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I. INTRODUCTION

To the figh living in the Columbia River and other Pacific Coast
streams, changes are occurring in the enviromment because of the impound-
mént of water for hydrcelectric power, 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 faotor to which figh, a poikilothermioc animal, reapond readily.
Usually the ochange ie to warmer water and temperatures that are not favor-
able for the survival of salmon, An exception is the Shasta Dam on the
Saoramento River where the withdrawal of water from the storage reservoir
is from a level that is below the thermooline. As 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 increased (Moffett, 1949; Smith, 1950).

The changes that are ocourring in the Columbia Kiver and in other
Pacificlcoast streams may subject salmcn eggs and young to unfavorable
water temperatures, a ocondition whioh also oould ocour fram the early or
late arrival of the parent fish upon the spawning ground, or from abnor-
mal weather oonditions. These are some of the reaaons for accumulating
more information on the influence of temperature upon salmon eggs and
young. 8peocifically, the objectives of these experiments were to meas-

ure the effeots of temperature upon ohinook salmon, Oncarhynohus tshawyt-

sche (Walbaum), in regard to:
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{1) the rate of embryological develomment

(2) mortality

{3) occurrence of morphological abnormalities

(¢) growth rate

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

and anal fin rays.
The perlod 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 awailable on this subject for
the Pacific salmor and becsuse of the current interest in the use of
meristic charaocters as ons of the means of identifying the racial origin
of salmon now being ocaught in the off-ghors waters of the Narth Pac:®ice
After Heinoke's investigations in 1898 meristic characters have been
used frequently to identify races (see p. 96). Heincke idenmtified groups
of herring as races when the difference 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 factors. In field sam-
ples neither genotypiocal nor phenotypical variation can be determined
because the past history of the individual is not known and therefore
the vertebral count of the parents snd the environmental fsotors influ-
enoing vertetral formation are not known. However, in laboratory
experimonts such as these, soms estimate of genotypical and phenctypiocal
variation can be made and this information is important to interpretation
of results of recial studies based on field camples.
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The chinocok salmon were seleoted for experimentation beocause they
are econamioally important, are reared extensively and are available,
In the Columbia River and other rivers of the west coast of the United
States that are most affected by dams, pollution and water diversions,
this species is often the most important. Over 30 million fry and
fingerlings were reared and released by the Weshington State Department
of Fisheries in 1563. 1In addition, this species 1s readily awailable
for experimental use, either from the Fisheries Center, University of
Washington, or from nearby hatcheries of the Washington State Départ-
ment of Fisheries,

The ohinook salmon, also known as king, spring. quinnat, tyee or
blackmoutn, is the largest of the Paéirie Coast salmon and usually
spawns in the large rivers. Spewning occurs as sarly as August in
Alaska and as late as December in California, the extremes of its geo-
graphiocal distribution. Tho ofr.8 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
eg5s hetoh. The young frye work dowmward into the stream bed, as they
are necatively phototropic. When most of the yolk has been uged, the
fry energe from the gravel and soom start to seek their own food- The
seaward mipraticn may begin immediately, but nften is delayed until a
few months after feeding, and occasionally as mﬁoh 89 & year. 7T"s shi-
nook salmon live in the gea until raturity, which is usually a% an age

of 33 or 4% years, but may vary from 23 to 6% years. At matwrity the

s"Fry® is the stage which follows hatching and during which the yolk sac
18 absorbed; when fesding beging, the fry becams "fingerlings,"
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chinook salmon, weighing lU to 650 pounds, retwurns to its natal stream to
spawn and die (Clemens and wWilby, 1946),

Although the difference in spawning time from Alaska to California
may be as great as four or five months, gpawning ocours 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." Tempuratures observed at the time that chinocok salmon
are spawming in some streams of British Columbia, Washington, Oregon,
and Californie are recorded in Table l. The water temperature during
incubation of the sgg is desocending, with minimum temperature occurring
shortly before or after hatohing, and is rising during the late fry and
sarly feeding stages. The water temperature oyole in the hatchery at
the University of washington as shown in Figure 1 is typioal of the
annual water pattern of streams in whioh chinook salmon spawn in the
Puget Sound region. However, many streams in other areas of the Pacifio

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

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



TABLE 1

Temperatures of Some Pacific Coast Hivers at the Time of Spawning of the
Chinook Salmon

L .
Temperature, F,

River Month »nPFiV&l Spawning Reference
g;;AaXO (B.C.) September 59-61 58-55 Hourston, 1953
<uesnel (B.C.) late Aug. 60 50 ' Jackson, 1953
North Thompson (b.C.) early Sept. 60 " "
Scuth Thompson (B.C.) nid Sept. 62 58-55 " n
Cclumbia (wash.) Oct.-Nov. ©2=50 Olson-koster, 1956
Skagit " September 52 See page 16
Entiat " October 52 n "o 17
ureen " vctober 50 " " 17
Toutle " Cctober 58-42 Burner, 1951%
iwillamette (Cre.) sep tember bi-43 Matson, 1948
Sacremento (Cal.) Uctoter 54~52 Pelnar, 1953

%4190 includes a record of temperatures for other tributaries of the
Columbia River
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II. PLAN OF BXPERIMENTS

The effects of temperature upon young chinook salmon have besn ob-
seorved in three sxperiments in three successive ysars--1961-52, 1952-53,
and 1953=64. These experiments differed in fowr principal aspects:

(1) water temperature pattern, (2) souroce of water, (3) raocial s took,
and (4) number of pairs of parenta (Table 2).

Two of the many possible temperature patterns were considered; tem=-
reraturss were eithor maintainad at a crngtant lovel or were altered
throughout the experiment ir a manner similar to that which occurs under
natural conditions, 1ldeally, the axperimecntal tamrerat-ires should he
those to whizh the figh are exposed in nature, for it is possible that
unornal development cf egrs ard frv is adjusted to the natural water tem-
perat're pattern. The natursel woter temperatures at the +ime of the
dezosition of egms in *he sravel are declianing and cortinue tc¢ decline
during the inoubation period. Hatchiar occurs about the time that the
water temperatures reach their lcwest levsl in the arnusl temperature
cycle, but emergence of the fry fran the zravel does not occur until
water “enjeratures are increasing However. in an expsrimernt in which
the temperaturs ig nct malntairzed at a constant level, the average tem-
perature may not be relatad tc the obsorved effect if the charaoter being
chgerved is influenced by temperature for only part of the chgervational
period. Because the oritiocal periods feor the chinook salmon were not
mown, temperatures of the lots for the first two experinents were con-
stant; for the third experiment temperatures were altsrad throughout the

experiment in & manner somewhat similar to the temperatures that ocour
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wmder natural oonditions.

Bxperiment I

In the first exporiﬁ;nt oight lots ware reared at oconstant termpera-
tures in water from the oity mair, and all eggs were teken fram one pair
of ohipock salmon of the Creen River race. The experiment was initiated
November 15, 1961, and conoluded Ootober 2, 1952,

A pair of mature ohinook salmon from the Green River Hatchery of
the Washington State Dapartment of Pisherics, twenty-five miles southeast
of Seattle, vmsc transpartod to the Univorsity of Washington in a live-
tank and then spawned. The palr used for spawning arrived during the
last week of the 1961 run of chinook salmon to the Green River Hatchery,
which is loocated at Soos Creek. At this time the daily temperature of
8008 Creek varied from 42° to 46°F. After balns spawned, the pair were
photograshed (Fir., 2) and size measurements and counts of meristic char-
acters were made (Table 3).

The ergs from this pair were divided into eirht experimental and
four control lots averasing about B60 per lot. One of the eight exper-
imental lots was placed in each of the following conctant temperatures:
24°, 40°, 459, 50°, £5°, 60°, 622° and 65°F, A maximum temperature of
65°F wans chosen bacause in an earliar trial oxperinent all egrs at a
aonstant temneratire of 73% and 67% hsd died. The ocontrol lots were
reared at the water temporature as received from the city main, which
waa 655°F at the beginning of the experiment and 419, the low for the
vear, at time of hetching. Graphs of the temperature history of the lots

of the firsgt experiment are ahown in Figure 3.
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Flgure 2, Chincox oalmon, Parents or the Experiment I Egg Lots
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TABLE 3

Measuremsnt Data of the Farents of the lots for
Experiments I and II

T " Experiment I Experiment II
... ... Male Female = Male  Female
weight (spawned), kg 8.83 8.54 8.87 9.14
Length (fork), cm 95.2 92.3 94.0 95.2
Vertebrae 67 68 67 66
Dorsal rays, all 1> 1 13 13
Anal " " 17 18 18 18
bBranchiostegual ruys 15 17 14 16
uill ruakers, first arch 9413 9+12 10 +15 9 4+13
Fyloric caeca 155 - - -
Scales, lateral line 142 139 134 140
n above " " - 30 - -
" below " n 31 25 30 30
Eggs, number 7024 6864
" weight before water 3.18 2.83
hardening, kg
" diamster after water 0.93 0.89
hardening, cm
sge (scales) 3+ L+ 3+ 34
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Temperature, °F

o 5 T 20 o

Weeks After Start of Experimant

Figure 3. Lot Temperstures for Experiment I
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In this experiment eight sublots of 1CO egrs each were rermoved fram
the controls to either a higher or lower temperature. After 35 weeks at
oity water temperature three of the sublots were transferred to constant
water temperatures of 60°, 822° and 85% ., Three other ocontrol sublots
were transferred after 2, 23 end 35 weeks at city water temperature to e
constent temperature of 34°F. Two additional sublots were held at 40°
and 46° for four weeks and were then moved to a constamt temperaturs of
60°F,

later, another seotion was added to the firet experiment for the pur -~
pose of observing the effects of temperatures of 50°F and higher upon
fingerlings. At these temperatures none of the ariginal lots survived
to f'seding. To establish this part of the experiment, the control lots
ware pooled on May 1, 1352, and four random lcts of 100 each were with-
drewn, Of these foir, one was left at thas temperature of the city water
and the others wers transfarred, after gradusl tempering, to constant

temperatures of 80°, 67° and 7%,

Experiment I3

The second experiment duplicated the first by the use of one pair
of ohincok salmon fram the Green River race and by thes incubation of the
8z58 in the ssme water supply and at oconstant tempsratures,

The second experiment was started on Cotover 13 with a pair fram
the early part of the 1962 run which was late in arriving at the Green
River Hatchery because of warm weather (Fallert. 1952). The temperature
of the wuter at the time the fish were taken for spaewning was 52°F.

Size meesursments and ocounts of meristioc characters of the two parents
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for the 1962 experiment are given in Table 3.

Constant temperatures in the eight experimental lots wera 45%, 50°.
550, 575°, 60°, 62‘%‘), 66° and 67%"1-‘0 These temperatures differ from the
first experiment by the omission of the 34° and 40° lots and the addition
of the 57;° and 6739F lotse. As in 1951 there were foir control lotas,
but sinoe Experiment II started a month sarlier than Experiment I, the
inoubation temperature of the controls was higher in 1352, The city
water temperature at the beginiing of the experiment was S51°F and at
hatohing was 55°F, the averapge incubation temperature for the oontrol
lots being 11 deyrees hi ther than in 1351, The temperaturs ‘is*ory of
the Experiment II lots is shown in Figure 4-

Experiront II wag oorcluded unexpectedly on December 28 by an aocci-
dent that ocaused u ;reat increase in mortalities in all lots. The cause
of death was & hizh oH of the water supply created by a change of char-
coal in the filter system. The details ¢ this accident have been re-
ported by Seymour and Donaldson (1953)., At ths time of the acoident the
lot at lowest temperature had just completed hateohins . The experiment
wag ooncluded at this time, as there was 100 per cent mortality in some

lots and injury of unknown extent to those that did survive.

Bxporiment III

The third experiment was basiocally different fram Experiments I and
II. The temperatures wore changing rather than constant; the wntor‘ was
from a new gource, & well that had besn drilled to provide water of lower
temperature for the hatchery; egrs from fouwr races were used) and the

eZgs far one race wers from one or more pairs of parents. On 3eptember 11,
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1958, the expsriment was started and was oontinued until May 8, 1954.

For the purpose of svaluating racial differenoces caused by tempera-
ture, especially the rate of development and meristic characters, eggs
were obtained from four rivers: the Skagit, in northwestern 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 mades to obtain sggs from Alaska, first from the Nakmnek 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 northern 1limit of their distribution. Because the
ezs8 from Alaske were not available, eggs from the early Skagit River
run were obtained.

The 9ggs from the Skagit River chinook salmon were taken on Septem-
ber 1l. The parents, three females and two males, were gaffed fram the
Marblemount spewning grounds. The water 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 jugz and teken to Seattle. Water
temperature in the jug upon arrivael in Seattle four houra later was 59°F.
One-half of the eggs were then forwarded to Mr. Burrows at the U. S. Pish
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 obtalned on Qotober 8 fram 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

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



17

Lype 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-
ocooled with orushed ioce 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 chinoock salmon from the Sacramento and Green Rivers
were taken Qotobar 20. The Sacramanto eggs were spawnsd in the morning
at the Coleman Station and flown to Seattle the asme day. One-half of
these sgrs was teken to the Fish Cultural Laboratory at Entiat. The
egrs were shipped from California in a special container with ice, and
upon arrival in s.eattle the temperature about tho eggs was 38°F. On the
day of spawmning the temperature of the Saoramento River at the plaoce
from which the salmon were taken varied fram 52° to 54°F. Four pairs
of chinook salmon were used and the aggs were mixed before division into
experimental and control lots of about 680 sach. The fish in the Sacra-
mento River on QOctober 30 were the first of the fall run of ohinocok
salmon; the peak of the sBeason's run was expeoted later.

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

The temperature pattern chosen was that which olosely resembled the

pattern expected in nature. The average temperature of the oity water
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in the hatchery of the School of Figheries 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°,
50%, 55°, 80° and 66°F. After the start of the experiment the water was
oooled one degree every five days to & temperature of 34°F, The eges
wore held at that temperature for twenty days, after which the tempera-
ture was inoreased at the rate of one degres every five days- The
temperature history of the Experiment 111 lots is shown in Figure 5.

The water source for the third experiment was from a well, whereas
oity water was used 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 wery rapid acoumulation of slime molds, algse,
and protososns on the egrs, in the tanks and troughs, and in the coils
of the cooling system. This necessitated more handling of the eggs than
was desirable and interfered with the flow of water in the refrigerated
tankso.

By using ultraviolet light an effort was made to control the slime
molds, algase and other organiems 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
was four inches. After three weeks the mass of organisms beneath the
Jamps was only slightly less than in other parts of the trough; there-

fore the use of the ultraviolast light was discontinued,
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NUMBER OF DAYS AFTER START OF EXPERIMENT

Figure 5, Predicted Temperatures from the Beginning of the Experiment

to the Fingerling Stage for the Lots of Experiment III
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Mortality in all lots of Experiment YII in the late fry and finger-
ling stages was unusually high, and although the specific reason was not
found, the causs was belleved to be either direotly or indireotly asso-
ciated with the well water. Mortalities were especially high in the
Green River eggs mnd, moreover, they ooccurred earlier than in the other
lots, indicating that other factors associated with the condition of the
eggs themselves were contributing to the mortalities.

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

mal conditions are not included 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 October 29 the dissolved oxygen in the water flowing into the trough
with Lotes S8k 8 and E 6 was found to be only 3.0 ppm. This condition was
corrected the following day. However, by that time Lot Sk 6 had been in
the low-oxygen water for 48 days and Iot E 6 for 21 days.

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

per ocent.
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III, 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. Refrigerated tap water is gupplied to four of
the tanks,.

The tanks are made of baked enamel with a Thermo-pane glass front
and are 60 inches long, 23 inches high and 12 inches deep. Protection
from temperature change was provided by two inohes of cork on the back,
bottam and sides, an ingulated 1id on top, and the ‘Thermo-pane front.
The oonorate troughs are 15 feet long, 12 inches wide and 8 inches deep.

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

In Bxperiment III well water replaced oity water. The temperature
of the well water was 583° to 88°F, a favorable temperature for chinook
salmon. Analyses of both the oity and well water is given in Table 4.

For the low-temperaturs tanks the tap water was cooled in a Temp-
rite Instantaneous Cooler and temperatures down to freezing were avail-
able., Heated water was provided by running water through a coil in a
steam jacket. Intermedlate 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 tray was designed so that the eggs could be kept in order

and examined individually, if necessary, with a minimum of handling .
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Figure 6. The Contrclled-temperature Hatchery Room,

Fisheries Center, University cf Washington
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TABL

Mineral fnaiysils ¢f City and Well Vater

T vCity: ' Cityi ST City iell
Waters Water Water# Wiater s
Date 1/7/52  1/5/55 1/29/5L  1/29/5L
.. kerts per Millicd
Total Solids L2, L. 5. 137.
Silica (8i0p) 2.0 11.
Iron (Fe) v.ue .0k Ls 2k
aluninum (AL) oz v.Ul
Calcium (Ca) 6.8 5.8 7. 1z.
Magnesium (g U 1. 2. 15,
totassium (K) C.3
sodiun (Na) 1.88
Bicarbonate (HCOB) 25. 29, G 117.
Sulphate (304) 1.9 2.9
Chloride (C1) 1.2 1.06
Total Hardness (as CaCOB) 19.8 26.1 £3. 27
nlkelinity to rnenolphthalein C. G.
n " etnyl Orange 20. 2.
pH 7.2 7.4 7.6 T4

#  Analysis by Seattle Water Department
i " " Applied Fisheries Laboratory
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The tray consisted of glass rcds sugportsi (n a 10- by 12-inch wooden
frams. The rods were spaced so that the eggs were supported, but the
larvae, upon hatohing, dropped through. One tray held about 600 chinook
salmon eggs, 20 rows of 30 eggs each.

Damboards. §ince in the third experiment there were as many as
four different lots in the same teank, it was necessary to divide the
tank into ocampartments and to have the damboard between oompartmernts
impassable to the fry and fingerlings. The campartments were made tight
by wedsing a demboard against a half-inch sponge rubber gasket on the
sides and bottum of the tank, The damboard was made of two platas, one
inoh apart, which were perforated at the top on the upstream side and at
the bottom on the downstream side. Sucocessive damboards differed in
helght by one-half an inoh, with the hizher damboard nearer to the head
of ths tank. Building and erranging the damboards in this manner ocreated
oirculation of water throughout esach compartment.

Thermographa. Tank and trough temperatures wsre constantly recordel

on & oircular chart, a thermogram, by means of a seven~-day Bristol Re-
corder. Temperaturss were cheoked daily with a calibrated meroury ther-
mameter which oould be remd to 0.1°P, and an ad justment was made to the

recording pen if the pen was in error.
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IV, METHODS

Egp-taking. In Experiment I the eg-s were taken by inclsion and
were fertilized in a pan without water., After fertilization the eges
wers divided into equal lots and placed in pans in the tank in which
they were ‘.0 be resred. During the next two hours the eggs were water-
hardened and tempered with the temperature gradually ochanging from that
of the ezzs at time of fertilization to that of the rearing temperature,
the greatsst change being 14 degrees Fahrenhsit, The eggs were then
placed on the glass rod trays. In Experiments II and III the eggs were
water-hardened fcr two hours &t the site of egg-taking and then were
transportéd to the Sohool of Fisheries. Immediately after arriwval at
the School they were divided into lots and tempered for two to four hours
to ths rearing temperatures.

Hnndling. Eggs and fry were moved only when absolutely 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 egse and fry of Exper-
iments I and II were undisturbed., As mentioned above, this was not true
in Bxperiment IIl. Acoumulation of organic debris and mud made it neces-
sary to agitate the eggs gently about once a week to prevent smothering.
Also, some egg lots were transferred fram one tank to another during the
eyed oggz stageo

Mortality records, Mortelity was caloulated from the number of eggs

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

wWare mostly infertile egga. Dead oggs were removed daily, but asince
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death of an egg 18 not necessarily irmediately apperent, mortality val-
ues for any one day during the egg stage may aoctually be greater than
;hawn in Tab}es 9 and 1l. This souroce of error is not present after
hatohing.

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

tulitz, the other removal_s_ and accidental deaths. The oumulative mortgl-

ity took into accont losses fram both categories and was ocomputed for
each seven~day period. The ocumulative mortality for week n was the sum
of three items: (1), the oumuiative mortality for waek n-1; (2), the
sum of the daily natural mortalities for weei &j and (3), the natural
mortality that would have oocurred in week n among those removed for sanm-
ples or killed acciderntally. Item (3) was caloulated 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 aocidentally during week n and
the number of individuals that would have swurvived to the end of week
n-l, having previously been removed for samplss or having died aociden-
tally.

The per oent cumulative martality was equal to 100 times the cumu-
lative mortality divided by the number of eggs at the start of the
sxpariment,

Mortality for all stages was caloulated in this manner. Mortality
to the 50 per cent hatching stage did not include fry mortelities for
those wesks in wihioh there were both agzz and fry mortalities,

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

time when both the head and tail were free of the shell. At both high
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and lcw temperatures only the heads of many larvae would break through
the ghell and the larvae eventually would die. Such larvae were oconsid-
erad sggz mortalities and were not counted as being hatohed.

The time to hatching was arbitrarily seleocted as the time when 50
per ocent of the eggs had hatched=~the median of the hatching period=--
and ocould not be determined until sampletion of hatehing. Other choices
would hsve besen the time to the firast hatoh, the last hatsoh, the mean of
the hatohing period, or the mode of the hatching period. At normal tem-
psratures the choice would have made little difference, since the hatch-
ing period i1s short. At low temperatures the hatohing period of some
lots was more than one month, with a perisd of no hatching intervening
between the extreme wvmlues; therefore the time to hatching of either the
first or the last egg was considered an inappropriate estimate of the
time to hatching.

The hatoh of eggs was counted daily at 11 a.m. From the daily
hatching records the time to 650 per ocent hatoh was calculated to the
nearest 0.1 of a day, the last signifioant figure being determined by
linear interpolation. By this method of estimating time of hatching the
error is relatively greater in those lots with the shortest hatohing
time, i.8., those at highest temperatures.

Estimations of average temperature. The temperatures could not be

oontrolled perfectly and therefore it was necessary to measure the tem-
perature fluctuations in ordsr to have a reliable estimate of the average
temperature for the period of observation. The temperatures weres raecord-
ed on thermograms from which the average temperatures wers calculated.

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 acocurmcy allowable
under the oonditions of the expsrimsnt. The reliability of the thermo-
meter, the accurscy of the thermograms, the temperature changes at verious
positions on the egg tray. and the methods of caloulation all influence
the accuracy of the estimates of averega temperatures, The thermometer
used to make the daily temperature readings and to ocorrect the thermo-
grams was acourate to 0.1°F; the thermograms could be read to the nearest
0.2°F; and the froatest temperature difference between vu'iéus positions
on the egg tray was 0,2°F. A graphioal method and an arithmetical method
were used to sstimate average temperaturss, but the arror in either
method was not measured. However, the totsl error from all sources in
the caloulated average temperatures is believed to be less than 0.6°F.

Estimates of average temperatures derived by means of oalculating
aress under the thermogram or as derived arithmetioally from daily aver-
ages over ghort intervals are more accurate than averagses from daily
maximum and minimum temperatures. For Experiment 1 average temperatures
were estimated by oomputing the area enclosed by the thermogream. From
the area, which was 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 oiroles made by various csonstant temperatures are
liatoci. For oonstant or nearly oconstent temperatures the planimeter val-
ues are approximately ocorrect, but for fluctuating temperatures there is
an error because the areas of the circles dc not change linearly with
temperature, The planimster method was chosen for the first year's ex-

periment, as the temperatures were nearly oonstaut, espeoialliy during
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inoubation.

For Experiment III1 daily average temperatures were determined arith-
motically from temperaturss during short intervals in which there was
aither no change of temperature or a constant ohange in temperature. To
determine the daily average, temperatures during eaoh interwval, weighted
by the number of hours of eaoh interval, were averaged, For example. if
the temperature during the first twelve hours of the day was oconstant at
50%F, then steadily rose during the next three and a half hours to S$6°F,
then declined steadily to 529F during the following two hours, after
which the temperature remained constant for the reat of the day, the

daily average temperature was calculated to be

(12x50) + (305153)?; (2x54) + (8e5x62) . 5y 4op,

To examinae the differsnce in averares tamperatures that would oocecur
fram the two mathods described, eizht thermograms were selssted in :uix
of which the ftamparaturs varia*ion was averase (smooth thermosrsm) and
in two of whish i% wes oxtrena (irregulas ~harmogram). Temperatures cal-
culated from the planimeter measursments avsraged .35 var cent iess than
tamporatures ocaloulated arithmetically snd the error was the came for
both smocth and irregular thermograms. Althouzh similar resultc were
obtainad by the two methods, Hhe mathod or arithmetisally averarinc daily
temperaturss, which i3 mere tedious than the vlanimotar methad, was used
t2 caloulate avsraze tamperatures for the Experiment IT dats.

There 1s no practiocal way of estimating the varianos of the tempar-
atures thut were recorded in Experimants I mnd II», The variance w#as

probably not great, as temparatures were usually mainteined within one
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degree Fahrenhelt of the desired temperature exocept on occoasions when
the refrigerated water supply was reduced or out off, This ocourred when
ice or organioc material acoumulated in the ooils of the cooling wunit 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 the variance of the daily average temperatures
oould be made, but thisg would not indicate temperature shock, as usually
the deviations from the temperature pattern were of only a few hours"
duration and changed the daily average relatively little. Although the
temperature shook effeot fram daily temperature ohanges is not lmown, a
oomparison of the daily maximum-minimum temperatures of the experimental
lots with maximm-minimum temperatures in the Green River (Ellis, 1953)
and the Sacramento Kiver (Wallioh, 1301) shows that the experimental lots
were not exposed to any greater daily temperature changes than occur in
nature (Table 5).

Preservation. Before being preserved, most specimens were pleced

in urethane. They werec 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 eand from stained specimens. All the fry and fingerlings that were
seleoted for counting were radiographed, but the radiographs were not
readable for gome of the fry with skeletons that had not yot ossified,
These fry were then stained and the vertebrae and fin rays in many could

be counted.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



31
TABLE 5

A Comparison oi the Daily Temperature kange for the Green and sacrauento
Rivers and for Experiments Il and 11I

Green Sacramento Ex,.. II Exp. III

Oct. 1952-  Lept. 189:- 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 1 06l 902
1.5 11 2 120 220
2.5 68 12 19 72
3.5 30 27 10 40
L5 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
lin5
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 sof't radiation of high intensity is
needsd., Sharper and oclearesr rediographs can be obtained from an X-ray
diffraction unit than from a diagnostic type of tube because the beam of
X-rays is smaller and there is less seoondary radiation from the window
(Bonham end Bayliff, 1953)« A water-cooled Machlett 0-2 X-ray Diffrac-
tion Unit with a copper targst and a beryliium window was used in thess
experiments,

Kodalith Ortho Type 2 fiim produced good results and, being insen-
sitive to red light, was converient to use. A gheet of film placed in g
black, light-proof envelope was positioned beneath the X-ray tube and the
fish arranged on a shest ofwoollophane resting on top of the filn onveg-
lope. The fish were blotted dry and covered with a gheat of cellophane
to reduce further drying whioh sametimas resuited in movement of the fish
during sxpecsure,

A typioal exposure for 30 two-ingh rish on a ghest of §- by 7=inoh
film with the window 24 inches from the tilm and the uait operating at
50 PXV (peak kilovolts), 12 Ma (milliamperes) anc full wave rectification
was 45 minutes. The film wag developed for 40-50 seconds in Dektol di-
luted with two parts of water. For larger fish (five=inoh) Type M X-ray
f11lm was used in order to snorten exposure time. With the tube at 32
inohes and operating at 50 PKV and 12 MA, exposure time was 25 seconds
and developmsrt time 4 minutes,.

Satisfactory radiogrephs have been made of shinook salmon fry as
samall as 36 mm (fork langth). These fish were reared at 40°F for 10
months and did not increase in length after hatoning, whereas younger

38 mm fry in the yolk-sao stage did not give sat.sfactory radiographs-

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



33

Ossifioation appeared to be a function of both sire and age. Fingerlinga
were used for radiographs when available. For those fry that did not
give a readadble radiograph the staining technique was 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 ocent
potessium hydroxide and then stained with alizarin (alizarin sodium sul-
phonate). Bleaching was accelerated by exposure of the fish in the
hydrogen peroxide solution to ultraviolet light. From the stain the I'ry
were transferred to glycerin for clearing. “ertebrae and fin rays of
the glyocerin-preserved specimens were courted with a dissecting micro-
soope at & magnification of 7 X.

The ossified struotures stained very distinotly. Of the two methods
the staining method was more effeotive for young fry, although all the
possibllitiea for the radiofraphic method, gsuoch as voltage and amperage
changes and types of photographic paper, were not explored. Acocurate
oounts were easily made of the specimens of fingerling size prepared by
either method, but the radiorraphic method was preferred because the
radiographs provided an orderly, permanent record that was available for

rechecking and because the method was faster.
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V. ENVIRONMEXTAL CONDITIONS

The experimsnt was designed to measure the effect of one variable,
temperature. Other factors were agsumed to be eithsr of no effeoct or of
squal effect in &ll lots.

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

On five oocasions--January 10, January 25, May 26, Ootober 1, and
December 28, 1962~--oxygen determinsations wers wsde of the city water in
all ten tanks and troughs with samples taken froam the inteke, the outlet,
the surface and the bottome In all samples the dissolved oxypgen was
greater than 70 per cent of the saturation level and in most cases greater
than 90 per cent. There were no agignifiocant differences in oxygen wal-
ues of samples fram the intake or the outlet, the surface or tne bottam
{Table 6).

e e E A SIY water used in Experiment III was practioally devoid of oxy-
gen &5 it enteread the reservoir tank at the FPisheries Ceunter, the value
for dissolved axygen in parts per million being 0-.20 or appraximately 2
per cent or saturation. After spilling into the reservoir tank through
wire mesh screensa, the oxygen inoreased to 3.4 ppm.

In the controlled=-temperatwre 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, $ ppm, on Qotober 28. The tap water to the troughs

holding these two lots entered fram the bottom without mixing with the
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air. To correct this condition overhead jets were installed.

Dissolved oxygen levels of 3 ppm or lower are hazardous or lethel
tc fish in ;akes or streams and 6 ppm or more should be present for favor-
cble conditions (Ellis et al., 1848). Low oxygen levels also influence
the development of fish eggs, as Johanser and Krogh (1914) have shown
that levels below 50 per cent saturation delay the development of plaice
ezgs.

Because the well water used during the third experiment was rich in
organic material, the biologioal axygen demand (BOD) of the water alsao
was determined. Three 250-ml samples of well water incubated five das
in a hatchery trough at the well water temperature of 56°F had net oxygen
losses of 0.5, 0.6 and 0.7 ppmo A fourth sample treated in a similar
manner, except that the bottle was deliberately loaded with organioc ma-
terial growing on the bottam of the trough, h;d no free oxygen after five
days. Although there was a positive BOD, the deorease in oxygen from
inlet to outlet was no greater than the measurement error, 0.2 ppm or
less.

Water flow. Water flows were determined empirically for each tank
and aversged l.2 gallons per minute with a range of % to 1% 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.

PE. The hydrogen ion concentration was determined with a Beokman
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 lncrease in the pH walue of the water,
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a gzreat mortality and the conclusion of Experiment II as desoribed on
page l4. Aoidity in excess of pH 4.1 or mlkalinity greater than pH 9.8
are immediately lethal to brock trout (Creaser, 1930).

Light. The hatohery room for the temperature experiments is an

inside windowless room. All lots were exposed equally to the flucres-
gent 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
taking temperaturss, removing dead eggs and young, etc. In the feeding
stage lights were on about 10 hours each day. MoHugh (1954a) has shown
some evidenoe that visible light during embryonic development of the

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

vertebral number is relatively low in bright light, intermediate in sub-
dusd licht, and hich in darkness, In nature salmon eges are in darkness,

being buried in the gravel of the stream bottam.
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Vi. DISCUSSION AND RESULTS

Rate of Embryologiocal 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
gought by many in the hope of olasaifying physiologioal processes accord-
ing to the size of their ocoeffiolemts. It was hoped that the size of
the coefficients would reveal, Ly ocomparison, the chemioal or physiocal
processes wnich are the foundation of the biloloyical reactions.
¥athematicel expressions proposed to desoribe the relaticnship of
temperature to speed of development may be classified as either theoret-
ical or empirical. 1In the first category are van't Hoff's Qyg, Arrhenius'
¥, and Thoampaon's x or Qj;, &ll of which are bas'cally the same equation.
The three equations are compared in Table 7 and are shown to bs of like
form after logarithmic transformation.

In the Arrhenius equation temperature is sxpressed in absolute units
and in reciprooal form, but Belehradek (1835) pointed out that the recip-
rocal of the absolute temperature is practiocally a linear function of
temperature on the centigrade soale between the limits of 0° and 40°C.
Therefore, the expressions of Arrhenius and van't Hoff are virtually
equivelent; both imply that & proportional inorease in speed of develop-
ment produced by e given differencs in temperature is constant throughout
the temperature range at which an animal may develop. If p fits any per-

tiocular zet of empirical data, Qyg should fit equally well and vice versa

(Andrewartha and Biroh, 1964); what is true of Qiy is also true of x or Q.
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Empirionl 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
of'un equilateral hyperbola,

yx s k
or y(x-a) = k,
where Y is tima of development, X is temperature, & 18 threshold tempera-
ture and k the temperature summation constant.

This rule states that the product of time by temperature above the
threshold 1s constant regardless of inoubation temperaturse, and that the
reciprocal curve, -:'7 S kx, is a straight line. Usually the observed re-
ciprocal values 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 reoiprocal ocurve being s-shaped. For i
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

& - ke
Y'xm WY';}

as a better method than w or Qyp for desoribing rate of development. The

temperature summation rule is of the same general form but with b = 1.

When it was necessary to introduce biological sero into the formula, the
k - /

equation became y ® ——— § but since Balehradek memsured temperatures
x-a

in degrees ocentigrade and bioclogical zero was practiocally 0°C for the

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

[0 TN
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animals studied, "it was not necessary to complicate the formula by e
- £ifth factor" (Balehradek, 1929).

By logarithmio transformation Bélehradek's equation becames log v
2 log X = 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. Bélehradek found this to be true for conduction in the soiatic
nerve of the frog, locamotion of Peramecium, and embryological develop-
ment of the Mediterranean flour moth. Also, wvalues of b were found to
be more constant than p or Q100

The data used by Bdlehradek for the Mediterranean flowr moth wsre
from a paper by Janisch, who used the same data to demonstrate that the
time~temperature relationship ocan best be expressed by a catenary curve,

y = 3 (aXw=%).
In this equation Y represents the time required for development at the
glven temperature x in degrees centigrads; m 1s the time for development
at the optimum temperature; & 18 a oonstant.

Janisch (1826) believed that the catenary fitted the observed data
throughout the temperaturs range of development and was later supported
in this view by Uvarov (1931). Howevsr, in a later experiment on the
rate of embryologicel develomment of the same moth, Ephestia kuhniella,
Voute in 1936 obtained results that were oconsiderably different from
those obtained by Janisch. For points at temperatures above the peak
Voute believed thet the ocatenary 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 oatenary or Bélehradek's modi-

fioatlon of the hyperbola. Davidson observed that oftten the tempsrature-
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time ocurve was of the exponentisl form and the reoiprocal was similar to

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

formula,
1. L.
y lea®”

has been sucacesafully applied by Davidson to describe the relationship
between temperature and rate of developmsnt at oonstart temperatures for
aix species of insects. In this formula 1/y is velooity, that is, reoip-
rocal of the time »equired to cempliete development at a given temperature
x3 L, & and 3 are constants. L 1s the paramster representing the dis-
tance between the upper and lower asymptotes of the logistic curve and
can be caloulated from the followinz formula,

P2
2 ZP1P2P3-P2 Q;;*Ps) ,
P1Pg-P2

where Py, Pp and Py are walues for 1/y on the ourve at three squally

L

spaced temperatures on the absciasa.

Replacing 1/y with P, the original equation osibe transformed to
the equation of a straight line, log,.k:z « 8~bx, and the oonstants a
end b oan be caloulated by the method oi “least squares.” 1In essence
this equation states that for a given set of data to be expressed by the
logistio ourve, a plot of the logaritim of L-P/P and temperature should
be points on & straight line,.

{(b) Fish. The early history of the search for a satisfactory law
rolating temperature to speed of development was oentered around the

tamperature sumation rule, although it was unot ideutilfied as such.

*In the original equation Davidson used the symbol K, but to avoid cou=-
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 1736 suggested that the sums of the daily temperatures were
related to the maturation of plants., Bonnet with chioks and deCandolle
with plantas were othera who early recognised the dependence of develop~-
ment upon temperaturs, but it was & century later before quantitative
observations of the effect of temperature upon development of fish egzs
were made (Thampson, 1952). Hayes (1945) reviewsi these early observa-
tions as follows:

Davy in 1856 and Coste in 1858 gave scme fragmentary

figures showing that warmed water speeds 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

inocubation periods of eggs at various temperatures

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

stated that "trout egzs will hatoh in 50 days at a

mean water temperature of 50°F and for sach degree

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

quired, the difference, however, inoreasing the far-

ther we recede from §0 degrees.”

Wellich in 1901 suggested a thermal unit system and Apstein in 1909,
& temperature unit oalled "Tagesgrade,™ day degrees, both being expresg-
sions of the temperature swmation rule. By Wallich's definition a
tanperature unit meant ons degree above 32°F for a period of 24 hours.
For the chinook salmon from the Sacramento River resred at average tem-
peratures of 43° to 50°F the number of thermal units to hatching was
constant at about 900,
The "Tagesgrade” is the produst of temperature in centigrade units

and days, but differs fram Wallioh's idea of thermal units in that the
threshold temperature was reckoned from the lowest point at which devel-

opment ocould take place, rather than from the freeging point of water.
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Reibisoh (1902) calculated the threshold temperatire ®rom observa-
tiona of Darnevis (1896) upon vhe influence of tamperaturs on the devel-
opment of the azgs of the plalce and the =>d, The dats for inoudation
temperatures and days to hatching were caxbined in palrs to form equa-
tions of the type (ty-x)ny = (tpz-x)ng , in whlch t is temperature of
{::0ubation, x is threshold temperature and n is number of days to hatch-
ing. This equation was solved for x and the average value for all the
pairad temperatures was considered to Le the threshold tempsrature for
the specles. For the plaloe the averace was -2.4°C and the range -1,2°
to ~4,09C; for the cod the average was =3.5°C and the range -1,2° to
-13.2°C, Using the averare valuss, Reiblsch's caloulutions were constant
and for this reason ne conoluded that the thecry of temperature summation
with the proper temperaturs threshold was valid.

Johansen and Krogh (1914) took exceytion to the idea of Reibisch
that s certain amount of heat or emnergy from outside of the egg was nec-
essary for devslopment,

When the eggs have the same temperature as their sur-
roundings, they get no suuply of heat from outsides....
The energy which is undoubtedly necessary for the
development, is derived in the case of fish ezss, as
in all other egzs, fram the chemicel processes involved
in the metaboligm of the eggs....The tempsrature must
be looked upon as a factor whioch will have a certain
influence upon the velocity of the chemical reactiouns
and other processes involved in the development. The
+theoretical problem is to obtain a quantitative meas-
urement of this influence and to express it in such
torms that a canparison with regular chemiocal reac-
tions becomes possible.

Using Dannevig's date, Johansen end Krogh found Q10 also to be unsat-
jgfactory but believed the temperature-development relationshlp was linear

when temperature and the reciprocal of time to hatching were the variable:
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This meens that the ohange in rate of development is proportional to the
change in temperature, and the equation that expresses this relationship
{s the temperature summation rule in its reciproocal form.'% B.E » in
which y is time, x is temperature and k is the temperature summation
constant.»

A variation of the reneral form of the Belehrddek formula, y ='§b ,
wes used by Price {13940) to describe the rate of development of the

whitefish, Coregomus olupeaformis (Mitchill). For the Lake Erie white-

fish spawning begins in late November when decreasing 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

di fferaent above and below 6°C and proposed a two-part equation to descril

this condition. liis equation is of the form

r s M0 .. M 8°
v ) oeoc !t T TEGE }1200'

where T is time of development and E.ia temperature. Values of Ay aver-
aged 1.13 and of Ay, l1.13.
For the Salmcnidae the history of experiments in whioch there are

gome data relative to the rats of development is summarized in Table 8.
These experiments were reviewed for formulae expressing the temperature-
development relationship and if none was given, the ourve of temperatwure,
x, and reciprocal of tine, 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

s«Nomenolature varies with authors but for consistency in this report
translation to these standard terms will be made where necessary.
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temparature and in general are slightly s-shaped when the experimental
temperatures 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. Rockwell (1956) 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 ohinook salmon have been ocarried on
and inoclude the following; Brett (1962) determined the upper and lower
temperature tolerance for fingerlings of five specles of Pacific salmon;
Jolmson and Brice (1953) made obserwations on the effect of water temper-
ature during incubation on the mortalitz of ohinook salmon; Donaldson
(1956) reported on the survival of the early stages of the ohinook sslmon
after varying exposures to upper lethal temperatures; Olson and Foster
(1966) determined the tempersture tolerarnce of erpe8 and young chinook
salmon at temperatures above and below that of the Columbia River; Bur-
rowg' 1956 data are not published, but include in part cbservations on

mortality and rate of development of chinook salmon eges and fry at low

teanperaturss,

Controlled tempsrature experiments with Pacific salmon other than
the chinook include those of Kawajiri (1927a), Rucker (1937), Donaldson
and Foster (1940, Donaldson (1950) and Rockwell (1956).

Constant temperature experiments. Other than Wallich's temperaturae

sumation system and a provisional velosity of development curve for
Pacifio salmon eggs by Roockwell (1956), the temperature and rate of devel-

opment relationship for ohinook salmon had not been determined. In the
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search for an equation that would best desoribe this relationship esti-
mates of }, Q1o and x were made and the fit of the data to the temperature
sumnation 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. 16). The rapid incrsase in mortality 1s interpreted to mean that
the inoresese in deathe is due to temperature; the flattening of the rate
of development curve could be interpreted to mean 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 letaal temporaturcs upon rete of development the
data were limited to thoso lots reared in the temperature range, 39.8°
to 57.,8°FP. There were only tour lots from each of Experiments I and II
that were reared at constant temperatures in this range and therefore
the data fram the two experiments were ommblned.

In oambining the results of BExperiments I and II it i5 assumed that
between broods of differeut yeara the rate of development 1s not statis-
tically significant. Differences indicated by the rate of devalopment
trend lines for Experiments I, II and III in Figure 8 arse not groat.

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

mation of hatching time was slightly greater when the inoubation period
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TABLE

9

Water Temperature, Incubsticn Feriod and Fer Cent Mortality of
Green River Chinook Sal.aon Eggs in Experiments I and II

" Per Cent

Mortality

Temperature Temperature = Days to
Fattern  Year Lot CF °c 5% Hatch
Censtant 1951 1 2,.0 1.11 -
2% 39.8 L.33 128.6
3% Li.7  7.06 79.1
S® 5C.6 10.33 50.82
LR 5.1 1Z2.83 Lo.C
7 6C.2 15,67 34.0
10 €2 16.89 1.4
9 th.o 13,11 <8.J
Constant 1952 1% 45.< 7.33 A
o 5c.2 10.11 50.7
3% 4.6 12,56 5.8
R 97 3 AL 38 3.0
13 59.€ 1ok Sl
7 <. 0 l6.07 R
v 4.8 13.22 -
1o 07.‘. lg.[;{; -
Changing; 1951 L YR S .3
at city 84 LO.G 8..8 S
weter sr 47.0 3.33 5.0
temnperature 3C L'/ .< 3. 44 02.5
Changing ; 1952 4 58.5 14.72 32.4
at city 8 59.C 15.00 32.7
water Sa " n "
temperature 8B " " "

* sSelected for curve fitting because

ol low mortality
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was short (page 27). Seocondly, the ordinate of the rate of development
ourve is the reciproocal of the number of days to hatching, and the graph-
ioal representation of one day for a short incubation period, that is,
high temperatwre, is greater than for cne day of a long incubation per=~
lod. For example, the difference in 1G0/y for y = 29 and y ® 30 is 0.12;
and for y 2 100 and y = 101 ias 0.01,

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

that were selected for low mortality rates and combining them two at a
time, 28 oombinations were obtained for which u, Q)p and x were caloula-
ted (Table 10). Omitting the values when the temperature difference is
less than 0.3°Ce, the range for nu was 12,000 to 29,500; for Qi19, 2.11 to
84403 and for x, 1,08 to 1.80, respeoctively, oclearly indicating that
these coeffiocients are not constant for the relationship of temperature
to the rate of development for chinook salmon. The average value for n
of 20,000 and for Q1o of 3.64 agrees with the statement by Heyes (1949)
that "any Qio velue for salmon and trout can be converted to the corres-
ponding value of Arrhenius! formula with negligible error (6 per cent)
if multiplied by 5600,"

Since the velues of w and Qg are not constant, then the relation-
ship between the logaritim of the speed of development and temperature
is not linear (page $8). To investigate the shape of the ocurve expres-
sing this relationship two graphs were mads; for u the wvariables were

- the reoiprooal of temperature in Kelvin units and the logaritim of the

sFor slight changes in temperature the relationship of temperature to
time of inoubation is not accurate due to experimental error and occa-
sionally may show a slight increase in incubation 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 Threehold Temperature, a
x3 x, Yo < u” 3 oC
4.33  7.06 5.93 1.19 27700 32.0 0.00

n 7.33 6.40 1.20 29500 3.6 0.33
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
" 14.33 3.79 1.1 21300 33.3 0.72
7.06 7.33 (13.2) (1.29) (49800) (38.2) (3.44)
n 10,11 L.26 1.16 23200 34.8 1.56
u 10.33 4,05 1.15 22200 345 1.39
" 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 3.7 1.1 20900 33.9 1.06
n 10.33 3.4 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 0.1
" 14.33 2,61 1.10 15500 34.9 1.61
10.33 12,56 3.18 1.12 19100 37.0 2.78
n 12.83 2,47 1.09 14600 32.9 0.50
" 14.33 2,65 1.10 15900 35.5 1.94

12.56 12.83 Y2 =Yl is negative - -

n 14.33 2.1 1.08 12000 3.9 -0.06

12,83 14.33 2.98 1.12 18000 39.8 L.33

Average 3.6/ 1.13 20000 34.1 1.17

#3¢8 following page
() X - X iesa than O.3°C; estimates lnaccurate in this range
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TABLE 10, continued

2 y
°k days
39.8 4.33 128.6 X = temperature of incubation; for u
temperature in degrees absolute
&b 7 7.06 79.1 = 273.18 ©oC
L5.2 7.33 3.4 y = number of days to 50% hatch

5002 lo.ll 50.9
threshold temperature

®
1]

50.5 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=
i_1
o W)
, 1 1
log Q.~ =
10 X, - X
1 1
log x = l°€(i)2 - 108(;)1
2Ty
X1 - X2
&= y1= )
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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 inspeoc-
tion of Pigure 9 it would appear that 8,6°C is & oritical temperature.

Values of w and Q1o above and below this temperature are asg follows:

Coeffiocient M Q1o
4.0° - 8,59 28600 6,32
8,60 - 14,.,0°C 16100 2.89
4,9°% - 11,09 21300 $.98

The values for x (or Q;) in Table 10 may appear to be relatively
constant, but x ie one-tenth the log of Qjp and therefore no better a
neasure of the rate of development than Q1g. The reason for the more
constant walue 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 (1852) lists the x or
Qy for a great variety of organisms and points out the constancy of wval-
ues, from 1.08 to 1.20. However, in terms of Q1o the range of wvalues
for the same data is 2.2 to 8.2,

In conclusion, a single value for any one of the thermal coeffi-
clents, u, Q)p or x, does not adequately describe the rate of development

of the ochinocok 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,”

biologioal zero or oritical sero for growth. The threshold temperature

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

when the incubetion temperatures have been measured in centigrade units.
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The threshold temperature of meny animals is near 0°C and therefore the
oorrsotion 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 5_(tamperaturo) axis and oalled the point of
interseotion the threshold temperature, but acknowledged that "it is not
legitimate to agsume that the curve of development remains straight beyond
that part which has actually been investigated." Krogh (1914), Shelford
(1927) 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 Reibisch has not been proposed.

Two other estimates of the threshold temperature oan be derived from
the temperature summation equation, y(x-a) = k, where y 18 the number of
days to hatching at temperature x, a is the threshold temperature and k
{s the temperature summation constant. In one method the number of tem-
perature wnits to hatching is assumed to be the same for egzs incubated
at one temperature as at any other temperature. This can be stated in

equation form as follows:

yl(xl—a) 2k
ya(xp-s) = k
yi(x1-s) = ya2(x2=a)
b < -X
from which & » L1 272
y1-veg

Reibisch caloulated the threshold temperature in essentially the same
manner for palred observations and averaged the values to determine the

threshold value for the species. For the chinook salmon the value
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oaloulated in this manner was 34.1°F (Table 10).

The general estimate of the threshold temperature for the species,
using the same data, is the regression coeffleient of xyyy-X2ys on yi-y2
which was 32.8°F for the chinook salmon reared at constant temperatures.
The walue of the regresaion coefficient is a better estimate of thresh-
old temperature than the average of the paired observations for two
reasons: (1) the better fit to the data as shown in Figure 10, and (2)
the smaller wvalue for the coefficient of varietion of‘£ when 32.8°F rather
than 34,.,1°F was used as the threshold temperature., The cosffioclent of
variation, C, in per ocent was 3.47 and 4.25, respestively,

A seocond method of estimating threshold temperature involves both
& and k, wher«us k was eliminated from the above equation. Vsing the
same symbols, the temperature constant and thraeshold temperature are de-

rived as follows,

v(x-a) = k
1  x-a
y ¥
3 (P x)

This equation is in standard form for the equatiom of a straight line,

Y 2 a+bx, and both (é) and -(EJ oan be determined. The faoctor %

is the regression coeffislent of the rate of dsvalopment, %m on tempera-
ture x. By substitution in the standard form the threshold temperature,

a, 18 found as follows:

-3 = D-P@

s 7
'E' . ;— ‘(3;)
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AVERAGE TEMPERATURE, °F

Figure 10, Three Estimates of the Threshold Temperature, a, for Eight Lots
of Experiment I and II. A, & Determrined from Values of X and 7,

B, a Determined from Values of x, y and k.
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as x-kdg)
By this method the threshold temperature for the chinook salmon was found
to be 23,8°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 is a good fit of the data to both of these two new methods of
estimating the threshold temperatue. The latter method is preferred
because the regression 1lins is not required to pass through the origin
ard the variables x and % and the oonstant k are more easily determined.

The confidence liiits for the threshold temperature derived by the

second method can be detarmined ty solving the following-equation for a:

TOA -~ Z a - A
SRR s el

egtimate of<é = é-as defined above

estimate of.% ..% as defined above
th-2 = b per ocent point of Student's t for n-2 items

s1°x s standard deviation from regression of the rate
v of development on temperature

X @ mean of temperaturs observations

n = number of observations
The confidence intsrval for the threshold temperature is defined bv the
valueg of the two roots of the equation, and for the chincok salmon data

these values were ocaloulated to be 23.0° to 34.5°F.

*Equation derived by D. G. Chapman, Mathemntios Department, University of
Yeshiagton,
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In conclusion, 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; walues of three different estimstes weres 32.8°, 33.8°
and 34.1°F, The 95 per oent confidenocs interval was 33.0° to 34.6°F for
the threshold temperature of 33.8°F,

(o) 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 temperature summation rule is a 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 range of
39.8° to 67.8°F.

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

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

equation of a straight line:

ys X

x°
log ¥y = log k=b(log x)

The walue of b, which is oalled a thermio coefficient, is the regression

ocefficient of log y on log xe¢ For the chinook salmon b was -0,968 when

correoted for a threshold temperature of 33.8°F and ~1,12 for the uncor-

rected date (Fig. ll). The value of b for the embryonic development of

Salmo fario as oaloulated by Bélehrddek (1929) was 0.995 for Onoorhynchus

nerka a3 oalculated by Ruoker (1937), 1.06.
In oonolusion, since the temperature sumation rule and the B8leh-

radek equation are identiocal when b ®» 1 (the ohinook data show the value
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of b to be approximately 1), then the relationship of either (1) the
 speed 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 lots reared at oonstant temparature in the range from $9.8° to 57.8°F.

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

of the form
L

l,
T lee®-0X

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

P = L
14»9‘"5'JE

L = P+P(eR~0X)

L-P s qa-bx
P

loge E;E 2 a=bx
The last form is again a form of the equation of a straight line for
which a and b can be determined by standard methods. L can be estimated
as described on page 42. The relationship of log.égg to x shéuld be lin-
ear if the loglatic equation desoribes the temperature development rele-
ti&nahip; for the chinook salmon it appears to te so (Fig. 11). The
values for the oconstantas were 3.96 for L, 2.46 for a, and 0.242 for b,
the equation for the curve deing

100 3.96
y 1“60333.22,21

In Filguwre 12 the logistic curve olosely [its ths points that are
determined by the relationship of temperature to the number of days to
hatching) and the reoiproocal of the logisgtic ourve fits equally well to

the polnts that are determined by the relationship of temperature to the
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speed of development (the reciproocal of the number of days to hatching).
The relationghip of temperature to speed of development was shown to be
linear in Figure 10 and to fit the logistio in Figure 12, but this is
oxplained by the fasct that the temperature range of the lots selected
for curve fitting lies in the region of the point of infleotion of the
logistioc ocurve, a region where the logistic curve is nearly a straight
line.

The apparent good fit of the logistioc curve to the points in Figure
12 does not necessarily meen that the logistio expresses the theoretical
relationship between temperature and rate of development. For three
ourves in which the deviationa of the points from the ourves were less
thean ashown here for the ohinook salmon, Browninpg (1952) tested the good-
ness of fit by the X’ test and found that the probability of the calou-
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 logistic curve, but the fit is no better than either the temper-
ature summation rule or the Bélehrddek equation.

Altered temperature experliments. 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 tempserature
history of the eggs of Skagit Lot 1, Entiat Lot 1, Green Lot 1 and Sac-

ramento Lot 1 was similar. Wetsr temperature, incubation period and per

*The ohinoock salmon from the Skaglit, Entiat, Green and Saoramentoc Rivers
are considered to be separate races.
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cent hatoh are given in Table 1l1.

(a) Inocubation rate. The rate of development of the Sacramento 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 8acramento River, the number of days to hatohing for
sach race was divided by the oorresponding value for the Saoramento River
race. This was done for each temperature lot by reaces and then the aver-
age values for the four races were determined. For the eggs from the
salmon of the Saoramento, Green, Skagit and Entiat Rivers these values
were 100, 97.2, 94.5 and S2.4, respectively. Actually, the average tem-
peratures for similar tempersture lots varied slightly between races and,
for camparative purposes, the number of days to 60 par cent hatch 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: (1) inspection of Figure 13, which shows
the number of days to hatching for each race at eaoch temperaturs, (2)
test of the signifiocance of the difference in the number of days to hatch-
ing by Student's t, and (3) the consistent ranking of the races in regard
to the number of days to hatohing at various temperatures as shown in
Figure 14,

The relationahip of the mmber of days after the start of the exper-
iment to the cumulative percentege hatched 1s presented in Pigure 13 and
shows that the Sacramento egg lots oampleted hatohing before the Entiat
egg lots began except in Lot 2. Lot 2 eggs were hatched at temperatures
of 34° to 36°F and oonsequently the hatching period was extended. The

5-96 percentile deviation, P95'P5. of the days to 5O per cent hatoh
2
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TAEIE 11

Water Temperature, dncubetion tPeriod and Fer Cent Mortal ity
of the Chinook Saluon Eggs of Exper imnt IILI

Temg., OF Nc. of ier Cent

Stock Lot Start Low End Ave. Days Yortality
Skagit 1 45 34 L5 38.8 15<.0 L
River 2 50 34 36 39.8 112.0 3
3 55 4l 4Ll LY.4 56.C 2
L 60 51 51 55.9 38.7 2
5 65 59 59 6l.3 51,7 40
o® 55 54 55 S54.7 4L6.7 8
Entiat 1 L5 34 L6  33.8 153.0 6
River 2 SC 34 36 40.6 104.0 2
3 55  hLe 42 48.4 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 55.4 LC.4 9
Green 1 45 34 L4 39.0 125.0 L2
fiver 2 50 34 36 4.6 97.6 36
3 55 L5 45 50.2 51.8 63
4 60 52 52 56.3 36.1 63
5 65 63 03 64.0 - 100
€ 56 54 54 55.4 35.7 52
Sacramnento 1 L5 34 43 39.0 124.0 2
River 2 50 34 36 4.0 97 .4 2
3 55 L, L, 50.5 3.6 1
4 60 53 53 56.5 35.5 1
5 65 60 &0 62.2 8.4 2l
6 56 54 54 55.5 38.0 >

* Incubated in water of low oxygen content
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TaBlE 12

Observed and Adjusted Teumperatures and Days to 50 Fer Cent Hatch for
Chinock Salmon Eggs Reared at Changing Temperatures, Experiment III

Observed AdJjusted
Ave. Days Ave. Days 5-95 Fercent- Hatching
Temp. to 50% Temp. to 504 ile Deviation Rate Relative
Lot Stock ,OF Hatch ,°F Hatch to 508 Hatch  to Sacramento
1 Sacramento 39.0 124.0 39.0 124.0 .27 100.
areen 39,0 125.0 " 125.0 4,31 99.2
Skagit 38.8 13z2.0 n 128.0 1.85 96.9
Entiat 8.8 133.0 " 130.06 <12 95.4
2  Sacramento 41,6 G7.4 L41.6 97 .4 11.00 100.
Green L1.6 7.6 n 97.5 ic.u8 99.3
Skagit 39.8 . 112.0 n 1Cl.4 5.1.2 96.1
Entiat .6 102.0 " 9€.< .12 101.
3 SacTaine Nt o 5C.5 L8.6 50.5 4L8.6 2.75 100,
Green 50.< 51.8 " 51.2 ~.98 4.9
Skagit L9.4 50,0 " 5562 2.0 yl.4
Entiat L8.4 02.2 " 56.0 <.12 86.8
4L  Sacramento 56.5 15,5 55.2 38.2 .50 1.0,
Green 56.3  38.1 " LU, 1.16 94.8
Skagit 55.9 8.7 " 40.5 2,7< 94.3
Entist 55.< L2.3 n L2.3 1.2 50,3
5 Sacramento 62.2 28,4 1.3 29.6 1.50 100,
Green - - -
Skagit ol.3 31.9 " 31.9 2.6 G2.8
Entiat 61.3 53.5 " 33.5 2.83 88.4

o%  Sacramento  55.5 3
Green 55.4 39.
Skagit®* 5L.7  L6.T
Entiat®* 55.2 L6.4

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

##*Incubated in water of low oxygén content
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(Table 12) is three to four times greater for Lot 2 than for any of the
other lotas, and for this reason the 650 per cent hatohing date is a less
reliable estimate of hatoching for Lot 2 than for lots with & shorter
hatcohing period,

The differsnoe in the number 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
was less than ,01, that is, the differences in mean hatching times be-
tween races at the assme temparature were highly significant. The non-
normal distribution of the mumber of days to hatching makes use of the t
test questionable and prohibits its use for Lot 2 data.

When the four races are arranged in the order of the number of days
to hatching, the order remains the same at average temperatures of 39.0°,
50,69, 56.2° and 61,3°F. Lot 2 data wers not included for reasons given
above. The order, beginning with the race with the shortest time to
hatching, is Saoramento, Gresn, Skagit and Entiat, These deta are plot-
ted in Figure 13. The probability of these wvalues randomly aligning in
this order is (i))(%1)(%1)' or cne ochanoce in 3456,

For the oonditions of Experiment III, the differences in the rate
of development between reces ers 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, resultsg different from those
obtained here would be possible if it so happened thet the salmon in
these axperiments were atyplcal representatives of their race.

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

experiments was about 8 per ocent faster than the Entiat eggs; this
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difference 15 significant., The rate of development of the Green and Ska-
git eggs was intermediate to the Saocramento and Entiat sggs.

(b) Threshold temperature. The threshold temperature and confidence

limits were caloulated for the four races 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 interval, 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 32.6°F, for lots
reared at changing temperatures is lass than the velue of $3.8°F for the
threshold temperature of lots reared at constant temperatures in the
range from 39.8° to 57.8°F. To investigate further the difference in
threshold temperatures between lots reared at constant temperatures and
at changing temperatures, the threshold temperature and confidence inter-
val were oaloulated for lots reared at oonstant temperatures at all
temperature 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 reange of lots reared at changing
fanperaturos. but sinoce the confidenoce imtervals overlap, the differences
may not be significant.

In conolusion, the threghold temperatures of the four stoocks reared
at ohanging temperatures range fram 31.1° to 32.6°F., The range of ocom-
perable values for eggs from the Green River stcock at constant tempera-

turea 1s higher, 52.7° to 34.0°F, but the confidence intervals for the

two groups overlap.
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TABLE 13

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

Estimated
Experi- Threshold
_moent _Race Temperature* Confidence Limits
III Sacramento 32.6°F 31,2-33.9°F
" Green 31.,7°F 29.8-33.3°F
" Skagit 31,6°F 29,8~-33.2°F
" Entiat 31,1°F 28.9-33.0°F
I1&II  Green, _  33.8%F 33.0-34.6°F
Temp. , 40-58 F
1 Green, 32.7°F 30.4-34. 5°F
All temps
11 Green, 34.0°F 31.8-35.8°F
All temps

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

old temperature, a, the temperatwre summation constant, k, was estimated.
Two estimates were mades one in which the threshold temperatures were
the caloculated values as determined in Table 13, and a seoond in whioch
the threshold temperature was arbitrarily taken as 32°r.

The values of the temperature constant are given in Table 14. When
ths oaloulated wvalues of the threshold temperature are used it is seen
that the k values vary more bstween races but have a smaller standard
error than when the threshold temperature of 32°F is used. For eggs
fram the Green River stook the average walue of the temperature summation
oonstant, when 32°F is the threshold temperature, is 932, whioh is equi-
wvelent to 932 temperature units as defined by Wallish (page 43). This
is similar to his estimate of 800 temperature 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 conclusion, the best estimate of the temperature summation con-
stant, _k_, is made when the threshold temperature is calculated from the
squation, a ® ;-k(%), where 1/k 18 the regression ocefficient of the
rate of development on temperature. However, if s is unknown, 32°F is a
reasonable eastimate of 8 Using the oaloulated estimates of a, the val-
ues of the temperature sumation constant up to the time of hatohing for
the eggs of Bxperiment III from the Saoramento, Green, Skagit and Entiat
River chinook 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 whioch the eggs were moved during the inocubation
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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*¥ kaas.e, a K-8.8,
I Green u LO-65 32.7 919. 5.8 32 960_ 9.1
II " 10 4L5-62 34.0 815. 5.7 " 89740.3
I&1X " 8 40-58 33.8 828.10.2 " 939-17.7
III " 5 39-56 31.7  9uh-9.4 " 922-12.1
" Sacramento 6 39-62 3:.06 855-15.4 " 887-14.1
" Skagit 5 39-61 31.6 951-12.9 " 921-17.0
M 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 III 941- 6.11 921~ 8.01

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

The rate of development at the average temperature of incubation
was slower for the sublots moved to the high tamperatures 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 temperaturs for comparison, 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. 15).

All experiments oambined. An adequate expregsion of the rate of

development for lots reared at constant temperatures in the optimum rang
and for lots of the four stocks reared at ohanging temperatures has bee:
found. In an effort to find a general empiriocal equation to fit all th
data, even though several complexities may have been introduced by com-
bining lots=--irrespective of race, temperature pattern, ysar or mortal-
1ty~-the temperature swmmation rule, the Bélehrddek equation, and the
logistic ourve were fittad to the temperature-development relationship
for fifty lots fram the three experiments. This inocluded all lots exce
the two that were iﬁcubatod in water of low oxygen sontent. The values
for average temperaturss and the number of days to hatohing for these
lots are to be found in Tables 9, 1l and 1&.

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 15

Water Temperature, Incubation Period and Per Cent Hatch of
Experiment I Sublots

Tgmp. Days to Per Cent

Lot Temperature History F 50% Hatch Mortality

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

8C10 Same as 89 except to 55.7 Li.4 28
625 °F water

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

347 28 days at 45 F, then 51.2 50. 3 3
to 60°F

247 23 days at 4O°F, then L9.8 57.8 36
to 60°F

81 25 days « city water 37.1 144.0 3
tenperature, then to
34°F

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

8Bal L, ways a city water 36.1 172.0 L2
temperature, then to
34°F
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temperature to the reciprocal of the number of days to hatching (Fig. 15).
The relationship was not linear and therefore a ourve that fitted tne
deta more closely was sought.

The £it of the Balehradek 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 hatohing (Fig. 16A). This relation-
ship also deviated fram linearity.

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

was tested by plotting the relationsghip of temperature to the logarithm
of L-P/P (page 42). As & triel 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). Since 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 ourve wore determined by the methods
desoribed on pages 42 and 63, For L, values of P at 3°, 9° and 15°C
were used. The caloulated equation for the number of days to 60 per

cant hatch is

- 1”2.506‘020221
y - JOI0%

For this equation the standard error of sstimate, 8y.y, which is an esti-
mate of the fit of the calculated curve to the observed data, is 3.14.
The reciprocal of y, times 100, is the per cent development per day for

whioch the equation 1s
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In conclusion, when data from all lots in the three experiments are

used, the equation of the logistio ourve in the form

- 1“20306".20221
Y Ne' 70" .

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 S.l4.

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

iod was measured by the number of days between the hatohing of the fifth
percentile egg and the ninety-fifth percentile egg and was oalled the 5
to 95 percentils range for the hatching period of chinook salmon. By
not using the first and last five per cent of the total ranpe, the few
very early or late hatching eggs that occasionally would ocour were not
inoluded. The relationship of the temperature at time of hatching to
the 5 to 95 percentils range for the hatohing period is shown in Figure 18.
The duration of the hatching period might be expected to be influ-
enced by the rate of development and thus to deoline with increase in
temperature, but this was not exactly true as shown in Figure 18. From
35% to 40°F the duration of the hatohing period rapidly deolined, but
above 40° the length of the hatohing period was short and without notioce-
able change with regpect to temperaturs. The range of average tempera-
tures for which the mortality of eggs and fr& of the chinook salmon is a
minimum, is also the range for which the duration of the hatching period
is a minimum. It would appear that a short hatohing period is associated

with a high surviwval.
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Mortalitiss

Lots reared at constant temperatures. The weekly ocumulative mortal-

ities of the lots reared 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
(éhe end of Experiment II) are averages of the two experiments. By in-
spection of Figurs 19 the lots oan be classified into four groups as
follows:

l. Lots in which mortality during incubation is 100 per cent, that
ig, no hatoh. This inoludes the lots reared.ut average temperatures of
34°F and 66°F and higher.

2. Lots in which a few survive to hatohing but die in the yolk-sac
stage. In this oategory 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
gZroup.

4., lots such as 60°, 45° and 40°F, in whichmortality is low during

" inoubation, yolk-ssc and fingerling stages. This is the optimum temper-
ature range in respeot to mortality for chinook salmon reared at oonstant
temperatures.

One explanation of the high mortality that ooccurred during the yolke-
sao stage to the lots reared at 57.5° and 58°F is that the organization
of the physiological processes is out of step. Hayes (1949) wrote that
physiologiocal processes have optimum temperatures which vary with the

proceas., For exsmple, bile formation 1s fevored at high temperatures
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and oiroculation in the yclk at low temperatures. Thus, exposure of the
egg to an unfavorable temperature may not result in death until the yolk-
sac atage.

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

From Figure 20 an approximation of the "lethal temperature 50 per
cent, LTgg," was made. This is the temperature at which 60 per cent of
the individuals die fram temperature effeots. Taking into aocount the
mortality not due to temperature, which was assumed to be the average
mortality in the optimum range (4.6%), the LTgy was the temperature at
the 65% mortality level. The ourve of mortality in Figure 20 crossed
the 65% level at two places, 36.5°F and 60.8°F, whioh are the estimates
of LTgge

Chenging temperatures. The egg mortalities for the Sacramento,

Green, Skagit and Entiat races ars listed in Table 11. From inspection
of the table gaveral faots are evident.

First, the high mortality of the lots fram the Green River stoock
was not due sntirely to temperature. 1In Lot 6 the egg mortality was 100
per centj 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 were

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

Water Tempersture, Incubation Period and Mortelity cof Calncok sSal.aon &g
Reered =t Constant lemperatures at the Entiat Hatchnery (Burrows' Data)

Days to Ier Cent

Year Brood otock Temp., F 5U% Hatch aortality
1952-53 Entiat L9.78 52,19 7.1
54. 38 41,88 5.7
57.33 36,69 .1
59.61 4. 34 lz.4
1953-54 ~ Entiat 35.10 204 .0V 9.6
37.35 157.54 52.6
40.05 120.11 1.5
L2, 6l y2.38 6.1
L, .39 7¢.82 18.4
1953-54 Skagit 34.39 206.33 98.7
7 dg 37.29 160.29 30.9
40.04 123,49 10.2
L2.54 94.00 2.1
L4, .87 75.32 0.9
1955-56 Entiat 39.94 14.10 2.7
42.40 94.09 1.3
Ly Th 78.91 0.7
47.38 63.40 U.c
L9.21 5544 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
corresponding temperatures for the lots reared at constant temperaturss.
Finally, there is no difference in the tolerance to low temperatures of
8aoramento, Skagit or Bntiat stooks as shown by egg mortalities. The
minimum temperature was 34°F and some lots from all races were incubated
at this temperaturs for twenty days, the descent and ascent fram the
minimin being one degree every five days.

These data are not adequate to define temperature tolerance. The
tolerance of chinook salmon eggs to limited exposures at high tempera-
tures has been investigated by Donaldson (1965). He found that the
exposure time necessary to cause 10 per cent kill averaged 1}, 4 and 13
days at temperatures of 67°, 656° and 63°F, respeotively. For fingerling

chinook salmon Brett (1962) 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 recogniged visually. For the egg stage per cent mortality
is a good measure of abnormality, since any egg that fails to hatch is
abnormal, strictly speeking.

For ths fry--the stage from hatching to feeding--mortalities were
classified as to type by the terms used by Foster (1949) to identify
abnormalities in the progemy of rainbow trout exposed to X-reys. These

terms include the types of abnormalities that were found by Welander
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(1948) to oocour in the young of chinook salmon exposed to X-rays in the
egz stage. Identification of abnormalities was made fram preserved speoc-
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 abnormalities
increased at the extreme temperatures, but were principally abnormalities
such a8 "developmentally deficient,” “weak body structure” and "serous
fluid" rather than the monster-like abnormalities of "spinal ocurvature,"”

"distorted jaw" and "twinning."

Growth

Eggs from lots of Experiment I were welched before and after water-
hardening and near the mid=-point of the inoubation periods fry were
woighed and measured once, just after hatohing; and the fingerlings were
weighed at two-week intervals from May until October. ResulItus of the
measurements of the eggs and fry are summarized in Table 18.

The rate of water abaorption by the egg was measured by placing 30
egzs 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 plaocing the oggs in the water the diameter was not
determined, as ths egrs 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 egzs was 9.3 mm. The increase in weight during
the water absorption period was 15.0 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 & 7 10
City
Teap., °F 40 45 Water 50 55 60 62,
Number
Hatched 368 352 501 LLO 480 404 120
rer Cent . - )
Abnormal 8 < 6 < > 40 05

Number of Abncrnalities by Typest

D 5 3 10 1 2 53 32
n 16 3 7 C 2 45 10
S 3 1 2 1 0 32 30
C 5 0 5 o 3 19 ‘
L 1 0 3 ¢ 4 11 4
J 0 o 1 G G ¢ U
E 1 1 i O G 3 5
T 0 0 < 3 6 1 o)

* D, developmentslly deficient; W, weux bcdy structwee; 3, sercus fluid; C,
spinal curvature; L, shortened body; J, distorted jaw; b, defective eye;
T, twinning
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Table 18

Average Weights and Lengths of Eggs and Fry From Experiment I

VWeights in milligrams and lengths in millimeters of formslin preserved specimens

Total Weight Yolk Weight Shell Weight Fry Weight Fork Weight
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For the samples withdrawn from the egg lots at the estimated mid-
point of inocubation the weight of the yolk as listed in Table 18 also
includes the weight of the embryo. These values are not scmparable from
lot to lot because of two uncorrectsd errors; one is the error in esti-
mating the mid-point of hatching, the other is the losa of weight due to
dehydration of the egg during the weighing process. The error in egti-
mating the mid-point of hatching renged fram minus 28 per cent to plus
16 per cent and was determined by subtracting the number of days to the
mid-point of hatching from the mumber of days to the time when the sample
was withdrawn, 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
renoval 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 of a
few minutes to one-half an hour, a loss in weight of perhaps 1 to 10 mg.
However, the inverse relationship between temperature and sheli weight
is probably true even if consideration is given to these two errors.

The welghts and lengths of the newly hatched fry decorease with tem-
perature but in an irregular manner. The fry from the 40°F lot were
definitely larger than the fry from the lots reared at higher tempera-
tures, which egrees, in gensral, with Gray's observation. For Salmo
fario Gray (1928) made the following stat«monf, "When eggs are inoubated
at low temperatures the ambryos at the moment of hatching are signifi-
cantly larger than those hatching fram eggs inoubated at higher tempera-
tures.” This is also probably true for the chinook salmon, but it is to
be remembered that the fish reared at lower temperatures are also older

at the time aof hatching, the age for the 40°F lot being 128 days as
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campared to 50 days for the 60°F lot,

During the fingerling stage lots were weighed and counted at approx-
imately two-week intervals. Five lots survived to the fingerling stage,
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
above 55°F a oontrol lot was subdivided on May 1, five weeks after the
start of feeding, into four groups of 100 each. (ne group was retained
at oity water temperature and the other three were transferred to water
temperatures of 600. 67° and 74°F. Temperatures were raised at the rats
of one degree per day fram the oity water temperature of 54°F on May 1
to the temperature seiected for the lot.

Growth ocurvea for the original lots and for the lots started on
May 1 are shown in Figure 21. The difference between lots is obvious.
From 40°F upward to 56°F the growth rates increase and from 60°F upward
the growth rates decrease. The average weight at 46 weeks for the 40°,
469, 50° and 55°F lots was O.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 18 for the lot reared at oity water temperatures. This was observed
during the 30th to 32nd week at water temperatures of 60° to 63°F, but
since it is reassonable to assume 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 57° to 60°F.
The effect of mortality upon growth rate was slight for the lots
that survivsad fram the beginning of the experiments (November 15), as
fingerling mortality was less than 6% except for Lot 2 which failed to
feed. In the experiment astarted May 1 the 74°F lot died in 15 wesks and
the mortality was greater than 80X in 22 weeks for the lot at 67°F.* The
growth rates for the 74° and 67°F lots are less reliable for this reason.
In oonolusion, the optimum tempserature for fingerling growth is
between 55° and 60°F. The growth rates by temperature lots decrsase in

regular order on either side of the optimum.

Meristic Characters

The clasaifioation of fishes especially as to specles depends to a
great extent upon the count of meristic characters. Also, the use of
meristioc chareacters, partiocularly wertebrae, became a widely accepted
method for defining races after Heincke's investigations in 1868 on the
races of herring,.

Even before Heinoke's investigations the geographical differences
in vertebrae number within species had been associated with temperature.
Gabrisl (1944) wrote as foliows,

Following the early generalirations 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 tropical regions,
Jordan (1891) prepared a "law" setting forth an in=
varge relationship betwesn the vertebrae number of a

species and the water temperature prevailing in its
geographic renge.

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

A great many racial studies confirm Jordan’s "law." A few of these
are Hubbs (1925), Rounsefell and Dahlgren (1932), Tester (19%8) and
MoRugh (1964b) on the herring; Schmidt (1930) on the ood; Weisel (1955)
on the oyprinids; end Mottley (1937) on the trout., However, racial stud-
ies have two shortcomings when used to demonstrate the effect of tempera-~
ture upon meristic charasoters. One is that temperatures during development
are ostimated, not knownjy and ssoondly, the coumts of the meristic ohar-
acters of the parents are unknown.

Laboratory sxperiments on meristio characters of fish are few. T8&n-
ing (1862) reviewed these experiments, which include Schmidt (1917, 1919,
1920 and 1921), Mottley (1934 and 1957), T&ning (1944, 1946 and 1960),
Gabriel (1944), Houts (1947 and 1949) and Dannevig (1950). To this list
Marokmann (1964) and Lindsey (1954) should be added. Conclusions fram
these experiments are that either low oxygen or high COz pressure increases
the number of vertebrae; pH in the range 6.4 to 7.8, egc site, fry size,
or early or late hatohing have no sffeoct on vertebrae numbers and salin-
ity and temperature modify both vertebrae and fin ray number.,

Modification of vertebrae number by temperature has not been congis-
tent in the laboratory experiments. Sechmidt (1921), T&ning (1950) and
Lindsey (1964) have ahown that the lowest number of vertebrae occurs at
intermediate temperatures while the results of experiments by Gabriel
(1944) and Dannevig (1950) show an increase in number of vertebrae with

decreasing temperature.
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In the present experiments counts were made of vertebras, dorsal
rays and anal rays to investigate the wariability associated with temper-
ature that oocurs in the meristic charaocters of the chinook salmon.

Vertebrae. The number of vertebrae was determined by counting ths
oentra between the basioococipital and the urostyle.* The vertebrae as
seen in a rediograph are shown in Figure 22, When abnormsl vertebrae
were enocountered, the number was determined by counting the arch elements,
but when both the centra and aroch elements were in doubt, no count was
made. In the caudal area the centrum wes courted as one if separation
was not complete.

The vertebras sounts of lots from Experiments I and II are recorded
in Table 19 and shown graphically in Pigure 23, The u-shaped ocurve of
Experiment 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 (1952) 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 1 data for those temperatures.

For Experiment IJI the record of vertebrae ocounts 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
s was seen in the Experiment I data; on the other hand, there is no de-
orease in vertebrae mmber 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

*Vladykov (1964) states: "Urostyle is the posterior terminal segnment
which follows the last undoubted centrum. In Salmonidae the urostyle
remains non-ossified."
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Figure 23. Average Number of Vertebras and Temperature for
lots of Bxperiments I and IT
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Figure 2. Average Numbar of Vertebrae and Temperatures for
lots of Experiment III
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the temperatires at the time the mumber of vertebrae is determined. Té&n-
ing (19562) has shown that the plastioc period for determination of the

number of vertebrae in Salmo trutta trutta ie from 145 to 185 D° (day

degrees with temperature in degrees centigrads) for which the total inou-
bation period is 400 D%, TUsing tempersture velues oalculated on the
basis that the plastioc period for chinook salmon 1s the same as for Salmo

truttsa trutta, the curves expressing the relationship between tempera-

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

To provide information fram whioh the plastioc period for vertebrae
formation in the chinook salmon could be established the eight sublots
of Experiment I were transferred to water of either higher or lower tem-
paratures at various times during embryologicsal development. Fry fram
some of these lots swrvived to a sige sultable for staining or radio-
graphing but were too few to make acourate observations concerning the
plastic period for vertebrae formation. However, in Experiment III the
data fram Lot E 6 suggest that the plastic period begins before the 2lst
day for eggs that hatoh in 46 days. Lot E 6 was incubated in water of
low oxygen content for ths first 21 days, after which the oxygen level
wag normal. The number of vertebrae in this lot was greater by 2.6 than
in any other Entiat lot at either higher or lower temperatures, and for
this reason it 1s believed that the plastic perlod for the vertebras of
the chinook salmon of this lot began before the 2lst day of incubation,

From the BExperiment III data in Table 20 the great wvariability in
number of vertebras between stooks can be sesn. The racial averages of
the lots for all temperatures are about 66 for Sacrwmento, 68 for Skagi:,

89 for Green and 72 for Entiet. By Ginsburg's (1938) definition the
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difference between the Saoramento and Entiat races is equivalent to a
specles difference since the overlap in the vertebral counts of the two
races 1s less than ten per cent.

The number of vertebrae was generally greater than the 66 reported
by Jordan and Evermann (1896) for the species. From the report by Foer-
ster and Pritchard (1935) the averags number of vertebras for chinook
salmon was calculated to bs 69.10 ¥ 0.14, and from Townsend (1944) the
average was 67.4. The range for Experimemts I, II and III was 63 to 77
(for lots other than E 6).

There was a marked inorease in'the number of vertebrss in Lots Sk 6
aend E 8 which were accidentally inoubated in water of low oxygen content,
These lots were not inoluded in the average wvalues for ths Experiment III
data bacause of the abnormal oonditions. The average number of verte-
brae for Sk 6 was 1.78 greater than for any other Skagit lots and for
E 6 the incremse was 2,82 over other Entiat lots, Since there were no
other obvious differences between Lots E 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
sonclusion from TEning (1962), who found that low oxygen comtent during
incubation increased the number of vertebras. In the range from 68 to
98 per oent oxygen saturation the inorease in vertebrae of the sea trout
wag about O.1 for each 10 per cent deorease in oxygen saturation (see
Fige 7, ope oit.). The effect of higher or lower oxygen levels upon
number of vertebrese is not known.

Under the oconditions that existed in Experiment III genotypio vari-

ation in the number of vertebrae wes grester than phenotyplic variation,
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difference between the Sacramento and Entiat races is equivalent to a
species difference since the overlap in the vertebral counts of the two
races 1s less than ten per cent.

The number of wvertebrae was generally greater than the 66 reported
by Jordan and Evermann (1896) for the species. From the report by Foer-
ster and Pritchard (1935) the average number of vertebrase for chinook
salmon was ocalculated to bs 69.10 ¥ 0.14, and from Townaend (1944) the
average was 67.4. The range for Bxperiments I, II and III was 63 to 77
(for lots other than E 6).

There was a marked ilnorease 1n'the number of vertebraz in Lots Sk 6
and E 8 which were accldentally inoubated in water of low oxygen ocontent.
These lots were not included in the average values for ths Experiment III
data beocsuse of the ebnormal oonditions. The average number of verte-
brae for Sk 6 wag 1.73 greater than for any other Skagit lots and for
E 6 the incremse wus 2.82 over other Entiat lots. Since there were no
other obvious differences between Lots E 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
sonclusion from TAning (1952), who found that low oxygen sontent during
ineubation inoreased the number of vertebrae. In the range from 58 to
38 per oent oxygen saturation the inorease in vertebrae of the sea trout
wa g about O.1 for each 10 per cent deorease in oxygen saturation (see
Fige 7, ops cit.). The effect of higher or lower oxygen levels upon
number of vertebras is not known.

Under the oconditions that existed in Experiment III genotypioc vari-

ation in the number of vertsbrae was greater than phenotypic variation,
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about one vertebrc greater in the offspring than in the parents., If
this difference is due to phenotypical variation ocaused by some faoctor
in the enviromment, it 13 sssumed that the effect is equal for all lots.

In oconclusion, the lowest number of vertebrae are found at the
intermediate temperatures in the range from 45° to 56°F. The average
number of vertebrae is about 86 for Saoramento, 88 for Skagit, 89 for
Green and 72 for Entiat. Above 60° and below 40°F the number of individ-
uals with abnormal vertebrae increases. Low oxygen content of water
during inoubation inoreases ths number of vertebrae.

Dorsal rays. In counting the rays of the dorsal fin all elements
were inoluded. Usually, in systematios, the small rays at the fromt of
the fin that are less than one<half the length of the longest rays are
not countad. When estimating temperature effects, there is no reason
for not ocounting all elementa. The 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)
list 11 dorsal rays for the apecies; Foerster and Pritohard (1935), 11
to 14; Clemans and Wilby (1948), 10 to 1l4. The obgerved 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 curves are consistent for both the constant tempera-
ture and changing tenperature experiments with the maximum number of
rays in the 46° to 65°F temperature range. This is opposite to the ef-

fact of temperaturs upon the number of vertebrae. T&ning (1952) reported
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TABLE <1

Numbers of Dorsal Rays for Chinook Salmon in Experiments I, II and III

Temp., i
Exp. Lot °f 13 4 15 16 17 18 X n oy
I G2 9.8 10 91 32 15,17 133  .O47
3 447 3 w7 10 15.87 191  .034
5 50 .6 27 191 33 16,02 251 .03l
6 55.1 9 L1 15.82 50 .055
7 6U.2 3 10 14.77 13 .12
Lo LT7.4% 18 169 17 16,00 204 .029
8  47.0 32 188 14 15.92 234 .029
II G 3 50,6 2 1 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  .061
III sSal  39.0 1 17 17 4 14. 62 39 L1144
2 L1.6 1 5 14.83 6 166
4 56.5 12 140 57 2 15,23 211 .038
5 62.2 <2 8 1 14.43 2 148
b 55.5w# . 25 143 88 2 15.26 258 040
G 1 39.0 2 3 L 15,22 9 .278
Ly 56.3 1 12 2 15.57 28 .120
6 55 4% 1 28 36 2 15.58 67 .071
Sk &, 55.9 1L 26 11 15.74 L2 .097
5 61.3 11 6 1 15.44 18 145
6% 54,7 8 32 3 15.88 43 .076
E1  38.8 1, 1 5 15.70 30 .137
3 L8.4 3 16 2 15.95 2 .109
L 55.2 1 3% 133 16 15.88 186 ,039
5  5l.3 1 68 86 5 15.59 160  .OLA&
&f 55,27 19 159 46 1 16,13 225 .036

* At city water temperature
*it well watar temperature
# Water of low oxygen content during incubation
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¢ similar situation for the sea trout.

In oconolusion, the maximum number of dorsal rays oocurred in the
temperature range of 45° to 56°F; this is opposite to the effect of tem-
psraturs upon vertebrae.

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

Jordan and Evermann (1898) list 16 anal rays for the species. Other
authors give the following number: &shulte (1931), 16 to 18; Foerster
and Pritchard (1935), 16 to 18; Clemens and Wilby (1948), 16 to 19. The
observed wvalues for Experiments I, II and III ranged fram 16 to 21 (for
lots other than E 8). The counts of the anal rays are tabulated in Table
22 and shown graphiocally in Pigure 27. Maxiium values are in the range
of 46° to B6°F with lower values on either side of this range. For the
sea trout Tﬂning (1952) also found that the number of anal rays was
greatest at intermediate temperatures.

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

rays ogourred in the temperature range of 45° to 55°F.
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TABIE 22

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

Temp. - s_

Exp. Lot °F 16 17 18 19 20 21 22 23 x a X
I G2 39.8 15 62 40 2 19.24, 119  .063
3 447 L5 124 20 19.87 189  .O42

5  50.6 L & 16 21 19.86 237 .036

6  55.1 16 27 1 19.66 4, .079

7 60.2 1 6 4 18.27 1 .195
T 2 85 18 6 19.61 211  .039

8  147.0 1 63 17 8 19.70 189 .0L0

II G 3 546 2 18 24 18.50 L4  .089
5 57.8 1 38 L3 5 17.60 87  .06b
L 58, 5% 5 33 L 17.98 L2 072

III sal 39.0 1 11 15 6 17.79 33 .136
L 36.5 9 123 93 1 1 18.46 237 .043

5 6242 17 1 1 17.45 29 .106

6 55,50 21 167 101 3 18.29 292 .036

G1  39.0 7 6 18.46 13 .14

L 56.3 5 15 9 1y.14 29 .129

6 55 . 5% 1 23 L9 1C 18.82 83 071

Sk & 55.9 1N 46 8 18.95 65  .067

5  6l.3 g 12 18.60 20 .12

6F  5i. e 9 54 1 1 19.05 75  .066

£E1  38.8 1 15 20 2 18.61 38 .102

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

L 55.2 1 20 149 82 19.2, 252 .038

5 6l.3 15 89 86 25 6 18.63 221 .U59

6f 55 2% 9 19 178 185 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. OSUMMARY

The observations from three experiments upcn the affects of

temperature on young chinocok salmon are as follows:

Rate of develcopment

(1) The temperaturv coefficients u, 3o and x are not constant
for the relationship of tempersture to the rmumber of days to hatching.
The velues for the coef:icients are ccnsider:bly greater at low than
&t nigh temperatures witna critical teaperature atout u7°E‘,

(z) For lots reared «t constant tenperat.ires in wWie range from
39.8° wo 57,8°F, tne temperature sunmat ion rule, tae telehradex equa-
tion and the logistic curve fit eyually well Lo the relationship of
temporature tc the numoer of dsys t¢ fmtching.

For the temperature summstion rule, y(x-a) » k, where Y = the
numnber ¢f dgys to the time when 5C per cent ¢f the eggs are hatched .
at an lincubation tem;erature ol x , a is the thnreshcld tempurature
and k i8 the wmerature sumnation constant, new zethiods for estimat-
inz a and k and a confidence interval ror a are given. The value for
K 1is shown to be e.ual tc the reciprocal of the regressicna’ the speed
of development on temperature; cne estimate of 8 is XYl T XoV2 3 &

o 1 JL T2
second estimate of a is x - k(;’-,); the confidence interval for the
second estimate of & is alsc given. For the four races cf chincok

salmon the values for a range from 31.1° to 32.7°F; for k, from 815

tc 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 assumed to be 32°F or 0°C.

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

temperatures;

s Lv o2h6-0.242x
.0396

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

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

(4) Using data from all lots regardless of race, mortality rate,
teaperature pattern, or year the sguation 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

e2°306— «2022x
04404

1+

Yy =

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 aversge 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 1is

less than five days.

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

(1) For the lots reared st 3,°F or 65°F and higher none of the
eggs survived to thes hatching stage.

(2) Une hundred per cent mortality occurs during the yolk~sac
stage in lots reared at 60° and 624°F,

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

5U per cent or greatsr.

(L) The .ortality rate is low at all stages of development for

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

Abnormal fry

In the temperature range 40° to 55°F the number of abnormal fry

averages 4.0 per cent per lot and at 60°F and higher thare is a nine-

fold or greater increase,
Growth

(1) At hatching the fry reared at 4LO°F are larger than those
reared at higher temperutureas.

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

(3) For lots rearsd at city water temperatures, the fish are
smaller at the 20th weex of the exjeriment 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 when the temparature is near 60°F.
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Meristie 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, Sxagit, Green and kntiat races the number
of vertebrae average 66, 08, 69 and 72 and range fraa 63 to 78.

(3) For lots reared at temperatures above 60°F and below 4O°F
the number of individuals with abnormal vertebrae increase.

(4) Water of low oxysen 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
f§r the lots reared in the temperature rangs L5° to 55°F than for lots
reared at either higher or lower temperstures. This is the opposite

of the effect of temperature upon the number of vertebras.
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