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The experimgntai fiéh used in previous sﬁudies were genéral}y Juveniles E
due to availability apd to ease of handling;- Definitive data on.the ;
thermal resiétance of adults of most salmogid:species_are,lécking. .Several
worké;s hévé;examined the effecﬁg of fish size on thermal resistaqce, ana §

conclhdedfthat there was little dehonst?able effect (Tsukgda, 1960;
.Dﬁudoroff, 1942; Fry et s8l., l9h§; Hart, 194T). Size ranges of the
investiéated species were small, however, compared to the egtreme size
.differences between fry and adult Pacific salmon. -

'This paper reports thermal resistance times and estimates of upper i
incipien%’lethai temperatures for_%hree’species of large salmonids during
their spawning migrations into the central Columbia River, Washington . ;
State. Experiments were conducted on adult coho salmon, "jack" chinook - :
salpon, and adult steelhead trout, an anadromous race of rainboﬁ. All
test fish we?e from the summer or early fall runs which enter tae central
Columbia near seasonally peak river temperatures. They are thus ecologically
adapted to migraﬁion under neaf‘maximum thermal conditions in nature.

Fulton (1968) explains, adequately, the migration features distinguishing

[ * ’ﬁ. i'- (L)
the various "runs" of salmon into the Columbiz; Watson (1969) describes

salmon- spawaing in the vicinity of the collection point.

MATERIALS AND METHEODS
Adylt coho and steelhead were used in the experiments, for both
‘species were relativelf ebundant and of manageable size. Chinook (or king)
salmon, however are extremeiy lérge.and difficult to handle when mature..
Thus, "Jjacks" were used exclusivel& in tests of this species, i.e.,

-

sexually maturing out undersized males returning after one year at sea

PR L g e, © e

PR X L R s o< e T A PN g kit Crpng o Saia i ndr Sl R A R e O D Kl



-3-

(Rather than two. or three). .Recens cninook spawning runs to the central
Columbia have included large numbers of jacks which are considered of |
little valué to fish'managément when larger males are available.

Experimental fish were obtained from trapping facilities at Priest
'Ra.pid.s Dan, logataed 8.1:. river m‘ile_'3.70. ,opera.‘aed by the Washington éta.te
Départments:of Fisheries and Gaﬁé; éransportaxion to the Pacific Northwess
Laboratory aquaticiecology facilities, 27 river miles (43.l4 km) downsireaxm,
vas by an insulated, spray-recirculating fish tank of T57T liter capacity;
Ten to fiféeen fish were caqried.at one time, dependiné upon size in
rel;tion to tank capacity.‘ fhere were no-significant temperature increases
(< 1 C) during transport. -

Circular, fiber glass tanks, 1.22 or 1.83 m in diameter with water

3

depths of about 65 and 80 cm, respectively, (0.76 and 2.1 m° water volwse)
were used for pretest holdiﬁg and the tests. All tests greater than
”6 hours in'duration were gonducted in the larger tanks. An exchgngé
_of water of about 15 liters per min was maintained:from heate@ and unheated
sources entering atithe-perimeter surface and leafing via a double
standpibelfroq the.centeg bottom; Desired tank temperature; were maintained
within 0.05 C by a Model Tl ¥YSI (Yellow Springs Instr. Co.) thermistor
temperature control coupled to & solenoid valve on the cool-water inlet.
Untreated water was supplied by pump directly from the Columbia River.
Tests were conducted'in the following sequence, wheh“possible.
-On Day 1, trapped fish were trénsported to holding tenks, containing
.. unheated river water, at our laboratory. Ten to fifteen {ish were held

Y

ian the large;tanké, wnile five to ten were held in the smail tanks.

REA, m e e -
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,Any fish showing damage or lethargy during collection and transportation
wére rejected. Tﬂe'"aeclima¢ion" temperature, Days 1-3, was that of

thé river, Figure i.. On Day 3, a test temperaﬁure wag established in another
' tank and sbout ten fish were transferred to it. Times to equilibrium

loss, (EL) (fish unsble to remain upriéht) and death (cessation of opercular
movéﬁent under:stimulation) were -recorded for various temperatures between
26 énd 30 C. - At temperatures:below 26, checks were made Tfor dead fish
' at’intervals of about 2 hours and no data were obtained oa loss of equilibriuz
Ali t;sts were made with Vcontrol“ fish held at river ?empefature and
were'termihated after about:l.week, when other factors than tegperature
(e.g.,disease) night cause death and bias test resﬁlts. -Dead fish wefe
" weighed, measured gnd sexed prior to dispoéal. Geometric mean times
for EL and death were calculated with 95 percent confidenge limits. .
Somé special condition§ should be noted. Due to extensive facilities

required fér testing large fish, the experiments were conducted over
a 3-year period. Acglimation temperatures thus varied over the fuil
'rapge of‘tests for chinook.. In 1967,.chinook were held before testing

&t two differing tgmperatures,'one that of the river supply wabter and the
ther two degrees below.- These different "aeclimation" conditions were
maintained for a holding-pgriod up to 21 days. Five fish were tested
* from each‘éroup at three test temperatures. In 1968, chinook and coho
were tested simultaneously in the sanme experimeﬁts, and data at these
temperatures could be compared. Sihce'few cono were available at Priest
" Rapids Dam in 1969, the resistance pattern for this species was not
completed; In addition, our laboratory was situated downstream of operating:

plutoniunm production reactors which use water from the Columbia for cooling.
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A temperature differential of about 2 C exists in the river between
Priest Rapids Dam and the laboratory. Test fish thus migrated upstream

through & thermal decrease of 2 C to reach Priest Rapids Dam, and were

. ‘then held at slightly elevated femperatures at the laboratory.'

’

RESULTS'AND DISCUSSION
téelhead |
| Adult étee;héad were tested in 1969 at temperatures of:2l; 22,
23, 24, 26, 27, 28 and 29 C, Tablé 1. Geometric mean times to death
an@ EL, wiéh'95 percént confidence limits, are illustrated in Figure
2. The graphical orienfation'established by earlier investigator§ (e.g.,

Fry et gl., 1946; Brett, 1952) for thermal resistance testing was retained

despite the reversal of dependent and independent variables from normal statistical

orientation. Regression equations for these responses (excluding 21
and 29 C).are shown on the respective lines. At the lowest test temperatures,

21 and 22 C, all fish did not die within one week. Here, the time for half

"of the fish to die (without confidence limits) is given instead of the

geometric mean death time. The incipient lethal temperature was estimated

to0 be near 21 C.

There were indications that a linear model'may'not be appropriate

for descfiﬁing these thermal deaths. First, resistance was greater

"at 29 C than one would ekpect for adult steelhead. This.is also true

at 28 C, although the deviation is within the confidence interval. The
apparent increase in resistance at these high temperatures may result Iron
relatvively slow rates of heat transfer to the sensitive tissues, presumadly °

the central nervous system of large fish. There was, consequently, a

e
o Tuapad
el AT,
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longer‘"warmsup".lag'in large fish compared to small ones.. Second,
the resistancgs ét”21 and'22 C were not markedly different. This may have
signified the action of a secondary variable (e.g., disease) causing';
_the observed mortality. Control fish died soon after the tests were

,completed, apparently due to fungal and.bacterial infection. These

fackors would cause the model.tg_@gviaxe'from linearity before reaching
the.incipient lethal level. | ' -

Equilibrium loss times varied from 48 to'79.percent of the death
'times, Table 2. The highest pércéntage was af the low§st temperature
for which équiliﬁriﬁm loss data were recorded, similar to observations
on guvenile rainbows and chinook (C. C. Coutant and J. M. Dean, unpublished).
| Adult steelhead were significantly less resistant to elevated temper-
atures than were jack chinook fested the same year, although £he chinook
data were obtained only for thé lower lethal temperatures. Male steelhead
were more resistant than femalés at 26 and 27 C, but the qifference'was
not significant with the nngber of fish tested. | .
. Chinook

Thermal resistance of Jack chinook was first %ested in 1967 at
26, 28 and.30 C, Table 1.  One half of the fish were held prior to
testing in water chilled to 2 C below the inlet %emperature t;'simulaxe ’
éonditions.at Priest Rapids dam. Results are shown in Figure 3. There
. was apparently no difference.ﬁetween grdupé peld at the tyo temperéture
levels, based on overlapping confidencé intervals, and because the‘caoler
group was lesg resiétant:at two.temperatures, but more resistant at- |

the third. EL time was a high percentage of death time at all three

temperatures (Table 2). No regression analyses were made on these data

MIDS>ATCARNE o -~ i R S 1\ ST LAt L et i s ¥ o e g SO N
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. due to the few temperatures studied.

More chinookujacks were available in 1968 so the resistauce sexies was
repeated, but with more fish in the 28 and.30_c test groups; ané - ith -
an additional test’at 27 C.(Table 1). - The results are illustrated in-‘
Figure k. Death and EL times were nearly identical to those cbvained
the previous yvear and agaxn, EL tzmes were hlgh percentages of death
tlmes at all temperatures.

| Since %he correlation-among'chinook resistance data proved to be
sinilar for 2 yesrs, death times at lower temperatures.were.determined
in 1969 as'alcontinuation of the series started previously. Tests at.
temperaxures-of 22, 24, 25 and 26 ¢ were successfully conducted (a ;
test at 23 C was aborted by equipment failure). The results were . :
: significantly different from the earlier tests; with,resistance being
greater by nearly a factor of io (Figure 4). Tais was true, also, at
26 C, the one.temperasure tested each year. Normal river.temneratures
. (Figure 1) dxd not account for this difference, since the highest "acclimation"
temperatures (theoretlcally giving longest thermal resistance) were
,in 1967, an unusually hot year. There were no sigcificant differences
due to size or sex. One possible contributing factor was the use of
larger diameter tanks in l969.f The incipient lethal level wculd appear.
to have been between 21 and 22 C in 1969 for at 22 C only nine of fourteen
" test fish died at the end of l week. ‘:All control fish were still alive
and active, '

At 24 and 25 C, tests were'conducted with two sizes of chinook,

' large jacks (as were the other tests) and smaller ones (Table l1). The

small fish were 51gn1f1cantly more resistant at tae 95 perce“u confidence

T mara®

rr e e =
Ty
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. Chinook jacks were more resistant than steelhead tested the same
year and at the same temperatures, based on separation of 95 percent

confidence intervals. Chinook.were estimated to be 1.8 times as resistant

at 22 C and 3.0 times at 2h c. If the 1969 chlnoo& data could be extrapolated

to hlgher temperatures, chlnook would ‘be more reszstant oy a factor

DTN H
o
H

of 10 at 29 C..
 Adult ‘coho salmon were tested in 1968 at 26, 27, 28, 29 and 30

" ¢ (Table 1, Figure 5). The resistance of coho was signifidgntly less'
than that o: Jjack chinook, which were tested simultaneéusly in the same
éxperiments. Eqnlllbrlum loss occurred at about 80 percent of the death
ulme, except at 28 C where it occurred sooner (Table 2). Cono were

not available in 1969 for extension of the series to the incipient lethal
temperature; Comparison of resistances of coho and steelhead from 1968
coho fests and 1969 steglhead tests would not seen appfopriate, due to

differences in results of chinook tests in 1968 and 1969.:

1

i Comparison of.Tolerance of Juvenile and Large Fish

| Thermal resistances of- juvenile chinook and cono have been deter-
‘mined in our laboratory (J. M. bean and C. C. Coutant, unpublished) and
can be compared with the data presented above. Chinook were raised in our

hatchery from eggs obtained from adults captured at Priest Rapids Dan.

Coho were obtaeined from the Leavenworth National Fish Hatchery, Leavenworth,

Waéhington.. Figure 6 sﬁmmarizés the respective thermal resistances
at temperatures between 26 and 30 C.

Between' 26 and 28 C, Juveniles of both coho and chinook were generally
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more'tolerant than large fish of either species. The difference was
slight and insignificant for chinook, based on the error of the regression
ana;ysis. For coho, however, the différence.was significant throughout
the temperature range.

lResistances of juveniles of both species deviated from single straight
linés'near 28 C, thus chanéing,the relative tolerances of juveniles . é
and large. fish (Figure 6). Chinook juveniles exhibited resistance times
similar to jacks at 28 C, but above that temperature the resistance
of_Juveniles was considerably less. The differénce was esfimated as
a factor of 10 near 29.6 C. ?he greater tolerance of ;oho juveniles
than adults decreased up to about 28.8 C, where young and adults became
similar. Above that temperature, coh§ juveniles were less resistant.
At 30.C, adults were more than three times as tolerant.

In sumary, these tests have defined thermal resistance times,
hitherto unknown, for adult steelhead trout, adult cocho salmon and jack
chinook salmon. Since the test; were coqducted over three years and
under varying thermél Eonditions, direct comparisons of resistance could
be made only in some instances. Data for coho and'chinook, tested simultaneously
in 1968, indicate that coho were less resistant between 26 and 30 C.
Data for steelhead qnd chinook, tested together in 1969, indicate that
steelhead were less resistant than chinook between 22 and 26 C. Relative
tolerances of steelhead and coho remain unclear becaﬁse of variations
in chinook data between years. Incipient lethal temperatures for steelhead
and chinook appeared to 5& near.21 to 22 C. The relative thermal resistances
of Juvenile and large fish varied with test temperature--juveniles were

more resistant at.low lethal temperatureé up to about 28.5 C and adults were
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- more resistant above that level.

Thesg.dﬁta ﬁé& be uséful in evaluating the ecological effects of
tﬁermal discﬁérges'to salmonid éﬁvironments, and for defining boundary'

" conditions for thermal waste disposal that will assure comtinuation

of the salmonid resources. They suggeét that elevation of general environmental.

'tempéfatures above Qi C would.be directly lethal to adult salmon and
étéélhéad; They a;so provide registance'times'ét higher temperatures

_ that are neéesqary for modelling thermal death responses-in the fiuctuating
témperature regines pf theryai miking‘zonés (Jaske,,fegpleton and:Coutant,

: ”in'presg)."- N __'_g.f 
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