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ranging from 0.1° to 17.0°C'from fertilization to yolk abserptien.
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0.5°C prddﬂced fry with the greatest dry body weight and yolk absorp-

- N . - N N . N
o . . R
PRt o s oreryccas e C— -
S i 2z 5 (RErmion= 5 s
S . i LT PR 5,
T % ) o

was greater at low temperatures than at high temperatures. Fewer

‘variables of both the number of days and thermal units to reach both
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“two stocks of coho and to that of sockeye and pink salmon.
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Coho salmon eggs from the University of Washington Hatchery (UW)

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

The~1ower‘1ethaT threSho]d_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 ccho and between 10.9° and 12.5°C

for Dungeness River coho. Incubation temperatures between-4.0° and

tion efficiency. Pace of development inferred by the number of thermal
units required to reach hatching and yolk absorption wae not constant

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

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

50% hatching and yolk absorption showed that they are notelinearly»

related. Developmental compensation behavior was compared between the
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INTRODUCTION

Coho salmons Gnccrhynchus kisutch, generally spaanin smalil

| tr1butary streams that are subject to greater diel and annual tempera-
ture var1at1ons than wouid normally be exper1enced in larger rivers. -
Th1s spec1es general]y spawns 1ater in the fall than the other PdC1f1C
salmon when r1ver temperatures are coo11ng rapidiy. 1ts eaas exppr1-
ence colder water temperatures during spawning and early 1ncubat1on
than do early-fall spawning species, such as sockeye, 0. nerka, and
pink saimon. O. gorbuscha.

As poikiiotherms, developmental rates of salmon eggs are affected
by température changes in the stream e environment. However, coho salmon
egEs may be more influenced by environmental perturbations than other
salmon species because of their more variable jncubation habitat.

A one- or itwo-degree change in winter low temperatures may significant-
1y alter hatching time and ultimately influence emergence timing of
coho salmon fry. |

There is currently very 1ittle published data on the effects of
tempPrature upon the development of coho eggs. What is the range of
temperatures tolerated by incubating coho embryos? How do coho
embryas 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 coho embryos
to temperature different from that exhibited by early-fall spawn1ng
species?

This study was undertaken to further investigate the influence of

témperaturesonrcoho development. The objectives were defined as‘fo1lows:
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'1) Provide baseline data on the rate of development of coho

!

i’-‘g"'r’”«"*’rmw'é? r"arw*suwmtvﬁ‘ e

eggs at various constant temperaturgsrranging from near

‘freeZing’to?17°C.

P

2)"-EStab1iSh the upper and lower terperature limits for_‘
successful coho incubation. |

3} Determine whether the effect of temperature on {he pace of

ik e e

development of coho embryos is the same as that of other

salmon emtryos.
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N REVIEHVOF SELECTED LITERATURE | |

o The effects ef tempefature cn fhe speed of development of fish
eggs have long been of intense interest to fish bieidgists. ‘The thermal |
sumsAhypothesfs wes one of the first fu]es to be apb]ied to the develop-
ment of iiving organisms by fish bio]egistsf The hypothesis states
that deVelopment is the sum tptal of an organisms's*thermaT experience
end can be expressed by the formula yx = k, where y is time of develop-
ment, x is temperature, and k is a censtant. The product of time and
temperature is conStaﬁt at all normal temperatures and the graph of
1/y = kx is a straight Tine. This rule formed the basis for many
subsequent hypotheses.

Ohe 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, Salvelinus fontinalis. He incubated brook

trbut ngs in average water temperatures ranging from 37° to 54°F and

-
. .

noted the number of days required to hkatching at these temperetures.
His data showed that fewer days were required as temperature increased
(Norris 1868; Embody 1934).

An often quoted "rule of thumb" was stated by Seth Green (1870):
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"T?out 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 Vess will be
reéuired, the differenceayhowever, increasing the farther we recede

| frbm‘SO degrees@" This rule was widely embeaced by fish culturists
unti1 1901, when Wallich offered a more quantitative methed for moni-
toring fish egg development. He callad it the "temperature or thermal

unit.system;“ Based on the thermal sums hypothesis, a temperature




4
unit (t.u.) was defined as 1°F above 32°F for a period of 24 hours.
Thus, eggs incubating~at a mean daily temperature of 50°F would accumu-
late 18 t.u. per day of incubation. Working with chinock salmon eggs,

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

from fertilization to hatching was constant over all temperatures that
were normal to the eggs. He found that'about~900 t.u. were needed for
eggs toc hatch at incubation temperatures between 42° and 51°F. The
temperature unit system offered a convenient way of monitoring develop-
ment and is still widely used by 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 oh data presented by
Dannevig‘(1894), who successfully incubated cod eggs at -1°C for about
one menth. These eggs later hatched normally when transferred to 6°C.

Apstein {1909) propbsed an alternate thermal unit system. His
temperature unit was called a "Tagesgrade." A,tagesgréde is the
product of temperature in centigrade and days. It differed from
Hal}ich's temperature unit in that it was reckoned from the lowest
pofntat which development could occur and not from the freezing point
of water. .

Van't Hoff (1884) observed that the velocity of certain chemical
reactions progressed at a geometric rate when the temperature was in-
creased at an algebraic rate. Van't Hoff*s'010 proved to be unsatis-

factory when applied to the data of Dannevig by Johansen and Krogh
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5
(1914), who concluded that the reciprocal of the number of days to
‘hatchingxand~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

. IE
.‘ !E but rather from the metabolism of egg tissue. This view differed from »5_
ig that of Reibisch, who thought that some heat from the outside was 54
. necessary for development. '
.2?,!5 It has been shown that temperature certainly has an effect on the 5?-
!;? : development of fish eggs. It acts as a catalyst for the chemical reac- '§;::
§  !g tions that are necessary for the development of the embryo. The com- ?

plexity of the 1iving cytoplasm and its response to temperature makes
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it almost impossibie to expréss satisfactorily the speed of development
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by a mathematical formula. Belehradek (1929) recognized this problem

and pointed out the deficiencies of the formulas of Van't Hoff and 3
| | b
Arrhenius, which are essentially the same. Both assume that a given g
3
difference in temperature will result in a proportional difference in }? ‘
| | 1if

the speed of development that is constant throughout the temperature

range of an animal. Belehradek modified the thermal sums hypothesis
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to the form
y= ks

i: whers b is a new constant. According to Belehradek, this formula
??  ‘takes into account the greater effect of a 1° increase in temperature |

gé E% 8 at low temperatures %han at temperatures near the optimum . ’This ~%
aﬁ i = | réjationship he felt better approximated real life. - e ;
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6
Seymour (1956), work1ng with chinook salmon eggs at the Un1vers1ty
of wash1ngton, found that the speed of development in constant tempera-
tures rangwng from 40° to 58°F was adequately expressed by either the
thermal sums hypothesis, the Belehradek equat1on, or an equat1on of
the !og1st1c curve (Davidson, 1944). 1In a more recent paper, Alderdice
and Velsen (1978)‘assemb1ed data from the literature on chinook salmon
7inc0betion and fitted them to different forms of the same three equations
used by Seymour. They found the 10o-1nverse form of Be]ehradek S equa-
- t1on best fitted the data. They also found that at temperatures below
4°C, the thermal sums hypothesis tended to overestimate hatching time.
This suggests that the rate of development is not constant in relation

to temperature throughout the range of temperatures compatible with the
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egg. Specifically, chinook eggs developed at a faster rate than would
be expected at temperatures below 4°C.
This apparent acce1eration of development at low temperatures was ‘

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

. Bt e

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

SN sy

the curve at temperatures below 3°C and above 10°C. He concluded that
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brook trout eggs developed faster than normal below 3°C and slower than

normal at temperatures above 10°C. He believed that temperatures
between 3° and 10°C produced & normal rate of deveTopment. He also
observed a similar speeding up of development in the rainbow trout,

Saimo gairdneri, at temperatures above 9°C.

Price (1940) found that the speed of deve1opment of the whitefish,

COregonus c]upeaform1s, embryos to hatch1ng differed at temperatures

~ above and below 6°C. An increase of 1?5 at temperatures below 6°C




increased the speed 1.205 times, whereas a 1°C increase at tempera-

tures above 6°C increased the speed by only 1.157 times. |
_Brannonr(lnternational Pacific Sa?mon’Fisheries Commission,

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

an increase in temperature units is required to reach yolk absorption
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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 Tow temperatures than at high temperatures. Otherwise, the

number of temperature units required would be about equal at all

temperatures.

A distinction needs to be drawn between the rate of development
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defined by the number of (or a transformation of) days required to
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hatching and what may be called the pace of development that is impiied
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by an interpretation of the number of thermal units required to hatching.

yhe s
1

The former definition involves a measurement of time (incubation period)
whereas the latter is a more general indicator of the relative amount
of embryonic growth per unit of temperature experienced at different

temperatures. By the first definition, a Taster rate of deve1bpment
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is inferred if the incubation period of eggs at a particu]ar temperature
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decreases (with increasing temperature) by an amount less than that
expected from a proportional decrease at another temperature. This

was‘essentfally how the previously mentioned investigators, with the

o

exception of Brannon, interpreted their data on egg development. A

greater pace of development, on the other hand, may not be directly
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reflected in the incubation period of the egg. The incubation period
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still decreases with increasing temperature but the number of t.u.

required to reach hatching should remain about the same over al}

temperatures if the pace of embryonic growth is constant (Hallich 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 produced by the accumulation of one t.u. is
greater at temperature A than at temperature B. Confusion can arise
when one ponders the apparentcontradiction of a greater pace of
development at cold temperatures with a corresponding lengthening of
fhe 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 ténded to consider only the central or linear nortion of the
developmental curve. Many extrapolated the curve to determine the
threshold temberature, which usually resulted in a subzero temperature.
But the lower;lethaT temperature of most fish eggs is usually above 0°C.
Granted, the éentra] portion of the "real-ljfe" developmental cu}ve is,
in all probabf1ity, Tinear, as is evident in the works of the afore-
mentioned invéstigators. But it is the nonconformity of the extremities
of the cufve that is-of special interest. Many investigators tonsidered
these‘out1ying temperatures as being "abnormal." But winter Tow tempera-
tures in many’streams often decrease to these levels. To the developing

embryo, these temperatures represent a stress that has to be dealt with
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MATERIALS AND METHODS
197?
| The study was ﬂonducted over a two-year period. In the first

year, 1977, canstant tempﬂrature 1ncubat1on exner1ments were conducted
using coho eggs from the Coilege of }1sher1es, University of Washington
(UN) Hatcheny and the Dungeness szer Hatchery on Hashington's Olvmpic
Peninsu]a.‘uThese two pdpulations of coho were chosen for this study
becauée of their distinctTy different thermal history.

The UU cohO'originated from a stock inhabitating a stream with
relat1ve1y m11d temperatures. Since their introductidn the

UN coho have been exposed to even warmer incubation conditions

A i et W RASWED .
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(Dona1dson,and Brannon, 1976).

3 X

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

3
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environment for its residents. Winter low temperatures often remain

L .

£
WA

at near freezing leveis. Incubation temperatures in the Dungeness

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

(Branﬁun, personal communication). A comparison of the thermal

o i

toierance and rate of development of these two popu]at1ons of coho

i
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salmon will provide 1ns1ght on the early 1ife environmental phys1o]ogy

of th1s species.

Incubation Tables

A tota1 of nine incubation tables were built from nlywood that
had been coéted with fiterglass. Three tables each had a capacity of
64 1ots of eggs and the other six each had a 16-lot capacity. The
three 1arger tab]és were built to accommodate the large number of égg ~

ots required for another study. The construction of an incubation
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: tab1e similar to the larger cnes was descrlbed by chkey, Hershberger,

and Dong (1979).

Brtefiy, each large table was a hollow box neasuring 2' x 8' and
3" deep with s1xty-four ha?es drwlied in the table top. Each hole was
made to accommodate an incubation cup 2 1/2" deep made from } 1/2" |

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

the cup with PVC cement so that eggs could be pTaced 1nsxde. The cups

were set into the holes in the table top and held secrue by an "0" ring

made from surgical tubing. Thus, each cup cpu1d be moved easily in

~ and out of the hole.

Natér was introduced to each table from a submerged perforated
pipe running the entire length of the table. Water upwelled through
the fiberglass scréening, bathing fheveggs, and exited out the top of
each cup. A 3" 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 tables measured 2’ x 2' and 3" deep and were of
s1m1iar construction as the larger ones. A1l nine tables were fitted
with covers made from wood mo1d1ng and black plast1c to provide dark-
ness for the eggs. |

Temperature Control

A steam-heat exchanger warmed water pumped 1nto the UW Hatchery
from Lake Nash1ngton, Chilled water was provided by coo]1ng filtered
c1ty water in a 300-ga110n Sunset brand milk cooler (Hodel No. MC-3CupPX)

driven by a 1 1/2-ton compressor. The cooling powerrof the milk‘cooler

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

~with thermostats and eutlet temperatures were maintained at 17.0 and

1.3°C, respect1ve1y.

The two tempered waters were piped via separate PVC piping to
each incubation tabie., The desired temperature and flow rate to each
tabTe were attained by mixing the two waters by means of PVC vaives.

The whole water system worked by grav1ty flow. Flow rates were 3.5

~1/min in the large tabies and 1.0 1/min in the 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

form 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 s1ight difference in the incubation temperatures
exper1enced by the UW and Dungeness eggs due to the manner by wh1ch
tempered water entered the tables. Because water entered at one end
of_the‘table, a temperature gradient existed between the "inlet" and
the "outlet" ends of the tables. The gradient was more pronounced in
the three Tonger tables. At times, this gradient was as high as 1°C;
however, it d1d not alter the 1ncubat1on temperatures of the duplicate
lots of each pepulatlon in the tabies because they were always placed
in adgacen; holes. The UW lots were placed at the "inlet" end,
whereas the Dungehess eggs were pleced near the "outlet" end. Eags
were,a1so incubated inside the milk‘coolerrto teke advantage of the
co]deSt water available. (Eggs were placed inincubation}cups and

then suspended by stainless steel wire.)
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The actual temperatures exper1enced by each populat1on in the

1ncubatzon tables were as follows:
UN»eggs: 1.3° (inside cooler), 2. 5°, 3. 0° 4.0°, 6.1°,
O 8.4c, 10.2°, 12.8°, 14.8%, 17.0°C.
Dungeness eggs: 1.3° (inside cooter), 2.4°, 3.1°, 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 caIibrated to 0.1°C intervals. Temperature in each

tab]erwaé»recorded at least three times a day and‘then_averaged. The
rahge;waso.S?C at all temperatures. Two Bristol thérmograph recorders
c0ntinuous1y monitored the water temperature at the milk cooler and
héat exchanger outlets.

Fxper1menta1 Procedure

On November 25, 1977, eggs were stripped from fourteen ripe female
Coho sa1m0n from the UW Hatchery homing pond and then thoroughly mixed
to insureAa homogeneous samp?é. Using 50-m1 graduated cylinders, I
divideq the eggs into 50-m1 egg lots qndp1aced them in small styrofoam
cups. Miit cantaining\sperm from ten ma]es was mixed together and
0.5 mi ofnmi1t,was injected into eath‘cup ﬁith a syringe. The egg
And.sperm mixture was stirred and water-activated, and duplicate lots
were placed in the appropr1ate incubation tables.
| Dungeness eggs taken from six femaies and fert111zed with milt
from fbur ma!es arrived at the UW Hatchery on Derember 9,.1977. These
eggs had been fertilized about four hours before arrival and were
transported in quari-size glass jars fil1ed with river water. The

eggs were divided into lots and placed in the incubation tables.
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14
Dupiiéate lots were placed i» adjacent holes in the incubation table to
minimize experimental variation.
| :Mortality in each cup was recdrded daily. Egg samples were taken
every week -- more frequently at the higher temperatures -- and placed
in Stockard's solution to examine the embryonic déveiopment. Time to
50% hatching {H50) was determined by céunting the number of hatched

eqgs 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 "buttoned 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

still remaining in the yolk sac. However, if the fish were allowed 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 exveriment at each
temperature had to occur before all the fish were buttoned up. The
’experiment was terminated when approximately thirty individuals in
éadh 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

“weré Separatéd from the fish and the two parts were dried for 24 hours

at 90°C. Dry weights were made on a Mettler Gram-matic balonce to the

hearést'o.ol mg. Al samples were kept in a desiccator during the

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

o | Yi - Yt
% yolk absorption = — X 100

.‘l’

where Y.* = average dry‘weight of undevn1oped egg
(without the chorion)

= dry we1ght of yolk remaining at term1nat1on

t of experiment.

Yoik absorption efficiency, expressed as a percentage, is

defined as follows:

| | dry fry weight
% yolk absorption efficienty = — — X 100
Y,i - Yt

100% yolk absorption efficiency would be achieved 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 eon the rate of absorption

up to the point of termination:

* Since it was not feasible to determine Y; of a live experimental
fis’hs‘.Yi was estimated by averaging the yolk weights of twenty-five

~ undeveloped eggs.
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-+ Dygp

~ estimated days to 100% yolk absorption =
. . % absorption at
termination

“where Dt'='number of days to termination of experiment

DHso = numbef of days to 50% hatch.

_ This;equatibn,assumed that aksorption of the remaining yolk would have
prcceededﬂat the same rate as during the period from hatching to
termination. '

| Egg and aievin;mortaIity at each temperature were used to deter-

mine the viability of these two populations of coho at those tempera-

R L a T RA LY 2

~tures. Upper and lower lethal thresholds were established based on

the foilowing criteria: -A‘particu1ar temperature was considered to be

o et
S

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

_,eggs‘died,,nr,Z)‘more than 50% of the alevins perished. In other words,

ip
o
M q:»
A
e
123

:

a témperature was considered compatible to coho embryos only if both
egq and‘aTevin,surviVul was greater than 50%. |
Analysis of Variance and the Student-Newman-Keuls multiple com-
périsons procedure were used to test for the most,compatible tempera-
~ tures for egg incubation for‘each population based on dry fry weight and
yolk absorptiOn efficiency. | o
Deve1opment was monitored using the temperature unit system in
degrees centigrade. This "centigrade unit" {c.u.) was adopted to
5faci11tate 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 reach both H50 and yolk absorption were generated to compare the
develcpment of these two coho populations to each other and to that

E of sockeye and pink saimon, which are early fall spawners.
Results Trom.the experiments conducted in 1977 indicated that the
lower lethal threshold for coho salmon egg incubation was colder than

1.3°C. It was decided to incubate additional =ggs at even lower

~tempurature. The milk cooler was adjusted to 0.6°C for this purpose.

In aidition, eggs were placed in an ice bath at a temperature of 0.1°C.

The ice bath was made with water from the milk cooler, and the eggs-

water-ice mixture was placed in a 1/2-gallon covered‘plastic container
and then refrigerated. Once a day, some «f the water from the ice
bath was carefully replaced with fresh water and ice. Dissolved oxygen

in the 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‘saTmon from the UW hatchery were fertilized with milt collected
from,seven males. The egys were fertilized and divided into egg lots

using the samg procedure as described for 1977. Dublicate lots were

~placed in the milk cooler and in the water-ics mixture. The experiment

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




RESULTS

For M coho, experimental lots at 17.0°, 0.6°, and 0.1°C suffered
1Q0% morta1itywith the majority perishing before b1ast0pore ciosure
(fabTe 1). There were no survivors to the eyed stage at 17.0°C. Only
seven egas (3.2%) developed to that stage at 0.6°C and all of them
diedishort1y thereafter. AT% eggs incubating in 0.1°C had died after
19 days. Fixation of these eggs in Stockar&ls $o1ution revealéd very.

- Tittle development had occurred up to that time. Only four eggs (2%)
showed a cell mass that could be considered a blastodisc. Incubation

temperaturé of 14.4°C also appeared toc be lethal to UW coho; only about

15% of the eggs hatched successfully and these showed a high alevin
morta1ity. Temperatures between 12.4° and 1.3°C seemed to be compatibie
with normal ambrygnic'development. Hatching success and alevin mortal-
ity Wgre comparabie at all temperatures within this range. Alevin
abnormaiity was Tow at these temperatures. However, the incidence of
labored, head-first hatching was high at temperatures colder than 4.0°C.
At warmer temperatures, notabiy 17.0° and 14.4°C, many of the eggs
erupted with yolk material extruding. |

Constant temperature incubation data for Dungeness coho are pre-

| sented 1in 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-

iion;  Although egg mortality was not extreme1y high at that temperature,

both experimental lots suffered aVevin mortaiity in excess of 50%.




‘Table 1. Data on the survival and 1ncubation char'acteristics of U4 coho salmon eggs and a1ev1ns in
‘ water of constant temperatures.

-

£gg No. of Alevin  Days to ) % yolk - Estimated  Estimsted
- Temp., wortality % abnor- mortaiity  50% to '50% hatch “ Days to  absorption days to 1008 to loox absor, tion
°C ' 38 hatched maiities % hatch c.U. T.U...tcrmination~, at term, absorption ,

17.0 100
172.0 160

14,4 84.8
14.4

12.4
12.4

10.2
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0.‘ 10000
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* Only ore lot was incubated at this temperature
Sp = spinal
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. Table 2. Data en the survival and ihcubation characteristics of Dungeness coho salmon eggs and
| alevins in water of constant temperatures. - S | R

s

, : Egg No. of Alevin Bays to - f % yolk Estinated  : E#timnted
Temp. mortality % abnor- mortaiity 50% “to_50% hatch Days to absorptfon days to 100% to 100% absorption
°C. 2 hatched malities 4 hatch C.ue 1.0, termination at term. absorption "T.U. ?.u;

100
100

99.0 1.0
9.0 1.0

74.0
79.2

89.4
9.3

91.5
88.0

93.7
93.5

93.6
95.7

81.7
9.0

93.7
94.1%

89.83 ' 1.0
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* Only one 1ot was fncubated at tiiis temperature.

Sp = spinal
Tw = twin
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. Table 2. Data on the survival and incubation characteristics of Dungeness coria saimon eggs and |
alevins in water of constant temperatures. |

N

Egg " MNo.of Alevin  Days to %yolk  Estimated  Estimated
Temp. mrtality’ % - abror- mortality 50% “to 508 hatch Days to absorption days to 1008 to J00% absorption
°C. z hatched malities 1 hatch t.u. T, temination at term.  absorption T.UC F.u.

100
100

99.0
%a
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* Only one lot was incubated at this temperature.

Sp = spinal
Tw = twin
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IncubatiOn»tempenatures of 10.9°C and below appeared to be compatibie |
with normal development. | |
The incubation period of both populations of coho decreased with

increasing temperature. For UW coho the number of days required

‘to H50 ranged from 188 days at 1.3°C to only 32 days at 14.4°C. Estié

mated number of days to reach 100% yolk abSofption were 307 and 62 at
those respective temperatures. The incubation pericd of Dungeness coho
similarly decreased with increasing temperature; At 1.3°C, 196 da}é
vere }equirad to reach H50 and an estimated 299 days were needed to
reachléﬂo% yolk absorption. At 12.5°C, only 37 days were neaded to
reach H50 and an estimated 71 days to reach 100% yolk absorptioh.

On the other hand, the number of centigrade units required to
. reach H50 and 190% yolk absorption increased with increasing tempera-
tﬁre. For UW coho, the number of c.u. required to H50 ranged from a
Tow 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 reqch
H50 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
temperatﬁres. again 2 difference of over two-fold.

In this study, the number of c.u. required to hatching and yolk
absorption at each temperature was analyzed to reveal any differences in
the rate and pace of deve1cpment of coho eggs. The statistical tech-
niquelaf least squares regression was employed to generate a set of

best-fit equations for the indeperdent variable of incubation temperature
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',aﬁd-the dependent variabies of number of days~required to reach H50,
number of c.u. reQuired %o H50, number pf days to 100% yd]k absorption,

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

TS

Yy

in Figures 1 to 8.

]

LTIy T

For both pbpuTations of coho salmon. the incubation of alevins at
 the highest temperature at which some fish survived to termination
(14.4°c for U 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
'“/fCTOSéP in size to those reared at more moderate temperatures. For UW
ccho saimon, the 1owest dry fry weight was recorded at 14.4°C. For
DungeneSs River coho saimon, both average fry leﬁgth 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 absorption efficiéncy was very
cqmparab1e to those of other temperatures§ and in many cases, it was
higher. In the case of UW coho; the ef%iciency at 1.3°C was higber
than those of other temperatures except at 4.0° and 6.1°C.

Analysis of variance of the alevin data and subsequent multipie
range tests using the Student-Newmatheuls procedure revealed that for
Uw5coho,'dry fish weight at termination was Towest at 14.4° and 2.5°C
andrhighést at 4.0°C (P = 0.05). Yolk absorption was least efficient
‘at 14.4°C and most efficfent‘at 1.3, 4.0 and 6.1°C (P = 0.05). For
Dungeness ccho, dry fish weight was lowest at 12.5°C and highest at

4.7 and 6.5°C (P = 0.05). Yolk absorpticn 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.  UN Coho. |
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Figure 2. A plot of the quadratic line of the regression of days
| to H50 vs. temperature. Dungeness Coho.
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‘Figure 3. A plot of the quadratic Tine of the regression of days to
100% yolk absorption vs. temperature. UW Coho.




%

362.95 - 52.08 (Temp) + 2.32 (Temp?)
 R®=0.99

Ny
3
Q

Ly
ul
Q

<
]
| e ]
e
.
oz
O
K72
00
c
x
d
©
B
—
<
TR
O
|5
i)
Q.
Q
o
-y
o
—
w
v
a
Q

=
Q
> |

5 8 10 12 14
TEMPERATURE °C

Figure 4. A plot of tﬁe quadratic line of théjregression of days
to 100% yolk absorption vs. temperature. Dungeness Coho.
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Figure 5. A plot of the cubic line of the regfession of C.U. to 100%
yolk absorption vs. temperature. UW Coho.
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Figure 6. A plot of the cubic 1ine of the regression of C.U. to
' 100% yo!ktabsorption vs. temperature. Dungeness Coho.
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Figure 7. A plot of the cubic line of the regression of C.U. to H50
vs. temperature. UW Coho.
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‘Table 3. Summary of alevin size and yolk absorption efficiency of UW coho salmon ﬁncubated in
water of constant temperatures. N = 25 at each temperature.

| Average dry weight - Average dry wt. of . | A
Temp. Average of yolk remaining at fish at termination % yoik absorption % yolk absorption
C. Length ?mn termination (mg) s (mg) s at temination ] efficiency

W4 Mot awall. I RY: : 8.05 6 9.3 | 50.7
12.4 30.6 . 10.7 . 44.66 ‘. 86.9 63.3

10.2 0.6 1.1 12.29 . 43.18 . 5.0 3 6,7
84 N0 10.21 21 a6t 87.5 2 66,7 (.5
6.1 3.9 : 0.41 : 51.14 K 873 . 72.6 -
4.0 72 TR O 12.68 , 47.91 8 84.3 : Nno |
2.5 0.4 1. 1.3 .22 41.26 : 86.2 ' 58.8 |
1.3 32.7 ~ 18.4 . 46.86 . 82.4 : 70.4

s s standard, deviation

Average fnithl yolk welght "i) of 25 unfertiifzed eqggs (without chorion) = 81,97 mg,
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Table &.

Summary of alevin size and yo1k~abso
1n water of constant temperatures.

rption efficiency of Dungeness coho saimon incubated
N = 25 at each temperature. '

qgm.

Avera?nm

C. Length

Average dry wel

of yolk remainin
termination (ng

ght

g at

Average dry wit. of

S

fish at termination
{mg)

% yolk absorption
at termination

% yolk absorption

efficiency

12,5
10.9
8.3
6.5
6.7
2.8
1.3

28‘8

" 30.9

30.8
3N.7

- 31.9

.30.8
31.3

10.74
10.97
9.51
9.17
7.15
11.14
11.12

8.83
3.59

XY

2.62

3.59

5.01
3.82

34.41
43.40
43,26
86.47
84,58
‘38,99
;.19

34.5
86,3
86.4

+ 86,9
89.8
84,1
88.1

58.7
7.1
72,9
76.8
7.5
67.2
70.4

3 = standard deviation
Average initial yolk weiaht (Yg) of 25 unfertiiized egas (without chorion) = 69,95 mg.
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DISCUSSION

‘Constanthemperature Incubation

Using the-criterie set up previousiy, the upper lethal threshold
for UW coho salmon incubation fails 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 1.0°C. Although the
1etha1ythresho1ds cannot be determined exactly, it can be concluded that
they fall within the range of temperature outlined above.

Dungeriess coho appear to be more sensitive to warm incubation
temperatures than do UW coho salmon. For Dungeness coho, the upper
1imit§ for egg incubation fall in the same range as that of UW coho,
but alevin mortalfty in excess of 50% indicates that temperatures
cooler than 12.5°C are required for normal development. The upper
1etha1 threshold for Dungeness coho incubation is between 10.9° and
12.5°C. Extrapoliation of the alevin mortality curve (Fig. 10)
suggests that 50% mortality 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 Dungeness
River are genéral]y much cooler than the hatchery water at the UW.
1t would have been informative to have incubated Dungeness coho eggs
at temperatures below 1.3°C. Total mo?taTity of egg and alevin combined

for both stocks of coho is presented in Fig. 11.
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| it shoqu be emphasized that these threshold temperatures werer
der1ved under constant temperatures. It is un1ike1y that coho eggs
would experwence such extreme temperatures in nature immediately after
fefti11zat10n. The toIerance_of salmon eggs to extreme temperatures
has been shown to improve if 1n1t1a1 development was alsowed to pro-
"ceed at more moderate temperatures (Fish and Burrows, 1939; Combs, 1965).

The small overall size and poor yolk absorption eff1c1eney of fry

4y

o

at5high incubation temperatures (14.4°C for UW coho and 12.5°C for

AN,

,Dungeness coho) are consistent with the low survival of eggs and
alev1ns at those temperatures. The greater size and efficiency of yolk
absorpt1en of fry at the colder temperatures 1nd1cate that coho salmon
aievins are better able to tolerate unusually coid temperatures than
hiéh‘temperatures. |
' This tolerance for cold temperatures may be a selective advantage

tqéthe coho alevin since stream temperature generally remain con
thfoughout the winter. A winter cold snap lowers atmosphere temperature
whtch wi!l tend to Tower stream temperature.

converseTyghthe sensitivity of coho alevins to high temperatures
places the species in a vuTnerabTe position to any longéterm increase
‘1n stream temperature. Stream tempera*u“e can be 1ncreased by natura?
'events (such as volcanic act1v1ty) or by man's act1v1t1es (such as
~mt?ing of the heated effiuent of pewer plants with stream water and
,the Jaming of once free-flowing streams).

From the analysis of dry fish weight and yolk absorption efficiency,
it.appears that temperatures between 4° and 6.5°C produced the most

robust fry. These temperatures may encourage the a1evan to 1nvest more
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of the enefgy de?{vedvfrom the yolk material in tissue building than

~in maintaining body functions.

Variation in yo]k‘absprption efficiency within each temperature

~1s high due to the great'variation of dry yolk weights of fry samples.

The fish were at varioﬁs 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;negessity of estimating Yi by the average weight of eggs that
~were not actually used in obtaining yolk absorption efficiencies results
in the,in%lation 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
| ',lbe reduced by an increase in sample size. Nevertheless, significant

differences in yolk absorptﬁon efficiencies were obtained with a sample
size of twenty-five at each temperature. It is of interest to note
that thé yolk absorpticn efficiencies obtained in this study are notice-
ably higher than those obtained by Hayes and Pelluet (1945).

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

temperatures. Furthermore, they are able to tolerate incubation

temperatures that are colder than those tolerated by early fall spawn-

‘ing~sa1mon¢ Cambs and Burrows (1957) found that an incubation tempera-

ture of 35°F (1.7°C) resuited in 100% moriality of chinook eggs from
the Entiat River, WA. There was poor survival at temperatures below
40°F (4.4°C). Sockeye salmon eggs from the same river 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 tolerate
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- lower incubation temperatures is consistent with the fact that this

"""*\\\\\\fzzcies spawns later in the fall when river temperature is ccoling
: r

ddly.

N
- Developmental Compensation

;_;;Best—fit equations for the least squares regression of days or
c;uu}to reach H50 and yolk absorption were generated with data collected
from the 1977 =&xperiments, since none of the eggs in the 1978 experi-
ments ever hatched. Although the results weré based on data from only
one~year, they-are.significant’because of the high degree of correlation
‘between the tested variables (see'R2 values in Figs. 1-8). However, the
equations presented here are used primarily as tools to better under-
stand the relationship between development and temperature in coho

';sa]mon and not as predictors of hatching time and emergence.
The numper of days required to reach H50 and yolk absorption appear
not to be‘1inear1y related to temperature, as evident from a piot of
, the data points. The best fit line from the step-wise regression was
the equation with a quadratic term (Figs. ]’4)i The rise of the curve
“at the highest temperature in each case is an artifact of the quadratic
curve. It is very unlikely that the number of days to reach H50 and
yolk absorption would increase at temperatures higher than this.
HOweQer, the question is academic since coho salmon eggs cannot live at
those higher temperatures. The non-linear character of the curves
shows that the fate of development (as defined by the incubation period)
~is not coﬁstant over all incubation temperatures.
74‘ The decrease in the number of centigrade units required to reach

H50 and yolk absorption with decreasing temperature suggests that there




was a greater amount of development per unit of temperature accumu1ated
'at cold temperatures than at warm temperatures. This compensation
resu?ts in the pace of deve]opment being greater at low temperatures

~ and less at high temperature. The net result is a rate of deveiopment
(as-measured_by the incubation period) that is not constant over the

range of toiereble incubation temperatures. ><

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

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

The regression equation w1th three variables {cubic) would best £it this

relationship (Figs. 5 and 6). For comparison, the number of c.u. w
’reech‘HSO 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
-'andvs1ape of the curves are very similar. However, an examination of
the curves for the number of c.u. to H50 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 atvtemperaturee between about 8° and 13°C (Figs. 7 and 8).
However, this decrease was not Observediat 100% yoik ebserption

 (Figs. 5 and 8). There are two gossible‘explanations for this differ-
ence; | |

The Tirst explanation is that incubation temperatures between
8° ebd 13?Q‘can-everwhe1m'the,under]ying mechanism of developmental
tampensation which is operative in the egg at temperatures below 8°C.

After hatching, the alevin "corrects" for the lack of compensation in

2%5: [




a
the egg by absorbing the yolk material at a slower rate, thereby
feét@rigg the mpfe typicai shape of the sigmoid curve at 100% yolk

. absorpt_ibn.

An alternative‘explanation is *hat the decrease in the number

of c.u. required to hatching at temperatures above 8°C results from
théearly hatching‘of eggs at those temperatures. Ear?y{hatching may
be a mecnanism by which the eggs meet their increased demand for oxygen
as they develop to near hatching. If the Tevel of dissolved oxygen
bééomes_critica]z especially at warm temperatures, it may be more
advantageous for the embryo to hatch "prematurely” than to continue to
exist inSide the egg shell (Bams,~1969). Low dissolved oxygen levels
'trigger the release bf hatchéng enzymes which break down the egg

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

Salmo salar embryos without the egg membrane can extract two times
more begen from the water environment than unhatched embryos when
both are incubating in the same oxygen pressure (Hayes et al., 1951).

It is therefpre_possibYe that coho eggs incubating at temperatures
above 8°C had hétched prematurely because of & decreased level of dis-
so]védvoxygen at these‘re1atively warm temperatures, resulting in the
leve]inglof‘thevcdrve of the number of c.u. to H50 and temperature at
tempérétures above 8°C.

;Developmental tompensﬁtion at hatching also may be of little
a&apiative value to the fish., To an incubating embryo, hatching may not'
be as impoftant a stage, in terms of its overall survivé1,,as~yolk

| abSofption.“Hatching can be delayed or hastened by abnormal temperatures

‘and:dissoived‘0xygen levels but after hatching the alevins continue to
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live i e protected‘env1ronment of the redd Yolk absorntiob,‘en

,thé;-'*‘r hand, is c10$e1y associated with emergence from ‘the grave1

and thus affects the survival of the fry. This would account for
the apparent greater effect of deve1opmenta1 compensation at yoik
abserpt1on than at hatch1ng

Incubation of sockeye and pink salmon eggs to yolk absorption at
different temperatures has been shown to require less temperature units

as temperature increases (Tab]e 5) (Brannon, International Pacific

:Salmon Fisheries Commission, 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 highk

temperatures.

This compensatory behavior js simiiar to that shown by coho
salmon, although incubation time for the former 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 cuitable incubation temperatures as do sockeve

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

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

is Tittle 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.




- Table &. Days and temperature units required during incubation from
| ; ~ fertilization to yolk absorption for sockeye saimon and
pink salmon. (Data taken from Brannon, International Pacific
- Salmon Fisheries Commission, manuscript.}

Temp. °F. Sockeye
Constant | days T.U. c.U.

TR | 34 682
36 1112
38 1428
0

42

44

16
48

50

52

56

58
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Figure 12. The number of centigrade units required to reaéh yolk absorption for the
embryos of coho, sockeye and pink salmon incubated at constant temperatures.
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~_.coho salmon are late fall spawners and their eggs normally incubste
~ incubation period, compensation may exert only a minimal influence on

role becomes more important only when incubation temperatures are well

temperatures and lesser development at high temperatures per unit of ,‘ h

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

45

1,_TheﬂdiffErence‘in compensation may be exp]ained.by,the,fact that

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

development in term: of the number of days required to emerge. Its -._i‘

below (or above) normal. ; o o

In genéral, greater deve]opmen; per unit of temperature at low .

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

ey

and winter temperatures, to somewhat reduce the influence of such a_ Lo

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

o D QAR e A R e VT e e s T e 2 e e T e T et B D T Ve M et Sy T gt R e s T G I

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

Piad

Aynarrew,span in time,of emergence activity in the early spring Do
1is advantageous to the fish if it is synchronized with a corresponding C
peak of productivity in the stream. This timing of emergence is pre-
determinEd by the timing of spawning of the adu?ts‘in the fall. The |

timing of spawning is in turn influenced by factors that are both , k%

g
o
[
L4

geneticaily cantro]led and enrironmentally induced. The instinctive

_timing‘of spawning that has been fine-tuned %5 the temperature regime

of thg'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 encourayges the adults to

select a spawning time, based on the environmental information available ‘ 5:§fl .
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| _touthem in the fall, that will result in an optimum time of emergence

bf fny‘§n the spring.

As‘sooh as fhe eggs ére safely buried in the redd, fhe responsi-
bilitydf'thEparenté ends. 'Bﬁt developmental compensation, like a
built—in,‘seTandjusting’timer. provides a safeguard that can modify
the pace°ef'déVe10pment to buffer the influence of any unforeseen h
-f]uctuation in'thé‘temperature regime éf the stream during incubation.

| The findihgs7of this study once again‘point to the major shdrt~
coming of ﬁheftherma1 sums hypothesis and Wallich's system; thatvis,
the assumption that the speed of deve?dpmeht is constaht at a]l‘tempera-
tures that‘are'tolerated by incubating eggs. yIn the case of coho,
sockeye.énd pink saimon, thé pace of deveiopment is not cohsfant over
the entire ?éﬁge of témperatures, The accumulation of one t.u. at |
fower temperatures fesu!ts in a greater amount of development than at
median tmeperaturés. Conversely, at high temperatures, one t.u.
results in less development.

Most past expériments 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 resﬁoﬂse of4the embryo to temperature at the‘median portion eof its
range is very differéntﬁfrgm that at the extreme porticns.4 Further-
more,'hatching may hét be an appropriate stopping point. for experi-
meatation since this stage has 1ittle adaptive meaﬁing to the fish.
| Incubat{on of’émbryﬁs %o‘yb?k abscrptian would provide m@wé'va?uable

V insight on the response of salmon embryos to temperatures.




 SUMMARY
| The iower"lethei'thresho1d for the normal development of UM coho
eggs is between 0.6° and 1.3‘6.7 The upper threshold is between

12.4° and 14.4°C. Good survival of both eggs and alevin occurred

at incubation temperatures between 1.3° and 12.4°C.

Dungeness River coho, a popu!ation with a colder thermal history
than UW coho. did not survive high incubation temperatures as

well as UN coho. Good sur#ival occurred only at incubation
temperatures»beiow‘12.5°Ci Alevin mortality in excess of 50%

at 12.5°C indicates that the upper lethal threshold is between
10.9° and 12.5°C.

Intubation temperatures between 4° and 6.5?6 produced the best
fry in terms of fish body weight and efficiency of yolk absorption.
The rate of development of coho, measured by the incubation
period, was accelerated at high temperatures and slowed at cold
’temperatures.

The relative pace of deveiopment 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 Tow temperatures results
in a greater amourt of development than the accumulation of one
temperature unit at h1gh temperatures.

A plot of the number of centigrade units required to reach yotk
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 relation is sigmoid and is similar between

' thé two;popu1ations of coho salmon.

Thiscompensation’in~thefpace of development of coho salmon

, embnyos hélps‘to énsure that;young fry will emerge at the optimum
‘:time in the springa__lt is a safeguard against any unforeseen
'»flqctqations in water temperature during incubation.

Deveiopmental compensation in sockeye and pink saimon, both early
fé11 spawning spécies, has been shown to occur throughout the
,rgngé of incubation temperatures. On tﬁe other hand, coho salmon,
a late fall sﬁawning species, compensates in its development only
when inza%@iﬁ@n temperatures are at the low or high end of its

range.
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