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176. Reproductive effects are a more sensitive
indicator of radiation response in aquatic organisms.
Chronic dose rates in the range 3.200-17,000 pGy h'
have been shown to reduce reproductive capacity in the
fresh-water snail Physa heterostropha and in the marine
polychaete worms Ophriotrocha diadema and Neanthes
arenaceodentata. A dose rate of 7.300 pGy h' rendered
male fresh-water fish (dmeca splendens) effectively
sterile after 50 days exposure. and a dose rate of
1.700 uGy h™* over the life-span of pairs of guppies (the
fresh-water fish Poecilia reticulata) significantly
reduced the lifetime production of offspring [W27]. It
has been concluded that significant effects in fish
gonads from chronic radiation exposure would be
unlikely at dose rates less than 1.000 pGy h' [13. W9].
Overall consideration of the data available for the
effects of chronic irradiation on aquatic organisms has
led to the conclusion that dose rates up to 400 pGy h*!
to a small proportion of the individuals in aquatic
populations (and, therefore. lower average dose rates to
the whole population) would not have any detrimental
effects at the population level [14, N1].

D. CLASSIFICATION OF
RADIOSENSITIVITIES

177. Because radiation effects on organisms trace
their origin to interactions and initial damage and its
non-repair at the molecular or cellular level, there have
been a number of attempts to classify organisms
according to their molecular or cellular characteristics.
A review of these studies can be found in Sparrow et al.
[S1]. More recent studies have included phylogenetic
factors in correlations of radiosensitivity with molecular
and cellular characteristics [S45].

178. In 8 of 10 viruses, Epstein [E2] found equi-
valence (within a factor of 2) between the estimated
volumes of nucleic acid in individual virus particles and
the estimated target volumes obtained from radiation
inactivation studies assuming a single-target, single-hit
model. The exceptions were two large viruses that were
known to have complex internal structures and for
which the simple model might have been inappropriate.
These data supported the proposition that the radio-
sensitive component of the virus is the nucleic acid and
not the nucleoprotein. Terzi [T2, T3] extended Epstein's
general approach to include bacteriophage, bacteria,
yeast and cultured mammalian cells in addition to
viruses. In this study, a correlation was made between
D,, (the dose increment reducing survival to 37% on the
exponential segment of the survival curve, i.e. the linear
segment on a semi-logarithmic plot) and the nucleic
acid content. using the lethal efficiency (the reciprocal
of the number of ion pairs produced in the nucleic acid
content of an individual organism or cell at D;,). It was
found that the organisms could be segregated into four

more or less distinct groups on the basis of the calculated
lethal (inactivation) efficiency. which appeared to
decrease in value as the structural complexity of the
genetic material increased from single-stranded RNA and
DNA to a haploid chromosome complement. A further
increase in radiosensitivity above that of haploid
organisms was considered as being due not necessarily to
the increased complexity of the genetic material but more
likely to a change in the phenogenetic patterns of
lethality. Kaplan and Moses [K1] critically re-evaluated
the data set analysed by Terzi (T2, T3]. rejecting some
but also making additions. The outcome was very similar
in that essentially the same four groupings were
identified: (in order of increasing radiosensitivity) RNA
and single-stranded DNA viruses. double-stranded DNA
viruses (including bacteriophage). haploid bacteria and
yeast. and finally, diploid yeast mammalian cells and
avian cells (in culture).

179. Sparrow et al. [S1] showed, for 79 organisms
ranging from viruses to mammalian cells, that there is
a higher degree of correlation between D;; and the
interphase chromosome volume (interphase nucleus
volume divided by somatic chromosome number) than
between Ds; and the nuclear volume. The D;, values of
the 79 organisms plotted against their respective
chromosome volumes resulted in a series of eight
regression lines (corresponding to eight radiotaxa). the
slopes of which did not differ significantly from -1
(Figure VI). Thus. the mean chromosome volume
appears to be a highly significant index of cellular
radiosensitivity. However, when all eight radiotaxa are
taken into consideration, it appears that for a given
value of Dy, there can be a 10*-fold range in chromo-
some volume; conversely, for a constant chromosome
volume, Dj; can vary by a large factor. The organisms
included in those eight radiotaxa did not show any
consistent relation with respect to classical taxonomy,
genetic complexity or level of ploidy. Organisms
without true chromosomes in a morphological sense
(prokaryotes) occurred in seven radiotaxa, although
viruses were restricted to the first four groups.
Organisms with true nuclei or chromosomes (eu-
karyotes) were restricted to the last four radiotaxa (see
Figure VI). Sparrow et al. [S1] concluded that the
survival response is partly a function of chromosome
size but that other parameters are involved that need to
be identified. The results of Sparrow et al. [S1] have
been presented schematically by Whicker and Schultz
[W5] and are shown in Figure VII. This hierarchy
indicates that mammals, including man, are the most
sensitive organisms with regard to acute lethal cffects.
Most resistant to radiation effects are the micro-
organisms, bacteria, protozoa and viruses.

180. A cautionary note has, however, been sounded
concerning the use of chromosome or cell nucleus
characteristics as an absolute basis for predicting



44 UNSCEAR 1996 REPORT

radiosensitivity. The observed effects of chronic gamma
irradiation on six species of woody plants in their
natural environment were compared with predictions
based on chromosome number and cell nucleus volume
[W24]. In terms of a 50% reduction in shoot growth
relative to controls, the prediction consistently under-
estimated the radiosensitivity of the plants, often by a
large margin. On the basis of the dose rate required to
produce greater than 90% mortality, the prediction
overestimated the radiosensitivity of three species,
although not by a significant margin, and under-
estimated the sensitivity of the remainder, in two cases
by a factor of at least 5. Two factors were put forward
as having significantly contributed to the observed
general increase in radiosensitivity: (a) the stresses
associated with the natural environment and (b) the fact
that the prediction was developed from a (broad-based)
general correlation based on data for both woody and
herbaceous plants, even though it was recognized that,
other things being equal. the former are generally more
sensitive than the latter [W24).

181.  The correlation of radiosensitivity with molecular
or cellular characteristics has been extended to muta-
tions, and it has been suggested on the basis of
empirical evidence that the forward mutation rate per
locus per unit dose of acute radiation might be linearly

dependent (within a factor of 3) on the DNA content of
the haploid genome [A8]. The conceptual basis of this
relationship has, however, been severely criticized
[S42] on the grounds that the studies underlying the
apparent correlation employed differing genetic end-
points that were not directly equivalent to specific locus
mutations and detection systems of varying sensitivity.
In addition, it was pointed out that intra-locus mutation
rates are not found to be correlated with the apparent
DNA content in specific salivary gland chromosome
bands (identified with loci or complementation groups)
of Drosophila melanogaster. leading to the conclusion
that not all the DNA in a band represents a target for
radiation-induced mutations of the type detected
experimentally. It was concluded that these factors
weakened the validity of the hypothesis developed by
Abrahamson et al. [A8].

182, In summary, it may be stated that although there
is suggestive evidence for correlations between specific
characteristics of the nucleus and nuciear components
and a variety of indicators of radiation-induced damage,
none of these correlations has been developed to the
point where it could reliably be used to predict. from the
relatively small experimental database. potential
radiation effects in the wide variety of organisms likely
to be present in a contaminated area.

Ill. EFFECTS OF RADIATION ON POPULATIONS OF PLANTS AND ANIMALS

A. STUDY LIMITATIONS

183. Literature on radiation effects in an ecological
context began to appear in the early 1960s. Although
some of these research programmes were terminated by
the early to mid-1970s because of changes in funding
priorities, investigations continued into the 1980s in a
few countries. such as Canada, France and the former
Soviet Union [D1, FI, G3. K2, M3, §4].

184. The general approaches to studying radiation
effects on populations and communities (assemblages of
populations) have included large field irradiation
facilities, observations at nuclear test sites and in areas
of high natural background radiation or contamination,
the release of irradiated individuals to the environment,
the experimental application of radioactive particles,
and the irradiation or contamination of laboratory
systems or microcosms. Each of the above approaches
has its advantages, but most suffer from a lack of
ecological realism or from dose levels insufficient to
produce unequivocal results.

185. The expense and difficulty of doing a meaning-
ful study of radiation effects on plant and animal popu-

lations and communities in their natural environment
makes it impossible to provide information on a large
number of species and community types. For example,
studies have been completed on coniferous and
deciduous forests, certain shrublands and grasslands, a
tropical rain forest, herbaceous old fields and moss-
lichen communities [W3]. However, little work appears
to have been done on aquatic plant communities or on
Arctic or alpine tundra, taiga. savannah or desert
communities. Also. very little work has been done on
the interaction of radiation with other stresses or agents.
This may be a serious omission in light of the multiple
forms of pollution that threaten many contemporary
populations and ecosystems.

186. Other areas that have received very little
attention include the possible long-term effects of
chronic. low-level radiation and the patterns of repair
and recovery following radiation damage. It may take
considerable time for damage from low-level chronic
irradiation to be expressed at the ecosystem level, and
most studies are short term. Several studies have looked
at repair and recovery for a few years, but many
systems require a decade or even much longer to
complete their recovery tfrom severe damage.
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187. Despite these and other shortcomings in the
general database. sufficient information is available to
predict, within broad limits. the effects of ionizing
radiation on at least a reasonable sample of the popula-
tions and communities in terrestrial and aquatic
environments. However. this prediction must rely on
adequate dosimetry, which is often difficult to achieve.
For example, the calculation of doses to the critical
tissues of higher plants following atmospheric deposi-
tion of radionuclides is a complex, difficult task and
subject to considerable variability and uncertainty.

188. Ecosystems can be large and complex with many
species of organisms, or they can be relatively simple
with only a few species of organisms constituting a
simple food-chain. The number of organisms in a
population may be altered by changes in environmental
conditions, or species may be completely replaced.

189. General characteristics of diminished ecosystem
functioning under environmental stress have been
identified [R4] that may also apply to radiation stress:
(a) loose cycling of nutrients. (b) changes in primary
production, (c) reduction of species diversity, (d)
retrogression, as opposed to natural succession. (e)
reduction in the average size of organisms and (f) other
distress, such as increases in disease incidence. The
stages in ecosystem response to stress are initial effects
on sensitive parts, coping mechanisms to counteracting
the stress and ecosystem rebalance or breakdown. It is
not easy to predict specific effects in diverse eco-
systems, which are usually under multiple stress. and
further observations in contaminated environments are
needed to increase knowledge and experience.

190. In the specific case of continuing exposure to
low-level irradiation, Woodwell and Houghton [W25]
concluded that the response of a temperate oak-pine
forest (and other plant communities) is (a) systematic
and predictable. (b) common in nature, (c) cumulative
and progressive over an indefinite period measured in
decades. (d) measurable in stages and (e) best character-
ized by the concept of "impoverishment". By
"impoverishment" is meant the loss of large, long-lived,
slowly reproducing species with replacement by
smaller, opportunistic, short-lived species with high
reproductive rates. These are readily recognizable as the
weeds and pests of common currency and are typical of
all disturbed habitats. n ecological terms, impoverish-
ment is the reverse of succession, and it frequently
appears to be a more rapid process [W25].

191.  One of the problems in evaluating the effects of
radiation on populations and ecosystems is to determine
which parameters to measure and how radiation
influences them. Typically measured attributes at the
population level include numbers of individuals,
mortality rate, reproduction rate and mean growth rate.

In general, measurable changes in populations and
communities require rather severe effects at the cellular
and individual organism levels. For example, alteration
in the structure of a biotic community requires a change
in the component populations. which in turn requires
widespread mortality and/or reduced reproduction of
individuals [W3]. In the same way, genetic or somatic
mutations that can be produced by lower levels of
exposure may have little or no impact on population or
community performance because of natural selection
(B3, M4, N2, P2, T6] and the convergence of genetic
information among adjacent populations [R1]. For
example. in organisms whose reproductive rates are
very high and on which selective pressures are strong,
the value of one or even many thousands of individuals
to the population may be rather insignificant {12, T6]. in
such populations, normally a small fraction of the
individuals will mature and perpetuate the gene pool,
even in the absence of radiation or other stresses. In
most species. genetic information that is altered by
radiation is extremely unlikely to be perpetuated in the
population. even though it may not be immediately
lethal at the individual level.

192. Radiation effects at the population and com-
munity levels are manifest as some combination of
direct changes due to radiation damage and indirect
responses to the direct changes. This seriously
complicates the interpretation of radiation effects on
organisms exposed in the natural environment. The
wide range of radiosensitivities of the organisms that
make up most natural communities creates a situation
in which, if doses are such that the sensitive species but
not the more resistant ones are affected. the latter may
gain a significant competilive advantage and perhaps
increase in abundance or vigour [W12]. This could
erroneously be interpreted as a hormetic response. Such
aresponse might not be produced if the resistant species
alone were irradiated. This is but one of many examples
of indirect response to the direct effects of radiation.

193. Individual populations of organisms. and the
community as a whole. may be altered by radiation
exposure only as a consequence of dependence on a
much more radiosensitive species for food or shelter. For
example. many plant species in a pine forest would be
largely unaffected by an acute dose of 10 Gy. but the pine
component would probably experience severe mortality
[W11]. This would cause both positive and negative
perturbations in the populations of other species not
directly damaged by the radiation exposure. Because of
such indirect responses, in any situation where all the
species in a community have been exposed concurrently,
great care will be necessary to identify the species most
directly affected by the irradiation.

194. Changes in the composition and structure of
vegetation lead to changes in the animal population [C2.
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H2. W13]. Such changes could also involve interrelated
populations of animals (predator-prey or host-parasite
relationships), but these are more difficult to demon-
strate, Numerous and extensive changes in the chemical
and biological properties of the soil can occur as an
indirect effect of radiation damage to vegetation. Recent
work in France has demonstrated these kinds of changes
clearly [C4, S2, T4, T20] (see also paragraph 215).

195. Relevant information concerning the effects of
increased chronic radiation exposure of populations of
wild organisms is beginning to become available from
two additional sources. the two large-scale accidents
that occurred in the former Soviet Union: the one in
1957 at a nuclear waste storage site near Kyshtym in the
southeastern Urals and the other in 1986 at the
Chernoby!| nuclear reactor in Ukraine. Apart from the
immediate, effectively acute radiation response
observed in plants and animals near the release points
for each of these accidents. there have been continuing
studies of the effects of the longer-term chronic
radiation exposures. The results of these studies are
summarized in Section 11.D.

B. EFFECTS ON PLANT POPULATIONS
AND COMMUNITIES

196. Studies of radiation effects in natural plant
communities have been more or less limited to
terrestrial systems. The characteristics that have been
measured in relation to the stress of ionizing radiation
include  physiognomy  (growth-form),  species
composition. species diversity and vegetation cover and
production [W3]. At the population level, parameters
such as density or frequency of occurrence, growth and
vigour, mortality, reproduction, phenology and
morphology are often measured [G2, O2]. Effects on
individuals or components of populations can give some
insight into potential changes at the population and
ecosystem level.

197. Some specific measures of change in plant
communities that have been used to investigate the
potential effects of radiation include the coefficient of
community, similarity. diversity and biomass. The
coefficient of community is a parameter calculated from
a list of species present in an irradiated area and a
control area, or in one area before and after the
irradiation. This parameter is designed to detect changes
in species composition resulting from the elimination
and possibly replacement of populations. Similarity is
like the coefficient of community, except that the
relative abundance of individuals within each species is
considered as well. Diversity is a measure of the num-
ber of species within a community and the evenness of
apportionment of individuals among the species. Both
the loss of individuals and the loss of species would
change the diversity. Biomass is a measure of the mass

of biological tissue per unit area. It may be estimated
for individual populations or for entire communities.
and owing to sublethal alterations in growth, it can
change without a loss of individuals or species. These
parameters are defined more precisely in various
publications [G2, W3. W6), and more complex indices
and means for analysing change are available [G7].

198. An example of radiation effects in plant
communities has been seen in a study in a granite-
outcrop ecosystem common to the southeastern United
States [M6]. The composition of this ecosystem is
relatively simple, and there are well-defined boundaries.
One such system was treated with simulated fallout
particles (*Y), and effects of the beta irradiation were
observed over a 60-day period [M6]. Accumulated
doses were measured with thermoluminiscent dosi-
meters at the ground surface and at 40 cm height, the
average height of terminal buds of the summer
dominant plant. Viguiera porteri. The mean doses in
two experimental systems were 40 Gy and 70 Gy. with
20% higher doses at the ground surface and 20% lower
doses at the 40 ¢m height.

199. In these irradiated systems, there were no
obvious changes in appearance of the experimental
plots: rather close observation and measurement were
required to detect effects of the radiation exposures.
Only one change in the 40 plant species constituting this
ecosystem was noted that could be related to the
radiation exposure. A sedge, Bulbostylis capillaries,
decreased by 17% in the 70 Gy community but
increased by 12% in the control and 40 Gy communities
[M6]. Other studies had shown this plant to be relatively
radioresistant. but because its growing apices are close
to the ground, it may have retained high densities of
fallout particles in close proximity to sensitive
meristems. Thus, the geometry of the radiation field is
an important consideration when interpreting the
observations.

200. In the main species, Viguiera porteri, in the
70 Gy community, 46% of ail terminal buds died,
resulting in a 37% height reduction: however, there was
compensatory lateral branch development. In this plot,
community biomass was reduced by 16% owing to
decreased production of flower and stem biomass. but
leaf biomass was similar to control levels [M6]. An
additional observation was that beta radiation was twice
as effective as gamma radiation over comparable
periods and equivalent total doses [M6].

201. The effects of chronic irradiation on the micro-
algal population in soil have been examined [F9]. The
micro-algae appear to be relatively radioresistant, even
though some part of the observed change might have
been attributable to the gross effects (mortality. much
reduced litter fall etc.) of radiation on the higher plants
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in the zone examined, i.e. the change was partly an
indirect response. The total number of taxa that could be
isolated from the soil samples did not appear to change
markedly with dose rate up to the maximum delivered
(approximately 1.7 Gy h’'). Above a threshold of
approximately 0.3 Gy h"', however, eukaryotes were
replaced by prokaryotes. Estimates of the coefficient of
community and percentage similarity (relative to
unirradiated controls) were consistent in showing a
threshold for decline at approximately 0.4 Gy h*, 50%
reductions at about 0.9 Gy h™' and extrapolation to zero
at 2.5-3.0 Gy h™' [F9].

202. Chronic irradiation also had a substantial effect
on the populations of microfungi at the base of the
humus layer in an oak-pine forest. Where higher plants
persisted, i.e. in the intact oak-pine forest, and where
the dose rate at the sampling depth increased from less
than 400 uGy h™' to about 8,000 pGy h™', there appeared
to be little direct effect of radiation on the microfungi.
The fungal species isolated were typical of podzolic
soils in mixed conifer-hardwood forests and were
dominated by eight morphologically complex taxa
(71% of isolates but only 5% of the species). There was
also a consistently high concentration of about 10°
viable spores per gram of dry soil. At the edge of the
sedge zone., where the dose rate was about 30.000
uGy h™', the concentration of viable spores fell to
1.6 10" g dry soil, but the species diversity increased in
this transitional band between the endemic forest
populations and opportunistic pioneer species, and there
were few dominant forms at low densities. Closer to the
radiation source, where there were no higher plants. the
distribution of the microfungi was related to the radia-
tion gradient. The viable spore density, the coefficient
of community and the incidence of morphologically
complex taxa all declined. At the highest dose rate,
about 0.75 Gy h', the viable spore density was reduced
to 500 g dry soil and the population was dominated by
sterile, slow-growing forms of morphologically simple
veasts [G8].

203. Based on the results of several investigators,
Whicker and Schultz [W5] summarized the effects of
radiation on major plant communities of North
America. The results given in Table 9 are the dose
levels that give minor, intermediate and severe effects
following short-term (8-30 day) exposures. Minor
effects are considered to include changes in productivity
and reproduction, from which rapid recovery would be
expected after the radiation stress has been removed.
Intermediate effects include changes in species com-
position and diversity through selective mortality of
more radiosensitive species. Recovery could take place
through processes of plant succession requiring one to
several generations. Severe effects are those that
drastically change the species composition by causing
mortality of all or nearly all the higher plants. Recovery

may be slow. requiring decades or even centuries if
there has also been extensive leaching of soil nutrients
and erosion. To estimate the chronic exposures that
would be expected to result in comparable effects, the
dose ranges in the Table should be divided by 25-100 to
give daily dose ranges.

204. The plant communities included in Table 9 are
listed in approximate order of sensitivity, from
coniferous forests to moss-lichen communities. The
greater radiosensitivity of the coniferous forest is
correlated with the large chromosome volumes of pine
trees. The other communities listed in Table 9 are much
more resistant because they are dominated by more
resistant species having generally smaller chromo-
somes. Lichen-dominated communities are exception-
ally resistant [G1]. This resistance may be explained by
diffuse centromeres and asexual reproduction as well as
by small chromosomes [W3].

205. The general capacity of plant communities to
withstand environmental stress (low rainfall. high
temperatures) also enables them to withstand low to
moderate radiation stress. There may be alterations in
community structure (species abundance changes) and
morphological changes in individual plants (lateral
branch development), depending on the total radiation
stress, but the compensations are generally such as to
maintain a normal energy balance. While it is possible
for radiation stress to induce systemic defence
mechanisms in individual plants that could increase
their potential to respond to secondary stresses such as
parasitic fungi, it should also be pointed out that
apparent similarities in plant regrowth and recovery.
after either radiation exposure or some other form of
stress, may be superficial and conceal the existence of
stress-specific responses.

C. EFFECTS ON ANIMAL POPULATIONS
AND COMMUNITIES

206. The impact of radiation exposure on an animal
population is likely to be a complex combination of
effects within individual animals (direct effects) and the
positive or negative effects of the responses of the other
biological components of the environment with which
the population normally interacts (indirect effects).
Where there is a closc coupling between two species,
e.g. plant-herbivore, predator-prey or host-parasite, it is
very likely that their responses to chronic low-level
radiation (whether similar or different at the individual
level) will be modified at the population level by
interspecies interaction. The direct eftects of irradiation
measured in animal populations have included changes
in the birth rate, the death rate and, in combination. the
intrinsic rate of natural increase [F2]. Because a
reduction in reproductive capacity has been considered
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to be a more limiting end-point than mortality, in terms
of the maintenance and survival of the population.
changes in fertility and fecundity have been measured
and the response at the population level estimated using
an appropriate model of population dynamics. The
published studies have rarely. however, taken account
of the influence of cither intra- or interspecies
interactions or factors other than radiation.

1. Terrestrial environment

207. Because animals are mobile, it is difficult to
conduct field studies of radiation effects. The use of
enclosures to retain animals in exposed areas may
unduly restrict their movement, feeding and behaviour.
causing effects in addition to those under study.
Investigations in areas of high background or in more
widely contaminated areas may be less affected by
spatial limitations.

208. Notable effects in animal communities can result
from changes in vegetative cover, particularly for
insects. As vegetation dies in highly irradiated areas,
herbivorous insects and their predators disappear and
are replaced by species subsisting on dead and decayving
material. Aphid increases were noted in irradiated oak-
pine forest on Long Island. New York, the insects
perhaps having been attracted by the altered quality or
appearance of the ouk lecaves [WI3]. Bark beetles
invaded an irradiated tropical forest in Puerto Rico
when natural defence processes in the trees were
weakened [S5]. The presence of moribund pine trees in
the high-dose-rate zone of a chronically irradiated oak-
pine forest provided an ideal substrate for colonization
by bark beetles and other xylophagous insects.
Moribund trees were heavily attacked by two species of
bark beetle irrespective of the ambient radiation dose
rate, but the ensuing decgree of developmental success
was inversely correlated with dose rate. At above
200.000 pGy h' the adults attacked the trees and began
excavating galleries but were killed before they could
complete the task of preparing cavities for eggs or
laying eggs. Between 40,000 and 200,000 uGy h’', the
egg cavities were completed but there was no egg hatch,
owing either to infertility or damage to the developing
embryos. In the range 30,000-40,000 uGy h*', where
eggs hatched, there was total larval mortality; at 20,000-
30,000 uGy h', there was low larval mortality but all
the pupae died. Between 10.000 and 20,000 pGy h!
there was some pupal mortality and some adult emerg-
ence, and below 10,000 nGy h™' adult emergence was as
high as. or higher than, normal. Within this overall
picture there were also interesting observations on the
influence of interspecies competition with other xylo-
phagous insccts: those species with more protracted life
cycles tended, at any given dose rate, to be at a competi-
tive disadvantage. The importance of shielding, in this
case between distal and proximal segments of the

trunks. was also noted. Lastly, it was concluded that if
pines were debilitated by a short-term but spatially
variable radiation exposure, then the less-radiosensitive
bark beetles could. owing to the availability of many
suitable feeding and breeding sites, reach epizootic
proportions and further damage and kill trees that would
otherwise have survived [B25]. These findings show
how important it is to appreciate the overall context of
radiosensitivities and interactions between species when
assessing potential environmental damage from chronic.
low-level irradiation.

209. Density-dependent responses play an important
role in modifying the impact of radiation. Such com-
pensation and adaptation in populations is not apparent
in laboratory experiments on individual organisms.
Studies of lizards irradiated in a nine-hectare desert
enclosure in Nevada in the United States showed
impaired fertility and altered population levels [T8, T9].
Species response depended on life-spans. time of sexual
maturity and population age distributions. One shorter-
lived species of lizard, Uta stansburiana, was able to
maintain population numbers in spite of appreciable
proportions of sterile older females, apparently because
the young animals survived better [T9].

210. Radiation effects in exposed animal populations
have not been readily apparent. For example. studies of
mammals on the dry bed of the retention pond at White
Oak Lake. near Oak Ridge. Tennessee, United States
could not ascribe any effects to radiation exposures
[D3]. Lifetime doses to the wild rodents were probably
2-3 Gy [T9]. The study of lizards in the irradiated
enclosure in Nevada revealed no differences in body
weight and no form of tissue pathology. although some
changes occurred in ovaries and oviducts of
continuously irradiated lizards at annual gamma doses
of 2-5 Gy [T9]. In all species of lizard in which female
sterility was observed, the amount of body fat was
increased.

211. Inaregion of high natural background radiation
in the former Soviet Union, abnormalities, decreased
body fat and reduced fertility were observed in
mammals living in close contact with soil (Microtus
oeconomus, Talpa europaea, Arvicola terrestris, Lutra
lutra and Sorex araneus) (M1]. The dose rates were
about 80 pGy I', or 700 mGy a’'. Since results at such
low dose rates have not been obtained in laboratory or
other field studies, the validity of the dose calculations
has been questioned [19].

212. In France, definite effects on reproduction in
female mice maintained in captivity at a site where the
external background was about 80 pGy h' were
suggested by Leonard et al. [L1, L2, L3]. In the same
study, rabbit lvmphocytes showed an increased number
of unstable chromosome aberrations. It is possible,
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however, that internal doses. which were not calculated,
contributed substantially to the total dose.

213. Radiation effects in populations of soil in-
vertebrates were reported by Krivolutsky [K2]. Various
radionuctides, including *Sr. *’Cs, '“Ru, *Zr, **Pu and
2%Ra. were added to the soil in small plots. At various
intervals thereafter. the numbers per square metre of
several types of soil invertebrates were determined in
small ecosystem plots. Dose rates that apparently
produced reductions in animal numbers were generally
quite high (420-42,000 pGy h): however, some effects
were reportedly observed at dose rates of around
100 uGy h*'. The most sensitive organism observed was
the common earthworm.

214. An apparent response by ants to chronic
irradiation has been observed in an oak-pine forest at a
dose rate of 80,000 uGy h'. A thriving nest was
identified prior to the commencement of radiation
exposure. Over three years of irradiation, the number of
ants in the colony declined (in part by emigration to a
secondary colony further from the source in the first
year), fewer individuals (and eventually, none) were
seen on the burned pine stump forming the centre of the
nest mound, and less plant debris was collected to
maintain the nest mound. At the end of the period the
colony appeared to increase in number, and a 1.25 m
subsoil surface pathway covered with litter had been
formed leading at an angle away from the radiation
source: the runway was lost at 29 m from the source
(dose rate of around 28,000 uGy h™), and no secondary
colony was found. The ants used this pathway
exclusively for trave! to and from the nest. Because the
vegetation canopy and its dependent populations of
insects (ant food) were reduced as early as the first year.
at least some of the responses (emigration and foraging
further from the source) could be attributed to a decline
in the food supply, but the decline in the habit of
collecting plant debris to maintain the nest could most
easily. albeit speculatively. be attributed to radiation
avoidance [B26]. Over an |8-vear period of chronic
irradiation of a Mediterranean oak forest, the number of
ant colonies was reduced in areas where dose rates were
greater than 5.000 uGy h'. Although the number of
species was little changed, the species composition was
altered. Three species (of which two were not present at
the beginning of the irradiation period) were found near
the source at dose rates greater than 100,000 nGy h.
The changes in the ant fauna were mainly attributed to
the loss of vegetation canopy, but direct effects of
radiation could not be discounted [P10].

215. Two to three years after chronic irradiation of a
Mediterranean oak forest there were changes in the
populations of insects that could be attributed to both
the direct and indirect effects of the exposure. Small
insects of the order Psocoptera (booklice) were

substantially increased in numbers in the dose rate range
14,000-38,000 uGy h', and even at approximately
100,000 pGy h*' the increase, although less, was still
greater than in the control area. It was suggested that
this increase was due to an increase in food supply
(unicellular algae) in response to higher light levels
following radiation-induced leaf loss in the canopy. In
contrast. the populations of springtails (order Collem-
bola) declined with increasing radiation exposure and
accumulated dose [B27, P11]. In addition. later studies
showed decreased overall activity in the soil system
following a reduction in the microbial population [T19].
Near the source, where all the trees and shrubs had died
and been replaced by small, more radioresistant annual
plants, the litter input to the soil was negligible. Unlike
in a temperate oak-pine forest [W24] the rate of loss of
existing litter declined with increasing dose rate, but in
both environments the total organic matter content of
the soil decreased with increasing dose rate [P12, T19.
T20]. Although the normalized oxygen consumption
rate of the highly irradiated soil was also lower than in
the control. the specific respiration (CO, production
normalized to unit soil biomass) was slightly higher
than in the control: the NO,™ content of the irradiated
soil was generally higher, owing to a reduced microbial
requirement [P12. T19]. While the cumulative con-
szquences of the chronic irradiation, both direct and
indirect, are clearly complex. it is nevertheless true that
all the observed responses stemmed from the initial
damage to the most radiosensitive components of the
system. the trees and shrubs; at lower dose rates, where
the higher plants were much less affected. there were no
consequential indirect responses [P12].

2. Aquatic environment

216. A number of aquatic field studies were
conducted at sites of enhanced environmental radiation
from anthropogenic sources [W5]. Examples of such
sites include the Irish Sea in the vicinity of the Sella-
field facilities; the Animas River near Durango,
Colorado, United States, where uranium milling waste
once entered the river; and a radioactive waste retention
pond at the Oak Ridge National Laboratory in the
United States. An extensive review of research on the
ccological effects of nuclear testing was made by
Templeton et al. [T6] for test sites in the Pacific.
Several investigations were completed for marine
organisms around the atolls [B3, H1. W1, W2]. The
effects of the testing programme could not, in general.
be ascribed solely to radiation because of concomitant
effects of environmental disturbance. The recovery
processes following the testing programme were rela-
tively rapid, and deleterious effects on marine and
terrestrial populations were not persistent. presumably
because of the rapid declines in the intensity of radiation
and other impacts and the recolonization of damaged
areas by healthy individuals from distant locales.
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217. Ponds, ditches and streams on the Hanford
reservation in the United States in the past received a
variety of radioactive wastes, resulting in radiation dose
rates at the sediment-water boundary of up to 44.000
uGy h' (measured with LiF thermoluminiscent dosi-
meters). Although diversity was occasionally reduced,
there were no consistent differences between the
contaminated ponds and streams on the Hanford site
and off-site reference locations. Across the sites
examined, it was not possible to demonstrate any
correlation between the variation in radiation dose rates
and the biological parameters investigated, i.e. rates of
periphyton and invertebrate colonization (colonization
pressure) and a range of diversity indices: individuals per
unit area, species richness, community diversity and
species evenness [E13].

218. At the Savannah River site in the United Statesa
number of catchment basins have received low-level
waste from fuel reprocessing activities, leading to rela-
tively high cumulative inputs of *H, ¥%Sr and **1¥ Cs.
Natural populations of slider turtles (Pseudemys scripta)
inhabit the ponds and, because they are known to be long-
lived, could have accumulated relatively high total doses.
The technique of flow cytometry has been used to
investigate the potential genetic effects of accumulated
radiation exposure by measuring the coefficient of
variation of the distribution of DNA content (at the G,
phase in the cell cycle) of nuclei isolated from red blood
cells. The mean coefficient of variation estimated from
measurements of 16 exposed animals was significantly
greater (and hence indicative of a gain and loss of
chromosomal DNA) than that estimated from
measurements of 6 control animals. For 4 other exposed
animals there was clear evidence of aneuploidy
mosaicism in the form of G, DNA peaks with either a
distinct shoulder or an adjacent peak; the finding that 4 of
20 exposed turtles exhibited aneuploidy mosaicism.
compared with 0 of 6 controls, although suggestive of an
effect, did not reach statistical significance (p > 0.05)
owing to the small sample size. Insufficient data were
provided to permit dose rates to the animals to be
estimated (in a separate study, however, the dose rate to
turtles in this environment from internal sources was
estimated to be not greater than 240 uGy h' [NI1]):
however. the exposed males (n = 10) revealed a signifi-
cant (p < 0.10) positive correlation between the coeffi-
cient of variation in G, DNA content and plastron length
(size). This might be indicative of increasing coefficient
of variation with age (and therefore possibly with
accumulated dose). A similar analysis for exposed
females (n = 6) was non-significant, as was that for
control males; there were too few control females to
complete the analysis. Again, the presence of other,
potentially mutagenic contaminants (chromium and
mercury) clouds the picture, and these data represent no
more than qualitative circumstantial evidence for a radia-
tion response in a contaminated environment {B28, B29).

219. The sensitivity of developing tish embryos was
extensively studied following the experiments of
Polikarpov [P4], which had indicated that developing
fish eggs were sensitive to minute quantities of
radionuclides in water. In their review of the subject,
Blaylock and Trabalka [B4] concluded that none of the
experiments support Polikarpov's contention. and
Woodhead [W9] attributed the conflicting results to the
dosimetric problems encountered in this type of
experiment.

3. Summary

220. Radiation effects on populations of organisms
have been examined in large field irradiation studies. in
experimental enclosures and in observations in areas
with high natural background, contamination from
waste disposal or accidental release of radionuclides.
There are inherent limitations in obtaining information
on the large number of species and community types
making up the biosphere, on the interactions of the
many different environmental factors of both natural
and anthropogenic origin and on the long-term nature of
successional and generational effects. In addition, there
are difficulties in providing adequate dosimetric
information for complex distributions of sources and
movements of organisms within the environments.

221. The exposure to radiation of a natural
community, which comprises organisms with a wide
range of radiosensitivities, may result in direct damage
only to the more sensitive species. Other species may be
indirectly affected. for example by loss of habitat or
gain of competitive advantage. For any stress to an
ecosystem. such as radiation exposure, there may be a
complex and long-term sequence of disruption,
adjustment and rebalancing,.

222. Coniferous trees of the genus Pinus have been
found to be the most sensitive of the plant species
studied following either acute or chronic irradiation. and
plant communities including these species are the most
radiosensitive of the plant communities for which data
are available. In general terms, a forest in which pines
are the dominant (or codominant) species would
probably suffer minor effects at total short-term doses
of 1-5 Gy or at long-term chronic dose rates of 400-
4,000 nGy h't. In this context, minor effects are small
changes in productivity and reproduction. from which
rapid recovery would be expected following removal of
the radiation source. Severe effects in the coniferous
forest could occur at acute doses of more than 20 Gy or
ai long-term chronic dose rates in excess of
40,000 uGy h'. Severe effects would include mortality
of almost all higher plants, and the ecosystem would
recover, if at all, only over time periods of decades or
centuries. Other types of plant community can
withstand doses or dose rates at least one order of
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magnitude greater before demonstrating corresponding
effects (Table 9).

223. The radiosensitivity of individual organisms is
but one factor in determining population effects from
radiation exposure. and observations in the laboratory
may not apply exactly to the environment, where there
are additional stresses from competition, predation and
the like. Some compensation for radiation-induced
reductions in either survival or reproductive rates may
be possible, but there are numerous indirect effects that
could be of overriding importance.

224. Changes in vegetative cover can affect animal
communities. When plant species die in highly
irradiated areas, the food supply of herbivorous animals
and insects and their predators is reduced. The animals
may disappear and be replaced by species subsisting on
dead and decaying material. Aphids were attracted to an
irradiated oak-pine forest, and bark beetles invaded
trees in a tropical forest when the natural defence
processes were weakened. The insects may further
damage and kill trees that might have otherwise
survived.

225. Because of the compensation and adjustment that
are possible in animal species. it is considered unlikely
that radiation exposures causing only minor effects in
the most exposed individual would have significant
effects on the population. Reproductive changes are a
more sensitive indicator of radiation effects than
mortality. and mammals are the most sensitive animal
organisms. On this basis. chronic dose rates of less than
100 uGy h' to the most highly exposed individuals
would be unlikely to have significant effects on most
terrestrial animal communities (see paragraphs 121 and
133). It has also been concluded that maximum dose
rates of 400 uGy h”' to a small proportion of the indivi-
duals in aquatic populations of organisms would not
have any detrimental effect at the population level
(paragraph 176). These conclusions refer to the effects
of low-LET radiation. Where a significant part of the
incremental radiation exposure comes from high-LET
radiation (alpha particles), it is necessary to apply an
appropriate radiation weighting factor to this component
of the absorbed dose rate and to use the total weighted
absorbed dose rate for the assessment of potential
radiation effects.

D. EFFECTS OF ACCIDENTS

226. Two major accidents in the former Soviet Union
have provided opportunities to observe radiation-related
changes in plant and animal communities. Any accident
is likely to be unique in terms of the quantity and
composition of the radioactive material released, the
time course of the release, the dispersal and deposition
patterns governed by local and regional meteorological

or hydrographic conditions and the biogeochemical
character of the areas subject to contamination. Where
long-lived radionuclides are released, biogeochemical
processes will determine the long-term behaviour and
redistribution of the radionuclides in the environment.
Given the multiplicity of factors, it is to be expected that
any accident will yield new radioecological informa-
tion. It is also true. however. that the primary concern
following an accidental release of radionuclides will be
to ensure that the radiation risks to human populations
are controlled and minimized. An inevitable corollary
is that the only environmental information likely to be
collected is information immediately necessary to meet
this concem, which will therefore be more or less
deficient for the purpose of developing a complete
radioecological description of the situation. The larger
the incident and the greater its potential human impact,
the more limited will be the resources available to
collect radioecological information in the early phases
of assessment and damage limitation.

227. ltis particularly the case that the data required to
develop estimates of the radiation exposure of wild
organisms, that is, the space- and time-dependent
variation of the radionuclide concentrations (especially
for the short-lived isotopes), both within the organisms
and in their external environment immediately follow-
ing an accident, will not be known. These variations
will result in substantial intra- and interspecies inhomo-
geneities in exposure and will pose considerable
difficulties for establishing a clear and reliable relation-
ship between cause (the accumulated radiation dose)
and any observed effect. In practice. it is likely that
estimates of the dose rates in the early period following
the release would be made retrospectively by extra-
polation and calculation from the observed distribution
of contamination densities of the longer-lived radio-
nuclides, a knowledge of the relative quantities of the
radionuclides released and models of radionuclide
behaviour in the environment. Such dose-rate estimates
are inevitably imprecise and could be subject to
significant systematic error.

228. Aside from the radioactive half-lives. other
radionuclide-dependent factors significantly affect the
potential radiation exposures received by wild
organisms. These include the chemical identity of the
radionuclide. which influences its environmental
behaviour and its radiation characteristics (alpha. beta
or gamma emissions). which profoundly affect the
spatial dose field from any given source distribution.
Additional complicating factors are the highly variable
habits and target geometries of the wild organisms.
These range, for example, from soil bacteria to single-
celled algae and protozoa and include a wide variety of
terrestrial and aquatic invertebrates, mammals (shrews
to deer) and large deciduous or evergreen trees. If a
radioactive aerosol is released, plants provide a very
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high surface area to mass ratio (compared with animals)
for deposition/adsorption. Because the leaves, flowers
and terminal buds of plants are responsible for both
energy absorption and growth and reproduction. a
coincidence arises between radionuclide accumulation
(and hence radiation dose) and potential radio-
sensitivity. Other examples of coincidence are the
surface litter layer and its populations of invertebrate
decomposers. and the surface sediments and benthic
organisms in aquatic systems.

229. Depending on the quantities of specific radio-
nuclides released in an accident, the radiation exposures
might range from low (a few multiples of the natural
background) to high (absorbed doses greater than about
1 Gy). More importantly, for the higher total doses.
different phases of biological response may be
distinguished. Initially, and particularly if short-lived
radionuclides make up a significant proportion of the
release. there might be an acute phase in which total
doses sufficient to produce immediate or relatively early
detectable biological responses are accumulated. In the
intermediate phase, dose rates become lower owing to
decay of the short-lived radionuclides and possibly, but
not necessarily, owing to the redistribution of the
longer-lived radionuclides by natural processes. In this
phase the slower accumulation of radiation dose may
still result in total integrated doses sufficient to prevent
recovery of organisms damaged in the initial phase or to
lead to the appearance of medium-term damage. In the
final, long-term phase, post-irradiation recovery (and
adaptation) becomes apparent, provided that the initial
and medium-term damage have not been large enough
to radically alter the population or community structure.
It is important to be aware, however, that such
descriptions can be no more than qualitative.

1. The accident in the southeastern Urals

230. The accident at the Mayak nuclear materials
production complex east of the town of Kyshtym in the
southeastern Urals occurred on 29 September 1957. A
fault in the cooling system of a concrete tank containing
mixed, highly active nitrate-acetate wastes led to a large
chemical explosion. Approximately 74 PBq of fission
products were released as an aerosol that moved
northeast. Approximately 95% of the activity was
associated with radionuclides having half-lives of one
year or less (**Ce, ®*Zr-*Nb and '* Ru), while the
remainder consisted almost entirely of **Sr. More than
15,000 km’ of territory were contaminated with *Sr at
a density of greater than 3.7 kBq m™ (twice that from
global fallout), and this included 1,000 km? at over
70 kBq m™ and 120 km? at over 3.7 MBq m” [N6].

231. The greater part of the total dose to wild
organisms was delivered within the first year of the
accident, during which time the contamination density

(total Bq m?®) decreased through decay by
approximately 66% (see Table 10) [T21]. At the ume of
deposition the decay energy from beta radiation was
approximately three times greater than that from gamma
radiation, which meant that the dose-rate distribution in
space and time in the contaminated area (forest.
meadow, swamp. lakes, rivers and agricultural land)
closely followed the detailed deposition pattern and the
subsequent redistribution of the radionuclides by
environmental processes. Estimates of the dose rates to
various components of a pine forest (normalized to a
“Sr contamination density of 1 MBq m™) are given in
Table 11 [T17). Because an area of approximately
120 km~ was contaminated with *Sr at a density greater
than 3.7 MBq m=, it is very probable that a wide variety
of wild organisms would have received total doses at
which acute effects might be expected.

232. The main part of the radiation exposure (and,
usually, the highest dose rates) was delivered by the
short-lived (t,, < | year) beta/gamma emitters *Zr-*Nb,
2R u-'Rh and "Ce-*Pr and occurred in the autumn
and winter immediately following the accident, when
the metabolic activity of the wild plants and animals
was generally much reduced. This apparently increased
radioresistance, in that the exposure had relatively little
immediately visible impact. As a corollary, however,
repair processes, which are dependent on metabolic
activity, were drastically inhibited, and the difference in
effectiveness between acute and chronic exposure was
largely eliminated. Thus when metabolic activity
resumed in the spring of 1958, the effects of the chronic
irradiation (effectively equivalent to an acute exposure)
became apparent and were more closely related to the
total accumulated dose than to the dose rate [T17].
Estimates of the dose rates (normalized) and total doses
accumulated during the acute period (autumn 1957 and
winter 1957-1958) to a variety of organisms in the
contaminated area are presented in Table 12. By the late
spring of 1958, the dose rates to the majority of
organisms had been reduced by radioactive decay and
radionuclide migration, although the latter factor meant
that there were also some exceptions. e.g. populations
of invertebrates in the leaf litter and at the soil surface
and small rodents. From that time on. the radiation
exposure was genuinely chronic, and repair processes
were largely able to accommodate and mitigate the
radiation damage [A14, S49].

233. The major damage to the environment following
the southeastern Urals accident was seen in the local
forests. This was due to the coincidence of a high
capacity for intercepting the active aerosol. a relatively
slow clearance of the deposit and a relatively high
radiosensitivity, especially in the case of coniferous
trees [A9. A10, S20, T22, T23]. Pine trees that had
accumulated total absorbed doses estimated to be
greater than 30-40 Gy during the autumn and winter of
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1957-1958 showed radiation damage, a desiccation of
the needles in the crown, the following spring [K23].
The damage appeared initially in the lower and middle
parts of the canopy. because the active deposit had been
cleared more rapidly from the upper canopy by wind
and rain, but by the autumn of 1959 the pine trees had
died completely (the absorbed dose to the bud apical
meristem was estimated to have been greater than 15-
20 Gy). At lower, sublethal doses (greater than 5 Gy).
yellowing, desiccation and partial shedding of needles,
defects in the development of new needles, inhibition of
shoot development and trunk growth and reduced seed
and pollen viability were observed in the two seasons
following the release. Birch trees showed lower radio-
sensitivity, with lethality apparent at estimated absorbed
doses greater than 200 Gy and sublethal responses,
comparable to those described above for pine trees.
being observed at lower total doses (greater than 50 Gy)
received in four years following the accident. One
characteristic sublethal effect in the trees was a clear
shift in the timing of development: delayed sprouting of
new leaves in the spring and earlier leaf fall in the
autumn. In severely damaged trees (100-200 Gy) the
delay in bud burst amounted to an increase in the
integrated time-temperature product of 30 °C-days. In
1960, this corresponded to a delay of 7-9 days and in
1961, 4-5 days. Five years after the accident the
developmental delay began to decrease. and after seven
years the onset of bud-burst had returned to the normal
time. The data on the responses of pine and birch trees
to irradiation in the contaminated area of the
southeastern Urals arc summarized in Table 13.

234. Following the acute phase in the tirst year after
the accident, the dose rates dropped to long-term,
relatively low levels, and the forest began to recover
through both vegetative processes and seed germina-
tion. The intensive production of side shoots even
restored the crowns of severely damaged pine and birch
trees, which had lost up to 95% of their needle or leaf
cover and suffered a complete growth check. After 8-10
years. irradiated and unirradiated trees were indistin-
guishable in superficial appearance and trunk growth
had been restored. In areas of *Sr contamination
density above 1,000 MBq m*, where pine seeds had
received radiation doses greater than 20 Gy, the
germination potential was lost, but at an intermediate
dose of 6 Gy (300 MBq m™) some pine seeds remained
viable and developed. The growth rate of pine seedlings
was. however, dependent on the ambient radiation field.
and an absorbed dose of 20 Gy or more during the first
season severely restricted development. In areas of *Sr
contamination density below 100 MBq m, full
recovery through seed propagation was possible [T23].

235. Radiation damage was noted in the first year
after the accident in all 20 herbaceous plant
communities that were recognized in the contaminated

southeastern Urals region. The damage was
considerable where ®¥Sr contamination densities were
above 130 MBq m? but slight where they were 18-
26 MBq m™~. The most sensitive herbaceous species
were those with dormant buds at or near the soil surface
(hemicryptophytes and hameophytes). These species
disappeared from plant communities where
contamination densities were greater than 18-
26 MBq m* and were replaced by species with dormant
buds either below ground or high above the surface and
by species with short life cycles [B30, S36].

236. The long-term effects of increased chronic
irradiation on the soil alga Chlorella vulgaris were
investigated in the contaminated zone. Samples of algae
were collected in years 5. 6, and 11 after the accident
from areas contaminated with *Sr at between 0.04 and
1.300 MBg m™ (equivalent to absorbed dose rates in the
range 4-5400 pnGy h'') and tested for changes in
radiosensitivity in response to an additional acute dose
of 300 Gy. At all *Sr contamination densities an
increase in radioresistance was observed. by a factor of
up to 1.5-2 at intermediate densities. At the highest
environmental dose rates it was concluded that the
induced genetic load of mutations had reduced
population viability. Over the 1-year study period the
changes in radiosensitivity apparently stabilized in the
algal populations sampled [S37, S38].

237. Because they were subject to some of the highest
long-term dose rates, as the deposited radionuclides
accumulated more or less rapidly in this zone, the
invertebrate populations inhabiting the litter and
underlying surface soils in the birch forests of the
contaminated area of the southeastern Urals have been
studied in some detail [K15]. Eleven years after the
accident, in an area where *°Sr contamination was 165-
340 MBq m™, the total mesofauna densities were less
than half those in control plots. The most severely
affected group was the saprophages (phytodetritivores:
earthworms and millipedes). It was concluded that this
response arose from the enhanced radiation exposure
aitributable to their relatively sedentary lifestyles rather
than from any intrinsically greater radiosensitivity: the
more mobile predatory species showed a lesser response
(Table 14). Although enhanced radiation exposure was
considered to be the probable cause of the observed
changes, other ecological factors could not be excluded.
A second survey was made 30 years after the accident
to obtain comparative data. Overall. the total density of
organisms and their biomass remained depressed, at
about 30% of the control values. The earthworms
showed some recovery between 1969 and 1988
(Table 15), but it was notable that juvenile individuals
were underrepresented in the irradiated population. The
numbers in the other major groups also remained
depressed relative to the controls: the phytophages, at
16% of control values, had declined since 1969. while
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the predatory beetles, at 61% of control values, showed
little change overall. although there was a decline in one
of the two taxa studied and a recovery in the other.

238. At the same density of radionuclide contamina-
tion (deposition on the ground), different species of
insects and other invertebrates receive different
radiation exposures depending on the specific variations
in their behaviour and habitat at particular stages of
their life cycle, and for a given radiation dose there will
be a range of radiation responses as a consequence of
interspecies and age-dependent differences in radio-
sensitivity. The invertebrate species most likely to be
affected by a radionuclide deposit are those whose early
(pre-adult) stages of life are spent in the forest litter and
surface soil, although length of life cycle is also a
significant determinant. It has been concluded that a
significant reduction in invertebrate numbers and loss of
species from the typical leaf litter communities on the
forest floor can be expected at a **Sr contamination
density of 3.7 MBq m™~ [G12].

239. Populations of small rodents (dark field mouse:
Microtus agrestis;, red bank vole: Clethrionomus rutilis,
and wood mouse: Apodemus sylvaticus) also attracted
attention in the contaminated zone. Populations were
isolated in large open-air enclosures and studied for
more than 40 generations. In an enclosure with an initial
*Sr contamination density of 44 MBq m ™, the estimated
absorbed dose rate to the rodent skeleton decreased
from 340 uGy h™' in 1962 to 20 pGy h'' in 1981.
Control enclosures were established at the periphery of
the contaminated zone. In the early part of the study,
when the dose rates were highest, a number of changes
were observed in rodent populations in the con-
taminated enclosures: the death rate increased and
individual life-spans decreased owing to accelerated
ageing of the older animals; the reproductive perform-
ance declined owing to increased embryo loss and a
shift in the timing of, and a decrease in, the reproductive
span; the incidence of ecto- and endo-parasitism
increased: the susceptibility to predation increased;
there were changes in behaviour, e.g. a decrease in the
number of individual habitation sites used by the dark
field mice; individual animals appeared to have greater
tolerance of stress, e.g. wood mice proved to be more
resistant to a physical load such as swimming;
individual animals showed a lower rate of oxygen
consumption (considered to be an adaptive response);
and, very clearly, there was an overall increase in the
variability of most population and individual morpho-
physiological attributes [113, 114, I15]. In bank voles
and wood mice living at sites with *Sr contamination
densities of 19-63 MBq m, the incidence of aberrations
in bone marrow cells increased over the 25-30
generations after the accident, i.e. with increasing
cumulative dose. Individuals from contaminated sites
showed greater radioresistance to single injections of

75-185 kBq ™Sr per gram body weight than did the
controls [D17]. Despite all these changes. apparently
atiributable to the increased radiation exposure, the
rodent populations in the contaminated enclosures have
survived for many generations, and it has been
concluded that there has been some homeostatic
adjustment or adaptation to the increased irradiation.

240. At the time of the southeastern Urals accident
some farm animals in the contaminated area were still
grazing in the fields. although relocation to barns and
stables had been in progress. At three sites close to the
release point, where the total radionuclide contamina-
tion density 20 days after the accident was between 930
and 1.100 MBq m™, the external dose rate to farm
animals was high (Table 16), as was the intake of
radionuclides from contaminated grass and subsequent
incorporation into tissue (Table 17). Estimates of the
absorbed doses over 12 days to different segments of
the gastro-intestinal tract (up to 50 Gy) and the skeleton
(up to 2 Gy) of cows and sheep are given in Table 18.
At these doses the symptoms of acute radiation sickness
and the gastro-intestinal syndrome (mucosal bleeding,
diarrhoea and leukopaenia) appeared, and the animals
began to die 9-12 days after the accident. Where the
total radionuclide contamination density was
170 MBq m™, resulting in an external dose rate from
gamma radiation of up to 920 uGy h™' (a total dose of
0.13 Gy in 12 days) and absorbed doses from internal
contamination of 4.2 Gy to the rectum and 0.15 Gy to
the skeleton, no animals died within six months of the
accident. Over a period of 120 days the total radio-
nuclide concentration in some of the tissues of the
animals had decreased by up to 75%. but those in the
liver and skelcton had increased (Table 17). Those
animals from this area that were relocated outside the
contaminated zone did not differ from the controls in
terms of subsequent mortality or reproductive perform-
ance, and there was no firm evidence of an increase in
teratogenic effects [Al1, B30].

241. Rather less information has been provided
concerning the effects of the contamination on aquatic
systems. A study of fish populations (pike, perch, roach
and golden and silver carp) was made in two lakes 14-
15 years after the accident. Although no dose rate
estimates are given, the concentration data for *Sr and
1¥1Cs in water and fish tissues, together with data from
previous studies [N1]. suggest that at that time the total
absorbed dose rate might have been a few thousand
microgray per hour, mainly from "’Cs incorporated into
the lake sediments, for which no data are given. No
effects. compared with controls, were noted for
reproductive performance or morphological character-
istics [M17]. The general conclusion has been drawn
that there are no observable genetic effects in fish at
dose rates below 400-1,200 pGy h', aithough under
adverse environmental conditions, the threshold might



ANNEX: EFFECTS OF RADIATION ON THE ENVIRONMENT 55

be lower by a factor of 10, particularly for developing
fish eggs [S37].

2. The Chernobyl accident

242. The accident at the Chernobyl nuclear power
plant occurred on 26 April 1986. A brief account of the
events leading up to the accident, the time-course of the
release of the radionuclides and the initial atmospheric
dispersion was given in the UNSCEAR 1988 Report
(fU3], Annex D); further details on the cause of the
accident are given in [[11]. A wider range of
radionuclides than in the southeastern Urals accident
was released in this accident because the reactor core
contained an operational inventory of fission and
activation products at the time. The total release,
exclusive of noble gases, was estimated to be 2 + | EBq
[T11]. The variable time-dependency of the release rates
for the different radionuclides and the changing
meteorological conditions over the 10-day release
period resulted in very inhomogeneous deposition
patterns. Not including the 30-km exclusion zone, an
area of approximately 2.4 10* km’ was contaminated
with 'Y’Cs at a deposition density greater than 200
kBqm™, with 5,710 km* at greater than 600 kBq m™
and 1,360 km" at greater than 1.5 Mbq m™ [I12].
Within the exclusion zone the contamination density
may have been more than two orders of magnitude
greater in limited areas [K 14].

243, From the point of view of potential effects on the
environment, the main differences between the
Chemnoby! and southeastern Urals accidents were the
time of occurrence and the quantity of activity released.
The Chernobyl accident occurred in late April, just as
wild plant and animal populations were entering the
accelerated growth and reproductive phases of their life
cycles, i.e. when thev were at their most radiosensitive.
Other differences, such as the extended (10-day) period
of the release and the radionuclide composition were
generally of less significance. As indicated in paragraph
230. three main phases of the radiation impact on the
environment were discerned [K3]. In the first, 10-20
days following the accident. essentially acute exposures,
in large part from vapour clouds. were delivered to
organisms close to the power plant from the large
quantities of short-lived radionuclides (**Xe, "'l and
PMo) released. The second phase extended through the
summer and early autumn of 1986, when despite a
decline in dose rates at the soil surface to 25%-20%
(and sometimes to as low as 10%) of the initial values,
damaging total doses were accumulated. In the third and
on-going phase of chronic exposure, dose rates are less
than 10% of the initial values and are derived mainly
from 'Csand "“'Cs contamination. Approximately
80% of the accumulated exposure was delivered within
three months of the accident, and over 93% of this was
due to beta radiation [S39].

244.  Within two weeks of the accident, lethal effects
were visible in pine trees close to the damaged reactor.
In this zone of 500-600 ha the trees were estimated to
have received doses in excess of 80-100 Gy. i.e. doses
greater than the acute LDs,, mostly from beta radiation.
Although the trees were moribund. there was some
evidence initially of root survival. The deciduous trees
in this zone suffered partial damage. A second zone, of
approximately 3,000 ha, received estimated doses above
8-10 Gy, and dieback of new vegetative shoots of pine
trees was apparent, needles and buds were damaged and
deciduous trees showed morphological changes. In a
third zone of 12,000 ha there were moderate effects:
coniferous trees received doses estimated to be 3.5-4 Gy
and showed various morphological changes. including
growth suppression and needle loss, reduced
reproductive capacity and genetic damage during 1986
and 1987. There was some evidence of minor
abnormalities in growth, morphology and reproduction
throughout a large part of the 30-km exclusion zone
[K24, K25, S41]. The data on radiation doses in the four
zones are summarized in Table 19. It should also be
noted, however, that the distribution of absorbed dose
in the tissues of trees could be markedly non-uniform
owing to the presence of hot particles in the fallout from
the reactor. These particles, containing mainly
$Zr-"Nb, '®Ru, '*Cs, *’Cs and *“Ce, were of irregular
shape (2-10 to 30-40 um) and were found sticking to
the waxy or resinous covering of pine needles. It has
been estimated that the additional absorbed dose from
them may have been an order of magnitude greater than
the external gamma-ray dose [K25].

245. The radiosensitivity of spruce trees was observed
to be higher than that of pine trees. At absorbed doses
as low as 0.7-1 Gy. spruce trees showed disturbances in
needle morphology, bud development and shoot growth
in 1986. In 1987, the trees developed large apical shoots
with needles 35-40 mm long and exhibiting a variety of
straight, twisted and curved forms [K25].

246. The eflects noted in the pine trees were mainly
determined by the initial acute (over a period of days)
exposures. During the summer of 1986. as dose rates
declined, there was continuing inhibition of growth owing,
mainly, to meristem damage and the reduced synthesis of
growth hormones; new growth was also evident, dependent
on the accumulated dose. By the spring of 1987 stems and
leaves were actively growing, although some morpho-
logical changes were noted in trees that had received doses
greater than 2-2.5 Gy. With an overall decline of dose rates
to less than 10% of initial values and a relative stabilization
of the exposurc from internal sources, growth of trees
continued and by 1988-1989 was apparent even in the
second zone (Table 19) [K3].

247. The reproductive organs, female (seed) and male
(polien) cones, of the pine trees showed the greatest
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radiosensitivity. In 1987, at doses of 0.7-1.1 Gy, the
incidence of chromosome aberrations in micro-
sporocytes (the premeiotic stage of pollen production)
was more than three times the natural level, and the
viability of the resultant pollen (tested by in vitro
germination) decreased by 30%. The female gameto-
phyte, a small, multicellular (approximately 2,000 cells)
organ that arises from a single haploid cell (the
megaspore) following meiosis and produces 2-6 ova,
was also found to be very radiosensitive. In 1988, as can
be seen from Table 20, there was some evidence for
recovery [K25]).

248. In the summer following the accident, disturb-
ances were noted in the process of gametogenesis in
crop plants. and grain yields were reduced by 50%
[S40]. Dose estimates to the affected plants are not
available. Within the 30-km zone around the power
station, where the initial dose rates to herbaceous plants
had ranged from 2 to 8,000 uGy h', there was no
correlation in 1988 between the contamination density
and effects in seeds of different species, as measured by
seed mass and aberrations in root cells from germinated
seed. In contrast, seeds of Plantago lanceolata showed
increased sensitivity to additional radiation exposurs
[T5].

249. In 1986-1987 a marked reduction was observed
in the number of species in the litter microarthropod
community of the forests of the 30-km zone; the impact
was less pronounced for the soil microarthropods and
the larger invertebrates. At an estimated total dose of
30 Gy, no changes were noted in adult animals, but the
numbers of juvenile stages were seriously depleted. In
the succeeding 2-2.5 years the populations recovered
[K16]. Immigration of individuals from outside the
zone contributed significantly to the recovery of the
insects, and larval abundance reached near-normal
levels [S41]. Within the 10-km zone changes in the
numbers of wood lice (Crustacea, /sopoda) persisted
until 1988-1989 [K17].

250. Within the 30-km zone it was estimated that the
radiation doses to small rodents over the acute phase
(up to mid-May) may have reached 880 Gy (20 Gy
from gamma rays and 860 Gy from beta radiation),
which would have been lethal [T7]. An increase in
morphological variability was noted over 10 generations
in populations of bank voles in the contaminated region
of Mogilev, Belarus. In addition. individual animals
showed lower oxygen consumption, increased tolerance
to stress and an increase in radioresistance; it was
concluded that all these changes were symptomatic of
an adaptation to the increased radiation exposure [I7.
K18, K19]. The responses here parallel those observed
in rodents inhabiting the contaminated area of the
southeastern Urals (see paragraph 240). Biochemical
studies of rodents captured in the summer-autumn of

1987 in an area where they were receiving a dose rate of
1.500-2,000 pGy h™' from external gamma radiation
showed disturbances of membrane lipid oxidation when
compared with animals exposed at 2-10 uGy h™' [K26].
The range of radionuclides present in the deposit on
pasture meant that the consequent exposure of farm
animals was far from uniform; for example. cows
grazing open fields for 240 days following the accident
were estimated to have received doses to the thyroid.
the gastro-intestinal tract mucosa and the whole body in
the ratio 230:2.1:1, and it was suggested that the thyroid
exposure might well have contributed to the observed
morbidity and mortality [A12]. There was no evidence
of teratogenic effects in domestic animals outside the
30-km exclusion zone.

251.  In populations of brown frogs (Rana arvalis
Nills) in contaminated areas close to the Chernoby!
power plant. a decrease in male fertility (spermato-
genesis) was identified as the only effect that could be
unambiguously attributed to the increased radiation
exposure (dose estimates are unavailable). In the spring
of 1987 more than one third of the egg clusters
deposited were wholly or partially infertile. [n eggs that
were fertile. so-called partial division was observed as
a consequence of the anomalous behaviour of the male
pronucleus and/or the anomalous replication of the
chromosomes. In controls. the proportion of clusters
with infertile eggs was less than 1.5%. In 1988 the
proportion of partially or completely infertile egg
clusters remained high (27%), but this declined to a
stable incidence of 3% from 1989 onwards. No effects
were detected in the processes of either ovogenesis or
embryonic development [C21]. An increased incidence,
compared with controls. of cells with chromosome
aberrations was found in tissues sampled from frogs in
the 30-km zone in 1987 [K27]. In frogs inhabiting areas
in Belarus with contamination densities of 180-
2,200 kBg m™ of '¥’Cs and 3.7-96 kBq m™ of ®Sr, the
chromosome aberration rate in red bone marrow cells
was found to be greater by a factor of 2-10 in the period
1986-1989. The estimated absorbed dose rate of 0.2-
7.1 uGy h' from *Sr*®Y was considered to be the
primary cause [E14]. Chromosome aberrations were
also observed in Chironomid larvae collected from the
Chernobyl power station cooling pond and from small
ponds near the village of Yanov, within 10 km of the
power station [P19].

252, The cooling water reservoir of the Chernoby!
nuclear power plant received a substantial input of
radionuclides as a consequence of the accident
Estimated inventories for the end of May 1986 are
given in Table 21 [K27]. Maximum dose rates to
aquatic animals from external sources (water, particu-
late material trapped on aquatic plants and sediments)
were estimated, using established methodologies, to be
4,200-8.400 uGy h'' in 1986 (10 times greater than the
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natural background dose rate) [12. 19, K28]: the
estimated dose rates from radionuclides accumulated in
tissues were lower, in the range 80-120 uGy h™' [K20].
In 1987 it was estimated that the external dose rate had
fallen to 1,300 uGy h*' [P135], and in 1989 radionuclides
within the fish were a more significant source of
exposure (20-1,300 uGy h™') than gamma radiation from
external sources (0.4-83 uGy h™*) [L10]. For bottom-
living fish of the 1985-1986 year class. the accumulated
dose from internal and external sources was estimated
to have reached 10 Gy by 1991, with over 50% having
been received in the three-year period 1986-1989 [K24,
K29. K30]. Radiation-induced damage was observed in
the gonads of fish surviving the accident and in
subsequent generations (see Table 22) [B33, M22].
Over the period 1989-1992, 5 of the 70 silver carp
(Hypophthalmichthys molitrix) examined were sterile,
and 35% of females and 48% of males showed gonad
abnormalities, including degeneration of the gameto-
genic cells. The high dose rates experienced by benthic
animals from radionuclides accumulated in the reservoir
sediments produced reproduction disturbances in bream
(Abramis brama) and silver bream (Blicca bjoernka)
and in colonies of molluscs [K24, S41].

3. Summary

253. The effects on ecosystems of radiation exposures
caused by the accidents in the southeastern Urals and at
Chernobyl in the former Soviet Union have been
analysed. Each accident was unique, clearly so with
respect to the radionuclides emitted, the time course and
season of the release, but also with respect to the local
and regional environmental conditions influencing
dispersion and deposition. The highest doses resulted
from the acute phase following the accident, until many
short-lived radionuclides had decayed. The measure-
ments were most limited in this important phase, and
the dosimetry was most complex.

254. There are considerable problems in making
accurate estimates, particularly retrospectively, of the
total absorbed doses received by the wide variety of
organisms inhabiting the areas contaminated by the two
accidents. There were substantial variations in the dose
rates over time, both between the two accidents and
between the accidents and controlled experimental
studies. Despite these admitted and considerable uncer-
tainties, it must be concluded that the observed environ-
mental consequences of the accidents are generally
consistent with the results of experimental work either
under controlled laboratory conditions or employing large,
sealed gamma-ray sources in the natural environment.

255.  General features of species radiosensitivities were
noted in these accidents. Coniferous trees were most
sensitive. deciduous trees less so. Herbaceous species
with dormant buds at or near the contaminated soil
surface were most affected and were replaced by species
with buds either below or high above the soil surface and
by species with short life cycles. Populations of soil
invertebrates received high doses in highly contaminated
areas, and their numbers were depressed even 30 years
after the accident in the southeastern Urals. The observed
effects on fecundity and fertility under continuing chronic
irradiation conditions are to be expected and. for the
particular cases of fish and molluscs in the cooling water
reservoir of the Chernoby! power plant, could have been
predicted from available information. There has been no
report of a local (i.e. isolated) population of a single
species having been eliminated as a consequence of the
radiation exposure. Populations of small rodents have
been isolated in large enclosures and studied for more
than 40 generations. Radiation-related effects have been
observed, along with some homeostatic adjustment or
adaptation to the altered conditions. There is evidence of
recovery. in many instances, from the initial acute-phase
responses, and in all areas the populations continue to
survive under long-term chronic irradiation.

CONCLUSIONS

256. All living organisms exist and survive in
environments where they are subject, to a greater or
lesser degree, to the natural radiation background and,
more recently. to man-made contamination from global
fallout following atmospheric nuclear weapons tests. At
times, and generally in restricted areas, there are
additional increments of radiation exposures either from
authorized (controlled) discharges of radioactive wastes
to the air, ground or aquatic systems or from accidental
releases. In the majority of cases there have been no
apparent effects in wild plants and animals from these
additional exposures. Following severe accidents.

however, damage has been observed in individual
organisms and populations, and long-term effects could
develop in communities and ecosystems from the
continuing increased chronic irradiation.

257. The available data on the exposure of wild
organisms to radiation from the natural background and
from contaminant radionuclides are relatively limited.
They relate to a very restricted variety of organisms,
although for the marine environment they do provide a
reasonably representative picture of the range of dose-
rate regimes likely to be experienced. Because the
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estimates are largely derived either from localized
measurements of the concentrations of radionuclides
within the organism and in its immediate external
environment or from models that assume an equilibrium
state, there is very little information on the temporal
variation in dose rates to be expected from short-term
fluctuations in discharge rates, differing stages in the
life cycle. changes in behaviour and short-term environ-
mental factors such as seasonality. It is thus very
difficult to estimate from the availabie data the total
doses that are likely to be accumulated over specific
stages of the life cycle, e.g. during embryonic develop-
ment or up to reproductive age.

258. For both terrestrial and aquatic environments.
there appears to be a significant contribution to the
natural background dose rate from alpha radiation. For
the former the main source appears to be ***Rn and its
short-lived decay products, and for the latter the main
source is *'®Po. Owing to the short range of alpha
particles, the absorbed dose rates are tissue-specific, and
the results underline the crucial need for more detailed
information on the distribution of the radionuclides
relative to the biological targets that might be
considered important (e.g. the developing embryo or the
gonads) if accurate estimates of background radiation
exposure are to be made. The usual range for the
background radiation exposure is up to a few microgray
per hour, but in exceptional cases (e.g. the hepato-
pancreas of a small pelagic marine shrimp) the absorbed
dose rate may be as high as 150 uGy h.

259. Itis accepted that the release of radioactive wastes
to the environment is likely to increase the radiation
exposure of wild organisms. For discharges to the
atmosphere, to a landfill or to surface waters, the
published assessments reviewed in this Annex indicatz
that the radiation exposures to some (but not all)
individuals in endemic wild populations could reach
about 100 pGy h* in general; in exceptional cases.
depending on the quantities of specific radionuclides in
the wastes, absorbed dose rates might reach several
thousand microgray per hour. In a verv limited number
of instances the dose rates estimated from measured
concentrations of radionuclides in the contaminated
environment have been broadly confirmed by in situ
measurements employing dosimeters attached to the
animals.

260. The dose rates in the environment following an
accidental release clearly depend on the quantities of
specific radionuclides involved, the time-scale of the
release, the initial dispersal and deposition patterns, and
their subsequent redistribution by environmental
processes over time. It is equally clear that these
accidental releases have the potential to generate much
higher dose rates and higher total doses in the
environment than do normal operations. Such was the

case following the accidents in the southeastern Urals
and at Chernobyl. where numerous studies have
indicated that trees (and, by reasonable extension. other
organisms) close to the release points could have
accumulated doses up to 2.000 Gy and 100 Gy at the
two accident sites. respectively. over relatively short
periods of time. At both sites, longer-term chronic
exposures from the deposit of longer-lived radio-
nuclides have continued to be significantly higher than
exposures from controlled waste disposal.

261. From thesc data it may be concluded that it is the
responses of plants and animals to chronic radiation
exposures up to a maximum absorbed dose rate of 1,000
puGy h' that are of interest from the viewpoint of
providing a basis for assessing the environmental
impact of controlled radioactive waste releases: in
practice. information at lower dose rates. up to 100
uGy h'. would probably be sufficient in the great
majority of cases. For accident situations, where
experience has clearly demonstrated that initial dose
rates can be high enough to allow accumulating lethal
doses in relatively short periods (days). data are needed
to provide the basis for predicting the progress of
environmental recovery at generally lower. long-term
chronic dose rates, down to the upper end (1,000
uGy h™') of the range of interest for assessing waste
disposal practices.

262. There is a wide range over which organisms are
sensitive to the lethal effects of radiation. A general
classification has been devised based on the interphase
chromosome volume of sensitive cells. These and other
results of experimental iiradiations show mammals to
be most sensitive, followed by birds, fish. reptiles and
insects. Plants show a wide range of sensitivity that
generally overlaps that of animals. Least sensitive to
acute radiation exposures are mosses, lichens, algae and
micro-organisms, such as bacteria and viruses.

263. Sensitivity of the organism to radiation depends
on the life stage at exposure. Embryos and juvenile
forms are more sensitive than adults. Fish embryos, for
example, have been shown to be quite sensitive. The
various developmental stages of insects are quite
remarkable for the range of sensitivities they present.
Overall, the available data indicate that the production
of viable offspring through gametogenesis and
reproduction is a more radiosensitive population
attribute than the induction of individual mortality.

264, In the most sensitive plant species, the effects of
chronic irradiation were noted at dose rates of 1.000-
3.000 uGy h™'. It was suggested that chronic dose rates
less than 400 nGy h' (10 mGy d') would have effects,
although slight, in sensitive plants but would be unlikely
to have significant deleterious effects in the wider range
of plants present in natural plant communities.
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265. For the most sensitive animal species, mammals,
there is little indication that dose rates of 400 uGy h'tto
the most exposed individual would seriously affect
mortality in the population. For dose rates up to an
order of magnitude less (40-100 uGy h"), the same
statement could be made with respect to reproductive
effects. For aquatic organisms, the general conclusion
was that maximum dose rates of 400 uGy h'! to a small
proportion of the individuals and, therefore, a lower

average dose rate to the remaining organisms would not
have any detrimental effects at the population level. The
radiation doses necessary to produce a significant dele-
terious effect are very difficult to estimate because of
long-term recovery (including natural regeneration and
the migration of individuals from surrounding less
affected areas), compensatory behaviour and the many
confounding factors present in natural plant and animal
communities in both terrestrial and aquatic environments.
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 Table 1
Internal dose rates to leaves and needles of trees from natural radionuclides in the plant material
U1
PR N N sl
Effective energy [ Dose rate per unit concentration
Radionuclide Half-life (Mel) I (nGy I’ per Bq kg”)
S « _ By « o B.y
| H-3 124a - 0.0057 - 0.0033
C-14 5730 a - | 0.048 - 0.028
K-40 1.28 10 a - 0.068 ‘ - 0.039
‘ U-238 447 10%a 4.18 - 242 -
: Th-234 24.1d - 0.10 - 0.057
U-234 24510%a 4.76 - 2.76 -
Th-230 7.710°a 4.67 - 2.71 -

1 Ra-226 1600 a 1.76 - 2.76 -
Rn-222* 3.824d 19.2 0.22 1.1 0.15
Pb-210~ 223a - 0.12 - 0.068

Po-210 1384d 5.30 - 3.07 -
Th-232 1.41 10" a 4.00 - 2,32 -
Ra-228 575a - 0.22 - ! 0.13
Th-228 191a 1.1 - 6.42 -
Rn-220* 55s 209 0.21 12.10 0.12
a Including decay product.
b Including short-lived decay products in equilibrium with the parent radionuclide.
Table 2
Dose rates to leaves and needles of trees from natural background radiation
Absorbed dose rate
o
Source (uGy ) _
. L o B.y _Total
. _ External radiation . )
Cosmic radiation at sea level 0.0004* 0.032 0.032
_Terrestrial gamma radiation . 0.01-0.18 0.01-0.18
_ . Internal radiation . ) . B
H-3 - 0.000001 0.000001
C-14 - 0.0016 0.0016

! K-30 - X 0.001-0.006 0.001-0.006

U-238-Ra-226 + Th-232-Ra-224 0.0001-0.001 | - 0.0001-0.001
Rn-222 in air - 0.007-0.035 0.007-0.035
Rn-222 in groundwater 0.005-0.54 - 0.005-0.54

‘ Pb-210-Po-210 0.013-0.025 - 0.013-0.025

~ Total 0.02-0.57 0.03-0.26 0.07-0.8

a  From cosmic-ray ncutrons.
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1 Table 4
Dose rates to leaves and needles of trees from noble gas radionuclides in air
2}
Effective energy ' Dose rate per unit concentration in air
‘ Radionuclide Half-life Decay mode _ (Mel)) (10 Gy ' per By ) ~
External Internal _ External Internal
Ar-4| 1.83h B 0.23 0.083 110 0.004
| ] - Y 1.3 - L 580 -
‘ Kr-85m | 4.48h 6 0.080 0.086 36 0.008
L - - Y (016 - 72 -
|
Kr-83 ~107a B 0.08 0.10 o 40 0.01
Kr-87 76.3 min | ) 1.2 0.040 540 0.004
! Y 0.80 - 360 -
- T T I . 1
Kr-88 ~ 286 h ! ] 0.57 0.26 ‘ 250 0.025
Y 2.1 - 930 - L
Xe-13Im 11.9d Y 0.04 0.16 N 18 0.04 ]
Xe-133m . 22d Y 0.06 0.20 30 0.05 .
Xe-133 5.254d B 0.004 0.12 2 0.03
L Y 0.046 - 21 -
Xe-135m 15.6 min_ N ¢ 0.43 B _ 010 190 0025 B
Xe-135 9.1h 8 0.12 0.10 54 0.025
‘ ~ o Y 0.25 - B 110 -
: Xe-138 - 14.2 min 8 0.8 0.13 360 0.03
Y 1.8 - 810 - ]

a  Including decay products.
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Table §

Estimated doses to leaves and needles of trees from normalized discharge to the atmosphere

Normalized | Integrated concentration in | Dose factor ¢ Absorbed dose
Radionuclide discharge “ | airat 1 km* | per unit energy generated
[TBq (GW a)] [Bg o GWa)') —  [nGy k' per Bgm] | [uGy (GW o)}
L ) Pressurized water reactors o
i
Ar-41 0.87 72 0.69 ‘ 0.050
Kr-85m 0.24 20 0.11 : 0.002
Kr-85 3.5 290 0.04 0.012
Kr-87 0.04 33 0.90 0.003
Kr-88 0.16 13 1.2 0.016
Xe-131m 0.69 57 0.018 0.001
Xe-133m 0.53 4 0.03 0.001
Xe-133 82 6830 0.023 0.16
Xe-135m 0.062 52 0.19 0.001
Xe-135 3.5 \ 290 0.16 0.047
Xe-138 0.17 ‘ 14 1.2 0.017
| __Total ‘ ) B 0.3
‘ o o Boiling water reactors
Ar1 0.15 12 0.69 0.009
Kr-85m 40 330 0.11 0.037
Kr-83 1.3 110 0.04 0.004
Kr-87 4.0 330 0.90 0.30
Kr-88 6.3 540 1.2 0.65
Xe-131m 0.22 18 0.018 | 0.0003
Xe-133m 0.28 23 0.03 0.0007
Xe-133 26 2170 0.023 0.050
Xe-135m 3. 320 0.19 0.060
Xe-135 12 1000 0.16 0.16
Xc-138 13 | 1080 1.2 1.3
_ Total - ‘ 2.6
o ) o Gas-cooled reactors
Ar-4] 2150 180000 0.69 120
a Data from UNSCEAR 1993 Report [U2].
b Assumes dispersion factor of 3 107 Bq s m™ per Bg (U4}

c From Table 4 {J1).
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_ Table 6
| Estimated dose rates to organisms from controlled discharges of rad
in a dose rate of ] mSv a”' to man residing in the same environment

: (14, NI]

ionuclides that would each result

Dose rate (uGy h™')

—
|

i

|—

Radionuclide
) L ] Plunis® Animals " ]v Fish*
H-3 5.8 5.8 0.59
C-14 11
p-32 } 32 28 48
Co-60 0.53
Sr-90 20 0.042 67
Z1-95 38 2.0
Tc-99 38
I-131 12 0.058
Cs-137 54 ! o 072
Ra-226 36
U-2354 2.6
U-2384 4.7
Pu-239+ 0.023 \ 0.00055 0.49
Am-2417 ‘ ‘ 0.71

Discharges to atmosphere.
Domestic sheep.
Discharges to water (lakes).
High-LET radiation.

Ao o0
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Table 7

of chronic intakes of radionuclides

‘ Cumulative absorbed doses in agricultural animals following single intakes of radionuclides and for similar periods
\

(K9]
L | , _ . S
‘ ‘ Cumulative absorbed dose (uGy) |
Animal | Type of ' [ T T
species i exposure * After After After After After After After
B L ] 10days | 20days 30 days 60 days 90 days 180 days 365 days
_lodine-131* - ,
o y T ) l ]
Cattle Single 200 ‘ 300 340 370 370
Chronic 900 i 2,000 3.000 ‘ 4,200 4,300
: . ! ! a ‘ ,
Sheep Single 1,100 1600 | 1,800 \ 2.000 2,000
Chronic 4900 | 11800 | 16600 | 22200 23,000 ]
‘ ' '
Swine Single 420 600 700 | 740 740
B  Chromic 1,800, 4400 | 6200 8.300 8,300 B
___Strontium-90
i N T |
Cattle Single 0.6 ! 1.2 2.4 4 6
! Chronic 2 10 20 128 42 1,360
; \
i Sheep Single 4 8 10 20 32 | 52
__Chronic 2 82 166 1.080 3420 | 11,320 |
Swine Single 8 ; 14 20 40 60 100
Chromic | 40| 140 30 | 1920 618 | 20400
Caesium-137 ¥
_ | , I S
Cattle Single | 0.07 0.12 ‘ 0.17 0.37 0.50 0.56
. _Chronic 0.32 1.25 21 19.7 60 | 160
\
Sheep Single 0.5 | 14 31 42 4.7
| Chonic |28 105 226 165 500 1330
Swine Single 0.32 | 0.6 0.9 1.9 2.5 2.8
Chronic 1.6 A 6.3 13.5 98.5 300 800

a Intake of 1 kBq on the first day for both single and chronic exposures; for chronic exposure the intakes declined according to the
radioactive decay rates; radionuclides administered orally in experimental setting.
b Absorbed dose in thyroid.

[

Absorbed dose in bone.

d  Absorbed dose in muscle.
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| Table 8

Absorbed dose and period in organogenesis for radiation-induced, externally detectable malformations

[€22)

I
|

Radiosensitive organ |

1

Animal species

Main induction period
(days after conception)

Lowest reported dose
1o cause effect

Muin dose range
to cause effect

Central nervous system Mouse (strain-dependent) 8-13 0.25 Gy 1.0-2.0 Gy
Rat 9-14 0.50 Gy* 1.0-2.0 Gy
| Eye . Mouse 7-8 0.25-0.50 Gy 1.0-2.0 Gy
' Rat 910 0.25 Gy ! 1.0-2.0 Gy
Hamster 8-9 >1.0 Gy }
| Rabbit -10 >1.0 Gy ‘
Skull Mouse 7-10 0.5 Gy | 1.0-2.0 Gy
© Rat 9-12 1.0 Gy 1.5-2.5 Gy
1 Hamster 7-8 >2.0 Gy
Rabbit 9-11 >4.0 Gy
! Monkeys 8-12 2.5 Gy
‘ Trunk Mouse 6-13 3 >0.25 Gy
Sheep =23 \ >1.0 Gy
: Cattle 32 ‘ >1.0 Gy
Extremitics Mouse 10-3 >1.3 Gy
Rat >9 >2.0 Gy
Hamster >0 >2.0 Gy
. Dog 25-28 ‘ >1.3 Gy

a  Single x-ray exposure.

b Histological findings from 0.1 0 0.4 Gy.

Table 9

[W5]

Dose levels from short-term irradiation producing damage to plant communities *

Plant community

Dose range to produce effects (Gy)

Minor effects Intermediate effects Severe effects ~
Coniferous forest I-10 10-20 >20
Deciduous forest 10-100 50-350 >100
Shrubland 10-30 50-200 >200
‘Tropical rain forest 40-100 100-400 >400
Rock outcrop 80-100 100-400 >400
Old field 30-100 ‘ 100-1,000 >1,000
Herbaceous forest understorey 200-400 | 400-600 >600
Grassland 80-100 ‘ 100-1,000 >1,000
Herbaccous invaders 400-600 600-1,000 >1,600
Maoss lichen 100-1.000 ‘ 500-5,000 >2,000

a  Exposures of 8-30 days. Dose range may be 2-4 times less for more acute exposures. Equivalent daily dose ranges for chronic

eltects are 1%-4% of the listed values.
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. Table 10
' Primary composition of radionuclides deposited in a contaminated area following the southeastern Urals accident

[T21]

) Fraction of total activity (%)

Radionuclides Halflife  Ocrober March 1 July I‘ July | July July July
1957 1958 1958 1959 1960 1961 1962
meowpr  265d | 663 2 80.0 : 68.6 } 496 296 | 150
B S | 5.15 8.4 l 23 26.0 45.6 66 | 827
WRy-"Rh  la | 345 46 - 49 53 a8 38 23
“Ze-MNb | 65d 25.1 90 . 28 ‘ 0.1 0 o 0

Table 11
i Vertical distribution of dose rates from beta and gamma radiation to components of a pine forest in an area

| of contamination from the southeastern Urals accident normalized to deposition density of *Sr of 1 MBq m*
[T17]

i Months Absorbed dose rate (uGy Ir')
after 7 T - o i h
deposition  Atsoil surface | At litter surface At bottom part of At middle part of | Attop partof
‘ : (2 cmy crowns (3 m) __ crowns (6-7m) crowns (9-10m) l
\
{ 0 | 67 270 2,200 3,000 1,700
1 1,700 9,400 3,300 1,700 1,200
7 2.300 12,000 1,300 1,500 830
21 2,300 10,000 830 670 330
| 33 \ 6.300 4,000 250 83 50 J
} 45 ‘ 9,400 2,000 130 50 25
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| Table 12
‘ Normalized radiation dose rates to organisms during the acute period following the accident in the southeastern
! Urals ¢
1T
| - - - T 1 T -
‘ Component, location Maximum normalized Absorbed doses during the acute period
Organism or specific type abserbed dose rates B
of organism (uGy i per MBq m *'Sr) Normalized doses Maximum doses near
L ) (Gy per MBq m* *Sr) release point (Gy)
Pine trees Bud meristem 1,300-2,100 3.5 100-800
Seeds in the canopy 830-1,300 2-3 50-400
~_ Seuds on the soil 420-830 _05-1 20-200
Birch trees Bud meristem 830-1,300 0.5-2 20-200
- ~_ Sceds in the canopy 420-830 0.3-0.7 10-100
I Herbaceous plants Dormant buds 04,200 0-10 0-2,000
L _ Seeds on the soil 830-4,200 210 ~70-2,000
* Soil invertebrates In the leaf litter 130-830 0.3-5 200-800
_ At ¢m depth in the soil 83 3 - ‘ 10-40
Mammals Large herbivores (GI tract) 1.300 3 ‘ 100-400
Small rodents (whole body) 130-210 1-2 10-100
o . Carnivores (GI tract) 420 3 30-100
Birds Small, overwintering 830-1.300 2-3 | 50-400
Carnivorous, overwintering 420 | ‘ 30-100
(Gl tract)

a  The dose rates have been normalized to a strontium-90 contamination density of | MBg m*, because there was a relatively constant
relationship between all the radionuclides throughout the deposition.

Table 13

Radiation damage to trees in the contaminated area of the southeastern Urals

*Sr contamination
density
(MBgq m?)
1.5-1.8
3.7-4.4
6.3-74

37-59

92-140

Average absorbed dose (Gy)

-~ = Radiobiological effect
Needles Bud meristem
5-10 24 Pine: desiccation of needles in the lower part of the crown, non-
viability of pollen and seeds, reduction in growth increment
10-20 5-10 Pine: desiccation of 95% of the crown, growth retardation
20-40 10-20 Pine: complete death (LD,,,)

- 40-60 Birch: desiccation of the upper storey in 1% of trees, up to 30%
reduction of young growth, low germination capacity of secds,
reduction in growth increment

- 100-150 . Birch: desiccation of the upper storey in 30% of trees, up to 75%

reduction of young growth (1.Dy,)
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" Table 14

Numbers of the main groups of soil mesofauna in ®Sr-contaminated and control sites in the southeastern Urals
IK15]

. Type of Species _ Absolute number per n’ ) Proportion
invertebrate of control
- . o o At contaminated site ) Control o
Saprophage Earthworms 0.1 94 0.01
Millipedes 6.0
. Tota | A o 154 001
Phytophage Snails/slugs 0.7 3.0 0.23
Herbivorous insect larvac ‘ 9.0 4.5 0.62
B ~Total o . 97 o 17.5 055
|
Predators Spiders ‘ 2.0 7.0 0.29
Inscct larvae 3.0 6.5 0.75
Beetles 12.5 83 1.47
Centipedes 1.4 9.0 0.16
~ Total 209 30.0 0.70

Table 15
Changes in numbers of the main groups of soil mesofauna in *Sr-contaminated sites in the southeastern Urals
[K15]

. Type of Species Absolute number pfr m’ in 1988 Proportion of conirol
invertebrate ‘ }
L o At contaminated site Controls In 1969 I In1988
Saprophage Earthworms 3.7+09 8837 0.08 0.42
! - =T - - - I — T
Phytophage Click bectles 4318 | 25.5£10.7 ‘ 0.39 0.17
Weevils. N 1807 12351 0.44 N 0.15
| ;
‘ Predators | Carabid beetles 58206 1 78%25 0.48 0.77
! . Staphylinid beetles 17206 43213 ; 083 | 040
Other Lithobiidae 03£0.1 20£038 ‘ 0.10 | 0.13
Diptera 2006 2006 0.24 No difference

Table 16
Degree of contamination and external dose rates at sites where farm animals were grazing following the accident

in the southeastern Urals

[All]
Contamination density - Concentration of beta External dose rare Total absorbed dose
Site on day 20 } emitters in grass atlm . over 12 days
(MBq pr). (MBqkg)  (pGyiY) ‘f (Gy)

I 1,100 360 15,000 29
2 1,100 340 11,000 2.0
3 930 28 6,300 1.4
K

170 - 920 0.13
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Table 17
Total concentration for all radionuclides in animal tissues near sites of the accident in the southeastern Urals
[Al11]
Number ) Couceniration (kBq kg'*)
o Animal Mass | of o ' ' o
the) | animals Muscle Lung ' Liver Kidney Skeleton . LargF Wool,
] | | intestine ﬁzalharsJ
Site 1+ |
- Cow 300 i 19 ‘ 150 370 200 |
Cow fetus 30 1 20 14 37 39 1,200 21
Goat 30 ! 1 24 240 98 230 1,100 410 160,000
Sheep 30 1 38 36 170 S0 190 190 46,000
Geese 32 3 1.1 10 33 5.0 59 33 1,700
Hens 1.2 3 20 0 0, 2% 37 250 12,000 |
b
Site 4
Cow
Day 11 300 1 14 7.0 ‘ 8.1 24
Day 120 380 I 0.33 8.1 24 29 63 0.33
Sheep
Day 11 30 I 67 34 1.5 74 19 2,100
Day 120 48 I 1.9 5.2 5.6 | 4.1 310 39 9,300
Geese i : '
Day 11 4 } 3 1.2 41 1.4 2.8 41 170 1,800
Day 120 s 2 0.44 i9 31 1.1 240 19 520
Hens
Day 11 1.2 3 096 59 - 093 ‘ 21 | 81 27 220
Day 120 1.4 5 0.22 21 0.26 ‘ 0.26 \ 85 5.6 85

a  Contaminated sites detined in Table 16.

. Table 18
Estimated absorbed dose over 12 days to different segments of the gastro-intestinal tract and to the skeleton of

sheep and cows at three sites contaminated by the accident in the southeastern Urals
[Al11]

Absorbed dose (Gy}

Organ 7 Sheep o . Cous
o Site 1 o Sue? Site 3 | Site | Site 2 Site 3
Segment of G tract |
Rumen (1) 9.1 9.0 23 9.3 89 235
Rumen (2) 715 7.1 2.0 6.2 59 1.6
Omasum 11 10 235 16 \ 13 4.2
Abomasum 4.3 43 1.2 3.8 37 1.0
Duodenum 38 36 1.0 22 22 0.61
Jejenum 49 47 1.3 2.6 23 0.69
fleum 7.6 73 20 5.6 54 1.3
Large colon 30 29 8.0 14 13 3.7
Small colon 34 33 9.2 17 . 17 4.6
Rectum 54 52 15 23 ‘ 22 ! 6.0
Skeleton 1.9 1.9 0.53 1.9 1.8 0.48
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, Table 19
Distribution of radiation damage in the forest around Chernohyl nuclear power plant
[K24. K25]
. Absorbed dose Absorbed dose ‘ Absorbed dose
Damage zone/area Type of damage | from external rate in needles |
I gamma radiation ' on I October 1986 |
1Gy) (uGy ') ‘ (Gy) ‘\
_ _ I . S { ]
, Lethal zone, 4 km? Complete death of pine trees >80-100 >3.000 ‘ >100
Partial damage of deciduous trees
. : [ . _ S —
Sublethal zone, 38 km* Death of most growth points, partial 10-20 2,000-5.000 50-100
dieback of coniferous trees \
1 Morphological changes in deciduous trees ‘
Zone of medium Suppressed reproductive ability. desiccated 4-3 500-2,000 20-30
damage, 120 kn?® needles, morphological changes |
| Zone of minar damage Disturbances in growth and reproduction, I 0.5-1.2 <200 <10
‘ morphological disturbances
in coniferous trees
Table 20
| Chromosomal aberrations at meiosis in pine microsporocytes in an area close to
- the Chernobyl nuclear power reactor |
[K25] |
Estimated Number of cells analvsed Chromosomal aberrations (%)
absorbed dose : —
(Gy) 1987 1988 1987 1988
0.7-1.1 4,200 1,800 22.0 144
1.7-2.3 6.300 2,200 30.2 9.6
Control 3.000 1.000 5.7 5.8 |
Table 21

Estimates of quantities of radionuclides in the Chernobyl nuclear power piant cooling pond on 20 May 1986

IK27]

Radionuclide —_— — .
Sediments Water
Cs-137 110+ 50 60 = 30
Cs-134 60 £ 40 3015
Ce-144 860 + 400 30=20
Ce-141 640 = 280 50=30 |
Ru-106 220 + 100 20£10 !
Ru-103 700 £ 360 40+ 15
7Zr-93 1200 £ 500 5030
Nb-93 1100 £ 400 70 = 40
Ba-140 400 = 140 12070
La-140 280+ 120 80 + 40
I-131 3010 25060
Sr-90 50+ 20 64

Activity (10" Bg)
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! Table 22
. Effects of radiation on silver carp fish surviving in the Chernoby! nuclear power plant cooling pond

" after the accident

[B33]

T T T . - - T T T !

. . | Proportion of fish with abnormalities

Year of Number of fish analysed ‘ in generative cells (%)

sampling o - - I i — - - -
I Females I Males Sterile | Total Females | Males Total }
Caged silver carps * ‘
1989 7 8 2 7 0 T . l

1990 11 6 3 20 . 55 ‘ 33 47

1991 9 7 0 16 78 57 ‘ 69

1992 3 4 0 7 33 100 71
Total 40 25 S } 70 35 J 18 44 ‘
Uncaged silver carps |
1992 9 \ 10 2 | 19 | 89 — 90 —]

Confined in aquaculture pens.
Atlarge in the cooling pond.
¢ Panial sterility.

o
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Figure L
General range of radiation response in herbaceous plants in comparison to the lethal dose (LDygq)-
[S8]
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Figure II.
The acute lethal exposure to high-dose-rate, low-LET radiation in relation
to the volume of interphase (non-dividing) chromosomes of angiosperms.
[S12]




74

UNSCEAR 1996 REPORT

90 —
80 —
Mice
70 —
;: 60 Monkeys
= 50—
s Goals
> 40 —
& Daogs
» o 30
20 — Pigs
Sheep
10 —
T I T T ! I T 1
0 1 2 3 4 5 6 7 8
DOSE (Gy)

Figure 111,

Midline dose-survival curves for various species of animals irradiated bilaterally.

[T10]

CANCER AND LEUKAEMIA Late ¢ffects
HEREDITARY DEFECTS
_______________________ bt = - = o — — =
FUNCTIONAL DISORDERS Long-term
maturation
DISORDERED CELL MATURATION disorders
- .
GROWTH INHIBITION
_______________________ e e — -
) |
~ PRENATAL DEATH ! Euarly
- ' ntrauterine
/ i effects
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v
T T T T T 1 17 7 1 1 1T 1T 1T 1T 1T 711
0 | 2 3 4 5 6 7 8 9 10 1 12 13 14 I5 16 17 18 19
L _ il I L |
Blastogenesis Organogenexsis Fetogenesis

TIME AFTER CONCEPTION (days)

Figure IV.

Prenatal phases for induction of radiation cffects in the mouse

[C22]
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Figure V.
Relative occurrence of intrauterine injuries in the mouse after acute x irradiation with 1.9 Gy. For irradiation following
day 14 after conception, there is no radiation-induced injury, and the spontaneous rates are observed.

[C22]
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Figure VL.
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Cell radiosensitivity based on correlation between Dy, (37% survival dose) and chromosome volume.

[S1]
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Figure VII,
Approximate acute lethal dose ranges for various taxonomic groups.
IS1. W5]
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