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Introduction

This reporﬁ provides details of research carrled out on this contract
during part of the ﬁifth and sixth years of its existence. Several
papers concerning work supported in part or fully by this contract have
been published, and réprints are attached. Other work in press or ln
manuscript form will be supplied at a larer date.

The main portion of the following project report constitutes a
review peper entitled: Predicting the Consequences of Thermal Pollution
from Observations on 3eothermal Environments. This paper is an
attempt to synthesize the work by.the,Principal Investigator over the
past five and one-half years under A(E;C. support which bears on the
whole question of environmenral impect of thermal pollution. The reeder,
will find‘that'the various publications contributed under A.E.C. auspices,
plus rélevant nork supported by other funds, have been integrated into a
maJor review of the field. In addition-to a set of general conclusions
placed at the end of the paper, the reader w111 also find a set of recom-
mendations of a more practicel sort, related primarily to the questlon
of power_plant siting. It is hoped that these recommendations may prove
of some usevin providingva scientific base.for the decision on where
nuclear power plantsAshould be located.

The Principal Investigator spent abour lOi of his time on this
project. Other personnel involved in these_studies were Dr. William Doemel,
Dr., Ben Bohlool, Research Associates James Hoffman and Charlene Knaack
and Student Assistants Donald Weller, Sandra Peterson, Cynthia Cirillo,
and John Connor. Several other individuals from this laboratory made
contributions to this project although they were supported'by funds from

other sources. These include Dr. Jerry Mosser (Senior Research Associate),

and John Bauld, David Ward, and Michael Madigan (graduate students).
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Predicting the Ecological Consequences
of Thermal Pollution from Observations

on Geothermal Habitats

The potential ecological impact on natural habitats by discharge of
heated waters from power plants has been Qeil aescribed (Krénkeliand'Parker,
1969). ‘Unfortunately, most of the data upon which predictidns can be made
have been Abtained frbm laboratory sfudiés on the.effeqt of increased teﬁpera-
tures on opganisms. There have been few studies in which' the effect of
heating has been studied directly on natural ecosystems; For many purposes, .
it is desirable to be able to predict tﬂe future consquences of increésed
heating of a-habitatx Although this can to.some extent be done by analogy to
other similar habitats which are already receiving thermal inputs, in many
cases a similar habifat may not be available; Ideally, what is needed is‘a
‘set of general principles on the responsesbofAvarious organisms in ecosfstems
to increaséd haﬁitat temperature. Ffom the application of tﬁeée ﬁrinciples,
the consequences of thermal input in'avnew_hébitat may then be predicted, at
least in a ggneral way.

How can such_geperal principles bg derived? Af Least one way is»fhrough
ecological studies on habitats receiving tﬁermal inputs from natural sources,
such as geothefmal activity (Bfock, 1970). By examining habitats which are
Being heated from hot springs, geysers, and other thermai so#rées, the tempera-
ture tolerances and responses of organisms in these habitats can be determined.
There are several advantages of such studies on naturélly heated systems.

Such systems are usually well defined{ wifh stable thermal histories and
predictable thermal loadings. Thus one'is'not faced with interpreting responses -
of organisms in a thermal regime which may be varying widely.and'unpredictably.

Second, in natural thermal habitats, thermal grédients are often set up, giving



one a uhole range of thermal habitats within a small, well-defined area, so
that the development of a series of ecosystems at various temperatures can

be studied under conditions in which temperature is the sole or chief variable.
Third, geothermalgecosystems are often easy to sauple and to modify,iend
ecological studiee of an'experimental nature can thus be performed simply
andAcheaply. Fourth, geothermal hebitéts usuaily'have iong-terﬁ stability,
frequently remaining relatively constant over many months or years. This long-
term stability provides the means for»studying the abiiity of organisms to

" adapt and evolve to changing thermal regimes,.offering the possibility of
bredicting the long-term consequences of thermal pollution.l Fifth, observations
on natural geothermal habitats may suggest to the.investigator the kinds of
‘observetions which would be of most reIevance to make on thermally polluted
environments.'.Finally, because of the etability end uell-defihed nature of the
systems, the observations ﬁade should have considerable geherality, and thus

be applicable to a variety of practical situations.

Response ofiorganisms to changes in.temperature. Temperature can affect-‘-
living organisms in either of two opposing ways. .As tempereture rises,
chemical and enzymatic reactions in the cell proceed at more rapid rates and
growth may become faster. On the other hand, proteins, nucleic acids, and
other ceilular componente are sensitive to high temperatures‘end may be
,irreversibly inactivated. Usually, therefore, asnthe temperature is increased
w1th1n a given range, growth and ‘metabolic functlon 1ncrease‘up to a p01nt
where inactivation reactions set in. Above this p01nt cell functions fall
sharply to zero., Thus we find that for every organism there\is a minimum
temperature below which growth no longer occurs, en optlmum temperature at-whlch
atAwhlch growth is most rapid, and a maximum temoerature above ‘which growth is

not possible (Figure 1). The optimum temperature is always nearer the maximum



than the minﬁmum. These three temperatures, called the cardiﬂal temperatures,
are generally characteristic for each organiém, although minor variatibﬁs may
be'induced by other<env1roﬁmental factors,'such as pH, nutrition, and
hydrostétic pressure, The cardinal temperatures of different organism$ differ
widely; some organisms have temperature optima as 1ow 55 5° to 10°C and some |
~as high as 75° to 80°C. The temperaturelrange thréughout which growth occurs
is even,wider than this, from below ffeezing (-12°C) upbtoAboiling (100°C).

No single organism will grow over this whole temperature range, howevef; the
usual rénge for a given organism is about 30 to 40 degrées, although some have
a much broader temperature range}than others, Thbse érganisms &ith narrow
temperature ranges are called stenothgfhél,‘and‘a:e generally foﬁnd in habitats
of relatively constant temperature. Eurythermal organisms hgve a wider
temperature range and are usually found in enviromments where the temperature
varies considerably,

The cardinal femperatures are genetically fixed pfcperties of an orgaﬁism
and do not readily change even as a result of ﬁutation. Thus,:when habitgt.
temperature.changes, Figure 1 shows that growth will élow if tﬁe change is to
either below or above the éptimum.i However, when the tempe;atufe of an
organism is reduced from its optimum, growth merely gradually élows, whereas
if it is raised aboye the optimuﬁ,_growth sharply deCreaseslfo zero. Indeed,
usually at a few degrees above the'ma#imum growth temperature, thgrmal death
begins, and the organism‘is fapidly killed, LSincelthe.optimum temferature is
always nearer the maximum than the minimum, this means that. only siight increases
in temperature above the optimum can 1eadif6 death. Because of this; most
organisms do not live in nature at their oﬁtimum temperatures, but usually at
temperatures.somewhat below their optima. Because of this, moderate increases
in température of the habitat will result in increased growth, since temperature

will then be closer to the optimum.
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In éene%al, small changes in habitat temferatﬁre do not affgct the existing
éopulatioﬁ.strucgure,'but lafge changes will, If‘temperéture increases by
10°C, it is likely that the existiﬁg organisms will be pushed over their
temperature optimg,“and growth will drop sharply to zero. Then new organisms
can move in and colonizeAthe habitat left vacant. Thus, ecosystems respond to
large temperature variations by changes in populatioﬁ structure, rather than
by changes in existing brganisms, ‘Howéver, as will become evident later, in
temperate habitats, where seasonal temperatufe changes as grea£ as 30°C éxist,
the situation is more complicated, since at the‘coid temperatures prevailing
throughout most of the yeaf, organisms afe genef§11y<1iv1ng at temperatures
far below:their optima and warming rarely pushés ﬁhé tempéfafure oVe; the
-optimum, This.differenée is impoétan; for‘ﬁredicging thé cbnsequences;of

thermal pollution in temperate environmenfs.



Thermal'Pollution

Sources of man-made thermal water;_'The_most extensive productioh of
thermal water by man probably occurs in steam-operated electricalipower tlants,
fired either by the burning of fossil fuels or by the release of nuclear
energy; Power plants use a convenient natural water as a cooling source,

'heat the water, and (usually) discharge this heated water back into the

natural enviromment. It is with this source of heat that this article will

be mainly concerned. However, there are many other'wayS in which'thermal
water 1is generated by man, and some of these might be noted here since in

some environmental situations it may be neceséary to sort out. the contrlbutlons
of these sources from those of power plants._

‘Probably the most w1despread production of thermal ‘water occurs in
domestic, commercial, and industrial hot water.heaters,vhot water being
produced because of its superior solvent properties in cleaning; Hot water
heaters operate continuously for 1ong periods of time at constant temperature,
the temperature of individual heaters ranging frpm 55-80<C Very little of
this hot water gets directly into the enviromment, but‘mechvof'it.gets into
sewage, and sewage water is warmer than that of the local weter'bodies. Vast
amounts of this slightly warm water are thus returned»to.the environment through
sewage treatment systems. - |

Another majdr source of hot weter‘ie condensed steam. in situations where
a number of separate buildings are heated from a central steam flant; there
ere numerous opportunities tor heated water to»enter thevenvirohment. Relief
valves may liberate steam at reasonably high temperature, usuelly at ground'
level. Within the heating system itself, after the steam has releaeed its
heat, it condenses, and the condensate water is still at fairly high temperatures.
This condensate . is returned to the plant by a series of buried pipes, and many

opportunities for leakage of these pipes occur. Because the steam condensate
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is at fhe low pressure end of the system, the leaks may‘nof_be detected by

the steam plant operators and may continue for 1ong'periods Qf'tj_me° We

once observed a leak such as this ﬁhich for over a year poured a fast flow of
48-56°C water into a small stream on the campds of Indiana ﬁniversity (Brock
and Yoder, 1971).

Another source of warm water is the condensation from air conditioning
systems. Especially in warm humid.élimates, the operation-ofAéir cOnditionérs
creates large quantities of warm water, and if léfge buildingé are'cooled by
central air conditioning systems, this warm water is generated at é single‘

source. In many cases, this warm water is dischérged directly into a convenient"

wafer body. We observed a discharge of tﬁisvsort at indiana University,
Bloomington, where a single air conditioniﬁg unit discharged a large stfeam'

of water at 36°C (ﬁrock and Yoder, 1971).' This discharge ran constantly thrpdghA
the summer, at a time when thermal input to fhe receiving stream would be
expec;ed to be of greatest harm.

A vafiety of industrial operations produce steam or‘ho;Awater for
lmanufactufing purposes,‘and may discharge some heated'watér intpAthe
environmeht. Examples are: pulp and paper mills, sugar.refinerieé,-teXtile
mills, petroleum refinefiés, steel mills, smelters, chemicgl plants, and
foundries.

Virtually all of the above-mentioned sources rélease‘water ﬁhiéhvis_atv
considerably higher temperatures than is the water from electric power plants.
However, in terms of quantity of heat released, power plan;s'far exceed all
other sources, since the amounts of water which they use and release are so
vast. vAn important distinction between power plants and qther(Sources is that
power flants release large #mounts of barely warm wéfer, wﬁereas other
'indusfrial sources release much smaller amounts of water which may be quite

‘warm. This latter water will probably have iny-localizedleffects on aquatic
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écosystéms; but in the region qf release quite drastic effects may occur which
are readily measureablé. ﬁelease of wafm water from power plants will rarely
have drastic effects, and quite sensitivé means may be necessary to detect
the specific effecﬁs which this warm water may have on aquatic égosystems.

"~ Thermal consequences of thermal pollution. Power plants can have quite

'variable effects on the temperatures of thé;aquétic habiﬁats into which they
discﬁarge (Parkef and Krenkel, 1969).- First, the temperatufe'of the water"
used for cooling can.Vary coﬁsiderébly seasonally, and may even vary diurnally
to somelextent. The tempéfature increase which the cooling water -experiences
during passage through the plant can vary with the efficigncf of the plant,
the size of the plant, apd the power output (which may varj fromApne time to
another). If water is taken from a lake, the location within the lake frém
‘which the water is taken can influence its temperature markedly, as hypolimnetic
water will be cooler than epilimngtic water in summer. Power plant heating.
effects are usually ekpressed as the differenée between intake and outlet
temperaturesA(AT) and values of 8-10°C are not uncommon. Nucleariplants are
less efficient thaﬁ fossil-fuei-fired plants, -and have CQnsequently somewhat
increased temperature differentials. According to Hafléman and Stolzénbach
(1972), typical values for 1000 MW power plants would be 9°C for a fossil—fuel—
fired plant and 13°C for a nuclear plant. Our,measuéeﬁents of a fbssil-fdel-
fired piant on Lake Monona, Wiséonsin, revealed an avéragé temperatupe increase
over an annual cycle of 8°C, although at certain times the increaée.was
considerably higher (Brock and Hoffman, 1974).

How this heated_water wili affect the temperature of ﬁhe‘reéei&ing water
will depend on the manner in which the water is disqharged,»on meteorological
coﬁditions, on the volume or flow rate of the regeiving water, and on other

factors. In most cases there is a mixing zone, within which the heated water



mixes vith the receiving water, and the size and shape of this mixing zone
will depend on how the water is discharéed (surface:or Subsurface discharge,
diffused or layered discharge), meteorological conditions, the volume and
flow_rate of the receiving water, salinity, and other factors. .It is within
mixing zones that the highest temperaturesAare reached, and in most cases the
only area of real ecological concern will be the mixing zone.

However, in the case of rivers, significant effects may occur outside the
mixing zohe. Certain rivers exhibit wide variation in flow volume,'and at
certaiu seasons of the year the natural river flow may be so low that a power '
plant could use-a significant percentage of the river water and, on discharging

.it, markedly increase the temperature of the river. Since only'a few days or
weeks‘of unusual heating may be enough to modify an ecosystem permanently,
"such seasonal heating»effects may’be_of considerable importance. Such effects
are much less likely to occur in 1ahes, and are not at ali iikely in the
oceans. |

M1x1ng zones are frequently dlfflcult to study ecologlcally, hecause of
the wide fluctuation in temperature; In thlS respect, rivers are simpler than
1akes, since in lakes the mahnervin which the heated~water will mix will
depend greatly on w1nd waves, and currents, whereas 1n.r1vers m1x1ng 1s.
simpler and more predlctable. However, volume of flow in rivers may change
drastlcally throughout the year, greatly affecting the temperature rlse within
the mixing zone, whereas lake levels and volumes fluctuate much 1ess drastically.
All of these considerations emphasize the difficulty of_predicting thermal
effects by studiesbon existing power plants, since it is difficult to separate
effects due to 1oca1'conditions from-those of a more general nature.

Thermal effects on water quality. In sorting out the effect of

temperature on organisms and ecosystems, it is important to keep in mind that

temperature has indirect effect on water quality. Temperature markedly

s



effects many physical and chenical properties of water in itself.(e.g. density,
v1sc051ty, ionization) and any of these effects could theoretically lead to
biological consequences. However, probably the most 31gn1f1cant effect
biologically is the decrease in oxygen solubility with increase in temperature.
For instance, the solubility of oxygen from air into water is 167% lower at

30°C than at 20°C, and is 29% lower at 40°C than at 20 Cc. Although this
decrease in oxygen solubility is not great (indeed, altitude,effects may be
greater), if it were coupled with an increase in oxygen utilization by living
organisms, the net result could be a markedly decreased oxygen content of the
‘receiving water. However, most of the effects of temperature to be discussed
below are probably d1rect thermal effects rather than effects arislng indirectly

through influence on oxygen solublllty,




Natural Habitats Receiving Thermal Additions

Geothermal habitats. The temperatures in active volcanoes are much too

hot for living organisms (molten lava can have a temperaturg'of 1000°C or
 over), but hot springs associated with volcanic activity often have temperétures
within a more reasonable range and are usually richiy colonized with living |
organisms. Temperatures of hot springs fange froﬁ the 30s up to boiling
(90-100°C depending on altitufe) (Waring, 1965). Fumaroles ﬁhiéh consist of
only steam vapor can have temperatures considerably higher théﬁ 100°C, but

such high-temperature sources seem to be devoid oflliving organisms, proBably
because of the absence of liquid water. ‘The‘water-of~hot springs varies

greatly in chemical nature. The pH of ﬁot springé varies% and springs are

known with values 1ower than 1.0 and greater than 10.0j a'siﬁgle spring,
-howeyér, often has a remarkably éonstant pH. Many, but by:no ﬁeans all, hot
springs have significant amounts of hydrogen sulfide, and the concentrationé

of many other elements such asAfluoride, boron, érsenic, ammonia, and chléfide,
can vary'ma;kedly. Many spriﬁgs are moderately radioactive, whereas others

have no more radioactivity than normal ground waters. Some springs precipitate
silica, others depésit calcium carbonate, andAstill_others form eleméntal
sulfur. When one considers the chgmical, hydrologic, therméi; and geographical
variation, it is clear that every hot spring can 5e considergd as an individual,
differing in minor or major ﬁays from other springs. _Withip a single geothermal .
area, such ;stellowstone Park, virtuaily every_typé of hot spring seen
throughout the world can be found. ,Howevér, méhy spriﬁgs are more similar
than different, For instance, in Yellowstone Park, virtﬁally all of the
geysers and boiling or supérheated silica-depositing spriqgs contain mildly
“alkaline waters in which the predominant elements are éodium‘and chléride.
Some springs have been remarkably constant in pr@percies for man& years, and

it is this constancy or steady-state condition which'makes,them especially
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suitabie for ecologicai study, since it eliminates‘many of the complications
which interfere with a sophisticated énalysis of.ecological'relationships.
Further, many springs forﬁ relativély:well-defined outflow channels,‘and, as ’
the water cools along these channels, relatively stable. thermal gradients

are created, In the thermal gradient of a singlé spring, under.appropriate
“conditions, the only significant variable may be temperaturév(Brock and Brock,
1966; Brock, 1967). We thus have whaf is essentially an'experiﬁgnt in ﬁature,
and we can ask questions about the ecolsgy and gvolutioﬁa?y felatidnships of

organisms at different temperatures along these thermal gradients.

Geothermal modification of normal aquatic eéosyste@s. ‘In addition fo a
study Qf geothermal habitats themselves, it is alsq'pos§ib1e to é#udy normal
aquatic ecosystems in the neighborhood of geothefmal,a:éasAand ohsgrve how
_they are modified by geothérmal activify. Most geothermal éreas have_lakeé,
rivers, or marine habitats which receive input of watef from géqthermal sources
apd are locally modified in their thermal charactéristics. 'The most extensively

‘studied system is fhexFirehold River in Yellowstone National ?grk, which»ﬁeginé“
as a cold mountain stream but becomes markedly heafed'as it flows through the
main geyser basins of the Park. The Fipehqle River itself hgs an approximate
flow of 135 ft3/sec and receives about 55 ft3/sec 6f thermai‘wa;er'(Allen and
Day,l1935)) so that about 40% of its water comes fr&m(tﬁermal'éoufces, of
various temperatures. This results in an incfeaSe:in the tem?erature of the
whole Firehole Riyer (excluding mixing zones) panbout‘14°C (prlen and Brock,
1973), and this temperature differential exists throughopt most of the year,
although the temperature curve of course shifts with the season. A whole
series of thermal habitats are creatéd along thé céursé of thé river; depending
upon how much thermal water it has réceived, and these therma1 habitats

provide an excellent study area for the observation of adaptation of a river .
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ecosys£em to heating. Futrther, once the river 1eavés the geyser baéiné, it
receives nétmoré thermal water, and gradually cools, thgs providing a recovefy
zone as é further habitat for study. The valuablg thing aBout‘a study area
such as the Firehole River is that it is stable, prédictable, and has been
around for a long time, so that the end results of adapfatioﬁ to thermal
lpéding‘can be studied. Of additional interest is that the Firehole RiQer'
is considered an excellent.troﬁt stream, even'in.fhe se¢tions éxperiencing

the greatest increase in temperature.




13

Ecological Observations on Geothermal Habitats

The above material shows that a variety of geothermal habitats are
available for study, and suggests that ecological observations should
be of.relevance to the prediction of the consequenceé of'thérhal pollution.
What kind of information has ‘been ob;ained from ecological studies

of geothermal habitats, and how may it be applied?

Upper -temperature limits for various faxonomic groups. One of.the
most far-reaching conclusions ff&m ecological obServations on'geothermal.'
habitéts is that there are distincf upper femperaturé 1imits for whole
taxonomic groups, such as the vascular plants,’?ertéﬁ:afég, inver;ebrates,
etc., Temperature acts as aﬁ évolutionary barrier which-has been
insurmountable by any member of certain groups, whereas. other groups have
readily passed this barrier, only to be blocked by another one at a
higﬁer temperature. The elihinatioh<of whole groups of organisms abéye
certain temperaturellimits, without elimination of other gfoups,-leads
- to dramatic changes in the structure and function of ecoéystems.'

The upper temperature limits for various faxonomic gfoupé have Seen4‘
_detérmined both‘by compgratiﬁe observations of the biotav§f springs of different
femperatures, and by the examination'of ;ﬁe biota at different températhres
along the thermal gradients created by the effluénts of.siﬁgie springs.
Although both kinds ofnobServations have given approximately'the same results,
studies of the latter type are perhaps more meaningful sihce one is comparing
habitats subjected to the same light conditiqnsAaqd chemiéa} composit;on. It
is of course essential to know that the spring bas‘been flow;ng-éndiavailable
for colonization long enough for gquilibrium to have been'reached. At least
in Yellowstone Park, the develqpment 6f‘a hot sprihéAéommunify in a new spring

is quite rapid, and communities which appear to be'complete have been observed
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to be‘éstablished in less than‘G'months (Brﬁck and Bfock, 1969).
| The approximéte upperltemperature limits’ for various taxonbmic groups

are given in Table 1. Note that here we are considering not the ability of
an organism to survive or endure a given high temperature, but its‘ability to
carry out its complete life cyéle. For instahce, mani‘animals and plants wi11 
survive tempefatureé greater than 50°C, but‘ﬁill not grow. Also, the limits
given are not for all members of a group, but dﬁly forAéertaiﬁ'members;' |
.Usuaily if is-found that the members able to grow near the upper fempefatdre
limit for that group are not optima}ly,adapted to temperatures at the upper
1ﬁhit, but may be optimally adapted to temperatures slightiy below thié.f
Therefore} for most purposes temperatures about 5°C»below the upper limit are
probably tﬁe cutoff point‘fqr any significant ecological Qeveloément of an
ofganism. | ' o .

In addition to the effect of high temperature on development of whole
taxonomic groups, temperature profounaly affects thé species‘diversityAwithin
a group. Table 2 presents data on the rglationship_betweeh temperature and
species diversity for water beetles and_blue-green algae, and shows ﬁow_
simplified the population strucfuré,of each éroup becomes at temperatures near
the ﬁppé; limit. The temperature range is shifted about 20 dégrees higherAfor
the biue-gregn algae than the water béetles;' Such felationships probably‘aléo
exist for otﬁer groups, although they have not'begn quantified,'. |

Temperature and fish. I do not propose to go into the vést literature

on the effect of temperature on fish (Raney and Menzel, 1969). In most cases,
the studies were doné by removing fish from their natural habitat and
sugjécting them to higher temperatures in the laboratory or in'simhlaféd
streams. Such studies are of course of congidefablé importance in interpreting
the immediate‘consequences of new additions of thermal water to a receiving

water body, but do not relate to the question of long-term effects on the

total ecosystem.
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As seen in Table l,.there.is an uppetr tenperature'limit for fish at
about 3830, and no fish should ever be able to maintain a population in an.
ecosystem heated above this temperature barrier, Even if the habitat
temperature exceeds this barrier for only a few days or weeks;,this Should
be enough to eliminate the fish population. .Such temperatures could easily
be reached in thermally altered habitats in warmer parts.ofethe»world.

The kinds of fish which are able to maintain_populations at temperatures
‘near the upper 1imit are quite limited. All are members of the family Cyprinidae,
which 1nc1udes the carp, minnows, suckers, and goldfish. Also included are
a group of species commonly called pupflsh which are. found in desert pools..The
Cyprinidae evolved first in the warm waters of southeast Asia and have become
distributed throughout the world; some species are found in warm springs. Those
species found in springs are always small. Different genera are found in

different parts of the world Cyprinodon or Crenichthus in the'western

~ United States, Molllene81a in New Zealand, and Barbus in North Africa.
Depending on the vagaries of dispersal, some thermal areas may lack these

flSh completely. Thus cyprinids are not present even at the .appropriate
temperatures in Yellowstone hot springs, presumably because there has not been
sufficient time for colonization since the end of the Pleistocene glaciation.

The work of Mason (1939) on the cyprinid Barbus callensis (common name

"barhel") of the Algerian hot springs at Hammam Meskoutine is of interest in
relation to the ability of fish to adapt to high temperatures. At these_
springs, a series of pools of various temperatures is formed in the travertine
deposits, and it was thus possible to relate the dlstribution of fish to the
thermal habitat. Barbels were found at temperatures of 37°C, and they made.

" occasional excursions into. water of 38°C but were never found at higher
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temperafures. They were also present in large numﬁers in various streams
at temperatures ﬁelow 37°C. Mason studied.the thermal death of the same
species of fish collected from habitats of different temperatures: 'cold"
(8-20°C), "medium" (8-30°C), and. 'hot" (3Qj3§°C)Q The results of this s;udy
showed clearly that there are at least two and possibly three populations
with distinct temperature limits. The warmm water populétion could withstand
37°C but ﬁot 38°C. Sinée a population did evolve capable of withstanding'
37?C, and since there were no fish found ét temperatures above tﬁis, it may
be suégested that this is truly the upper temperature limit beyond which:
further evolutionary changes are not possible.

~ There is some evidence that trout in the'Firehole RivérAmay adap;'to
higher temperatures than they normally tolerate, and that the timé required
for adappation is not too lpng. Trout populations occur in the portions of
the Firehole River which are qonsiderably warmednby.thef@al.watef from thé
Yellowstone geyéer bgsips. The warmest section of this river has an average
mid-summer temperatufe of 26°C and reaches even ﬁigher-temperatures.occasiqnally.
Note that this is not thg temperature within a mixing zone_neaf hot watef.
input, but is the average temperature gf the.whole‘river aftef receiving the
umximﬁm thermal input. Visual obséfvations have shown significant popuiations'
of tfout in the warmest section of the ri§ef at temperatures of 27°C, whereas
the highést temperatdre that trout are normally considered to télerate is
25°C (Wilber, 1969). Interestingiy; frout were absent ffom thié'séction of
the Firehole River before 1889, due to ;he migration barrier of the Firehole
falls, and were intfoduced by man (Benson et.al; 1959). Thus, if adaptation
to thé warmer water has occurred, it has beep witﬁin a‘time'period'oflless
than 100 year;. Detailed studies of the temperature acclimation of the Firehole
River trout woﬁld be of considerable(intereét in helping to predict the long-

term consequences of thermal pollution for this important fish family.
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Ecological consequences of species restriction by temperature.

The data in Table 1,'an& the effects upon species &iversity illustrafed
in Table 2, have profound coﬁsequences for any consideratiOQS'of the
ecological consequences of thermal pollution. We can see that at
températures greatef than 40°C, the bopulatioﬁ'séructure of ecosys£em§
can becomé greatly simplified., At these témperatures, fish and othér
vertebrafes are completely absent; insecfs and ofﬁer inVéftebrafe groups
are greatiy reduced, and higher plants are absgnt or greatly reduced;
Temperature thus convgfts_the ecésystem into one which is virtually
exclusively:microbial.-'In the absence of animal grézers and predators,
nutrient cycling méy be inhibited, énd iarge population; of miérobés méy
build up. Thié is precisely what ﬁas been observed in hot spring thermal'
gradiénts; at temperatures above 45-50°C massive algalfbactéria; mats
dévelop, (ﬁrock, 1967), whereas at lower temperatﬁres thes¢ mats are
less ex;ensive, eQeﬁ';ﬁough the»prdductivity éf tﬁe lower témperature
systems‘is considefably highér. Aimqst ceptaiﬁly, one reéson why aigae
develop so exfensively in man-made fhefmally pollutedlwqtepé is.bééause
of the elimination of some or all of the animals_which feed on them
‘(Césgenholz, 1969). |

Two general types of effects of animal grazers on aqﬁatig‘communities
can be enVisaged: 1. biological and.biochemical effects of the anima1s 
on the communities by way of feeding and excrétionﬁprocesses, 2; mechanical
effects such as fragmenta;ion and comminution of the plan; material.
Mechanical effects are readily observed iﬁ ﬁhe hdt’spripgs.' At temperatures
above 50°C, whgre animals are absent,.the a1ga1¥bact¢riél.mats:are'even,
compact; and clearly stratified into layers '(Brock, 1970); gas and
nutrient exchange are'prébably low. At tembérafures'beiow 40?C, where

animals are plentiful, the mats are rough and corrugated, and much less
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compact; gases and nutrients probably exchange well (M.L. Brock et al,
A 1969). The animals may also affect the species distribution and growth
form of hot spring algae. There is some evidence that'the lowest

"temperature at which Oscillatoria terebriformis is found is controlled

by the grazing-éctivitiés of an ostracod (Wickstrom and Cgsfenhoiz, 1973);
when.thé ostracod is aﬁsent the alga can grow in néture at lower feﬁper-
atures (Castenholz, 1969). It has also been shéwn that the ostracod modifies
the growth form of blue-green aigal mats; where the ostracod is present,
the mats are nodular, presumably because the nodular form is resistant

to ostracod_feediﬁg (Castenholz, 1969).

Although temperatures greater thaﬁ 60°C éhould never develop in

even tHe most:grossly man-polluted habitat;:it is of,interest that éﬁ
these temperatures the population structure of communities becomes even
more'restricted. Eucaryotic microorganisms have.upper temperature limits
at about 60°C, sb that at higher temperatureé fungi and eucaryotic algael
will be absent, and only procaryotés will be present. At ;gmberétures
greater than 70-73°C, all photosynthetic life is.absent, and.fhe ecoéystems
(if they can still be called fhat) are composed exclqsively of bacterié.
It may be of some interést that hot wafer heaters and steam condensate
lines in industfial, commercial, énd dpmestic ¢stablishménts 6ften have
temperaturesvof 70°C or greater; and that thé same kinds of bacteria
found_in hot springs at thgse temperatures are glso_fouﬁd';n hot water
heaters (Brock and Boylen, 1973), presumably growing attaqhed to the walls
of the pipes and heaters. These bacteria aré carried from hot water
heaters orlsfeam lines into the envirohment, and can even be used és
indi&ators of the addiﬁion to natural waters §f heaﬁed water (Brock and
" Yoder, 1971).

Fluctuating temperatures, One of the common characteristics of
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power plant effluénts‘is'that constant temperatures are not‘mgiﬁtained;‘
chapges in power requirements, outages dﬁe to equipment mélfunction, or
other factors may result in a marked change in the temperature of the
‘effluent. It iévthus of interest to see how ecosystems respon& to. such
changes.in temperature of the habitat,. The clear impressién one obtains
from 6béerving'ge6thermal habitats is ﬁhat if the temperature fluctuates
markedly in a random fashion, biological devélopment ié poor tb'virtually,
absent, Techpical difficulties of measuring temperature variations in
randomly fluctuatihgvhabitats have prevented any detailed observations,
but some studies have been done (Mosser and Brock, 1971) on an algal
population colonizing the effluent channél of'a_periodiC'geyéer,'Bead
AGeyser, in Yellowstone National Park. This geyser ié notable for its
highly predictablé eruptions; on the numerous occasibns when it was obserﬁed
over a five year period, it erﬁpted every 23-25 minutes for 2.5 minutes
(Figure 2). Between eruptions the water drains frgm'thé effluent chanﬁel
an& rapidly cools.
| At one selected location in the chamnel, a habitat was ‘found which

varied ftom 65°C to lesslthan 30°C_during the 25-30 minute:period; the
average temperature of this habitat was 36°C. An algal mat existed in
the effluent.channel at this location, but the mat was &eryipoorly
“developed in cdmpariéon to mats in similar springs devéloping at qonstant
temperatures. AThe comparison between mats was carried out usiﬁg\quanti-
tative measurements of chlorophyll and cell number. It did not matter
whether the cqmparisoq‘of_the Bead Geyser mat was made;wifh mats‘from
cbﬁstént temperatures developing at 36°C, the average;temperature of the
Béad Geyser mat, or at 65°C, thé upper temperature of the-mat, or even

at 25°C,. the lowest témpérature of the mat, "By any comparison, the Bead

Geyser mat was very poorly developed, suggesting that thg,algag were
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expefiencing difficulty-in'coloniziﬁg a habitat of widely fluctuating,
albeit predictable, temperatures. This difficulty was readily explained
when the temﬁerature optimum of the Bead Geyser alga was ;tudied. The
optimum was 45-50°C, a temperature which the aiga actually experienced
for only aﬁout 10% ofvthe time. For maximum growth, a temperature optimum
of less than 40°C ﬁouid be expected, since the habitat was at femperatures
beiow 40°C for about 70%. of énAeruption cycle. Howeyer, it‘is likely
‘that an alga with an optimum below 40°C wéuld be heat sensitive and-
would be killed byvthe periodic heating to temperatures as high as 65°C.
It thus appears that it is essential for-the algaAﬁo have a higher temper-
ature optimum in order to tolerate the periodic heating, but in the pfocess'
of acquiring this higher température_opfimum it Has Ha& to forego fhe
opportunity of growing well‘at the temperatures which'the-enyironment
expefiences most frequently. Experiments showéd that this a1ga was able
to tolerate temperatu#es of 65°C for as long as five minutés, whereas
algae with similaf teﬁperature optima (45;50°¢) from a constant temperature
habitat were killed within two miﬁutes at 65°C, Thus the Bead Géyser’v
alga is conéiderably moreleurythermal thén a similar alga from a constant
temperature envirorment. |

However, it might be noted that the way in'whicﬁ»temperaturé is
allowed to fluctuate can have a significant effect éh héw the ecosystem
develops. Another spring studied~by'Mgsser and~ﬁrock (1971).f1uctuated
in such a manner that it flowed 90% of the time, then ceased to flow.
In spite of the fact that the algae in the outflow éhannel'experignced a
variation in temperature of 45°c, they.exhibited a temﬁerature optimum
close to the computed mean envirommental témperatufe, quite 1ﬁ contrést
to the Bead Geyser algae,'_The mat developed was virtually:normal in

biomass. Here the temperature conditions appeared not to differ sufficiently
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from'fhose.of a constant envirbnment, whereas in Bead:Geyser, Qith ifs
rapid wide fluctuation in temperature, conditioﬁs were much iess favorable
for algal growth, | ” | |

The significance of these obseévations for #hgrﬁal pdliution:seems
clear. Fluctuating temperatﬁres inhibit growth and will depress algal
growth even more than constant high temperafures. This seemé to remain
true even if the constant temperatures are higher than thé avgragé’temperature
| of a fluctuating habitat, Thus, if a constaﬁt high témpératﬁre'is main-
taiped in a power plant outfall, organisms»wili de&elop Qell at appropfiate
»temperatutes along:the thermal gradient generated, and stable ecosysfems
shquld arise. If the oﬁﬁfﬁll temperature varies espécially rapidly or

over a wide range,'eéosystem development will be depressed.
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‘General Ecological Censequences of Thermal Pollution

Important differences between thermal effects on cold and warm water
habitats. One of the most important observations that has been made on
temperature responses of organisms is that true thermophilic organisms
exist and are wideSpread whereas organisms adapted to teﬁperatures below
25°C are either rare or absent in ehvironments outside high aititudes,
the Antaractie, and the high Arctic (Brock, Passman and Yeder, 1973; |
Boylen and Brock, 1973). Thus, in temperate habitats (of most concern
here, sinee it is in sueh habitats that human habitation is most extensive,
at least in relation to thermal pollution),‘when temperature decreases
seasonally to less than ZSfC, orgahisms adapted toAthese lowered.temperathreS'
do not usually develop. Ecosystem activity eiohs dewn when water |
temperatures cool; however the organisms.usually.centinue to persist with
lot population densities occurring. Then, when tehperature increases'
again seasonally, the organisms can quickly develop to- the1r previous
extent. Of 31gn1f1cance from the point of view of thermal pollutlon is
that heated waters from powerAplants wlll warm the habltat-locally dqring
the winter, so.that extensive ecosystem deveiopment can occur even during‘
the time of year that it would normally be impossible. . Hewerer, in this
case, the same organisms will probably exist 1n both the heated and
unheated water, temperature thus hav1ng no signlflcant effect on the
epec1es comp031t1on of the ecosystem, but only on the amount of growth.,

In temperate hahitats, thermal pollution will probably be beheficial in
winter, but pa& be harmful in.summer‘(see Table 3).

In warm water habitats, on the other hand, seasohal temperature
fluctuations are usually not as great, and rarely would water temperatures
: greater than 30-35°C be reached, even in summer,'ereept in'ver& shallow

areas. However, temperatures of 35°C are close to the upper limit for
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" animals, ﬁigher plénts, and many epqaryétic ﬁicroqrganisms. If power
plant heating results in a temperature increase ébove,40°C, the ecosystem
will be &rastically affected; all existing speéies_ﬁiil probably disappear
and a population of thermophilic algae and bacteria will develop. In
Arctic systems, thermal pollution will probably always bé beneficial,
Thus, one cannot generalize from studies in one ecosystem tq that of
others; the seaéonal thermai regime of each ecosysfem must be con;idered

individually in relation to the consequences of thermal pollution.

Adaptation to the thermal environment. Although thére is some
evidence that organisms can modify their températureioptima'and maxima,
5in‘most éases the temperature limits of iﬁdividual prganiémé seem fixed
(Brogk, 1967a) . The temperature liﬁitéhof an organism are gengtically
determined and can.probably only be altered by chénges:in a large number
‘of genes; Thus, in aﬁy caseAin whiéh the temperature 6f a habitat is
changed, the population structure probably changes pfimarily by migration;
and growth of new species rathe;_than througﬁ physiofogical,or génetjc -
changes in the species already'preseﬁt. fhus,after heating, as existing
organisms are killed or inhibited from growth,.we must think in termé.
of migration into the ecosystem of preadaptgd orgaqisms, The rate of
community adaptation will'probably depeﬁd on the‘distance tﬁe soﬁrée of
inoculum is.from the habitat, aﬁd how readily the orgapisms.in question
can dispersé (see the discussion of dispérsal‘later iﬁ this paper). It
is likely that microorganisms will.disperse moré readily than higher
organisms, and becau5¢ of their inherentiy more rapid g;owth rates, the
néw communities &hich devei§p after a temperature change‘may be exclusively
microbial for some time, until animals become és;ablishea. |

A number of studies have been done by'our‘gfoup to:;elate the Femperature
optima éf.organisﬁs to ﬁhe temperatures of théir habitats; Some of the

studies were done ﬁsing hot épring.thermal‘gradients and examiniﬁg the




24

temperature optima of natural popuiations;vusing radioisotope techniques.
These studies showed that both algae (Brock, 1967) and bacteria (Brock

and Brock, 1968) 11v1ng at different temperatures along these gradients
hadvtemperature optima similar to their habitat temperatures. To extend
these studies to more normal temperature .regimes, studies were also done

on bacteria (Zeikus and Brock, 1972) and algae (Boylen and Brock -1973)
living'at different temperatures in the thermaliy heated Firehole_River.

‘In the Firehole River, there was a direct COrrespondence between the
temperature of the habitat and the temperature optimum'of the resident
population, showing that temperature does select the microbial populationm.
However, it should be noted that in both cases theltemperature.optimum is a few
degrees higher than the average habitat temperature. There is'a theoretical
explanation for this lack of precise correspondence between habitat and
optimum temperature.- As is well known, the optimum temperature of most
‘organisms is nearer the maximum than the minimum, so that the curve

relating temperature to life processes is_skewed (figurenl); If organisms
had optima prec1se1y at their habitat temperatures, then transient‘ |
.1ncreases in temperature of a few degrees, such as almost certainly could
occur naturally under‘certain climatic conditions, would cause growth

to stop and might even lead to daath. By growing most of its life ato
temperatures somewhat below its optimum, an organism is able to surviue
(even grow) when the temperature of the habitat undergoes a sudden increase.
In fact, it is likely that it is precisely such transient increases in
habitat temperature uhich select the populatibns Which are present. Thus
we have in the temperature optimum of the resident population a history

of the temperature regime of the habitat. In temperate climates, natural
seasonal Changes in temperature may be as'great‘as the temperature increases

to be expected as a result of thermal pollution. There is good evidence
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in the case of élgae (delen and Brock, 1973; Brock and Hoffman, 1974).
that thfoughout an énnual cycle of teﬁperature'cﬁange there:is no change
in the témperature optimum Qf thg.algaé. The algae are adépﬁed to thei
highest temperature wﬁich the habitat reaches‘in mid-éummer and retain
this optimum throughout the wiﬁter. This éurpfising discoﬁéry is not
easily explainéd; conceivably algal_groﬁth is too slow for changes‘in

population structure to'occur within a single season.

'Effect of temperature on growth :ate. It is well éstablisﬁed that
organismsvliving in warm or hot eﬁvifohments grow faster than organisms
in colder environments., However, the;quantitati§e‘reiationships have
not been>studied excépt with bacteria. The bacteriai sﬁu&ies arg,rathef
interesting because of their appliéability'to the interpretationlofAﬁhe ,
Arrhenius equation. o |

The Affhenius equation takes thé following form::

In k = E---'+ cénstént |

RT ,
where k is the reaction rate, R is the gas constant, T is the absolute
temﬁerafure, and E isAaﬁ energy term usually called the activation energy -
(Glasstone, 1940), If In k is plotted againstII/Tla straight line should
result, and the slope of the line is propor;ionél'to the activation energy.
The slope. of the line indicates how rapidly an organism or;proceés responds
to_teﬁperature changes.
| Living systems usually show a greater rgspbnse‘to increased temperature

than nonliviné systens, ué to an optimﬁm tempefature. However, in contrast
to nénliving systems, 1i§ing systemsAshow a distinct température optimum,
and at temperatures above the optimum the fate.drbps sharply to zero.
Nonliving systems do not show this optimum, and the faté of the péocess
usually continues to increase as temperatu:é is raised to even higher values,

Studies with the ArrhehiusAequation on'organismS’have usually been performed
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by taking single species and measuring the effect on them'of temperature,

using a range of temperatures below the optimum; In this way, a curve

such.as that shown for Escherichia coli in Figure 3 is obtained, wlth a
rather steep slope. Such a curve is valid when a single species is studied
in the laboratory, but in nature we are dealing with mixed specles, and .
as explained above, wheh temperature is changed, the likely result-ls
that the alreadyvestablished species wlll be replacedvhy species which’
are more closely adapted to the new temperature, Thus,'when we apply
the Arrhenius equation to ecosystems, we must study the rates of performance
of organisms optimally adapted to each temperature.- Only with bacteria -
do we have sufficieht data over a sufficiehtly wide range so that such
a comparlson is possible (Brock, 1967a). The results obtained are summarized
in the composite curve in Figure 3. All of the points for the composite
curve fall on a 11ne which generally trends upward but is much less steep
in slope than the'curve for a 51ngle.organ;sm. If»avslmllar type of
relationship exists for other organismslin ecosystems, an-important'
cohseduence_is that rate of ecosystemAfuuctioh will not increase nearly
as fast as.would be predicted from the usual Arrhenlus equatiou. The
- activation ehergy for the composite reaction is about onefhalf,that for'
the single organism.  Put another way, for a 10°C.riseAinjtemperature,
the growth rate of the single orgahism iucreases about four-fold,.whereas
the growth rate of the composite increases about one~and one-half to two-
fold. Assumlng that this relatlonshlp holds over the whole temperature
range of interest in thermal pollution studies (and for all of the organisms
of the affected ecosystem), this would suggest that. increased ecosystem
activity would not be nearly as great as might be ant1c1pated

What will be the consequence for microbial growth of a sudden increase

in the temperature of a water body as a result of thermal input? Although
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it might ihitially be thought that an incteaae in temperature would lead
to-an immediate increase in microbial growth rate, this is not necessarily
the case, Much depends upon the range over which the water temperatdre

is fluctuating. When considering the temperature range frem about 20-25°C
upward to 4Q°C or highet, an increase in water‘temperature might actually
lead to an initial decrease in.microbial activity, followed later by a
recovery to the original or a higher rate of activity. The'reason for
this is thatAin the temperathre range above 20525°C,.orgahism‘optﬁmally
‘adapted to various temperatures exist in nature and a population optimally
adaﬁted to the base teﬁperature of the water'already~is present in the
ecosystem. Thus, if a water body Qarms, the existing organishs, already‘
at their optimum, ahould slow in growth rate, and if'the tempefature
increase is sufficient they will ptobably‘be kilied, Thus an ihcreaseA

ih water temperature should eliminate the resident population and
microbial development should be hindered. Hdwevef, if the new temperatﬁre
is ma1nta1ned for a long enough period of tlme, a new population should
develop, opt1ma11y adapted to the new temperature, and as suggested by
Figure 3, the rate of m1crob1a1 activ1ty will be somewhat higher than

it was previously, although not as high as mlght be predlcted by the

. Arrhenlus plot of a single organ;sm.

However, if we are considering a teﬁperature tange from 0-25°C,‘a
quite different aituation wiil probably oceur. As we have showh (Boylen
and Brock, 1973a; Brock, Passman and Yoder, 1973), organisms optﬁaally
adapted to thisAtemperatu:e range do_hot occur in temperate habitats, and
organisms with optima around 25°C predominate.j:Thue, over the range
0-25°C, microbial groﬁth is definitely limited by temperature, If temperature
is increased, the resideht microbial popuiatioh,should immediately begin

at a faster rate, and increased microbial development should occur. The
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effect of temperature en growth will probably follow the Arrhenius
equation, as in fact has been found forAmicrobial'populations in seaage
treatment systems when temperatures are in the 0-25°C range (Phelbs,.
1944 Wuhrmann, 1956 ; Zanoni, 1967).

There is some suggestion that if habltats in colder parts of the
world are studied, where temperatures never r1sevabove 10-15-C, that'
populations optinially adapted to low'temperatures mbight_occhrd (Motita
and Burton, 1970).  If so, in such«areas,'increaee in water temberature

would not immediately lead to an increase in microbial actitity, since
the re31dent populatlon should be k111ed and time would be. requlred

for colon1zation of the habitat by a populatlon adapted to the new
temperature. These considerations empha81ze the dangers of generallzlng
about the effects .of thermal" pollutlon without taking 1nto cons1derat10n
the‘normal temperature. range and the temperatute optlma of the resident
popdlations.

As is-nbtedlabove_in the sectibn on f1uctdating temperatures;,the '
most effective means of keeping microbial develobment'low is to.create
Ca habitat‘in which temperature fluctuates widely and randomly. Thus,
one way to prevent excessive microbial development as a result of thermal
pollution would be to vary the tempefature of the_outfall habitat
considerably. The easiest wayvte do this wohld be'to establiahAtWO or

more separate outfalls, and to alternate their use on a random basis.

Temperature and water quality. Temperature has direct effects on
water quality, euCh as the reduction ih solubility of oxygen. Additionally,
for many domestic‘ahd industrial purpoSes; Qarm watef is 1e§s'desirab1e
‘than cool water, so that thermal pollution leads to‘a direct degradation
of water quality. Temperature also has ihdirectjeffectsvon'Water_quaIity

through effects on biological proeeéses,'and it is this aspect which is
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under discussion here. As we nave noted in an earlier section, there
is an increase in rate of biological processes accompanying an increase
in temperature, and increased reaction rate, accompanied by a decrease
in oxygen solubility at the higher temperatures, should lead to an even
more rapid decrease in'oxygen concentration, as the oxygen-nﬁilizing
bacteria present consume the remaining_oxygen. 4Thus, cnernai pollution
‘can in two ways lead to rhe conversion of e water’oody to anaerobic
conditions, and development»of anaerobic conditions-cen have a ndmber of
serious consequences‘for an ecosystem.d However;’oxygen-consnming bacteria
will only be able to acc if therelis organic ma;ter:or other oxidizeble
materials in the water, so thet it does not necessarily folloVArhat thermal
pollution will lead co é direct biological reduction in oxygen content;'
Many aquatic ecosystene are so.low in oxidizable materials that increased
oxygen;ntilization will not occur; duch_depends on the water-quality; Thus,
one way to avoid problems of increased biologicel oxygen depietion,is to
site power plants in areas of pristine waterf In such areae slight oxygen
depletion will occur due to the increased temperatnre, but biologicalA
oxygen depletion.willvnot occur, since oxidizable organic‘macter is not
oresent. Thus, clean water ehou1d~more.readi1y tolerate_thermal inpucs
than dirty water, | |

One of the preeumed consequences of thermal~p011prion 15 an increase
in growth of blue-green algae (Patrick et al. 1969), and.since blue-green
algae products toxins, bad odors, and<f1avore in fresh water, .such increased
growth could lead to degradation of water qua}ityf However, observations
in several areas suggest that rarely are»temperatures‘increaéed sufficiently
so that blue-green algae develop preferentially. 'As'we have noted, it

is only at temperatures over 40°C that blue-green algee will completely
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repleoe eucaryotic elgae, and such temperatures will only develoo as

a result of thermal pollutionAin natural waters io warmer parts of the
world, Observations inlYellowstoﬁe (Boylen and Brock, 1973) and in
Wisconsin (Brock and Hofﬁman, 1974) where temperatdre increases of
©10-15°C still do not push the water temperature above 40°C, have shown
that warming of natural waters does not lead to extensrve blue-green
algal development. InAtheir study of the Eirehoie River; Boylen and
Brock (1973) found blue-greeo algae etvsome of their stations, but blue- |
green algal development_couid not be.correlated with water temperature.

‘Indeed, at the locations where watér was the warmest, green algae of

the genera Spirogyra, Qedogonium, Cladophora, and Stigeoclonium dominated.
Observations made in the warm ootfall of a power plant at Lake
Monona, Wisconsin did not show that blue-green algal developmeot predom-
inated (Brock and Hoffman, 1974). Even in‘the middle of the eummer, |
when the power plant outfall had temperatures of 30 C or over, one of

the domlnant forms was the green alga Stlgeoclonlum. However, Patrlck

et al. (1969) have shown using an experimental stream installation that
experimentally increasing water temoerature from an average of 20°C, where
diatoms were dominant, to an average of 38°C, resulted in an increase in
blue-green and filamentous green algae. Although no quantitative data |
were given, in some cases blue-green algae were the.dominant fords.
However, Athese studies mustAbe interpreted carefully because ooservations
of the algal flora were made on microscope slides 1mmersed in the streams,
. and such habitats are almost certainly selectlve for smaller.spec1es such
as the diatoms and blue-green algae. In the work of Boylen and Brock'(1973)
observations were made on algae living on large. stones occurring naturally
1n the river, and these stones provided sultable habltats for the 1arger

species of algae. It seems likely, on the basis of our work (Boylen and
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: Btock;‘1973; Brock  and Hoffman, 1974; ﬁreck‘and Brock, 1966; Brock; 1967)
in most cases blue-green algae will hecome dominant only when water
temperatures are increased above 40°C. |

Tempe:atufes_of 35-40°C, often reached in power plant effluents,
are close to the temperature of the human body; and since human pathogens
usually have temperature optima around‘37°C, seme coneern mightAbe‘raised
that thermal pollution ceuld lead to tepiieation of human pathogens‘inA h
the water, with possible increased spread of infection. ﬁowever, there
- is no evidence that increased temperature will lead‘to increased growth.
of pathogens in natural waters. Studies with Wabash River'water have

shown (Silver and Brock, unpublished) ‘that Escherichia coli actually dies

faster in water at 35°C than in cooler water, presumably due to the
leffect‘of the warmer temperature on starvation proeesses. Conceivably,
water rich in organic matter might serve as a'nutrient fdr‘growthvof
pathogens, thus leading to increased pathdgen replication in thermally
polluteu water, Ahabitats with water .containing suffieient organic
mattet to nronote pathogen growth should probably'not'be used for nower
pIant‘sites. ‘ o , _ - N I
The conclusion from the above considerations'is‘thatAthermal pollution
may lead to a degradation of water quality, but that thlS is unlikely to
be dramatic unless the water is already grossly polluted with organic matter,
Dispersal It is of great interest in considering the rate at
which ecosystems adapt to changing temperatures to consider how effectively
organisms are dispersed to new habitats created by man. ‘A thermally-heated
aquatic habitat is analogous to an island, a localized area of warm water
‘surrounded by cooler water. There are a'number of‘observations on the
dispersal of hot spring organisms which are relevant to the whole question

of rate and efficiency of dispersal.
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As might.he expeétéd, microorganisms ﬁave littlé difficult& becoming
dispersed to new locationé.. The same épeéies of algée and bacteria are
found in hot springs throughout the world, provided the springs compared
are of similar chemical and'thermai characteristics. The'eucaryotic

alga Cyanidium caldarium, a unique alga of acid thermal environménts,

"has been found in such diverse locations as Western»Uniﬁed States,

El Salvador, Dominica (Caribbean), Iceland, Italy, Jééan, Indonesia, and
New Zealand. Interestingly, this élga is rather sensitiVe to ‘drying
(Smith and Bfock; 1973), yet ;his ﬁas not prevented its spread to a series

of remote and rather restricted environments. The.blue-green alga

Mastigocladus laminosus is also of world-wide distribution, having been

reported from thermal springs on virtually every continent (Castenholz,

1969). Among tﬂe bacteria, the organism Sulfolobus aéidocaldarius, which |
liveg only at high temperature and low pH, has beeh found at‘a variety
of suitable locatioﬁs in North and Central Aﬁericé, the Ca;ibbeén, Iceland,
and Euroéé (Italy). There are exceptibns to this general rule_bf world;
wide dispersal (Castenholz, 1969a), but in genefal it caﬁAbé Condl@dgd .;
that hot spring algae and bacterié (and-by_infereﬁea, mest algae énd
aquatic bacteria).disperse quite sgccessfully.Al |

Another indication of the efficient aigpersal of orgénismé adapted
to high temperéturés is fhe study of Brock and Boyleﬂ (1973)‘on‘tﬁe

thermophilic bacteria (primarily Thermus aquaticus) living in hot water

heaters. These bacteria are able to live qqu at high temperatures
(55-80°C); %nd hence are unable to maintain populatioﬁs in}normal aquafic
habitats. Of the hot ﬁéter heaters e#amined in Madison, Wisconsin, about
one-third had detectable populations of_organisms related tb Thermus
aquaticus. Since the same organism was not,found in thé.loéal cold water,

it was concluded that the organism was living within the hot water heater
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itself. Since few of the_hot water heaters studied had been inAexistenCe
for longer than 10 yeérs; it seems clear thaticolonization of these

highly localized thermal sources is rapid and'efficien£. The initial
sou:ceé of the colonizing populations are almost certainly ﬁaturél thermal
»habitats such as hot springs, but it is likéiy that the immediate sourceé
Are othér hot water heaters nearby. Man has méintained hot water heaters
during the pﬁst»50-75 years., I£ is likely tha:'ofganisms originally
colonized hqt'water heaters from natural therﬁal sources and then have
continued to»spfead from oﬁe heater to ahother;

Higher organisms haQe greafer problems of dispersal than do mic;q-'A
organisms; and it_c;n be antiéipated:that,the kinds of-oﬁsé;vatiéns |
presented above on gicroorganisms might:not apply;. Wﬁen examining the
specieé of.animals and plants present in hot-springs (onée temperature
has fedqéed suffiéiently so that these organisms are able to grow) one
is sﬁruck by the fact that the colénizing species are ﬁot tﬁe same from
spring to spring throughout the world, as thgy,a:eAfor m@cfoqrganismé;
but seem to be related to the local flora and fauna. 1This‘is eséeéiéll&
noteworthy with respect to higher plants, since comparisons of vegefation
around hot'springsAin-Yellowstone,;New,Zeaiand, and Iceland reveal that
not only are the species different, but that ﬁhey are not evenAin related
families (Brock,’unpﬁblished); In the case §f insects, there seems to be
some pattern of similarity, since'hqt'springs.aroun& the worid gli haVe
insects from thé family Ephydridae (the'shore‘flies), even though each
_thermal area has 'its own characteristic group of‘genera.:‘ShoréAflies live
along the warm marginé of ponds, lakes, and ocean shdres? gnd'it seems‘
feasonable that the provenance of the hot spring species has been such
widespread watér margin habitats'(Mitchgll,A1960).-‘If this is the case,

we cannot look upon hot springs as reservoirs for animals able to colonize
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warm habitats, but merely localized manifestations'of a‘type of habitat
already existing. Of course, such warm nargins of lakesAand oceans will
also provide habitats for microorganisms as well,-anq.these'microbes»
should also be able to colonise the lower temperature habitats of hot
spring systems. | |

It seems reasonable to conclnde from these studies that providedv
the habitat created by a poner plant outfall is reasonably stable, it
will be quickly colonizeo by.organiSms adapted to this.new_environment.
The first coloniers might'come from natural thermal habitats, either
geothermal (in the case of'microorganisms),Aor shallow water margins
of lakes and oceans_(in the case of both mierobes and higher organisms),
but once a series of power plant habitats has been created in a region,
these could themselves provide the source of inocnlnmhforfnewer power
.plants,

We can also ant1c1pate that some evolutionary events will occur within
the power plant habitat itself, so that ultimately species will be present
which are better adapted to the man-made habitat than they were to the o
original natural habitat. The natural habitat however, remains as a
continuously available reservoir of organisms which can serve as an .
inoculum for any new man-made thermal habitat which_might be»created.

Bacterial indicators of thermal pollution. Because of the difficulty

of continuously monitoring thermal inputs to natural ecosysteﬁs, the
jdentification of species indicative of thermal pollution'would be quite
‘ desirable. In the same way that the presence of intestinal bacteria

such as Escherichia coli the used to monitor sewage pollution, the presence

of bacteria‘adapted to higher temperatures might be useful for monitoring
thermal pollution. A brief consideration, however, will show that bacterial

indicator species will not be useful for monitoring thermal pollution
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from power plants, although thev might beduseful for monitoring higher
temperature inputs fromlthe other kinds of industrial and domestic heat
sources discussed at the beginning of this paper.

In power plants, the rise in temperature is‘rarely greater than
10°C above ambient, and except when warm tropical waters are: being used
the effluent temperature will not be so high that specific thermophilic
types would be selected out. Even more important, the trans1t time of
cooling water through a power plant is only a few.minutes,.insufficient
time for any organisms to grow. The only‘differential effeéts on bacterial
species which we could anticipate within the‘plant itself would be the’
selective destruction of the most heat sensitive forns:fromithe mixed
population of aquatic bacteria entering the plant;_ However, it seems
unlikely that any differential count of bacterla affected by the (at
most) 10°C rise in temperature would be suff1c1ent1y sensitive to detect
,thermal effects away from the region of the ummediate,power plant outfall.
of course, one does not need any complicated biological indicators to
detect input of thernal water at the outfall'itself, simple observation
being sufficient. d |

Bacterial indicators might be useful in detecting inputs of thermall
water. from the high temperature sources mentioned at the beginning of
this article: hot water heaters, steam condensate lines; pulp; textile,
and.steel mills, etc. As we have shown (Brock and Boylen, 1973) such

habitats may provide for the selective growth of bacteria specifically

adapted to high temperatures. An organism like Thermus aquaticus, which
grows well in hot water heaters, is not present in the natural environment
except in the duite localized areas of geothermal habitats, so that its
detection in a natural water is a good indication (given'the absence of

geothermal activity) that some input of hot water has occurred., Thermus
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aguaticus is detected.by‘inCubating‘inoculated mediafat 7560, a temperature
at which‘thermophilic'bacteria derived from soil anddother,relatively, |
low‘temperature enyironments will not grow. Water Samples can he~passed
through nembrane filters:to increase the sensitivity of the isolation
method. The only technical tricks are that an increased concentration

(3%) of agar must be used so that the plateslremain gelled’at'the incubation
temperature, and the plates must be wrapped 1n water- 1mpermeab1e plastic

or 1ncubated in a m01st chamber to prevent drying during the two to three
day incubation period. . Details of culturing.T -aquaticus can be found in -

. Brock and Freeze (1969). |

Brock and Yoder (1971) were able to show that Thermus,aquaticus was

present in the Jordan River on the Indiana Un1vers1ty campus in a region
where a warm water input from a leaking steam condensate 1ine occurred
but that the same organism was absent from .areas of the river that were o
not receiving thermal 1nputs. Brock and Boylen (1973) showed- that Thermus
aguaticus like organisms were liberated with the hot wate:vrrom many e
- water heaters; if this hot water were discharged 1nto the env1ronment v
the bacteria might still be found. The ability to specifically select
T. aguaticus by culturing at 75°C makes it easy to des1gn a procedure forl
using “this organism as an 1nd1cator of this type of thermal pollution.
Zeikus and Brock (1972) did a study to determine.the fate of Thermus
.aguaticus after it was released into normal riyer water.h for this‘work,
the Firehole River in Yellowstone Park was used. In the.large number of
hot springs bordering this river,'g. aguaticus grows extensively and is
released in large numbers into the ‘river. No T. aguaticus was detectable
in the portion of the river which had not received thermal 1nput and the

numbers of bacteria rose sharply as the river flowed through the geyser

~ basins., The bacterial counts decreased again'after the river flowed away
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from the area.of thermal input, but some bacteria were still detectable
several kilometers below the last sources of thermaliinput. Presumably
in the river the bacteria did not grow and_disappearea either by death,
settling, or ingestion. by bottom fauna.

These results show that bacterial 1nd1cators of high temperature
thermal pollution exist but that indicators of 1ow temperature thermal
pollutlon by power plants can probably not be developed It may be of‘
some advantage, in areas where power plants and other industrial plants
both occur, to use these indicator bacteria to look for thermal inputs |
from industrial sources, since these sources are 1ikely;to release water
much hotter than.that.released by Puwér plants; ‘Since small tlews of
hot water might not be detectable vlsually, or‘eveu b?Aremote sensing,
indicator bacteria may serve a usetul purpose. It seems likely that |
with some further work, the teehnique for detecting I,'aguaticus_could'<

be made more sensitive and readily applicable to routine work.
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Conclusions

1. The following conclusions.concern'only those aspects of power plant
impact related to temperature effects in mixing zones. Nonthermal aspects
of power plant imﬁact; such as chlorination,‘entrainment, current effects
(scouring, induction of migration pattermns) etc. éfé not considered;

The conclugipns relate primérily to temperéte habitats, where there is
marked winter cooling and summer warming of the natu;allaquétic habitats,

In some important respeéts, conétantly cold and constanfly warm habitats -
reqund differently to thermal pollution (Table 3);

2. Heating effécts when habitat temperature ranges around 25°C (summer
maximum) ., 'Microo;ganisms exist with temperature optima fpr'growth at many
temperatures above‘25°CAand thué a whole speétrum of organisms with different
temperature optima exists in the world. Because of_tﬁis, when a habitat

is warmed above 25°C, the resident population sthld Be inhibited from
growth and be replaéed_by a new poﬁqlgtion pptimally:adapted‘to the new
temperature, Ihus, warming should'lead to a ;ranéient reductioﬁ‘in
microbial population density, followed‘by an inérgasé.to'the éame or a .
higher level as a population wiéh 4 temperature qptﬁmum atlfhe'néw temper-
ature develops.

3, Heating effects when habitatifemperature is bélow 25°C (winter, spring
and fall). Below 25°C, microorgénisms with temperature oétim; matcﬁing'l
those of the environment are rare or do not exist (exdeﬁt possibly in
constantly cold environments not being considered here)f The microorganisms-
present in environments below 25°C have optima ofﬂ2§fC or even higﬁer,

thus warming of a habitat from a low temperaturé does not ieag to changes

in population structure, as described in No. 2, buf should cause an inérease

in the growth'rate'of the preexisting organisms. ‘Thus,'thermai pollution
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should cause an immediate increase in the population density (given the
reasonable assumption'that population density is réléted to groﬁth rate).
4, Algae in temperate.habitats do not change their temperature oﬁtimé
seasonally, but retain their mid-summer optima (around 3Q°C) fhfdughbut
_the year. Thus, algae are temperature limited for growth duriné_most'of
the yeér. They are éonsequently preadapted to warm temperatures, and
thermal pollutibn should lead to an increase in algal growth during most
of the year., Thermal pollution in mid-summer may raise the temperatﬁfe
of the habitat abo?e the preadapted optimum, leading to a decrease in
algal growth, .'

5. Above 25°C, where,bptiﬁally adapted organisms should'be<pfeseﬁ§,: v
temperatﬁre does not iﬁéreése growth rate as fast as pfédicted by the
Ar;heﬁius equation with the usual value for activation energy. Thus,

if optimaliy adapted poéﬁlations are compafed at the différent temperatures,
: increaselin growth rate Qith a 10°C rise in temperature Qill onlylbe"
about 1.5-fold, ratﬁer than the 2- to 4efoid increase usﬂally»predicted
By the Arrhénius equation. |

6. At témperatureS'below 25°C, where 6ptiﬁa11y adapted organisms are not
present, temperature shoﬁld increase growth rate in the manﬁeprrédicted
by the Arrhenius equation with the usual value for activafion energy.

7. All of the above conclusions relate to Fhé fundémentglApéiﬁt that
thermal pollution affects habitats with tempefatures bgldw 25°C differently
than it does those of higher temperature. |

8. There are distinct upper temperature_limits for different'taxénomic
groupé of .organisms., Fish. (and probably otﬁer aquatic.yertebrateé) have
upper temperature limits at about 37°C, higher plants have upperAiimits
arouﬁd.45°C, invertebrates have upper limitg,at,abou§A48°C; protozoa at

'~50°C, eucaryotic algae at 56°C, fungi at 60°C,ﬁahd blue-green algae at
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70-73°C. No upper temperature limit for bacteria has been found, certain
bacteria thriving at temperatures of 99-100°C. | It should be empha31zed

that for each taxonomic group, only a few species are able to grow at
temperatures near the upper temperature limit, and over the whole temperature
range that a group can grow, only some species will be able to grow optimally
at any particular temperature. Organisms may be characterized as stenothermal
(narrow temperature range for growth) orieurythermal'(wide temperature

range for growth), but even the most eurythermal organisms will only grow
over temperature spans of 30-40 degrees-centrigrade.

9. The critical 40°C point; In most situations, eucaryotic algae will

not be present in significant numbers about 4050, even though certain
eucaryotes can grow at temperatures up to 56°C. This is because certain‘
blue-green algae are able to grow so much better than eucaryotic algae atv.'
temperatures'above 40°C that they usually are the winners in any competition.
Only when the habitat is unfavorable for blue-green algae,_as for instance,
when the pH is less than 4-5, will»eucaryotic algae colonize habitats at
temperatures above 40°C successfully. Thus, at temperatures above-40°C:
blue;green algae should be the predominant photosynthetic'organisms in

most aquatic ecosystems. Since 40°C eliminates all vertebrates, and most
invertebrates, this temperature can be considered a criticalbone;'and
increases above this levei resulting from thermal pollution should be
aroided; |

10. 1In part following from the considerations in No's. 8 and 9, it can

be seen that temperature will greatly affect species,diversity of ecosystems.
Especially near the upper temperature 1imits for particuiar groups, the |
species‘diversity can be greatly decreased, and even at 5-10°C below this
upper limit the species diversity may‘be_quite restricted. This restriction

may markedly influence ecosystem stabilitj.
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1;.‘ Thermal pollution can have a small direct effect on éoncentration

of dissolved oxygen in an aquatic habitat, due to the effect of temperature
on the solubility of oxygen in water. Temperatufe can‘haﬁe a muéh more |
serious effect on dissolved okygen concentration if it leads té increased
growth of oxygen-consuming bacteria, as will almost certainly occur

when temperatures are incfeased over the range 0-256C..'Howevér;'oxygen-
consuming'bacterié will only be aﬂle to act if there is. oxidizable ofganic
matter in the water, Thds, oxygen deplétion should be much less:in waters

which are relatively pristine, such as highly oligotrophic waters and

. waters: low in phytoplankton. Waters receiving organic inputs from domestic

sewage or other sources are likely to. be unusually susceptible to the
oxygen-depleting influence of thermal pollution.'

12, Although there is an upper temperature. limit for fish as a‘grbup,[_:

~ beyond which evolutionary processes are probably incapable of acting;‘»

certain fish can adapt to changes in temperature, extending their range

. to higher temperétures. Tﬁere is a little evidence that even trout may

~adapt to temperatures higher than they are normally able to live, given‘

enough time.

13. Fluctuating'temperatures are especially detrimental to ecosysteh

development, TIf temperature fluctuaﬁes widely enough (prdbably o§er a
span of 15-20°C) ahd randomiy, no biological colonization.may occur an&
the ecosystem may remain uncolonized. High constantvtemperatures ghould
Ee more favorable for ecosystem devélopﬁenﬁ than low widely fiucfuating
temperatures.

14, The sources of organisms for the colonizatién of new power p%ant-A
created habitats are diverse. Geéthermal habitats are.the ultimatel
rése;voir of organisms adapted tdAtemperatugés grégter th;P‘35'40°C: but

in most cases local shallow margins of lakes and oceans, heated by the
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sun, should prévi&e habitats which:can'servé'as réservoirs of organisms
adapted to wamm waters. Existing power plants can also serve asvreéervéirs
for inoculuﬁ for new powef plant habitats. In géhéral, ﬁicroorgaﬁismé
seem to have no problem becoming dispersed to ﬁew habifats,'aﬁd?shduld
become establiéhed'in pefiodS'less than 6 montﬁs. Highe; organisms ﬁay :
be less readily'dispersed, so that in the:early'stages‘of ﬁhe éoionization
ofla power planf-created habitat, a simplified population structurevhay
occur,

15. Thermophilic bacteria have been considered as biologicai'indigatorsb
of thermal pollution. It is concluded that thermophiiic bécterié cannot
serve as ipdicators of thermal poilutién_frqm péwéf plants,-bﬁg might
'serve as indiéators'of the high.teﬁperature.thérﬁal_pollutigﬁAérising

from industrial activities (hot watervhéatérs, pulp,'textile, aﬁd steel

mills, etc.).
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Recommendations

Disclaimer. These recommendations must not be cbnsidered absoiuté,*
.but énly tentative'recommendatiqné based onvthe'limitgd knowiedge currentiy
available., Also, they consider only temperature effects in miiing zones.
“They do not consider nonthermal effects of power plants, such as effects
of chlorination, scoﬁring‘by ouffaii effluents, entrainment, or atmospﬁefic

effects.

1.. Avoid siting power plants on rivers unless they are quite large and -

do not show significant seasonal changes in volume or flow rate.

~

‘2. Avoid siting power plants on warm water habitats‘(over 30°C).

3. To avoid 02 depletion, site power plants on the cleanest, most

oligotrophic waters available,

4, It may be worth large increases in transmission costs to site a power

. plant on a large, cold, clean body of water. -

5. Consider carefully the thermal regime of the receiving body in estab- 3
lishing the site of a power plant and in deciding,how the-efflﬁéntlis to be
handled. Waters which rise in temperature seasonally above 30-35°C, even -

for only a few weeks, should be avoided if at all possible.

6. Avoid using hypolimnetic water or other nutrient-enrichéd water for

cooling.

7. Thermal effects on organisms entrained with the cooling water and
carried into the plant are probably minimal, given the usual temperature

increases, and are unlikely to be significant eCologicaIiy.

8. It should be possible to avoid extensive algal devélopment in power
plant outfalls by creating habitats. of widely fluctuating temperature.

This might best be done by establishing two or more outfalis, at well



44

. separated locations, and using these alternately on a random schedule,

with no more than a two week interval used for a single outfall,

9. Arbitrary standards for allowable temperatures of power'planiAéfflqents
should not be established. Standards used should havé some reference to

the conditions of each particular plant.

10. Outside of mixing zones; it is unlikely thatspower plaﬁté éited on

large bodies of ﬁater will have any.significant effecfs on aqﬁaticAecosyStems.
Power plants 6n rivers, however, especially those which sho% seasonal

minima in flow or volume, may have significant effecfs on aquatic ecosystems,

even outside of mixing zones.
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Figure 2. Temperafdre variation in the Bead Geyser effluent chaﬁﬁel.
Solid circles-station 1; open circles-station 2.. The'numérical labels
are the mean temperatures, computed by averaging the tempefatures at
each l-minute interval. Upward arrows ihdicateAthe bégihning of

eruption; downward'arrows, the end. From Mosser and Brock, 1971.
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Figure 3. Ar?henius plots of the relationship between growth rate and
temperature for bacteria. The composite curve iépreseﬁté the growth
rates of a series of.bacteria, each measured at its optimum temperature
under optimum growth conditions. The other‘curvé represents the

effect of temperature on growth rate of Escherichia coli, an

organism with a temperature optimum for growth of about 40 C.
From Brock, 1967a. ‘



Table 1. Upper temperature limits for different’

groups of organisms.

Group ‘Tempefature
Animals
UFish and otherAaquatic‘vertebrates ‘38°C
Insects - 45-50°C -
Ostracods (crustaceans) 49-50°C
Protézoa , ‘.- 50°C -
Plaﬁts'
Vascular plants _4540
Mosses - 50°C
Eﬁcaryotic algae 's6°C
Fungi | 66?C
Procaryotic microorganisms
Biue—green algae | 70-73°C
4Photosyﬁthetic bacteria . ‘70-73?C
. >99 oc

~ Nonphotosynthetic bacteria

Data from Brock, 19672z 1970; Castenholz, 1969. 'Values are only .

approximate limits,



Table 2. Number of species ofbwater beetles and blue-green

algae collected in hot springs at different‘temﬁeratﬁres.

Water beetles E . . Blue-green algae
Temperature Number oﬁ species Temperature Number of species
% - e 1015 42
31 58 - 15-20 | 54
32 - 55 | 20-25 . 76
33 52 - 25-30 86
3% | 41 30-35 90
35 - 46 35-40 t 86
36 45 | 40-45 76
37 35 45-50 60
38 . T |  50-55 25
39 33 - 5560 N 24
40 22 60-65 ' ) ,»_ 2
41 .-~15A 65-70 - 1
42 10 - 70-75 R
43 6
44 4
45 2

Data for water beetles from Brueé, 1932. Data for blue-green algae from
‘Copeland (1936) but modifled at temperatures above 45 50°C based on more
recent data. (Note also that the validity of some of the data described by

Copeland at lower temperatures may also be subJect to question.)
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Table 3;

in temperate, tropical, and arctic habitats.

Unpolluted

Polluted (AT 10°C)

Consequences of thermal pollution in summer and winter,

Overall effect of
thermal pollution

Habitat Thermal
regime
Temperate
Summer 25°C
Winter < 0°C
- Tropical
Summer 30-35°C
‘winter 30—35°C.
Arcric

(also alpine)

Summer

Winter <0°C

10-15°C

Normal algal
growth

Greatly depressed
algal growth.
(ice)

Normal algal

growth

same as sumhmer

Normal algal

.growth

Greatly depressed
algal growth
(ice)

Some increase in

algal growth, pop-
ulation structure

possibly shifting

towards blue-green
algae

Marked increase in

algal growth, not

favoring blue-green'

algae (ice-free)

Marked inhibition of
normal algae; replace-

Probably Harmful

Beneficial

Harmful

ment by exclusive blue-

green algal community

same as summer

1

Harmful

Some increase in algal Beneficial

growth, but probably
"no selection towards

blue~green algae

Some increase in algal Beneficial

growth, not favoring

blue-green algae
(ice-free)

Temperature regimes are only approximate, and it should be recognized that

local shallow water may be warmer.

The evaluations of Harmful and Beneficial are based on the premise that

blue-green algae are always bad, but that some increase 1n algal growth from

a low base-line will be valuable, since it will provide for. increased food

for higher tropic levels.



