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RESUME 

En matiere d'ecosystemes, les methodes de protection contre les rayonnements ionisants different enormement 
de celles utilisees centre les effets nocifs des produits chimiques toxiques. Conceptuellement parlant. les 
methodes utilisees pour la protection environnementale centre Jes produits chimiques et pour !'evaluation des 
risques qu' ils presentent pour la sante humaine se ressemblent car elles misent sur la protection des ind iv id us les 
plus sensibles ou les plus exposes. Elles supposent que si Jes especes ou les stades les plus sensibles ou les p lus 
exposes sont bien proteges. les ecosystemes le seront aussi. En revanche, ii existe une premisse formelle des 
normes de radioprotection voulant que tous les organismes. les populations et les ecosystemes possedent des 
capac ites compensatrices qui leurs permettent de survivre aux variations naturelles et imprevisibles de leurs 
environnements. On suppose que ces capacites persistent lorsqu' il ya radioexposition. Cette philosophie a ete 
developpee ii y 30 ans a l'epoque ou les expressions « evaluation du risque » et « gestion du risque >> etaient peu 
utilisees. Plusieurs considerent que l'approche d'examen d"expert utilisee pour etablir les normes de 
radioprotection est en contradiction avec la methode ouverte et interactive actuelle pour la reglementation des 
produits chimiques toxiques. II y a beaucoup plus de donnees environnementales pour les radionucleides que 
pour les produits chimiques. II devrait done etre possible, etant donne une comprehension du rapport dose­
reaction des effets du rayonnement et des radioexpositions d 'organism es individuels. de developper des 
methodes qui permettront de quantifier Jes effets des radioexpositions sur les populations. Un systeme 
d'evaluation par niveaux et des modeles disponibles de populations pouvant etre utilises pour evaluer le risque 
ecologique des radionucleides sont presentes. 

ABSTRACT 

Approaches for protecting ecosystems from ionizing radiation are quite different from those used for protecting 
ecosystems from adverse effects of toxic chemicals. The methods used for chemicals are conceptually similar to 
those used to assess risks of chemicals to human health in that they focus on the protection of the most sensitive 
or most highly exposed individuals. The assumption is that if sensitive or maximally exposed species and life 
stages are protected. then ecosystems will be protected. Radiological protection standards. on the other hand, are 
expl ic itely premised on tlw assumption that organisms, populations and ecosysytems a ll possess compensatory 
capabilities to a llow them to survive in the face of unpredictable natural variation in their environments. These 
capabilities are assumed to persist in the face of at least some exposure to ionizing radiation. The prevailing 
approach to radiological protection was deve loped more than 30 years ago. at a time when the terms risk 
assessment and risk management were rarely used. The expert review approach used to derive radiological 
protection standards is widely perceived to be inconsistent with the open. participatory approach that prevails 
today for the regulation of toxic chemicals. The available data for environmental radionuclides vastly exceeds 
that available for any chemical. Therefore, given an understanding of dose-response relationships for radiation 
effects and exposures for individual organisms, it should be possible to develop methods for quantifying effects 
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of radiation on populations. A tiered assessment scheme as well as available population models that could be 
used for the ecological risk assessment of radionuclides is presented. 

1.0 INTRODUCTION 

Over the past tive years explic it regu latory processes for protecting ecosystems from adverse effects o f toxic 
chemicals have been developed in the United States, Canada, and the OECD. Although the stated intent of the 
regu lations is to protect populations. commun ities, and ecosystems, most of the supporiing data and assessment 
methods relate to individual organisms . The philosophy underlying this approach is that the limited state of 
knowledge concerning the ecologica l effects of chemicals necessitates the use of conservative assessment 
methods. These methods are conceptually similar to those used to assess risks of chemicals to human health in 
that they focus on the protection of the most sensitive or most high ly exposed individuals. The operating 
assumption is that if sensitive or maxima lly exposed spec ies and life stages are protected, then ecosystems w ill 
be protected. This philosophy has led to the development of hazard assessment schemes in which standards and 
criteria are based largely on data derived from single-species toxicity tests. Although it is acknowledged that 
density-dependence. behavioral avoidance. natura l selection, and other ecological processes that cannot be 
captured in laboratory test systems have major influences on the responses of ecosystems to chemical exposures. 
these processes are not considered when criteria are established. 

Approaches to protecting ecosystems from ionizing radiation, as summarized in a recent International Atomic 
Energy Agency Report ( IAEA 1992) are quite different. Radio logical protection standards are explicitly 
premised on the assumption that organisms, populations, and ecosystems all possess compensatory capabilities 
that allow them to survive in the face of unpredictable natural variations in their env ironments. These 
capabilities are assumed to permit biological systems to persist in the face of at least some exposure to ionizing 
radiation above and beyond the natural background level. Moreover, radiological standards explic itly 
incorporate an assumption that impacts on a few individual organisms are permissible, provided that the integrity 
of the population or community as a whole is ma intained (IAEA 1992). In the past, there have been no standard 
test systems or hazard assessment protocols for regulation of rad ionuc lides in the environment. Instead. 
scientific panels have derived dose lim its based on evaluation of laboratory experiments, field experiments, and 
monitoring stud ies. 

The prevailing approach to radiological protection was developed more than 30 years ago. at a time when the use 
of the term ·'risk assessment" and "risk management" were rarely used outside the insurance business. No 
convincing evidence has been brought forward that current radiological protection standards are inadequately 
protective, however, the --expert review" approach used to derive the standards is widely perceived to be 
inconsis tent with the open, partic ipatory regulatory ph ilosophy that prevai ls today. 

Can the radiological assessment process be recast in the form that is s imilar to the chemical risk assessment 
process? The existing information base concerning biological effects of ionizing radiation suggest that such a 
reformulation is possible, Moreover, it appears feasible to take radio logical risk assessment a step beyond 
current approaches to ecological risk assessment of chemicals by expl icitly considering risks to popu lations 
rather than ind ividual organisms. Accomplishing this task would involve (I) evaluating experimental data 
concerning dose-response relat ionships for sens itive life-stages of aquatic and terrestrial biota under both 
laboratory and fie ld conditions, and (2) utilizing recently-developed methodologies for extrapolating individual­
level data to population and community responses. 
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2.0 THE DATA 

The IAEA ( 1992) report evaluates a wide array of information on the biological effects of ionizing radiation, 
including: 

• Molecular and cellular changes such as chromosomal aberrations and DNA damage, 

• Induction of tumors or other benign or malignant lesions analogous to those that occur in humans, 

• Reductions in the rates of growth of exposed organisms, 

• Reproduction effects, including sterility, reduction m fecundity, and occurrence of developmental 
abnormalities or red uction in viability of offspring, 

• Reduced seed germination in plants. 

• Mortality, including both acute lethality and long-tenn reduction in life-span, 

• Experimental field studies in which natural ecosystems have been exposed to radiation under controlled 
conditions. and 

• Monitoring studies, in which measurements of radiation exposures and effects have been made following 
accidental releases. 

Ea rly studies focused on acute effects of high-levels of radiation, where lethal ity is the endpoint of concern. 
Beginning in the late 1950s, field-scale studies emplo:ving long-term, low-level exposures were initiated. Some 
of these involved long-term monitoring at sites contaminated with radioactive waste (e.g. , Blaylock 1965, Cooley 
1973 ). Others involved experimental irradiation of natural ecosystems ( e.g.. the experiments described by 
Woodwell and Whittaker 1968). Experimental field studies involve much more natural conditions than are 
possible in controlled laboratory experiments. The full array of natural biota are potentially available for study , 
although in practice data on birds and large, mobile animals are difficul t to collect. For plants. soil-dwelling 
inver1ebrates, and small mammals population-level effects can be directly observed. Highly accurate dosimetry 
is possible, at least for external exposures. True ecosystem-level effects. notably changes in plant in animal 
community composition caused by reduced abundance of sensitive plant species. have been directly observed. A 
few sites have been studied continuously studied for nearly four decades. Laboratory and experimental field 
studies together have provided information regarding the relative sensitivity of different taxonomic groups and 
have generally shown that natural populations in a wide variety of settings appeared unaffected at dose rates 
much higher than are considered acceptable for human exposure. 

More recent ly. information has become available from biological monitoring studies conducted at sites of major 
radionuc lide releases in the former Soviet Union, including Chernobyl, Mayak, and Chelyabinsk. Levels of 
contamination observed these sites greatly exceed those observed in North America and western Europe and are 
high enough that obvious ecological effects were observed at the most heavily contaminated locations. Data 
collected at these sites. although subject to a variety of methodological problems, have confirmed generalizations 
derived from previously-published studies (J. R. Trabalka. personal communication). 

Both laboratory and field approaches suffer from limitations similar to those that affects studies of the fate and 
effects of toxic chemicals. The species tested in the laboratory have, for the most part. been selected because of 
ease of handling or relevance to human health research. Rodents. beagles, chickens, and Drosophila have been 
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the most common animals studied. For plants, most laboratory research on radiation effects has been performed 
using seeds and seedlings. Techniques employed for both external and internal dosimetry in early experimental 
studies were much less accurate than are those used today. Moreover, test ?YStems were much less standardized 
than those now employed in environmental toxicology (especially aquatic toxicology) so that results of different 
stud ies are more difficult to compare. Like the laboratory stud ies, the fie ld studies are subject to a variety of 
important limitations. Almost all experimental stud ies. and in pa,ticular experimental studies in which doses are 
high enough to produce detectable biological effects. have been limited to acute external exposures. A smal l 
number of field experiments have involved direct application of isotopes to plants or soils; dose rates for these 
experiments have been belov..- biological effects thresholds so that the results are useful primarily for estimating 
transfer coefficients. For practical reasons, experimental studies have emphasized effects on sedentary species. 
especially plants. Monitoring studies are subject to additional uncertainties relating to the high spatial 
heterogeneity of radionuclide deposition rates and, in most cases, high uncertainty concerning the actual doses 
received by exposed organisms. 

Radiation dosimetry presents some s ignificant technica l challenges in comparison to chemical exposure 
assessments. because the appropriate unit of received dose is the energy received from absorption of an a. ~, or y 
particle. The tissue receiving the dose may not be the tissue of origin of the atom whose decay produced the 
absorbed particle. Radiation biologist must account for both the internal dose (primarily a and ~ patticles) 
originating from atoms deposited 'Nithin the organ ism and the external dose (primarily y particles) originating 
from atoms in solution, on the soil or sediment surface, or on the surface of the organism itself Models for dose 
assessment in both aquatic and terrestrial ecosystems are available (IAEA 1979, NRC of Canada 1983. Whicker 
and Kirchner 1987). However, the accuracy of these models is difficult to confirm. especially for internal doses. 

Despite these qualifications, it should be clear that the available data for environmental radionuclides vastly 
exceeds that available for any chemical. Given an understanding of dose-response relationships and exposures 
for indiviual organisms, it should be possible to develop methods for quantify ing effects on populations. 

3.0 MODELS 

Barnthouse et al. ( I 986) argued that existing theories of population response to stress were adequate to support 
development of quantitative ecological risk assessment methods for chemicals. The principal modeling approach 
available at that time was the age/stage-based approach exempl ified by the age-structured models long-used by 
fisheries biologists. In fisheries management, these models are used to estimate changes in abundance. 
population structure, and likelihood of decline resulting from different rates of mortality due to fishing. Such 
models can readily be used to translate infonnation on effects on age-specific survival and reproduction caused 
by chemicals to effects on populations, accounting explicitly for environmental variation, life-h istory variation. 
and density-dependence (Barnthouse et al. I 990). Since 1986 the theoretica l basis and range of applications of 
population models has sign ificantly advanced because of the needs of conservation biologists to manage small 
clusters of populations in fragmented habitats. Concurrently, the unprecedent increase in the power and 
accessibility of computers and geographic information systems (GIS) has permitted the development of modeling 
approaches that would have been impossible to implement a decade ago. 

3.1 Individual-based models 

Individual-based models are models that characterize the dynamics of populations in tenns of the physiological. 
behavioral, or other relevant properties of the individual organisms. The ··core" of an individual-based 
population model is a model of the organism. including its physiology, behavior, reproduction. spatial location, 
or any other relevant property. For some simple models. the population-level consequences of individual 
properties can be generated analytically. For more complex organisms or realistic environmental scenarios. these 
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properties are calcu lated by numerical simulation: a fixed number of individuals are s imulated day-by-day or 
week-by-week and quantities such as abundance, spatial distribution, or probability of ext inction are generated 
by tabulating the numbers and distributions of organ isms. The most re levant published examples of 
individual-based models involve forest composition (Huston and Smith I 987. Shugart I 984, Dale and Gardner 
1987) o r fish (Beyer and Laurence 1980. DeAngelis et al. 1991. Madenjian and Carpenter 1991. Rose and Cowan 
1993). More recently, models that simulate the behavior and distribution of animals moving over a complex 
landscape have been developed (Loza et al. 1992, Liu 1993). 

3.2 Metapopulation models 

As discussed by Hanski and Gilpin ( I 99 1 ). a metapopulation can be defined as a ·'set of populatio,is which 
interact via indiv iduals moving among populations." Many metapopulation models. including complex ones 
involving interacting species (e.g .. hosts and parasitoids. predators and prey, plants and herbivores) have been 
developed for use in biological pest control studies (Murdoch et al. 1985). Many recent applications are in 
conservation biology, most notably in studies of the Northern spotted owl (Lande 1987. Lamberson et al.. 1994) 
and other endangered species (Lindenmayer and Lacy 1995). The principal problem addressed using these 
models is the infl uence of habitat size, immigration. emigration. and environmental variability on the persistence 
of rare species w ith fragmented spatial distributions. 

3.3 Spatially-explicit models 

Spatia lly-explic it models are models that incorporate realistic features of landscape structure. These 
representations can range from idealized arrangements of "patches" of suitable and unsuitable habitat to 
vegetation maps generated by GIS (Pu lliam et a l. 1992. Liu 1993, Turner et a l. 1994). These models can be 
thought of as extensio ns of the metapopulation and individual-based modeling concepts to complex spat ial 
environments. If desired, each organism can be assigned a specific location, and explicit ru les for determ ining 
the behavior of an organism as a fu nction of local environmental characteristics can be defined. As \vith other 
individual-based models. a spatia lly-explicit model simu lates population dynamics by simulating the behavior 
( including reproduction and death) of the individual organisms. Environmental transport models can be used to 
generate spatial patterns of contam inant distributions. For example. given an estimated pattern of radionuclide 
release. a specific dose rate could be assigned to any location. Such models would be ideally suited to s ite­
specific assessments in which detailed information about the structure of a specific environment of interest can 
be developed and for which highly specific predictions of potential risks are required. 

4.0 USES IN TIERED RISK ASSESSMENT SCHEMES 

All chemical regulatory schemes involve tiered testing and assessment. As an example. for many years the U. S. 
Environmental Protection Agency's Office of Pesticide Programs has employed a tiered approach to pesticide 
registration (Urban and Cook 1986). In the fi rst tier, estimates of standard toxicity test endpoints such as LC,.,s 
and LD50s are compared directly to '·Estimated Environmental Concentrations'" (EECs) derived from standardized 
surface-water runoff models. Depending on the results of this comparison, more extensive testing or 
implementation of risk management measures might be required. Analogous procedures are used in the 
regulation of toxic chemicals (Zeeman and Gilford 1993). 

These screening approaches could easily be extended to include age/stage-based models that could account for 
the influences of specific levels of mortality and reproduction on o rganisms with different life-history types and 
distributional patterns. Long-lived species with low reproductive rates are often especially vulnerable to changes 
in survival or reproduction. Models that predict responses of such species to adverse effects of radionuclide 
exposure could be estimated. Barnthouse et al. ( 1990) provided an example, comparing the short-lived menhaden 
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to the long-lived striped bass. Criteria could be set based on an '·acceptable" level of population impact (I%. 
5%, etc.). 

Demonstrating that operating facilities comply with criteria is another impottant regulatory problem for which 
population models might be applicable. Currently, the approach used for this purpose is to compare measured 
activity rates from monitoring programs to generic protection standards. If such standards are replaced by a 
more site-specific approach directed at protecting sensitive species or habitats that may be present. then spatially­
explicit models might be used to perform site-specific risk assessments. Commercially-available G IS systems not 
only can provide maps of habitat or soil type, they also can be linked to hydrologic simulation models or 
radionuclide fate/transpo11 models. Estimated dose rates could be calculated at any point in the vicinity of a 
facility, both for routine operating conditions and for hypothetical accidental re lease scenarios. Doses to all 
individuals in a local population could be calculated, accounting for the location of each tree, nesting territory, 
etc .. with respect to the facil ity. 

5.0 RESEARCH AND DEVELOPMENT NEEDS 

Quantitative risk assessment of any kind require the development of dose-response relationships for ecologically 
relevant responses such as growth and reproduction. Standard test endpoints such as No-Observed-Effects 
Levels (NOELs) provide no information concerning the the significance of exposures greater than the NOEL. 
Molecular and cellular-level responses such as chromosome aberrations cannot be clearly extrapo lated to 
organism-level effects. It is not clear at this point whether any actual research is needed to develop dose­
response relationships. Although the existing data on biological effects of ionizing radiation have been reviewed 
many times. all past reviews have been directed at establishing a numerical standard . A re-evaluation focused on 
those studies that provide dose-response information would be a necessary prerequisite to the development of 
population-level risk assessment methods. 

Improved dosimetric models may also be needed. For fish and other aquatic biota, the methods recommended by 
IAEA ( I 979) and the National Research Council of Canada ( 1983) provide an adequate starting point. Similar 
guidance does not exist for terrestrial biota. 

If i1nplented. the approach outlined above would provide more realistic and defensible risk assessments than 
either the current radiological protection approach (i.e .. a fixed dose per day, suppo11ed only by expert 
judgement). or an alternative based (like current chemical hazard assessments) on risks to individual organisms. 

6.0 DISCUSSION 

There were no questions to Dr. Barnthouse following his platform presentation. 
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