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I. INTRODUCTION

To the figh living in the Columbia River and other Pacific Coast
streams, ochanges are occurring in the enviromment because of the impound-
mbnt of water for hydrcelectric powsr, the increase in pollution, and
the diversion of river water for irrigation. In the future the use of
river water to cool nuclear reactors also may change the environment for
river inhabitants.

One of the envirommental factors that is changed is water tempera-
ture, a faoctor to which fish, a poikilothermio animal, respond readily.
Usually the ohange ig to warmer water and temperatures that are not favor-
able for the surviwval of salmon, An exception is the Shasta Dam on the
Saoramento River where the withdrawal of water from the atorage reservoir
is from a level that i3 below the thermooline. AB a consequence; river
temperatures below the dam during late summer are now as much as 20°F
lower than formerly (Cope, 1949 and 1952) and salmon and trout produc-
tion has inoreased (Moffett, 1949; sSmith, 1950).

The changes that are ooourring in the Columbia River and in other
Pacificlcoast streams may subject salmcn eggs and young to unfavorable
water temperatures, & oondition whioh also ocould occur fram the early or
late arrival of the parent fish upon the spawning ground, or from abnor-
mal weathsr oonditions. These are some of the reasons for aoocumulating
more information on the influence of temperature uporn salmon eggs and
young., 8pecifiocally, the objectives of thease experiments were to meas-

ure the effects of temperature upon ochinook salmon, Oncorhynohus tshawyt-

sche. (Walbaum), in regard to:



{1) the rate of embryologieal development

(3) mortality

{3) occurrence of morphological abnormalities

(4¢) growth rate

(6) the determination of the number of vertebrae, dorsai fin rays,

and anal fin rays.
The period of cbservation was from the egg to the fingerling stage.

Objeetive (6) above was inoluded for the purpose of making a con-
tribution to the limited information now available on this subject for
the Pacific salmor and becsuse of the ocurrent interest in the use of
meristic characters as one of the means of identifylng the racial origin
of salmon now being caught in the off-shore waters of the Narth Pac:®fico
After Heinoke's investigations in 1898 meristic characters have been
used frequently to identify races (see p. 96). Heincke identified groups
of herring as races when the differenne in the sounts of vertebrae be-
tween groups was statistioally significant.

Variation in the mumber of vertebrae between individual fish is a
consequence of both genstival and environmental faotors. In field sam-
ples neither genotyploal nor phenctypical veriation can be determined
becauge the past history of the individual is not known and therefore
the vertebral count of the parents snd the envirocnmental faotors influ-
encing vertetral formation are not known. However, in laboratory
experimentc such as these, sams estimate of genotypical and phenotypical
variation can be made and thia information is important to interpretation
of results of racial studies based on field camples.



The chinocok salmon were selsoted for experimentation because they
are econamiocally important, are resred extensively and are awailable.
In the Columbia River and other rivers of the west ocoast of the United
States that are most affected by dams, pollution and water diverasions,
this species i8 often the most important. Over 30 million fry and
fingerlings were reared and released by the Washington State Department
of Plsheries in 1963. In addition, this species is readily available
for experimental use, either from the Fisheries Center, University of
Washington, or from nearby hatcheries of the Washington State Départ-
ment of Fisheries.

The ochinook salmon, also known as king, spring. quinnat, tyee or
blackmoutn, is the largest of the Pabirio Coast salmon and usually
spawns in the large rivers. Spawnling occurs as sarly as August in
Alaska and ag late as December in California, the extremes of its geo~-
graphloal distribution. Tho egre are deposited in a nest in the gravel
of the stream bed that has been dug by the female, are fertilized by
the male, and then are covered with gravel, While in the gravel, the
ogg5s hatoh. The young frye work downward into the stream bed, as they
are necatively phototropic., When most of the yolk has been used,; the
fry erarge from the gravesl and soon start to eeek their own food. The
seaward mipgraticn may bagin immediately, but nften 13 delayed until a
few months after feeding, and occasionally as mﬁoh a9 & year. T“a ohi-
nook salmon live in ths gea until maturity, which is usually at an age

of 34 or 4% ysars, but may vary from 2% to 65 ysars. At matwrity the

»"Fry® is the stage which follows hatching and during which the yolk sac
18 absorbed; when fesding bezineg, the fry became "fingerlings,”



chinook salmon, weighing lU to B0 pounds, returns to its natal stream to
spawn and die (Clemens and Wilby, 1946),

Although the difference in spawning tims from Alaska to California
may be as great as four or five months, gpewning ocowrs when stream tem-
peratures are falling. Jordan and Everman (1896) write, "...it spawns
in August and early September when the water has reached a temperature
of about 54°F." Tempwratures observed at the time that chinook salmon
are spasming in some streams of British Columbia, Weshington, Oregon,
and Californie are recorded in Table 1. The water temperature during
incubation of the sgg 1s descending, with minimum temperature occwrring
shortly befors or after hatohing, and is rising during the late fry eand
sarly feeding stages. The water temperature oycle in the hatchery at
the University of Washington as shown in Figure 1 is typiocal of the
annual water pattern of streams in whioh chinook salmon spawn in the
Puget Sound ragion., However, ma&ny streams in other areas of the Pacifio

Coast have minimum water temperatures of 32° or 33°F.



TABLE 1

Tenperatures of Some Pacific Cuast Rivers at the Time of Spawning of the
chinook Salmon

| River
Nechsaxo (B.C.)
<uesnel (B.C.)

North Thompson (5.C.)
Scuth Thompson (B.C.)
Cclumbia (Wash.)
Skagit "

Entiat "

ureen "

Toutle "

willamette (Cre.)

Sacramento (Cal.)

Mcoath
September
late Aug,
early Sept.
nid Sept.
Oct.~Nov.
>eptember
October
uctober
Uctober
vep tember

Uctober

lenperature, OF,
arrival Spawning

59-61
60
60
62

58=55

50

58-55

©62-50

bL-43

Sb~52

Hefergnce
Hoursteon, 1953

Jackson, 1953

Olson-toster, 1956
See page 16
noon 39
Y
Burner, 1951%
Matson, 1548

Felnar, 1953

®*ilso includes a record of temperatures for other tributaries of the

Columbia River
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II. PLAN OF BXPERIMENTS

The effeots of temperature upon young ochinook salmon have been ob-
served in three sxperiments in three successive years--1961-62, 1952-53,
and 1953=64. These experiments differed in fowr prinoipal aspects:

(1) water tempsrature pattern, (2) source of water, (3) racial s‘took,
and (4) number of pairs of parenta (Table 2).

Two of the many possible temperature patterns were considered; tem-
reratursz wore eithor maintainad at a crnstant lovel or were altered
throughout the experiment ir a manner similar to that which occurs under
natural conditions. 1ldeally, the axperimental tamrerat-ires should be
those to whizsh the figh are exzosed in nature, for it is possible that
unornal developnent of egrs ard fr iz adjusted to the natural water tem-
verat're pattern. The naturel water temperatures at the *ime of the
dezcsition of egps in *he :ravel are declianing and cortinue tc decline
during the inoutation period. Hatchiar occcurs adbout the tims that the
water temperatures reach their lcwest level in the arnual temparature
cyole, but emergence of the fry fram the zravel does not occur until
water “enjeratures are increasing However. in an experiment in which
the tamperature ie nct maintairzed at a constat lewel, the average tem-
perature may not be relatad tc the obsorved effect if the charaoter being
chgerved 1s influenced by temperature for only part of the obsgervational
period, Becguse the oritiocal psriods feor the chinook salmon were not
Imcown, temperatures of the lots for the first two experinents were zon-
stant; for the third experiment temperatures were alterad throughout the

experiment in a manner somewhat similar to the temperatures that ocour



TABLE 2

Summary of Factors Related to Experiments I, II and III

1 0 Ave. No,
Tempera ge, ¥ No. of No. of

Experi- Water Temp. Bxper. Control Spawn. Exyer. zri; gﬁ;

ment Date Stock _ Supply Pattern lots =~ Iots* = Palrs lets Lot
1 11/15/51 - 10/2/52 Green City Constant 34-65%%  5,-42-69 1 8 547
Il 10/13/52 - 1/1</53 n " " L5-6T# 60-147 1 8 518
III 9/11/53 - 3/11/54 Skagit Well altered L45-65## 56-53 3 5 504
10/8/53 - 5/8/5L Eatiat " " " " 1 5 559
10/30/53 -  5/2/5L Green " " " " 1 5 452
10/30/53 - 5/8/54 Secramento " u " n L 5 586

®#Tap water as received at th e hatchery

®%34,40,45,50,55,60,62,65°F

#1,5,50,55,575,60,725,65,67:°F

##45,50,55,60,65°F



mder netural oonditions.

Bxperiment I

In the first experiment oight lots wors rearsd at congtamt tempera-
tures in water from the oity mair, and all eggs were tsken from one pair
of chinoock salmon of the (Green River race. The experiment was initiated
¥ovember 15, 1961, and oonoluded Ootober 2, 1952,

A pair of matwre ohinook salmon from the Green River Hatohery of
the Washington State Department of Pishericos, twenty-five miles southeast
of Seattle, wvac transparted to thes University of Wshington in a live-
tank and then gpawned. The palr used for spawning arrived during the
last week of the 1961 run of chinook salmon to the Green River Hatchery,
which 18 looated at Soos Creek. At thie time the daily tamperature of
8008 Creek varied from 42° to 46°F., Aftor belns spawnad, the pair were
photopgrashed (Fir., 2) and size measuwrsaments and counts of meristic char-
aoters were made (Table 3).

The errs from this pair were divided into eirht experimental end
four oontrol lots averaring about 560 per lot. Ome of the eight exner-
imental lots was placed in eash of the following conctant temperatures:
24°, 40°, 48°, 50°, £59, 60°, 622° and 65%°F., A maximum tempersture of
859 was choaen bacaise in an earlisr trial oxperinent all arrs at g
aongtant temveratiure of 783°% and 67° had died. The control lots were
resred at the water temporature as received from the citv main, which
wes 56°F at the berinning of the experiment and 41%F, the low for the
vyear, at time of hatching. Graphe of the temperature history of the lots

of the first experiment are anown in Figure 3,
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Fijure 2, Chincok walmen, Furents or the Experiment I Egg Lots



Measuremsnt Data of the Farents of the lLots for

TABIE 3

Experiments I and II

weight (spawned), kg
Length (fork), cm
Vertebrae
Dorsal rays, all
Anal " "
branchiostegal ruys
Uill rakers, first arch
Pyloric csaeca
Scales, lateral line
" above " "
“  below " "
Eggs, number

" weight before water

hardening, kg

u diamster after water
hardening, em

sge (scales)

I Ex}érin_'zr_i_tf_il LI

_Male  Female

3.83 8.54
95.2 92.3
67 68
15 1L
17 18
15 17
9+13 9 +12
155 -
12 139
- 30
31 29
7024

3.18

0.93

3+ L 4+

" “Experiment II
_Male  Female

8.87 9011"
94.0 95.2
67 66
13 13
18 18
14 16
10 +15 9 4+13

134 140
30 30
6864,
2.83
0.89
3+ 34+



Terperature, %

| |

30 _‘,,__:A e e -
0 5 10 15 20 2

Weeks After Start of Experimemt

Figure 3. Lot Temperatures for Experiment I
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In this experiment eight sublots of 1CO egrs each were removed {ram
the controls to either a higher or lower temperature. After 35 weeks at
olity water temperature three of the sublots were transferred to constant
water temperatures of 60°, 622° and 659 ., Three other oontrol sublots
were transferred after 2, 23 end 35 weeks at city water temperature to &
constent temperature of 34°F. Two additional sublots were held at 40Q°
and 46°F for four weeks and were then moved to a constant temperature of
60°F,

later, another seotion was added to the first experiment for the pur-~-
pose of observing the effects of temperatures of 50°F and higher upon
fingerlings. At these temperatures none of' the original lots survived
to feeding. To esteblish thig part ol the experiment, the control lots
were pooled on May 1, 1352, and four random l:ts of 100 eaoh were with-
drewn, Of these foir, one was left at ths temperature of the city water
and the others wers transfarred, after graduai tempering, to constant

temperatures of 80°, 67° and 7¢% .

Experimsnt 1]

The second sxperiment duplicated the first by the use of one pair
of chincok sslmon from the Green River race and by the incubation of the
sggs in the ssme water supply and at oconstant tempsratures.

The second experiment was started on Cotober 18 with a pair fram
the early part of the 1962 run which was late in arriving at the Green
River Hatchery becausge of warm weather (Fallert, 1952). The temperature
of the water at the time the fish were taken for spawning was 52°F -

Size measursments and ocounts of meristio characters of the two parents
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for the 1952 experiment are given in Table 3.

Constant temperatures in the eight experimental lots wers 45%, 50°,
55°, 575°, 60°, 623°, 65° and 674°F. These temperatures differ froam the
first experiment by the crission of the 34° and 40° lots and the addition
of the 57;° and 673°F lotse. As in 1951 there were foir control lots,
but sinoe Experiment II started a month earlier than Experiment I, the
inoubation temperature of the controls was higher in 1352. The city
water temperature at the beginning of the sxperiment was 61°F and at
hatohing was 55°F, the average inoubation temperature for the ocontrol
lots being 11 deprees hi ther than ip 1551, The temperaturs Yistory of
the Experiment ]I lots is shown in Figure 4.

Experirent II wag oorcluded unexpectedly on December 28 by an aoci-~
dent that saused a great increase in mortalities in all lots. The cause
of death was a hizh pH of the water supply created by a chanpe of char-
coal in the filter system. The details oI this accident have been re-
ported by Seymour and Donaldson (1953). At ths tinme of the acoldent the
lot at lowest teriperaturs had just completed hatehing, The experiment
was ooncluded at this time, as there was 100 per cent mortality in some

lots and injury of unknown extent to thoge that did survive,

Exporiment III

The third sxperiment was basliocally different fram Experimemts I and
II. The temperatures wore ochanging rather tharn constant; the ntorl was
from & new sowrce, & well that had besan drilled to provide water of lower
temperature for the hatchery; eggs from four races were used) and the

eggs for one race wers from ons or more pairs of parents. On S8eptember 11,
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1958, the expsriment was started and was oontinued until May 8, 1954,

For the purpose of svaluating racisl differences caused by tempera-
ture, especially the rate of development and meristic characters, eggs
were obtained from four rivers: the Skagit, in northwastern Washington;
the Entiat, a tributary to the Columbia River in eastern Washington; the
Sacramento, in California; and the Green, near Seattle (from which eggs
ware obtained for the two earlier experiments). Unsuccessful efforts
were made to obtain egge from Alasgka, first from the Naknek River, Bris-
tol Bay, and later from Alexander (Creek near Anchorage. It was considered
desirable to use Bristol Bay fish as representative of the races of ohi-
nook salmon near the northerm limit of their distribution. Because the
ezs8 from Alaske were not available, eggs f'rom the early Skagit River
run were obtained.

The agrs from the Skagilt River chinook salmon were taken on Septem-
ber 1l. The parents, three females and two malec, were gaffed fram the
Marblemount spewning grounds. The wator temperature at time of egg-taking
was 52°F. After fertilization and water-hardening the eggs were combined
into one lot, placed in a large thermos jug and taken to Seattls. Water
temperature in the jug upon arrival in Seattle four hours later was 59°F.
One~-half of the eggs were then forwarded to Mr. Burrows at the U. 8- Fish
and wildlife Fish Cultural laboratory at Entiat, Wasnington, and the re-
maining half divided equally into five experimental and two control lots
of about 500 eggs each.

The eggs from Entiat River were obtained on Qotober 8 from a single
ohinook female about 15 pounds in weight. After fertiliration the eggs

were water-hardened for three hours and were then placed in the same
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%ype of thermos jug as had besn used for the Skagit River eggs. The
Entiat River water temperature was 52°F at this time. The jug was pre-
ooo0led with orushsd ice and, af'ter being filled with egys and water, was
oovered with insulating mmteridl. Upon arrivel of the jug in Seattle
four hours later, the water temperature inside was 49°F. The eggs were
divided equally into six lots of about 560 each.

The eggs of the ohinook salmon fram the Sacramento and Green Rivers
were taken (Cotobar 30. The Saocramanto eggs were spawned in the morning
at the Coleman Station and flown to Seattle the asme day. One-half of
these sgps was taken to the Fish Cultural laboratory at Entiat. The
eggs were shipped from California in a special container with ice, and
upon arrival in Seattle the temperature about the eggs was 38°F. On the
day of spawning the temperature of the Saorsmento River at the place
from which the salmon were taken varied fram 52° to 54°F. Four pairs
of chinook salmon were used and the sggs were mixed before division into
experimental and control lois of about 680 sach. The fish in the Sacra-
mento River on QOctober 30 were the first of the fall run of ohinocok
salmony the peak of the season's run was expeoted later.

The Green River egrs were taken from one female and fertilized by
one male., The egrs were transported to the University in a thermos jug
in which they were retained until the Sacramento eggs arrived. The tem-
perature in the jug inoreased during this period from 62° to 59°F~ Both
groups of egzs were handled in the same manner after being removed from
the shipping containers. The average number of Green River eggs per iot
was about 450,

The temperature pattern chosen was that which olosely resembled the

pattern expected in nature. The average temperature of the ocity water
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in the hatchery of the School of Fisgheries from November 1950 to July
195% was the pattern (Fig- 1), but the astual temperatures were at a
lower lavel for some lots

For the five experimental lots the starting temperatures were 45°,
500. 65°, 60° and 66°F. After the start of the experiment the water was
oooled one degree every five days to a temperature of 34°F, The egss
ware held at that temperature for twenty days, after which the tempera-
ture was increased at the rate of one degree every five days- The
temperature history of the Experiment IIT lots is shown in Figure 5.

The water socurce for the third experiment was fraom a well, whereas
olty water was ugsed in Experiments I and II, This was of importance in
two respects-. First, the tamperature of the control lot whioh was reared
in the tap water was practically constant, ¥ith a range of only two de-
grees, from 56° to 54°F. Secondly, this water carried a high organic
load whioh resulted in the very rapid aoccumulation of glime molds, algzse,
and protososns on the egre, in the tanks and troughs, and in the coils
of the ocooling system. This necessitated more handling of the egg¢s than
was degirable and interfered with the flow of water in the refrigerated
tankso

By using ultraviolet light an effort was made to control the slime
molds, algae and other organisms growing on the bottom and sides of the
troughs and tanks. Three ultraviolet lights were placed across the head
of a trough without fish, a few inches above the water. The water depth
wag four inches. After three weeks the mass of orgzanisms beneath the
lamps was only slightly less than in other parts of the trough; there-

fore the use of the ultraviolet light was discontinued,
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Mortality in all lots of Experiment III in the late fry and finger-
ling stages was unusually high, and although the specifioc reason was not
found, the cause was believed to be either direotly or indireotly asso-
ciated with the well water., Mortalities were especially high in the
Green River eggs and, moreover, they ooccurred earlier than in the other
lots, indicating that other factors associated with the condition of the
ezgs themselves were contributing to the mortalities.

Two lots, Sk 6 and E 6, which were resred inadvertently under abnor-

mal conditions are not inocluded in the discussion of results obtained
from the other lots. At the beginning of the experiment these two lots
were in troughs containing well water in the main hatchery and were not
transferred to the controlled-temperature hatchery until November 14,
On Ootober 29 the dissolved oxygen in the water flowing into the trough
with Lots 8k 6 and E 6 was found to be only 3.0 ppm. This condition was
oorrected the following day. However, by that time Lot Sk 6 had been in
the low-oxygen water for 48 days and lot E 6 for 21 days.

The signifiocance of low oxygen tension was not appreciated until
the data were analyzed some time after the conclusion of the experiment,
Then 1t was found that in the two lots affected the incubation period
was 18 per cent longer, the increase in the average number of vertebrae
was as much a8 2.5, and the increass in abnormal vertebrae was about 10

per cent.



IIX, MATERIALS

The hatohery and equipment of the School of Fisheries in Room 124,
Fisheries Center, were used for these experiments (Fiz. 6). The roam is
provided with six tanks and four troughs with tap water and heated tap
water supplied to each. Reafrigerated tap water is supplied to four of
the tanks.

The tanks are made of baked enamel with a Thermo-pane glass front
and are 60 inoches long, 28 inches high and 12 inches deep. Protection
from temperature change was provided by two inoches of cork on the back,
bottan and sides, an ingulated 1id on top, and the Thermo-pane front.
The oonorate troughs are 15 fest long, 12 inches wide and 8 inches desp.

Egﬁgz. For the first two experiments the supply water was from the
oity main. To remove ohlorine gas that is added ooccasionally to the city
water, all water for hatchery use was passed through & oharcoal filter-

In Bxperiment III well water replaced oity water. The tempserature
of the well water was 58° to 58°F, a favorable temperature for chinook
salmon, Analyses of both the oity and well water is given in Table 4,

For the low-tempersaturs tanks the tap water was coocled in a Temp-
rite Instantaneoug Cooler and temperatures down to freezing were avail-
able, Heated water was provided by ruaning water through a coil in a
steam Jjacket. Intermediate temperatures were obtained by mixing warm
and cool water, using a shower type valve, either Powers model 34504
size C-20 or Powers model HVE.,

Irays. A iray was designed so that the eggs could be kept in order

and examined individually, if necessary, with a minimum of handling.



22

Figure 6. The Controlled-temperature Hatchery Room,

fisheries Center, University cf Washington
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TARLE L

Mineral Analysis ¢f City and Well Vater

city  City  City iell
Wateri Waters Water Water
Date 1/7/52  1/5/53 1/29/5L 1/29/5L

Ports per 'illicn

Total Solids L2 Lk LS. 137.
silica (Si0,) 2.0 11,
Iron (Fe) v «.0b Lhs 2k,
aluninum (Al) e .Ul
Calcium (Ca) 6.8 =.8 7. 1z.
Magnesium (Mg) UL 1. 2. 15,
totassium (K) C.3
sodiun (Na) 1.88
Bicarbonate (HCO3) 25. 29. G 117.
Sulphate (30) 1.9 2.9
Chloride (C1) 1.2 1.06
Total Hardness (as CaCOB) 19.8 26.1 <3, a7,
nlkelinity to rhenolphthaiein G. G.

" " detnyl Orange 20. 2.
oH 7.2 7.4 7.6 /.4

# Analysis by Seattle Water Department
i " " Applied Fisheries Laboratory
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The tray consisted of glass rcds sugperts? in a 10- by 1l2-inch wooden
frame. The rodg were spaced sc that the eggs ware supported, but the
larvae, upon hatohing, dropped through. One tray held about 600 chinoock
salmon eggrs, 20 rows of 30 eggs each.

Damboarda, Since in the third experiment there were as many as
four different lots in the same tank, it was necessary to divide the
tank into campartments and to have the damboard between ocmpartments
impassable to the fry and fingerlings. The compartments were made tight
by wedzing a damboard against a half-inch sponge rubber gasket on the
sldes ané bottum of the tank, The damboard was made of two plates, one
inch apart, which were perforated at the top on the upstream aide and at
the bottam on the downstream sides Sucocesgsive demboards differed in
height by one-half an inoh, with the hizher damboard nearer to the head
of ths tank, Bullding and arranging the damboards in this manner oreated
oirculation of water throughout each oompartment.

Thermographs. Tank and trough temperatures were constantly recocrdel
on & oircular chart, a thermogram, by means of a seven-day Bristol Re-
oorder. Temperatures were checked dally with & calibrated meroury ther-
mometer whioh oould be remd to 0,1°F, and an adjustment was made to the

recording pen if the pen wes in error.,



IV, METHODS

E&-t;king- In Experiment I the egr8 were taken by incision and
were fertilited in a pan without water. After fertilization the egzs
wers divided into equal lots and placed in pans in the tank in which
they were ‘.0 be reared. During the next two hours the eggs were water-
hardened and tempersd with the temperature gradually changing from that
of the eggs at time of fertilization to that of the rearing temperature,
the greatest change being 14 degreees Fahrenheit, The eggs were then
placed on the glass rod trayss In Experiments II and III the eggs were
watar-hardensd for two hours at the site of egg-taking and then were
transportéd to the Sohool of Fisheries. Immsdiately after arriwval at
the School they were divided into lots and tempered for two to four hours
to ths rearing temperatures.

Hnndlingo Egzs and fry were moved only when absoclutely necessary.
The tanks were cleaned with a siphon and the dead eggs and young were
removed without disturbing the remalning eggs or fry. Except for the
removal of the eight sublots in Experiment I, the eggs and fry of Exper-
iments 1 and II were undisturbed. As mentioned above, this was not true
in Bxperiment IIl. Acoumulation of organioc debris and mud made it neces-
gary to agitate the eggs gently about once a week to prevent smothering.
Also, some egg lots were transferred from one tank to another during the
eyed ogg stageo

Mortality records, Mortality was caloulated from the number of eggs

and young removed after the firast day. The remowvals on the first day

were mostly infertile egga. Dead eggs were removed daily, but since
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death of an egg is not necessarily irmediately apperent; mortality wal-
ues for any one day during the eggz stage may aotually be greater than
;hcwn in Tab;ea 9 and ll. Thia souroce of error is not present after
hatohing.

The oumulative mortality was calculated by weeks for each lot. The
losses were separated into two catepories; one ocategory was natural mor -

talitz, the other remova{g and acoidertal deaths. The oumulative mortel-

ity took into account losses fram both categories and was oomputed for
gach seven~day period. The ocunmulative mortality for week n was the sum
of three items: (1), the ocumuiative mortality for wesk‘gzlz (2), the

sum of the daily natural mortalities for week nj and (3). the natural
mortality that would have occurred in week n among those removed for sam-
ples or killed accidertally. Item (3) was ocaloulated by multiplying the
natural mortality rate for week n by the sum of the number of individuals
that were removed for samples or had died aoccidentally during week n and
the number of individuals that would have swrvived to the end of week
E:l‘ having previously been removed for samplss or having died aociden-
tally.

The per ocent cumulative mortality was equal to 100 times the cumu-
lative mortality divided by the number of epzs at the start of the
sxpariment.,

Mortality for all stages wea caloulated in this manner. Mortality
to the 50 per cent hatohing stage did not include fry mortelities for
those wesiks in whioch there were both ezg and fry mortalities.

Estimation of the time to hatching. Hatching was defined as the

time when both the head and tail were free of the ghell. At both high
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and low temperatures only the heads of many larvae would break through
the shell and the larvae eventually would die. Such larvame were oonsid-
erad eggz mortalities and were not ocounted as being hatohed.

The time to hatching was arbitrarily selected as the time when 50
per cent of the eggs had hatched=~the median of the hatching period--
and could not be determined until sampletlion of hatohing., Other chcices
would have been the tims to the first hateh, the last hatoh, the mean of
the hatohing period, or the mode of the hatching period. At normal tem-
peratures the choice would have made little difference, since the hatch-
ing period i3 short. At low temperatures the hatohing period of same
lote was more than one month, with a peri>d of no hatching intervening
between the extreme values; therefore the time to hatching of either the
first or the last egg was consgidered an inappropriate estimate of the
time to hatchinge.

The hatoh of egzs was ocounted daily at 11 ae.ms From the daily
hatehing records the time to 50 per ocent hatoh was caloulated to the
nearest 0.1 of a day, the last signifiocant figure being determined by
linear interpolation. By thlis method of estimeting time of hatching the
error is relatively greater in those lots with the shortest hatohing
times, i.8., tnose at highest temperatures.

Estimations of average temperature. The temperatures could not be

controlled perfectly and therefore it was neocessary to measure the tem-
perature fluctuations in order to have a reliable estimate of the average
temperature for the period of observation., The temperatures were record-
8d on thermograms from whioch the average temperatures wers calaulated.

Since the thermometers attached to the wixing valves were calibrated in
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Fahrenheit wnits, the thermograms were calibrated in the seme units.

The average tempsrature was caloulated with the acourmcy allowable
under the conditions of the experimsnt. The reliability of the thermo-
meter, the aoccursoy of the thermograms, the temperatuwre changes at verious
positions on the egg tray. and the methods of ocaloulation all influence
the acouracy of the estimates of averega temperatures, The thermameter
uged to make the daily temperature readings and to ocorrect the thermo-
grams was asourate to 0.1°Fj; the thermograms could be read to the nearest
0.2°F; and the rreatest temperature difference between vnriéus positionrs
on the egg tray was 0,2°F., A graphiosl method and an arithmetical method
were used to sstimate average temperatures, but the arror in either
method was not measured. However, the total error from all sources in
the caloulated average temperatures is believed to be less than 0.5,

Estimates of average temperatures derived by means of oaloulating
aress under the thermogram or as derived arithmetioally from daily aver-
ages over short intervals are more acocurate than averagses from daily
maximum and minimum temperatures. For Experiment I average temperatures
weore egtimated by ocomputing the area enclosed by the thermogream. From
the arem, which vas computed with e planimeter, the average temperature
for each seven-day period was read directly from a table. In the table
the areas enclosed by oircles made by wvarious constant temperatures are
liatoa. For oonstant or nearly consteant temperatures the planimeter wval-
ues are approximately correct, but for fluctuating temperatures there is
an error because the areas of the oircles do not change linearly with
temperature, The planimster method was chosen for the first year's aex-

periment, as the temperatures were nearly oconsiaut, espeoially during



incubation.

For Experiment III1 daily average temperatures were determined arith-
motically from temperatures during short intervals in which there was
aither no change of temperature or a conatant ohange in temperature. To
dotermine the daily average, temperatures during each interval, weighted
by the number of hours of eaoh intervel, were averaged, For example. if
the temperature during the first twelve howurs of the day was constant at
50°F, then steadily rose during the next three and a half hours to 56°F,
then deoclined steadily to 529 during the following two hours, after
which the temperature remained constant for the reat of the day, the

daily average temperature was caloulated to be

or 51-.4°F,

(12x50) + (3,5x63) + (2x54) + (8.5x52)
g2

To examine the differsnce in averase tamperatures that would ooecur
fram the two methods degeribed, eizht thermograms were selected in uix
of which tho tamparature varia*ion was averase (smooth thermorrsm) and
in two of whish 1% wes oxtrena (irregula; “harmogram). Teuperatures oal-
culated from the planimeter measurements avsraged $.3 var cent iess than
tamporatures caloulated arithmetically and the error was the came for
both smocth and irregular thermograms. Althouzh similiar resultc were
ohtainad by the two methaods, tHthe mathod of arithretiosally averasins daily
tenmperaturas, which is mere tedious than the vlanimontar methad, was uged
tn caloulate avardaze tamperaturaes for tha Experiment 1T data.

Thers is no practionl way of estinmating the varianos of the tempar-
aturesg that were recorded in Experimsnts I and II, The variance was

probably not great, as tamparatures were usually mainteined within one
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degree Fahrenheit of the desired temperature exocept on ocoasions when
the refrigerated water supply was reduced or out off, This ooccurred when
ice or organic material sccumulated in the ocolla of the cooling unit and
when there was a power failure to the refrigeration unit. The shutting
off of the refrigerated water was most frequent during Experiment III
and ocourred four times during the experiment to the tank receiving 34°F
water., An estimate of ths variance of the dally average temperatures
oould be made, but this would not indicate temperature shock, as usually
the deviations from the temperature pattern were of only a few hours'
duration and changed thes daily average relatively little. Although the
temperaturs shook effeot from deily temperature ohanges is not lmown, e
oomparison of the dally meaximum-minimum temperatures of the experimental
lots with maximm-minimun temperatures in the Green River (Ellis, 1953)
and the Sacramento Eiver (Wallich, 1901) shows that the experimental lots
were not exposed to any greater daily temperatire changes than occur in
nature (Table §).

Preservation. Before being preserved, most specimens were placed

in urethane. They were then measured, weighed and radiographed. The
preserving fluid was 4 per ocent formaldehyde with 0.7 per cent NaCl.
Radiographs, Counts of vertebrae and fin rays were made from radio-
graphs and from stained apecimens. All the fry and fingerlings that were
selected for counting were radiographed, but the radiographs were not
readable for some of the fry with skeletons that had not yet ossified.
These fry were then stained and the vertebrae and fin rays in many could

be counteds
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TABLE 5

A Comparison oi the Daily Temperature hange for the Green and sSacrauento
Rivers and for Experiments Il and 111

Green Sacramento Ex.. II Exp. III
QOct. 1952- sept. 1898- Cet, 1952~ Sept. 1953-
May 1953 Feb. 1899% Jan. 1953 May 1954
Temp. Range, °F Number of Days Number of Tank Days
0.5 2 i obl 90z
1.5 11 2 120 220
2.5 68 12 19 72
3.5 30 27 10 40
L.5 55 14 3 19
5.5 18 14 1 18
6.5 35 10 1 5
7.5 13 1 5
8.5 8 1 7
9.5 2 2
10.5 1
11.5 2
12,5 2 2
13.5 1 3
4.5
15.5 3 2
16.5 1
17.5 1
18.5 1
9.5 2 1
20.5

#* Only four observations Nev., 17 - Feb. 18
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For radiographs of small fish soft radiation of high intensity is
nesdsd, Sharper and oclearsr radiographs can be obtained from an X-ray
diffraction unit than from a diagnostic type of tube because the besm of
X-rays is smaller and there is less seoondary radiation from the window
(Bonham eand Bayliff, 1963)e. A water-cooled Machlett 0-2 X-ray Diffrao=~
tion Unit with a copper targst and a beryllium window was used in these
experiments,

Kodalith Ortho Type 2 fiim produced good results and, being insen-
sitive to red light, was converient to use. A sheet of film placed in =
black, light-proof envelope was posltioned bsneath the X-ray tube and the
fish arranged on a shest of.oollophane resting on top of the film enve-~
lopes The fish waere blotted dry and covered with a sheet of cellophane
to reduce further drying whioh sametimes resuited in movement of the fish
during exposure,

4 typioal exposwe for 3U two=inch rish on a ghest of 5~ by 7-inoh
film with the window 24 inches from the film and the unit operating at
50 PKV (peak kilovolts), 12 MA (milliamperes) anc full wave rectification
was 43 minutes. The film was developed for 40-5C seconds in Dektol di-
luted with two parts of water. For larger fish (five-inch) Type M X-ray
f1lm was used in ordser to snorten exposure tima. With the tube at 32
inohes and operating at 50 FKV and 12 MA, exposure time wws 25 seconds
and developmsrnt time 4 minutes.

Satisfactory radiogreaphs have been made of shinook salmon fry as
small as 36 mm {fork longtﬁ). These fish were reared at 40°F for 10
monthe and did not increase in lengtn after hatoning, whereas younger

38 mu fry in the yolk-sac stage did not give satisfactory radlographs,
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Ossification appeared to be a function of both sire and age. Fingerlings
were used for radiographs when available. For those fry that did not
give a readadbls radicgraph the staining technique wms also tried.

Staining. The technique used was that of Hollister (1934) for
clearing and dyeing of fish for bone study, with the modifications of
Tlning (1944). Fry preserved in 4 per cent formaldehyde were washed in
water, bleached with hydrogen peroxide, washed, placed in 2 per cent
potassium hydroxide and then stained with alizarin (alizarin sodium sul-
phonate). Bleaching was saccelerated by exposure of the fish in the
hydrogen peroxide solution to ultraviolet light. From the stain the fry
were transferred to glycerin for clearing. Vertebrae and fin rays of
the glyocerin-preserved specimens were counted with a dissecting micro-
soope at & magnification of 7 X.

The ogsified struotwres stalned very distinotly. Of the two methods
the staining method was more effeotive for young fry, although all the
possibllitiea for the radiopraphic method, suoh as voltage and amperage
changes and types of photographic paper, were not explored. Accurate
oounts were easily made of the specimens of fingerling slze prepared by
oither method, but the radiographic method sas preferred becauss the
radiographs provided an orderly, permenent record that was available for

rechecking and because the method was faster.



V. ENVIROHMEXTAL CONDITIONS

The experiment was designed to measure the effect of one variable,
tempersture, Other factors were assumed to be eithsr of no effeoct or of
equal effect in all lots.

Oxygen. Analysis was done by the basioc Winkler Method as outlined
by Ellis, Westfall and Ellls (1948).

On five ooccasions--January 10, January 25, May 26, Ootober 1, and
December 28, 1962~--oxygen determinations wers msde of the city water in
all ten tanks and troughs with samples taken fram the intake, the outlet,
the surface and the bottom. In all samples the dissolved oxygen was
greater than 70 per ¢ent of the saturation level mnd in most cases greater
than 90 per cent. There were no gignifioent differenocss in oxygen wal-
ues of samples from the intake or the outlet, the surface or tnhe bottam
{Table 6),

e TS WOl water used in Experiment III was practioally devoid of oxy-
zen &5 it enterad the reservoir tank at the Fisherles Center, the value
for dissolved axygen in parts per milllion belng 0.20 or approximately 2
per cent or saturation, After spilling into the reservoir tank through
wire mesh scoreena, the oxygen inoreased to 3.4 ppm.

In the controlled=-temperaturse hatchery the water was jetted into
the tanks and troughs, which further increased the free oxygen in the
water, Values ranged from 7.4 to 10.9 ppm and the per cent saturation,
from 68 to 80, However, two lots in the main hatonery were in water of
low oxygen content, 3 ppm, on Qotober 28. The tap water to the troughs

holding these two lots entered fram the bottom without mixing with the



TARLE 6

Oxygen Content of Water In Tanks ana Traughs

City Water

Tank or 1/10/52 1/25/52 5/26/52 16/1/52 12/29/52
Trough ppm  ®Sat  ppm  ASut  ppm  #B3at  ppm  eSat  ppa  AkSat
1, inlet ) A

cutlet 12.39 94 12.31 89 11.28 g,
2, inlet _ _

outlet 13.02 99 10,38 23 11.39 89
3, inlet

outlet 1,49 103 1..59 87 1u.l5 83 .71 92
L4, inlet 1o 4E 106

outlet  12.62 101 12.30 99  9.31 96 8.4 &9
5, inlet 1l.45 103

outlet 1z.06 106 11. 37 102 1c.4L3 92 8.l 7
6, inlot 11.59 107

wit let 11.67 110 1l.ovy lud  it.J7 95 3.34 33
7, inlet 1. 42 105 16.60 105

outlet 10.27 163 .57 1oL, .73 98 6.5 68
2, inlet 12,71 10z 12.35 1l

aut let 12.58 1l 12,50 100 9,81 9y +.15 9¢ 1.7 ]
9 i[ll!:t - ~- N .."[ ~

> outlet 9.48 103 1.5 97
10, irlet 11.29 116 | |
P tler  11.17 115 2,92 103 9,18 96

3, main

hatchery

Well Water
1u/28/53 11/18/53
- bpa ~“ﬁﬁat b %Sat
10.96 8¢ 11.206 79
£.65 68
3.95 77
8.3 75
8.0 175
7.45 75
7.85 93
7.90 w4 775 79
7.55 78
2.95 &7 9.20 87

13
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air. To correot this condition overhead Jjets were installed.

Dissclved oxygen levels of 3 ppm or lower are hazardous or lethel
to fish in }akes or streams and & ppm or more should be present rcr favor-
able conditions (Ellis et al., 1848). Low oxygen levels also influence
the development of fish eggs, as Johanser and Krogh (1914) have shown
that levels beslow 60 per cent saturation delay the development of plaice
ezgs.

Because the well water used during the third experiment was rich in
organic material, the blologioal oxygen demand (BOD) of the water also
was determined. Three 250-ml samples of well water incubated five dayw
in & hatchery trough at the well water temperature of 66°F had net oxygen
losses of 0.8, 0.6 and 0.7 ppmo A fourth sample treated in a similar
manuer, exoept that the bottle was deliberately loaded with organioc ma-
terial growing on the bottam of the trough, hﬂd no free oxygen after five
days- Although there was a positive BOD, the decrease in oxygen from
inlet to outlet was no greater than the measurement errer, 0.2 ppm or
less.

Water flow. Water flows were determined empiriocally for each tank
and averaged 1.2 gallons per minute with a range of 4 to 15 gellons per

‘minute. The flow to the cold water tanks was limited by the oapacity of
the refrigeration unit but satisfactory oxygen levels were maintained as
indicated above.

PH. The hydrogen ion concentration was determined with a Beclkman
Model H2 Glass Electrode pH Meter., Values were in the range of 7.5 to
7.8 except on one occasion when the charcoal in the filter system was

replaced. This resulted in a great increase in the pH walue of the water,
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a zreat mortality and the conclusion of Experiment II as described on
pege lé. Aoidiﬁy in excaess of pH 4.1 or alkalinity greater than pH 9.6
are immediately lethal to brock trout (Creaser, 1930).

Light. The hatohery roam for the temperature experiments is an
inside windowless rooms All lots were exposed equally to the flucres-
cent lights in the room. During incubation and throughout the fry stage
the lights were cn about two hours a day during the daily routine of
ralkdng temperaturss, removing dead eggs and young, etc. In the feeding
stage iights were on about 10 hours each day. MoHugh (1954a) has shown
some evidenoe that visible light during embryonioc development of the

grunion, Leuresthes tenuls, influences the number of vertebrae. Mean

vertetral number is relatively low in bright light, intermediate in sub-
dued light, and hich in derkness, 1In nature salmon eggs are in darkness,

[

being buried in the gravel of the stream bottom.



Vi. DISCUSSION AND RESULTS

Rate of Embryologioal Development

General expressions. (a) Historical. The rate of development of

poixilothermic animals varies directly with temperature. An expression
of the relationship between temperature and rate of development has been
sought by many in the hope of oclasaifying physiologlioal proocesses accord-
ing to the size of their ooeffiolents. It was hoped that the size of
the coeffiocients would reveal, Ly comparison, the chemioal or physiocal
processes wnich are the foundation of the blological reactions.
¥athematiocel expressions proposed to desoribe the relationship of
temperature to speed of development may bLe classified as elther theoret-
ical or empiriocal. In the flrst category are van't iHoff's Qyg, Arrhenius'
¥, and Thoampson's x or Qj, 81l of which are basloally the same equation.
The three equations are compared in Table 7 and are shown to be of like
farm after logarithmic transformation.

In the Arrhenius equation temperature is expressed in absolute units
and in reciprocal form, but Balehradek (1935) pointed out that the recip-
rocal of the absolute temperature is practically a linear function of
temperature on the centigrade soale between the limits of 0° and 40°cC.
Therefore, the expressions of Arrhenius end van't Hoff are virtually
equivelent; both imply that a proportional inorease in spsed of develop-
ment produced by e given difference in temperature is constant throughout
the temperature range at which an anlmal may develop, If p fits any per-

ticular set of empirical data, Qjg should fit equally well and vice versa

(Andrewartha and Birch, 1964); what is true of Q) is also true of x or Q.
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Temperature
symbol

Temperature
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Temperature
difference

Rate Symbol

Original
eguation

Transformed
equation

TABLE 7

A Comparison of the Arrhenius, Van't Hoff and Thompson Temperature Coefficients

Van't Hoff D. ¥. Thompson
n QlO x(also Ql)
b'd X t
Kelvin Cent izrade Centigrade
Xl - XZ Xl - Xz n
y y v
11 y 10
su(= - = 1y g v
Y2 &? ("1 "2) %o = (5 ) X7 v._t"..n. = x
Y 2 t
4.6(log y_ ~-log y ) log y.~ lo; .
E Y o8 J log V - log ¥V
n= 2 1 lOg Qlo = 10( 1 2) 106 X = ten t
1_1 s Bl n
i

6€
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Empirioal equations that have been used to express the relationship
of temperature to speed of development include the hyperbola, catenary
and logistic. The widely used temperature sumation rule is the equation
or'a.n equilateral hyperbola,

yx = k
or y(x=-a) = k,
where Y is tima of development, X is temperature, a is threshold tempera-
ture and k the temperature summation constant.

This rule states that the product of time by temperature above the
threshold is constant regardless of inoubation temperature, and that the
reaiprocal curve, -;'7 S kx, is a straight line. Usually the observed re-
oiprocal valuss fall on a straight line only in the median portion of
the temperature range of development, and often the temperature-=time
purve has an exponential form, the reociprocal curve being s-ghaped. For
this reason Davidson (1944) belleved that the temperature-summation theory
is an unsatisfactory representation of the facts and that its use should
be discontinued.

In 1926 Belehradek proposed the formula

a - ke
y’x% WY'D

at a better method than w or Q)p for desoribing rate of development. The

temperature summation rule is of the same genorc;l form but with b « 1,

When it was necessary to introduce biological sero into ths formula, the

equation became y ® —L.B. 3 but since Balehradek memsured temperatures
X-a

in degrees ocentigrade and biological zero was practically 0°C for the

*k will be subgtituted for the a used by Bélehradek in order to be con-
sistsnt with symbols used above.



41

animals studied, "it was not necessary to complicatse the formula by a
. £ifth factor" (Bslehradek, 1929).

By logarithmio transformation Bélehradek's equation bocames log ¥
z log k¥ - b log x, which implies that when the logarithm of time is
plotted againgt the logarithm of temperature the values lie in a straight
line., Bélehradekx found this to ge true for oconduotion in the solatioc
nerve of the frog, locamotion of Peramecium, and embryological develop-
ment of the Mediterranean fleur moth. A4lso, walues of E.wore found to
be more constant then p or Qjg.

The data used by Bdlehrddek for the Mediterranean flour moth were
from a paper by Janisch, who used the same data to demonstrate that the
time~temperature relationship can best be expresgssd by a catensry curve,

Ng --% (aX+a~X).
In this equation y represents the tlme required for development at the
glven temperature x in degrees centigrade; m 1s the time for development
at the optimum tamperature;.g is a oonstant.

Janisch (1925) believed that the catenary fitted the observed data
throughout the temperaturs range of development and was later supported
in this view by Uvarov (1931). However, in a later experiment on the

rate of embryologiocal development of the same moth, Ephestia kuhniella,

Voute in 19%6 obtained results that were oonsiderably different from
those obtained by Janisch. For points at temperatures above the peak
Voute believed thet the oatenary does not fit (Davidson, 1944).

A form of the logistic curve was found by Davidson to be a better
fit to the flour moth data than either the catensary or Bélehradek's modi-

fiomtion of the hyperbolae. Davidson obsgerved that often the temperature-
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time ourve was of the exponentisl form and the reoiprocal was similar to

a form of the logistio ocurve developed by Pearl and Reed (1920). This

formuls,
R
y léa®

has been sucaessfully applied by Davidson to describe the relationship
between temperature and rate of development at oonstant temperatures for
aix species of insects. In this formula 1/y is velooity, that is, reoip-
rocal of the time required to compiste development at a given temperature
Xt L, & and b are constants. L is the parameter representing the dis-
tance between the upper and lower asymptotes of the logiastic curve and
can be saloulated from the following formula,

Pol
o ZP1P2P3-P2 (3;1*?3) )
P1P3~P2

where P, Pz and Py are values for 1/y on the curve at three squally

L

spaced temperatures on the abscissa.

Replacing 1/y with P, the original equation oenbe transformed to
the equation of a straight line, loge L-P a A~bx, and the constants a
end b can be caloulated by the method oi “least squares.” 1In essence
this equation statea that for a given set of data to be expressed by the
logistio ourve, & plot of the logaritim of L-P/P and temperature should
be points on & straight line.

{(b) Fish. The early history of the searoh for a satisfactory law

relating temperature to speed of development was ocentered around the

taemperature sumation rule, although it was not ideutified as such.,

*In the original equation Davidson used the symbol K, but to avoid con-
fusion with k in the temperature summation rule, the K in Davidson's
equation will be replaced with L.
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Reaumer in 1735 suggested that the sums of the daily temperatures were
related to the maturation of plants., Bonnet with ochiocks and deCandolle
with plants were othera who early recognised the dependence of develop-
ment upon temperature, but it was a century later before quantitative
observations of the effect of temperature upon development of fish eggs
were made (Thompson, 1952). Hayes (1949) reviews! these early observa-
tions as follows:

Davy in 18568 and Coste in 1858 gave scme fragmentary

figures showing that warmed water spesds up the devel-

opment of salmon eggs. Probably the first modern

work was done in 1859 by Stephen H. Ainsworth who

experimented with eggs of the brook trout, Salvelinus

fontinalis, in a little spring fed fish pond near

West Bloomfield, New York. His table showing the

inoubation periods of eggs at various temperatures

was published by Norris in 1868....3sth Oreen (1870)

stated that "trout eggs will hatoh in 60 days at a

mean water temperature of 50°F and for esach degree

colder or warmer five days more or less will be re-

quired, the difference, however, incressing the far-

ther we recede from 50 degrees.”

Wallich in 1901 suggested a thermal unit system and Apstein in 1909,
a temperature unit oalled "Tagesgrade,” day degrees, both being expres-
sions of ths temperature summation rule. By Wallioch's definition a
tamperature unit meant one degree above 32°F for a period of 24 hours.
For the chinook salmon from the Sacramento River reared at average tem-
peratures of 43° to 50°F the number of thermal units to hatching wes
constant at about 800,
The "Tagesgrade” is the produst of temperature in centigrade units

and days, but differs from Wallioh's idea of thermal units in that the

threshold temperature was reckoned from the lowest point at whioch devel-

opment oould take plece, rather than from the freeging point of water.
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Reibisch (1902) ocelculated the threshold temperatire from observa-
tiona of Damnevis (1896) upon the influence of tamperaturs on ths devel-
opment of the azgs of the plaice and the 2>d. The dats for inoudbation
tamperatures and days to hatching were caubined in pailrs to form equa-
tions of the type (ty=x)ny = (tg-x)ng , in whlch t is temperature of
{:uoubation, x 1s threshold temperature and n is number of days to hatch-
inz. This equation was solved for x and the average value for all the
pairad temperatures was considered to Le the threshold temparature for
the speoles. For the plaloce the averare was -2.4°C and the range -1,2°
to ~4,09C; for the cod the avsrage was -3.2°C and the range -1,2° to
-13.2°C. Using the averare valuss, Reibisch's caloulations were constant
and for this reason ne cunoluded that the thecry of temparature summation
with the proper temperaturse threshold was wvalid,

Johansen and Krogh (1714) took exceytion to the idea of Reibisch
that a certain amount of heat or energy fram outside of the egp was nec-
essary for devslopment,

When the eggs have the same temperature as their sur-
roundings, they get no suzply of heat fram outside....
The energy whioh 1s undoubtedly necessary for the
development, is derlved in the oase of fish ezrzs, as
in all other eggzs, fram the chemical processes involved
in the metabollsm of the aggse,..The tempsrature must
be looked upon as & factor whioch will have a certain
influence upon the velocity of the chemical reactiions
and other processes involved in the development. The
thooretical problem is to obtain a quantitative meas-
urement of this influence and to express it in such
torms thal a camparison with regular chemiocal resc-
tions becomes posgsible.

Using Dannevig's data, Johansen and Krogh found Q10 also to be unsat-
isfactory but belisved the temperature-development relationship was linea:

when temperature and the reciproocal of time to hatching were the wvariable;
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This means that the ohange in rate of development 1s proportional to the

ohange in temperature, and the equation that expresses this relationship

is ths temperature summation rule in its reciproocal form..% B.E » in

which y is time, x 1is temperature and k is the tamperature summation
aonstant.*

A variation of the reneral form of the Bslehradek formula, y ='§b ,
was used by Price (1540) to describe the rate of developmant of the

whitefish, Coregonus olupeaformis (Mitchill). For the Laks Erie white-

fish soawning begins in late November when deoreasing water temperatures
approach 8°C and the four-month incubation period is at temperatures onl:
slizhtly ebove freezing. Price found that the rate of development was

dif{ferent above and below 6°C and proposed a two-part equation to descril

this condition. lils equation is of the form

r = ¥ 0° i 8°
T ) oeoc ! T GE }1z°c'

where T is time of development and t is temperature. Values of Ay aver-
aged 1.13 and of A,, 1l.13.
For the Salmonidae the history of experiments in whioh there are

gome data relative to the rats of development is summarized in Table 8,
These experiments were reviewed for formulae expressing the tamperature-
development relationship and if none was given, the ourve of temperature,
x, and reciprocal of time, l/y. was plotted from the data. This curve
was arbitrarily selected as it was simple to plot and as likely as any

to have a linear relationship. The slopes of these curves increase with

sNomenclature varies with muthorsg but for consistenocy in this report
translation to thege standard terms will be made where necessary.



TABLE 8
Summary of Temperature-Rate of Development Experiments with Selmonidae Eggs

“vB.a.nge of Te_np Source Fit of the curve 1/y = x/k to the relationship

Investigator Date Species Temp. Fattern of Data of temperature to rate of development
Ainsworth 1868 brook 37-5L°F X bt Poor; for 50°F, 1/y is high

Green 1870 trout No data; incubation period is 50 days at 50°F
Wallich 1901 chinook  42-51°F x h Good; suggested tenmperature unit system

Kawa jiri 1927 masou 6-16°C C of¥ Good; high mortalities; mon-circulating water
Kawa jiri 1928 rainbow  7-12°C C,X e Fair

Gray 1928 brown 3-12%C x h Poor; for temp. above 5°C, 1/y is high
Belding, et al. 1932 A. Salmmn 33~42 F X h Very poor; points widely scattered

Embody 1934 brown 2-11°C C,X e,h Yoor; asimilar to the results of Gray (1928)
Embody 1934 brook 2-14°¢C ¢c,x o,h Fair; above 5°C, 1/y values are high

Eqbo dy " rainbow  316°C  c,x e,h Good;

Embody n lake 2-10°C C,X o,h Fair; caoncave to abscissa

Merriman 1935 cutthroat 6-11°9C c ° Good; anly 3 points

Rucker 1937 sockeye 8-14°C c e Good; only 3 points

Foster 1949 rainbow 43-53°F x 2 Fair; (x-ray experiment)

Donaldson 1950 sockeye 55-32°F x e No data; eggs moved to 32°F at various stages
Donaldson 1955 chinook  55-67°F x e Fair; eggs moved to 53°F fram high temperatures
Burrows 1956 chinook 35-60°F ¢ e Good; includes low temperature data

#tcrcck trout, Salvelinus fontinalis; chinook, Oncorhynchus tshawyvscha; masou, Oncorhynchus masou; ralnbow, Salmo
airdnerii; brown trout, Salmo trutta; Atlantic salmon, Salmo salar; lake trout, Cristivomer namsycush; cut-
throat, Salmo clarkii; sockeye, OUncorhynchus nerka.

#x-changing temperatures
###c.constant temperatures
#h~data from hatchery records
##fe—experimental data

on
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tempsrature and in general are glightly s-shaped when the experimental
temparatures extend over the entire range of ﬁ&mperatures at which devel-
opment 18 possible. In several experiments the relation of 1/y to x was
not linear. Roockwell (1958) has plotted the rate of development curves
for forty~one experiments with fish inoluding the experiments listed in
Table 8, except for the experiments of Foster (1949) and Burrows (1956).
In addition to the rate of development experiments listed in Table 8,
other tamperature experiments with chinook salmon have been carried on
and inolude the following; Brett (1962) determined the upper and lower
temperature tolerance for fingerlings of five speclies of Pacific salmonjg
Jolmson and Brice (1953) made obserwations on the effect of water temper-
ature during incubation on the mortalitz of ohinook salmon; Donaldson
(1958) reported on the survival of the sarly stages of the chinook salmon
after varying exposures to upper lethal tamperatures; Olson and Foster
(1966) determined the temperature tolerance of epgs and young chinook
salmon at temperatures above and below that of the Columbia River; Bur-
rowsg' 1958 data are not published, but include in part observations on

mortality and rate of develogment of chinook salmon eggs and fry at low

temparaturses,.

Controlled tampsrature experiments with Pacific salmon other than
the chinook include those of Kawajiri (1927a), Rucker (1837), Donaldson
and Poster (1940, Donaldson (1950) and Rockwell (1956).

Constant temperature experiments. Other than Wallich's temperature

sumation gystem and a provisional velocity of development curve for
Pacifio salmon eggs by Rookwell (1956), the temperature and rate of devel-

opment relationship for ohinook salmon had not been determined. 1In the
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search for an equation that would best desoribe this relationship esti-
mates of 3, Q1o and x were made and the fit of the data to the temperature
sumation rule, the hyperbola and the logistic waa tried.

The incubation temperatures and the number of days to hatching for
Experiments I and II are presented in Table 9 and Figure 7. The data
used in the search for an equation to desoribe the temperature and rate
of development relationship were selected fram lots reared at tempera-
tures between 39.8° and 67.8°F. Both above and below this range mortality
inoreassd markedly (Fig. 20) and the rate of development curve flattened
(Pig. 15). The rapid increase in mortality is interpreted to mean that
the inorease in deaths is due to temperature; the flattening ot the rate
of development curve could be interpreted ¢o mnean that the fast-growing
individuals are killed first at high temperatures and the slow-growing
individuals are killed first at low temperatures. 1o avoid the possibil-
ity of the Influence of letnal temporaturss upon raete of development the
data were limited to those lots reared in the temperature range, 39.8°
to 57.8°F. There were only four lots from each of Bxperiments I and II
that were reared at constant temperatures in this range and therefore
the data fram the two experiments were oambined.

In oambining the results of Experimenta I and II it is aassumed that
between broods of different years the rate of development 1s not statise-
tically signifiocant. Differences indicated by the rate of dsvelopment
trend lines for Experiments I, II and III in Figure 8 are not grsat.

The relatively greater deviation of the trend lines at high temper-
atures (Fig. 8) may be expeoted for two reasons. Firgt, error in esti-

mation of hatching time was slightly greater when the inoubation period



L9

TABLE 9

Water Temperature, Incubsaticn Feriod and Fer Cent Mortality of
Green River Chinook 3Sual.aon Eggs in Experiments I and II

Temperature
'attern

Constant

Constant 1952

Chansing; 1951
al City
weter
tenperature

Changing ; 1952

at city

water

temperature

NaES et

b
c

Temperature =  Days to Fer Cent
CF °c 5U% Hatch Mortality
24,0 1.11 - 100
39.8  L.33 128.6 L
Li .7 T7.06 79.1 L
5.6 10.33 5.2 13
$5.1 1z.€3 Lu,G B
6C.2 15.67 3L.0 22
t2.4 16.89 1.4 74
th.o 13.11 <8.J 99
wS.< 7.33 CAed 1
5c.< 10.11 5.7 <
Sh.6 12,56 .8 2
97 .3 L A8 € .0 2
59.8 1o.ihk Se 1 35
0.0 16.07 o7 85
4.8 13.2.2 - 100
07 L lQ RPN - luC
474 1 0L i
Lo.9  8.u 06,1 >
47.0 2.33 5.0 £
Ll.<  3.44 02.5 13
58.5 14.72 32.4 5
59.C 15.00 32.7 2
1 n " j
n " " 1+

* selected for curve fitting because

ol low mortality
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Figure 8. The Average Temperature and Rate of Development for Eggs of the
Chinook Salmon from Green River for Experiments I, IT and ITI
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was short (page 27). Secondly, the ordinate of the rate of development
ourve 1s the reoiprocal of the number of days to hatching, and the graph-
ioal representation of one day for a short incubation period, that is,
high temperature, is greater than for one day of a long inocubation per-
lod. For example, the difference in 1C0/y for y = 29 and y » 30 is 0.12;
and for y 2 100 and y = 101 ia 0.01,

(a) Temperature coeffiocients. Using the eight lots from Table 9

that were selected for low mortality retes and ocombining them two at a
time, 28 oombinations were obtalned for which u, Q)p and x were ocalcula-
ted (Table 10). Omitting the values when the temperature difference is
less than 0.3°Ce, the range for n was 12,000 to 29,500; for Qig, 2.1l to
6+403 and for x, 1,08 to 1.20, respeotively, clearly indicating that
these coefficients are not congtant for the relationship of temperature
to the rate of development for chinook salmon. The average value for u
og 20,000 and for Q)o of 3.64 agrees with the statement by Hayes (1949)
that "any Qip velue for salmon and trout oan be converted to the corres-
ponding value of Arrhenius' formula with negligible error (5 per cent)
if multiplied by 5600,"

Sinoce the velues of w and Q1 are not constant, then the relation-
ship between ths logarithm of the speed of development and temperature
is not linear (page $8). To investigate the shape of ths curve expres-
sing this relationship two graphs were mades for m the variables were

- the reciprooal of temperature in Kelvin units end the logarithm of the

sFor slight changes in taemperature the relationship of temperature to
time of inoubation is not accurate due to experimental error and oecca-
slonally may show a slight increase in inocubation time with an increase
in temperature,
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TABLE 10

Temperature Cosfficisnts and Threshold Temperatures for Chinook Salmon
from Green River Reared at Constant Temperatures

#*

Temp., °C* Temperature Coefficients Threshold Temperature, a
x) x, Yor <* u” °F °oc
4.33  7.06 5.93 1.19 27700 32.0 0.00

" 7.33 6.40 1.20 29500 32.6 0.33
n 10.11 4.98 1.17 25400 33.0 0.56
n 10.33 4.83 1.17 24700 32.9 0.50
" 12.56 4.30 1.16 23200 33.4 0.78
" 12,83 3.96 1.15 21800 32.9 0.50
t 14.33 3.79 1.1 21300 33.3 0.72
7.06 7.33 (13.2) (1.29) (49800) (38.2) (3.44)
» 10.11 L.26 1.16 23200 34.8 1.56
u 10.33 L.05 1.15 22200 345 1.39
n 12.56 3.67 1.14 20500 35.2 1.78
n 12.83 3.27 1.13 18900 34.1 1.17
n 14.33 3.20 1.12 18700 34.8 1.56
7.33 10.11 3.79 1.14 20900 33.9 1.06
n 10.33 3.6 1.14 20000 33.5 0.83
" 12,56 3.42 1.13 19600 34.7 1.50
n 12,83 3.03 1.12 17600 33.4 0.78
" 14.33 3.02 1.12 17700 34.3 1.28
10.11 10.33  (1.93) (1.07) (9200) (21.4) (-5.89)
" 12.56 3.04 1.12 18000 36.1 2.28
12,83 2,42 1.09 14200 32.2 0.11
14.33 2,61 1.10 15500 34.9 1.61
10.33 12,56 3.18 1.12 19100 37.0 2.78
" 12.83 2,47 1.09 14600 32.9 .50
n 14.33 2,65 1.10 15900 35.5 1.94

12.56 12.83 Y2 =1 is negative - -

n 14.33 2.11 1.08 12000 3.9 -0.06

12.83 14.33 2.98 1.12 18000 39.8 L.33

Average  3.64 1.13 20000 34.1 1.17

#3¢e following page

() X - X lese than O.3°C; estimates inaccurate in this range



TABLE 10, continued

X y
°r °c days
39.8 4.33 128.6 X = temperature of incubation; for u
temperature in degrees absolute
L 7 7.06 79.1 = 273.18 ©C
L5.2 7.33 73.4 ¥y = number of days to 50% hatch

50.2 10.11 50.9

®
i

threshold temperature
0.5 10.33 50.2

54.6 12.56 38.8
55.1 12,83 40.0
57.8  14.33 3.0

(4.6) 108(%)2 - los(§)l
u =

1_1

%

, 1 1

*-%1

log QlO =

log(3), - log(3)
Yy

log x =

X191 - X2¥2

a =
AR A
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speed of development; for Q;, the variables were temperature in ocenti-
grade units and the logarithm of the speed of development. From inspeo-
tion of Pigure 5 it would appear that 8.,6°C is & oritical temperature.

Values of nu and Q1o above and below this temperature are as follows:

Coefficient M Q1o
4.0° = 8,.,5% 286800 6+32
8.6° - 14,3°C 16100 2.89
¢,9° - 1+,09C 21300 $.98

The values for x (or Q;) in Table 10 may appear to be relatively
constant, but x is one~tenth the log of Qjp and therefore noc better a
measure of the rate of development than Qip. The reason for the more
oconstant wvalue of x is that the number is obtained from that part of the
log table in which a large ochange in the logarithm corresponds with a
relatively small change in the number. Thampson (1952) lists the x or
Qy for a great variety of organisms and points out the constancy of val-
ues, from 1.08 to 1.20. However, in terms of Q1o the range of walues
for the same data 1s 2.2 to 8.2,

In conclusion, a single value for any one of the thermal coeffi-
olents, @, Q1o or x, does not adequately desocribe the rate of development

of the ohinook salmon egge

(b) Threshold temperature. The first step in fitting the chinook

salmon data to either the temperaturs summation rule or the Bélehradek
equation was to estimate the threshold temperature, also called "schwelle,®

biological zero or oritical sero for growth. The threshold temperature

ia & faotor in both of these equaticns and often has been disregarded

when the incubetion temperatures have been measured in centigrade units.



56

O\\
1l T o0
S T~ A
= ~ .
ﬁ g \‘OQ\ npu
=~ i >
§% 1.2 I~ V::
© N
C’/E “o_
5 o
© ~N
R ~N
& N
Q ~
g&* 1 0 - \\
* ~N
2! AN
8= N
ho)
0.8 4 — S Y S — L L
.003475 500 525 550 575 600
AVERAGE TEMPERATURE, ©ABSOLUTE
!
| o
,I //
1.4 F o0 -
[ | ~
5. -
i i Pie
=5 I‘ s
g § z‘ //// B
Se e
g 1.2 7 "Q,
) /
dé p
& &
Q s
EU\ ) 7
?‘ o Y
g & 1.0 - //
v v
8% ’
a P
o
0.8 d e ) ! L N 1
L 6 8 10 12 1 15

AVERAGE TEMPERATURE, ¢

Figure 9. Relationship of Terperature to the Logarithm of 1000/Number

of Days to Hatchin:.
Absolute Temperature,

A, Temperature as the Reciprocal of the
B, Temperature in Degrees Centigrade



67

The threshold temperature of meny animals is near 0°C and therefore the
ocorrsotion for this factor is not great.

Reibisch estimated the threshold temperature by a method already
described (pege 43); Johansen and Krogh (1914) extrapolated the rate-
temperature curve to the x (temperature) axis and called the point of
interseotion the threshold temperature, but acknowledged that "it is not
legitimate to mssume that the curve of development remains straight beyond
that part which has actually been investigated."™ Krogh (1914), Shelfard
(1827) and others have recognized the change in rate of development at
high and low temperatures, but an estimate of threshold temperature other
than by extrapolation or by the method of Reiblsch has not bsen proposed.

Two other estimates of the threshold temperature ocan be derived fram
the temperature sumation equation, y(x-a) = k, whare Y 1s the number of
days to hatching at temperature X, & is the threshold temperature and k
is the temperature summation constant. In one method the number of tem-
perature units to hatching is assumed to be the same for eggs incubated
at one temperature as at any other temperature. This can be stated in

equation form as follows:

yl(xl—a) k

k

ya(xg-s)

Ya(x2-a)

yi(x1-=)

X1Y1=%x2¥2

from whioch a =
yi=vg

Reiblsch caloulated the threshold temperature in essentially the same
manner for palred observations and averaged the wvalues to determine the

threshold value for the species. For the chinook salmon the value



68

oaloulated in this manner was 34.1°F (Table 10).

The general sgtimate of the threshold temperature for the species,
using the same data, 18 the regression coefficient of xyy;-x2ys; on y1-y2
which was 32.8°F for the ohinock salmon reared at constant temperatures.
The value of the regresaion coefficient is a better estimate of thresh-
0old temperature than the averages of the paired obgservations for two
reasons: (1) the better fit to the data as shown in Figure 10, and (2)
the. amaller walue for the coefficient of wvarieation of{& when 32.8°F rather
than 34.1°F was used as the threshold temperature. The coeffioient of
variation, €, in per cent was 3.47 and 4.25, regpectively.,

A second method of estimating threshold temperature involves both
& and k, wher«ias k was eliminated from the above equation. TUsing the
same symbols, the temperaturs constant and threshold temperature are de-

rived as follows;,

y(x-e) = k
1 - X8
7 "%
; =-@)+(3)(x)

This equation is in standsrd form for the equation of a straight line,
Y 2 a+bx, and both (%) and -(E) can be determined. The factor %
is the regression coeffioclent of the rate of dsvslopment, %a on tempera-~

ture X. By substitution in the gtandard form the threshold temperature,

8, ia found as follows:
2. (‘yb-(}z)m

‘I

)

Il

wip



N

" T XY

o} 20 Lo 60 80 100
Y1792

a= i.k(.;.) = 34,0%
'I]c;: reg, coef, of the rate

100/NUMBER OF DAYS TO 50 PER CENT HATCH

1.0} of development on
temperature
O A . . _ . 4 L
32 35 Lo L5 50 55

AVERAGE TEMPERATURE, ©f

Figure 10, Three Estimates of the Threshold Temperature, a, for Eight Lots
of Experiment I and IT. A, a Determined fram Values of x and ;.
B, a Determined from Values of x, y and k.
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Y x-ké%)
By this method the threshold temperature for the chinook salmon was found
to be 33,8°F, The linearity of the relationship of the rate of develop-
ment to temperature is shown by the closeness of the points to the
regression line in Figure 10.

There 15 a good it of the data to both of these two new methods of
egtimating the threshold temperatwe. The latter method is preferred
because the regression line is not required to pass through the origin
ard the variables x and % asd the oonstant k are more easily determined.

The confldence limits for the thresnold temperature derived by the

second method can be determined Ly solving the following equation for a;

(3 et

. &L N B
n ~m -\ a
L i("‘L_y'),_)

=1

(S 9te

~

esgtimate of é-: é-as defined above

astimate of.% « & a5 defined above

1
K
th-2 = b per oent point of Student's t for n-2 items

31°x s standard deviation from regression of the rate
7 of development on temperature

X @ mean of temperaturs observations

n 2 number of observations
The oonfidence intsrval for the threshold temperature is defined by the
values of the two roots of ths equation, and for the chirocok salmon data

these wvalues were calculated to be 23.0% to 34.5°F.

*Equation derived by D. G. Chapman, Mathemntios Department, University of
Yashineton,
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In oonclusion, the threshold temperature for Green River chinook
salmon reared at oonstant temperatures in the range of 39.8° to 57.8°F
is about 33.8°F; wvalues of three different estimates were 32.8°, 33.8°
and 84.1°F. The 95 per oent confidencs interval was 33.0% to 34.6°F for
the threshold temperature of 33.8°F,

(0) Temperature summation rule. The threshold temperature having

been estimated, the proocess of ourve fitting was resumed. The linearity
of the regression of x)y)=xgyz on y1-yz and of 1/y on X in Figure 10
shows that the temperaturs sumation rule is & good expression of the
relationship betwesen the rate of development and temperature for incuba-
tlon of ohinook salmon eggs from Green River in the temperature rangs of
39.8° to §7.8°.

(d) Pélehradek equation. The fit of the chinook salmon data to the

Bslehradek equation and to the logistic wams also tried. The Belehradek
equation by logerithmic transformetion becames the standard form of the

equation of a straight line:

ys X
x°
log v = log k=b(log x)
Tha wvalue of'g.'whioh is oalled a thermioc ocoefficient, is the regression
ocefficlent of log y on log xe For the chinook salmon b was -0.968 when
corrected for a threshold temperature of 33.8°F and ~1.12 for the unocor-
rected date (Fig. 11). The value of b for the embryonic development of

Salmo fario as oalculated by Ba8lehradek (1929) was 0.99; for Oncorhynchus

nerka a3 calculated by Rucker (1937), 1.06.
In oonclusion, since the temperature sumation rule and the Bg8leh-

radek equation are identical when b ®» 1 (the chinook data show the value
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of b to be approximately 1), then the relationship of either (1) the

~ gpeed of development to the temperature or (2) the logarithm of the num-
ber of days to hatching, to the logarithm of the temperature is linear
for lote reared at oonstant temperature in the range from 59.8° to 57.8°F.

(o) Logistio curve, The loglstic ourve used by Davidson (1944) was

of the form
lo_L_
Y lee®”

Replacing 1/y with P the equation is developed as follows:

P 2 L
1+e""'5'i

L = P+P(e%=DX)

L-P a ga=bx
5

loge _I_.;_f_'_ 2 a=bx
The last form is again a form of the equation of & straight line for
which & and b can be determined by standard methods. L can be estimated
as described on page 42. The relationsnip of 105.&%{ to x shéuld be lin-~
ear if the loglatic equation desoribes the temperature development rele-
ti&nahip; for the ohinook salimon it appears to te so (Fig. 11). The
values for the oonstants were 3.96 for L, 2.46 for a, and 0,242 for b,
the equation for the curve being

100 . 3.96
y 1‘06013:5 ozz..zx

In Figure 12 the logistic cuwrve olosely {its the points that are
determined by the relationship of temperature tov the number of days to
hatching) and the reoiprocal of the logistic ocurve fits equally well to

the points that are determined by the relationship of temperature to the
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spesed of development (the reciprooal of the number of days to hatohing).
The relationghip of temperature to speed of development was shown to ve
linear in Figure 10 and to fit the logistio in Figure 12, but this is
oxplained by the faot that the temperature range of the lots selected
for curve fitting lies in the reglon of the poiat of infleotion of the
logistioc curve, & region where the logistic curve is nearly a straight
line.

The apparent good fit of the logistlic curve to the points in Figure
12 does not necessarily meen that the lozistio expresses the theoretical
relationship between temperature and rate of development. For three
ocurves in whioh the deviationa of the points from the ourves were less
then shown here for the chinook salmon, Browning (1952) tested the good-
ness of fit by the X° test and found that the probability of the calcu-
lated ocurve desoribing the relationship of temperature to the rate of
development was less than 0.,0001.

In conclusion, for the temperature range of 39.8° to 57.8°F the data
fit the logistie curve, but the fit is no better than either the temper-
ature summation rule or the Bélehrddek equation.

Altered temperature experiments. Experiment III differed fram I

and II in that eggs from four races» were used and the temperature pat-
tern waa ohanging rather than constant. The temperature history for each
lot identified by the same symbol was similar, that 1sg, the temperature
history of the eggs of Skagit Lot 1, Entiat Lot 1, Green Lot 1 and Sac-

ramento Lot 1 was similar. Water tempserature, incubation period and per

#The ochinook salmon from the Skagit, Entiat, Green and Saoramentoc Rivers
are oonaldered to be separate races.
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sent hatoh are given in Table 1ll.

(&) Inoubstion rate. The rate of development of the Saocramento eggs

was fastest, with Green, Skagit and Entiat eggs following in the order
given. To determine the rate of development for each race relative to
the race from the Sacramento River, the number of days to hatohing for
each race was divided by the oorresponding values for the Sacramento River
race. This was done for each temperature lot by races and then the aver-
age values for the four races were determined. For the eggs from the
salmon of the Saoramento, Green, Skeagit and Entiat Rivers these wvalues
were 100, 97.2, 94.3 and 82.4, respectively. Aotually, the average tem-
peratures for similar tempersture lots veried slightly between races and,
for camperative purposes, the number of days to 60 per cent hatoh was

ad justed to a common temperature by linear interpolation (Table 12).

Evidence of differences in incubation rates of the four races was
obtained from three sources:s (1) inspection of Figure 13, whioch shows
the number of days to hatohing for each race at esoh temperature, (2)
test of the significance of the difference in the number of days to hatch-
ing by Student's %, and (3) the consistent ranking of the races in regard
to the number of days to hatohing at wvarious temperatures as shown in
Figure 14.

The relationahip of the number of days after the start of the exper-
iment to the cumulative percentage hatched is presented in Figure 13 and
shows that the Secramento egg lots oampleted hatohing before the Entiat
egg lots began except in Lot 2. Lot 2 eggs were hatched at temperatures
of 34° to 56°F and oonsequerntly the hatohing period was extended. The

5-95 percentile deviation, P95'P5, of the days to 5O per cent hatoh
2
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Water Temperature, incubetion Period and Fer Cent Mortal ity

of the Chinook Salmon Bggs of Exper imnt III

Temp., °F Nc. of fer Cent
Stock Lot Start Low End Ave, Days Yortality
River 2 56 34 36 39.8 n2.u 3
3 55 44 L4 494 56.0C 2
4 o0 51 51 55.9 38.7 2
5 65 59 59 ol.3 51,7 40
o% 55 54 55 S4.7 4L,6.7 8
Entiat 1 L5 3L 4 33.8 153.0 )
River 2 50 34 3f 40.6 1.0 2
3 55  Le 42 4L8.4 62,2 2
4 60 51 51  55.2 L<.3 2
5 65 58 58 61.3 33.5 11
6% 55 54 55 55.% LC.4 9
Green 1 45 34  4ih 39.0 125.0 L2
hiver 2 50 34 36 u4l.b 97.6 36
3 55 45 45 50.2 51.8 63
4 60 52 52 56.3 33.1 63
5 65 63 063  64.0 —-= 100
& 56 54 54 55.4 35.7 52
Sacramento 1 45 34 L3 39.0 124.0 P
River 2 50 3L 36  4l.o 97 .4 2
3 55 4Ly 44 50.5 .o 1
L 60 53 53 56.5 35.5 1
5 65 60 & b2.2 8.4 2
6 56 54 54  55.5 38.0 3

#* Incubated in water of low oxygen content
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Observed and Adjusted Temperatures and Days tc 50 Per Cent Hatch for
chinock Salmon Eggs Reared at Chnanging lemperatures, Experdment III

Observed AdJjusted
Ave. Days ave, Days 5-95 rercent- Hatching
Temp. to 50% Temp. to 50% ile Deviation Hate Relative
Lot Stock ,OF Hatch ,°F Hatch to 504 Hatch  to Sacramento

1 Sacramento 39.0 124.0 39.0 lz4.0 .27 100.

areen 39,0 125,0 " 145.0 4.3 9G.2

Skagit 38.8 132.0 " 128.C 1.85 $6.9

Entiat 58.8 133.0 " 130.0 2,12 95.4,
2  Sacramento 41,6 G7.4 4.6 97.4 11.00 100.

Green L1.6 7.6 " 97.5 1C.u8 99.3

Skagit 39,8 .112.0 n 1Cl.4 5.12 6.1

Entiat W.6 102,0 " 6.« T.12 10l.
3 Saerwmento 50,5 L8.6 50.5 4L8.6 2.75 100,

Green 50.< 51.8 n 51.2 .98 94,.9

Skagit LY .4 50,0 " 552 2.0 vl.4

Entiat L84 02,2 n 56.0 <.12 86.8
L  Sacramento 56,5 35.5 55.2 38.2 C.50 1.0.

Green 56.3 38.1 " LO . 1.16 94.8

Skagit 55.9 48,7 " 40.5 2.8 94y, 3

Entist 55.< LZ2.3 n L2.3 1.2 $0. 3
5 Sacramento 62.2 28.4 1.3 29.6 1.560 100.

Green - - - -

Skagit ol.3  31.9 n 31.9 2,66 y2.e

Entiat 6l.3 3.5 " 33.5 2.83 88.4
O% Sacramento  55.5  38.0

Green 55.4 39.7

Skagit®* S5L.7  L6.T

Entiats 55.2 L6, 4

#* "Controls™, temperature range 5¢ - 53°F

#*Incubated in water of low oxygén content



305 3

100/NUMBER OF DAYS TO 50 PER CENT HATCH

Figure 13,

69

——Sacramento
—--—- Green

-------- Skagit
~..-—Entiat

50 s 60

The Average Temperature and Rate of Development for the
Bggs from Four Races af Chinook Salmon in Experiment III






71

(Table 12) is three to fowr times greater for Lot 2 than for any of the
other lota, and for this reason the 50 per cent hatohing date is a less
reliable estimate of hatehing for Lot 2 than for lots with a shorter
hatching period,

The difference in the nwmber of days to hatehing for each race and
sach lot was tested for signifiocance by Student's t. Por Lots 1, 3, 4
and 6 (see Table § for lot temperatures) the probability of the t walues
vwas less than .01, that 1s, the differences in mean hatching times be~
tween races at thes asame temparature were highly significant. The non-
normal distribution of the mumber of days to hatohing makes use of the t
teat questionable and prohibits its use for Lot 2 data.

When the four races are arranged in the order of the number of davs
to hatching, the order remains the same at average temperatures of 39.0°,
50,69, 55.2° and 61.3°F. Lot 2 data werse not inocluded for reasons given
above. The order, beginning with the race with the shortest tims to
hatohing, is Saoramento, Green, Skagit and Entiat. These deta are plot-
ted in Figure 13. The probability of these values randamly aligning in
this order is ('i'l)(ll't)(%z)’ or ocne ohanoe in 3456,

For the oonditions of Experiment III, the differences in the rate
of development between recas eres evident from Figures 13 and 14 even
though acme of the differencas are not great. With larger samples from
each race, that is, more spawning pairs, results different from those
obtained here would be possible if it so happened that the salmon in
these axperiments were atyplical representatives of their race.

In oonclusion, the incubation rate of the Saocramento eggs in these

experiments was about 8 per oent faster than the Entiat eggs; this



difference 15 significant, The rate of development of the Green and Ska-
git eggzs was intermediate to the Sacramento and Entiat sggs.

(b) Threshold temperature. The threshold temperature and confidence

limits were caloulated for the four reaces by the methods given on page 60
and are tabulated in Table 13. Although the same order for the races
that preveiled for the rates of development is present for the threshold
temperatures and confidence interwval, the confidence interwvals overlap
widely and limit the significance that may be attached to the ordering
affeot,

The range of threshold temperatures, 31.1° to 32.8°F, for lots
reared at changing temperatures is lass than the value of 335.8°F for the
threshold temperature of lote reared at constant temperatures in the
range fram 39.8° to 57.8°F. To investigate further the difference in
threshold temperatures between lots reared at oconstant temperatures and
at changing temperatures, the threshold temperature and confidence inter-
val were oaloulated for lots reared at constant temperatures at all
tamperature levels. In Table 13 the results of these calculations show
that the threshold temperatures of the lots reared at constant tempera-
tures are higher and lie outside the range of lots reared at changing
Eanperaturoa. but sinoe the confidence intervals overlap, the differences
may not be significant.

In conolusion, the threghold temperatures of the four stocks reared
at ohanging temperatures range fram 31.1° to 32.6°F. The range of com-
perable wvalues for eggs from the Green River stock at constant tempera-

turea 1s higher, 32.7° to 34.0°F, but the confidence intervals for the

two groups overlap.
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TABLE 13

Estimated Threshold Temperatures and Ccnfidence Limits
for Bxperimenta I, II and III

"Estimated
Bxperi- Threshold
_ment Raoce Temperature# Confidence Limits
III Sacramento 32.6°F 31,2-33.9°F
n Green 31.7°F 29.8-33.3°F
" Skagit 31,6°F 29,8~33,2°F
n Entiat 31.1°F 28.9-33.0°F
I&I1 Green, o, 33.8°F 33.0-34.6°F
Temp.,40-58 F
I Green, 32.7°F 30, 434, 5°F
All temps
11 Green, 34.0°F 31.8-35.8°F
All temps

- 1l
*Threshold temperature = x—k(l) where r is the regression coefficient
of the rate of development on temperaturs.
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(o) Temperature sumation oonstant, k. Having determined the thresh-

old temperature, a, the temperature summation constant, k, was estimated.
Two estimates were made; one in which the threshold temperatures were
the calculated valusas as determined in Table 13, and a seoond in whioch
the threshold temperature was arbitrarily taken as 32°F.

The values of the temperature constant are given in Table 14. When
ths ocaloulated values of the threshold temperature are used it is seen
that the k values vary maore bstween races but have a smaller standard
error than when the threshold temperature of 32°F is used. Por eggs
fram the Green River stook the average walue of the temperature summation
oonstant, when 32°F is the threshold temperature, is 932, which is equi-
valent to 9832 temperature units as defined by Walliech (page 43). This
is simlilar to his estimate of BO0 temperatures units to hatching for Sac-
remento River chinook salmon especially if allowance 1s made for the
more rapid rate of development of the Saoramento fish (page 72).

In conolusion, the best estimate of the temperature summation con-
stant, E, is made when the threshold temperature is caloulated from the
squation, a ® 'i'-k(}), where 1/k is the regression ccefficient of the
rate of development on temperature. However, if a is unknown, 32°F is a
reasonable eatimate of e Using the omloulated estimates of a, the val-
ues of the temperature sumation constamt up to the time of hatohing for
the eggs of Experiment III from the S8aoramento, Green, Skagit and Entiat
River ohinook salmon were 560, 940, 960 and 1020, respectively.

(d) Inoubation time of Experiment I sublots. Experiment I was bas-

ioally a constant temperature experiment. However, there were five

sublots of 100 eggs each in whioh the eggs were moved during the inoubation
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TABLE 14

Temperature Summation Constamt, k

(y)(x-8) = k
Range

Expe ri~ No. of Ave.

ment Stock lots Temp. F a% k-a.e, K-8.8,

I Green 1 4LO-65 32.7 919. 5.8 32 960_ 9.1
II " 10 45-62 34.0 815, 5.7 " 89710.3
I&IX " 8 40-58 33.8 828.10.2 " 939-17.7
I1I " 5 39-56 31.7  9Uh4-9.4 " 922-12.1
" Sacramento 6 39-62 3:.6 855-15.4 " 887-14.1
n Skagit 5 39-61 31.6 951-12.9 " 921-17.0
H Entiat 5 39-61 31.1 1020-17.1 " 953-26.7
Aversge for Green River 877~ 3.97 930~ 6.64
Average for Experiment IIT 941- 6.11 921~ 8.01

#Thyreshold temperatures from Table 10
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period from medium to high water temperatures and three sublots in whio
the move was from medium to low water temperatures (see Table 15). Al-
though the eggs were tranaferred for the purpose of observing the effec
upon meristic characters and upon the relation of relative changse in
temperature to paer cent mortality, the results also show an effeot upon
the rate of development.

The rate of development at the average temperature of inocubation
wag slower for the sublots moved to the high temperatures than for lots
reared at the ocorresponding constant temperaturs. For sublots moved to
the low temperatures there were no lots reared at the corresponding con
stant temperature for oomparison, but the rate of development of the
sublots was as fast or possibly faster than expeoted from the projectio
of the rate of development ocurve (Fig. 18).

All experiments oambinsd. An adequate expregsion of the rate of

development for lots reared at constant temperatures in the optimum ran;
and for lots of the four stocks reared at cshanging temperatures has bee:
found. In an effort to find a general empiriocal equation to fit all th
data, even though several ocomplexities may have been introduced by cam~-
bining lots==irrespective of race, temperature pattern, vear or mortal-
ity--the temperature summetion rule, the Bélehrddek equation, and the
logistic ourve were fitted to the temperature-development relationship
for fifty lots from the three experiments. This included all lots exce;
the two that were iﬁcubatod in water of low oxygen oontent. The values
for average temperaturss and the number of days to hatching for these
lots are to be found in Tables 9, 11 and 1l&.

The fit of the temperature summation rule in the reciprocal form t¢

these data was tried by plotting the relationship of the average
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TABLE 18

Water Temperature, Incubation Period and Per Cent Hatch of

Experiment I Sublots

Temp. Days to Fer Cent

Lot Temperature History °F 504 Hatch Mortality

8C9 At city water tempsrature 55.9 40.3 93
55 to 48°F, for 25 days
tnen to constant water
temperature of 65°F

8C10 Same as 8C9 except to 55.7 L3.4 28
625 °F water

87 Same as 809 except to 54.8 43.3 41
60°F water

387 28 days at 4,5°F, then 51.2 50. 3 3
to 60°F

247 23 days at 4O°F, then 49.8 57.8 36
to 60°F

81 25 days o city water 37.1 144.0 3
texperature, then to
3L°F

8Baz 13 days at city water 36,5 158.0 23
temperzture, then to
3L°F

8Bal 1, ways a city water 36.1 172.0 L2

temperature, then to
34°F
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temperature to the reociprocal of the number of days to hatching (Fig. 15).
The relationship was not linear and thereforse a ocurve that fitted tne
data more closely was sought.

The fit of the Bsélehrddek equation to these data was tested by plot-
ting the relationship of the logarithm of the average temperature to the
logarithm of the number of days to hatching (Fige. 16A). This relation-
ship algo deviated fram linearity.

(a) Logistio ourve. For the logistic ourve the fit to these data

was tested by plotting the relationghip of tempsrature to the logarithm
of L=P/P (page 42). As & trisl run, the relationship of temperature to
the log of L-P/P were plotted for eight lots that were approximately
equally spaced throughout the temperature range at which chinook salmon
ezgs develop (Fig. 16B). 8Since this relationship was practiocally linear,
the logistio ourve was then fitted to the data for all lots from Experi-
ments I, II and III (Fig. 17).

The oonstants for the logistic ouwrve wore determined by the methods
desoribed on peges 42 and 8%, For L, vmlues of P at 3°, 9° and 15°C
were used. The calculated equation for the number of days to 50 per

cent hatch is

- 1”20506‘0 20221
y - 1" 700"

For this equation the standard error of sstimate, 8y.x» Which is an esti-
mate of the fit of the oalculated oswrve to the observed data, is 3,14.
The reciprocal of y, times 100, is the per ocent development per day for

which the equation 1is

——m

100 - 4.404
Yy 1l . -
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In oonclusion, when data from all lots in the three experiments are

ugsed, the equation of the logistio ourve in the form

. o2+ 306-,2022x
Y No"7X0" ’

where y is the nunber of days to hatching at temperature x, best describes
the temperature~development relationship. The standard error of estimate
for this ocurve is 3.14.

(b) Duration of hatohing period. The duration of the hatohing per-

iod was measured by the number of days between the hatching of the fifth
percentile egg and the ninety-fifth percentile egg and was oalled the §
to 95 percentils range for the hatsching period of ohinook salmon. By
not using the first and last five psr cent of the total ranpme, the few
very early or late hatching eggs that occasionally would ocour were not
inocluded. The relationship of the temperaturs at time of hatehing to
the & to 95 percentils range for the hatohing period is shown in Figure 18,
The duretion cf the hateching period might be expected to be influ-
enced by the rate of development and thus to decline with increase in
temparature, but this was not exactly true as shown in Figure 18. From
36% to 40°F the duration of the hatohing period rapidly deoclined, but
above 40° the length of the hatohing period was short and without notice-
able change with regpeot to temperaturs. The reange of averages tempera-
Yures for whioh the mortality of eggs and fr& of the chinook salmon is a
minimum, is also the range for whioh the duration of the hatching period
is & minimum, It would appear that a short hatohing period is associated

with a high survival.
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¥ortalitiass

Lots reared at constant temperatures. The weekly cumulative mortal-

1ties of the lots resared at constant temperatures in Experiments I and

II are shown in Figure 19, For lots reared at corresponding temperatures
in both experiments--80°,56°, 50°, 45°F--the graphs up to the tenth week
(ého end of Experiment 1I) are averages of the two experiments. By in-
speotion of Figure 18 the lots oan be classified into four groups as
follows:

le Lots irn which mortality during inoubation is 100 per ocent, that
is, no hatoh. This inoludes the lots reared“at average temperatures of
34°F and 65°F and higher.

2 Lots in whioch a few survive to hatohing but die in the yolk-sac
stage, In this ocategory are the 62.5° and 80°F lots.

3« Lots in which the mortality to hatching is low but is followed
by & high mortality during absorption of the yolk sac. After feeding
has begun, mortality is again low. The 57.6° and 66°F lots are in this
groupe.

4. lots such as 60°, 456° and 40°F, in whichmortality is low during
inoubation, yolk-sac and fingerling stages. This 1s the optimum temper-
ature range in respect to mortality for chinook salmon reared at oonstant
temperatures.

One explanation of the high mortality that ococurred during the ynlk-
sac stage to the lots reared at 657.6° and 55°F i1g that the organization
of the physiological processes 1s out of step., Hayes (1949) wrote that
physiologiocal processes have optimum terperatures which vary with the

process., For example, bile formation is favored at high temperatures
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and oirculation in the yolk at low temperatures. Thua, exposure of the
ogzg to an unfavorable temperature may not result in death until the yolk-
sac atage.

The relationship of tamparature to per cent mortality at time of
hatohing is showmn in Figure 20. To supplement these observations, espec-
ially at low temperatures, Burrows' data for sinmilar experiments with
chinook salmon at the BEntiat Hatchery are included (Table 16), The rapid
inorease in mortality at temperatures of 60°F and higher and at tempera-
tures lower than 40°F are to be noted.

From Figure 20 an approximation of the "lethal temperature 50 per
ocent, E!so,“ was made. This 1s the temperature at whioh 60 per cent of
the individuals die fram temperature effeots. Taking into aoccount the
mortality not due to temperature, which was assumsd to be the average
mortality in the optimum range (4.6%), the LIgo was the temperature at
the 65% mortality level. The ocurve of mortality in Figure 20 crossed
the 55% level at two places, 36.5°F and 60.8°F, whioh are the estimates
of LIgge

Chenging temperatures., The egg mortalities for the Sacramento,

Green, Slkagit and Entiat races are listed in Table 11, Fram inspection
of the table gaveral faots are evident.

Firgt, the high mortality of the lots fram the Green River stock
was not dus sentirely to temperature. In Lot 6 the egg mortality was 100
per ocenty for the five other lots, the mortality was at least ten times
as great as the average mortality for the other three racesj therefore
it 18 evident that some of the mortalities to the Green River lots werse

from cauges cther than temperature. Also, at an average temperature of
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TABLE 16

fiater Temperzture, Incubatioun Period znd Mertelity o!f Caincok sal.aon &g
Reered &t Constant lemperatures zt the Entiat Hatcnery (Burrows' Data)

Days to Fer Cent
Year Brecod oStock Temp. ,°F 50% Hatch dortality
1952~53 Entiat 4L5.78 52,19 7.1
54.38 41,88 5.7
57.5: 36,69 £.1
59.61 3. 34 1z.4
1953-54 -~ Entiat 35.10 204 .00 99.6
37.35 157.54 52.6
4,0.05 12C.11 13.5
L2.EL 92.38 6.1
L4,.389 7¢.82 18.4
1953-54 Skagit 34.39 206.33 98.7
37.29 160.29 30.9
4L0.04L 123.49 10.2
Le.54 94.00 2.1
L, .87 76.32 0.9
1955-56 Entiat 39.94 12.10 2.7
42.40 94.69 1.3
.74 78.91 0.7
47.38 63.40 0.6
49.21 55044 1.1
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62°F, the highest average temperature for lots of Experiment III, the
effect of temperature upon mortality is marked. From 55° to 62°F the
increase is about 20 per cent and corresponds to a similar inorease at
carresponding temperatures for the lots reared at constant temperatures.
Finally, there is no difference in the toleranoce to low temperatures of
SB8aoramento, Skagit or Entiat stoocks as shown by egg mortalities. The
minimum temperature was 34°F and some lots from all races were incubated
at this temperature for twenty days, the desoent and asocent fram the
minimum being one degree every five days.

These data are not adequate to define tempserature tolerance. The
tolerancs of chinook salmon eggs to limited exposures at high tempers-
tures has been investigated by Donaldson (1965). He found that the
exposure time necessary to ocause 10 per cent kill averaged 11, 4 and 13
days et temperatures of 87°, 65° and 63°F, respectively. For fingerling

chinook salmon Brett (1952) has determined the temperaturse tolerance.

Abnormalities

The term "abnormal fish" is diffioult to define. In this report
the definition is limited to individuals with morphological abnormalities
that can be recognigzed visually. For the egg stage per cent mortality
is a good measure of abnormality, since any egg that fails to hatch is
sbnormal, strictly speaiing.

For the fry-~the stage fram hatching to feeding~--mortalitiss were
classified as to type by the terms used by Foster (1949) to identify
abnormalities in the progeny of rainmbow trout expesed to X-reys. These

terms include the types of abnormalities that were found by Welander
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(1948) to ocour in the young of chinocok salmon exposed to X-rays in the
egz stage. Identification of abnormalities was made from preserved spec-
imens.

In Table 17 the per cent and number of different types of abnormal
fry in Experiment I are sumariged. For the few individuals with two
abnormalities, both types were recorded. The number of abnormslities
increased at the extreme temperatures, but were prinocipally abnormalities
such a8 "developmantally deficlent,” “weak body structure” and "serous
fluid" rather than the monster-like abnormalities of "spinal ocurvature,”

"distorted jaw" and "twinning."
Growth

Eggs from lots of kExperiment I were wel hed before and af‘ter water-
hardening and near the mid-point of the inoubation periodj fry were
weighed and measured once, Just after hatohingy and the fingerlings wers
welghed at two-week intervals from May until October. Resulvs of the
measurements of the eggs and fry are summarized in Table 18.

The rata of water absorption by the egg was measured by plaeing 30
ogzs in a ruled trough and observing the total length of the row at five-
minute intervals. After 35 minutes in water the eggs had reached maximum
size. At the time of plmoing the oggs in the water the dismeter was not
determined, as the eggs were soft and somewhat irregular in shape. After
absorption of water the eggs were firm and spherical and the average dia-
meter of a sample of 30 eggs was 9.5 mm. The increase in weirht during
the water absorption period waas 1l65.0 per cent as determined from a sample

of 136 eggs that averaged 379 mg before and 436 mg after water-hardening.
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TAELE 17

Abnormal Fry In lcts Reared at Constant Temperatures

Lot 2 3 L5 6 7 10
City
Teap. °F 40 45 Viater 50 55 60 624
Number
Hatched 368 352 501 440 480 404 120
rer Cent . . )
Abnormal 8 2 6 2 5 40 65
Number of ibncrmalities by Type*
D 5 3 10 1 2 53 32
n 16 3 7 G < L5 10
S 3 1 2 1 0 32 30
C 5 0 5 o 3 19 G
1, 1 0 3 ¢ 4 11 5
J 0 o 1 C ¢ ¢ U
E 1 1 1 G G 3 5
T 0 0 < 3 6 1 0

% [, developmentslly deficient; W, weux bcdy structwre; 3, sercus rluid; C,
spinal curvature; L, shortened budy; J, distorted Jaw; b, defective eye;

T, twinning
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Table 18

Average VWeights and Lengths of Eggs and Fry From Experiment 1

Weights in milligrams and lengths in millimeters of formelin preserved specimens
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For the samples withdrawn from the egg lots at the estimated mid-
point of inoubation the weight of the yolk as listed in Table 18 also
includes the weight of the embryo., These values are not comparable from
lot to lot because of two uncorrected errors; one 1s the error in esti-
mating the mid-point of hatoching, the other is the loss of weight due to
dehydration of the egg during the weighing prooess. The error in esti-
mating the mid=point of hatching ranged from minus 28 per cent to plus
16 per cent and was determined by subtraocting the number of days to the
mid-point of hatohing from the number of days to the time when the sample
was withdrewn, and dividing this value by the number of days to the mid-
point of hatohing, The loss of weight fram dehydration for an egg before
removal of the shell was at the rate of 18 mg per hour. While waiting
to be welghed the eggs were subjected to dehydration for a period cf a
few minutes to one-half an hour, a loss in weight of perhaps 1 to 10 mg.
However, the inverss relationship between temperature and shell weight
is probably true even if consideration is given to these two errors.

The weights and lengths of the newly hatched fry decrease with tem-
perature but in an irregular manner. The fry from the 40°F lot werse
definitely larger than the fry from the lots reared at higher tempera-
tures, which agrees, in general, with Gray's obserwation. For Salmo
fario Gray (1928) made the following statcmonf, ™hen eggs are inoubated
at low temperatures the embryos at the mament of hatching are signifi-
oantly larger than thoge hatching fram eggs inoubated at higher tempera-
tures.” This is also probably trus for the ohinook salmon, but it is to
be remsmbered that the fish reared at lower temperatures are also older

at the time of hatching, the age for the 40°F lot being 128 days as
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campared to 650 days for the 60°F loto

During the fingerling stage lots were weighed and counted at approx-
imately two-week intervals. Five lots survived to the fingerling stagse,
including the control lots whioh were reared at oity water temperature.
The fish were weighed as lots rather than individuals, as it is not feas-
ible to weigh live fish of this size individually,

To investigate growth rates of fingerlings at constant temperatures
ebove 56°F a oontrol lot was subdivided on May 1, five weeks after the
start of feeding, into four groups of 100 each. O(ne group was retained
at oity water tempersture and the other three were transferred to water
temperatures of 60°, 67° and 74°F. Temperatures were raised at the rate
of one degree per day from the oity water temperature of 54°F on May 1
to the temperature selescted for the lot.

Growth ourves for the original lots and for the lots started on
May 1 are shown in Figure 21. The difference between lots is obvious.
Prom 40°F upward to 56 the growth rates increase and from 60°F upward
the growth rates decrease. The average weight at 46 weeks for the 40°,
4569, 50° and 56°F lots was 0.4, 5.3, 12.6 and 18.1 grams, respectively.
For the lots started May 1 the average weights were 11.2 and 7.5 grams
for the 60° and 67°F lots. The 74°F lot did not survive.

The maximum growth rate for fingerlings reared at constant tempera-
tures oocurs at about 55°F, but the fastest growth rate shown in Figure
21 i1g for the lot reared at city water temperatures. This was observed
during the 30th to 32nd week at water temperatures of 60° to 63°F, but
gince it 1s remsonabls to asgume that there is a short lag in the re-

sponse of growth to temperature, the optimum temperature ror this lot is
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likely to be during the 28th to 30th week at temperatures of 5§7° to 60°F.
The effect of mortality upon growth rate was slight for the lots
that survived fram the beginning of the experiments (November 15), as
fingerling mortality wes less than 6% except for Lot 2 which failed to
feed. In the experiment started May 1 the 74°F lot died in 15 weeks and
the mortality was greater than 30X in 22 weeks for the lot at 67°F.* The
growth rates for the 74° and 87°F lots are less reliable for this reason.
In oconolusion, the optimum temperature for fingerling growth is
between 55° and S0°F, The growth rates by temperature lots decrsase in

regular order on either side of the optimum.

Meristic Characters

The classification of fishes especially as to speocies depends to a
great extent upon the count of meristic charaocters. Also, the use of
meristic characters, partiocularly wertebrae, became a widely accepted
method for defining races after Heincke's investigations in 1898 on the

races of herring,

Even before Heinoke's investigations the geographiocal differences
in vertsbrae number within species had been associated with temperaturs.
Gabrial (1944) wrote as follows,

Following the early generalirzations of Gunther (1862)
and Gill (1883) that the number of vertebrae is
higher in genera of fishes inhabiting northern lati-
tudes then in related fishes from troplcal regions,
Jordan (1891) prepared a "law" setting forth an in-
vorge relationship betwsan the vertebrae number of a
species and the water temperature prevailing in its
geographle renge.

*The upper lethal temperatwre limit for chinook fingerlings as stated by
Brett (1952) is between 24 and 24.5°C (76°-76°F).
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From Jordan's "law" and Heinoke's work the idea developed that racial
differences oould result from the effect of temperature upon meristio
characters.

A great many racial studies confirm Jordan's "law." A few of these
are Hubbs (1926), Rounsefell and Dahlgren (1932), Tester (19%8) and
MoRugh (1954b) on the herring; Schmidt (1930) on the ood; Welsel (1955)
on the oyprinids; end Mottley (1937) on the trout. However, racial stud-
ies have two shortcomings when used {o demonstrate the effect of tempera-
ture upon meristic charsoters. One is that temperatures during development
are ostimated, not knowmj and ssoondly, the counts of the meristic ochar-
acters of the perents are unknown,

Leboratory experiments on meristio characters of fish are few. T&n-
ing (1962) reviewed these experiments, whisch include Schmidt (1917, 1919,
1920 and 1921), Mottley (1934 and 1957), T&ning (1944, 1946 and 1950),
Gabriel (1944), Heuts (1947 and 19849) and Dannevig (1950). To this list
Marolmann (1964) and Lindsey (1954) should be added. Conolusions fram
these experiments are that either low oxygen or high COpz pressure lnoreases
the number of vertebraej pH in the range 6.4 to 7.8, egg size, fry size,
or early or late hatoching have no effect on vertebras numberj and salin-
ity end temperature modify both vertebrae and fin ray number,

Modifiocation of vertebrae number by temperature has not been consgis-
tent in the laboratory experiments. Sehmidt (1921), T&ning (1950) and
Lindsey (1864) have shown that the lowest number of vartebrae occurs at
intermediate temperatures while the results of experiments by Gabriel
(1944) and Dennevig (1950) show an increase in number of vertebrae with

deoreasing temperature.
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In the present experiments counts were made of vertebrass, dorsal
rays and anal rays to investigate the variability assoolated with temper-
ature that oocurs in the meristic charmoters of the chinock salmon.

Vertebrae. The number of vertebrae was determined by counting ths
oentra betwesn the basiococipital and the urostyle.* The vertebrae as
seen in a radiograph are shown in Figure 22, When abnormal vertebrae
were encountered, the number was determined by counting the arch elements,
but when both the centra and arch elements were in ddubt, no count was
made. In the caudal area the centrum was cournted as one if separation
was not complete,

The vertebras countas of lots from Experiments I and II are recorded
in Table 19 and shown graphicelly in Pigure 23. The u-shaped ocurve of
Bxperiment I shows that the number of vertebras inoreases at both high
and low temperatures and is similar to the findings of Schmidt (1921)
and T&ning (1852) for the sea trout and Lindsey (1954) for the paradise
fish. The data for Experiment II are limited to the high temperatures
but substantiate the Experiment I data for those temperatures.

For Experiment III1 the record of vertebrae oounts is tabulated in
Table 20 and is shown graphically in Figure 24. These data do not show
the same increase in the number of vertebrae at high and low temperatures
&5 was 8seon in the Experiment I data; on the other hand, there is no de-
orease in vertebrae number at high temperatures such as was found by
Gabriel (1944) and Dannevig (1950).

The temperatures given in Table 20 and Figure 24 are the average

values during the inoubation period but more properly should represent

sVladykov (1964) states: "Urostyle is the posterior terminal segment
whioch follows the last undoubted centrum. In Salmonidae the urostyle
remains non-ossified.”
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TALLE 19

Vertebral Counts ¢f Green Hiver Chincox Salmon kKeared at Constant ana City Water Temnperatures

Tgmp., Number of Vertebrae s
Exp. Lot F 66 67 68 & e 71 % Q X
I 2 B <30 135 59 1 69,17 218 L0410
3 LiT7 1 109 84, 2 68,44, 196 0377
5 5.6 2 175 79 ©8.730 256 .C298
fy 5-.1 1 59 yn 68,41 104 0504
7 50,2 1 2 6 3 1 69.08 13 . 288
L 7. Gk 7 146 75 68, 2 278 LCeG1
& L7.C% 2249 103 1 o8, 25 365 LLzo8
11 3 5L.6 7 40 72 '} 57 175 L0476
5 57.° 2 £3 117 18 £67.76 200 .0LL0O
4 58, 5% 2 71 33 ) 67 .72 188 .0L95

* City water
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TABIE 20

Vertebrul Couunts cf Sacramento, Skagit, Ureen and Entiat River Chinook Salmon of Experiment III

TS“}P': Number of Vertebrae 8_
Lot F 63 bl 65 66 67 68 &9 70 71 72 73 75 76 77 78 X n X
Sal 39.0 5 16 44 18 1 65.93 8, .091
2 41.6 1 7 51 67 30 3 6 3 66.09 182 .089
b 56.5 1 25 117 93 13 66.39 252  .OLT
5 62,2 T g 1 1 £6.35 3i,  .163
6  55.5% 16 108 133 36 3 65.67 296  .0L6
Sk 4 35.9 1 25 1C4 31X 13 68,36 <224,  .052
5 ul.3 3 20 30 15 3 £7.93 71 L109
b3 5, 7 5 6 18 33 L4 15 70.09 101 .130
1 :9.0 L 26 46 23 65 .89 99  .081
2 1.6 2 1 5 9 L 69.43 2 . 320
L 56,5 2 12 10 5 1 69.57 3 .233
6 55.4¢ 1 1 1 1y, 40 25 2 6G5.07 8, .104
E 1 38.8 10 39 I 71.33 2 .033
3 434 5 19 6 71.03 306 .355
L 55.2 3 47 47 29 3 1 71.73 L3z 031
5  £1.3 5 65 1i4 5 1. 2 3 1 Te.le 257 064
g¥#% 55,2 2 8 13 <t 107 137 70 28 1 74.72 392 .UH6
* At constant temperature, 54-56 F

%% Water of low oxygen content during incubaticn

20T
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the tamperatures at the time the number of vertebrae is determined. T#n-
ing (1962) has shown that the plastic period for determination of the

number of vertebras in Salmo trutta trutta ie from 146 to 165 D° (day

degrees with temperature in degrees centigrads) for which the total inou-
bation period is 400 D°, Using tempersture values caloulated on the
basis that the plastio period for ohinook salmon 1s the same as for Salmo

trutta trutta, the ocurves expressing the relationship between tempera-

ture and the number of vertebrae in Experiment III were shifted to the
right but changed only slightly in ehape.

To provide informetion fram whioh the plastie period for vertebrae
formation in the chinook salmon oould be established the eight sublots
of Experiment I were transferred to water of either higher or lower tem-
paratures at verlous times during embryologiocsal development. Fry fram
some of these lots swrvived to & size sultable for stailning or radio-
graphing but were too few to make acourate observations concerning the
plastic period for vertebrae formation. However, in Experiment IIY the
data fram Lot E 6 suggest that the plastioc period begins before the 21st
day for eggs that hatoh in 46 days. Lot E 6 was incubated in water of
low oxygen oontent for the first 21 days, after which the oxygen level
wag normal. The number of vertebrae in this lot was greater by 2.6 thar
in any other Entiat lot at either higher or lower temperaturses, and for
thig reason it 13 believed that the plastioc period for the vertebrse of
the chinook salmon of this lot began before the 2lst day of incubation,

Fram the Bxperiment III data in Table 20 the greal wariability in
number of vertebrae between stocks oan be sesn. The racial averages of
the lots for all temperatures are adbout 66 for Sacrwumento, 68 for Skagis

B9 for Green and 72 for Entiet. By Ginsburg's (1938) definition the
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differsnce between the Saoramento and Entiat races is equivalent to a
species difference since the overlap in the vertebral counts of the two
races 1s less than ten poer oent,

The number of vertebrae was generally greater than the 66 reported
by Jordan and Evermarn (1896) for the speciss. From the report by Foer-
ster and Pritohard (1935) the average number of vertebras for chinook
salmon was ocalculated to bs 69.10 ¥ O.14, and from Townsend (19544) the
average was 67.4. The range for Experimemnts I, II and III was 63 to 77
(for lots other than E 6),

There was a marked inorease in’the number of vertebras in Lots Sk 6
and E 68 which were accidentally inoubated in water of low oxygen content,
These lots were not inocluded in the average values for ths Experiment III
data because of the ebnormal oconditions. The average number of verte-
brae for Sk 6 was 1.78 greater than for any other Skagit lots and for
E 6 the inoremse was 2,82 over other Entiat lots. Since there were no
other obvious differences betwesen Lots B 6, 8k 6 and other lots, exposure
to water of low oxygen content is assumed to have caused the increase in
the number of vertebrae. There is substantiating evidence as to this
conclusion from T&ning (1962), who found that low oxygen content during
inecubation increased the number of vertebras. In the range from 58 to
98 per oent oxygen saturation the increase in vertebrae of the sea trout
wag about O.l for each 10 per cent decrease in axygen saturation (see
Fige 7, ops oit.). The effect of higher or lower oxygen levels upon
number of vertebrae is not mown.

Under the oconditions that existed in Experiment III genotypio vari-

ation in the number of vertebrae was greater than phenotypic wvariation,
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about one vertebre greater in the offspring than in the parents. If
thls difference is dus to phenotypical variation ocaused by some faotor
in the enviromment, it 13 sssumed that the effect is squal for all lots.

In oonclusion, the loweat number of vertebrae are found at the
intermediate temperatures in the range from 45° to 56°F. The average
number of vertebrse is about 86 for Saoramento, 68 for Skagit, 89 for
Green and 72 for Entiat. Above 60° and below 40°F the number of individ-
uals with abnormal vertebrae inoreases. Low oxygen content of water
during inoubstion inoreases ths number of vertebrae.

Dorsal rays. In counting the rays of the dorsal fin all elaments
were inoluded. Ususlly, in systematios, the small rays at the front of
the fin that are less than one<half the length of the longest rays are
not gountad, When estimating temperature offects, there is no reason
for not oounting all elementa. Tha base of all rays showed clearly in
both the radiographs and the stained specimens, but sometimes the longest
rays oould not be measured,

The number of dorsal rays reported for these experiments is greater
.than the number reported in the literature. Jordan and Evermann (1896)
1list 11 dorsal rays for the spesies; Foerster and Pritohard (1935), 11
to 14; Clemans and Wilby (1948), 10 to 1l4. The obssrved values for Ex-
periments I, II and III ranged from 13 to 18. ¥For all three experiments
the dorsal ray counts are recorded in Table 21 and are shown graphically
in Figure 28, The ocurves are congistent for both the constant tempera-
ture and changing temperature experiments with the maximum number of
rays in the 45° to 65°F temperature range. This is opposite to the ef-

feot of temperature upon the number of vertebrae. T8ning (1952) reported
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Numbers of Dorsal Rays four Chinook Salamon in Zxperiments I, II and III

* At city water temperature
*it well watear temperature
# Water of low oxygen content during incubation

Tear., -
Exp., Lot °f 13 W 15 16 17 18 b4 n oy
I G2 39.8 10 91 32 15.17 133 .O47
3 447 3 7 10 15.87 191  .034
5 50.6 27 191 33 16.02 251 .031
6  55.1 9 4 15.82 50 .055
7 6U.2 3 10 14.77 13 122
Lo L7.4% 18 169 17 16,00 204 .029
8  47.0 32 188 14 15.92 234 .09
II G 3  54.6 2 11 65 14 14.99 92 .063
5 57.8 5 56 16 1 14,17 78 .062
L 58.5% 2 42 37 14.43 81 .06l
III Sal  39.0 1 17 17 4 L.62 39 114
2 416 1 5 14.83 6 166
L 56.5 12 L0 57 2 15,23 211 .038
5 62.2 2 8 11 14.43 21 148
[ 55,5%% . 25 143 88 2 15,26 258 LOL0
Gl  39.0 2 3 4 15,22 9 .z218
Ly 56.3 12 2 15.57 28 .120
6 55 1, %3 1 28 36 2 15.58 67 071
Sk &, 55.9 14 26 1 1 1574 42  .097
5 61,3 11 6 1 15.44 18 .45
6 54,7 8 32 3 15.88 43 .076
E1  38.8 U 1 5 15.70 30  .137
3 L48.4 3 16 2 15.95 21  .109
L 55.2 1 3% 133 16 15.88 186 .039
5  0l.3 1 68 86 5 15,59 160  .Ob4
e 55,27 19 159 46 1 16,13 225 .036
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8 similar situation for the sea trout.

In oonolusion, the maximum number of dorgal rays oocurred in the
temperature range of 45° to 56°F; this is opposite to the effect of tem~
perature upon vertebrae.

Anal rays. In counting the rays of the anal fin all elements were
included. The sams argument for using all the elements of the dorsal
fin also prevalls for the anal fin and, likewlge, the number of anal
rays reported for these experiments is greater than reported in the lit-
erature,

Jordan and Evermann (1896) list 16 anal rays for the species. Other
authore give the following number; Sshults (1931), 16 to 18; Foerster
and Pritchard (1935), 16 to 18; Clemens and Wilby (1948), 15 to 19. The
obsertved walues for Experiments I, II and III ranged from 16 to 21 (for
lots other than E 8). The counts of the anal rays are tabulated in Table
22 and shown graphioally in Pigure 27. Maxiinum values are in the range
of ¢5° to 55°F with lower values on either side of this range. For the
sea trout T&ning (1952) also found that the number of anal rays was
greatest at intermediate temperatures.

In oonclusion, as with the dorsal rays the maximum number of anal

rays oogcurred in the temperature range of 46° to 55°F.



TABLE 22

Numbera of Anal Rays for Chincok Salmon of Experiments I, II and III

Tomp. - s_

Exp. Lot Op 16 17 18 19 20 2 22 23 x n X
1 G 2 39.8 15 62 4O 2 19.24 119 .063
3 Liy.7 L5 12, 20 19.87 189  .042

5 50,6 1 51 164 21 19.86 237 .036

6 55.1 16 27 1 19.66 L, .079

7 60,2 1 6 4 18,27 1 .195
L L7, L¥ 2 85 18 6 19.61 211  .039

8 L7.0 1 63 17 8 19.70 189  .040

II G 3 54.6 2 18 24 18.50 Ly  .089
5 57.8 1 38 43 5 17.60 87  .066
L 58.5% 5 33 L 17.98 L2 .072

III Sa l 39,0 1 11 15 6 17.79 33 .136
L 56.5 9 123 93 1 1l 18.46 237  .043

5 62,2 17 1 1 17.45 29  .106

6 55, Gt 21 167 101 3 18.29 292  .036

Gl 39.0 7 6 18.46 13 L1k

4 56.3 5 15 9 ly.14 29 .129

6 55, & 1 23 49 1C 18.82 83  .U71

Sk & 55.9 11 46 8 18.95 65  .067

5 61.3 g8 12 18.6u 20 .12

6ff 54, 7en 9 54 11 1 19.05 75  .066

Bl 38.8 1 15 20 2 18.61 38 .102

3 L8. 4 3 13 7 1 19.25 2, .150

IA 55.2 1 2 149 82 19.2,, 252  .038

5 61.3 15 89 86 25 6 18,63 221  .059

6f  55,2#% 9 19 78 185 69 5 2.82 365 .048

#* At city water temperature
*#At well water temperature
# Water of low oxygen content during incubation
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VII. SUMMARY

The observations from three experiments upcn the effects of

temperature on young chinook salmon are as follows:

Rate of development

(1) The temperature coefficlents u, J)p and x are not constant
for the relationship of temperature to the mumber of days to hatching.
The values for the coerf:icients are ccnsiderably greater at low than
at nhigh temperatures witn a :ritical teanperature stout A7OE‘,

(<) For lots reared ¢t ccnstant tenperat ires in e range from
39.8° w 57.801", tne temperature sunmat ion rule, tane telehradex equa-
tion and the logistic curve it eyually well Lo the relationship of
temporsture tc the numpoer of dsys tc tmtching.

For the temperature summution rule, y(x-a) » k, where y = the
nunber of days to the time when 5. per cent cr the eggs are hatched |
at an incuvtation tem;erature ol x , a8 is the tnreshcld tempurature
and k 18 the wemeratwre summation constant, new methods for estimat-
ing a and k and a confiderce interval ror a are given, The value for

K 1s shown to be e.ual t¢ the reciprocal of ths regressicna’ the speed

XYl - X2V2

1 y1 - Y2

second estimate of a is X - k(=); the confidence interval for the
o

of development on lemperature; cne estimate of a is ; &

second estimate cf a is ala given. For the four races cf chincok
salmon the velues for a range from 31.1% to 32.7°F; for k, from 815

to 1020.
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The b value of Bélehradek's equation is 0.97 for the data corrected
for a threshold temperature of 33.8°F and 1.12 for the uncorrected data,
that is the threshold temperature is assumsd to be 32°F or 0°C.

Followiny is the eguation of the logistic curve that best fits
the temperature-development relationship for lots reared at constant

temperatures;

1+ e2.1&)«-0. 2A2x
.0396

y:

when the incubation temperature, x, is in degrees centigrade.

(3) The chinook salmon egga from t he Sacramsnto River develop 8 per
cent faster than those fram the Entiat River. The rate of development
of the egga from the Skangit and the Green Rivers is intermediats.

(4) Using data from all lots resardless of race, mortality rate,
temperature pattern, or year the sqguation that best fits the relation-
ship of the number of days to hatching, y, and the incubation tempera-

ture, x, in degrees centigrade is the logistic curve of the form

o2 0 306~.2022x
04404

y =22

for which the standsrd error of estimate is 3.14.

(5) Water of low oxygen content during incubation increases the
number of days to hatching about 18 per cent at average water tempera-
tures of 55°F.

(6) The snortest hatching period occurs in lots reared in the
temperature range 40° to 58°F for which the 5-95 percentile range is

less than five days.

(7) Short hatching periods are associated with high survivals.
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Nortality

(1) For the lots reared at 3L°F or 65°F and higher none of the
eggs survived to ths hatching stage.

{(2) Une hundred per cent mortality occurs during the yolk-sac
stage in lots reared at 60° and 62i°F.

(3) kit constant tempsratures of 55° and 57:°F the lots hatch
successfully but during the yolk-sac stage, mortality increases to

50 pr cent or greatsr,
(4) The .ortality rate is low at all stages of development for

lots reared at temperatures between 40° and 55°F.

Abnormal fry

In the temperature range 40° to 55°F the number of abnormsl fry
averages 4.6 per cent per lot and at 60°F and higher there is a nine-

fold or greater increase,
Growth

(1) At hatching the fry reared at 4O°F are larger than those
reared at higher temperutures,

(2) The growth rate for lots resred at constant temperature is
greatest at 55°F and decreases in relstion to the distance from the
optimum for lots at other temperatures.

(3) For lots reared at city water temperatures, the fish are
smaller at the 20th weex of the expoeriment than the fish reared at a
constant temperature of 55°F, but are of the same size by the 46th

week. Most rapid growth occurs whan the tempsrature is near 60°F.



Meristic characters

(1) For lots reared at constant temperatures the aversge number
of vertebrae is fewer in the temperature range from 45° to 55°F than
at either higher or lower temperatures.

(2) For the Sacremento, Sxa&git, Green and kntiat races the number
of vertebrae average 66, 08, 69 and 72 and range fram 63 to 78,

(3) For lots reared at temperatures above 60°F and below LO°F
the number of individuals with abnormal vertebrae increase,

(4) Water of low oxy,en content during the incubation period
increases the average number of vertebrae per lot as much as 2.4.

(5) The average number of both dorsal and anal rays is greater
fér the lots reared in the temperature range 45° to 55°F than for lots
reared at either higher or lower temperstures. This is the opposite

of the effect of teaperasture upcn the number of vertebrase,
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