed to x-rays [1]
i.e. he demonstrated that ionising radiation could kill higher life forms, and from our point of interest it
is worth mentioning that this observation was derived from results of animal experiments.

Regulatory systems of radiation protection up to now, however, have been restricted to the protection
of men, the protection of other species has not explicitly been included. The International Commission
on Radiological Protection (ICRP) stated in its Report No. 26 [2] that “The Commission therefore
believes that if man is adequately protected then other living things are also likely to be sufficiently
protected” and basically this concept is preserved in the newest ICRP recommendations [3]: “The
Commission believes that the standard of environmental control needed to protect man to the degree
currently thought desirable will ensure that other species are not put at risk”.

Quite recently a change of this approach is taking place: the question of protection of the environment
against ionising radiation is increasingly discussed. One of the concerns behind is that if radiation is
controlled exclusively via the doses received by human beings, no restrictions can be set for releases at
non-inhabited areas. Moreover, there is recently a general increase of interest in the protection of our
environment, in the conservation of the other forms of life around us.
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A more or less systematic investigation of the question should start with the definition of the term
“environment”. According to the definition given in an International Atomic Energy Agency report
[11] environment includes “all layers of the lithosphere, hydrosphere and atmosphere containing life
forms”. 1t is practically impossible to scan all these areas in a single presentation, the discussion in this
paper is limited to the protection of one kind of life forms, to the protection of animals.

Many of the studies dealing with the protection of animal lives against the harmful effects of ionising
radiation concentrate on more technical aspects of the question, mainly on the comparison of the
radio-sensitivities of various species. In this paper we intend to address rather the basic ethical
question: Why should we protect other species than man? What kind of philosophical arguments of the
protection can be listed?

The present discussion is more or less restricted to an exploration of the subject, no formulation of
definite answers is aimed.

2. INTENTIONAL IRRADIATION OF ANIMALS

From the very beginning series of exposures of animals were carried out intentionally, for studying the
biological (somatic and genetic) effects of ionising radiation, partly for the purpose of extrapolation
modelling with the hope that some of the results can be applied for human beings. Though such
experiments are executed even nowadays, the validity of extrapolation is very questionable, especially
in the case of genetic consequences. Whereas severe changes in offspring of irradiated animals have
been detected, no such effects are found in human populations.

Furthermore, there were attempts to find radio-protective chemicals to be used as a certain kind of
preventive medicine for men [1] mainly for military purposes. Though no really effective radio-
protective chemicals have been discovered, exposures of animals are still executed in biological
research studies.

The ethical questions of such intentional exposures are out of the scope of this presentation, the
rightfulness and restriction of animal experiments in a broader sense, i.e. not exclusively for
irradiation, are laid down in international recommendations [5] and national legal means (e.g. [6]).

Another branch of intentional exposure is food preservation by irradiation, which is considered by the
World Health Organization as a “safe and wholesome” method. By the application of this technique,
i.e. by destroying the micro-organisms and parasites that cause food-borne illness and death, lives of
millions can be saved in the developing world. (It is interesting to note here that even in an advanced
country like the U.S.A. food-derived pathogenic bacteria and other parasites claim an estimated
10,000 lives annually [7].)

Similarly beneficial is, for example, the wide-spead technique of sterilisation of syringes and other
medical instruments. During these processes vast numbers of living organisms are killed intentionally
whereas millions of human lives are saved. In contrast to the restrictions against animal experiments
there are only negligible protests for refusing preservation or sterilisation just from the point of
prevention of microorganisms and bacteria.

After these brief introductory remarks on international irradiation, hereafter we shall further restrict
the discussion to non-intentional irradiation, irradiation caused by by-products of human activities,
mainly irradiation due to environmental releases.

3. SHOULD ANIMALS BE PER SE PROTECTED?

There is a more or less universal agreement that people should not cause harm to each other. Killing a
human being is considered as a crime in all civilised societies and the ethical background is given in
all ethical religions.

The picture is not so homogeneous in respect of the animals. There seems to be a clear difference
between the teachings of the Eastern (Hinduism and Buddhism) and Western (Judaism, Christianity,
Islam) religions. With some simplification, religions protect all creatures having “soul”, however, in
the Western religions soul is attributed exclusively to human beings, whereas in the Eastern religions
animals (or even plants) are assumed to have it.
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According to the Bible [8] human beings have dominion over all other living creatures: “Let us make
man in our image, after our likeness, and let them rule over the fish of the see and the birds of the air,
over the livestock, and over all the earth, and over all the creatures that move along the ground.”
(Gen 1,26). Animals have been created to nourish man: “Every thing that lives and moves shall be
food for you.” (Gen 9, 3). In a similar manner, Quran [9] leads people “eat (for yourselves) and
pasture your cattle” (Q 20, 54).

Needless to say, in such a framework animals are never considered as a group of individual beings and
animals are not to be protected for themselves.

As a consequence of this way of thinking prominent medieval Christian scholars, like St. Thomas
Aquinas, argued that after the Last Judgement people shall not drink and eat, bodies shall have no
physiological functions, therefore, there shall be no flora and fauna in New Jerusalem [4]. Things not
needed for human beings are not needed at all.

On the contrary, in ancient beliefs there were no such sharp distinctions between men and animals. In
Mesopotamian, Egyptian or Greek mythologies quite many animals were worshiped, or divinities
manifest (or disguise) themselves in the forms of animals. Similarly, in Hinduism, Vishnu appears in
forms of various animals, e.g. fish, turtle, boar, lion [4].

In Buddhism slaughter of animals is considered as a kind of basic ignorance. The Four Noble Truth
says: “We respect the lives of other creatures, even the lives of insects and creatures we do not like.
Nobody is ever going to like mosquitoes and ants, but we can reflect on the fact that they have a right
to live.” [10]. Here, human beings are considered as just one singular type of animals having no
special thing like ‘soul’. Consequently, all types of animals should be protected in the same manner as
human beings.

On the contrary, the actual approach of people living in developed western countries is based rather on
emotions than on philosophical backgrounds. Several people consider their pets as individual
personalities. For these people, any harm caused to their beloved pets is considered in a similar
manner as harm of their friend. On the extremety, some of them argue that they trust more animals
than men, because they have never been disappointed by animals. In most cases, these people are
much more concerned about mammalian than lower level species. People who are ready to
demonstrate for the seals or tigers, kill, without any hesitation, mosquitoes or other insects.

4. PROTECTION OF THE ANIMALS FOR THE BENEFIT OF MANKIND

Even if we do not protect the animals for themselves, we still may need to protect them in our (human)
interest. Animals make our life more convenient, or even possible at all, in various ways. The absolute
necessity or importance of their presence is questionable in many cases and in some instances the
value of their contribution decreases as man-made technologies develop and take over the functions of
animals.

One of the most typical beneficial uses of animals is the consumption of their meat or their products
(e.g. milk). It is not an absolute necessity, vegetarian people live normal lives throughout the world
and millions of people grow up without milk consumption.

The next example of use of animals or animal products is clothing. Tens of thousands of years ago
men’s bodies were protected against cold by furs of animals and luxurious dresses were made from the
secretion of silkworms. Though artificial products replace natural materials in many instances, in good
quality clothes and shoes still furs, wool and skins of animals are used as row materials.

Animals were extensively used for transport and heavy works. Though motorization released most of
the animals of this “type of work™ especially in the technically developed world, in less industrialized
areas animals still take part in e.g. in transportation of heavy loads.

Parallel to these tendencies there is an opponent trend in highly developed countries, more and more
animals are kept just for the fun of men, e.g. horses are bred for sport activities, pets are found in many
households.

153



In several cases governments have to interfere to protect species, to stop the unnecessary slaughter of
animals just for satisfying luxury demands, e.g. to control hunting of elephants for ivory or baby seals
for their furs.

The arguments written above are directly valid mainly for mammals (exceptions are e.g. birds and fish
kept as pets). The benefits of insects are sometimes less obvious but not at all less important. Just to
give one example, bees are necessary for pollination of flowers and blossoms.

The whole set of mankind-animals-pants-microorganisms forms a very complicated non-linear system
built up of thousands of elements, with thousands of interactions and feedbacks. Even with our present
level of biological knowledge it is very difficult, if not impossible, to estimate which elements can be
neglected from the system, which can be replaced by others and the removal of which species may
lead to a collapse of the whole system.

The extinction of certain species may change the spectrum of living creatures, or may disturb the
dynamical biological balance on Earth in such a way that endangers human life.

In this respect though animals should not necessarily be protected individually, species must be
conserved. This approach is outlined in the ICRP recommendations when they state that: “protection
of all human individuals is thought likely to be adequate to protect other species, although not
necessarily individual members of those species” [2] and “Occasionally, individual members of non-
human species might be harmed, but not to the extent of endangering whole species or creating
imbalance between species” [3].

If the philosophy of protection is drifted from the point of “the sake of the animals” towards “the sake
of mankind” criteria should be found for distributing the animals into groups of “beneficial” and
“damaging” for the present and future life of mankind. Do we have enough knowledge to decide about
it nowadays?

Let us consider simple examples. Encephalitis and Lyme disease are serious, quite frequently lethal,
illnesses. Both are propagated by ticks. Do the human victims serve us with a strong enough argument
for killing of the species? Can the millions of people dying from malaria each year give a base for
killing Anopheles mosquitoes? Is the evaluation of the life of a bear the same for those people who
just see them in zoos and buy those lovely teddies for their children and for those whose relatives were
killed by bears in the forest?

There are many non-linear mechanisms governing the development of flora and fauna. Propagation of
one species and extinction of another one is sometimes interrelated. Functions of species disappearing
from the stage are sometimes taken over by others. We are not able to judge what kind of changes lead
to irreversible, non-correctable modifications in the chain of evolution.

Unfortunately, there are no generally accepted answers to these questions.

5. QUESTIONS ON BIODIVERSITY

Animals have disappeared “continuously” during the evolution, 99 % of all the animal species ever
lived on earth are extinct. This spontaneous change in the spectrum of the fauna has been a
fundamental factor of evolution. The extinction of several species seems to be inevitable for the
presence of others, one can hardly imagine people living in civilised societies on Earth — together with
e.g. Tyrannosaurus Rex.

The non-linear system of mankind-animals-plant-microorganisms is not a statistic one, elements
disappear, new ones come into scene, the roles and functions of species change. The dynamics of the
system has played an inevitable role during the whole process of natural history. Life on Earth today
differs significantly from that of hundreds of thousands of years ago, which differed a lot from that of
millions of years before.

For most of the time these changes were ruled by natural laws and, especially by the mechanisms of
evolution, and no consciousness was involved.

Several thousand years ago man started to influence the life of several kinds of animals. Hunting
resulted in extinction of certain species. Human activity (mainly hunting) accounts for the extinction
of the aurochs, the dodo, the huia, and many others.
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On the other hand, breeding and domestication lead to modification of the genome of some species.

The spontaneous process has been artificially modified and accelerated. And these types of
modifications can impose a danger on nature, since we cannot predict what types of changes may turn
to be fatal in the future. Recognising the value of biodiversity the governments of the world have
developed the Convention on Biological Diversity.

Conservation of the diversity, in our reading, means mainly the conservation of variations much more
than conservation of each variant or the conservation of the present spectrum.

Let us refer to the dynamics of the living system. Changes have always happened and, most probably,
an artificial ‘freezing’ of the present state (i.e. removing the spontaneous dynamics) might cause harm
in the same manner as the introduction of too many artificial changes.

The question is even more exciting with ionizing radiation that can kill higher forms of life but, at the
same time, induce mutations, i.e. modify genomes, create new species. The artificial creation of new
species may turn to be either dangerous or beneficial, but increases biodiversity, anyhow!

One point is clear: we must be very cautious to induce any changes with unpredictable consequences,
let the changes be introduced either by exposure to ionizing radiation or in any other way. Special care
should be taken with the speed of the changes, since there is an obvious danger that human activities
can accelerate (or decelerate) the natural processes. Cautiousness, however, may not lead to a refusal
of all changes. Especially not, when the basic ethical background of the goals of the conservation and
protection is not clearly set and universally accepted.
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Abstract. A total of 15 organisations (including regulators, research institutes and industry) in seven European
countries (Finland, France, Germany, Norway, Spain, Sweden and UK) are collaborating on creating a
Framework for ASSessment of Environmental impacT (FASSET) of ionising radiation. The project aims at
developing approaches and tools for assessing impact on biota and ecosystems, and to support efforts to protect
the environment from harmful effects of radiation. The project is supported by the European Union through the
EC 5th Framework Programme, and is due to end in October 2003.

The Project is divided into four work packages. In WP2, seven European ecosystems are considered in the
assessments; three aquatic (marine, brackish, freshwater) and four terrestrial (seminatural ecosystems including
pasture, agricultural ecosystems, wetlands and forests). A list of candidate generic reference organisms has been
drawn up on the basis of expert judgement of exposure situations in the selected ecosystems. These organisms
are considered references or ‘surrogates’ for existing biota in the natural habitat. They serve as starting points
for development of dosimetric models, being developed in WP 1, and for pooling available information on
ecological relevance and biological effects. Further analysis of the candidate reference organisms is performed
to justify their choice and assess their applicability in different situations, taking into account modelling of
radionuclide transfer, estimates of internal and external dose rates, ecological significance and biological effects.

WP3 considers general ‘umbrella’ effects that, when manifested in an individual, may have an impact at
population level or at higher levels of the organisational hierachy. The four categories are: morbidity (fitness or
well-being), mortality (death directly attributable to radiation), reproductive success (changed number of
offspring) and scorable cytogenetic effects (molecular actions, aberrations, etc.). A database is being assembled,
compiling data from the literature for a number of organism categories for each of these four umbrella effects.
The database also considers the suitability of data to derive RBE for different types of radiation.

The work from the three WPs on exposure, dosimetry and effects will be organised into a framework for impact
assessments, which will take into account experience from application of ecotoxicological approaches in
assessing effects of other hazardous substances (carried out in WP 4). Characterisation of risks will be
performed in a way that attempts to make the framework useful to regulators, for demonstration of compliance,
and for communication with the public and decision-makers.

The latest development in the project will be presented. The progress of the project can be followed on its web-
site, www.fasset.org.

1. INTRODUCTION — OBJECTIVES OF THE FASSET PROJECT

The requirement for assessments of the environmental effects of radiation is increasing due to growing
public concern for environmental protection issues and integration of environmental impact
assessments into the regulatory process. Thus, there is a strong need to establish a framework for the
assessment of environmental impact of ionising radiation, as well as a system for protection of the
environment from ionising radiation. These ambitions are reflected in a number of international efforts
and various ‘systems’ have been proposed or are under development [1-7].
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The FASSET (Framework for Assessment of Environmental Impact) project is an EC 5™ Framework
Programme project, comprising 15 partners in seven European Countries (Finland, France, Germany,
Norway, Spain, Sweden and UK). The FASSET project aims at providing a formal framework for the
assessment of radiation effects on biota and ecosystems, aimed at assisting decision-makers and stake-
holders when judging the environmental impact of ionising contaminants from past, present or planned
sources. The project started on 1 November 2000 for a duration of 36 months, i.e. is to end by 31
October 2003.

The project is organised in four different sub-projects or Work Packages (WP). WP 1 considers
environmental dosimetry, WP 2 radionuclide transfer in ecosystems, WP 3 the biological effects of
ionising radiation, and WP 4 the creation of the framwork for assessments. There is substantial
interaction between theWPs, and all interact in the creation of the framework.

The project has the following practical objectives:

— To provide a set of reference organisms relevant to different exposure situations. The
identification of reference organisms must take into account the environmental fate of
radionuclide releases, exposure pathways, dosimetry and biological effects.

—  To provide a set of models for the reference organisms, including models for environmental
transport of radionuclides, exposure, dosimetry and biological effects.

—  To critically examine reported data on biological effects on individual, population and
ecosystem levels, as a point of departure for characterising the environmental consequences of,
e.g., a source releasing radioactive substances into the environment.

—  To review existing frameworks for environmental assessment used in different environmental
management or protection programmes. This review will extend outside the field of radiation
protection, and consider, inter alia, frameworks for managing risks from genotoxic chemicals.
The resulting FASSET framework will thus be set in a wider context of assessments of
environmental effects and management of risks to the environment.

In order to communicate the project results, a website has been created, www.fasset.org, where the
project status can be followed. Also, stake-holders’ views have been considered by organising a
FASSET External Forum, where a number of invited organisations were recently provided the
opportunity to offer guidance and critique on the approaches and further development of the project.

The following description is a brief summary of the project’s initial achievements, which also illustrate
the project’s general direction.

2. THE REFERENCE ORGANISM CONCEPT

A special feature within FASSET is the focus on reference organisms. This approach is analogous to
the reference man concept that has been adopted within radiological protection to provide a standard
set of models and datasets. The project’s working definition of the reference organism is:

“a series of entities that provide a basis for the estimation of radiation dose rate to a range of
organisms which are typical, or representative, of a contaminated environment. These
estimates, in turn, would provide a basis for assessing the likelihood and degree of radiation

effects”.

An initial step in the construction of the framework is thus the selection of appropriate reference
organisms. The final choice of reference organisms for consideration within the FASSET framework
will be an iterative process taking into account dosimetry as well as radioecological criteria and
radiosensitivity.

The initial work on exposure in different ecosystems was concerned with the identification of
candidate reference organisms from the point of view of radioecological sensitivity. The factors
determining radioecological sensitivity are:

—  whether the habitat or feeding habits of the organism are likely to maximise its potential
exposure to radionuclides, based on an understanding of the distribution of the different
radionuclides within the ecosystem;
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—  whether the organism exhibits radionuclide-specific bioconcentration which is likely to
maximise internal radionuclide exposures in particular circumstances;

—  whether the position of the organism within the foodchain (e.g., top predator) is such that
biomagnification of radionuclides up the foodchain may lead to enhanced accumulation.

In order to identify the candidate reference organisms, major European ecosystems have been
characterised in terms of their ecological characteristics, important pathways and radionuclide transfer
processes. The ecosystems considered are: for the terrestrial environment, semi-natural ecosystems
including pastures, agricultural ecosystems, wetlands and forests; and, for the aquatic environment,
fresh-water, marine and brackish ecosystems.

Based upon our knowledge of the distribution of radionuclides within the environment, a simplified
compartmentalisation has been used: soil, herbaceous layer and canopy for terrestrial ecosystems; bed
sediment and water column for aquatic ecosystems. Some organisms may be present in different
compartments, most notably the roots and above ground parts of plants. The project considered
simplified ecological niches/organism groupings within the selection process, to ensure that candidate
reference organisms will be sufficient to protect the environment as a whole within any assessment. In
this selection the availability of data for an organism, or the ability in the future to obtain the required
data, are also considered.

The approach taken towards their selection should ensure that suitable reference organisms are
available for a range of scenarios (chronic and acute exposure) and the different European ecosystems.
In total, 31 candidate reference organisms have been suggested. The complete list (Table 1) and the
reasoning behind the selection is found in project Deliverable 1 [8], also available on www.fasset.org.

TABLE 1. CANDIDATE REFERENCE ORGANISMS IDENTIFIED FROM AN EXPOSURE
PATHWAYS ANALYSIS

Terrestrial ecosystems Aquatic ecosystems
Soil Sediment
Soil micro-organisms Benthic bacteria
Soil invertebrates, ‘worms’ Benthic invertebrates, ‘worm’
Plants and fungi Molluscs
Burrowing mammals Crustaceans
Vascular plants
Herbaceous layer Amphibians
Bryophytes Fish
Grasses, herbs and crops Fish eggs
Shrubs Wading birds
Above ground invertebrates Sea mammals
Herbivorous mammals
Carnivorous mammals Water column
Reptiles Phytoplankton
Vertebrate eggs Zooplankton
Amphibians Macroalgae
Birds Fish
Sea mammals
Canopy
Trees
Invertebrates
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3. EXPOSURE ANALYSIS FOR VARIOUS REFERENCE ORGANISMS

A number of radionuclide transfer models developed for different ecosystems will be used for
tabulation of external and internal radionuclide concentrations. Furthermore, tabulations will be made
to allow conversion of concentrations in the environmental media, and internally, to absorbed dose
(rates); this will include consideration of the relative biological efficiency (RBE) of different radiation
types in the development of appropriate radiation weighting factors (w;) for the organisms, endpoints
and dose rates of concern. The radionuclide transfer models start with unit deposition for acute
exposure and for steady state, and with radionuclide flux for dynamic models developed for, e.g.,
waste repositories. This work has commenced and is due to be finalised at the termination of the
project in the autumn of 2003.

3.1. External exposure

In the first phase of the project, the estimation of external exposure focussed on organisms in the
terrestrial environment. The recently applied analytical approaches, such as the point-source-dose-
distribution function, provide sufficiently accurate results in media with relatively homogeneous
densities as is the case for aquatic environments. However, in terrestrial habitats with pronounced
inhomogeneities in materials and densities, analytical approaches are associated with considerable
uncertainties.

In order to estimate the external exposure, Monte-Carlo calculations have been made for various
reference organisms. Details on the assumed exposure conditions are given in Table 2. In all cases,
relatively simplified geometries for the target organisms as cylinders and ellipsoids were assumed. The
fur and the outer layers of the skin consist of non-active tissue and, therefore, causes a shielding effect
for the living organism. However, this effect has only a significant influence on the external exposure
for a-, B- and low-energy y-emitters.

In order estimate the impact of the distribution of the radiation source, calculations have been made for
various distributions of the radioactivity in soil. Planar sources on the top of the soil, at depths of 5 cm
and 20 cm, as well as a homogeneous volume source to a depth of 50 cm have been considered. The
calculations have been made for monoenergetic y-energies of 50 keV, 300 keV, 662 keV, 1 MeV and 3
MeV.

As an example, Figure 1 presents the dose conversion factor for a mole which is exposed to a planar y-
source on top of the soil. The DCF increases in proportion to the y-energy; it decreases with increasing
depth of the target due to the increasing shielding effect of the overlying soil layer. The differences in
shielding are more pronounced for low energies.

TABLE 2. CHARACTERISTIC OF REFERENCE ORGANISMS FOR THE ESTIMATION OF
EXTERNAL EXPOSURES

Location

Targets Example Shape Length, Diameter, relative to soil Shielding
cm cm layer, cm
surface, cm
Soil invertebrate  earthworm  cylinder 0,5 0, -5,-20 0
Small burrowing  mole . 10 5 0, -15, -25, -35
—— ellipsoid 0,1
mammal mouse 3 0,-10, -25
Reptile snake cylinder 100 0, -25 0
Herbivorous rabbit 30 12 0 0,1
roe deer 60 27 40
mammal _— 0,3
cattle 150 70 50
Carnivorous fox ellipsoid 30 12 30 0,1
mammal wolf 60 27 20
Herbivorous bird  pigeon 10 3 300 0,3
Carnivorous bird  hawk 30 12 1000
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FIG. 1. Comparison of the DCF for a mole as function of the y-energy and the depth of the target for a
homogeneous planar source at the top of the soil.

3.2. Internal exposure

For estimating internal exposures to biota, a set of organisms, sizes and energies were defined that
allow the assessment of exposures to a wide range of possible species. The most important quantity to
assess internal exposures is the fraction of energy absorbed in the organism; this depends on the
radiation type, the energy and the size and geometry of the reference organism. As a first step, a
homogeneous distribution in the reference organisms will be considered. Additionally, radionuclide
accumulations in specific organs, e.g., the thyroid and the gonads, will be simulated. Then, the dose
for this specified organ will be calculated. Details on the calculations for internal exposure are given in
Table 3.

For the reference plants defined as herbaceous vegetation, shrub and tree, the exposure conditions are
specified in Table 4. The exposure will be calculated for the meristem and the buds. These organs are
characterised by very intensive cell division, which may cause high radiosensitivity.

For the distribution of the radionuclides in the canopy, a distinction is made between a-, B-, and y-
radiation due to their different ranges. For y-radiation the whole canopy is considered to be a
homogeneously contaminated source of radiation. For high energy B-radiation, the irradiation of the
target is also assumed to occur from a homogeneously contaminated canopy. However, due to the
much shorter range of a- and low energy B-radiation, the irradiation from the external or internal
contamination of the target organ has to be considered explicitly. For a-radiation, due to the very short
range of a few centimetres in air, only the exposure from the external or internal contamination of the
target has to be taken into account. These assumptions are summarised below (Table 5).

3.3. Background exposure

In order to enable a comparison of exposures to biota from radionuclides released from nuclear
installations with the background in the specific habitats of the reference organisms, data on the levels
of natural radionuclides in different environmental compartment such as marine waters, freshwaters
and soils have been collected. Special emphasis is given to the radionuclides 280, 22Th, #°Th, **Ra,
*6Ra, *’Rn, *'°Po and *’K. These data are used to estimate natural background exposures to the biota.
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TABLE 3. ENERGY AND GEOMETRY SPECIFICATIONS FOR CALCULATIONS OF
INTERNAL EXPOSURES IN ANIMALS

Radiation type Energy range Target size range Geometry
Y 20 keV -3 MeV 0.01-1 m ellipsoids
B 5keV — 4 MeV 10°-0.03 m ellipsoids
a 3-10 MeV 10°-10° m Spheres

TABLE 4. GEOMETRIES FOR CALCULATION OF EXPOSURES IN PLANTS

Plant type Height Target organ Height of plant part considered
Herb 0-0.1m Meristem at the ground (Om)

Shrub 0.1-1 m Bud, meristem in middle of canopy (0.55 m)
Tree 1-10 m Bud, meristem in middle of canopy (5.5 m)

TABLE 5. RADIATION SOURCES AND CONSIDERED ENDPOINTS FOR CALCULATION OF
EXPOSURE OF PLANTS

Radiation type Source Endpoint

Y homogeneously distributed in the canopy Average dose rate in the canopy
homogeneously distributed in the canopy, Average dose rate in the target

B activity on/in the target organ

o activity on/in the target organ Average dose rate in the target

4. BIOLOGICAL EFFECTS OF IONISING RADIATION

4.1. Effects and umbrella effects

There is a large number of effects that have been used to describe radiation impact and construct dose-
response relationships. Many of the earlier studies have been on the determination of LD 50 values for
comparative radiosensitivity purposes, i.e., acute radiation exposures (usually in seconds or minutes)
were employed to determine the resulting short term mortality (usually within 30 days). Experimental
studies on the effects of low dose rate, chronic radiation exposure, have provided data not only on
mortality (frequently a relatively minor effect), but also on fertility, fecundity (or their combination as
total reproductive performance), growth rate, somatic and germ cell mutation rates, and so on. Because
all the effects that have been observed at the individual level could be presumed to have some possible
consequence at the population level, it was decided that FASSET would concentrate on four umbrella
effects that have significance at the population level:

—  morbidity (including growth rate, effects on the immune system, and the behavioural
consequences of damage to the central nervous system from radiation exposure in the
developing embryo);

—  mortality (including stochastic effect of somatic mutation and its possible consequence of
cancer induction, as well as deterministic effects in particular tissues or organs that would
change the age-dependent death rate);

— reduced reproductive success (including fertility — the production of functional gametes, and
fecundity — the survival of the embryo through development to a reproductive entity separate
from its parents);

—  cytogenetic effects (i.e. indicator of mutation induction in germ and somatic cells).

It is recognised that these four categories of effect are not mutually exclusive — e.g., effects leading to
changes in morbidity may result in a change in the age-dependent death rate, and an increase in
mutation rate may lead to changes in reproductive success. They simply provide a convenient means
of summarising the available information in a structured way that is meaningful within the objectives
of the FASSET project.
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In part, the four ‘umbrella’ effects cover the range of relative radiosensitivities within an organism and
suggest targets that might be of significance for the purpose of dosimetry:

— the whole body if there is no information on the differential distribution of radionuclides within
the organism (this would be relevant for mortality — including stochastic mutation rates in
somatic tissues — and morbidity);

—  the gonads (fertility and heritable mutations) and the meristems in plants (both for mortality —
damage to growth potential — and the gamete bearing tissues);

—  externally developing embryos and seeds;

—  specific tissues or organs if data are available.

4.2. Radiation effects database

In order to organise the available information on biological effects in a useful way for the framework,
a database is being built; it is aimed at relating dose or dose rate to effects for the specific purpose of
FASSET. The collection of data for the database is currently ongoing. The radiation effects database is
presented in detail in a separate article in this volume [9].

5. FRAMEWORK

The general structure of existing frameworks for environmental risk assessment has been considered to
be appropriate also for FASSET; i.e.,, a division of the assessment into three stages: problem
formulation, risk assessment, and risk management.

The risk management stage lies outside the scope of the FASSET project. The emphasis of FASSET is
the development of tools and data for the risk assessment phase of this ecological risk assessment and
management process. However, the construction of the FASSET framework must be flexible in order
to take into account the various risk management options, as well as societal concern defined in the
formulation stage, as these influence (and ultimately must make use of) the way in which a risk
assessment is carried out.

The way in which problem formulation is carried out in the different assessment systems studied
differ, depending mainly on the different aims and philosophies of the assessments. The FASSET
framework must be appropriate for problems of varying formulation, e.g., FASSET must:

—  be able to take into account ongoing, past and future releases;
—  be able to take into account chronic and acute effects;

—  be appropriate for assessments carried out for various purposes, €.g., licensing, demonstration of
compliance, assessment of accidents, and decisions concerning remediation.

Some of the elements of other frameworks will be included and appropriately adapted within
FASSET, together with a justification for the approach taken. This information will be presented in
Deliverable 2 of the project, due by the end of 2002, and will be publicly available at the project
website.

Factors to be considered in assembling a framework, and comparisons to other assessment
frameworks, are considered in a separate article in this volume [10].

6. FOLLOWING FASSET PROGRESS

6.1. Deliverables

The project has so far delivered one out of six planned reports. Deliverable 1 consists of one main
report and two appendices, and are available at the website:
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—  Report: Identification of candidate reference organisms from a radiation exposure pathways
perspective (Eds: Strand, Beresford, Avila, Jones and Larsson. Contributors: Agiiero, Barnett,
Brown, Gilek, Howard, Ilus, Kautsky, Kumblad, Nislund, Patton, Robles, Sanchez, Saxén,
Stensrud, Suafiez, Wright).

—  Appendix 1. Ecological characteristics of European terrestrial ecosystems: Overview of
radiation exposure pathways relevant to the identification of candidate reference
organisms.

— Appendix 2. Ecological characteristics of European aquatic ecosystems: Overview of
radiation exposure pathways relevant to the identification of candidate reference
organisms.

6.2. Communicating FASSET to wider audiences

The Consortium acknowledged at an early stage the need for the project to be open and transparent,
and to allow anyone interested to follow its development. A web-site, www.fasset.org, was, therefore,
created, and an information leaflet produced to announce the project and to promote its web-site.

The web-site is divided into a public domain and a members’ area (password-protected). The
organisation of the public domain of the web-site and its material is as follows:

—  FASSET leaflet;

—  Final version of deliverables;

—  List of publications supported by FASSET project;
—  Progress reports/Mid term reports;

—  Technical annex;

—  Databases (e.g., on radiation effects)’

In order to respond to the interest shown by ‘external’ stakeholders, and to gain important information,
the Consortium organised an External Forum in Bath, UK, 89 April 2002. The minutes, including
issues raised, recommendations made, and FASSET responses to these recommendations, are available
at the FASSET website.

6.3. FASSET/BIOMASS workshop

The International Atomic Energy Agency (IAEA) is concluding its project on Biosphere Modelling
and Assessment (BIOMASS). The project has clear relevance to FASSET as regards, for example,
problem formulation, but also other aspects resulting from the problem formulation, such as the
selection of the biosphere system.

A workshop was held, 30-31 October in Stockholm, to identify which BIOMASS issues are relevant
to FASSET, and how FASSET can continue developing concepts within the BIOMASS methodology.
The workshop was attended by eight FASSET partners and by IAEA, and also by ANDRA (France) to
exchange information between FASSET and the on-going 5th Framework Programme Project
BIOCLIM (Modelling Sequential Biosphere Systems under Climate Change for Radioactive Waste
Disposal). Again, the minutes are available at the FASSET website.

%
Members area initially. Public area, when problems concerning database protection/input quality have been
resolved.
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Development of a national environmental monitoring programme for
radionuclides — Sweden

P.J. Wallberg, L.M. Hubbard

Swedish Radiation Protection Authority, Stockholm, Sweden

Abstract. In parallel with the enforcement of the Environmental Code in 1999, the Swedish parliament adopted
15 national environmental quality objectives that aim towards a sustainable development for the country. The
government’s primary environmental objective is to hand over a society to the next generation in which the
major environmental problems have been solved. One of the quality objectives is “A Safe Radiation
Environment” of which the Swedish Radiation Protection Authority (SSI) is the responsible authority. In order
to follow the progress towards this objective SSI is currently developing a national environmental monitoring
and assessment programme for radionuclides. Many countries have monitoring programmes in the vicinity of
nuclear power plants and nuclear industries, as Sweden has also had for many years. The current Swedish effort
is a development beyond the local monitoring programmes to incorporate radiation assessment at a national
level. This includes long-term issues such as identification of ecological processes that can concentrate
radionuclides, and assessment of activities other than nuclear industries that lead to radioactive releases. One of
the expected results of this monitoring programme is an improved framework for assessing the dynamics and
impact of radionuclide transfer and containment in different ecosystems. This paper will focus on the
development and implementation of the framework for a national monitoring programme, include some
examples of environments that have been identified as areas of particular concern, and describe an approach to
protect species with different ecological prerequisites.

1. BACKGROUND

In parallel with the enforcement of the Swedish Environmental Code in 1999, the parliament
unanimously adopted 15 environmental quality objectives [1]. These measures were a direct follow-up
of the Rio conference in 1992 and aim at achieving a sustainable development for the country. The
government’s overall goal is to hand over a society to the next generation in which the major
environmental problems have been solved. Concrete proposals of interim targets, measures and
strategies for how the objectives will be achieved was suggested by the government and subsequently
approved by the parliament in 2001 [2].

The Environmental Code and the environmental quality objectives support one another in the task of
achieving sustainable development. The Environmental Code is the legal instrument used for
achieving the environmental quality objectives. Although the objectives have no formal legal status,
they serve as guidelines for public authorities and bodies. Furthermore, the environmental quality
objectives can be used as a general basis for assessments in connection with application of the
legislation.

2. FRAMEWORK FOR THE ENVIRONMENTAL QUALITY OBJECTIVES

The environmental quality objectives define the state of the Swedish environment that the
environmental activities should aim to achieve, and visualize the ecological dimension of sustainable
development (Table 1). Central agencies are responsible for each of the 15 environmental quality
objectives. The quality objective for radiation, A Safe Radiation Environment, concerns both ionizing
and non-ionizing radiation, and states:

“Human health and biological diversity must be protected against the harmful effects of
radiation in the external environment”.
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TABLE 1. SWEDEN’S 15 ENVIRONMENTAL QUALITY OBJECTIVES

1. Reduced Climate Impact 9. Good-Quality Ground Water

2. Clean Air 10. A Balanced Marine Environment, Flourishing
3. Natural Acidification Only Coastal Areas and Archipelagos

4. A Non-Toxic Environment 11. Thriving Wetlands

5. A Protective Ozone Layer 12. Sustainable Forests

6. A Safe Radiation Environment 13. A Varied Agricultural Landscape

7. Zero Eutrophication 14. A Magnificent Mountain Landscape

8. Flourishing Lakes and Streams 15 A Good Building Environment

The Swedish Radiation Protection Authority (SSI) is the responsible authority for coordinating the
follow-up of this environmental quality objective. Specific for each environmental quality objective,
interim targets specify the direction of and the time frame for ongoing concrete environmental
measures. There are three interim targets for the objective A Safe Radiation Environment:

(1) By the year 2010, the concentrations of radioactive substances in the environment emitted from
all human activities will be so low that they represent no threat to human health or biological
diversity. The annual additional individual dose from each activity to members of the public
will be lower than 0.01 mSyv per person.

(2) By the year 2020, the annual incidence of skin cancer caused by UV-radiation should not be
greater than that in 2000.

(3) Studies will continue to be made of the possible risks associated with electromagnetic fields
(EMF) and necessary measures will be taken if potential risks are identified.

In order to follow the development within each interim target a number of indicators have been
selected, for instance:

—  The radiation level in the environment in different regions.

—  The yearly radiation dose to individuals from all sources in different geographical regions.
—  Attitude studies of the population regarding the risk of UV exposures.

—  Grants for research on EMF.

Every year, starting in 2002, the government will present a brief report to the parliament on the
progress made towards achievement of the environmental quality objectives. In addition to this, an in-
depth evaluation of the progress made will be carried out every four years in order to establish whether
the procedures used or the objectives themselves need to be revised.

3. A NATIONAL ENVIRONMENTAL MONITORING PROGRAMME

One prerequisite for the follow-up of the first interim target, concerning the concentrations of
radioactive substances in the environment, is a national environmental monitoring programme for
radionuclides. SSI was given a task to start developing the programme in 2001, which is an effort
beyond the monitoring in the vicinity of nuclear installations that Sweden, like many other countries,
have had for many years [3]. The national environmental monitoring programme is developing with
two long-term aims:

— the total radiation dose to the human population from all sources shall be assessed;

— radiological protection criteria for the environment shall be developed and monitored.
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As a first step, the programme is being expanded to monitor and assess the geographical and
ecological differences in the radiation environment. The monitoring is carried out within ten
programme areas; air, coast and sea, lakes and rivers, wetlands, mountains, forests, agriculture, urban,
landscape, and human health. Within these programme areas monitoring will be conducted at different
time intervals depending on the purpose of the monitoring (emergency preparedness or environmental
monitoring), the source of radiation (natural or anthropogenic sources), the timescales characterizing
different ecosystems, or the organisms in question (Table 2). Warning systems, such as gamma or air-
filter monitoring stations for accidental releases of radioactive substances, are measured at close time
intervals (days or weeks) whilst natural radiation levels are measured only occasionally. The
combustion of biofuels from areas that received a high deposition of Cs-137 after the Chernobyl
accident is one example of activities that can produce local point sources depending on the handling of
the ashes. Monitoring in the vicinity of such point sources can be carried out occasionally by airborne
gamma radiometric measurements. In contrast, monitoring in the vicinity of large point sources, i.e.,
nuclear power plants, is intensive and includes a large number of different bioindicators and different
radionuclides that are measured at different time intervals.

Monitoring of organisms and specific ecosystems can be performed as time series, occasionally, as
research projects or by using models. For instance, reindeer are monitored annually due to their
characteristic of accumulating high levels of Cs-137. An example of an ecosystem where monitoring
has been carried out occasionally is an urban area, the city of Gévle, where a high deposition of
Cs-137 occurred after the Chernobyl accident. One example of a research project that is closely
interconnected with the environmental monitoring programme is presently ongoing in a wetland area
in the northeast area of Sweden where considerable enrichment of Cs-137 has occurred [4]. The
project aims to clarify when the accumulation of Cs-137 occurred, the processes behind the
accumulation and to estimate doses to different organisms in relation to their behaviour and life cycle.

One outcome of this research project will be models for estimation of doses to organisms that cannot
be sampled due to their size, behaviour or because they are an endangered species. Another outcome
will be knowledge enabling the identification and understanding of other areas where redistribution
and concentration of radionuclides can occur.

Monitoring and research go hand in hand. Monitoring defines the state of the environment with
respect to radionuclides in terms of concentrations in biota and abiota, time trends and the
geographical distribution. Furthermore, monitoring also generates data that can be used to assess doses
to biota. However, in order to answer questions of potential effects and to understand the mechanisms
and processes behind observed time trends research is needed. Research can result in models for
calculating dose and describe processes. Models can also suggest appropriate timescales for
monitoring and models for predictions can thereafter be confirmed or rejected by the results of
monitoring.

TABLE 2. OVERVIEW OF MONITORING EFFORTS WITHIN THE NATIONAL MONITORING
PROGRAMME FOR RADIONUCLIDES

Time series Occasionally Intensive Research/ Models
Warning systems X
Natural radiation X
Small point sources X
Large point sources X
“Ecosystems/Organisms X X X

* Alternative efforts depending on the ecosystem or organism.
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4. CRITERIA FOR BIOINDICATORS

The largest difficulty in designing a new monitoring programme is the selection of bioindicators,
because the number of species that can be monitored is by far fewer than the total number of species
present in an ecosystem. Thus, bioindicators have to be chosen with care. Generally, several criteria
are used for the selection of indicator species.

(1) Degree of bioaccumulation and sensitivity. Indicator species should be exposed to the
substance of concern, bioaccumulate the substance and be sensitive to high exposure during
parts of or the whole of their life cycle. Differences in the degree of bioaccumulation for
different substances must be considered for the selection of indicator species [5]. For a
substance that does not bioaccumulate to a high extent, (e.g. Ag-110m), a bioindicator at a
lower trophic level should be used, whilst top predators can be used for substances that do
bioaccumulate (e.g. Cs-137 and Sr-90).

(2) Area of distribution. If the contaminated area is restricted, the indicator should be stationary,
whilst an indicator for a larger contaminated area should have a large home range.

(3) Practical restrictions. The indicator species should be easy to collect, large enough
(particularly if individual organs are going to be selected) and abundant to prevent that the
monitoring programme causes extinction of a species in an ecosystem. Furthermore, physiology,
behaviour and the lifecycle of the indicator species must be well known.

(4) Societal relevance and values. In order to protect a species or an ecosystem the purpose must
be understood and accepted by the public and decision makers [6]. Furthermore, the public has
concerns to which the authorities must be responsive. For instance, one important aspect of
monitoring in the vicinity of nuclear power plants is to provide information to the public about
the concentration of radionuclides in foodstuff that generally have very low concentrations.
Thus, there are objectives that cannot be met by only using bioindicators with the highest
bioaccumulation.

5. PROTECTION OF THE ENVIRONMENT

Operations of activities, such as nuclear industries, are regulated in Sweden so that under normal
operation human health and the environment are protected. Today the nuclear industry in Sweden
already fulfills the interim target of an individual dose to members of the public of less than 0.01 mSv
per person per year, although the interim target is not legally binding. However, there are activities
other than nuclear industries that can lead to radioactive releases, such as improper handling of
radioactive sources, and the burning of biofuels or peat for energy. In the latter case, dispersion
mechanisms and exposure pathways are not thoroughly documented or understood.

The largest concern regarding protection of the environment does not result from regulated activities
but from consequences following accidents involving nuclear technology. High concentrations in the
environment may occur because of both a primary dispersion of radionuclides as well as a secondary
redistribution that can result in accumulation in different ecosystems, such as wetlands and sediments,
or as a consequence of human practices. In Sweden the uptake of Cs-137 in trees that in turn are burnt
as biofuels and the ashes used as fertilizers in forests or deposited in landfills has recently been
identified as a practice that has to be regulated.

It is well known that the greatest radiosensitivity occurs during rapid cell division for either renewal
(e.g., spermatogenesis) or growth (e.g., during embryonic and juvenile stages and in plant meristems).
It follows that the primary end-point of concern for protection of the environment is reduction in
fertility or fecundity [7]. A set of criteria related to the behaviours and lifecycles of animals can be
used as a tool to identify the most sensitive animal species in an area with high concentrations of
radionuclides (Figure 1). The first criterion in order to identify the most sensitive species is the size of
the contaminated area in relation to the home range. The second criterion is the expected time span
above an accepted dose limit in relation to the life span of the species. The species that are most likely
to get the highest exposure are those for which the contaminated area is larger than their home range
and the time span above a given dose limit is longer than their expected life span. The potential effect
on the reproduction of the most exposed species is then evaluated based on the total dose over their
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lifetime in relation to their behaviour and lifecycle. In the case that the evaluations suggest that the
reproductive capacity is significantly repaired, the likelihood of migration of new individuals into the
area should be evaluated. If it is likely that new individuals can migrate into the area when the total
lifetime dose is below the detrimental level, the need for measures is not immediate. In contrast, if the
population is isolated or there are endangered species within the area, measures should be considered.

One possible measure could be to introduce new individuals of the species to the area when the total
lifetime dose is below the detrimental level. However, if the species is endangered, it may be
necessary to move individuals of the population to uncontaminated areas in order to ensure the
possibility that individuals can be retransferred back when the total lifetime dose is below the
detrimental level. The given criteria apply for animals but a similar structure to identify the most
sensitive plant species can be used. For instance, instead of home range the area of distribution can be
used and instead of migration the probability of recolonization by, e.g., spreading of seeds can be
considered.

SIZE OF THE CONTAMINATED AREA

IN RELATION TO HOME RANGE TIME ABOVE DOSE LIMIT

Smaller Larger > Life span < Life span
\‘ Most sensitive f
species
ESTIMATED

Limited EFFECT Noreproductive success
MIGRATION INTO THE AREA
Yes No

|

MEASURES

FIG. 1. Criteria to identify the most sensitive animal species in a contaminated area.

6. CONCLUSIONS

The fundamental support for the achievement of the environmental quality goals is the fact that the
government’s proposal was approved unanimously by the parliament. This enables a more long-term
perspective since the process is not dependent on the political party in power. At present SSI is
working on locating practices that concentrate or spread radionuclides that are not regulated today, and
identifying and locating ecosystems that accumulate radioactive substances. In parallel