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HEAT AND TEMPERATURE

Living organisms do not respond to the quantity of heat
but to degrees of temperatur - or to temperature changes
caused by transfer of heat. The importance of temperature
to acquatic organisms is well known, and the composition
of aquatic communities depends largely on the temperature
characteristics of their environment. Organisms have upper
and lower thermal tolerance limits, optimum temperatures
for growth, preferred temperatures in thermal gradients,
and temperature limitations for migration, spawning, and
egg incubation. Temperature also affects the physical
environment of the aquatic medium, (e.g., viscosity, degree
of ice cover, and oxygen capacity. Therefore, the com-
position of aquatic communities depends largely on tem-
perature characteristics of the environment. In recent
years there has been an accelerated demand for cooling
waters for power stations that release large quantities of
heat, causing, or threatening to cause, either a warming of
rivers, lakes, and coastal waters, or a rapid cooling when the
artificial sources of heat are abruptly terminated. For these
reasons, the environmental consequences of temperature
changes must be considered in assessments of water quality
requirements of aquatic organisms.

The “natural” temperatures of surface waters of the
United States vary from 0 C to over 40 C as a function of
latitude, altitude, season, time of day, duration of flow,
depth, and many other variables. The agents that affect
the natural temperature are so numerous that it is unlikely
that two bodies of water, even in the same latitude, would
have exactly the same thermal characteristics. Moreover, a
single aquatic habitat typically does not have uniform or
consistent thermal characteristics. Since all aquatic or-
ganisms (with the exception of aquatic mammals and a
few large, fast-swimming fish) have body temperatures that
conform to the water temperature, these natural variations
create conditions that are optimum at times, but are
generally above or below optima for particular physio-
logical, behavioral, and competitive functions of the species
present.

Because significant temperature changes may affect the
composition of an aquatic or wildlife community, an
induced change in the thermal characteristics of an cco-

*From: National Academy of Sciences (1973).
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system may be detrimental. On the other hand, altered
thermal characteristics may be beneficial, as evidenced in
most fish hatchery practices and at other aquacultural
facilities. (See the discussion of Aquaculture in Section IV.

The general difficulty in developing suitable criteria for
temperature (which would limit the addition of heat) lies
in determining the deviation from “natural” temperature a
particular body of water can experience without suffering
adverse effects on its biota. Whatever requirements are
suggested, a “‘nawral” seasonal cycle must be retained, §
annual spring and fall changes in temperature must be|
gradual, and large unnatural day-to-day fluctuations}
should be avoided. In view of the manv variables, it seems}
obvious that no single temperature requirement can be
applied uniformly to continental or large regional areas;
the requirements must be closely related to each body of
water and to its particular community of organisms,
especially the important specics found in it. These shoul
include invertebrates, plankton, or other plant and animal
life that may be of importance to food chains or otherwise
interact with species of direct interest to man. Since ther

protection” among water bodies as suggested by Doudorof
and Shumway (1970)°™ for dissolved oxygen criteria. (
Dissolved Oxygen, p. 131.) Although such decisions clearly
transcend the scientific judgments needed in establishing
thermal criteria for protecting selected species, biologists can,
aid in making them. Some measures useful in assigning
levels of importance to species are: (1) high vield to com-
mercial or sport fisheries, (2) large biomass in the existing
ecosystem (if desirable), (3) important links in food chains
of other species judged important for other reasons, an
(4) “endangered™ or unique status. If it is desirable
attempt strict preservation of an existing ecosystem, the
most sensitive species or life stage may dictate the criteria
sclected.

Criteria for making recommendations for water teme
perature to protect desirable aquatic life cannot be simply
maximum allowed change from “‘natural temperatures.
This is principally because a chanze of even one degree from

See pp. 151-171, 205-207.
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an ambient temperature has varying significance for an
organism, depending upon where the ambient level lies
within the tolerance range. In addition, historic tempera-
ture records or, alternatively, the existing ambient tempera-
ture prior to any thermal alterations by man are not always
reliable indicators of desirable conditions for aquatic
populations. Multiple developments of water resources also
change water temperatures both upward (e.g., upstream
power plants or shallow reservoirs) and downward (e.g.,
deepwater relcases from large reservoirs), so that “ambient™
«nd *“‘natural™ are exceedingly difficult to define at a given
point over periods of several years.

Criteria for temperature should consider both the multiple
thermal requirements of aquatic species and requirements
ior balanced communities. The number of distance require-
mients and the necessary values for each require periodic
reexamination as knowledge of thermal effects on aquatic
pecies and communities increases. Currently definable
requirements include:

® maximum sustained temperatures that are con-
sistent with maintaining desirable levels of pro-
ductivity;

® maximum levels of metabolic acclimation to warm
temperatures that will permit return to ambient
winter temperatures should artificial sources of
heat cease;

® temperature limitations for survival of brief exposures
to temperature extremes, both upper and lower;

® restricted temperature ranges for various stages of
reproduction, including (for fish) gonad growth and
gamete maturation, spawning migration, release of
gametes, development of the embryo, commence-
ment of independent feeding (and other activities)
by juveniles; and temperatures required for meta-
morphosis, emergence, and other activities of lower
forms;

® thermal limits for diverse compositions of species of
aquatic communities, particularly where reduction
in diversity creates nuisance growths of certain
organisms, or where important food sources or
chains are altered;

® thermal requirements of downstream aquatic life
where upstream warming of a cold-water source will
adversely affect downstream temperature require-
ments.

Thermal criteria must also be formulated with knowledge
of how man alters temperatures, the hydrodynamics of the
changes, and how the biota can reasonably be expected to
interact with the thermal regimes produced. It is not
sufficient, for cxample, to define only the thermal criteria
for sustained production of a species in open waters, because
large numbers of organisms may also be exposed to thermal
changes by being pumped through the condcnsers and
mixing zone of a power plant. Design engineers need
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particularly to know the biological limitations to their
design options in such instances. Such considerations may
reveal nonthermal impacts of cooling processes that may
outweigh temperature effects, such as impingement of fish
upon intake screens, mechanical or chemical damage to
zooplankton in condensers, or effects of altered current
patterns on bottom fauna in a discharge area. The environ-
mental situations of aqnatic organisms (e.g., where they
are, when they are there, in what numbers) must also be
understood. Thermal criteria for migratory species should
be aipplied to a certain area only when the species is actually
there. Although thermal effects of power stations are
currently of great interest, other less dramatic causes of
temperature change including deforestation, stream chan-
nelization, and impoundment of flowing water must be
recognized.

DEVELOPMENT OF CRITERIA

Thermal criteria necessary for the protection of species or
communities are discussed separately below. The order of
presentation of the different criteria does not imply priority
for any one body of water. The descriptions define preferred
methods and procedures for judging thermal requirements,
and generally do not give numerical values (except in
Appendix II-C). Specific values for all limitations would
require a biological handbook that is far beyond the scope
of this Section. The criteria may seem complex, but they
represent an extensively developed framework of knowledge
about biological responses. (A sample application of these
criteria begins on page 166, Use of Temperature Criteria.)

TERMINOLOGY DEFINED

Some basic thermal responses of aquatic organisms will
be referred to repeatedly and are defined and reviewed
briefly here. Effects of heat on organisms and aquatic
communities have been reviewed periodically (e.g.. Bullock
1955,% Brett 1956;*3 Fry 1947.*% 1964,*™ 1967;*"® Kinne
1970°*). Some effects have been analyzed in the context of
thermal modification by power plants (Parker and Krenkel
1969:%® Krenkel and Parker 1969:* Cairns 1968;*¢' Clark
1969;* and Coutant 1970¢**). Bibliographic information
is available from Kennedy and Mihursky (1967),* Raney
and Menzel (1969),'? and from annual reviews published
by the Water Pollution Control Federation (Coutant
1968,%%* 1969.*%¢ 1970a,*s™ 1971%7).

Each species (and often each distinct life-stage of a species)
has a characteristic tolerance range of tempcerature as a
consequence of acclimations (internal biochemical adjust-
ments) made while at previous holding temperature (Figure
I1I-2: Brett 1956*%). Ordinarily, the ends of this range, or
the lethal thresholds, are defined by survival of 50 per cent
of a sample of individuals. Lethal thresholds typically are
referred to as “‘incipient lethal temperatures,” and tem-
perature beyond these ranges would be considered “‘ex-
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treme.” The tolerance range is adjusted upward by ac-
climation to warmer water and downward to cooler water,
although there is a limit to such accommodation. The
lower end of the range usually is at zero degrees centigrade
(32 F) for species in temperate latitudes (somewhat less for
saline waters), while the upper end terminates in an
“ultimate incipient lethal temperature” (Fry et al. 1946%%1).
This ultimate threshold temperature represents the “break-
ing point” between the highest temperatures to which an
animal can be acclimated and the lowest of the extreme
temperatures that will kill the warm-acclimated organism.
Any rate of temperature change over a period of minutes

Ultimate incipient lethal temperature
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FIGURE I11-2—Upper and lower lethal temperatures for
young sockeye salmon (Oncorhynchus nerka) plotted to
show the zone of tolerance. Within this zone two other zones
are represented to illustrate (1) an arcc “»vond which growth
would be poor to none-at-all under the influence of the loading
effect of metabolic demand, and (2) an area beyonc which
temperature is likely to inhibit normal reproaduction.
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FIGURE III-3—Median resistance times to high tempera-
tures among young chinook (Oncorhynchus tshawytscha)
acclimated to temperatures indicated. Line A-B denotes
rising lethal threshold (incipient lethal temperatures) with
increasing acclimation temperature. This rise eventually
ceases at the ultimate lethal threshold (ultimate upper
incipient lethal temperature), line B-C.

to a few hours will not greatly affect the thermal tolerance
limits, since acclimation to changing temperatures requires
several days (Brett 1941).2%

At the temperatures above and below the incipient lethal
temperatures, survival depends not only on the temperature
but also on the duration of exposure, with mortality oc-
curring more rapidly the farther the temperature is from
the threshold (Figure ITI-3). (See Coutant 1970a?*" and
1970b%%8 for further discussion based on both field and
laboratory studies.) Thus, organisms respond to extreme
high and low temperatures in a manner similar to the
dosage-response pattern which is common to toxicants,
pharmaceuticals, and radiation (Bliss 1937).2* Such tests
seldom extend beyond one week in duration.

MAXIMUM ACCEPTABLE TEMPERATURES FOR
PROLONGED EXPOSURES

Specitic criteria for prolonged exposure (1 week or longer)
must be defined for warm and for cold seasons. Additional
criteria for gradual temperature (and life cycle) changes
during reproduction and development periods are dis-
cussed on pp. 162-165.

30
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SPRING, SUMMER, AND FALL MAXIMA FOR
PROLONGED EXPOSURE

Occupancy of habitats by most aquatic organisms is
olten limited within the thermal tolerance range to tem-
seratures somewhat below the ultimate upper incipient
!thal temperature. This is the result of poor physiological
performance at near lethal levels (e.g., growth, metabolic
cope for activities, appetite, food conversion efficiency),
interspecies  competition,  disease, predation, and other
ubtle ecological factors (Fryv 19517 Brett 1971%*). This
complex limitation is evidenced by restricted southern and
Ititudinal distributions of many species. On the other hand,
cptimum temperatures (such as those producing fastest
crowth rates) are not generally necessary at all times to
maintain thriving populations and are often exceeded in
aature during summer months (Fry 1951 %77 Cooper 1953 %
Beverie and Cooper 1960 Kramer and Smith 1960%7),
Moderate  temperature  fluctuations  can  generally  be
tolerated as long as a maximum upper limit is not exceeded
for long periods.

A true temperature limit for exposures long enough to
reflect metabolic acclimation and optimum ecological per-
formance must lie somewhere between the physiological
optimum and the ultimate upper incipient lethal tempera-
tures. Brett (1960)*** suggested that a provisional long-
term exposure limit be the temperature greater than opti-
mum that allowed 75 per cent of optimum performance.
His suggestion has not been tested by detinitive studies.

Examination of literature on performance, metabolic
rate, temperature preference, growth, natural distribution,
and tolerance of several species has vielded an apparently
sound theoretical basis for estimating an upper temperature
limit for long term exposure and a method for doing this
with a minimum of additional rescarch. New data will
provide refinement, but this method forms a useful guide
for the present time. The method is based on the general
observations summarized here and in Figure I11-4(a, b, c).

1. Performances of organisms over a range of tempera-
tures are available in the scientific literature for a variety of
functions. Figures III-4a and b show three characteristic
types of responses numbered 1 through 3, of which types 1
and 2 have coinciding optimum peaks. These optimum
temperatures are characteristic for a species (or life stage).

2. Degrees of impairment from optimum levels of
various performance functions are not uniform with in-
creasing temperature above the optimum for a single species.
The most sensitive function appears to be growth rate, for
which a temperature of zero growth (with abundant food)
can be determined for important species and life stages.
Growth rate of organisms appears to be an integrator of all
factors acting on an organism. Growth rate should probably
be expressed as net biomass gain or net growth (McCormick
et al. 1971)** of the population, to account for deaths.

3. The maximum temperature at which several species
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arc consistently found in nature (Fry 1951:7 Narver
1970)%® lies near the average of the optimum temperature
and the temperature of zero net growth.

4. Comparison of patterns in Figures 1II-4a and b
among cifferent species indicates that while the trends are
similar, the optimum is closer to the lethal level in some
species than it is in sockeyve salmon. Invertebrates exhibit a
pattern of temperature effects on growth rate that is very
similar to that of fish (Figure 111-4c¢).

The optimum temperature may be influenced by rate of
feeding. Brett et al. (1969)*7 demonstrated a shift in opti-
mum toward cooler temperatures for sockeye salmon when
ration was restricted. In a similar experiment with channel
catfish. Andrews and Stickney (1972)*% could see no such
shift. Lack of a general shift in optimum may be due to
compensating changes in activity of the fish (Fry personal
observation).™®

These observations suggest that an average of the opti-
mum temperature and the temperature of zero net growth
[(opt. temp. + z.n.g. temp)/2] would be a useful estimate of
a limiting weekly mean temperature for resident organisms,
providing the peak temperatures do not exceed values
reccommended for short-term exposures. Optimum growth
rate would generally be reduced to no lower than 80 per cent
of the maximum if the limiting temperature is as averaged
above (Table ITI-11). This range of reduction from opti-
mum appears acceptable, although there are no quantita-
tive studies available that would allow the criterion to be
based upon a specific level of impairment.

The criteria for maximum upper temperature must allow
for seasonal changes, because different life stages of many
species will have different thermal requirements for the
average of their optimum and zero net growths. Thus a
juvenile fish in May will be likely to have a lower maximum
acceptable temperature than will the same fish in July, and
this must be reflected in the thermal criteria for a waterbody.

TABLE III-11—Summary of Some Upper Limiting

Temperatures in C, (for periods longer than one week)

Based Upon Optimum Temperatures and Temperatures
of Zero Net Growth.

opt+zag “Cof
Speces Optimum  Zero net Refefenca optimum
rowlh 2

Catostomus commersom (while sucker) n ne . n3 L]

Coregonus artedsi (cisco of lake herring) 1% 7.2 McCormuick ot al 6 n
197130

Ictalurus punctatus (channel catfish) 30 .7 Strawn 1970 2. L]

3 35.7  Andrews and Stickney  32.0 ]
19722

Lepomis mactochurus (bluegill) (year I1) n 2.5 McComish 19713 5.3 n

Micropterus saimoides (largamouth bass) .5 W Strawn 19617 0. a

Motrops atheninodes (emeraid shiner) n un » n.s [ ]

Salvelinus fontinalis (brook trout) . 154 ([N ] . 1 [ ]

* National Water Quakity Laboratory, Duluth, Minn., unpublished data.'s*
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While this approach to developing the maximum sus- sizeable body of data on the ultimate incipient lethal
tained temperature appears justified on the basis of available  temperature that could serve as a substitute for the data on
knowiedge, few limits can be derived from existing data in  temperature of zero net growth. A practical consideration
the literature on zero growth. On the other hand, there isa  in recommending criteria is the time required to conduct
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FIGURE I1I-4b—Performance of Sockeye Salmon (Oncorhynchus nerka) in Relation to Acclimation Temperature
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research ner essary to provide missing data. Techniques for
determining incipient lethal temperatures are standardized
(Brett 1952)*2 whereas those for zero growth are not.

A temperature that is one-third of the range between the
optimum temperature and the ultimate incipient lethal
temperature that can be calculated by the formula

ultimate incipient lethal temp.—optimum temp.
3

optimum temp. +

(Equation I)

yields values that are very close to (optimum temp. +
z.n.g. temp.)/2. For example, the values are, respectively,
32.7 and 32.8 C for channel catfish and 30.6 and 30.8 for
largemouth bass (data from Table I1I-8 and Appendix II).
This formula offers a practical method for obtaining allow-
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FIGURE IlI-4c—M. mercenaria: The general relationship
between temperature and the rate of shell growth, based on
field measurements of growth and temperature.

@: sites in Poole Harbor, England; O: North American sites.

Heat and Temperature/157

able limits, while retaining as its scientific basis the require-
ments of preserving adequate rates of growth. Some limits
obtained from data in the literature are given in Table
I1I-12. A hypothetical example of the effect of this limit on
growth of largemouth bass is illustrated in Figure IT1-5.

Figure I11-5 shows a hypothetical example of the effects
of the limit on maximum weekly average temperature on
growth rates of juvenile largemouth bass. Growth data as a
function of temperaturc are from Strawn 1961%'?; the ambi-
ent temperature is an averaged curve for Lake Norman,
N. C., adapted from data supplied by Duke Power Com-
pany. A general temperature elevation of 10 F is used to
provide an extreme example. Incremental growth rates
(mm wk) are plotted on the main figure, while annual ac-
cumulated growth is plotted in the inset. Simplifving as-
sumptions were that growth rates and the relationship of
growth rate to temperature were constant throughout the
year, and that there would be sufficient food to sustain
maximum attainable growth rates at all times.

The criterion for a specific location would be determined
by the most sensitive life stage of an important species
likely to be present in that location at that time. Since
many fishes have restricted habitats (e.g., specific depth
zones) at many life stages, the thermal criterion must be
applied to the proper zone. There is field evidence that fish
avoid localized areas of unfavorably warm water. This has
been demonstrated both in lakes where coldwater fish
normally evacuate warm shallows in summer (Smith
1964)¥% and at power station mixing zones (Gammon
1970;*** Merriman et al. 1963).%* In most large bodies of
water there are both vertical and horizontal thermal
gradients that mobile organisms can follow to avoid un-
favorable high (or low) temperatures.

The summer maxima nced not, therefore, apply to
mixing zones that occupy a small percentage of the suitable
habitat or necessarily to all zones where organisms have
free cgress to cooler water. The maxima must apply, how-
ever, to restricted local habitats, such as lake hypolimnia or
thermoclines, that provide important summer sanctuary
areas for cold-water species. Any avoidance of a warm area
not part of the normal seasonal habitat of the species will
mean that less area of the water body is available to support
the population and that production may be reduced. Such
reduction should not interfere with biological communities
or populations of important species to a degree that is
damaging to the ecosystem or other beneficial uses. Non-
mobile organisms that must remain in the warm zone will
probably be the limiting organisms for that location. Any
recommendation for upper limiting temperatures must be
applied carefully with understanding of the population
dynamics of the species in question in order to establish
both local and regional requirements.

34
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FIGURE I1I-5—A hypothetical example of the effects of the limit on masimum weekly
average temperature on growth rates of juvenile largemouth bass. Growth data as a function
of temperature are from Strawn 1961; the ambient remperature is an averaged curve for Lake
Norman, N.C., adapted from data supplied by Duke Power Company. A general temperature
elevation of 10 F is used to provide an extreme example. Incremental growth rates (mm/jwk)
are plotted on the main figure, while annual accumulated growth is plotted in the inser.
Simplifying assumptions were that growth rates and the relationship of growth rate to tem-
perature were constant throughout the year, and that there would be sufficient food to sus-
tain maximum attainable growth rates at all times.
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TABLE III-12—Srmmary of Some Upper Limiting Temperatures for Prolonged Exposures of Fishes Based on Optimum 'lem-
peratures and Ultimate Upper Incipient Lethal Temperatures (Equation 1).

Optimum Uttimate upper inciprent Manmam weekly average
Species Function Refersnce lethal temperature R (g
€ F c F c F
"tastomus commersom (while sucker) a 0.6 gowth unpubl, NWQL ™ 03 L] Hart 1947 0 n
_r2gonus artedn ( Cisco or ke hernng) % (8 ] prowth McCormck el ai. 19710 b8 ni Edsali and Colby 19702 18.2 6.6
=r2iurus punclatus (channel catfish) k1 8% rowth Strawn 1570;"° Aadrews and Stickney n0 100.4 Allen and Strawn 13680 n1 %0.9
“T".'Il
+ -yamis macrochrus (bluegil) (yr 1) n 7.6  gowih McComish 197101 s 2.8 Hart 135 5.9 ne
Anderson 18584
“4croplerus dolomieu (smallmouth Bass) 6.3 s trowth Hormng and Pearson 1972+ 5.0 95.0  Horming and Pearson 15722 29.9 X ]
a3l n growth Peek 1365
e 2.3 ni
ns ns growth Strawn 19611% 34 9.5 Hart 1957°% 0.5 %]
irops atheninordes (emerald shiner) n 80.6 trowth unpubl., NWOL™ 0.7 " Hart 1957°% a2 ni
Irzorhynchus nerka (sockeye salmon) 15.0 55.0 rowth Brett of al. 1969547 5.0 no Brett 195772 1.3 #.9
15.0 $9.0  olher funchons  Brett 19712
iuventies) 15.0 maL swmming
.eudopleuronectes Amenicanus (winter
" sunder) nme 64 growm Breft 1970238 2.1 844 Hoft and Westman 19660 e n.a
1:ma trutta (brown trout) (103 LS growth Brett 1970222 a5 T3 Bishai 196057 16.2 6.2
ave 12.5
“aivelinus fontinalis (brook trout) 15.4 59.7 rowth unpubl, NWQL"=* 5.5 n.s Fry, Hart and Walker, 1946%  10.2 LN ]
12.0 5.4 rowth Baidwin §357=4
15 L] matabokc Graham 1948
ave 1S s wope
-aivelinus namaycush (lake trout) . 1% 60.8 scope for activity  Gibson and Fry 13543 n.s Gibson and Fry 195622 e L4
(2 metabol sm)
n 6.6  swimmng spesd
ave 16.5 6.1

Heat added to upper reaches of some cold rivers can be
retained throughout the river’s remaining length (Jaske
and Synoground 1970).** This factor adds to the natural
trend of warming at distances from headwaters. Thermal
additions in headwaters, therefore, may contribute sub-
stantially to reduction of cold-water species in downstream
areas (Mount 1970).3% Upstream thermal additions should
be evaluated for their effects on summer maxima at down-
stream locations, as well as in the immediate vicinity of
the heat source.

Recommendation

Growth of aquatic organisms would be main-
tained at levels necessary for sustaining actively
growing and reproducing populations if the maxi-
mum weekly average temperature in the zone in-
habited by the species at that time does not exceed
one-third of the range between the optimum tem-
perature and the ultimate upper incipient lethal
temperature of the species (Equation 1, page 157),
and the temperatures above the weekly average do
not exceed the criterion for short-term exposures.
This maximum need not apply to acceptable mix-
ing zones (see proportional relationships of mixing
zones to receiving systems, p. 114), and must be
applied with adequate understanding of the normal
seasonal distribution of the important species.
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WINTER MAXIMA

Although artificially produced temperature elevations
during winter months may actually bring the temperature
closer to optimum or preferred temperature for important
species and attract fish (Trembley 1965)," metabolic
acclimation to these higher levels can preclude safe return
of the organism to ambient temperatures should the
artificial heating suddenly cease (Pennsylvania Fish Com-
mission 1971;%° Robinson 1970)%% or the orginism be
driven from the heat area. For example, sockeye salmon
(Oncorhynchus nerka) acclimated to 20 C suffered 5) percent
mortality in the laboratory when their temperature was
dropped suddenly to 5 C (Brett 1971:%% see Fiqure III-3).
The same population of fish withstood a drop to z:ro when
acclimated to 5 C. The lower limit of the range ol thermal
tolerance of important species must, therefore, bie main-
tained at the normal seasonal ambient temperatures
throughout cold seasons, unless special provisions zre made
to assure that rapid temperature drop will not occur or that
organisms cannot become acclimated to elevated 'empera-
tures. This can be accomplished by limitations on 1 *mpera-
ture elevations in such areas as discharge canals anc mixing
zones where organisms may reside, or by insuring that
maximum temperatures occur only in areas not accessible
to important aquatic life for lengths of time suffiient to
allow metabolic acclimation. Such inaccessible area: would
include the high-velocity zones of diffusers or screened dis-
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charge channels. This reduction of maximum temperatures
would not preclude use of slightly warmed areas as sites for
intense winter fisheries.

This consideration may be important in some regions at
times other than in winter. The Great Lakes, for example,
are susceptible to rapid changes in elevation of the thermo-
cline in summer which may induce rapid decreases in
shoreline temperatures. Fish acclimated to exceptionally
high temperatures in discharge canals may be killed or
severely stressed without changes in power plant opera-
tions (Robinson 1968).'* Such regions should take special
note of this possibility.

Some numerical values for acclimation temperatures and
lower limits of tolerance ranges (lower incipient lethal
temperatures) are given in Appendix H-C. Other data must
he provided by further research. There are no adequate
data available with which to estimate a safety factor for no
stress from cold shocks. Experiments currently in progress,
however, suggest that channel catfish fingerlings are more
susceptible to predation after being cooled more than 5 to
6 C (Coutant, unpublished data).**

The effects of limiting ice formation in lakes and rivers
should be carcfully observed. This aspect of maximum
winter temperatures is apparent, although there is insuth-
cient evidence to estimate its importance.

Recommendation

Important species should be protected if the
maximum weekly average temperature during win-
ter months in any area to which they have access
does not exceed the acclimation temperature
(minus a 2 C safety factor) that raises the lower
lethal threshold temperature of suck: species above
the normal ambient water temperatures for that
season, and the criterion for short-term exposures
is not exceeded. This recommendation applies es-
pecially to locations where organisms may be at-
tracted from the receiving water and subjected to
rapid thermal drop, as in the low velocity areas of
water diversions (intake or discharge), canals, and
mixing zones.

SHORT-TERM EXPOSURE TO EXTREME TEMPERATURE

To protect aquatic life and vet allow other uses of the
water, it is essential to know the lengths of time organisms
can survive extreme temperatures (i.e., temperatures that
exceed the 7-day incipient lethal temperature). Both
natural environments and power plant cooling systems can
briefly reach temperature extremes (both upper and lower)
without apparent detrimental effect to the aquatic life
(Fry 1951:*7 Becker et al. 1971).2%

The length of time that 50 per cent of a population will
survive temperature above the incipient lethal temperature
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can be calculated from a regression equation of experi-
mental data (such as those in Figure 111-3) as follows:

log (time) =a-+b (temp.) (Equation 2)

where time is expressed in minutes, temperature in degrees
centigrade and where a and b are intercept and slope,
respectively, which are characteristics of each acclimation
temperature for cach species. In some cases the time-
temperature relationship is more complex than the semi-
logarithmic model given above. Equation 2, however, is
the most applicable, and is generally accepted by the
scientific ‘community (Frv 1967).** Caution is recom-
mended in extrapolating bevond the data limits of the
original rescarch (Appendix [1-C). The rate of temperature
change does not appear to alter this equation, as long as the
change occurs more rapidly than over several davs (Brett
1941 :*' Lemke 1970).*" Thermal resistance may be
diminished by the simultancous presence of toxicants or
other debilitating factors (Ebel et al. 1970,*% and summary
by Coutant 1970¢).** The most accurate predictability can
be derived from data collected using water from the site
under evaluation.

Because the equations based on rescarch on thermal
tolerance predict 50 per cent mortality, a safety factor is
needed to assure no mortality. Several studies have indi-
cated that a 2 C reduction of an upper stress temperature
results in no mortalities within an ecquivalent exposure
duration (Fry et al. 1942:*" Black 1953).**% The validity
of a two degree safety factor was strengthened by the results
of Coutant (1970a).**" He showed that about 15 10 20
per cent of the exposure time, for median mortality ata given
high temperature, induced selective predation on thermally
shocked salmon and trout. (This also amounted to reduction
of the effective stress temperature by about 2 C.) Un-
published data from subsequent predation experiments
showed that this reduction of about 2 C also applied to the
incipient lethal temperature. The level at v Lich there is no
increased vulnerability to predation is the best estimate of @
no-stress exposure that is currently available. No similar
safety factor has been explored for tolerance of low tem-
peratures. Further research may determine that safety
factors, as well as tolerance limits, have to be decided
independently for each species, life stage, and water quality
situation.

Information needed for predicting survival of a number
of species of fish and invertebrates under short-term condi-
tions of heat extremes is presented in Appendix II-C. This
information includes (for ecach acclimation temperature)
upper and lower incipient lethal temperatures: coetlicients
a and b for the thermal resistance equation; and information
on size, life stage, and geographic source of the species.
It is clear that adequate data are available for only a small
percentage of aquatic species, and additional research is
necessary. Thermal resistance information should be
obtained locally for critical areas to account for simul-
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ancous presence of toxicants or other debilitating factors,
a consideration not reflected in Appendix IT-C data. More
data are available for upper lethal temperatures than for
!l WEer.

The resistance time equation, Equation 2, can be
rearranged to incorporate the 2 C margin of safety and also
1o define conditions for survival (right side of the equation
less than or equal to 1) as follows:

time

2 | Olat bitemp. 2] (Equation 3)

Low levels of mortality of some aquatic organisms are not
cecessarily detrimental to ecosvstems, because permissible
-wortality levels can be established. This is how fishing or
-hellfishing activities are managed. Many states and inter-
:ational agencies have established elaborate systems for
~tting an allowable rate of mortality (for sport and com-
mercial fish) in order to assure needed reproduction and
urvival. (This should not imply, however, that a form of
sollution should be allowed to take the entire harvestable
vield.) Warm discharge water from a power plant may
.uthiciently stimulate reproduction of some organisms (e.g.,
zooplankton), such that those killed during passage through
ii1ie maximaily heated areas are replaced within a few hours,
and no impact of the mortalities can be found in the open
water (Churchill and Wojtalik 1969:** Heinle 1969).%%8
On the other hand, Jensen (1971)%% calculated that even
tive percent additional mortality of 0-age brook trout
t Salvelinus fontinalis) decreased the vield of the trout fishery,
and 30 per cent additional mortality would, theoretically.
cause extinction of the population. Obviously, there can be
no adequate generalization concerning the impact of short-
term effects on entire ecosystems, for each case will be
somewhat different. Future research must be dirccted
toward determining the effects of local temperature stresses
on population dynamics. A complete discussion will not be
attempted here. Criteria for complete short-term protection
may not always be necessary and should be applied with an
adequate understanding of local conditions.

Recommendation

Unless there is justifiable reason to believe it
unnecessary for maintenance of populations of a
species, the right side of Equation 3 for that
species should not be allowed to increase above
unity when the temperature exceeds the incipient
lethal temperature minus 2 C:

time
1>———
= lo[u-t‘lemp.rwl

Values for a and b at the appropriate acclimation
temperature for some species can be obtained from
Appendix II-C or through additional research if
necessary data are not available. This recommen-
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dation applies to all locations where organisms to
be protected are exposed, including areas within
mixing zones and water diversions such as power
station cooling water.

REPRODUCTION AND DEVELOPMENT

The sequence of events relating to gonad growth and
gametc maturation, spawning migration, release of gametes,
development of the egg and embryo, and commencement
of independent feeding represents one of the most complex
phenomena in nature, both for fish (Brett 1970)** and
invertebrates (Kinne 1970)."% These events are generally
the most thermally sensitive of all life stages. Other environ-
mental factors, such as light and salinity, often seasonal in
nature, can also profoundly atfect the response to tempera-
ture (Wicbe 1968).%3 The general physiological state of the
organisms (e.g., energy reserves), which is an integration of
previous history, has a strong effect on reproductive poten-
tial (Kinne 1970).*% The erratic sequence of failures and
successes of different vear classes of lake fish attests to the
unreliability of natural conditions for providing optimum
reproduction.

Abnormal, short-term temperature fluctuations appear to
be of greatest significance in reduced production of juvenile
fish and invertebrates (Kinne, 1963).** Such thermal
fluctuations can be a prominent consequence of water use
as in hydroelectric power (rapid changes in river flow rates),
thermal electric power (thermal discharges at fluctuating
power levels), navigation (irregular lock releases), and
irrigation (irregular water diversions and wasteway re-
leases). Jaske and Synoground (1970)** have documented
such temperature changes due to interacting thermal and
hydroelectric discharges on the Columbia River.

Tolerable limits or variations of temperature change
throughout development, and particularly at the most
sensitive life stages, differ among species. There is no
adequate summary of data on such thermal requirements
for successful reproduction. The data are scattered through
many years of natural history observations (however, see
Breder and Rosen 1966* for a recent compilation of some
data; also see Table I1I-13). High priority must be assigned
to summarizing existing inforriation and obtaining that
which is lacking.

Uniform clevations of temperature by a few degrees
during the spawning period, while maintaining short-term
temperature cycles and seasonal thermal patterns, appear
to have little overall effect on the reproductive cycle of
resident aquatic species, other than to advance the timing
for spring spawners or delay it for fall spawners. Such shifts
are often seen in nature, although no quantitative measure-
ments of reproductive success have been made in this
connection. For example, thriving populations of many
fishes occur in diverse streams of the Tennessee Valley in
which the date of the spawning temperature may vary in a
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TABLE III-13—Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperatures

(Adapted from Wojtalik, T. A., unpublished manuscript )*

Temp. (C)

Spawning sty

Range in sprwning depth

Daily spawning bme

Eggsite

Incubalion penod
days (Temp. C)

50

1.0

ni

1.

. 1.0-13.0

13.8-16.7

. W60

144
5.0

. 1510

15.6
15.610.3
15.6
15.6
5.0
16.5
16.7

w1

Shaliow gravel bars

Gravel, rubble, boulders on bar

Flooded shallows

Sand & rock shores

Streams of bars

Submerged materials in shaliows

Shallows

Shaliows
Shallows near bank
Small gravel streams.
Bays & shoals, weeds
Bank, shallows

Over gravel bars

Eravel rock shore

Small streams, bar

Weeds, shaliows

Bank canty
Sand gravel bar

Inches lo 11 foet

Nr. surtacs

320 fesl

MNr. surface

<10 feat
<10 1est

<5fest

§§ 55858 5¢8
§

g

FiEd

i

Nuaung objects

FETRRRI

n50

§ (2.0

2 (15.5)

1=

10 (1.1

LUK )]

4 (15.6%)

105.0)

(.o

TERR )
143 @D

10 (15.0)
1 (22.9-8.4)

e

5(%.0)
1(m.D

15 (35.69)7)




»
-
-
2
-
3

104 Section 11— Freshwater Aquatic Life and Wildlife

I'ABLE II-13—Spawning Requirements of Some Fish, Arranged in Ascending Order of Spawning Temperctures—Continued

Frshes Temp. (C)  Spawmng ule Range 10 spawning degth Dasly spawning ime Egg ste Incubation peniod
days (Temp. C)
2.2 catiish
3urey furcatus n.2
238 catfsh
Tyizichs ohvang . 2
Fioeal suntish
*umis microlophus 1.0 Quiet, various Inches to 10 feet - e
1 rgeor sunfish .
1 egalobs n3
rwater grum
* - s4ingtus granmens noe
81 CATISNChET
suges PO ns
‘24 bullhead
“Jlerus serracanthus %.1
ow bullhead
1iahs Quiet, shaliows 1 _-dfeet Bottom 510 (10.9)

T. A Wojlahik, Tensessee Valley Authorily, Musce Sheals, Alsbama. ™

iven vear by 22 to 65 davs. Examination of the literature
lows that shifts in spawning dates by nearly one month
are common in natural waters throughout the U.S. Popuia-
“iuns of some species at the southern limits of their dis-
aibution are exceptions, e.g., the lake whitefish (Coregorus
«lupeaformis) in Lake Erie that require a prolonged, cold
incubation period (Lawler 1965)* and species such as
~cllow perch (Perca flavescens) that require a long chill period
for egg maturation prior to spawning (Jones, wunpublisivd
data). ™

This biological plasticity suggests that the annual spring
rise, or fall drop, in temperature might safely be advanced
(or delayed) by nearly one month in manv regions. as long
as the thermal requirements that are necessary for migra-
tion, spawning, and other ac ivities are not eliminated and
the necessary chill periods, maturation times, or incubation
periods are preserved for important species. Production of
food organisms may advance in a similar way, with litle
disruption of food chains, although there is little evidence to
support this assumption (but see Coutant 1968;*** Coutant
and Steele 1968;* and Nebeker 1971).%7 The process is
similar to the latitudinal differences within the range of a
given species.

Highly mobile species that depend upon temperature
synchrony among widely different regions or environments
for various phases of the reproductive or rearing cycle (e.q.,
anadromous salmonids or aquatic insects) could be faced
with dangers of dis-synchrony if one area is warmed. but
another is not. Poor long-term success of one vear class of
Fraser River (British Columbia) sockeye salmon (Oncoriivn-
chus nerka) was attributed to early (and highly successful)
fry production and emigration during an abnormally warm
summer followed by unsuccesstul, premature feeding
activity in the cold and still unproductive estuary (Vernon
1958).%* Anadromous species are able, in some cases, (sce
studies of culachon (Thaleichthys pacificus) by Smith and

/
4

1

Saalfeld 1955)%'7 to modify their migrations and spawning
to coincide with the proper temperatures whenever and
wherever thev occur.

Rates of embryonic development that could lead to pre-
mature hatching are determined by temperatures of the
microhabitat of the embryvo. Temperatures of the micro-
habitat may be quite different from those of the remainder
of the waterbody. For example, a thermal effluent at the
temperature of maximum water density (approximately
4 C) can sink in a lake whose surface water temperature
is colder (Hoglund and Spigarelli, 1972).** Incubating
eges of such species as lake trout (Salvelinus namaycusk) and
various coregonids on the lake bottom may be intermittently
exposed to temperatures warmer than normal. Hatching
may be advanced to dates that are too early for survival of
the fry in their nursery areas. Hoglund and Spigarelli
1972,** using temperature data from a sinking plume in
Lake Michigan, theorized that if lake herring (Coregonus
artedit) eggs had been incubated at the location of one of
their temperaturs sensors, the fry would have hatched
seven days early. Thermal limitations must, therefore, apply
at the proper location for the particular species or life stage
to be protected.

Recommendations

After their specific limiting temperatures and
exposure times have been determined by studies
tailored to local conditions, the reproductive ac-
tivity of selected species will be protected in areas
where:

e periods required for gonad growth and gamete
maturation are preserved;

e no temperature differentials are created that
block spawning migrations, although some delay
or advancement of timing based upon local con-
ditions may be tolerated;



e temperatures are not raised to a level at which
necessary spawning or incubation temperatures
of winter-spawning species cannot occur;

e sharp temperature changes are not induced in
spawning areas, either in mixing zones or in
mixed water bodies (the thermal and geographic
limits to such changes will be dependent upon
local requirements of species, including the
spawning microhabitat, e.g., bottom gravels,
littoral zone, and surface strata);

e timing of reproductive events is not altered to
the extent that synchrony is broken where repro-
duction or rearing of certain life stages is shown
to be dependent upon cyclic food sources or other
factors at remote locations.

e normal patterns of gradual temperature changes
throughout the year are maintained.

These requirements should supersede all others
during times when they apply.

CHANGES IN STRUCTURE OF AQUATIC COMMUNITIES

Significant change in temperature or in thermal patterns
over a period of time may cause some change in the com-
position of aquatic communities (i.e., the species represented
and the numbers of individuals in each species). This has
been documented by field studies at power plants (Trembley
1956-1960)*! and by laboratory investigations (McIntyre
1968).3" Allowing temperature changes to alter significantly
the community structure in natural waters mayv be detri-
mental, even though species of direct importance to man
are not climinated.

The limits of allowable change in species diversity due to
temperature changes should not differ from those applicable
to any other pollutant. This general topic is treated in
detail. in reviews by others (Brookhaven National Lab.
1969)*%* and is discussed in Appendix II-B, Community
Structure and Diversity Indices, p. 408.

NUISANCE ORGANISMS

Alteration of aquatic communities by the addition of heat
may occasionally result in growths of nuisance organisms
provided that other environmental conditions essential to
such growths (e.g., nutrients) exist. Poltoracka (1968)3
documented the growth stimulation of plankton in an
artificially heated small lake; Trembley (1965") re-
ported dense growths of attached algae in the discharge
canal and shallow discharge plume of a power station (where
the algae broke loose periodically releasing decomposing
organic matter to the receiving water). Other instances of
algal growths in effluent channels of power stations were
reviewed ' Coutant (1970c).?®*

Changed thermal pattern; (e.g., in stratified lakes) may
greatly alter the seasonal appearances of nuisance algal
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growths even though the temperature changes are induced
by altered circulation patterns (e.g., artificial destratifica-
tion). Dense growths of plankton have been retarded in
some instances and stimulated in others (Fast 1968;*"% and
unpublished data 1971).%*

Data on temperature limits or thermal distributions in
which nuisance growths will be produced are not presently
available due in part to the complex interactions with other
growth stimulants. There is not sufficient evidence to say
that any temperature increase will necessarily result in
increased nuisance organisms. Careful evaluation of local
conditions is required for any reasonable prediction of
effect.

Recommendation

Nuisance growths of organisms may develop
where there are increases in temperature or alter-
ations of the temporal or spatial distribution of
heat in water. There should be careful evaluation
of all factors contributing to nuisance growths at
any site before establishment of thermal limits
based upon this response, and temperature limits
should be set in conjunction with restrictions on
other factors (see the discussion of Eutrophication
and Nutrients in Section I).

CONCLUSIONS

Recommendations for temperature limits to protect
aquatic life consist of the following two upper limits for any
time of the year (Figure I1I-6).

I. One limit consists of a maximum weekly average
temperature that:

(a) in the warmer months (e.g., April through
October in the North, and March through
November in the South) is one third of the range
between the optimum temperature and the
ultimate upper incipient lethal temperature for the
most sensitive important species (or appropriate
life stage) that is normally found at that location at
that time; or
in the cooler months (e.g., mid-October to mid-
April in the North, and December to February in
the South) is that elevated temperature from which
important species die when that elevated tem-
perature is suddenly dropped to the normal
ambient temperature, with the limit being the
acclimation temperature (minus a 2 C safety
factor), when the lower incipient lethal tempera-
ture equals the normal ambient water temperature
(in some regions this limit may also be applicable
in summer); or
(c) during reproduction seasons (generally April- June

and September-October in the North, and March-
May and October-November in the South) is that

(b)
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temperature that meets specific site requirements
for successful migration, spawning, egg incubation,
fry rearing, and other reproductive functions of
important species; or

(d) at a specific site is found necessary to preserve
normal species diversity or prevent undesirable
growths of nuisance organisms.

2. The second limit is the time-dependent maximum
temperature for short exposures as given by the species-
specific equation:

time
R T ——y

Local requirements for reproduction should supersede
all other requirements when they are applicable. Detailed
ecological analysis of both natural and man-modified
aquatic environments is necessary to ascertain when these
requirements should apply.
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USE OF TEMPERATURE CRITERIA

A hypothetical electric power station using lake water for
cooling is illustrated as a typical example in Figure I11-7.
This discussion concerns the application of thermal criteria
to this typical situation.

The size of the power station is 1,000 megawatts electric
(MW,) if nuclear, or 1,700 MW, if fossil-fueled (oil, coal,
gas); and it releases 6.8 billion British Thermal Units
(BTU) per hour to the aquatic environment. This size is
representative of power stations currently being installed.
Temperature rise at the condensers would be 20 F with
cooling water flowing at the rate of 1,520 cubic feet/second
(ft*/sec) or 682,000 gallons/minute. Flow could be in-
creased to reduce temperature rise.

The schematic Figure I1I-7 is drawn with two alternative
discharge arrangements to illustrate the extent to which
design features affect thermal impacts upon aquatic life
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FIGURE III-6—Schematic Summary of Thermal Criteria
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Warm condenser water can be carried from the station to
the lake by (a) a pipe carrving water at a hich flow velocity
or (b) a canal in which the warm water flows slowly. There
is little cooling in a canal, as measurements at several
existing power stations have shown. Water can be released
to the lake by using any of several combinations of water
velocity and volume (i.e., number of outlets) or outlet
dimensions and locations. These design features largely
determine the configuration of the thermal plumes illus-
rrated in Figure I11-7 resulting from either rapid dilution
with lake water or from slow release as a surface laver. The
isotherms were placed according to computer simulation
of thermal discharges (Pritchard 1971)** and represent a
condition without lake currents to aid mixing.

Exact configuration of an actual plume depends upon
many factors (some of which change seasonally or cven
hourly) such as local patterns of currents, wind, and bottom
and shore topography.

Analytical Steps

Perspective of the organisms in the water body and of the
pertinent non-biological considerations (chemical, hy-
drological, hvdraulic) is an essential beginning. This
perspective requires a certain amount of literature survey
or on site study if the information is not well known. Two
steps are particularly important:

1. identification of the important species and com-
munity (primary production, species diversity, ete.) that are
relevant to this site: and

2. determination of life patterns of the important species
(seasonal distribution, migrations, spawning areas, nursery
and rearing areas, sites of commercial or sport fisheries).
This information should include as much specific informa-
tion on thermal requirements as it is possible to obtain
from the literature.

Other steps relate the life patterns and environmental
requirements of the biota to the sources of potential thermal
damage from the power plant. These steps can be identified
with specific areas in Figure I1I-7.

Aquatic Areas Sensitive to Temperature Change

Five principal areas offer potential for biological damage
from thermal changes, labeled A-E on Figure I11-7. (There
are other areas associated with mechanical or chemical
effects that cannot be treated here; see the index.)

Area A The cooling water as it passes through the intake,
intake piping (A,), condensers, discharge piping
(A2) or canal (A".), and thermal plume (A\; or
A’y), carrying with it small organisms (such as
phytoplankton, zooplankton, invertebrate larvae,
and fish eggs or larvae). Organisms receive a
thermal shock to the full 20 F above ambient
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temperature with a duration that depends upon
the rate of water flow and the temperature drop
in the plume.

Area B Water of the plume alone that entrains both
small and larger oreanisms (including small fish)
as it is diluted (B or B’). Organisms receive
thermal shocks from temperatures ranging from
the discharge to the ambient temperature, de-
pending upon where they are entrained.

Arca C Benthic environment where bottom orzanisms
(including fish eggs) can be heated chronically or
periodically by the thermal plume (C or C).

Area D The slightly warmed mixed water body (or large
scgment of it) where all organisms experience a
slightly warmer average temperature (D).

Arca E The discharge canal in which resident or seasonal
populations reside at abnormally high tempera-
wures (E).

Cooling Water Entrainment

It is not adequate to consider only thermal criteria for
water bodies alone when large numbers of aquatic organisms
mayv be pumped through a power plant. The probability
of an organism being pumped through will depend upon
the ratio of the volume of cooling water in the plant to the
volume in the lake (or to the volume passing the plant in a
river or tidal fresh water). Tidal environments (both
freshwater and saline) offer greater potential for entrain-
ment than is apparent, since the same water mass will
move back and forth past the plant many times during the
lifetime of pelagic residence time of most organisms.
Thermal shocks that could be experienced by organisms
entrained at the hvpothetical power station are shown in
Figure I11-8.

Detrimental effects of thermal exposures received during
entrainment can be judged by using the following equation
for short-term exposures to extreme temperatures:

General criterion: lZ lal—u—f—;ﬂwr";--'—‘-"i
Values for a and b in the equation for the species of aquatic
organisms that are likely to be pumped with cooling water
may be obtained from Appendix 11, or the data may be
obtained using the methods of Brett (1952).2 The prevailing
intake temperature would determine the acclimation
temperature to be selected from the table.

For example, juvenile largemouth bass may frequent the
near-shore waters of this lake and be drawn into the intake.
To determine whether the hypothetical thermal discharges
(Figure III1-7) would be detrimental for juvenile bass, the
following analysis can be made (assuming, for example,
that the lake is in Wisconsin where these basic data for bass
are available):

Criterion for juvenile bass (VWisconsin) when intake
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FIGURE 1II-8—Time Course of Temperature Change in Cooling Water Passing Through the Example Power Station with
Two Alternate Discharges. The Canal Is Assumed to Flow at a Rate of 3 Ft. Per Sec.

temperature (acclimation) is 70 F (21.11 C). (Data
from Appendix 1I-C).

> time
= 10111.1549—0. $789(temp.+2)]

Canal

Criterion applied to entrainment to end of discharge
canal (discharge temperature is 70 F plus the 20 degree
rise in the condensers or 90 F (32.22 C). The thermal
plume would provide additional exposure above the
lethal threshold, minus 2 C (29.5 C or 85.1 F) of more
than four hours.

60

= 1 Q134.3645—0.9789(32.22+2))

1>8.15

Conclusion:

Juvenile bass would not survive to the end of the
discharge canal.

Dilution

Criterion applied to entrainment in the system em-

ploving rapid dilution.

5 1.2
= 1 0134.3649-0.9789(32.22+2.0]
1.2
1> 736

Travel time in piping to discharge is assumed to be
I min., and temperature drop to below the lethal
threshold minus 2 C (29.5 C or 85.1 F) is about 10 sec.
(Pritchard, 1971).%2

Conclusion
Juvenile bass would survive this thermal exposure:
1>0.1630
By using the equation in the following form,
log (time) =a+b (temp.+2)

the length of time that bass could barely survive the
expected temperature rise could be calculated. thus
allowing selection of an appropriate discharge system.
For example:

log (time) =34.3649—0.9789 (34.22)

log (time) =0.8669
time =7.36
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This would be about 1,325 feet of canal flowing at
3 ft/sec.

It is apparent that a long discharge canal, a nonrecircu-

lating cooling pond, a very long offshore pipe, or delaved
dilution in a mixing zone (such as the one promoting surface
cooling) could prolong the duration of exposure of pumped
weanisms and thereby increase the likelihood of damage to
them. Precise information on the travel times of the conling
water in the discharge svstem is needed to conduct this
analvsis.

The calculations have ignored changing temperatures in
the thermal plume, because the canal alone was lethal, and
cooling in the plume with rapid dilution was so rapid that
the additional exposure was only for 10 seconds (assumed to
be at the discharge temperature the whole time). There
may be other circumstances under which the effect of
decreasing exposure temperature in the plume may be
of interest.

Effects of changing temperatures in the plume can be
estimated by summing the effects of incremental exposures
for short time periods (Frv et al. 1946**"). For example, the
surface cooling plume of Figures II1-7 and I11-8 could be
considered to be composed of several short time spans, each
with an average temperature, until the temperature had
dropped to the upper lethal threshold minus 2 C for the
juvenile bass. Each time period would be calculated as if
it were a single exposure, and the calculated values for all
time periods would be summed and compared with unity,
as follows:

time,,

e e
lU[a'h.lemp.nw-'.“l

time,;

luL.—h'!emp,l*:q

timea
loln—hzul.un.,'ﬁll

=

The surface cooling plume of Figure III-6 (exclusive of
the canal) could be considered to consist of 15 min at
89.7F (32.06 C), 15 min at 89.2 F (31.78 Cj, 15 min at
88.7F (31.4C), 15 min at 88.2F (31.22C), 15 min at
87.8 F (31.00 C), until the lethal threshold for 70 F acclima-
tion minus 2 C (85.1 F) was reached. The calculation would
proceed as follows:

15
= ]U[Ji.i"‘--l"—ll.ﬂ?!!lll’!.llli".’ 1

15
lol;u.:ﬁw—-u.u? 39(31.75+0)

+

£ s

In this case, the bass would not survive through the first
15-minute period. In other such calculations, several steps
would have to be summed before unity was reached (if not
reached, the plume would not be detrimental).

Entrainment in the Plume

Organisms mixed with the thermal plume during dilution
will also receive thermal shocks, although the maximum
temperatures will generally be less than the discharge
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temperature. The number of organisms affected to some
degree may be significantly greater than the numbers
actually pumped through the plant. The route of maximum
thermal exposure for each plume is indicated in Figure
III-7 by a dashed line. This route should be analyzed to
determine the maximum reproducible effect.

Detrimental effects of these exposures can also be judged
by using the criterion for short-term exposures to extreme
temperatures. The analvtical steps were outlined above for
estimating the effects on organisms that pass through the
thermal plume portions of the entrainment thermal pattern.
There would have been no mortalities of the largemouth
bass from entrainment in the plume with rapid dilution, due
to the short duration of exposure (about 10 seconds). Any
bass that were entrained in the near-shore portions of the
larger plume, and remained in it, would have died in less
than 15 minutes.

Bottom Organisms Impacted by the Plume

Bottom communities of invertebrates, algae, rooted
aquatic plants, and many incubating fish eggs can be
exposed to warm plume water, particularly in shallow
environments. In some circumstances the warming can be
continuous, in others it can be intermittent due to changes
in plume configuration with changes in currents, winds, or
other factors. Clearly a thermal plume that stratifies and
occupies only the upper part of the water column will have
least effect on bottom biota.

Several approaches are useful in evaluating effects on the
community. Some have predictive capability, while others
are suitable largely for identifving effects after they have
occurred. The criterion for short-term exposures identified
relatively brief periods of detrimental high temperatures.
Instead of the organism passing through zones of elevated
temperatures, as in the previous examples, the organism is
sedentary, and the thermal pulse passes over it. Developing
fish eges may be very sensitive to such changes. A brief
pulse of high temperature that kills large numbers of orga-
nisms may affect a bottom area for time periods far longer
than the immediate exposure time. Repeated sublethal ex-
posures may also be detrimental, although the process is
more complex than straight-forward summation. Analvsis
of single exposures proceeds exactly as described for plume
entrainment.

The criterion for prolonged exposures is more generally
applicable. The maximum tolerable weekly average tem-
perature may be determined by the organisms present and
the phase of their life cycle. In May, for example, the
maximum heat tolerance temperature for the community
may be determined by incubating fish eggs or fish fry on the
bottom. In July it may be determined by the important
resident invertebrate species. A well-designed thermal dis-
charge should not require an extensive mixing zone where
these criteria are exempted. Special eriteria for reproductive
processes may have to be applied, although thermal dis-



charges should be located so that zones important for
reproduction—migration, spawning, incubation—are not
used.

Criteria for species diversity provide a useful tool for
identifving cffects of thermal changes after thev have
occurred, particularly the effects of subtle changes that are
a result of community interactions rather than physiological
responses by one or more major species. Further research
may identify critical temperatures or sequences of tem-
perature changes that cannot be exceeded and may thereby
provide a predictive capability as well. (See Appendix
II-B.)

Mixed Water Body (or major region thereof)

This is the region most commonly considered in es-
tablishing water quality standards, for it generally includes
the major area of the water bodv. Here the results of thermal
additions arc observed as small temperature increases over a
large area (instead of high temperatures locally at the dis-
charge point), and all heat sources become integrated into
the normal annual temperature cvcle (Figure ITI-6 and
Figure [11-7 insert).

Detrimental high temperatures in this area (or parts of
it) are defined by the criteria for maximum temperatures
for prolonged exposure (warm and cool months) for the
most sensitive species or life stage occurring there, at each
time of year, and by the criteria for reproduction.

For example, in the lake with the hypothetical power
station, there may be 40 principal fish species, of which half
are considered important. These species have spawning
temperatures ranging from 5 to 6 C for the sauger (Stizo-
stedion canadense) to 26.7 C for the spotted bullhead (Jetalurus
serracanthus). They also have a similar range of temperatures

‘required for egg incubation, and a range of maximum
temperatures for prolonged exposures of juveniles and
adults. The requirements, however, may be met any time
within normal time spans, such as January 1 to 24 for sauger
spawning, and March 25 to April 29 for smallmouth bass
spawning. Maximum temperatures for prolonged exposures
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may increase steadily throughout a spring period. To
predict effects of thermal discharges the pertinent tempera-
tures for reproductive activities and maximum temperatures
for each life stage can be plotted over a 12-month period
such as shown in Fig. ITI-6. A maximum annual tempera-
ture curve can become apparent when sufficient biological
data are available. Mount (1970)3% gives an example of
this type of analysis.

Discharge Canal

Canals or embavments that carry nearly undiluted
condenser cooling water can develop biological communities
that are atypical of normal seasonal communities. Interest
in these areas does not generally derive from concern for a
balanced ecosystem, but rather from effects that the altered
communities can have on the entire aquatic ecosystem.

The general criteria for nuisance organisms may be
applicable. In the discharge canals of some existing power
stations, extensive mats of temperature-tolerant blue-green
algae grow and periodically break away, adding a decom-
posing organic matter to the nearby shorelines.

The winter criterion for maximum temperatures for
prolonged exposures identifies the potential for fish kills due
to rapid decreases in temperature. During cold seasons
particularly, fish are attracted to warmer water of an
enclosed area, such as a discharge canal. Large numbers
may reside there for sufficiently long periods to become
metabolically acclimated to the warm water. For any
acclimation temperature there is a minimum temperature
to which the species can be cooled rapidly and still survive
(lower incipient lethal temperature). These numerical
combinations, where data are available, are found in
Appendix II-C. There would be 50 per cent mortality, for
example, if largemouth bass acclimated in a discharge
canal to 20 C, were cooled to 3.5 C or below. If normal
winter ambient temperature is less than 3.5 C, then the
winter maximum should be below 20 C, perhaps nearer
15 C. If it is difficult to maintain the lower temperatures,
fish should be excluded from the area.
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APPENDIX B*

THERMAL TABLES

THERMAL TABLES—Time-temperature relationships and lethal threshold temperatures for resistance of aquatic
organisms (principally fish) to extreme temperarures (from Coutant, in press® 1972). Column headings, where not self-
viplunatory, are identified in footnotes. LD50 data obtained for single times only were included only when they amplified
temperature-time information.
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rus (Allantic your NC. ter (1968)7 n (5°00) 85.1897 —2.351 2 5.0 U5
Tenhaden) Lower 16 (2630 %/e) .0 30 6.5
] (109/ca) 0 30 65
2wvoorka tyran-  Yearling Buulot,  Lewsand Het-  Upper 21 (5%700) .18 —1.060 3 09 M B
~us (Atlanbec NE ter (1960)%= 720 (6%) .08 —0.632 10 —0.96 35 n .5
Teahaden)
Crasgus auratus  Juvemie qan Mized Commercial  Fry, Bratt, & Upper -2 ; - i)
islalish) Gealer Clawson 10 % n
(Toronto) (1942)% (and n : ¥ D]
Fry. Harl, & n . . E D]
Walker, 2 .. W03 0.5 2 0.0 390 9240 ...
1946)% n LN —-0am 2 4.0 4.0 §.008 ano
Lower L] . SR o LMW L
0 3 . 5.0014)
n : s ; . 15519
Catostomus com-  Adult (1-2 y) Lo 104198 Mined Don River,  Hart (1947"7) Uppar 5 .69 -1.1091 2 ns 7.0 . %)
mersonni (whele (mode) Thornhill, 10 199090 060 3 -0 ™ A .1
tacker) Ontane 15 3.9007 —-1.00M 2 » b-51 13
F 7,000 —0.0088 4 —0.9%06 .5 N nl
- noe —wan 1 -0 2.5 1S . B3
Lower n .5
b 6.0
* Itis assumed in this table that the acclimation lemperaturs reported i a true acchmation in the context of Brett 4 = |ncipient lethal tlamparature of Fry, st al, (1945).9
(19§2),7¢ « Salinity.
* Number of median resistance times used for calculating regression equation. 7 Log time 1n hours to 507 mortality, Inciudes 2-3 hr. required for test bath to reach the test temperaturs.

« Corretabion cosfficient (parfect A1 of all data points to the regression kne=1.0),

*From: National Academy of Sciences (1973). See pp. 410-419, 444-445, Appendix II-C.
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THERMAL TABLES—Continued

Acchimation log time=a-+b (temp.) Data hmuts Lethal
Species Stage ape Length Weight Sa Location Reference Extreme - -0 LDS0  thresho
Temp  Time a "I r —— %)
upper lower
Coregonus astedn Juvemle Mized Pickerel Edsall and Upper 2 Bwhs  16.5135 —0.6689 4 —0.9789 2.0 19.0 1
(cisco) Lakes Caldy, 5 dwhks  10.2799 —0.3645 3 —0.9264 4.0 200 n
Washtenaw  1370:2 1] S2wks 124980 0.8 § —0.9TM 20 M0 M2
Ca.. Mich. 2 Jwhs  1.2%1 —0.533 8 0.0 20 2%.0 %2
» Iwks 150204 0.3 7 —0.9%64 00 255 5.0
Lower 2 Bwks 1.5 03 <01
5 dwks 1.0 058 <0.5
10 >2wks 27055 0.3 S 0.2 30 0.5 k)
S Zwhks  2.90% 0.7605 6 0.963 45 0.5 %
% Iwks  LTISE 00652 3 0.5 85 0.5 (8]
Coregonus hoys  Juvenile ®.0mm Mired Lake Michi-  Edsall, Rottiers  Upper 5 M 1500 —0.501 5 —-0.%% 260 2.0 21
(blgater) e ) 5.0. 5.8 panat! & Brown, 10 S6a  9.0000 —0.20% & —0.9516 0.0 2.0 ni
Kenosha,  1970% 15 Sda 12108 —0.5107 4 —0.9%0 20.0 24.5 ua
Wise. 2 Sda 286392 -0.M58 4 —0.9692 290 255 5.2
5 Sda 23511 —0.654 5 —0.9888 0.0 2%.5 %1
Cyprinodon vane- Adult Jefterson Strawn and Upper k] @0 ) %N -06N7 6 -0.973 OO0 WS
gatus (sheeps- County. Dunn 35 (5° ) 3305 -0 & —0.977 &5 4.0 “s
head minnow) Teus (19617%) » (109 o) 30.0910 —0.6628 & ~—0.5350 4.5 4.8
15 (200 )  30.0394 —0.654 4 —0.99%2 £.5 4.5
Cypricodon vane- Adult Galveston  Simmons Upper 0 00 hrst  35.0420 —0.0025 2 a4 wa
gatus vanegatus Island, Gal- (1971 (from 21.3 C)
(sheepshead vesion, Texas
minngw )
Dorosoma cepedi- Underyearling Put-in-Bay,  Hart (1952)* Upper 25 fieldd 4L1163 —1.3010 3 —0.9975 355 .5 ua
anum (guzard Ohio 4 da
shad) 0 " 30850 —0.%M 4 —0.991 MO0 %S5 %.0
] - IS -0 5 —9.%4 3.0 3.0 %.50
Lower 25 0.
] WS
3 2.0
Dorosoma cepedi- Underyearling Knomville,  Hart(1352)%s Uppr 25 321348 0059 2 15 5.0 .5
anum (pzzard Tenn. 0 411030 —0.051 4 —0.9991 300 365 %.0
shad) ] 326 —0MTE 6 —0.9% M %S %5
Eson luaws Juvenile Minimum Mapie, On-  Scolt (1964)» Upper 250 17.3066 —0.453 5 —0.899 WS 1.5 7%
(Northern Pike) 5.0em tanio, Canada .5 M40y —0.M%0 5 —0.9%5 35.0 1.0 .75
0.0 1.091 —0.4319 5§ —0.99M 355 3.5 13.2%w
Esor masquinongy Juvensie Mimmym Deerlake  Scolt (1964)% Upper 250 W 0535 5 —0.9M2 M5 5 .5
(Muskeliunge) i0cm Halchery s 0007 -0.53 5 0.9 %0 1.0 nn
Ontang, 1.0 109506 —0.451 5 —0.872 385 315 ns
Canada ()
Esox hybrid Jurenile 5.0cm Maple, On-  Scott (1964) Upper 5.0 10.6513 —0.4926 4 —0.9941 M5 3.0 2.5
(luciusx masqui- minimum tario, Canada 2.5 20784 —0.560 5§ —0.99% 35.0 3.0 2.7
nongy) 0.0 196126 -0.5032 § —0.9851 3.5 1§ ns
(0]
Fundulus chryso-  Adult Jeferson  Strawn L Dunn  Upper 35 @ex)- 2.7 —0.5219 9 —0.9%8 B0 9.0 ns
tus (goiden top- County, (1967)» ] (57 w)— 212575 —0.4600 7 —0.9%3 4.5 40.0
minnow Teas I/ (00— 28635 —0.415 3 —0.9%5 4.5 4.0
Fundulus diapha- Adult Halifaz Co.  Garside and Upper 15 0° wp 2.5
nus (banded and Annago-  Jordan 15 (M) ns
Kilhfish) hs Co.. Nova  (1968)% 15 (320 ) n.s
Scotia
Fundulus grandis Adult . Jeflerson Stawn & Upper 35 (00.) 220009 —0.5179 8 —0.972 2.0 W5 .
(gult killifish) County, Dunn % (5' ) 2L6M] —0.620 7 —0.9%7 4.5 2.5 .
Tezas (1967» » (100 w) 20972 —0.555 9 —0.92% 0.0 9.0
k] (Me.) DS —0568 8 —0.9970 4.0 95
Fundulus heterg-  Adult . HalfaxCo.  Garside and Ut 15 @0 ) no
chitus (mummic- and Annago-  Jordan 15 (149 20) o
hog) lis Co., Nova  (1968)% 15 27/ ) s
Scolia

@ 1t13 assumed in thus table that the acchimation temperaturs resorted is a trus acchmation in the context of Bratt

7 Experimental fish were reated Irom eqys taken {rom aduits from this lecation.

+# Thesa Limes after holding at 8 Clor > | ma.
* Acchmated and tested at 10 © .o sahmly.

+ Tested in three salinitoes.

+ Tested at 3 ievels of salinaty.

(|m:-
* Number of median resstance hmes used for caiculabing regression equation
« Correlation coefhicient (perfect fit of all data ponts to the regrassion line=1.0).
4 = Incipient lethal temperature of Fry, et al, (1348)3
* Experimental fish wers hatched from eggs obtained Irom adults from thus location.

(W]
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312 Appendix II—Freshwater Aquatic Life and Wildlife

THERMAL TABLES—Continued

log bme = a+b (lemp.)

Acclimation
Species Stage/age Length Weight a1 Location Referance Extrame —_ —
Temp+ Time 2 b N® "
Fardulus par- Agutt lem Mizsd Misszion B3y, Doudoroft Upper " 20 -0 4 -0
+ sinms (Cab- Cabl. (sma-  (1M5)™ 2 SN -1 n -0.9236
tard hikfish) water) a 0507 05001 7 —0.9%0
“ried m seawalel Lower " 21908 1091 3 09449
«:7zpl s noted) b ] amm 0nes @ 0.9468
2 25 omn 4 o.a
2 (imtods, 2.652 04U 0.1
sea water | day before
lesting)
Preoulspul-  Adult Jofterson Strawn and Upper k] ©97) 21418 —0.6304 B —0.9741
+213u8 (Bayou County, Dunn EL] (5% 00) 29374 —0.6514 1 —-0.990
1figh) Teras (1967 kL] (107700) 25.0890 —0.5477 5 —0.995
-] (20°/.0) 30.4702 —0.6745 8§ —0.9849
Tooduius smibs  Adull . Jaflersan Strawn and Upper k- 00 22945 -05113 & —0.9092
~tnose willi- County, Dunn 1 (57 ) 256185 —0.56%0 6 —0.99M4
Bl Tenas (1967 B (109 ) W 4615 -0.5083 & —0.995
5 (0°w) 26.5612 -0.5018 6§ —0.9983
Cimbuva s Adult Mized Knotville.  Harl (1352)% Upper 5 0.0 -0.3M 2
. s (mosgmie- Tenn. 0 30157 -0 6§ 0.9
) k4 nNw —-0.5408 & -0
Simbupa alims  Adult Jeflerson Co.. Strawn & Upper 15 0° ) 22404 —-0.5108 5 —0.9600
=asquitofish) Tenas Dunn 15 (5%%0) 22138 —0.524 5 —0.9025
reshwater) (1967)%* B (10900) 22,4911 —-0.5304 8 —0.9852
35 (00 00) 221994 —0.501 & 0.9
Gambusia affinis  Adult Jeflerson Co.. Strawn and Upper 35 @2 ) 116144 03909 5 0.2
Tosquitolish) Texas Dunn kL (57" ¢) 10.9339 04182 5 —0.99%
“aitwater) 1967y kL] (0°5) 004 —0.51685 7 —0.932
kL] °/2) 22.0683 -0.5124 6 —0.999
Sombusa affims  Adult Mired Welaka, Hart (1852)% Upper 15 2.6 08507 3 -0.3M3
~zibrook Flonda 2 NNy 0% 31 000
Tosgwlofish) » na2 -omun 5 —-0.99%
35 2112 0654 5 —0.9%9
Lower 15
2
k]
Garmanma Adult . Northern Gulf Heath (1967)% Upper n 2179 —-0.5166 3 —0.9%05
chiquita (goby) of Calitornia
Coast
Gasterostous acu-  Adult Tmmave. 0.50gave. Mized Columbia Blahm and Upper L] 19491 -9.5%0 31 —0.9998
I=atus (three- River near  Parenty
sne stukle- Preszott, (1970)** un-
back) Oregon published
daa
Girella nigricans  Juvenile Lid.icm Mized LaJolla, Caii- Doudoreft Upper 17 2.2 —068 6 0.9
(opaleys) forna (3°N)  (142)% 2 19.2641 ~0.5080 7 —0.99%0
ki unn -0 4 —0.un
Lower 17 .45 ous 0.955C
ol -1 o648 & 0.9835
b —0.1238  0.2614 6 0.9120
lealwws Florida to On- Hart (1352)% Upper 5 14.6802 —0.4539 4 —0.9112
(Amicurus) neb- tano (4 lo- 10 16,4227 —0.4842 10 —0.9526
ulosus (brown cations) com- 15 wun 08238 31 0.9
bulihead) bened n 23.9506 —0.6473 M1 -0.9M2
Fe] 2490 0512 12 3.9
n 0.2200 —0.5811 19 —0.99
Hu 1"NW 0450 § 0312
Lower ]
b+
0
Ictalurus puncta-  Juvemla Mited Centerton,  Allen & Upper % My o 13 0979
tus (channel (445" da A Strawn » 2,136 -0 11 -0.5510
catfish) old) (hatchery) (1968) u X404 06149 20 -0.%N

 It15 assumed in this table that the acclimation temperature reported is a true acclimation in the contaxt of Brett

(1952).74

& Number of median resistanc Umaes used lor cakculating regression squation.

Data limits. Lethal
(&) LD50  thresholdd
” (4]
Upper lower
Mo 0 13
ne w0 e
“wo %o %5
15 04 1.2
.8 20 56
4w 20 16
LR B X ] i
7.0 3180 ns
a5 0.0
as as
45 wo
a0 as
as aa
as aa
an s
n e
a4 us n.e
ns 30.0u)
Q0 w0
25 0s
25 o
25 0.0
2.5 0.5
Q25 ws
Q5 ns
@5 ao
noo» us
ns ns ne
a 3 0
a4 us 3.0(w)
15
5.5
ns
7.9 %0
n % 5.0
ne 20 a
.0 o n4
no na 4
50 e 55
Ly 50 [ B-]
13.0 6.0 13.5
ns o0 s
ns us n.o
noe 25 o
3.0 125 ns
e WO ns
S %5 us
s %0 i
0.5
o«
6.1
0 %6 %6
0s 4 EIN
2.0 1o 3.0

< Correlation cost'icient (perfect fil of all data ponts to the regression line = 1.0).
4 = Incipient lethal temperature of Fry, et al., (1946).*3

+ Salinity.
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THERMAL TABLES—Continued

Acchmaton log tima = 3-+b (lemp) Data hmty Lethai
Ssects Stage ape Length Weight Sa Lacaven Reference Extrome 5] LDS)  threshoigd
Temp:  Time a 8 n r— ()
upper lower
Ictalurus puncta-  Juvenie . . JoaHogan  Allem b Upper 5 5554 oMM 5 0.9 1S5 8S . KBS
tus (channel (1.5 me) State Fish Strawn » 1.N2% —0.088 4 0904 W0 208 ... d.8
catfish) Hatehary, (1968 k] 2.0 0654 4 0905 1.0 N0 n
Lonoke,
Arkansas
Ictalurus puncta-  Aduit Mited Welaka, Fla.  Mart (155 Upper 15 UM 1067 3 -0.%M NS5 NS 04
tus (1. lacustng) and Putan- 2 39467 -1.124 4 -0.9%M MO0 30 ns
(channel catfish) Bay, Ohio i -] H.2155 1.9 5 0.5 30 M0 . NSs
- Lowee " 15 X
20 0.0
5 0.0
Lepoms macre-  Adult Mired Welaka, Hart (1352)% Upper 15 B0 -0 5 0.9 U0 NN n.s
chirus purpures- Flonda 0 200668 —0.7028 6 -0.99M M5 NS ne
cans (bluepl) 2] N -080 W -0.97% %0 N0 . no
0 25.712 06500 5 —0.9%5 N us . us
Lower 15 2.5
] 5.0
E 1.5
0 ne
Lepomis macro-  Adult Mized Lake Mendota. Hart (1952)% Upper -0 4T —1.0501 4 —0.8892 5.5 .0
chirus «blvegil) Wisconsin E 0.0 -0.757 4 —0.%00 M0 3.0
Leporms megaiohs Jurenile >12mm Mized Middle Fork, Nesll Stawn®  Upper 25 /45 —0WN ) -0 B9 354 %6
(longear sunfish) White River. Dunn 0 20.58 -0 n -D%WS NI %S 3.8
Arkansas (1968)% 3 30.745 —9.7251 43 0.9 0.5 303 . W
Lepomis sym- Adutt . JeMerson Co.. Strawn & Upper 5 @0 207407 0468 7 —0.9147 2.0 Ny
metricus (ban- Teus Dunn ] (5° ) 25649 —0.534 6 09915 Q.0 9.0
tam sunfish) (1967)% k] (00 0) WMN -2 5 —0.313 4.5 30§
Lucanaa parva Adult E—— e Jefterson Co.. Strawn and Upper kL] @0 wp 212616 —0.4T62 9 —0.904 0.5 S
(rainwater killi- Tenas Dunn kL] (507:) 243076 -—0.560 8 —0.984 425 9.0
fish) (1969 5 (109%) 243108 —0.567 8 —0.9904 2.5 9.0
k4 0°:) 201302 —0.4687 T 0.9 &5 15
Memtia memdia . L¥A2em  4.3-5.2gm  Mined New Jersey  Hof & West- Upper 1 190801 —-0.731 5 -0.9390 M40 X .oono
(common silver- (average {average (M°N) man (1966)% " 18.7499 —0.8001 6 —0.9%16 27.0 2.0 5.0
sige) for test for test n 65.7350 —2.0087 6 —0.%26 32.0 2.0 . .4
groups) grougs) n 376032 —1.052 5 -—0.M12 MO W ns
Lower 7 —~5.514 LW § ommM 2 1 1.5
" =LK 259 6 0B 5 1 20
n —1.401 L 6 0.9 7 2 43
Fi —0.2066 13506 § 0.5030 15 7 [B]
Micropterus sal-  5-11 me. age Welaka, Hart (1352)% Upper 20 8500 —10m2 5 —09Mr M N2 n
modes fion- Florida 5 19.9918 —0.5123 8 —0.%272 %5 1 R |
danus (large- 0 17.5645 —0.4200 8 —0.930 N us . nIw
mouth bass) Lower 0 5.2
] 1.0
k'] 10.5
Microplerus sai- Put-n-Bay,  Harl (135)% Upper 20 508091 —1.4M 2 u on ns
moides (large- Ohio Fe] 2%.3169 —0.6M6 3 —0.997 3.5 3§ WS
mouth bass) 0 2013 —0.N%0 4 0.9 WS U 36.40)
Lower 20 5.5
30 ne
Micropterus sal-  Under yearkng Knornile, Hart (1952)% Upper N 36.0620 —0.908% 4 0.9 N5 W B4
mordes | large- Tenn. ] 22,9185 -0.5632 6 -0.9%0 W .5 . BAw
mouth bass)
Micrpterus sal- Lake Men-  Hart (1352)~ Upper n 43649 0979 4 —0.9789 3.8 2.0 ns
moides (large- dola, Wis- k] B2 0.5 4 0.9 315 3.5
mouth bass) conun
Mysis relicta Adunt Mized Trout Lake,  Smuth (1570)% Upper 1.5¢ >1wk 6.1302 -0.10 3 0.545 % 16 16
Opposum Caok
shrimp) County,
Minnesola
* Itis assumed 10 this table that the scchmabon temperature reported 1s 3 true acchmabion in the contest of Brett < Correlation coefficient (perfect fit of ail data ponts 1o the regression hne=*.0).
11952).7 4 = Incipient lethal temperature of Fry, et al., (1346).%%
& Number of median resistance times used lor calculating regression equation. * Salimty.

w
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tependix 11— Frestecater Aquatic Life and Wildlife

THERMAL TABLES—Continued

eney Stage age Length Weight Sex Locaton Reference
sweriiasat  Adult >1 mm Mized Sacramento-  Hair (1971)%
Lot 008 San Joaquin
WMy deita, Cah-
forma
e . Adult Compouites  Hart (1952)
weeTas of 1. Welaka,
I Zea sner) Fla. 2. Put-
“in-Bay, Ohio
3. Migonquin
Park, On-
tario
voupaalnen-  Juvenile 0-1.9 g.mode Mized Chippewa Hart (1947)%
< zey emerald (< lyr) Creek. Wel-
e tand, Ontario
Toronto, On-  Hart (135)%
ommon shingr) tano
Ntreys cornutus Adult 40597  Mined Don River.  Hart (134T)
mmon (maostly 2 yr) (mode) Thornhill,
$hiner) Ontano

Netreois cornutus Adult Knoxville,  Hart (1852)"

t-mimon shuner) Tenn.

Cecorvynchus  Juvemsle fresh- 3,810,239 0.30=0.1% Mined Dungeness,  Brott (1952)™
ituscha (pink  waler fry cm Wash.
siiman) (3.0mo) (hatchery)

Oecorhynchus  Juvenile fresh- 5.44£0.09  1.624+1.00g Mired Nile Creek,  Brott (195D)™
ket ichum water Iry m B.C.
1aimen) (4.9 mo) (hatchery)

Ocornynchus  Juvenile Big Creek  Blahm and
kety (chum Hatchery, Parente
1imon) Hoodsport,  (1970)'*

WashA unpubhshed
data

* Itis assumed in thes table that the acchmation tamperature reported 15 a true acchmabon in the context of Brett
1957).00

" Number of median resistance fimes used for calculating regression equation.

* Correlation coefficient (perfect it of all data pownts to the regression line==1.0).

4~ Incipient etihal temperature of Fry, et al., (1946).-2

* All tempe: atures estmaled from a graph.

Acchmation
Erreme
Temp~ Time
Upper 0¥
ne
15.1
"3 15.1040)
19.0 .0
"o LM -0.71% 2 W-BY
ni .48
2.0 77.5(48)
24 16.0048)
Upper 0 Q2.7 —1.3597 3 0.9 NS NS ns
] 0.6 -0.093 4 0% 15 Na ns
2 310275 —08122 15 —0.9069 M5 N0 ne
] 2505 -0.9226 9 —0.9665 %0 M ns
k] 6.9 —0.6615 10 —0.%90 N5 3 .5
Lower 15 1.5
n (K]
<] 1.0
n na
Upper 1 0.9512 —-0.19%59 3 -0.9519 M5 2.5 ni
10 ¥B.8N <108 2 s . %.1
15 Qas 150 3 0% 05 NS ns
20 NaO4 0988 3 -0.905 N5 NS n.r
% %.70% —0.7331 & 09153 MO0 NS 0.7
Lower 15 1.6
2 5.2
- | &}
Upper 0 1 20 10 10
15 s.a03 -1.uw9 2 ns ne 0.5
20 5324 10116 4 09560 130 NS no
25(win 4,920 —0.6878 5 —0.9915 M.0 32.0 na
ter)
b %N -0 3 0997 BS5 0 no
0 1K1 076 6 —0.9%6 3.5 .0 3.0
Upger 5 a i %.7
10 .78 -1.352 3 -0.978 W00 29.0 n6
15 65.097 -1 3 —0.9%99 .0 30 0.1
2 .84 1016 4 —0.9580 1.0 NS nae
F- ] 4.9%20 -0.607 5 —0.9915 0 3.0 nae
Lower 0 wases 37
i ] 11
Upper 3 25.5152 —0.614 6 —0.993 5.5 N0 1.0
k] 24.9680 —0.6297 10 —0.970 M0 U5 1.5
Upper ] 11821 —0.415 4 —0.95T3 4.0 2.0 . .20
10 119021 —0.3865 8 —0.94 265 2.0 Lo R.5+0.3
15 12,8937 —0.40T4 8 —0.9884 210 2.5 . 121203
2 6.2 00014 7 —D%M 1.5 M0 . 3.9=08
u W —0.4458 6§ —0.9630 2.5 U5 n.9
Upper 5 14389 —0.5320 4 -0.9833 40 2.0 il |
10 WA —0.4766 9 —0.8665 6.5 2.5 .oons
15 158811 05252 8 —0.%070 2.0 2.0 . 81204
0 . 161484 —0.5168 9 —0.91% 0.5 A8 . a7
i 15305 —04T0 4 —0.9%%2 71.0 M0 . B0
Lower $
10 1 0.5
15 5 a7
2 7 6.5
n ] 13
Upper 9 i 16.9245 —-0.5985 6 —0.98271 B9 n 2.0
- 159272 05515 4 092 N9 ) .ol
€0 16.8763 —0.5881 4 —0.39%5 N9 i 06

/ For manmum of 48 hr exposure. The lower lemperature is uncorrected for heavy mortality of control ammals al
“acclimation’ lemperatures above about 21.6.

# The author concluded that there were no geographic differences. The Welaka, Florida subspecies was N.c. bosii,
the others N.c. auratus, based on morphology.

 Tested in Columbia River Water at Prescott, Oregon.

+ Mortality Value.

55



THERMAL TABLES—Continued

Sage ape Lemghh Wesght Sex Loecation  Reference

Oncorhynchus  Juvenile fresh- 4.78:0.6 1.37:0.62y Maed Mile Creex.  Broft (1952)"
Kisulch (cohe  water Iry o | 18
saimen; (5.2 ma) (hatchery)

Oncorhynchus  Juvemle Kalama Fails. Blahm &
nisuich (coho Wash. McConnelt
wimon) (hatcheryy  (1920)~

unpubhshed
data

Oncorhynchus  Adult 250 mm 22500 gave. Mized Columba Coutant
usulch (coho ave. River at (1970)7%
saimon) Priest Rap-

ids Dam

Oncorhynchus  Juvemile fresh- 4.49+:-0.84  0.87-:0.45¢ Mized Issaquah. Brett (1852)7
nerka (sockeye  water iry cm Wash.
talmon) 4.7 mo) (hatchery)

Oncorhynchus  Juvenile 61 mm ave. Mized Natonal Fish McConnell &
nerka (sockeye  (under Hatchery: Blanm
salmon) yearlng) Leaven- {1970y

worth, unpubushed
Wash. data

Oncorhynchus  Juvemle 100-105 mm Mized National Fish McConnelt &
nerky (sockeye  (yearhing) are for tesl Hatchery Blahm
salmen) roups Leaven- (9=

worth, unpubhshed
Wash.: data

Oncorhynchus  Juvende fresh- 4.44-:0.40 1.03:0.27g Mired Dungeness.  Brett (1352)"
Ishawytscha waler try tm Wash,

(Chinook (3.6 mo) (hatchery)
salmon)

© 1115 assumed in this table that the acclimation temperature reported is a true acchmation in the context of Brett
(1982).7¢

" Number of median resistance times used for calculating regression equation.

< Correlation coeflicient (perfect fit of il data points to the regression line = 1.0).

4 = Incipient lethal lemperature of Fry, et al., (1346).~"

10 C—acclimated fish came directly from the hatchery.

* Data were presented allowing caiculation of 10", and 30 mortality.

Appendix II-C 415

Acthmation log time ~ 2.+ b (temp.) Data ity Lethai
Erreme — — — e LDS0  threshoi
Temp: Time 2 L] N " _ (§ 4]
upper lower
Upper 5 nyne -omn 2 ne na .9:0)
L] 19.511 -0.6020 4 0.9 260 M5 aa H
15 WWEE -0.6058 & -0.%N 270 NS . W30
2 N0 06N 4 0.9 21.5 255 . B0
a W% 0603 5 0.9 215 5.0 5.0+07
Lower 5 0.2
w 1 L1
15 3 15
2 L] 45
n 11 X
Upper ] ey 154616 0552 6 0051 1 11 na
(50,) W% 06410 & 09705 B 1.0 ns
o) 159026 -0.5423 4 e 3 e na
1L ar) 05307 -0.2969 W -0.%81 we o
5 8.51% 0.4 W o.M 29 (AL 1.0
(£ ] 2.0
Upper m 5.9660 —0.160 S —0.9%7 0 % ?
Upper 5 1,180 —0.6623 4 —0.933 .0 225 . 12.2+01
10 17319 —0.4588 8 (.93 265 2.5 0.4+03
15 15.8799 —C.5210 7 —0.9126 21.5 24.5 L WAx0]
2 19.3821 -0.6378 § —0.%602 21.5 .5 BN B R )
el 200020 —0.64% 4 —C.9301 265 U5 L. 03
Lower 3 ] 0 g 0
10 4 0 s 11
15 ] 0 - 4
20 ] 0 . 41
Fi] 7 1.0 6.1
Upper 0 W0 1.4 06458 6 —0.9%7 29 " . ns
50 18.5833 —0.6437 6 09190 29 4 ns
L 0609 —0.N6 & 0.9 N W 2.0
n [ 1.527 -0.5861 6 -097M9 28 2 . ns
b 167328 -0.5413 6 —-0.982 B9 n ns
€, 15.782 —0.5061 6 0919 N8 2 . ns
Upper  101°C  (16;y BT —0.2118 4 0.5 2 W
per day nse
lo accl. temp.
s 9040 —0.32 4 -mwn W R X |
W) 9.0628 0.5 4 -0.%5M 1 "
1" ar) 13,2012 04415 4 0.9 20 n” ’
807 181322 06178 4 0959 28 n . BD.§
7) 1757 -05%0 4 -0 N ”
15.5°  Qe) 121783 —0.8004 5 -0.543 32 n
) 16666 -0.M32 5 0910 X2 n 2.5
(307 12.185 —0.4051 4 0918 12 m
- ar.) 14210 0614 5§ 03543 9 2 . = .
50r:) 17202 -0.5885 4 09490 9 n 4.3
o) 17.239 —0.5769 4 —0.934 29 2
Upper 5 9.3155 -0.217 & —0.9847 5.0 .5 s
10 16,4595 —0.5515 5 —0.99% 265 US . W30l
15 16.4454 —0.5564 4 —0.9%06 2.0 25.5 . B0x00
2 22985 —0.7611 7 0.9 21.5 25.0 25.1:0.1
u 18.9340 —0.5%2 9 —0.991 21.5 25.0 - R ES A
Lower 0 o0 (%]
15 : 3.0 05 . &3
2 50 05 3 45
a 5 s 0 1.2 . 14

214 C—acclimated fish were collected from the Columbia River 4-6 wks following releass from he halchery
(and may have included a few fish from other upstream sources). River waler was supersaturated with Nitrogen.
and 14-C fish showed signs of gas-bubble disease during tests.

A River temp. during fall migration.

+ Tested in Columbia River water at Prescott, Oregon.

7 Per cent mortalilies.
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It 5 assumed in this table that the
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Number of median resistance imes used fof calculating regression equation.

33-124 mm

for various
test groups

Mmmave. 63gave Mired Little White  Blahm &
Saimon. McConnell
River 19y~
Halchery. unpublished
Cook, daa
Washington
40 mm. ave. Mized Eggs from Snyder &
Seattle, 8uhm
Wash. (1970) o
raised from  unpublished
yolk-sac data
stage
Columba
River waler
at Prescott.
Oregon
90.6mmave. 7.8 gave. Mized Little White  Blahm &
Salmon McConnell
Riverhatch-  (1970):>
ery. Cook. unpubhshed
Washinglon  data
2500 mm ave. 2000 g ave. Males Columbia Coutant
River at (1970)™
Grand Rapids
Dam
Gmmave. 1.2gave Mirzed Columbia Blahm and
River near  Parenle
Prescoft. 1970y
Ore. unpudlished
data
8.0-9.9¢ Mirxed Black Creek, Harl (1947)%
mode Lake Sim-
coe, Ontano
Great Lakes  McCauley
(1963)%
reported 15 a trus n of Bratt

Mired
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Location  Reference

Columbna Sayder &

River 3l Bhm

Prescott. (1970)

Oregon unpudlished
data

Corralation coefficient (serfect 61 of all data points o the regression hine=1.0).
“ Inzaient lethal temperature of Fry, et al., (1946).+
* F'sh tested shortly after capture by beach seins.

Dsia were aisa available fof calculation of 10" and 90° | mortality of June lest groups.

Upper

Lower

Acchmation
Temp~ Time
w

(L]
9 .)
10+
)
% .)
”
L} ]
m )
%0.)
18
')
%)
n 2-3-whs
W
L
e
20 1C day nse
from 10
1w
P
L
L} %
ar .y
90y
1 2-3 whs
W
5
o
2 1C day rise
from 10C
10
50
°';
1w
9
19 field plus
dda
5
n
15
%
5
15 and 20~

6.8y —0.5100
10.9770 - 0.6621
17.0218 —0.5045
15,7101 -0 5403
151583 - 0.5012
15.2525 —0.5130
182514 -0.6148
12.4050 —0.39M4
10 Wi -0.1
12.7368 —0.5040
13315 -0.440
1.5122 -0.3145
WS 0.4

12.26%
14,6268
1"am

-0.4691
- 0. 5066
- 0.6879

2.6664 0.9
.35 -0.129
09294 -0.701

13.5019
8.9126
10.6431

~0.48M4
—-0.31%8
-0.3Mm

18.6889
2.5
20,8580

—0.6569
—~0.na
-0.11

21.675
2.1
20.5182

~0.7428
—0.7526
—0.6880

-4
—0.254

15.3601 —0.4126

7.0085 —0.2214
17.6536 —0.6021
12,4149 —0.3641

21216 —0.5%09

17.5642 —0.4680

- -

- -

@ o ow

Data hmits
—
R
upper lgwer
-0.9990 9 5
-8 n 2
0.9%91 8 5
09255 9 X
-0.94 n
-0.9360 1 a
-0.9821 9 a
—0.9608 12 n
0.94% 12 1]
~0.913 2 1
~0.95% 0 2
~0.9413 20 20
~-0.9%620 W ]
-0.95M4 B n
-0.9843 29 n
-0.9295 29 n
~0.9141 29 n
-0%M™ 28 n
—0.9463 9 n
-0.3845 29 ]
~0.9618 29 [}
-0.9%91 29 !
—0.9%18 29 n
-9 n
-4 B 1
-0.95% 2 N
-0.9738 29 2
-85 8
00206 0 N
0992 % 2
n n
—0.9%04 265 220
%5 5.0
-0.994 0.5 0.5
—0.9%38 1.0 0.0
0% N 2

# Thesa were ikaly synergistic effects of hgh N2 supersaturation in these tests.
* Excluging apgarent long-term secondary mortakily.
+ Data were available for 10" . and 50° ;| mortahty as well as 507 ;.
2 Data also avastable on 10" and 50° | mortality.

© Data avarlable for 1077 and 90 - mortality as well 23 50°7.
i River temperatures during fall migrations two different years.

= No difference was shown 50 data are lumped.

57
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n.1
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.1
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Acchmaton log time=2-+b (lemp) Data imts Lathai
Speces Stage ape Length Weight S Location Reference Extreme — 0 LD thresholds
Temp= Time 2 b N* " — (4 7]
upper lower

Pimaghales Adult (mostly mostly 0-2¢  Mired Etobicoke Cr., Hart (19477 Upper 5 W.6017 —0.0602 2 .0 %5 %.0
(Myborhynchus) 1 y1) Ontano 10 §5.0057 -5 2 a5 no nl
notatus (blunt- L] »UN 0.1y 3 —0.MM 2.0 N0 06
A03e Mnngw) 2 MU0 0% 4 0939 MO 15 na

-] 0117 14N 3 0.0 5.0 MO n3
Lower 15 10

2 a2

% ) 1.5

Pirephales Adult (1 yr) 2.0-2.9¢ Mized Don River,  Harl (194T)% Upper [} 80.7782 —-2.0000 2 00 05 n2
promelas (fal- mode Thornhill, 2 6.9910 —0.1560 4 0748 3.0 NS5 nr
head minnow) Ontario 0 4.3%% -7 § -0.%N0 W®0 MO n.2

Lower n 1.5
E 10.5
Poectia atipnna  Adult Jeflerson Co.. Strawn and Upper k] %) 70.429% —0.6219 & —0.9%02 425 305
(Sailfin molty) Temas Duan k] (5°/00) 25.6926 —0.57) 6 —0.9435 425 39.0
(1361)% kL] (10°/00) 28,8808 —0.8535 7 —0.9%49 42.0 39.0
k] (20°/50) 21.1388 —0.6W6 3 —0.9791 42.5 30.5
Pontoporesa afims Adult Mized Lake Superior Smith (1971)'%  Upper 6 9.17% —0.5017 2 17w 10.5
near Two urpublished 9 0.4
Harbars, (1] (30 da)
Minn.

Pseudopleuro- . B0-Llem  3.44.2g Mized New Jersey  Hoft & West- Upper 1 0296 1105 4 —0.952 U0 N0 na
necles ameri- (averages (averages (40°N) man (1966)» 1] . M.2020 —0.8762 6§ —0.9%7 2%.0 3.0 n.1
canus (winter for test for test ] o 49021 16915 5 —0.9237 29.0 2.0 0
MNounder) groups) roups) n 608070 —1.9610 4 —0.911 W0 2.0 a1

Lower 1 e e 1.0
" 20 10 1.0
il L8 ones ) .ms 6.0 1.0 "
b ] 2048 02 3 0% 7.0 40 6.0

Rhinichthys Adunt Knoxnlle, Hart (1352) Upper 2 2.5 —0.59%8 7 099§ 1 0 23
atratulug Tenn. FH . 19.6451 —0.524 W0 09919 35 0.5 b X
(blacknosa dace) n 21,3360 —0.5651 T —0.9%46 355 325 8.3
Rhinichthys Adult(?) Toronto. Hart (1952)* Upper 5 n . 20w
atratulus (black- Ontana 15 19.0058 -0.5TM 4 -0.%32 N5 2.0 83
nose dace) 2 W5 —0.7081 7 —0.99% 13 0.0 n3

b+ 20,1840 —0.5389 & —0.9%8 35 20 23

Adult 2.0-3.% Mized Don River.  Hart (194" Upper 5 T -1 2 ns 0.0 6.5

atratulus (Black- (mode) Thornhil, 1 49.1469 —1.8021 3 —0.8821 30.5 9.5 ns
nose dace) Ontano 1 19.6975 —0.574 4 —0.9571 3.5 0.0 8.6
2 26.5952 —0.1M9 8 —0.9897 N5 1S5 0.3

% D.5765 —0.6629 9 —0.997 3.0 .0 nal

Lower 0 2

% 5.0

Saimo gurdnern  Juvenile 4.5:0.4cm Mired Britain Alabaster & Uppwr w . 14654 —0.5801 5 —0.9787 N6 263 . N5
(Rainbow trout) Weicomme 18 13.6501 -84 5 —0.972 Bl %] %.5

(1962)7
Salmo gairdnerii  Yearling Eastendol  Craigie. D.E. Raised in soft water
(rainbow trout) Lake (196377 Upper 20 (tested in soft
Superior water) 605 —oum 1 -9 0
20 (tested in hard
water) 15.0092 —0.4561 3 0T B8 ]
Raised in hard water
20 (tested in soft
water) 15473 —0.4683 3 —0.911 9
20 (tested in hard
water) 122018 03837 3 —-0.541 29

Salmo gairdnerii  Juvemle 9.44+6.0cm Mired Loadon. Alabaster & Upper 15 15.6500 —0.500

(rainbow trout) and 15.5+ England Downing 20 . 1EN -0 2
14em (Hakchery) (19664
+ Itis assumed in this table that the eported is 3 true in the context of Brett « Salinity.

1952).34

* Number of median resistance times used for calculating regression equation.

7 Dissolved oxygen Cont. 7.4 mg L

# Dissoived oxygen Conc. 3.8 mg L

« Correlation costficient (perfect fit of all data points Lo the regression line=1.0).
4 = Inciprent lethal temperature of Fry, et al., (1346).%

A See note (under Salmo salar) about Alabaster 1967.%
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THERMAL TABLES—Continued

Acchmavon log time =340 (lemp.) Data imity Lathal
o Stge Longtn Weight Sax Locabion Relersace Exvreme (47 LDS  Uwesholdd
Tompe Time ] ] LY " — e
e lower
3 Loimo gurdneni  Adult N mm 000w Mind Combia  Coulant [T . 0T —0Nn 7 -0wum N R
17adromeus) . River at (1970)
S'reinead Priest
ol Rapeds Dam
52 mo alar Smolts (1-2  Abewl 16 cmm Mized River Aze.  Alabasier Upper 9.2 (feld) Q.68 16881 VvV . .M om
Alanbc aimen) yT3) (LY Devon, (19670 .37 am - 2
England 10.9" 126.5000 —5.000
Tosted in 3. senwater
.2 (feid) 4666 16881 2
Tested in 10077, 50~
wala
9.2 (feie) Wne -5 2
Acchimated 7 b in se2-
waler; tested in saa-
waler
9.2 (field) 5.9 -1 2
Zame i Newly hatched Mirsd Collercoats  Bishai (1960)7 Upper & (brought up to 1.2 e & —0.%10 10 N0 nae
<lunbe wimen) @rvae North last tomg. 10
Sheeids. ¥ hours)
Enguand
(hatchery)
Saian walar 30 da after ox Mized Cullercaals.  Bishai (19%60)" Upper ] .o b -0 4 09 B0 2 ... ... n2
uantc saimon) hatching North L] . 15720 —0.53% 3 -0.%M X0 2 nl
Shueids . 2 v LM —0.306 3 —0.M4Q B n.s
Englang
(hatchery)
S.1mo walar Parr (1 y1) 10 cm ave. F—— ] River Aze.  Alabaster Upper 9.1 (Reld) BI50 —1.2%0 ¥ ... T R T O ST
Atante salmon) Devon, (19670 10.9 (fleld) 28.0000 —1.0000 2 . LAIRERR] Bpwiiied
England
Saimo salar Smolts (-2 1L.7+).5cm .. .. Mized River North  Alabaster Upper 117 ceeeenee. 259081 —0.9081
Aliate salmen) yr3) Esk, Scothand  (1967)%*
Siimo walar Smolts (1-2  W.6x£l.lcm Mized River Severn  Alsbaster Upper 1.7 . e 58w
Atlanbe salmon) yrs) Gloucester, (1967
England
Liimo trutta Newly hatched . FHesist MELES . Mized Cullercoats.  Bishai (1960)™ Upper § (raised 1o test
Srowntrout) Iy North temp. over § b
Shisids. period) 1% -4 ¢ 0917 mo N0 e 20
England
(hatchery)
Saimo trutta Wdaafter ... Mired Culiercoats,  Bishai (1960)"  Upper 5 L. 1574 —0529 & —0.4B3 280 1O ... . N2
(Brown trout, hatching North 1] Lo DSM -0 3 0902 X0 20 . ... A
saarun) Shialds. n . W —0.4e8s 3 099 MO 2O ... .. n.s
England
(hatchery)
Saimo trutts Jurenile 0.1:0.0em ... Mized London, Alsbaster L Upper 6 R AL BRSNS
(brown trowt, 14245 England Downing 15 .o NS —-0ma 2
saarun) e (hatchery)  (1966) n ) TR =00 2 siiacin -0 coniodis wesveivee anisvase
Saimo trutta Smolts (2y1.) About 21 em . . Mined River Are,  Alsbaster Uppe 9.1 (feld) 104667 —0.5667 ¥
(browa troul, . Devon. (196Tpe 10.9” B0 —-1.250 2
Warun) Englang
Salvehinus font-  Juvenile oS Wi ‘ . Plannt McCauiey Upper i v, NS0 06033 F —0.:2% %5 WS
nalis (Brook Mount (1550 n .. N1 —0.66N 7 —0.910 2.0 5.0
trout) Hatehery,
Wayne Co.
Penna. and
Chatsworth
Hatchery,
Ontaner
@ Itis assumed in tus table thal the acchimation temperature reported is @ true scclimation in the contaxt of Bratt « River temp. during (il migration
(15521 7 Alabastar Aitted by sye. 3 straight ling to medkan death imes plotled on samilog paper (log ima), Lhes reperted
* Mumber of medun bmes esed for quabon only the 100 and 1000 mea intercepts. Thess intercepts arw Uhe Baws fof the squaton presented bere.
< Corralabon cosfficent (perfect Bt of il éats poats Lo the regresmon ine=1.0). # Sou note lor Alabaster 15: 1%
“ = Incipient lethal tamperaturs of Fry, of al, (1346).0 * Resuits G ot &ifer 53 data wore combined.

59
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THERMAL TABLES—Continued

Acclimation log time=2--b (lemp.) Data himits Lethal
Species Stage ‘age Length Waight Sax Location Refeorence Ertreme ) LD  thresholdd
Tempe Time ] ] Nt " —— )
upper lower

Salvehinus fonti-  Yearhing E-1my Mined Codrington.  Fry. Hant & Upper 3 13,0325 -0.45% 3 -—0.9997 %0 23§ as
mahs (brook range 2- Ont. (hatch- Walker n WESE —0.418 6 nmo 50 us
trout) 6 ery (1945)2 15 151846 -0, 4831 9 ns 55§ 5.0

20 15,0331 —0.4661 7 290 55 2.3
2 17.1%7 —0.5361 6 no 6.5 5.5
u 17.046] —0.5%1 10 0.0 255 %5
r-] 17.067 —-0.5%1 13 no %0 ns

Salvelinus fonb-  Juvemile Ontano, Fry and Gib- Upper 1} BAU -0 6 0952 265 M0 B0
naks { RaMaycush Camada son (1953)" 15 16.95% -0.550 8§ —0.9652 280 245 ?
hybnd) 0 94049 -0832 9 097 MO0 45 W0-345

Salvelinug 1=2yr. old N.Tgmave. Mired Hatcheries in  Gibson and Upper , 8 1wk W20 0512 4 —-0.996 26 3 n
namaycush 1y 82.8 Ontano Fry (1954)* 15 - 145123 —-0.4866 5 —0.939 27 U 0.5
(Lake trout) tmave. 20 e 17.3684 —0.5018 5 —0.9351 27 u a5

@m

Scardimus Adult Wem Mired Britain (field) Alabaster L Upper 20 %9999 —0.76%2 2>
erythrophthala- Dowmng.
mus (redd) (1966)*

Semoblus atro-  Adult 2.0-3.9¢gm  Mired Don River,  Hart (1947)%7 Upper 5 Q.05 1601 3 —0.9408 26.0 25.0 w1
~aculatus mode Thornhill, 10 31,0755 —1.0414 3 —0.8628 29.0 28.0 7.1
\Creex chub) Ontario 15 208055 -06226 3 —0.9%9 3.0 0.0 831

0 . 20214 -0.583 7 —0.9%M4 11§ 0.5 0.3
-] . 160951 —0.493 3 —0.9911 35.0 3.0 %3
Lower 0 0.7
-] 4“5

Semotilus atro-  Adult . Toronto, Hart (1852 Upper 10 (Toronto only) 2 n s
maculatus Ontano 15 (Toronto only) 208055 —0.6226 3 —0.%%63 31 0 b ]
(Creek chub) Knoxville, 20 (Toronto ouly) 19.115 —-0.5328 6 —0.985% 13 0.5 0.5

Tenn. b . 19.3186 —0.4T17 18 —0.5971 36 12 s
k] 22,8902 —0.584 19 —0.9%1 X7 n .5

Sphaeroides anng- Adult Northern Gulf Heath (1367)* Upper 1249 254649 —0.6088 3 -0.9M6 1.0 3.0

latus ( Pufter) of Cakil.
Coast

Sphaeroides macy- . 13.8-15.9em 62.3-719.3gm Mired New Jersey  Hoft and West- Upper 10 11,3999 —0.2821 3 —0.9988 0.0 25.0 1.5
latus (Northern (average) (average) (WO N) man (1566)% " . 35.5191 —1.0751 3 —0.949 320 2.0 0.2
pufter) K . 21,5381 ~0.5146 3 —0.%914 32.0 30.0 1.2

n . N -0.6183 3 —0.9239 15 L1 35
Lower " .o=LT04 0.1 4 0.9760 10.0 6.0 (A ]
n . =199 070 6 0.9310 120 8.0 10.7
n —1.4513 O.M% 5 .2738 16.0 10,0 13.0

Thaleichthys Sexually i mmave. 3Jgmave.  Mired Cowhiz River, Bahm & Upper 5 rivertemp. 7.7400 -0.270 7 -0.912 2.0 80 10.5
paaficus Mature Wash. McConnell
(Eulachon or (1970)100
Columbia River unpublished
Smelt) data

Tilapta mossam- 4 months 8.0-12.0em  10.0-17.0¢gm Transvaal Alianson & Upper n 313.3830 -0.UT8 4 -—0.0838 37.10 365 6.9
bica (Mozam- Alnes Noble % 14.0450 —0.2800 5 -—0.210 37.92 3.5 na
bique mouth- (1964)7 a 4960 —0.99%0 4 -0.3107 .08 319 e
breeder) n R 245 5 0.7 w0 .0 na

n 0331 10018 6 —0.9TM BN 316 .8
n . .06 —0.8123 4 —0.9209 M4 6 e
n 122,154 -3.123 3 —0.9338 384 382 .25
% 60.6764 —1.7094 & —0.905 3.7 3.9 w2

Tinca tinca Jurenile 46=0.4cm Mired England Alabaster & Upger 15 33.2000 1.0000 2

(tench) Dowmng*® 2 0.6867 0811 3
(1966) 5 . onag 2

* It1s assumed in this table that the acchmation lemperature reported is 3 true acchimabion in the context of Breft

(1952).7%
* Number of median

times used for

equation.

60

- Correlation coefficaent ( perfect fit of il data pounts 1o the regression hne=1.0).

4 = Incipient lethal temperature of Fry, etal, (1346).5*
* Sea previous nole for Alabaster 1967.
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FISH TEMPERATURE DATA

Species: Coho salmon, Oncorhynchus kisutch

acclimation .
l. Lethal threshold: temperature larvae  juvenile adult | reference'
5 23 1
Upper 10 — 0y a3 | 33—
15 ‘ 24 1
20 25 1
23 25 1
*Accl. temp. finknown
Lower 5 0.2 !
10 2 ]
15 3 ]
20 5 1
23 6 1
Il. Growth: larvae juvenile adult
Optimum and 15% 2
[range] S =17)**
*unlimited food
**depending upon season
I1l. Reproduction: optimum range month(s)
Migration e _1-16 5
Spawning - _7-13 Fall 3
Incubation
and hatch  _8(2) 217 2,7
acclimation . _
IV. Preferred: temperature larvae juvenile  adult
Winter 13 4

' References on following page.
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Coho salmon
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FISH TEMPERATURE DATA

Sp&CiESZ Lake trout, Salvelinus namaycush

acclimation

l. Lethal threshold: temperature larvae  juvenile  adult | reference'
Upper
Lower
Il. Growth: larvae juvenile adult
Optimum and
frange] - — —
I1l. Reproduction: optimum range month(s)
Migration R
Spawning 3-14(3) Aug-Dec(2)] 2,3
Incubation
and hatch  _8(1) 0.3-10(3) Tl
acclimation ) '
IV. Preferred: temperature larvae juvenile  adult
12% 4
B-15%* 5
*yearling

**age unknown

' References on following page.
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Lake trout

References

Edsall, T. A., and W. E. Berlin. 1973. In: Progress in Fishery Research
1973, Eschmeyer, P. H., and J. Kutkuhn, eds. U. S. Fish and Wildlife
Service, Great Lakes Fishery Laboratory. Ann Arbor, Michigan.

carlander, K. D. 1969. Handbook of Freshwater Fishery Biology, Vol. 1.
Life History Data on Freshwater Fishes of the United States and Canada,
Exclusive of the Perciformes. Iowa State Univ. Press, Ames, lowa. 752 p.

Royce, W. F. 1951. Breeding habits of lake trout in New York. Fishery
Bull. 52:59-76.

McCauley, R. W., and J. S. Tait. 1970. Preferred temperature of yearling
lake trout, Salvelinus namaycush. J. Fish. Res. Bd. Canada. 27:1729-1733.

Ferguson, R. G. 1958. The preferred temperature of fish and their midsummer

distribution in temperate lakes and streams. J. Fish. Res. Bd. Canada.
15:607-624.

93



FISH TEMPERATURE DATA

Species: Lake whitefish, Coregonus clupeaformis

acclimation
l. Lethal threshold: temperature larvae  juvenile  adult | reference'
Upper
Lower
Il. Growth: larvae juvenile adult
Optimum and
[range] - -
I11. Reproduction: optimum range month(s)
Migration -
Spuwning 0.5-10 Sept-Dec 2
Incubation
and hatch 3-8 - 1
acclimation ) _
IV. Preferred: temperature larvae juvenile  adult
13* 3
*2 year old

' References on following page.
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Lake whitefish
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FISH TEMPERATURE DATA

Species:  Northern pike, Esox lucius

acclimation . ;
l. Lethal threshold: temperature larvae juvenile  adult reference’
Upper 18 25,28* 2
25 32 ] _
27 33 1
30 33** 1
*At hatch and free swimming, respe¢tively
Lower **Ultimate incipient level
18 3* b S
*At hatch and free swimming
Il. Growth: larvae juvenile adult
Optimum and 21 26 -
[range] (18-26) IO, . S—
[1l. Reproduction: optimum range month(s)
Migration P
Spawning 4(4)-18(3) Feb-June(5)| 3.4.5
Incubation
and hatch _12 i 2
acclimation . _
IV. Preferred: temperature larvae  juvenile adult
24,26* 6

*Grass pickerel and musky,

respectively
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Northern Pike
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FISH TEMPERATURE DATA

Species:  Rainbow trout, Salmo gairdnerti

acclimation

l. Lethal threshold: temperature larvae  juvenile  adult | reference'
Upper 18 27 1
19 : 21 2
Lower
Il. Growth: larvae juvenile adult
Optimum and 17-19 5
[range] [3(8)-20(11)] |81
I11. Reproduction: optimum range month(s)
Migration —— e— =
Spawning 9(10 5-13(6) Nov-Feb(7 6,7,10
Incubation Pttt r
and hatch  5-7(8) 5-13(4) 4,9
acclimation _ _
IV. Preferred: temperature larvae juvenile  adult
Not given 14 3
13-20 13-19 i
18424 18422, resp. i
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Rainbow trout

References

Alabaster, J. S., and R. L. Welcomme. 1962. Effect of concentration of
dissolved oxygen on survival of trout and roach in lethal temperatures.
Nature (London). 194(4823):107.

Coutant, C. C. 1970. Thermal resistance of adult coho (Oncorhynchus kisutch)
and jack chinook (0. tshawytsena) salmon, and the adult steelhead trout
(Saimo gairdnerii) from the Columbia River. Atomic Energy Commission, Battelle
Northwest Laboratory, Richland, Washington, publication No. 1508, 24 p.

Ferguson, R. G. 1958. The preferred temperature of fish and their midsummer
distribution in temperate lakes and streams. J. Fish. Res. Bd. Canada.
15:607-624.

McAfee, W. R. 1966. Rainbow trout. In: Inland Fisheries Management, A.
Calhoun, ed. Calif. Dept. Fish and Game. pp. 192-215.

Hokanson, K. E. F., C. F. Kleiner, and T. W. Thorslund. 1976. Effects of
constant temperature and diel fluctuation on specific growth, mortality,
and yield of juvenile rainbow trout, Salmo gairdneri (Richardson). MS
submitted to J. Fish. Res. Bd. Canada.

Rayner, H. J. 1942, The spawning migration of rainbow trout at Skaneateles
Lake, New York. Trans. Amer. Fish. Soc. 71:180-83.

Carlander, K. D. 1969. Handbook of Freshwater Fishery Biology, Vol. 1.
Life History Data on Freshwater Fishes of the United States and Canada,
Exclusive of the Perciformes. Iowa State Univ. Press, Ames, Iowa. 752 p.

Vojno, T. 1972. The effect of starvation and various doses of fodder on

the changes of body weight and chemical composition and the survival rate

in rainbow trout fry (Salmo gairdneri, Richardson) during the winter.

Roczniki Nauk Rolniczych Series H - Fisheries 94, 125. In: Coutant, C. C.,

and H. A. Pfuderer. 1973. Thermal effects. J. Water Poll. Fed. 46:1476-1540.

Timoshina, L. A. 1972. Embryonic development of the rainbow trout (Salmo
gairdneri irideus, Gibb.) at different temperatures. Icthyol. (USSR).
12:425.

Johnson, Charles E. 1971. Factors affecting fish spawning. Wisconsin
Cons. Bull. July-Aug.

Mantelman, I. I. 1958. Cited in: Brown, H. W. 1974. Handbook of the
Effects of Temperature on Some North American Fishes. American Elect.
Power Service Corp., Canton, Ohio.

Cherry, D. S., K. L. Dickson, and J. Cairns, Jr. 1975. Temperatures
selected and avoided by fish at various acclimation temperatures. J.
Fish. Res. 8d. Canada. 32:485-491.

105



FISH TEMPERATURE DATA

Species:  Sockeye salmon, Oncorhynchus nerka

acclirhation
l. Lethal threshold: temperature larvae  juvenile  adult | reference'
Upper 5 22 ]
10 23 ]
15 ' 24 1
20 25 ]
Lower 3 0 J
10 3 ] _
15 4 1 _
20 5 N —
23 7 1
Il. Growth: larvae juvenile adult
Optimum and 15(5) 15(2)* L 2,5
[range] - (10-15) - 4
- ai-17) — 7
*Max. with excess food
[1l. Reproduction: optimum range month(s)
Migration - I-1% 0
Spawning R _7-13 Fall 6
Incubation
and hatch -
acclimation ) _
IV. Preferred: temperature larvae juvenile  qadult
Summer 15 3
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Sockeye salmon
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