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Introduction

Studies’on.lethal'teﬁperature effects, and.requirements . for optimal :
temperatures by aquatié organisﬁs_havegiﬁéreased in:the\lﬁst’decade;@ue
to. a hatidnaliconcern.abopt watef-Qualitynapd‘preservation‘of the “environ-
ment.: Population .growth, demands: for eleeﬁricdl enérgy<an§ the ;introduction -
of -nuclear génerétédipowér have contributed significantly to this concern.
Despite ‘the significant“inqréaseiin,research in-this area; our ability
to predict or assess theﬂbiological,coétior benefits. of increasing the .
temperature of a river system to a.fishery resource,.or to.the aguatic:
‘eCOSYSﬁemﬁas.a’thie'has‘not.been suffiéiently‘demonétrated.‘ Thg problem
is'complex:and;while»the;géneralAeffects'of”elevated\temperature in

.increasing‘metébolic~rates.and,oxygen“requiremenpsgﬁmodifyiﬁg;sensitivity

. . to.toxic materials and fish diseases ‘are well known, the’sum of: these

effects,.usuaily?inferred[froﬁ laboratory: studies where death is the
primary’critéria; oftén contradicts the “continued perpetuation of. fish
popillations in-certain areas underunatura1=conditions,”
.Damsihaveiinundatédrmosﬁtof:the,spawniﬁgugréunds.in,the.main:stemt
of'the-Columbié,3and‘virtuallyfall of the salmén.spawning now oceurs in
tributary .streams. .Hence, most of -the adult fish entering the: Hanford
reach of thetColumbia;afé trahsiéntsﬁbdund“for:areas upstream. A.small
‘spawning area still remains:.in the:on1y<fr¢e¥flowipg stretch in south
ééntral Washiﬂgton;‘betWeen Priest Rapids”DamAahd Bingold-(20 km downstream
,.from:the,réactdr;areés).' Anadromous species -found in~the'Hanford reach

areAchinooks;(OnédfhynéhusftshaWytséha);fsbckeye'(gf nerka), coho .

(0. kisutch), 'steelhead, (Salmo: gairdneri gairdneri), shad (Aiosa

sapidissima), white sturgeon (Acipenser transmontanus).and Pacific lamprey
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(Lampetra.tfidenfatakg Over ‘thirty .other species ‘of. freshwater fish-

have been identified .in the Hanford reach.

The approach taken at Hanford in studying the potential effects
of heated reactor discharges to theyColuﬁbiatRiﬁenuhas~involyéd‘an :
integrated program of laboratory and field studies in order to develop

temperature.criteria for the speéies of .concern. . Our reseéarch has-

'emphasized»the‘chinOOk salmon -and the rainbow trout .(Salmo.gairdneri)
because of their dominant economic :importance to'commercialjand~sport.
fisheries and their séﬁsitivity*to‘warm'waﬁers. The .chinook salmon
are.of,particulaf'intérest since they spawn and dévelop immediately
above and below -the reactor discharges; as.ju&enile fish migrate-:

- downstream -through fheTHanford:reach:ofsthe‘ColumbiaﬂRivér; and .as

" adults return‘to.spawn in the ‘Hanford: reach or:pass as-transients.to
spawn in.the:ﬁppé;.tributafiés‘of;the.COIumbia River.

There are, however, many other complex factors, man-made .and
-natural, thatnaffécf»gnd,control the perpetuation.of .anadromous fish
populations;"temperéturé;is‘butabne.of,those,; For the last-two years
the program has been coordinated with .the U,Sa-Federal Water Quality
Administration apd'the,UgsozBﬁreau~of Commercial Fisheriés programs .
under the.:Columbia River Thermal Effects Study Committee.

Reactor operaticns and river temperatures. .

One of the primary reasons that the Hanford Reservation was selected.
© for the siting of the plutonium production reactors was.the availebility -
of large volumes of cold river water in the Columbia River. The reactor
areas are locatéd.along the.right bank of the river near the eastern

boundary .of the 620 square milé reservation (Figure 1). A history of
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the -operation shows that theré weré a.total.of six reactors operating
prior t0:1955, eight from 1955”£o 1964, -and & makimﬁm"of,niﬁe during
1964, At present., thexefareAonlygtWOgreactoré opérating (Figure 2).

A review of.thé'history of?ColumbiahRiver temperatures shows that
with .the.construction of-damsiahd'mulxiple”water~use;*tﬁefefhas'beeﬁ
a reduction in the maximum témperatures. during .the ‘summer . months; an
elevation'in‘the‘minimumitemperatﬁresfdupingﬂthéiwinter:moﬁphs,-with'
‘very :little change in the. annual mean temperature’(Jaske and Goebel,
1967), " However, the operatién-offmhe=dam§ has ;créated .a shift in the
timing:of‘theﬁseasonal cyCIe'towgrds.thg}lgter{months=by,lengthening
the' time- of water‘ﬁassagéo'ﬁMéximui témpefaturgs;formerly observed in
- early Augustihavé“moved'some430,days;andugre now seen in.early September.
,.Withxthe:complétionxqfidams'Oﬁ:thé;ColumbiétRiVergin'Qanada:the~maximum“-
temperatures ‘are .expected to occur in late September.

The differenCeﬂiﬁ rivér;tempeiatufés.betWeeﬁ'Priest Rapids Dam
- (20 km above the reactor’area) and Richland' (L5 km downstreéam from the .
reactor area).is the ‘result 6f'n0t'only,reactdr;operationsg‘but'also of
hedt .input from other sources. - In 1965, the.reactors were shutdown
for over kN days, in July and August. (Figure 3). The .thermal increment
. of 2-3. F seen.during this[peridd}is'the result of natural heat input
as the water flows from Priest -Rapids.-Dam to the.head of. the McNary Pool
:at Richlénd.'

u.The»effluent discharge.'outfalls. iof the Hanford production.reactors

aré:typically.loéatéd on. the .river bottom at nearly mid-channel, which
may'aterage'20 feet in depth. Battelle-Northwest .is employing several

advanced'teChnidues'to evgluate the interaction ofthese discharges
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with the. highly regulated regime of .the rivérg(Jaske, Templeton.and
Coutant, 1969-1970). .Infrared imagery plus the.coordinated processing of
tape recorded signals from the primary. infrared system are the:latest

techniques being employed. to determine the.zone of prompt mixing which

'normally exteénds less than 300 ydsxfme‘the'poiﬁﬁ3of'dischargeq

A hydroelectric plant-at .Priest Rapids Dam causes routine varia-
tions in river flow from lows'of,36,000 ft3/sec;4the'regulated-minimum;
to daily pesaks of 160,000 fts/secg.'Thettemperaturéﬂpattern in the
mixing zone of one' réactor diécharge point taken' by remote imagery ‘at .
river flows of:hl;OOO.ft3/Sec,.80,000 ft3/sec,,andslld,000 ft3/Sec
are shown in Figure k4. Estimaiésjof'thefcross‘section area of the-
plume 60 ft beldw the discharge point at*théTlowest_flow rate. indicate
that -only about 5% of the total river:aréa“is.eﬁCIQsed by the AT 10 C

isotherm.

a) Tracking of migrating salmon and trout’

Blockage of .spawning migrations  is an oft-speculated.effect of.
thermal discharges on river fishes:. The Columbia at Hanford is'an
important migration route for chinook salmon and steelhead trout during
July -through October when water .temperatures are highest and to

'defermine~if’anyfsignificanttthermal blockage ocecurs at this point,
a cooperative field study was undertaken by Battelle-Northwest (BNW)
and .the U.S. Bureau of Commercial Fisheries, Seattle Bilological
Leboratory (BCF)..

Sonic tags and.tracking -equipment developed by BCF were uséd
to. follow fish movéments. . The tags consist of a battery-powered,

“ultra-sound transmitter -housed in a polystyrene capsule. The
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capsule is inserted into the fish's stomach through its mouth and
esophagus. The tags emit a sequence of sound pulses which can be

heard through the receiving system at distances up to 3 km under

" certain river conditions. Separate groups of fish carry tags of
~differing pulse patterns,?which make it possible to tell whether

. the fish being tracked was a salmon or steelhead trout, and approx-

imately.when it had been tagged. The tag life is approximately

12 weeks. Portable tracking equipment designed for use in a small

boat consists of a directional hydrophéne,.transistorized receiver -
and earphones; >BNW crews recorded locations orvmigration paths of

70 tagged fish in August énd September of 1967 and 368 between May

and October 1968,

Both spécies migrated ﬁrincipally along,shofe lines, and the
summer run fish were féund most. often aléngAthe left bank opposite
tke\reactors. This‘tendency was strongest during the peak temperature :
period of August and September., Additional attention was given in
1966 by both Battelle-Northwest and Bureau of Commercial Fisheries
crews to determining the extent of the shore line preference in
stretches of the river further downstream. The data indicéte strong
preferencé for the left bank in‘the entire area where the reactors
are located. 4Additional data suggest that this basic pattern also
exists from Richland to Priest Rapids Dam.

Two analyses were used to aid identification of possible migra-
tion blockage by reactor outfalls or other river features. These were
1) rate of migratidn‘during the period of most active fish movement

through the area in May and in July and August, and.2) frequency of
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occurrence‘of;stationary‘or}slowlyambving tagged fish per river
kilometer .per: day 'of observation. during thezperiodxofgleW‘migrafien
in August,“Septémber-and~®ctobér, |
""Figure:S illustratés;avérage”migratiéngratgsvand;thevdail;;
frequencies of 1968 fish records.per river kilemeter plotted below
" “the :corresponding sectiens ofariveryilIQStrated‘aththéitop. The river .
outline élso:indica;es:thé'primary"pathwaynof\fish migfatiOn; The
“bottom'histogram<indicépeégawdispiﬁct:nénuniform‘distribution of fish.
"in this stretch‘'ofiriver during the ‘period -of analysis: - Two areas are’
notable for,an‘abupdande‘of-fish,ll) immediately dewnstréém of the=
K—reactor.outfall;~and‘Q),oppositefthe inactive D reactor area. .
Notable for -a paucity of .records apg‘areas~immediately‘be;ow the -
N-resctor and: a 1 km stretch below the D area:. Fish distribution
undermént conspicuous shifts downstream of the K-reactor during the-
sgudy periqd,‘aswillustrated<in.the;top two histograms, Iﬁ late
Aﬁgust & concéntration..of fish appearedAin'about,théwfirs#:kilometer
below ‘the discharge,. with few fish being found(for:fdﬁgigilomgterg
downstream of that point (tep histogram). This' concentration shifted
downstream inuSepteﬁbér‘until“maximum“abundance occurred between 2
and'3 km belew the outfall between 11 and 18 September (middle
.histogram).

Migration rates, althpugh(more difficult“to;analyze on a 'river
kilometer ;basis, indicate changes which appear to correlate with-
frequencies noted above. The average migration speeds for both
species.indicated'on'phevline graph of ‘Figure 5 show peaks which

occur,within~or;at'thé end.of -a zone with relatively few stationary fish
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‘(e.g.y kilometers 29, 32.5,'36.5). One’area of.slow migration, km 35}

corresponds‘an“area:with:high;fish~abundancq1' Moqe'méaningful:
correlations can be identified from the vincrementel migration speeéds
. . - . . M 1

of  individual fish,"Differences in both distributioen and 'migratien

' speed may be reasonably attributed to shore-1ine~featureszsuch~as3

swift, unprotected zones;(km 37-38) or backeddies (km 28), -or -they-
may .be related to reactor 0peratiens.“ Whilevinsufficient data- are”
available at preseﬁt.to-pqsiti&ely-identify'the¢reasons'for'thg_
anomalies in distributien .and migration rate, the.study indicates'
that ‘migration is not;affectédgtp aﬁy‘sigﬁificant.degrge; A
temperatureasensitivé‘sonic~tag'under~deyelopment for .use this summer
will enable us te fglate rétes*of:migratien té‘SPQCific water,

temperatures.,

' Population” census. of Hanford,fall.chinook salmon

One~pf~theninitial-field‘studiéswstarted»oﬁ:thefﬂanferd reach
in'l9h7‘was an annuai.aerial census of: fall chinogkAspawning (WatSOQ’.
1970).  The major spawning ,areas are both upstream and downstream of
the'reactor.aregs((Figure}6).:"The data of the.number bftsalmopW
nests observed e@ch year for'ﬁhe‘last 22 years‘are-perhaps'thg.bést
circumstantial evidence of*the;bontinued‘viabilityxofnthe fall
éhiﬁobk‘populatiOn;thax;spawns'within,thefHénford Reservation
(Figure.T). Spawning‘wasVobggrved'in.several years .within 100 meters
downstream from an effluent- outfall. The ‘marked.rise :in numbers of ‘,
spawning salmon during 1965 teo 1969 is not-consideréd:.to be related
to thegdecregseuin'reactorfoperation'during‘thattperiodg but due

to‘othe?}féctqrs such as, displacement from other inundated main stem
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spawning.areas. . Analysis of the data'indicatéd that the rate ' of
increase .in the upstream area was similar tO'thaﬁ at- the next
downstream area. Relation of the:estimatedAnUmbefs,to”eﬁvironmental
variables isuch as'river temperature, flow ahd‘watef‘elevatiOntatF
spawning and to the numbériof'operatiﬁg'reacto;s and construction of.
dams indicates that the.critical.factor is .probably.the construction
of dams and'inundation of -main stem -spawning areas. . Operation of the'
reactors would appear to. have had no.adverse effect on this population
of salmon. |
Thermal resistance of adults .

Summeftimé-temperatures'of Columbia River water at McNary Dam,
about 113 km (70 miles) downstream from.Hanford reactors usually
reach 22 C for a few days in August.' This -peak temperature is well
below the incipient lethal‘température for juvenile -chinook salmon
(about 25 C) established by Brett (1952).( The applicebility.of-this:
thermal criterion‘Was‘qUestionable)'however, for adult chinook
migraﬁing upriver at phis~time,‘br'for adult-coho'and steelhead.
trout migrating in.September. No data.were available on thermal
resistance of adults, sO experiments were ' initiated in our laboratory -
(Coutant, in press).

The experimental procedures, were similar to those used for
juveﬁiles by Brett's:(l952). Mature adult coho and steelhead werge

used, for -they were relatively abundant and of manageable size..

. However, only undersized male’chinook ("jacks') were used due to

the extfeme size and difficulty of handling of mature.females.

Test fish were obtained from the river at Priest Rapids Dam.
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Aéciiﬁétibn:témpérature'wathhat“éf;the river, 18-19 C. .. Due to
‘extensive handling facilities required for testing"large:fiéﬁ,;experi—
ments :were.conducted over. a threeé-year period. Following -transfer .
of “fish to-the'test temperature, times.to'equilibrium loss (EL)
and dedth (D) were.recorded for-various temperatures betwéen 26
. and 30 C. BelOW'26'C5 observations were only made: for dead’ fish'
;at;infervals.of about 2 hrs; and, thérefore,'no data:werg obtained
on EL, All tests were made with "control fish held at river
temperature'andyyére:terminated after 1 week.
Incipient -lethal: temperdatures for steelhead.and chinook appeared
to be ﬁear 21 .to 22 C (Figure 8). Data were insufficient.to obtain an
estimate for .coho. Since’'the tests were conducted over thfée_years
: and:underzvérying‘tﬁermal.conditions,.dipect,comparisdn§'of résistance:
could:bé‘made'onlyain”some.instances¢ Data for .coho and . chinook:,
:tésted'simultanéouslyuin:1968; indicate that .coho weré less resistant.
‘betweéh*26jand”30 C. . Datg.for steelhead.and chinook; tested together
in 1969, iﬁdicate.that steelhead*wepe less'resiStant{tﬁan chinook"
between-22'and'26'cb Relative tolerances,of‘stgelhea& and' coho remain,
- unclear becaﬂseﬁof‘variationsﬁin.chin@nk data between years. - The
relative thermal resistances of juvenile and-large fish varied wtih.
test témperatﬁre.(Figure~9), Juyeniles were more resistant.at low
"~ lethal temperatures up to gbout 28.5 C, and adults were more: resistant

)

above that!level.

-Effects.pf temperature..on eggSfand juveniles.inﬂthg Hanford reach .
The need, for .investigating the.hazards to fishery resources from
:discharging~heated effluents into the 'Columbia River was recognized before

the reactors were built (Fosﬁer,‘1959)..;As~early as.19h5, ybung salmonids
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were reared from egg to fingerling size in different qonceﬁtratiqns of .
reactor.effluent, to observe their growth and mortality. . Th¢~?feaominant:_
characteristics of the.reactor effluents.of biological importance were
shown to be heat, radioactivity and,certain\corrosionainhfbitor chemicals”
‘added to the cooling water. AThese~studies indicated that effiuent
concentrations gfeater than. b4 percent fesulted.in‘mortality,‘though
aceceleration of .growth occurred in all concentratiéns up to 6-percent
due to the thermal increment.-’ Over-T percent‘concentration growth
depression occurred due to the toxicity of the corrosion-inhibitor
hexavalent chromium in the effluent. No'radiatiqn~damage:pould be
demonstrated at these effluent concentrations.(Nakatani, 1969). .

Since the. eggs and young stages of“salmon3and.ste¢lhead trout
are sensitive to temperature changes, considerable;research has been
conducted-on the effects of thermal increments above baéé:river |
temperature on the rate of development, growth énd,mortality (Olson
- and 'Foster, 1955; Olson and Nakatani, 1968). For.éxample,‘in‘the,l966—
67.season5 eggs were developed.and young:chinook salmon réared over 170.
days under sevén temperaturée regimes.- Each test 'series foliowedﬁthet
seasonal temperature patterns of the .river with an increment of 2 F.
over»the‘next-lowérltemperaturé,~giving‘an,overall range of+12 F.-
Four groups:of-spawned-eggs were tested"from'October'through December. -
TemperatUre increménts exceeding 4 F -above the base river temperature
of 54 F caused signifiéant mortality in fish hatched-from spawn collected.
‘in October. By December, however, when tﬁe,base,river temperature}was
48 F, the spawn tolerated an inérement-of 12 F-withdut‘signiﬁicant'mortality.1

The increased water temperatures acceleratedlfish-growth“in;all-lots,;
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thdse in the '+12 F-test being as much as eight times heavier thdn,those
in the“f2 F test.t‘Similar testslséries-wefe.cbhducted in 1969-T0"

with a single spawn fromsteelhead trout with'similar.resﬁits; These.
studies indicate. that a‘significant,thermalhincrement.can be‘tolegated
by eggs during lat - fall and winter .seasons wifhout:detfimental‘éffeétsu'
'Additionally,Zthe-results'shbw thét.the‘warmér”conditions'févor'the1
‘survivalﬂof]youﬁg,saimoﬁ:from:ﬁhe‘late‘spawners of .fall.run chinogk’
salmén.- The:questibngoftwhethgr largérrsiZedAmiéraﬁta have,béttgr

= surviyal'is'still open:to,questibn;though'there'is sdﬁenevidence that
they have'higherasurvivai.rateszif'othef conditiens aregequél (Nekataniy

1969).

AEffecpS'ofttempergturé on:dowﬁstream migratiqg;juyenile sglmonf;
a)'Resistance:of‘juVeniles
The Columbia.River at Hanford .contains juvenile chinook salmen,
: férladultszspawniboth upstream and downstream of reacto}}plumqsr
Juveniles,migrating downriver“may%experience‘the‘high-températupes
of the:plumesffor'brief*periodsg'ifntheir path coincides with the.
efflueﬁt mixing zone.. Studies have considered several .related
questions concerniﬁg'lethalytemperature relations .of -juvenile ‘chinoock,
in orger to define responses that could be damaging to our fishery
resource. These wWere:
(1) How does' the resistance. to acute thermal-shock of lécal chinook
cémpare‘with'stockS‘studied;by others? -
(2) Does. the.developmental temperature.regime (ehg;,fwarﬁer;\as in
spawning areas downstream of,reactors) affect'the'response'ofT

Juvenile chinook to acute thermal shock?



-12=
"(3) Does fish 'size (within the .range ofi out-migrating juveniles)
‘affect the response to thermal .shock?"
(L4). How-do the results of two types7bf“tolepandgftestsCcompare;'e.g,g
hS—hr”TLm (mean:lethal temperature).and.thermal.resiééanqe?
(5) What ‘are the.relationships between times to loss of équilibrium.
and ‘physiological .death undér‘thermal-stresé?, |
(6) To what..extent does delayed mortality follow .equilibrium  loss
(initially reversible) at various .shock temperatures?. o
(T) How do.exposures to increasing or decreasing temperatures, as
experienced in a.thermal.diéchargetarea; comparé'with'exposu;es'
to constant temperatures? |
Summaries of these studies have been:publiéhed'(BNW‘l968;
1969). |
One example,,howevergIWill;indigate,the‘approach'We‘hdve takgn:
It is a;comparison of times to equilibrium loss and dea@h;' Fish

subjecxedFto'thermal.shocktabove'the*lethalalevel.characteristiéally*

’

‘shOW'equilibriumVIOss before. the genérally,acéeptedithérmal death,
point. Heat death of cold-blooded organisms‘hgsAbeeﬁ,observed,to
follow a ' common-pattern which includes, in sequence, loss, of equili-
brium, coma, :and physiological.death. Thgsé=observations have been
made with several species of fishes and with .amphibians and reptiles.
They  probably hold,. in essence, for .lower forms 'as well. The early
stages of heat death; while'not‘"death"‘in.themselves; may “lead to .
death through (1) immobilization in the‘argé'of;advense.temperature“
(which‘mayrprolong.exposure“until’deathwresults)}or (2)..stimulation -of -

pfedatory activity upon the heatainjured'organisméu»‘Both,results
. jure I s
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'have-beeﬁ.observed,in.theifield.and;in laboratory experiments. For
field application, therefore, the thermal.dose which will induce
equiiibrium l@ss is perhaps more important.than-is the désq required
for .death. Equilibrium loss. data, howeVEr,,hatefnotugéﬁerallylbeen
reported in theérmal resistance experiments. .This.proﬁétéd[us to
examine ‘our data .for a possible consistent relationship betﬁéén equili-
. brium.loss and death. It was hoped that this re;lationshipiﬁl_ight be
applied as a conversion factor to obtain eQuilibrium‘loss‘times.from
death .times available in the literature. ‘

Geometric mean times.to]equiiibrium-lOSS'(EL):and,death (D)

did not :fit the:linear; semilog model of Brett (1952).. Cubic models
provided a much better fit for all pooled data for -juvenile chinook .
(Figure 10). They were alsb-mbre4appropriate‘for'groups of sibling.
chineok with identical, rearing history‘(éputanﬁ‘and Deanu'in‘press);

The ratio %4;'was,an constant, but varieq,with'test_temperature“
(Figure 11). A cubic model was also4fitted to this vafiation, providing
a quantitafive description ‘that is suitable for incidusion in ﬁathemati-
cal models of potential effectsyin'thErmdl plumes.

Thermal shock 'and predatiop‘

Loss of. equilibrium is an obvious behavioral response.to a
sublethal exposure.to a lethal temperature, with potentially lethal
results in a prédation situation. The behavioral .changes of shocked:
fish at fractions of thermal doses sufficient to cause loss of .
eqﬁilibrium might not, however, be -detectable.visually, but might

be reflected by the dégree of predation when compared to untreated

control fish.,
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A séries;of experiments was devigsed to test .differential predation
ratés. ' Two.groups of fish, one_thermally.treétediand-the\ether‘not;
Were'offereqFsimultaneouslyutOJa.group;of:aCtive-predatOrs at the’
acclimation temperatures. When sbout half of the.initial chgrge of prey’.
fish remains, the fish are separated -.and percertages of shocked and .
control fish'remainingware‘detérmiﬂéd{‘.This.sequence';f,exposure~at‘
high temperatiure ahd,predation at -lower temperature simulated in’
simplifiéd-form,the=sgquence'at.Hanfﬁrd,,where‘juveﬁileé passing
through the;thermai plume ‘may bq-subjeétedlto~predat0rs lurking :the
'Acoblér.reachésiimmediately downstream.

{Results of repeatedffests.allow calculation :of -a ratio.of
instantaneous predation .rates (Bams, 1967). - High raties :indicate.
significantly .increased succeptibility of treated. fish té predation.
Figure: 12 illustrateeratiQs for juvenile chinook, shogkédfat“éS,C,
with and without recovery before'pfedation (A and B, respectively). .
Regression linésvquantify'the‘réqunse'for predictive purposes,
The‘thefmal“dose'that:firét-initiates~differential<predation was,
about 10% of the:median equilibrium loss dose, wheh no recovery was,
allowed (Coutant, .in press).

The thermal exposures Jjust initiating differential predafien
at three'temperatures'were'determined.for'rainbow:trout,in‘another'
set of experiments’(Figure 13). Geometricwmean“times-to equ;librium.
loss and death.were,determined for. the ;same group of .fish, and the
pattern  of . time-dependency with v@rious temperatures'he;d‘fop all .

three, fesponses. These differential predation tests indicated a
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stress'reaction-at<ab6uttll%7of»the.duration-offexposure-needed for .

“death. Thus, the-same predictive model developedzfrqm thermal

death could be used to set-plant operating limits ‘based upen

‘subléthal;stress condition,

Effects of* reactor plumes,

Fore predictive purposes; it is convenient to consider juvenile
downstream-migrants being carried in deep water by.the flow of. the-
river to the'outlet of ‘the effluent pipeliné and thence through the

centerline of the plume being exposed to maximum temperatures. The-

' uhdilutéd'effluent:ofithe,reactors is. hot enough to be lethal:to

fish; however, it, is not - obvious whetherwsignificapt‘ﬁumbers of ..
downstreaﬁ migrants'actuallyaexperienCexexﬁosuresjfﬁat are extreme
enough to- kill them because of the nature of thé‘hydréaiiC‘chafaqteriSf
tics of the.plume.- The efflueﬁt4doe$'not.exist in a:;mooth'flgy-
conditionr(Fiéureﬁh),'but:appears at the.surface over & felatively'
widevarea»asAperiodic,gndlturbuleﬁt}upwellings;* Each of these

upweliings:expands.at‘a'rate*comparable,to thefréﬁé,of leW'agwnstréam.

These upwellings of warm water:ican be: itdentified incFiguredl, particu-: ..

laily at the-lower flow rates,

Since fish may bé distributed throughout the river .cross section,
a fewamight'be.swepp.intq the .mixing transition :zones and be exposed
to sudden thermal-increases. In 1968 and 1969 field experiments were
initiated'with'the'objectives*of detérmining if?_under'conditions
of natural migration, passage through the.areas ofvreacto;?discharge
killed young salmon, and to examine ‘the .temperature levels and exposure -

durations,‘which are encountered by the fish.
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In=one‘such study. young chinook salmon,.the progeny of adult
'étock fromehe Columbia. River -and sdbseQuently reared from eggs in
the :Battelle-Northwest hatchery, weré driftéd through the. reactor.
plume aféa in live boxes. Test and control figsh were subsequently
held for ‘24 hours in 1968 &nd T days- in-1969 at ambient river
temperatureé»dowﬁstream from the operating reactors,'chgbkeé for
mortalities and released. In the 'spring serieS«the<ambiép£*riveﬁ
temperatures are low and the- extent of temperature rise does not
appear to. be sufficient to cquse,mortalities: Even.in the late
summer- ‘and’early fall when ambient. .river temPe;aﬁureéfaré'higher,
mortalities-wefe,not significant.- Only in one test;.carried-out in
1969 at a.very low flow (A0,000‘cfsg was ‘significant mortality
recorded. The maximum temperature increment on.this occasion was’
in excess of .22 C in the.mixing zone (Figure 1L).
In certain reactor areas shore line intergravel seepage of
. heated water -from the effluent retention basins .does occur, énd drift
tests through thesé areas shdwed*sighificant,mortalities. We ‘have:
no evidence, however, that ‘young river fish actively swim.into.these
mfa@s of .high temperature: and low curpent velocifies:

Effects of temperature on fish diseases

Columnaris- has been endemic in the river many: years prior to

Hanford Operations, the.etiological agent, Chondrococcus chumnarisu

being positively identified in 1942 (Fish and Rucker, 1943). Studies -
were initiated:in 1959, to determine effects of temperature and .
radiation on the incidence and:infectivity of C. columnaris#(Fujihara,

Olson .ahd Foster, 1960). Laboratory and field studies: have shown'that-
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the .infection of<fish.with:columnaris‘becomes evident when the water.
temperétureShriSejabove 10 C (50 F) and.declines when.the temperature
decreases. Basic laboratory studies on antibody production and immuné
response”to' C. columnaris indicated that agglutinating .antibodies -in-

fish ‘blood sera against'colﬁmnaris.provided a technique for field

surveys (Fujihara,‘01son;and Nakatani, 1965). Measureﬁent,of agglutinating -
titres in blood sera of Columbia‘Rivér.fish-showed“a,cyclic‘pa£tefn during
the. year. Residual ‘antibodies are carried by_fiShvduring'the.cold period
of winﬁer and spring with -a sharp .increase in titres and infection in.
the summer and fall, .The field studies indicated that the fish.ladders:

at Columbia River ‘dam sites -may be focal points.for exposure and infection
since.re;ident coarse fish in.the ladders show higher .incidence and.
infection of columnaris. ‘Since the-anadromous salmon have. to pass |
through the ‘ladders, their potential for exposure is extremely high.

Data on the.incidence of columnaris in the Snake River, a tributary
entering the Columbia River beléw,Richland,,above'theureactOrs and .
directly .below the.reactors all indicate a.similar seasonal cycle.

There is'no'evidence~pf*an.enhanced,degree of .incidence or iﬁfectiOn;

in those samples taken belouw Lhe reactor ‘operations arca:

Thermal effects modelling .

»

The laboratory data.on the,thefmailresistance of fish;is'predomipately
concerned.with temperature exposure, and' together with the temperature
data.in the mixing zone below the discharge .point is being developed
into a'predictive:model of the potential hazards to downstream migratory
fish. The model can predict the mortality .of Jjuvenile salmon “under
conditions of fluctuating temperatures,; such as those'that'occur in

many reactor plant outlets.
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Eailyﬁattempts‘inydeveléping“theuﬁodélﬂconsideiéd:incrémental
- death rates to befadditive.ovef,the.rangg of:theifluctuating thermal,
‘ experiencéi; This was refined so tﬁat the'rate of temperature -change.
of fish tissue was cons;dered'rélative to the extérnal water  temperature.
Since:we have now demonstrated that behavioral stress can bé?éigniﬁicant‘
at,téﬁperatufe regimes near to 10% of that required to kill fish,.the
model can now reflect this factor. , It is.important to remember,.
however, that at -this level we have no evidence to.quantify this as
a”rate,of“predatipn,'bthrather as a,measured .stress that'could have °
. ecological coﬁsequences; |

These modélg can,be~usediin the~initial*planningnstages:of‘indussl
trial and municipal reieaseﬁstnuctureS'to predict ‘the po%éhtiallloss.of~
fishery resources as a result of a proposed<éngineering.design, It is .
4‘proposed:to.extend this.system to examine other.aspects‘ofAeCOlogical
damage besides that:of :fish. ﬁltimatel&, these studies will permit,
theidelineation-of.desiréd boundary: conditions éf an effluent discharge;
not -only ~as regards thermal releases, but‘élso chemid§l and agricultural
t0xicants; since.similar resistancéupattérns have.been~shown by.fish .
expoged tn toxic materials., -

Summary and Giscussién

7 .
This review of the pertinenf.laboratory and - field studies:

and their findings.on the effects of :thermal discharges from the-
.plutonium production reactors at Hanford indicates that there is no.
demonstrable effect on the fishery resource. Consideration .of the
laboratory experiments and field data in.the light .of “the. seasonal thermal.
cycle of the river temperatgre'(Figure 3) and'in.relatiOn_tOAthe-seasonal

N

life stage of salmon and trout present in the river indicates,that the river.
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temperatures .could .be higher.during theiperiods”bf‘laﬁéﬁfall, winter and
spring without causingzsignificant.damage to .the ‘development, of young.
salmon. The uninhibited migration ofisalmqn“and't%outipést'the~reactérs
andfthe'continuéd increase, in the size of‘the\spawéing'populatiOns

near the.reactors -'indicate that the reactor -discharges "have not

adversely affected the environment for the fish species. of most:

éonéern. During the . summer -months, thetemperature of the .Columbia,
River has always'been above the .optimum for-salmonidsfﬁéspecially~inv
~relation .to the.generalizédh"bptimum" temperatures deriyed from‘1aboratory'
experiments. Although.g temperéture'of 60 F ié offen recommended as an
uppef limit fér'adult salmon invréute to Fheir spéwning groundsi(U;Sl
Fish and Wildlife, 1967), recorded temﬁeratureS'for the Columbia,show-
that 60 F has'always been exceeded during the summer months.

'Even though.the studies outlined here indicatéithatzthe¥e-is little
or no evidencerofvdirect\damage-from a'cluster 6f reactors on a large
river, the problem of evaluating and‘asseSsiné the total eéological
effect of small-increments .of heat'added to rivers., lakes, estuaries
and coastal waters defies a direct.definitive answer because  of gaps
in our knowledge about the effects of. subtle perturbations of temperature-
on other ecological parameters. :

We ‘hope that the basic principles that we have-developed for -
studying the. direct effects'in.reactor mixing zones will be .applied on a:
broader. basis, since we believe that ‘the.best practical method of

investigation of. these problems is the direct approach of working on-,

site :with ‘local fish species and local.water.
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However, stqdigs en the'direct effects of thermalhincrementsiare
basicaliy«onLy‘required-for mixing zpnes¢and‘to.enablé*mpré(efféciept.
outfalls to'be.deSignéduand'QevelopedainiQrder to protect.both resident .
and ‘migratory . species of fish;-.Wi?hjmoré.and more bf‘the world's
available”water'resgurcés:béingiused.to satisfy the démandS'df-increas—'
ing populations,'greateriempﬁa$is“in<the{future Qill have\t§ be given
to thé sum of thefeffects.of totél;wgter use;uponhthe‘gcosystem. Thg,

retufn'of,heated"water from energy plants is but one of these.
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