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INTRODUCTION

The rapidly expanding interest in the utilization of nuclear energy as a power
source has started to focus public attention on the benefits and risks associated with
the peaceful uses of the atom. The context of the current concern differs markedly
from the last period of major public interest in atomic matters which occurred during
the period of weapon testing with its associated worldwide radioactive fallout. The
current phase happens to be concomitant with a more general concern about environ-
mental quality and with the impact of technology on the environment. As a result of
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this concern, objections are being made to the installation of nuclear power stations
by conservationists and other environmentally oriented individuals in various parts of
the country. Their objections are based around consistent themes, namely, impact of
radioactivity in the environment, movement of radionuclides through food chains with
possible hazard to humans, and effects of thermally hot effluents on the ecology of the
region.

Each of these concerns has a basis in, or is related to, some underlying ecological
phenomenon. This paper will discuss four ecological considerations which bear on the
location of nuclear power plants. These are: 1) long-term effects of the released
radionuclides on the environment, especially on maintenance of the ecological balance;
2) environmental fate of radionuclides, including their food chain dynamics and potential
to build-up at different ecological levels; 3) ecological pathways by which radionuclides
may expose human population groups; and 4) influences of the discharge of waste heat
into the aquatic environment.

EFFECTS OF LOW-LEVEL RELEASES TO THE ENVIRONMENT

In the concern over nuclear power stations the question has been raised whether
the radiation resulting from radioactive waste releases at MPC levels would cause eco-
logical problems. Essentially, the question to be addressed is whether the doses that
would result from release of radionuclides "in accordance with current guidelines would
result in demonstrable effects which in turn might bear on the location of particular
reactor sites.

Since all of the MPC's are derived for internal exposure of man, an obvious question
relating to exposure of biota arises. What is the dose to organisms of natural populations
submerged in water maintained at the (MPC)W or some fraction of the (MPC)W for
individual radionuclides? Would these dose rates be expected to result in detectable
biological effects to aquatic organisms over a period of time? The accompanying tabu-
lation (Table 1) shows the results of calculating the yearly dose rates at the surface of
an organism submerged continuously in water containing various radionuclides maintained
at the (MPC)W for the general human population. This is a totally hypothetical exposure
condition used here to illustrate in general terms exposure levels to aquatic organisms
under these exposure conditions. The purpose of this calculation is merely to serve as
a basis for comparison with actual experimental dose response data cited later !n this
paper. In actual practice, the limit used currently around nuclear power stations of
10"° pCi/cc (1 pCi/cc) is one to several orders of magnitude lower than the MPC's for
the individual radtonuclides used to derive this table. In assessing the effect of low
doses of ionizing radiation, sophisticated means of detect Jon must be used and sensitive
biological endpoints are necessary as criteria for ascertaining radiation damage. In
experimental practice when dose rates are lowered to 1 rad per day or less, the number of
factors affecting the organism are sufficient to mask any effects that might be present.
Such commonly used endpoints as survivorship, fecundity, growth, development, and
susceptibility to infection have not as yet been shown to be unequivocally affected by
such low dose rates. Evaluating the impact of doses of less than 1 rad per day on



TABLE I. Calculated Annual Submersion Dose Rates ({5+ y) from Water Maintained
at the Occupational (MPC)W for a 168 Hour Week x 1/30. Organisms would have
to live continuously in these waters to achieve these doses.

Calculated Dose Rates for Submission
in Water Maintained at the (MPC)W x 1/30°

Radionuclide rad/yr

Cobalt-60 .797

Manganese -54 .526

Chromium-51 .377

Zinc-65 .342

Bar.um-140 .0871

Strontium-89 .0658

Cesium-137-Barium-137M .0596

lodine-131 .0391

Cerium-144 - Praseodymium-144 .0173

Ruthen fum -106 - Rhod ium -106 .00625

Strontkim-90 .000236

The (MPC)w for continuous occupational exposure to the critical organ of man
for each radionuclide was multiplied by 1/30 to apply to the general population.



on organisms and populations under field conditions is a challenge of considerable mag-
nitude.

Very few studies have been made on natural populations exposed to chronic radiation
higher than background. The sal ivary chromosomes of the larvae of Chironomus tentans
which inhabit the radioactively contaminated bottom sediments of the White Oak Creek
and White Oak Lake at Oak Ridge National Laboratory were analyzed for five years
for chromosomal aberrations [ l , 2 , 3 ] . Calculations and measurements of the absorbed
dose for the larvae living in the sediments gave values of 230-240 rad/yr or approxi-
mately 1000 times background for the area. Over 130 generations had been exposed to
this or greater dose rates during the previous 22 years. Seventeen different aberrations
were observed in the irradiated population while only six different aberrations were
observed in the non-irradiated population; all six of these inversions were found in
each population more than once and three occurred at relatively high frequency. Eleven
aberrations — ten inversions and one deletion —were observed only once except for one
inversion, which was found five times in two collections from one site and was probably
the result of one event [ 4 ] . The frequencies of these unique aberrations, found only in
the irradiated population, were very low when compared with the frequencies of the
endemic inversions. Blaylock concluded that the occurrence of new aberrations in the
contaminated area was increased by the high background radiation and that these new
aberrations were rapidly eliminated by selection or genetic drift. If all new mutations
and chromosome aberrations are considered to be deleterious, these findings could be
construed as harmful; on the other hand, the populations in this irradiated area show
no sign of detrimental effects using population numbers and reproductive capability as
criteria under dose rates much higher than those that would be obtained under present
guidelines of release. Blaylock also found there was no difference between the
irradiated and control populations with respect to their chromosomal polymorphism as
evidenced in the endemic inversions. Therefore, he concluded that the chronic
environmental radiation which was capable of producing a detectable increase of new
chromosomal aberrations was not affecting the frequencies of the endemic inversions
in the populations of White Oak Creek and White Oak Lake.

This radioactive habitat was also the site for another series of investigations by
Blaylock [ 5 ] . In this case the natural population investigated was the hardy, highly
adaptable mosquito fish, Gam bus id off in is off in is. Approximately one hundred genera-
tions of fish have lived in this area since the first release of radioactive waste effluents.
In this investigation, another parameter of population fitness, fecundity —or the number
of offspring per female —was considered since laboratory studies have shown that it
can be influenced by ionizing radiation. These fish lived in a shallow portion of the
lake where the sediments contained appreciable quantities of 137cS/ I 0 6 R U / 6 0 C O , 90Sr,
°*Zn. Based on measurements and calculations these fish were exposed to approximately
11 rads/day external gamma radiation and 1.75 rads/year from internal beta radiation.

The most striking finding of this study, however, was the fact that the irradiated
populations had a highly significant greater fecundity than the control population. In
his paper Blaylock marshals evidence which supports the idea that irradiation can in-
crease the fitness of organisms. These data support the hypothesis that radiation induced



mutations, most of which would be deleterious in the homozygous condition, produce
sufficient cumulative effects in the heterozygous condition to more than counter-
balance induced dominant deleterious mutations. Apparently, under certain con-
ditions, genetic variability resulting from radiation induced mutations can improve the
fitness of organisms. Natural selection operating on a population with increased
genetic variability results in an increased rate of evolution of the population and in
its adaptation to environmental factors.

The increased fecundity of the female in the Gombusia population in White Oak
Lake may be an adjustment to the chronic environmental radiation. An increased
mortality of embryos that could be attributed to ionizing radiation was also found in
this population. In this respect radiation would be analogous to an environmental
factor that increases mortality. Another effect of radiation would be the increased
genetic variability resulting from radiation-induced mutations. This would increase
the rate of evolution and speed up the adjustment of the population to ths increased
mortality. However, this would not occur without some expense to the population.
Many genetic combinations would be selected against and the individuals eliminated.
In populations with a relatively short life cycle, such as fish and insects, where over-
production of young is the rule and selectbn is severe, the population level could be
maintained in spite of the elimination of many individuals.

Similar findings were recently found by Coo ley [6 ] in a study of the snail
(Physa heterostropha) populations which inhabit radioactive waste seeps in the dis-
posal"area of Oak Ridge National Laboratory. These populations are exposed to a
calculated dose rate of 0.65 rod/day. This population had not developed resistance
to ionizing radiation, based on laboratory experiments employing acute gamma
radiation. A comparison of reproduction of snails from the irradiated population and
snails from a control population showed that the irradiated snails had a significantly
decreased production of egg capsules and a significantly increased number of eggs per
capsule. Coo ley suggests that the decreased capsule production was compensated for
by the increased number of eggs per capsule, thus preventing a reduced level of
fecundity. Selection pressure in the seep habitat would be for those individuals that
would contribute the most to the overall fitness of the population. Under these con-
ditions the compensations of increased eggs per capsule would be advantageous to the
entire population.

At the University of Washington, Professor Loren Donaldson has had underway a
long-term study of the effect of chronic low level gamma radiation on the chinook
salmon (Oncorhynchus tshawytscha) [ 7 , 8 , 9 ] . In these experiments eggs and alevins
were exposed to rates of 0.5, 1.0, 2.5, or 5,0 r/day beginning immediately after
fertilization until the yolk is absorbed and the young fish are completely formed, a
period of 80-100 days, depending on water temperature. The fish from the exposed
lots and a like number from the control group were fed tor a period of about 90 days
before being released to migrate to the sea. In the ocean the young fish must compete
in a natural environment that presents many hazards. Upon return from the sea, the
adult fish and their progeny are subjected to detailed study for all possible effects.



The results of this series of long-term experiments, with numbers of fish Ranging
from 96,000 to 256,000 per experiment, have given no indication that these high
exposure rates are injurious to the fish. Irradiations at these early life stages have
not caused significant mortality or retardation of growth in either smolts or returning
spawners, or in fecundity. In fact, Donaldson and his co-workers report that at the
lowest exposure rate of 0.5 r/day — an exposure rate which is 105 times greater than
background (0.01 - .02 mr/hr) — the irradiation stock returned in greater numbers and
produced a greater total of viable eggs than the controls.

ite ei oft Of)

The effects of Zn, Cr, and Sr- Y on the developments of oyster larvae
were examined in a series of experiments by Nelson [10] . The biological endpoint was
abnormal larvae —defined as those larvae which had incompletely developed shells
48 hours after fertilization. On the basis of these experiments, Wilson concluded that
the concentration of ™Sr-™Y necessary to produce abnormal oyster larvae (10° pico-
curies/liter) is fen million times greater than the maximum concentration of ^ S r in
natural marine environments (10 pCi/liter). The concentration of carrier-free zinc-65
necessary to produce an effect on oyster larvae in the first 48 hours after fertilization
of the eggs is ten million times greater than the °*>Zn concentration in Willapa Bay.
Concentrations of 51 Cr which caused demonstrable effects are 800, 000 times greater
or more than those reported in water collected between the mouth of the Columbia
River and Willicpa Bay in 1961, when all 8 Hanford production reactors were still in
operation. Since then 6 of these have been shut down.

No review of this nature can forego mention of Russian work in this field, especially
since Russians report effects at much lower concentrations of radfonucl'ides than other
workers. Russian emphasis has been placed on marine fish eggs. Polikarpov [11] , who
pioneered the studies in this field, has reported on extensive studies with eggs on a
large number of marine and freshwater species over the concentration range of 10"^
pCi/liter to 10s pCi/liter. They reported reduced hatching of the larvae and early
mortality at concentrations of 10^ pCi/liter and above, and the number of abnormalities
increased significantly at concentrations of 10* pCi/liter and above with remarkable
consistency.

British workers [12] did similar experiments with eggs of 2 fish species maintained
from immediately after fertilization until hatching, in water contaminated with ^ S r - ^ Y
over a concentration range of 10^ to 10° pCi/liter. They did not observe any significant
increase in mortality or in the production of abnormal larvae.

Templeton, Nakatani and Held [12] point out that the particular significance of
the work from the U.S.S.R. is the unique concentration effect response reported by
Polikarpov in 1967. An increase in concentration over six orders of magnitude (from
200 to 200 million pCi/liter) no more than triples the abnormality production rate and
only increases mortality five-fold. This result is inconsistent with the linear hypo-
thesis of dose response as well as with data from many radiobiological investigations.

Preliminary experiments of the effect of tritium on fish eggs are underway at Oak
Ridge National Laboratory (ORNL) and at the University of Washington. At ORNL



Blaylock [13] has subjected fertilized carp (Cyprinus carpio) eggs to various concen-
trations of tritiated water. The biological endpoint was hatchability which normally
occurs at 72 hours when maintained at 26°G Eggs either hatch or die. Since the
embryonic stages are considered among the most sensitive stages of the life cycle to
irradiation, this was considered a useful method for testing the effect of tritiated water.
An additional advantage is that the eggs imbibe water and swell. Assuming no des-
crimination against tritium, the eggs would be exposed to both external and internal
doses from tritium. The concentrations used ranged from 6.75 x 107 to 51.8 x 107 pCi/cc.
These concentrations delivered a 72 hours dose to the eggs and developing embryos of
from 57 to 436 rods. Although the percent age of eggs that hatched is less in three of
the concentrations than in the controls, statistical tests showed no significant differences
between any of the doses and the controls.

At the University of Washington [14] hybrid trout eggs were exposed to tritiated
water at concentrations ranging from It)" to 1 0 ' ' pCi/liter of water. No significant
differences between groups were observed. The investigators are repeating the experi-
ments with a hundredfold increase in the highest concentration (10^ pCi/liter). These
workers also tested the effects of tritiated seawater on spore germination and sporling
development of the algae Padina japoinia Yamada. Effects on germination and subse-
quent growth were observed only at the highest concentrations of tritium used (3 x 1 0 ^
pCi/liter). Admittedly, these tritium experiments have not followed up on any effects
which might show up later after fresh eggs have hatched. Nevertheless, one should
bear in mind that concentrations up to 100 million times greater than MPC levels
showed no effects on fish eggs and that in algae effects showed at ten million times
greater than MPC levels.

Much more data of this kind could be reported. All would tend, with the possible
exception of Russian work, to show that the dose necessary to evoke an unequivocally
detectable b Jo logical response is considerably greater than that resulting from MPC
concentrations in the environment. The reason for this judgment lies in the fact that
there undoubtedly would be other factors changing in the environment, or other sub-
stances added to the aquatic environment that may and undoubtedly will have an
effect on the constituent organisms. These substances (chemicals, nutrients, etc.) may
modify the habitat and affect the constituent organisms present to the extent that it
will be extremely difficult, using current methodologies, to demonstrate effects that
might result from the low levels of radioactivity.

One might invoke special effects, or organisms with undefined or specie I roles in
the ecosystem that makes them uniquely sensitive (and therefore the ecosystem also)
to the low dose rates that mighr occur in the vicinity of nuclear power stations. The
possibility exists that the radiosensitivity of organisms may be increased significantly
as a result of environmental interactions. Ecologists are always seeking some unusual
effect, or a species with high sensitivity to ionizing radiation. So far they have not
found any organisms which, within an environmental context, have a radiosensitivity
at the levels of release permitted under current standards. Research is continuing to include
as many defferent kinds of organisms as possible from a variety of environments (habitats)



in order to demonstrate and differentiate the effects of radiation within an environmental
context.

ENVIRONMENTAL FATE OF RADIONUCLIDES

Introduction

Evaluation of the hazard to humans will require a coherent theory, as well as pre-
dictive mathematical models, of radionuc'ide cycling and fate in the environment [15,16] .
Limited data are available for various aspects of the biological uptake and translocation
of radibnuclides in segments of environmental cycles, especially those cycles (food chains)
leading to man [17] . It is one matter to know that {bod chains are important but quite a
different matter to quantify these complex chains for natural and agricultural ecosystems
[18] . It is not that we lack sophisticated mathematical techniques (e.g., the compartment
models of systems analysis) to develop predictive models of ecosystem processes, but
rather that we have neither sufficiently detailed nor widely representative radioecologi-
cal data with which to work.

Analogous to the (bod chain (source-pathway-receptor), the parameters required
for modeling the biological transport of radionuclides in the environment include (1)
pathway identification, (2) assimilation at each link in the pathway, and (3) the turn-
over rates of radionuclides by the receptor organisms. The second and third factors will
determine the net uptake rate and the eventual radionuclide concentration in organisms.
Acute releases of radionuclides info the environment are followed by transient peaks
of radioactivity along the food-chain pathways [19] . Knowledge of these pathways,
assimilation, and turnover rates of radionuclides are essential for prediction of time-
dependent concentrations in the biota. Chronic releases will result in steady-state
concentrations in the biota, and, in these instances, concentration factors can be used
to approximate the eventual equilibrium levels of radioactivity.

Uptake by Aquatic Organisms

Aquatic organisms accumulate rodionuclides directly from the water through gills or
epithelial tissues, assimilation from ingested food or by a combination of these two routes.
The physical-chemical behavior of the elements in water appears to be an important
factor in determining the mode of initial entry into the food chain. Sodium is readily
soluble and is an element absorbed directly from water by gills of fish [20]. In turtles
the oral and eloacal mucosae are active exchange sites for socium [21 ] . Experimental
evidence showing the direct uptake of Ca, Sr, and Li is available, but with Ca and Sr
there is also food chain uptake. Schiffman [22] concluded that uptake of ^ S r from
water was mors efficient than assimilation from food in rainbow trout. However, Ophel
and Judd [23] observed that dietary levels of strontium significantly affected the
strontium content of fish tissues. Accordingly, fish eatiny a strontium -rich diet would
be expected to maintain a higher body burden of strontium. The direct uptake of other
ionic forms of radionuclides does not appear to be quantitatively important.



Physical absorption of colloidal or particulate forms of radionuclides onto food
items is a major pathway for entry of most radionuclides into aquatic food chains.
Algae have a large surface area for absorption and are an important link in the (bod
chain. §ome radionuclides such as **Zr will hydrolize and form colloidal particles
which absorb on algae or can be removed by filter feeding organisms [24] . Following
sorption onto food items or filtration from water, food-chain movement determines
jfie environmental pathway for such radionuclides as 6 5 Z n , 3 2 P , 1 4 4 Ce, ] 3 7 Cs, 1 3 1 I ,
5 1Cr, ^ S r , 6 4 Cu and 76As. Thereafter, assimilatir n at each link in the food chain is
an important variable associated with the type of contaminated food consumed. Trans-
fers of ^37Cs to fish are influenced significantly by the incorporation of sediments in
food. Bluegills assimilate 69% of the ' 3 Cs in algae, 16% from Chironomus larvae
and only 3% from detritus [25] . A comparable decrease in assimilation of '34Cs with
increasing sediment content of food was observed with carp [26] . Chromium-51 is
assimilated at the higher trophic levels in the Columbia River [27] but food-chain
transfer was not observed in a marine amphipod [28] . Fish were not able to assimilate
'^*Ce incorporated into the undigestable exoskeleton of prey [29] . Thus, the
presence of metabolic sinks such as arthropod exoskeletons or mollusc shells affects
the transfer or radionuclides in food chains. Marine amphipods assimilate °*Zn (55.7%),
^ S r (9.4%) and 1 4 4Ce (6.2%) from contaminated brine shrimp [28] . White crappie
may assimilate 100% of the ingested 4 2 K fed in goldfish [30] . Fish size may also be
a factor, since bluegills weighing 80-120 g assimilate 16% of the 1 3 7Cs ingested with
Chironomus larvae while 18-20 g fish and 8-10 g fish assimilate 13% and 7 .1% of the
I 3 / C s , respectively [31 ] . While we are able to make some generalizations with
respect to the movement of radionuclides in food chains, it is apparent that knowledge
of specific pathways to man is necessary to assess potential radiological hazards.

Uptake by Terrestrial Organisms

Among terrestrial invertebrates, assimilation is variable according to the nature of
the food base. For detritus, where most of the soluble constituents have been leached
and those remaining are largely incorporated into poorly digestible tissue structures,
assimilation is lowest; 134Cs and 1 3 7Cs, 53 to 65%; 90Sr, 77%; and 4 7 Ca, 69%.
Assimilation from dried meal is similarly low: ' 3 ' I approximately 2 1 % and *^Cr
approximately 5%. Green foliage or similar herbaceous materials present a food base
with an elemental content more readily available in the form of cellular constituents:
134Cs and 1 3 7Cs, 73 to 94% H 0 0 % in sap-suckfng aphids); 3 2 P , is 54 to 66%; ^ R b ,
100%; and ' ° 7 W, approximately 100% in sap-sucking bugs. Predators feeding on
flesh show even higher assimilation efficiencies; 134Csand 1 3 7Cs. 79 to 94%; and
4 7 Ca, 98%. Assimilation from water is characteristically high: 2 2 N a 80%; * 2 K, 97%;
1 3 4Cs, 73%; and 1 8 7 W, 83%. Ruthenium-106 (30%) and 6 0Co (25%) are elements
that are poorly assimilated, as are ' 3 ' l and ^'Cr.

Uptake of elements by mammalian tissues can occur via three routes: respiratory
tract, skin, and gastrointestinal (G!) tract. Uptake by the latter route normally is the
most important in natural environments. Inhaled material may be absorbed directly by
lung tissues or moved by ciliated epithelium to the esophagus and ingested. Skin is



apparently of minor importance in admitting most elements, although tritium and
deuterium from atmospheric water enter freely [32] . The lanthanide arid actiniae
elements are poorly absorbed (<1%) through the Gl tract walls, and so are the
elements Be, Sc, Ti, Cr, Ga, Ge, Y, Zrf Nb# Cd, In, and La [33] . The lighter
elements from atomic number 1 through 19 (except for Be, Mg, and Al ) are absorbed
well (70 to 100%), as are the elements Se, Br, Kr, Rb, Mo, I, Xe, Cs, Hg, At, and
Fr. The remaining elements have intermediate absorbabilities. Considerable diversity
of radionuclide concentrations in mammalian herbivores and carnivores also should be
expected because of varied feeding habits, such as seasonal changes in diet and
selective feeding on tissues [34] .

Comparative data on biological half-lives of many elements are not available
fora large number of mammalian species, but considerable information is available
for various isotopes in species ranging in size from 8 g to about 900 kg. Most of the
elements with short biological half-lives concentrate in soft tissues, whereas the
remainder with extended biological half-lives have long residence times in slowly
metabolizing or inert tissues such as bone, teeth, or hair. Relatively short biological
half-lives for cesium have been described for domesticated rabbits and species in the
famiiies Bovidae, Cervidae, and Suidae in the Artibdactyla. Similar consistently low
values for iodine retention occur In these same groups. It appears that turnover of these
elements (and perhaps others) may differ among mammal families. Practically nothing
is known about radionuclide metabolism in about 10 of the 13 metazoan phyla, and
much more experimental information is needed.

Environmental Systems Analysis for Dose Estimation

There is at present no overall predictive methodology to ascertain expected total
doses to populations from radionuclides released to the environment and subsequently
moving in a variety of exposure pathways. Such a methodology should make possible
the comparison of actual doses to human populations with radiation standards and
guidelines, in a future nuclear power economy, if current public attitudes toward
radioactive releases continue to prevail, it will be necessary to know in detail the
expected dose commitments to segments of the human population.

Environmental systems analysis is an approach which offers considerable promise as
a methodology for predicting doses from multiple sources (power reactors), routine or
accidental releases, or other sources of radionuclides that might be moved through a
variety of environmental pathways. Systems ecologists usually begin by formulating an
a prior? coupled compartment flow diagram based on what ever information is available.
This is the first of several steps in the hierarchy of modeling techniques that might be
employed. The initial models probably will be composed of relatively few compart-
ments, will have constant transfer coefficients, and will not incorporate probability
functions. As the body of data on each subsystem develops, the initially simple modals
are updated and modifications are incorporated until predictions are checked to be
within the desired accuracy. Eventually, sufficient information may become available
to use nonlinear functions and probability distributions. One unique feature about



systems modeling is that each step can have a feedback loop which helps to improve
the accuracy of the model, so that as modeling continues, the accuracy of predictions
are expected to improve.

The advantages of environmental systems analysis are not unique to this particular
field; they can be compared to the widely accepted use of systems analysis to study
nuclear reactor dynamics [35 ,36] , and indeed, environmental system analysis for
reactor hazards analysis should be thought of as an outgrowth or a logical extension
of this work. After initial data have been procured (engineering, chemical, or eco-
logical), much the same systems analysis procedures are used for analysis.

If an off site central data processing center is used to implement the mathematical
models, real time data on meteorology, stream flow, and radioactivity concentrations
in effluents could be related to the processing center via telephone lines. Most other
major types of data used in the models would not have such short time constants, and
may require only seasonal or periodic updating.

Although environmental systems analysis is becoming widely recognized as a tool
of considerable potential for predicting the movement of substances and energy in
natural systems, there have been few demonstrations of its practical value for pre-
dicting the intake of radionuclides by man. Kaye and Ball [37] demonstrated the use
of two general purpose systems analysis computer codes for predicting concentrations
of '3'Cs in bananas of a hypothetical banana plantation. One code utilized an
exponential matrix method to solve the differential equation [38] while the other
utilized a frequency response technique with sensitivity analyses calculated for a
large combination of transfer coefficients and radionuclide concentrations [39] .
Environmental systems modeling was used in the Rado logical Safety Feasibility Study
of constructing a sea-level canal through Panama or Colombia with nuclear explosives
[40,41 ] . This application of systems analysis attempted to predict concentrations of
radioactivity in foods and beverages that might be consumed by man after reentry to
a contaminated exclusion zone. Doses were estimated as a function of age and popu-
lation group and compared to radiation standards of recognized authorities [42] .

Thermal Effects Considerations

Temperature is one of the most important physical factors affecting ecological
processes. Its change by thermal generaf!ng stations should, therefore, be considered
seriocsly. In an established ecosystem, rates of operating processes are generally
increased until art upper limit for each is reached. Thereafter, continued temperature
rise invokes precipitous decline. An aquatic ecosystem has a multitude of individual
processes operating simultaneously at several levels of organization, molecular,
cellular, organism, population and community. The summation of the individual
processes yields specific, and often seasonally variable, upper and lower temperature
requirements that must not be exceeded if the ecosystem is to remain biologically
productive. In order to design and locate thermal power plants which utilize npturai
water for cooling without disrupting ecological systems, we must know these require-
ments. In lieu of adequate knowledge, assumptions by regulatory agencies may restrict



optimal use of aquatic environments in some cases, or fail to protect the important
species in others.

Thermal power plants also introduce new processes, or additional effectors of
existing processes, into the aquatic ecosystem used as sources and receivers of cooling
water. We must understand these new processes and their location in the power plant
cooling system or in the heat disposal sequence outside of a power plant. We must
learn the relationships between these new processes and the diverse ecological com-
munities (marine, estuarine, riverine, lacustrine, etc.) that reside in potential cooling
water supplies. Through appropriate plant siting and design, the operation of some of
these necessary processes (e.g. thermal shock) can be engineered to affect few organisms
or non-vital portions of the ecosystem, or the intensity of the process can be designed
to be below detrimental levels for organisms. Proper selection of alternative plant
designs can reduce significantly the operation of other introduced processes (e.g.,
organic enrichment) once quantitative biological data are available.

An example will illustrate a process introduced to an aquatic system by a power
plant and the contribution that quantitative ecological data can make toward reduction
of detrimental effects.

The introduced process is thermal shock, occurring to small, planktonic or pelagic
organisms drawn with the cooling water through the condensers (Fig. 1). These small
organisms are often vital links in food chains, or immature forms of important fish or
invertebrates. The power plant can act as a large, artificial predator on these popu-
lations. The thermal shock process, however, is a necessary part of the cooling operation,
i.e., transfer of heat rapidly from condensers to the water passing through it. Entrained
organisms experience an abrupt rise in temperature within the few seconds of condenser
passage. This higher temperature is maintained through the outlet works, which may
involve several minutes duration in a long discharge canal. The temperature then falls
within the mixing zone in the receiving water until the final temperature approaches
the ambient water temperature.

Summaries of temperature elevations through condensers at operating stations vary,
but generally about 8 degC is noted [43,44] . A survey of 61 power reactor designs
filed with the U. S. Atomic Energy Commission revealed an average rise of 10.8 degC
and a range of 5.6 degC to 18.0 degC.

Thermal resistance times describe quantitatively the responses of aquatic organisms
to thermal shock in laboratory experiments. Above an incipient lethal temperature,
characteristic of each species and its thermal history, the organism survives for a period
of time that varies inversely with temperature. During the warmer seasons, temperature
elevations in condensers may raise organisms above the incipient lethal level and thus
to temperatures that are potentially directly lethal. Information on resistance times for
affected species and accurate predictions of the temperature pattern allows quantitative
prediction of the likelihood of mortality during the period of temperature elevation.
Resistance times for equilibrium loss or for succeptibility to predation allow quantitative
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water and discharged by diffuser or via a discharge canal.



prediction of these indirectly lethal effects as well as direct lethality [45]. With
these predictions defining boundary conditions of temperature rise and duration of
exposure needed for survival, the thermal shock sequence of Fig. 1 can be modified
through engineering design to minimize the detrimental effects.

Distributional data on entrainable organisms in the receiving water also can mini-
mize the effects of thermal shock on the aquatic community. Zooplankton organisms
generally exhibit characteristic vertical zonation in lakes and estuaries, and this
zonation process often changes diurnally. Power plant inlet structures can be designed
to withdraw cooling water at various alternative depths, a practice common in reservoir
designs. Quantitative knowledge of biotic vertical zonation patterns at the proposed
site, and timely application of this information to intake design can simply avoid
entraining many organisms and thus reduce significantly the severity of thermal shock
effects.

In addition to the ecological problems which result directly from thermal changes
or plant operation, there are several possible indirect results of condenser cooling that
merit serious analysis and study.

1) Chemical changes in cooling water accompany recirculation through
cooling towers and cooling ponds. A concentration of set Its and radio -
nuclides, changes in pH, and addition of biocides have been reported
or anticipated [45] . All would have effects on biota of the recipient
water body. Quantitative data on effects can contribute to minimizing
them.

2) Reduction in water volume by cooling devices may lead to decreased
river flows needed to maintain fishery resources. Careful site selection
based in part on ecological data can avoid such instances.

3) Small temperature changes can interact with other constituents of
water and modify uptake, turnover or toxicily of these materials
(including radibnuclides and pesticides), thus, food-chain transport
of hazardous substances may be altered sufficiently to affect predicted
exposures to mildlife and man. Quantitative information for thermal
effects on such transport should be considered in hazard evaluations.

These are but examples of important ecological considerations in siting thermes!
discharges. Ecological effects, however, need not be the obstacle that precipitates
an energy crisis [47] . Quantitative ecological data, suitable for predictive modeling,
obtained tar processes shown to be pertinent to power plant design and operation can
allow for selection of good sites, design of safe discharges, and operation of nuclear
power stations without detriment to balanced ecosystems.
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FIGURE LEGEND

Fig. 1. Hypothetical time-courses of acute thermal shock to organisms entrained in
condenser cooling water and discharged by diffuser or via a discharge canal.


