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Coho salmon eggs from the Universi~y of Washington Hatchery (UW) 

and the Dungeness River, WA, were incubated in constant temperatures 

ranging from 0.1° to 17 .. 0°C from fertilization to yolk absorption. 

The lower lethal threshold for embryonic development was established 

at between 0.6° and 1.3°C for UW coho. The upper lethal threshold 

was between 12.5° and 14.5°C for UW coho and between 10.9° and 12.5°C 

for Dungenass River coho. Incubation temperatures between-·4.0° and 

6.5°C produced fry with the greatest dry body weight and yolk absorp

tion efficiency. Pace of development inferred by the number of thermal 

units required to reach hatching and yolk absorption was not constant 

throughout the temperature ra. .. ge. Development per unit of temperature 

was greater at low temperatures than at high temperatures. Fewer 

thermal units were required at low temperatures than at high tempera

tures to reach yolk absorption. Best-fit equations of the least square 

regression of the dependent variable of temperature and the independent 

variables of both the number of days and thermal units to reach both 

50% hatching and yolk absorption showed that they are not linearly 

related. Developmental compensation behavior was compared between the 

two stocks of coho and to that of sockeye and pink salmon. 



•••••••• ' .. 

··I· 

····
·.1·. · .. .. 

I 
I'' 
I 

I 
I 
I 
I 
I 
'll 
ll 
ll 
E 

TABLE OF CONTENTS 

• • • 8 • • 0 • • • • • 0 • • 0 

• • e • • • • • • • • • • • • e 

Introduction • • .. • • • • • • 

Review of Selected Li'terature 

Materials and Methods ••• • • • • • p • • • • • • ~ • • • • 

1977 • • • • • • • •• • • • • • • • • • •• • • • • • • • 

Incubation ·rab1es ~ . . . . . . . . . . . . -· . . . 
Temperature Control ·• • • c • • • • • • • • e • • • 

Experimental Procedure • o 
• • • • • • • • • • • • • 

1978 •• 0 ••••••• ~ 0 • 
• • • • • • • • • • • • • 

. .. . • • • • • • • • • • • • • '~'~· . . . . 
Results • • • 

Discussion • • • • • • • • • • • -. • ti • • • e • • • • • • • • 

Constant Temperature Incubation • • • • e • • • • • • • • 

Developmental Compensation • • • • • • ,. • 0 • • • • • • 

Page 

1 

3 

10 

10 

10 

11 

13 

17 

18 

33 

33 

39 

• • • • • • • • • • • • • • • .. 47 
Sull'lllary .. • • • • • • • • • • o 

Literature Cited • • • • • • • • • • • • • • • • • • • • • . .. 49 

;; 



I 
I 
I . ' 

' 

I 
I 

.. I 
. J 

I . 
I 
I 
II 

'· 

I 
ll 
I; . 

t 

r 

l. 

2. 

3. 

LIST .OF FIGURES 

A. plot of the quadratic line of.the regression 
of days to H~O vs. temperature. UW Coho •· ..... 

A plot of the quadratic line of the r_egression 
of days to H50 vs. temperature. Du.ngeness Coho • 

A plot of the ·quadratic line of the regression 
of days to 100% yolk absorption vs. temperature. 
U\4 Coho - • • • • • • • o '(>· • • • • .. • • • .. • • • .. - •. • • • 

9 • • • 

• • • • 

Page 

24 

25 

4. A plot of the quadratic 1 ine of the regr£3~ion 
of days to 100% yolk absorption vs .. temperature • 
Dungeness Coho • .. • • .. . • . • . • . • ~ . • . • . • • • . • • . • . • . • . • 26 

5 .. 

6. 

7 .. 

8. 

9. 

10. 

11. 

12. 

A plot of the cubic line of the regression of C.U. 
to 1 QO% yo 1 k absorption vs. ·temperatur.e. UW Coho .. 

A p1ot of the cubic line of the regression of C.U~ 
'to·100% yolk absorption vs. temperature. 
0(mgeness Coho .. .. • • • • • • • • • ~ • • • • • • 

A p·}~t of the cubic 1 ine of the regression of C.U • 
to H50 vs. temperature. U\~ Coho • · • • • • • • • • 

• 0 • 

• • • 

• • • 

A plot of t\·1e cubic 1 ine of the regression of C.U. 
to HSO vs. temperature. Dungeness Coho ••••• • • • • 

A plot of the mortality of UW and Dungeness Coho 
salmon eggs incubated at constant temperatures • • • • • 

A plot of the mortality of UW and Dungeness Coho 
salmon alevins incubated at constant temperatures • 

A plot of the combined mortality of egg and alevin 
of UW and Dungeness Coho salmon incubated at 
constant temperatures • • • • • • • • • • • • • • • 

The number of cent·i grade units required to reach 
yolk absorption for the embryos of coho, sockeye, 
and pink salmon incubated at constant temperatures 

iii 

• • • 

• • • 

• • • 

27 

28 

29 

30 

34 

35 

36 

44 



I 
I: 

LIST OF TABLES 

l. Data on the survival and incubation characteristics 
·of UW coho salmon eggs and alevins in water of 

Page 

constant temperatures <· • • .. • .. • • • • • • <:1 • • • • • 19 
. . 

2. Data on the survival and incubation characteristics 
of Dungeness; coho salmon eggs and alevins in water 
of constant temperatures o .. • .• • ., • • • • • • • .. • • • 20 

3. Summary of a1evin size and yolk absorption effi
ciency of UW coho salmon incubated in water of 
constant temperatures • • • • • • • • • • .. • • .. • • .. • 31 

4. Summary of'alevin size and yolk absorption effi
ciency·of Dungeness .coho salmon incubated in water 

s. 
of constant temperatures • • .. • 0 • • • • a • • • .. .. • .. 32 

Days and temperature units required during 
incubation from fertilization to yolk absorp
tion for sockeye salmon and pink salmon •• 

iv 

• • • • • • • 43. 



I 
I 
I 

I 
I 
I 
I 
I 
:I 
I 
I 
I 

. . I. . . .· . . . . . / . . ~ 

ACKNOWLEDGMENTS 

I am grateful to Dr. Ernest Brannon for his patient suppor\; 

throughout this study. Dr. Bill Hershberger and Dr. Robert Burgner 

. provided thoughtful review of the manuscript. Special thanks go to 

__ Mr. Arnold Saxton for his assistance with computer analys·is of the 

data~ I was assisted at various times in the daily tasks of monitoring 

the experimental equipment and recording data by Richard 'Eltrich~ 
. ' 

Benjamin Alexa~der, Mike Colley, Todd Shaw and Robert Nielseno l thank 

Salty Dong for her editorial contnents and Kay Keegan for the typing of 

the manuscript. This study was funded by a grant from the U.S. Forest 

Service, Forest Sciences Laboratory, Juneau, Alaska. 

. . 

.: ::. ~-.'.' :: ·,. ~~ :::;·_.::; ~: :··. ' 



1 

I 

I 

INTRODUCTION 

Coho salmon" pncorhynchus kisutch, genet"ally spawn .. ;n small 

tributary streams that are subject to greater diel and annual tempera

ture variations than would normally be experienc~d in larger rivers. ~ 

This species generally spawns later in the fall than the other P"cific 

salmon when river temperatures are cooling rapidly. I.ts eggs exp,eri-
TI 

ence colder water temperatures during spawning and early incubation 

than do early-fall spawning species, such as sockeye, Q.. nerka, and 

pink salmon. Q.. gorbuscha. 
As poiki1otherms, developmental rates of salmon eggs are affected 

by temperature changes in the stream environment~ However. coho salmon 

"" eggs may be more influenced by environmental perturbations than other 

salmon species because of their more variable incubation habitat. 

A one- or two-degree change in \'linter low temperatures may significant·

ly alter hatching time and ultimately influence emergence timing of 

coho salmon fry. 
There is currently very little published data on the effects of 

temperature upon the development of coho eggs. What is the range of 

temperatures tolerated by incubating coho embryos? How do coho 

embryos cope with extreme changes in stream temperatures? Is the 

relative pace of development constant over the entire temperature range 

experienced by incubating coho? And is the response of c~ho embryos 

to temperature different from that exhibited by early-fall spawning 

species? 
This $tudy was undertaken to further investigate the influence of 

temperature on coho development. The objectives were define~ as follows: 
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l) Provide baseline data on the rate of development of coho 

eggs at variows constant temperatur~s rangin~1 from .near 

freezing. to· l7°C. 

2) Esta.blish the upper and lower terrperature limits for 

successful ctaho incubation. 

3) Determine whether the effect of temperature on t:he pace of 

developmen'~; of coho embryos is the same as that of other 

salmon embryos. 
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REVIEW OF SELECTED LITERATURE 

The effects of temperature en the speed of development of fish 

eggs have long been of intense interest to fish bio1ogists. The thermal 

sums hypothesis was one of the first rules to be applied to the develop

ment of living organisms by fish biologists.. The hypothesis states 

that development is the sum total of an organisms's thermal experience 

and can be expressed by the formula ~ = ls where ~is time of develop

ment, ~ is temperature, and 1 is a constant. The product of time and 

temperature is constant at all normal temperatures and the graph uf 

1/y = kx is a straight line. This rule formed the basis for many 

subsequent hypotheses. 

One of the first to document the effect of' temperature on fish 

egg development was Ainsworth, who in 1859 experimented with eggs of 

the speckled brook trout, Sal vel inus fontinal is. He incubated br'ook 

trout eggs in average water temperatures ranging from 37° to 54°F and 

noted the number of days required to hatching at these t2mperatures • . 
Hi:s data showed that fewer days were required as temperature increased 

(Norris 1868; Embody 1934). 

An often quoted 11 rule of thumb" was stated by Seth Green (1870): 

"lrout eggs will hatch in 50 days at a mean water temperature of 50°F 

and for each degree colder or warmer five days more or less wi11 be 

requir~d, the difference:. however, increasing the farther we recede 

from 50 degrees." This rule was widely embraced by fish culturists 

until 1901, when t~allich offered a more quantitative method for moni

toring fish egg development. He called it the 11 ter:nperature or thermal 

unit system." Seised on the thermal sums hypothesis, a temperature 
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unit (t.u.) was defined as 1°F above 32°F for a period of 24 hours., 

Thus, eggs incubating at a mean daily temperatut~e of 50°F would accumu

late 1S t.u. per d~y of incubation. \~orking with chinook salmon eggs, 

Q.. tshawytscha, Wallich concluded that the number of t.u., required 

from fertilization to hatching was constant over all temperatures that 

were nonnal to the eggs. He found that about 900 t.u. were needed for 

eggs to hatch at incubation temperatures between 42° and 51°F. The 

~emperature unit system offered a convenient way of monitoring develop

ment and is still widely used !ly fish culturists today. 

Reibisch (1902) argued that since the eggs of cod and plaice were 

shown to be capable of development at temperatures below freezing~» temp

erature units should be reckoned from some point below freezing, or the 

lowest point at which some development could occur. This he termed the 

"threshold temperature". His arguments were based on data presented by 

Dannevig {1894), who successfully incubated cod eggs at -1°C for about 

one month. These eggs later hatched normally when transferred to 6°C • 

Apstein (1909) proposed an alternate thermal unit system. His 

temperature unit was called a 11Tagesgrade. II A ·tagesgrade is the 

pr~duct of temperature in centigrade and days. It differed from 

Wa11ich's temperature unit in that it was reckoned from the lowest 

point at which development could occur and not from the freezing point 

of' watero 

Van•t Hoff (1884) observed that the velocity of certain chemicetl 

reactions progressed at a geometric rate when the temperature was in

creased at an algebraic rate. Van't Hoff~s Q10 pro\'ed to be unsatis

factory when applied to the data of Dann1:vig by Johansen and Krogh 
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(1914), who concluded that the reciprocal of the number of days to 

hatching and temperature were linearly related. That is, the speed of 

development was simply proportional to increases in temperature. This 

finding was essentially a restatement of the thermal sums hypothesis. 

Johansen and Krogh (1914) also concluded that the egg did not 

derive its energy for development from heat supplied by the environment 

but rather from the metabolism of egg tissue. This view differed from 

that of Reibisch5l who thought that some heat from the outside was 

necessary for development. 

It has been shown that temperature certainly has an effect on the 

development of fish eggs. It acts as a catalyst for the chemical reac

tions that are necessary for the development of the embryo. The com

plexity of the living cytoplasm and its response. to temperature makes 

it almost impossible to express satisfactorily the speed of development 

by a mathematical formula. Belehradek {1929) recognized this problem 

and pointed out the deficiencies of the fonnulas of Van't Hoff and 

Arrhenius, which are essentially the same. Both assume that a given 

difference in temperature will result in a proportional difference in 

the speed of development that is constant throughout the temperature 

range of an animal. Belehradek modified the thermal sums hypothesis 

to th2 form 

Y.. = !l!.b 

wher~ !!_ is a new constant. According to Belehradek, this formula 

takes into account the greater effect of a 1° increase in temperature 

at low temperatures ~,han at temperatures near the optimum • Thts 

relationship he felt better approximated real life. 
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Seymour (1956), working with chinook salmon eggs at the University 

of Washington, found that the speed of development in constant tempera

tures ranging f~om 40° to 58°F was adequately expressed by either the 

thermal sums hypothesis, the Belehradek equation, or an equation of 

the-logistic curve (Davidson, 1944). In a more recent. paper, Alderdice 

and Velsen (1978) assembled data from the literature on chinook salmon . 
incuba.tion and fitted them to differ~nt forms of the same three equations 

used by Seymour. They found the log-inverse form of Belehradek's equa

ti·on best fitted the data. They also found that at temperatures below 

4°C, the therma1 sums hypothesis tended to overestimate hatching time. 

This sug~gests that the rate of development is not constant in relation 

to temperature throughout the range of temperatures compatible with the 

egg. Specifically, chinook eggs developed at a faster rate than would 

be expected at temperatures below 4°C. 

This apparent acceleration of development at low temperatures was 

observed by Embody (1934) in the brook trout. He plotted log days 

against temperature and found that there was a change in the slope of 

the curve at temperatures belo\'1 3°C and above 10°C. He concluded that 

brook trout eggs developed faster than normal below 3°C and slower than 

nonnal at temperatures above l0°C. He believed that temperatures 

between 3° and l0°C produced a nonnal rate of development. He also 

observed a similar speeding up of development in the rainbow trout, 

Salmo gairdneri. at temperatures above 9°C. 

Price (1940) found that the speed of development of the whitefish, 

Coregonus clupeaformis,embryos to hatching differed at temperatures 

above and below soc. An increase of 1 °C at temperatures below S°C 
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increased the speed 1.205 times, whereas a l°C increase at tempera

tures above 6°C increased the speed by only lo157 times. 

Brannon (International Pacific Salmon Fisheries Commission, 

manuscript), working with sockeye and pink salmon eggs, found that 

an increase in temperature units is required to reach yolk absorption 

as temperature increases; more than three times the t.u. accumulated 

at 34°F were required at 60°F" He concluded that development was 

faster at low temperatures than at high temperatureso Otherwise, the 

number of temperature units required would be about equal at all 

temper'atures. 

A distinction needs to be drawn between the rate of development 

defined by the number of (or a transformation of) days required to 

hatching and what may be called the pace of development that is implied 

by an interpretation of the number of thermal units required to hatching. 

The former definition involves a measurement of time (incubation period) 

whereas the latter is a mor~ general indicator of the relative amount 

of embryonic growth per unit of temperature experienced at different 

temperatures. By the first definition, a faster rate of development 

is inferred if the incubation period of eggs at a particular temperature 

decreases (with increasing temperature) by an amount less than that 

expected from a proportional decrease at another temperature. This 

was essentially how the previously mentioned investigators, with the 

exception cf Brannona interpreted their data on egg development. A 

greater pace of development, on the other hand, may not be directly 

reflected ir~ the incubation period of the egg. The incubation period 
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still decreases with increasing tE!mperature but the number of t.u. 
"'-

required to reach hatching should remain about the same over all 

temperatures if the pace of embryon·ic growth is constant (Wallich 1901 ). 

A greater pace of development at temperature A than temperature B is 

inferred if the number of t.u. required to hatching at temperature A 

is less than that required at temperature B. In other words, the 

amount of development pr·oduced by the accumulation of one t.u. is 

greater at temperature A than at temperature B. Confusion can arise 

when one ponders the apparent contradiction of a greater pace of 

development at cold temperatures with a corresponding lengthening of 

the incubation period. 

It is apparent that the relationship between speed of egg develop

ment and temperature cannot be described satisfactorily by a linear 

equation. Garside (1966) criticized the practice of many investigators 

who have tended to consider only the central or linear portion of the 

developmental curve. f·1any extrapolated the curve to determine the 

threshold temperature, which usually resulted in a subzero temperature. 

But the lower. lethal temperature of most fish eggs is usually above ooc. 
Granted, the central portion of the 11 rea1-life" developmental curve is, 

in all probability, linear, as is evident in the works of the afore

mentioned investigators. But it is the nonconformity of the extremities 

of the curve that is· of special interest. r-tany investigators considered 

these outlying temperatures as being 11abnorma1 ... But winter low tempera

tures in many streams often decrease to these levels. To the developing 

embryo, these temperatures represent a stress that has to be de a 1 t \'Ji th 

·~ 
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not just in terms of survival, but also in terms of how it may affect 

emergence timing .. 
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~\TERIALS AND METHODS 

1977 

The study was conducted over a two-year period. In the first 

year, 1977, constant temperature incubation experiments were conducted 

using coho eggs from the College of Fisheries, University of l~ashington 

{UW) Hatchery and the Dungeness River Hatchery on Washingtonls Olympic 

Peninsula. These two populations of coho were chosen for this study 

because of their distinctly different thermal history. 

The UW coho originated from a stock inhabitating a stream with 

relatively mild temperatures. Since their introduction, the 

Ut~ coho have been exposed to even warmer incubation conditions 

(Donaldson and Brannon, 1976). 

The Dungeness River, on the other hand, provides a much colder 

environment for its J'esidents. lJinter low temperatures often remain 

at near freezing levelse Incubation temperatures in the Dungeness 

River are generally about 6°C cooler than those of the UW Hatchery 

(Brannon, personal col'!11lunication). A comparison of the thennal 

tolerance and rate of development of these two populations of coho 

salmon will provide insight on the early life environmental physiology 

of this species. 

Incubation Tables 

A total of nine incubation tables were built from pl)I\'Jood that 

had been coated with fiberglass. Three tables each had a capacity of 

64 lots of eggs and the other six each had a 16-lot capacity. The 

threa larger tables were built to accolilnodate the large number of egg 

lots required for another study. The construction of an incubation 
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. table similar to the larger ones was described by Hickey, Hershberger, 

a·nd Dong (1979). 

Briefly, each large table was a hollow box measuring 2' x 8' and 

3" deep with sixty-four holes drilled in the table top. Each hole was 

made to accol11110date an incubation cup 2 1/2 11 de~p made from 4 1/2" 

diameter PVC pipe., Fiberglass screening was glued to the bottom of 

the cup with PVC cement so that eggs could be placed inside. The cups 

were set into the holes in the table top and held secrue by an 11011 ring 

made from surgical tubing. Thus, each cup could be moved easily in 
. . 

and out of the hole. 

Water was introduced to each table from a submerged perforated 

pipe running the entire length of the table. Water upwelled through 

the fiberglass screening, bathing the eggs, and exited out the top of 

each cup. A 311 wall around the table top kept the water level above 
--

the tops of the cups. Two exhaust holes were drilled at each end of 

the wall to allow even drainage from the table top. 

The six smaller tabl·es measured 2' x 2' and 3" deep and were of 

similar construction as the larger ones. All nine tables were fitted 

with covers made from wood molding and black plastic to provide dark

ness for ti·~e eggs. 

Temperature Control 

A steam-heat exchanger wanned water pumped into the Ut4 Hatchery 

from Lake Washington~ Chilled water was provided by cooling filtered 

city water in a 300-gallon Sunset brand milk cooler (r·iodel No. MC-3Cvt>X) 

driven by a l 1/2-ton compressor. The cooling power of the milk cooler 

was supplemented by an emersion-coil cooler driven by a 1/2-ton 
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compressor. Both the heat exchanger and milk cooler were equipped 

with thermostats and outlet temperatures were maintained at 17.0 and 

1~36C, respectively. 

The two tempered waters were piped via separate PVC piping to 

each incubation table. The desired temperature and flow rate to each 

table were attained by mixing the two waters by means of PVC valves. 

The whole water system worked by gravity flow. Flow rates were 3.5 

1/min in the large tables and 1.0 1/min in ~he small tables. The above 

flows were more than adequate for incubation, especially since eggs 

were placed only one layer deep in the cups. ·Dissolved oxygen ranged 
'· 

·fonm 8 to 12 ppm and pH from 6.8 to 7.0. Dissolved oxygen measure

ments were made every two weeks during the first two months of the 

experiment and about once a month thereafter. 

There was a slight difference in the incubation temperatures 

experienced by the UW and Dungeness eggs due to the manner by which 

tempered water entered the tables. Because water entered at one end 

of the table, a temperature gradient existed between the 11 inlet" and 

the "outlet" ends of the tables. The gradient was more pronounced in 

the three 1 onger tab 1 es. At times, this gradient was as high as 1 °C; 

however~ it did not alter the incubation temperatures of the duplicate 

lots of each population in the tables because they were always placed 

in adjacent holes. The UW lots were placed at the "inlet11 end, 

whereas the Dungeness ~ggs were placed near the "outlet11 end. Eggs 

were also incubated inside the milk cooler to take advantage of the 

coldest water available. (Eggs were placed in incubation cups and 

then suspended by stainless steel wire.) . 
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The actual temperatures experfenced by each population in the 

incubation tables were as follows: 

UW eggs: 1.3° (inside cooler), 2.5°, 3.0°, 4.0°, 6.1°, 

8.4~, 10.2°, 12.4°~ 14.4°, 17.0°C. 

Dungeness eggs: 1.3° (inside cooler), 2~4°, 3.1° 5 4.7°, 6.5°, 

8.3°, 10.9°, 12.5°, 14.4°, 17.0°C. 

Temperature was measured at the level of the eggs with a mercury

filled thermometer calibrated to O.l°C intervals. Temperature in each 

table was recorded at least three times a day and then averaged. The 

range was 0.5°C at all temperatures. Two Bristol thermograph recorders 

continuously monitored the water temperature at the milk cooler and 

heat exchanger outlets. 

Experimental Procedure 

On November 25, 1977, eggs were stripped from fourteen ripe female 

coho salroon from the UW Hatchery homing pond and then thoroughly mixed 

to insure a homogeneous sample. Using 50-ml graduated cylinders, I 

divided the eggs into 50-ml egg lots and placed them in small styrofoam 

cups. Milt containing sperm from ten males was mixed together and 

0.5 ml of milt was injected i~to each cup with a syringe. The egg 

and sperm mixture was stirred and water-activated, and duplicate lots 

were placed in the appropriate incubation tables. 

Dungeness eggs taken from six females and fertilized with milt 

from four males arrived at the UW Hatchery on December 9,.1977o These • 

eggs had been fertilized about four hours before arrival and were 
. 

transported in quart-size glass jars filled with river water. The 

eggs were divided into lots and placed in the incubation tables .. 
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Duplicate lots were placed ;~., adjacent holes in the incubation table to 

minimize experimental variation. 

Mortality in each cup was recorded daily. Egg samples were taken 

every week -- more frequently at the higher temperatures -- and placed 

in Stockard's solution to examine the embryonic development. Time to 

50% hatching (HSO) was determined by counting the number of hatched 

eggs each day. After hatching was complete, the number of alevins 

in each incubation cup was decreased to 100 to reduce crowding. Alevins 

were incubated until neariy 11buttoned up" and then preserved in 10% 

formalin solution for at least seven days before analysis. 

At the buttoned-up stage, there is usually a small amount of yolk 

sti 11 remaining in the yo 1 k sac. However, if the fish \~Jere a 11 O\lled to 

incubate much past this stage, they could absorb this residual amount 

of yolk and then begin to metabolize body tissue to maintain body 

functions. Therefore, the termination of the experiment at each 

temperature had to occur before all the fish were buttoned up. The 

experiment was terminated when approximately thirty individuals in 

each incubation cup had reached the buttoned-up stage. 

Twenty-five fish drawn randomly from each temperature were dried 

and weighed to determine percent yolk absorption and efficiency. Yolks 

were separated from the fish and the two parts were dried for 24 hours 

at 90°C. Dry weights were made on a nettler Gram-matic bal~~ce to the 

nearest 0.01 mg. All samples were kept in a desi~cator during the 

weighing process to minimize moisture absorption. 
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Percent yolk absorption was calculated as follows: 

. v. - y 
% yo.l k absorption = 1 y.. t X 100 

1 

where Y;* = average dry·weight of undeveloped egg 
(without the chorion) · 

Yt = dry weight of yolk remaining at termination 
of experiment. . · 

Yolk absorption efficiency, expressed as a percentage, is 

defined as follows: 

dry fry weight 
% yolk absorption efficiency = X 100 

v. - y 
1 t 

100% yolk absorption efficiency would be acbieved if an alevin converted 

all of the yolk material it absorbed into body tissue. 

The number of days required to reach 100% yolk absorption had 

to be estimated due to the improbability of obtaining alevins that 

would have absorbed 100%. of their yolk on precisely the day the experi

ment was terminated~ This estimate was based on the rate of absorption 

up to the point of termination: 

* Since it was not feasible to determine Y; of a live experimental 

fish, v1 was estimated by averaging the yolk weights of twenty-five 

undeveloped eggs~~ 
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. . (D - D ) X 100 
estimated days to 1 00% yolk absorption = t HSO · · + DHSO 

% a.bsorpti on at 
termination 

where Dt = number of days to termination of experiment 

DHSO = number of days to 50% hatch. 

This equation assumed that absorption of the remaining yolk would have 

proceeded at the same rate as during the period from hatching to 

termination. 

Egg and alevin mortality at each temperature were used to deter

mine the viability of these two populations of coho at those tempera.:. 

tures. Upper and lower lethal thresholds were established based on 

the following criteria: ·A particular temperatur·e was considered to be 

. lethal to incubation coho salmon embryos if 1) more than 50% of the 

eggs died,. or 2) more than 50~ of the alevins perished. In other \'lords, 

a temperature was considered compatible to coho embryos only if both 

egg and alevin survivcsl was greater than 50%. 

Analysis of Variance and the Student-Newman-Keuls multiple com~ 

parisons procedure were used to test for the most compatible tempera

tures for egg incubation for each population based on dl'~Y fry weight and 

yolk absorption efficiency. 

Development was monitored using the temperature unit system in 

degrees centigrade. This 11Centigrade unit 11 (c.u.) was adopted to 

. facilitate the data recording process. A c.u. can be converted to the 

t.u. by the formula: 

t.u. = 9/5 x c.u. 
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Best-fit equations for the least squares regression of days or c.u. 

to ~each both H50 and yolk absorption were generated to compare the 

development of these· two coho populations to each other and to that 

of_ sqckeye and pink salmon. which are early fall spawners. 

1978 

Results from.the. experiments conducted in 1977 indicated that the 

lower lethal threshold for coho salmon egg incubation was colder than 

1.3(lC. It wa.s. decided to incubate additl\lnal Eggs at even lo\'Jer 

tempt..rature. The milk cooler wa~ adjusted to Oo6°C for this purpose. 

In attdition, eggs ·were placed in an ice bath at a temperature of 0,.1 oc. 
The ice bath was n1ade with water from the m·il k cooler, and the eggs

water-ice mixture was placed in a 1/2-gallon covered plastic container 

and then refrigerated a Once a day, some ttf the water from the ice 

bath was carefull.)· replaced with fresh water and ice. Dissolved oxygen 

in tt~e ice bath was measured on days 3 and 9 and found to be 7 .. 0 mg/ml 

and 6.7 mg/ml, respectively. 

On December 11, 1978, small amounts of eggs from each of ten female 

. coho sa 1 mon from the U~J hatchery were ferti 1 i zed ~Ji th mi 1 t collected 

from seven ma.1 es.. The egys were ferti 1 i zed and divided into egg 1 ots 

using the sam? procedure as described for 1977. Duplicate lots were 

placed in the milk cooler and ira the water-ict? mixtur.e. The experiment 

was terminated when all eggs had perished in each lot. 
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RESULTS 

For tJ~l coho, experimental lots at 17.0°, 0.6°, and 0.1 oc suffered 

100% mortality with the majority perishing before blastopore closure 

(Table 1). There were no survivors to the eyed stage at 17.0°C. Only 

seven eggs (3.2%) developed to that stage at 0.6°C and all of them 

died shortly thereafter~ All eggs incubating in 0.1°C had died after 

19 days. Fixation of these eggs in Stockard'·s solution revealed very_ 

little development had occurred up to that time.. Only four eggs (2%) 

showed a cell mass that could be considered a blastodisc. Incubation 

temperature of 14.4°C also appeared to be lethal to U~J coho; only about 

1"5% of the eggs hatched successfully and these showed a high alevin 

mortality. Temperatures between 12.4° and 1.3°C seemed to be compatible 

with normal embryonic development. Hatching success and alevin mortal

ity were comparable at all temperatures within this range. Alevin 

abnormality was low at these temperatures. However, the incidence of 

labored, head·first hatching was high at teMperatures colder than 4.0°C. 

At warn1er temperatures, notably 17.0° and 14 .. 4°C, many of the eggs 

erupted with yo 1 k rna teri a 1 extrud'i ng. 

Constant temperature incubation data for Dungeness coho are pre

sented in Table 2. Again, both lots at 17.0°C suffered 100% mortality, 

and 14.4°C was also lethal to Dungeness eggs. Only 1% of the eggs 

hatched successfully and the alevins died within 8 days of hatching. 

A temperature of 12.5°C also was too warm for successful incuba· 

tion. Although egg mortality was not extremely high at that temperature, 

both experimental lots suffered alevin mortality in excess of 50%. 
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'fable 1. Data on the survival and incubation char~acterist1cs of Uti coho salmon eggs and alevins in 
_water of constant temperatures. 

Egg No~ of A levin Days to s yolk Esttllllted Estt•ted 
Tap. mrta 1f ty I abnor· mrta11ty 501 to··sM·hatch · Ocys to ibsorptton days to 1001 to 1 OOS absor.J!tton .. 
•c ~ httched malitft-s % hatch c.o. T .0 •.. termination .. at tenn~ absorption &.11. . . t.o. 

--------- --- -----

17.0 100 
17.0 100 

14.4 84.8 15.2 0 35.0 32 462 831. 
14.4 85.8 14.2 0 20.0 32 462 832 59 91.3 62 899 1618 

12.4 13.0 87.0 0 9.0 S1 459 826 63 86.9 57 835 1504' 
12.4 21.4 78.6 0 5.0 38 472 850 

10.2 18.9 81.1 0 1.0 4~ 470 846 74 85.0 79 8l0 1458 
10.2 7.5 92.5 G 5.0 47 4&1 866 ... 

U) 

8.4 10.0 90.0 0 0 58 487 811 . 90 87.5 96 795 1430 
8.4 7.0 93.0 0 1.0 58 487 877 

6.1 15.1 84.9 0 2.0 83 494 871 122 87.3 128 761 1370 
fi.l 16.5 83.5 0 1.0 83 494 871 

4.0 5.6 94.4 0 2.0 114 453 815 162 84.3 171 678 1221 
4.0 0.8 99.2 0 0 115 457 823 

3.0 5.8 84.2 0 1.0 144 436 785 
3.0 3.7 96.3 1 Sp 1.0 147 445 801 

2 .... . ~ 4.1 95.9 1 Sp 0 162 404 727 230 86.2 241 595 1071 

1..3A- 10.0 90.0 2 Sp 0 188 253 45G 292 92.4 3G7 394 709 

0.6 100.9 
0.6 100.!) 
o. t 100.0 
0.1 100.0 
* Only or.e lot was incubated at this temperature 
Sp • spinal 

--......... , ...... 
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• Table 2. Data o.n the survival and incubation characteristics of Dungeness coho salmon eggs .,nd 
alevins in water of constant temperatures. · 

Egg No. of ltlevtn Days to s yolft Estt111ted EsttPIItecl Temp. MOrfci 1 tty I abnor- mortaHty 50S ··w 501 hatch Days to absorption days to 1001 to 1001 absorft!!n oc .. I hatched malttfes I hatch OJ. T .IJ. termination at term. ab$prptfon C.O. . .u. 

17.0 100 
l''"f c::;,. t.u 100 

14.4 ;99.0 1.0 0 100 32 462 832 14.4 99.0 1.0 0 100 30 433 779 

12.5 26.0 74.0 0 59.0 37 461 830 66 84.6 71 888 15M 12.5 20.8 79.2 0 51.0 37 461 830 

10.9 T0.6 89.4 0 3.0 42 456 821 68 84.3 73 792 1426 N 10.9 8.7 91.3 0 3.0 42 45G 821 0 

8.3 8.5 91.5 0 0 59 488 878 90 86.4 95 790 1422 8.3 12.0 88.0 0 0 60 496 893 
6.5 6.3 .93.7 0 0 78 505 909 1U 8&:9 123 793 1427 6.5 6.5 93.5 2 Sp 1.0 80 518 932 

4.7 6.4 93.5 0 0 101 473 851 4.7 4.3 95.7 0 1.0 104 48(i 875 154 89.8 160 748 1346 
3.1 8.3 91.7 1 Tti 3.0 146 452 814 
3.1 6.0 94.0 0 1.0 146 452 814 

2.4 &:3 93.7 1 Tw 0 176 416 749 243 84.1 256 611 1100 2.4 5.9 94.1 0 2.0 176 416 749 

1.3* 10.~ 89.8 2 Sp 1.0 196 258 464 283 84.1 299 382 688 

* Only one lot was 1ncubated at tt~is temperature. 

Sp • sp1na1 
Tw • twfn 

--........... -....... 
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• Table 2. Data on the survival and incubation c:haracterfstics of Dungeness cooo salmon eggs and 
alevins in water of constant temperatures. 

Egg No. of Alevfn Days to I yolk Estt•ted EstfNtecl T •• MOrtality I abnor- morteltty 50S '·tc 50S hitch Days to ebsorptfQJn days to 1001 to 1DM,absor,t1on oc. I hatched mali ties I hatch OJ. ·r .IJ. termination at term. absorption t.O. .u. 
______________ ;~ 

17.0 lOO 
17 .o 100 

14.4 99.0 1.0 0 100 32 462 832 
14.4 99.!3 1.0 0 100 30 433 779 

12.5 26.0 74.0 0 59.0 37 461 830 66 84.6 71 888 1598 12.5 20.8 79.2 0 51.0 37 461 830 

10.9 TO.& 89.4 0 3.0 42 456 821 68 84.3 73 792 1426 10.9 8.7 91.3 0 3.0 42 456 821 

8.3 8.5 91.5 0 0 59 488 878 90 86.4 95 790 1422 8.3 12.0 88.0 0 0 60 496 893 
. 6.5 6.3 93.7 0 0 78 505 909 117 86.'9 123 193 1427 6.5 6.5 93.5 2 Sp 1.0 80 518 932 

4.7 6.4 93.6 0 0 101 473 851 
4.7 4.3 95.7 0 1.0 104 486 875 154 89.8 160 7~8 1346 
3.1 8.3 91.7 1 Tw 3.0 146 452 814 
3.1 6.0 .94.0 0 1.0 ~46 452 814 

2.4 &;3 93.7 1 Ttl 0 176 416 749 ' 243 84.1 256 611 1100 2.4 5.9 94.1 0 2.0 176 416 749 

1.3* 10.2 89.8 2 Sp 1.0 196 258 464 293 84.1 299 382 688 

* Only one lot was incubated at thfs temperature. 

Sp • spinal 
Tw • twin :l' 
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Incubation temperatures of 10.9°C and below appeared to be compatible 

with normal development. 

The incubation period of both populations of coho decreased with 

increasing temperature. For UW coho the number of days r~quired 

to HSO ranged from 188 days at 1.3°C to only 32 days at 14.4°C. Esti

m1ted number of days to reach 100% yolk absorption were 307 and 62 at 

thos~ respective temperatures. The incubation period of Dvngeness coho 

similarly decreased with ir,creasing temperature. .At 1.3°C, 196 days 
---~ ' were required to reach H50 and an estimated 299 days were needed to 

1 

reach 1oo% yolk absorption. At 12.5°C 51 only 37 days werf! needed to 

reach Hso and an estimated 7'1 days to reach 100% yolk absorption. 

On the other hand, the number of centigrade units required to 

reach HSO and 100% yolk absorption increased with increasing tempera

ttJre. For UW coho, the number of c.u. required to HSO ranged from a 

low of 253 at 1.3°C to a high of 462 at 14.4°C. The estimated number 

of c.u. accumulated to 100% yolk absorption was 394 and 899 at those 

respective temperatures. That is a difference of well over two-fold. 

Similarly for Dungeness coho, eggs required only 258 c.u. to reach 

HSO at 1.3°C but 461 c.u. were needed at 14.4°C. Estimated c.u. to 

reach 100% yolk absorption were 382 and 888 at those _two respective 

temperatures, again a d1fference of over two-fold. 

I~ this study, the number of c.u. required to hatching and yolk 

absorption a't each temperature was analyzed to reve~l any differences in 

the rate and pace of development of coho eggs. The statistical tech,, 

nique of least squares regression was employed to generate a set of 

best-fit equat·ions for the independent variable of incubation temperature 
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arid· the dependent variables of number of days required to reach HSO, 
' nuni>er of <: .. u. required to Hso·, number of days to 100% yolk absorption, 

-! 

and number of c.u. to 100% yolk absorption. The results are. presented 

in Figures 1 to 8 .. 

For both populations of coho salmon~ the incubation of alevins at 

the highest ~emperature at which some fish surv~ved to termination 

.(14.4°C for UW coho and 12.5°C for Dungeness coho) produced the smallest 

fry (Tables 3 and 4). On the other hand, 1.3°C produced a fry that was 

• ./closer in size to those reared at more moderate temperatures. For UW 

coho salmon, the lowest dry fry weight was recorded at 14.4°C. For 

Dungeness River coho salmon, both average fry length and dry weight 

were lowest at 12.5°C. 

Yolk absorption efficiency followed the same pattern. Alevins 

in the highest incubation temperature showed the poorest efficiency 

(Tables 3 and 4). At 1.3°C, alevin yolk absorpt:ion efficiency was very 

comparable to those of other temperatures; and in many cases, it was 

higher. !n the case of UW coho, the efficiency at 1.3°C was higher 

than those of other temperatures except ~t 4.0° and 6.1°C. 

Analysis of variance of the alevin data and subsequent multiple 

range tests using the Student-Newman-Keuls procedure revealed that for 

UW coho, dry fish weight at termination was lowest at 14.4° and 2.5°C 

and highest at 4.0°C (P = 0.05). Yolk absorption was least efficient 

at 14.4°C and most efficient at 1.3, 4.0 and 6.1°C (P = 0.05). For 

Dungeness coho, dry fish weight was lowest at 12.5°C and highest at 

4.7 and 6.5°C (P = 0 .. 05). Yolk absorption efficiency at 12.5°C was 

significantly lower (P = 0.05) than at the other temperatures • 

• 
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Figure 1. A plot of the quadratic line of the regression of days 
to H50 vs. temperature. · U\ol Coho. 
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·to t-150 vs. temperature. Dungeness Coho. 
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Figure 4. A plot of the quadratic line of the regression of days 
to 100% yolk absorption vs. temperature. Dungeness Coho. 
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Figure 6. A plot of the cubic line of the regression of C.U. to 
100% yolk absorption vs. temperature.. Dungeness Coho .. 
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Figure 7. A plot of the cubic line of the regression of C.Up to H50 
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Table 3. Sunmary of alevin size and yolk absorption efficiency of UW coho salmon incubated in 
water of constant temperatures. N = 25 at each temperature. 

I 

Averaga dry weight ·: Av@rage dry wt. of 
I yolk absorption T~P· Averafe of yolk remaining at ftsh 1t tenn1nat1on I yolk absorption 

c. Length ·mn) !. termination (mg) !. (mg) !. at termination · !. efficiency ! 

14.4 Not avan. 7.12 4.25 38.GO 5.16 91.3 5.2 50.7 5.2 

12.4 30.6 1.0 10.74 6 •. 90 44.66 4.6 86.9 8.4 63.3 10.0 

10.2. 30.6 1.1 12.29 6.01 43.18 5.69 as.o 7.3 62.7 ! ' ', 12.2 w .... 
8.4 31.0 0.8 10.21 6.21 46.77 4.26 • 87.5 7.6 66.1 I' • :; •• 12.7 

6.1 31.9 1.1 10.41 5.8 51.14 7.S4 87.3 7.1 72.6 ' 15.9 

4.0 32.1 1.0 12.08 7.45 47.91 6.82 84.3 9.1 71.0 ! 'l 17.0 

2.5 30.4 1.1 11.34 4.22 41.26 5.21 86.2 5.1 58.8 I 10.2 

1.3 32.7 1.6 1~.4 6.47 46.86 6.17 82.4 7.9 70.4 \' . '\ 13.9 

-
s • stand1rd deviation . 
Average tnttt11 yolk weight (Y,!) of 25 unferttlfzed eggs (without chorion) 111 01.97 mg, 

.. ~:~ ..... .. .~. #;"::..-~~ ! tt\~ .. '"''t "' - ~ .. ,., .,. 
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Table 4. Sunnary of a levin size and yo1 k absorption eff·iciency of Dungeness coho s.almon incubated 
in water of constant temperatures. N = 25 at each temperatur.e. 

;'f"'~"'" 

Average dry weight Average dry wt. of 
~ yolk $bsorptfon S yo1k absorption 

T~. Averaye of yolk rematninl at fish at tenninatton 
c. length r.m) !; termination (l'i.g !. (mg) ! at tenninatfon !. f'lff1c1ency 

•' 12.5 28.8 1.5 10.74 8.83 34.41 8.~6 a4.o 12.6 58.7 

. 
10.9 30.9 1.2 10.97 3.59 43.40 4.94 84.3 5.1 14.1 

8.3 30.8 1.7 9.51 5.11 43.26 8.16 86.4 7.l 1~.9 

6.5 31.7 1.3 9.17 2.62 46.47 6.73 ' 86.9 3.8 76.8 

4.7 31.9 1.9 7.15 3.59 44.5a 8.61 89.8 5.1 71.5 

2.4 . 30.8 1.9 11.14 5.01 '38.99 6.25 84.1 7.2 67.2 
. 

.1.3 31.3 1.2 11.12 3.82 41.19 4.75 84.1 5 r. 70.4 .a 

s • standard deviation 
Average tnttfal yolk weight (YJ) of 25 unfertilized eggs (without chorion) • 69.9S mg. 

!. 

13.5 

10.7 

~7.5 

'12.5 

15.1 w 
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13.8 
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DISCUSSION 

Constant Temper~ture Incubation 

Using the-criteria set up pi'eviously, the upper lethal threshold 

for UW coho salmon incubation falls between 12.4° and 14.4°C.. The lower 

threshold is between 1.3° and 0.6°C. An extrapolation of the curve of 

UW coho egg mortality (Fig. 9) to the temperature axis suggests that 

50% mortality would occur at about 13.5°C and 1.06 C. Although the 

lethal thresholds cannot be determi.ned exactly, it can be concluded 'that 

they fall within the range of temperature outlined above. 

Dungeness coho appear to be more sensitive to warm incubation 

temperatures than do UW coho salmono For Oungeness coho, the upper 

limits for egg incubation fall in the same range as that of UW coho, 

but a1evin mortality in excess of 50% indicates that temperatures 

cooler than 12.5°C are required for normal development. The upper 

lethal threshold for Dungeness coho incubation is between 10.9° and 

12.5°C. Extrapolation of the alevin mortality curve (Fig. 10) 

suggests that 50% mol'·tality would occur at about 12.4°C.. One suspects 

that the true upper lethal threshold temperature is nearer to 12.5°C 

than to 10.9°C. 

The greater sensitivity of Dungeness coho eggs to high temperatures 

is consistent with the fact that winter temperatures in the Oungeness 

River are generally much cooler than the hatchery water at the UW. 

It would have been informative to have incubated Dungeness coho eggs 

at temperatures below 1.3°Ce Total mortality of egg and alevin combined 

for both stocks of coho is presented in Fig. 11. 
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Figure 11. A plot of the combined mortality of egg and alevin of UW 
and Dungeness Coho salmon incubated at constant temperatures. 
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It should be emphasized that these threshold tem9eratures were 

der~vad under constant temperatureso It ·is unlikely that coho eggs 

would experience such extreme temperatures in nature imnediately after 

fertilization. The tolerance of salmon eggs to extreme temperatures 

has been shown to improve if initial development was allowed to pro

ceed at more moderate temperatures (Fish and Burrows, 1939; Combs, 1965). 

The small overall size and poor yolk absorption efficiency of fry 

at :mgh incubation temperatures (14.4°C for UW coho and l2.5°C for 

Dungeness coho) are consistent with the low survival of eggs and 

alevins at those temperatures. The greater size and efficiency of yolk 

absorption of fry at the colder temperatures indicate that coho salmon 

al~vins are better able to tolerate unusually co'id temperatures than 

high temperatures. 

' This tolerance for cold temperatures may be a selective advantage 

to~the coho alevin since straam temperature generally remain cold 
., 

throughout the winter. A winter cold snap lowGrs atmosphere temperature 

which will tend to lower stream temperature. 
'. 

Conversely\\ the sensitivity of coho alevins to high temperatures 

pl~ces the species in a vulnerable position to any long-term increase 

in: stream temperature. Stream temperature can be increased by natural 

ev~nts (such as volcanic activity) or by man's activities (such as 

mi~ing of the ·heated effluent of power plants with stream water and 

the iaming of once free-flowing streams}. 
; 

From the analysis of dry fish weight and yolk a.bsorrftion efficiency, 

it appears that temperatures between 4° and 6 •. 5°C produced the most 
f . 

robust fry. These temperatures may encourage the a1evin to invest more 
• • 
~ 
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.. ..,<~of th~ ~ner:gy derived from the yolk. materi.al 
t e 

! . ' in maintaining body functions. 

in tissue building than 
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Variation in yolk absorption efficiency within each temperature 

is high due to the great variation of dry yolk weights of fry samples. 

The fish were at vario~s stages of being buttoned up when the experi

ments were terminated, ranging from just beginning to button up to 

having used most of the residual yolk. 

The ne~essity of estimating Y; by the average weight of eggs that 

were not actually used in obtaining yolk absorption efficiencies results 

in the inflation of the efficiency of eggs that are larger than the 

average and an underestimation of the efficiency of eggs that are 

smaller than the average. The effect of this source of error could 

be reduced by an increase in sample size. Nevertheless, significant 

differe_nces in yolk absorption efficiencies were obtained with a sample 

size of twenty-five at each temperature. It is of interest to note 

that the yolk absorption efficiencies obtained in this study are notice

ably higher than those obtained by Hayes and Pe1luet (1945). 

In general, coho seem to adapt well to a wide range of incubation 

temperatures. Furthennore, they are able to tolerate incubation 

temperatures that are colder than those tolerated by early fall spawn

ing salmon., Combs and .Burrows {1957) found that an incubation tempera

ture of 35°F (1.7°C) resulted in 100% mortality of chinook eggs from 

the Entiat River, WA. There was poor survival at tempe~atures below 

40°F (4.4cc). Sockeye salmon e~gs from the same ri~er suffered 80% 

mortality when incubated at 35°F (Combs, 1965). Only 63% survived at 

a temperature of 37 .5°F (2.5°C). The ability of coho salmon to tole;rate 
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lower incubation temperatures is consistent with the fact that this 

when river temperature is cooling --~species spawns later in the fall 

' . . ~idly. 
\ 

Deve~opmental Compensation 
I / Best~fit equations for the least squares reg. ression of days or 

_/ 
c.u,..to reach HSO and yolk absorption were generated with data collected 

from the 1977 ~~xperiments, s i nee nona of the eggs in the 1978 ex peri

ments ever hatched. Although the results were based on data from only 

one year, they are significant bec~use of the high degree of correlation 

between the tested variables (see R2 values in Pigs. 1-8). Ho~Jever, the 

equations presented here are used primarily as tools to better under

stand the relationship between develop11_1~nt and temperature in ~oho 

salmon and not as predictors of hatching time and emergence. 

The number of days required to reach HSO and yolk absorption appear 

not to be linearly related to temperature, as evident from a plot of 

the data points. The best fit line from the step-wise regression was 

the equation.with a quadratic term (Figs. 1-4). The rise of the curve 

at the highest temperature in each case is an artifact of the qu~dratic 

curve. lt fs very unlikely that the number of days to reach HSO and 

yolk absorption would increase at temperatures higher than this • 
. 

However, the question is academic since coho salmon eggs cannot livest 

those higher temperatures. The non-linear character of the curves 

shows that the rate of development (as defined by the incubation period) 

is not constant over a11 incubation temperatures. 

?( The decrease in the number of centigrade units required to reach 

H50 and yolk. absorption with decreasing temperature suggests that there 

\ 
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was a greater amount of development p~r unit of temperature accumulated 

at cold temperatures than at warm temperatures. This compensation 

results in the pace of development being greater at low temperatures 

~nd 1ess.at,high temperature. The net result is a rate of development 

(as measured by the incubation period) that is not constant over the 

range of tolerable incubation temperatures. )( 

The relationship between the number of c.u. to reach yolk absorption 

and temperature, based on data from the present experiment, is sigmoid. 

The regression equation with three variables {cubic) would best fit this 

relationship (Figs. 5 and 6). For comparison, the number of c.u. '-V 

reach H50 is also fitted by a cubic equation (Figs. 7 and 8). 

There doesn't appear to be any noticeable difference in the series 

of regression curves between the two populations of coho. The shape 

and slope of. the curves are very similar~ However, an examination of 

the curves for the number of c. u •· to HSO and those for the number of 

c.u. to 100% yolk absorption shows that a difference in shape exists 

between the curves for these two developmental stages. 

The number of c.u. required to hatching showed an unexpected de-
. 

crease at temperatures between about 8° and 13°C (Figs. 7 and 8). 

However. this decrease was not observed at 100% yolk absorption 

(Figs. 5 and 6). There are two possible explanations for this differ-

ence, 

The first explanation is that incubation temperatures between 

8° and 13~c ~an overwhelm the underlying mechanism of developmental 

compensation whtch is operative in the egg at temperatures below 8°C. 

After~ hatching, the alevin 11corrects" for the lack of compensation in 
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the egg by absorbing the yolk material at a slower rate, thereby 

restoring! the more typical shape of the sigmoid curve at 100% yolk 

absorption. 

An alternative explanation is +.hat .the decrease in the number 

of c.u. r~equired to hatching at temperatur.es above 8°C results from 

the early hatching of eggs at those temperatures. Early hatching may 

be a mechanism by which the eggs meet their increased demand for oxygen 

as they develop to near hatchingo If the level of dissolved oxygen 

becomes criticale especially at warm temparatures, it may be more 

advantageous for the embryo to hatch 11prematurelyn than to continue to 

exist inside the egg shell (Barns, ·1969). Low dissolved oxygen levels 

trigger the release of hatching enzymes which break down the egg 

membrane (Hayes, 1942). It has been shown that at near hatching, 

Salmo salar embryo$ without the egg membrane can extract two times 

more oxygen from the water·environment than unhatched embryos when 

both are incubating in the same oxygen pressure (Hayes ·et al., 1951). 

It is therefore possible that coho eggs.incubating at temperatures 

above 8°C had hatched prematurely because of a decreased level of dis-
. . 

solved oxygen at these relatively warm temperatures, resulting in the 

leveling of the curve of the number of c.u. to HSO and temperature at 

temperatures above 8°C. 

:Developmental compensation at hatching also may be of little 

adaptative value to the fish. To an incubating embryo, hatching may not 

be as important a stage, in tenns of its overall survival. as yolk 

absorption. Hatching can be delayed or hastened by abnonnal temperatures 

and dissolved oxygen levels but afte·r hatching the alevins continue to 

. ,. ,.. 
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42 
.•. 1 i ve f ~ " :e protected environment of the redd. Yo 1 k absorption, on 

the· · · $-:~~r hand, is closely associated with emergence from the gravel 

and thus affects the survival of the fry. This would account for 

the apparent greater effect of developmental compensation at yolk 

absorption than at hatching .. 
Incubation of :;ockeye and pink salmon eggs to yolk absorption at 

different temperatures has been shown to require less temperature units 

as temperature increases {Table 5) (Brannon, International Pacific 

Salmon Fisheries Coillllission, manuscript). The relationship is 

sigmoid and slightly different between the two species at higher 

temperatures {Fig. 12). The data show that a strong compensation 

exists in the relative pace of development, especially at low and higtt 

temperatures. 
This compensatory behavior is similar to that shown by coho 

salmon, although incubation time for the form~r two species is much 

longer. 
However, some noticeable differences in developmental compensa ... 

tion to temperature between these salmon species do exist. Coho 

embryos do not appear to have the same degree of compensation over the 

entire range of suitable incubation temperatures as do sockeye 

embryos (Fig •. 12). For Dungeness coho, compensation is most evident 

at temperatures below 4.5° and above 11°C. From 6.0° to 11°C, there 

is little effect on pace of development due to compensation. UW coho 

shows much the same behavior. This pattern of compensation contrasts 

to the one shown by sockeye salmon, which compensates over the entire 

range of incubation temperatures. 
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Table 5. Days and temperature units required during incubation from 
fertilization to yolk absorption for sockeye salmon and 

·pink salmon. (Data taken from Brannon, International Pacific 
-Salmon Fisheries Conmtssion, manuscript.) 

Temp. °F : Sockexe Pink 
Constant . oc days T.U. c.u. days . T .U. c .. u. 

34 1.1 341 682 379 

36 2.2 278 1112 618 

38 3.3 238 1428 793 

40 4 .. 4 190 1520 844 

42 5.6 169 1690 939 169 1690 939 

44 ~.7 148 1776 987 

46 7.8 130 1820 1011 

48 8.9 124 1984 1102 

50 10.0 106 1908 1060 

52 11.1 94 2068 1149 101 2222 1234 

56 13.3 91 2184 1213 

58 14.4 88 2288 1271 

60 15 .. 6 85 2380 1322 
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The difference in compensation may be explained blf the fact that 

coho salmon are late fall spawners and their eggs normally incubate 

over a much shorter period of time than do sockeye eggs. With a short 

incubation period, compensation may exert only a minimal influence on 

development in tel'Tfi~, of the number of days required to emerge. Its 

role be~omes more impor~~nt only when incubation temperatures are well 

below (or above) normal. 

In general, greater development per unit of temperature at low 

temperatures and lesser development at high temperatures per unit of 

temperature enables salmon, which incubate over a wide range of fall 

and winter temperatures~ to some~1hat reduce the influence or such a .. 

range in temperature on the fry's emergence timing~ This compensatory 

behavior helps to ensure that most of the offspring will emerge within 

a few days of each other and at the optimum time in the spring. 

A narrow span in time of emergence acti.vity in the early spring 

is advantageous to the fish if it is synchronized with a corresponding 

peak of productivity in the stream. This timing of emergence is pre

determined by the timing of spawning of the adults in the fall. Tha 

timing of spawning is in turn influenced by factors that are both 
. 

genetically controlled and enrironmentally induced. The instinctive 

timing of spawning that has been fine-tuned to the temperature regime 

of the native stream can be modified by unfavorable water conditions. 
,, . 

Adult salmon may delay or hasten their timing of spawning depending on 

stream flows and temperature. This behavior encourages the adults to 

select a spawning time, based on the environmental information available 
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to them in the falls that will result ih an optimum time of emergence 

of fry in the spring. 

As soon as the eggs are safely buried in the redd, the responsi

bility of the parents ends. But developmental compensation, like a 

built-in, self-adjusting timer, provides a safeguard that can modify 

the pace of development to buffer the influence of any unforeseen 

fluctuation in the temperature regime of the stream during incubation8 

The findings of this study once again point to the major short

coming of the thermal sums hypothesis and Wallich's system; that is, 

the assumption that the speed of development is constant at all tempera

tures that are tolerated by incubating eggs. In the case of coho, 

sockeye and pink salmon, the pace of development is not constant over 

the entire range of temperatures.. The ~ccumulaticn of one t.u. at 

lower temperatures results in a greater amount of development than at 

median trneperatures. Conversely, at high temperaturesll one t.u. 

results in less development. 

Most plst experiments on salmon egg development have been con

ducted with temperatures in the median range and were usually termin

ated at hatching. But the results of the present study shows that 

the respofise of the embryo to temperature at the median portion of its 

ravage is very different from that at the extreme portions. Further

more, ·hatching may 110t be an appropriate stopping point. for experi

~-i•tatio_n since this stage has little adaptive meaning to thr~ fi~h .. 

Incubation of embryos to yolk ab$orption would provide more valuable 

insight on the response of salmon e.11bryos to temperature$. 
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SUMMARY 

1) The lower lethal threshold for the nonnal development of UH coho 

~ggs is between 0.6° and 1.3°C. The upper threshold is between 

12.4° and 14.4°C. Good survival of both eggs and alevin occul"red 

at incubation temperatures between 1.3° and l2.4°C. 

2) Dungeness River coho, a population with a colder thennal history 

than UW coho~ did not survive high incubation temperatures as 

well as UW coho. Good survival occurred only at incubation 

temperatures below 12.5°C. Alevin mortality in e:.<cess of 50% 

at 12.5°C indicates that the upper lethal threshold is between 

10.9° and 12.5°C. 

3) Incubation temperatures between 4° and 6.5°C produced the best 

4) 

fry in terms of fish body weight and effic·iency of yolk absorption. 

The rate of development of coho~ measured by the incubation 

period, was accelerated at high temperatures and slowed at cold 

temperatures. 

5) The relative pace of development at various temperatures, inferred 

by the number of thermal units required to reach yolk absorption, 

·is greater at low temperatures than at high temperatures. The 

accumulation of one temperature unit at low temperatures results 

in a greater amount of development than the accumulation of one 

temperature unit at high temperatures. 

6) A plot of the number of centigrade units required to reach yolk 

absorption and temperature shows that embryos at low temperatures 

required fewer than one-half the number required at high 
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temperatures. The relatiO!" is sigmoid and is similar between 

the two populations of coho salmon. 

This compensation in the pace of development of coho salmon 

embryos helps to ensure that young fry .will emerge at the optimum 

time in the spring.. It is a safeguard against any unforeseen 

fluctuations iri water. temperature during incubation. 

8) Developmental compensation in sockeye and pink salmon, both early 
. 

fall spawning species, has been shown to occur throughout the 

range of incubation temperatures.. 0~ the other hand, coho salmon, 

a late fall spawning species, compensates in its development only 

when im.;u£~~3tt.toil temperatures are at the low or high end of its 

range. 
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