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Eggs of the chum salmon 

(Oncorhgnchus 

keta) 

were 

exposed 

to various constant 

levels


of dissolved 

oxygen 

for a 

period 

of seven 

days. The procedure 

was 

repeated with 

fresh egg


samples

at various 

developmental stages.Temperatures 

were 

constant at 

10"C. from 

fertiliza-

tion 

to hatching. Estimates of oxygen 

consumption uninhibited 

by low 

dissolved 

oxygen levels


were obtained at various stagesof egg 

developrrLentfor whole 

eggs 

and also on 

the basis of


the weight 

of larvae, excluding 

the 

yolk. 

Eggs were most 

sensitive

to 

hypoxia 

between 

100-200


Centigrade 

degree-days 

and 

compensated 

for reduced oxygen 

availability by 

reducing the


oxygen 

demand 

and rate 

of development. 

Very low oxygen 

levels at early incubation 

stages


resulted in 

the 

production 

of monstrosities.

At about the time 

the circulatory 

system becomes


functional 

the 

compensatory reduction 

in ratr: of 

growth 

under 

hypoxial conditions 

is


reduced, 

but eggs 

no longer survive 

extreme 

hypoxial 

conditions. Eggs 

subjected to


low dissolved 

oxygen 

levels 

just 

prior 

to hatching hatch 

prematurely 

at a rate 

dependent


on the degree of 

hypoxia. 

The maximum 

prernature 

hatching 

rate corresponded 

approxi-

mately with 

the 

median lethal oxygen 

level. .Estimated 

median lethal 

levels 

rose 

slowly


from fertilization to 

hatching. 

Oxygen 

consumption per egg 

rose from fertilization 

to 

hatching


while 

the consumption per 

gram of larval 

tissue declined from 

a 

high to a low level 

at about


the time of 

blastopore 

closure. 

Subsequently, 

a slight rise in 

the 

rate 

occurred 

up to a 

level


which was more or 

less 

constant 

to hatching. 

"Critical" 

dissolved 

oxygen levels 

were calcu-

lated and 

they 

appear 

to define the oxygen 

level above which 

respiratory rate is unmodified


by oxygen availability. Critical 

levelsranged 

from about 1 

p.P.-. 

in early stagesto 

over 

7 

p.p'm.


shortly 

before hatching.


INTRODUCTION


L,tnoneronv ExrERTMENTs 

have been 

corLducted on 

eggs of the chum 

salmon


(Oncorhynchus keta) in order 

to 

investigate efiects 

of a 

low 

dissolved 

oxygen
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for publication 
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environment 

on their 

development 

and 

survival. During recent 

years a 

program


of ffeld 

studies 

at the Fisheries 

Research Board 

of Canada's Nanaimo 

Stition


has investigated 

factors 

wirich 

influence 

the success

of incubation and 

emergence


of 

free-swimming 

pink 

(O. 

gorbuscha) 

and chum 

fry 

(Neave, 

1947; 

W-ckett,


1954). 

Wickett 

further 

attempted 

to define the reasons for high 

pre-eyed egg


Ioss 

observed 

in nature 

on 

the 

basis 

of the 

relations 

between 

the velocity and


oxygen 

content 

of 

sub-surface

water in 

the 

gravel. Following 

and in 

conjunction


with 

the 

latter, 

this investigation 

was begun in order 

to determine 

the 

responses


of the 

eggs 

themselves 

to 

variations 

in 

oxygen 

availability 

and to 

assessthe


manner 

in 

which 

such variations 

might 

produce mortality.


The availability 

of 

oxygen 

to salmon 

eggs

may 

be 

consideredto be 

dependent


primarily 

on the 

oxygen 

pressure in the microenvironment 

surrounding 

each


egg. 

\4/hereas 

temperature 

may 

efiect 

the oxygen 

pressure 

in the microenviron-

ment, it 

will 

also influence 

the 

physiological 

state 

of 

the egg and its 

potential


rate 

of 

oxygen 

utilization. 

Thus, 

Lindroth 

(1942) 

demonstrated 

that 

for Atlantic


salmon (Salmo 

salar) 

eggs

just 

prior 

to hatching, 

a 

temperature 

of I7oC. 

resulted


in 

oxygen 

consumption 

at the rate 

of 

about 

29 cc./kg./hr. (sustainable 

by a dis-

solved 

oxygen 

content 

of not 

less 

than about 8.7 

p.p.m. 

or 89%of 

saturation 

or


greater). 

By 

comparison,

at 5oC. 

the rate 

of 

consumption 

was 

about 16 

cc./kg./hr.


(sustainable 

by a dissolved 

oxygen content 

of not less 

than 

about 

5.7 

p.p.m.>

or


45%

of saturation 

or 

greater). The utilization rate 

itself may influence 

the oxygen


content 

of 

the water if the rate 

of 

repiacement 

of the 

microenvironment 

is in-

sufficient 

to 

provide 

for the 

full 

utiliz-ation 

potential. Investigations 

by Wickett


(loc. 

cit.), 

for 

example, indicated 

that to satisfy the 

potential 

oxygen 

demand of


pre-eyed chum 

salmon 

eggs 

at BoC., the oxygen content 

may vary 

between the


eqtrivalent 

of air saturation 

and I.67 

p.p.m, 

depending on the velocity 

of the


perfusing 

water. Again, under 

the same conditions 

not even 

air-saturated 

water


will sustain 

the egg if the apparent2 

velocity 

of 

the water 

drops 

below approxi-

mately 

5 

mm./hr.


Comprehensive 

revieu's 

concerning 

the 

metabolism 

and development 

of,


and 

the influence 

of 

the 

environment 

on teleost 

eggs 

have 

been published by


Hayes 

(

1949 

) 

for salmonids

and 

by Smith 

( 

1957 

).


In 

studying 

the response 

of salmon eggs to variations in their environment,


it 

is important 

to recognize 

that one is dealing 

with 

an organism 

which is


changing 

day 

by day. Not only 

are 

growth 

and 

differentiation 

progressive, but


the rates 

governing 

these attributes 

also may be 

modified by the environment.


As 

anatomical 

differentiation 

proceeds, 

the response 

of the 

animal 

to 

its


environment 

may 

vary not only 

progressively 

but 

also by 

periods of suscepti-

bility associated

with 

variable 

sensitivity. In order 

to 

evaluate the 

efiects of a


low 

dissolved 

oxygen environment, 

a 

proper procedure was 

considered 

to be


that 

of 

exposing 

eggs to various 

temporary low 

dissolved 

oxygen 

levels 

to


determine 

the sensitivity 

of the 

egg, 

in 

terms of susceptibility, at various 

stages


of development 

between fertilization 

and hatching.


2See 

Wickett 

(1954). 

The true 

velocity 

of a 

fluid 

flowing through granular 

material is


impossibie 

to determine, 

and an 

estimate 

of the true value 

is 

equal 

to volume 

discharge 

per


unit time 

divided 

by the cross-sectional 

area of the 

gravel 

bed.
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MATERIALS

AND IVIETHODS


The apparatus 

consisted 

of a cievice 

for 

providing continuous 

supplies of


air-saturated 

and 

deoxygenated 

water. 

The 

two supplies 

were 

combined 

in ffxed


proportions 

to 

provide a series 

of six constant 

levels 

of dissolved 

oxygen at


constant 

temperature.


Deoxygenated 

water 

was 

provided by 

a 

"stripping 

column", a modification 

of


apparatus 

described 

by Fry 

( 

195f 

). 

Water 

was 

allowed 

to fall through 

a 

column


of 

glass 

chips 

providing high 

water-gas 

surface interfaces. An 

atmosphere 

of


nitrogen 

passing 

up the column 

permitted the water to equilibrate 

at the inter-

faces 

with the high 

nitrogen 

gas 

content, 

removing 

the oxygen. Air-saturated


water was 

provided 

in 

the same manner 

by leading 

compressed air 

through a


similar

column 

(Fig. 

1).


Frc. L Equilibration 

columns 

used for supplying 

deoxygenatedand


air-saturated 

water. Water 

is piped to the tops of the columns,


falls through 

the glass 

chips 

and is 

collected at 

the bottom.


Nitrogen gas is 

passedup through the two left-hand columns, and


compressedair through 

the 

right-hand 

pair.


The two 

water 

supplies were then led into 

a 

constant 

temperature 

bath


where temperature equilibration was effected in 

plastic-lined 

aluminum 

tubing.


From 

this 

point 

the 

two water supplies 

were 

led 

to 

mixing 

valves 

adjusted to


provide prescribed 

oxygen 

levels, 

thence back to the egg chambers 

housed 

in


the 

sameconstanttemperature bath 

(

Fig. 2 

).


Eggs 

were 

fertilized 

and cultured 

at the Nanaimo Station 

(Series 

B-E,


Table 

II), 

and 

at Nile Creek Field Station 

(Series 

A), for later 

transfer. 

The
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Frc. 2. 

The two water 

supplies 

from the columns 

are led through


bubble 

traps and 

into 

temperature 

equilibration 

coils 

in the


constant 

temperature 

bath. From 

there 

they are led into two


manifolds 

under the 

bank of mixing 

valves, through 

the mixing


valves 

where 

they are re-combined 

in prerequisite proportions 

and


delivered 

to the 

bottom 

of the 

egg 

chambers where the 

water


passesup through 

a single 

layer 

of 

eggs to the overflow. The 

head


bottles 

are attached 

to 

the manifolds and 

provide 

a constant 

head


at the 

egg chambers.


ffrst 

series 

was conducted 

in 

the winter 

of 1953-54; the 

remaining 

four 

series were


completed

in 

the winter 

of 1954-55.


At the 

start 

of an experiment,

samples

of eggsof 

known developmental

age


were removed 

from 

incubation 

trays and carefully inserted 

into the six experi-

mental 

chambers,

each 

chamber

being maintained at a 

ffxed oxygenlevel for a


Period 

of 

seven

days. The 

water 

passingthrough the 

single 

layer 

of eggs 

had


an 

aPParent

velocity of about 

850 

mm./hr. Egg 

sampleswere 

then returned to


individual 

incubation 

baskets

and held in 

one 

hatchery trough 

until hatching


was complete. 

The temperature 

to which the 

eggs 

were 

exposed 

was 

held


constant

throughout

the total incubation

period 

including the 

interval 

of exposure


to 

the 

low 

dissolved

oxygen

conditions.


Dissolved 

oxygen 

determinations 

were 

carried out in the usual manner,


employing 

the unmodified 

Winkler titration method. 

Determinationswere made


on 

a 50-ml.

aliquot, titrating with 

0.01N thiosulphate

at those 

levels 

of 5 

p.p.*.


dissolved

oxygen or 

greater. Below 5 

p.p.*, 

dissolved 

oxygen, titrations 

were


conducted

vrith 0.005Nthiosulphatefrom a 

5-ml. 

microburette.
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In each 

of four 

tests on oxygen consumption, 50 

eggs 

were 

set out on 

a


nylon net 

platform 

expanded within 

an aspirator bottle 

of about 

600 

ml. capacity.


Water of knor,vn 

oxygen 

content 

was 

allowed to overflow 

through the bottle


until 

at least 

two volumes 

had been exchanged. The 

lower orifice 

was 

closed ofi


and 

a 

mineral 

oil seal 

of approximately 

2 

cm. depth 

was 

poured 

into the 

neck of


the bottle. 

The bottle was 

then immersed in a constant 

temperature 

bath 

and


the contents 

were slowly 

circulated using a rheostat-controlled 

electric stirrer


with a length 

of straight glass

rod 

projecting 

through the 

oil seal.

Eggs 

treated 

in


this fashion 

were allowed to 

respire until an estimated 

2 

p.p.-. 

dissolved oxygen


had 

been removed from the closed bottle. The 

contents 

were 

sampled 

for


dissolved 

oxygen and the volume of water 

used 

in the 

closed bottle was


measured.


For 

convenience, 

several terms have been 

used to 

describe 

the 

young 

fish


throughout 

development which require 

explanation. Whereas 

"embryo" 

is used


to 

denote the unhatched 

fish, 

"larva" 

is used to denote 

the 

young 

fish separated


from 

its 

yolk. 

"Pre-hatching 

stage" 

refers to the period 

of 

ten 

days 

prior 

to the


mean 

hatching 

date of 

a sample of eggs.


Embryo 

weights 

were obtained 

by slitting 

the egg 

capsule 

and dissecting


each larva away from the 

yolk. 

The 

larvae 

were 

hardenedinl0% 

formalin, dried


of external moisture on 

filter 

paper, 

and weighed 

on 

an 

analytical 

balance. A


comparison 

of 

fresh 

and 

preserved 

larvae 

was 

rnade on pre-hatching 

stage


embryos and 

the 

percent 

loss in weight 

through dehydration 

was 

applied 

to the


earlier 

stages 

as 

a correction 

factor. Average 

larval 

weights 

were 

calculated on


the 

basis of 

the weights 

of 

samples 

of 7 to 10 

larvae.


RESULTS


Exposure of 

eggs 

at various developmental 

stages

to low 

oxygen 

produced


three 

gross

responses:

production 

of monstrosities,

delay 

in the rate 

of develop-

ment, and 

mortality. 

The distribution of hatching 

times 

in each 

sub-sample 

of


eggs 

was 

found 

to be 

skerved. The 

best 

measure of 

central tendency 

was 

that


provided by the 

median 

hatching time. Where 

approximately 

50%or 

more of a


sample of 

treated eggs 

survived to hatch, 

the net delay 

in days 

to the median


hatching 

date has 

been 

calculated using 

the control gloups 

as 

a 

standard. In the


remaining 

casescomplete 

or 

nearly complete 

mortality 

prohibited 

such estimates.


Temperatures 

associated 

rvith 

the experiments 

and 

the incubation 

periods 

for


control 

samples

are 

listed 

in Table I.


"Degree-days" 

have 

been 

employed to exPress

the 

relationship 

of tempera-

ture 

and 

incubation 

time 

where 

one degree-day 

is equivalent 

to exposure to 

a


T-q.srB L 

'l'emperatures

and incubation 

periods for the experimental 

controls.


Series


D


Av. rearing 

temperature,


fertilization to 

hatching, 

'C.


Av. experimental


temperature,

oC. 

I nte rvalf rom ferti l izatior:


to 

hatching, d.egree-d.ays


Time 

to 

median hatching date, 

days


5


4 . 8


9 . 8


70.7


5 1 0 . 5


K O l 

oo


1 0 . 4


5 r2 . 7


5 2 . 0


9 . 7


70.2


DOJ . J


57 

. 5


9 . 7


10.

1

588.I

6 0 . 8
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temperature of 

one 

Centigrade 

degree 

(above 

0'C.) 

for one day 

(see 

Hayes,


1949; 

Seymour, 1956). 

Measures of the response

of eggs to 

the various levels of


dissolved

oxygen imposed at 

severalstages of 

development 

are listed 

in Table 

II.


It may be 

seen from examination 

of 

Table II that 

developing 

eggs 

are 

not


Tas lnI I .  Resultsofexposureofsamplesofchnmsalmoneggs tovarious leve lsofoxygensatura-

tion. 

SeriesA  

was 

carried 

out 

at 5oC. 

on 

sub-samples of 

10 eggs, the 

remaining 

serieswere  con-

ducted 

at 

10'C. 

on snb-samples of 

20 

eggs. 

In 

each 

series sub-sample 

6 

is 

a 

control 

at oxygen


levels approximating 

air-saturation at the temperatures 

invoived. 

The alevins 

marked with 

an


asre risk

(* ) 

showed

abnormal dere lopmerrt.


SBmas 

A. Development 

stage-just 

prior 

to and 

during 

hatching.


Sub - s amo l e l 2 34 5 6


Av. 

experimental

Oz\eve l,

p.p.m. 

0.26 

0.29 1 .41 

1 .97 

4 .20 

12 .17


.\o. 

of dead eggs 

at end 

of experiment 

7 8 

1 

0 

0 

0


-\o.premature lyorunsuccess fullyhatched3 

1 0 0 0 

0


No.hatched intes tperiod 

3 

2 

7 6 4 3


No. 

of dead alevins 

at end of the hatch 3 

1 

1 0 0 0


Total 

live alevins 

hatched 0 

| 7 

10 

10 

10


Snnrns B. Developmental 

stage-l21.2 

degree-days 

(2416 

of control 

incubation 

period).


+ DO


. 9 2  

2 . t 5  

1 0 . 1 7


00


00


00


20 20


8 7 . 4 

2 . 1


I  [ t . 6  U


Sub-sample 

Av. 

experimental 

Ozlevel, 

p.p.m. 

No. 

of dead eggs 

at end 

of 

experiment 

No. 

prematurely 

or unsuccessfully 

hatched 

No. 

of dead alevins 

at end of 

hatch 

Live 

alevins 

hatched 

Median hatching 

date, 

January 

Delay in 

hatching, 

da1's 

Time 

from fertilization 

to median


harching

date ,d ays 6 2 . 5  

6 2 . 0 6 2 9  

5 9 . 8  

5 7 . 4 

0 .

U 

2 

2* 

17n 

72.

10.

l2 

25 0.29 

0 

0 

0 

20* 

12 . 0 

oo 

) 

+ 

3 

o. 72 

1 

0 

0 

t7 

12 . 9 

108 

0

2 

2 

3 

1.+ 

I 

7 

52 

1


Snnres 

C. Developnrental 

stage-205.8 degree-days 

(40r/a 

of control 

incubation 

Snb - s amp l e L2 34 5 

Av. 

experimental 

O2level, 

p.p.tn. 

No. 

of deed eggs

at end of experiment 

No. 

prematurely 

or unsuccessfully 

hatched 

No. 

of 

dead alevins 

at end of 

hatch 

Total 

live ale r

ins 

hatched 

N{edian 

hatchilg 

date, 

January 

Delay 

in hatching, 

days 

Time from fertilization 

to median


hatching 

d.ate,doys 

32 

0. 61 8 7  1 . 6 7 

62.3 01

7  

5 7 . 5  

5 2 . 0


period).


0. 20 

20 

0 

U 

0 

0 

0 

0 

20 

1 

8 . 5 

I 

6 . 5 

U.

0 

0 

U 

20 

1 1 .

v.

3 

3 

0 .

20 

0 

0 

: 

10 

0 

0 

8 

t2 

i0 

6


10.20


0


0


(.)


20


2 . 0


0


Spnrss D. 

Developmental stage-296.1 degree-days 

(5316 

of control 

Sub-samole 

7 2 3 

Av. 

experimentalO2level, 

p.p.m. 

0.37 

0.52 0.81 

1

No. 

of dead eggs, 

end 

of 

experiment 

18 11 

1 

i) 

No. 

prematurely 

or unsuccessfully 

hatched 0 

0 0 

0 

No. 

of dead alevins 

at end of 

hatch 0 

0 0 

0 

Total live 

alevins hatched 2 

I 

19 20 

Median hatching 

date, 

January 

13.3 f2.3 I 

Delay in hatching, 

days 5.8 

4.8 

2

Time 

from fertilization 

to median


incubation 

period).


+ j ) o


. 9 4  

3. 0 4  

1 0 . 2 8


00


00


00


20 20


. 8  

8 . 6 

7. 5


. 3 1 . 1 0


hatching 

date, da 

. .  63.3 62 .3 

59 .3 58 . 6 

57. 6


SBnrBs E. 

Developmental 

stage-452.4 

degree-da.ys

(77% 

of control 

incubation 

period).


Sub - s amo l e 7 2 34 5 6


Av. 

experimentalOzleve l,

p.p.m. 

0.36 

0.52 

0.81 

1 .81 4 .05 10.14


No. 

of dead eggs 

at end of experiment 

19 

16 10 

0 0 

0


No.prematurelyorunsuccessfullyhatched 1 

1 6 

2 1 0


No. hatched 

during 

the test 

period 

1 

1 5 

2 1 

0


No. of dead alevini 

at end 

of 

hatch 7 

2 6 

0 0 0


Total 

live alevins 

hatched 

0 

1 0 

20 20 

20


Nledian hatching 

date, 

January 

5.0 

12.3 11.6 

10.8


De lay 

in hatching,

days 

" 

L5 

0.8 

0


Time 

from fertilization 

to 

median


hatching 

date, 

days 

55 . 0 

62 .3 

"These 

eggs 

hatched 

prematurely, 

5.8 

days 

earlier than the controls.
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equally 

affected 

at 

difierent 

stages

by 

similar hypoxial environments. The 

three


major 

indications 

of stress,

ploduction 

of monstrosities,variation in 

hatching


rate,

and

mortality 

are

treated

separately

in 

the 

following sections.


PnooucrroN

or 

MoNsrnosrrms


In 

Series

B, 

undertaken 

12 

days following 

fertilization, moderate to 

low


mortality 

occurred

in 

the 

sub-samples 

from 

0.25to 0.92p.p.m. dissolvedoxygen.


Examination 

of 

the 

eggs in 

this series 

was carried out on the 27th 

day 

after


fertilization, 

following 

the 

period of 

low-oxygen

e{posrrrebetween the 12th 

and


19th 

days.

Eggs 

from 

the control 

(sub-sample

6) 

corresponded

in development


with 

those 

in 

the 

balance 

of the 

egg stock, characterized

by the 

heart formed


and 

beating, 

the 

eyes 

pigmented, and 

the vitelline vessels

well 

established.


Development 

in 

sub-sample

5 

was 

only slightly less than 

that in the control.


However, 

in 

the remaining 

sub-samples, 

the vitelline circulation indicated 

con-

siderable 

retardation 

in 

development 

with the vitelline vein in sub-sample

4


enclosing

an area 

devoid 

of vascularization

equivalent to 

a 

solid 

angle 

of about


45". 

A 

progressionin 

retardation 

was evident right through to sub-sampleI 

in


which 

the 

position 

of the 

vitelline vein 

was slightly 

above the 

equator of the 

yolk


and 

the 

enclosed

area free 

of vascularization.

A 

progressioni

n degree 

of eye


pigmentation 

was also 

evident in sub-samples

4 to 

1, no 

pigmentation being


discernible

in 

the 

latter.


It has

been

well substantiated

that 

the period of developmentduring 

which


the blastoderm

is 

overgrowing 

the 

yolk is associatedwith marked fragility 

of


the 

egg 

(Hayes, 

1949). 

It is quite 

possiblethat the 

mortality 

which occurred 

in


Series

B, 

sub-samples

L to 4, could 

be ascribed 

in 

part or entirely to 

such


fragility.


However,

in 

the two sub-samples 

in Series

B 

subjectedto lessthan 0.3

p.p.m.


dissolved 

oxygen, 

of 40 eggs involved, 

39 of the alevins 

which 

hatched 

were


abnormali

n form. 

From 

grossobservationthese

were 

characterized

by a shorten-

ing 

of 

the 

vertebral

column 

posteriorly 

(Fig.3). 

The ffnal form suggests

that

the low-oxygen 

environment 

was imposed upon the embryo 

at 

a 

time when


somite

formation 

had proceededposteriorly to the region of the insertion of 

the


dorsal 

ffn and 

interruption 

of 

somite 

formation left the embryo blocked at 

that


stage 

of 

segmentation,

with subsequent

appendages

being laid 

down on the


incompleted 

vertebral 

structure 

(for 

an 

extensivetreatment of the experimental


production

of deformities 

see

Stockard, 1921).


The 

plasticity 

and survival apparent in 

the egg samplesat this early stage


of 

development 

were not 

maintained in the next experimental stage. Oxygen


levels 

slightly 

higher 

than 0.3 p.p.m. 

(0.32 

p.p.m., 

sub-sample2, 

Series C),


22 days 

after fertilization, 

produced 

complete mortality in contrast 

to 

successful


but abnormal

development

in Series 

B.


Venrerrox 

rN

Hercruxc 

Rers


In 

SeriesB 

to E, 

variations 

in the 

rate of 

hatching have been 

calculated 

as


the 

difference

in 

days between the median hatching date of the controls 

and


that 

of the 

other 

sub-samples. If air-saturationin the controls may be regarded


as the condition 

affording 

best 

opportunity 

for development and 

survival, 

then
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Frc. 3. Deformity 

resulting from 

exposure

of chum 

salmon 

eggs 

to 

hypoxia 

at an early 

incuba-

tion stage: 

(a) 

-and

(b)-hatched 

alevins showing 

posterior 

truncation; 

(c) 

alevin 

showing


the location 

of the caudal 

and pelvic 

ffns immediaiely 

beneath 

the 

dorsal

f,n-there 

is also 

an


oblique displacement of the caudal 

ffn 

from the 

dorso-ventral 

axis; 

(d) 

a 

normal 

alevin


photographed in the same 

area 

as 

,"Ili;XXti"nthe 

extreme 

truncation 

of 

the 

posterior


variations 

in hatching 

rate may be regarded 

as a 

measure 

of 

sub-lethal 

stress 

on


the 

developing embiyo. The 

diverse 

and 

complex 

nature 

of 

the 

relationship


betweenoxygen

level 

and 

developmental

stress

is illustrated 

in 

Figure 

4' At 

the


ffrst experimentalstage 

(12 

days or 

I2L,2 

degree-days),

sub-lethal

stress

reaches


a 

maximumat about 

-O.S 

p.p.m.

dissolved

oxygen,

resulting 

in 

a 

delay 

in 

hatching


of about 

10 to 11 days

after an exposure

of 

one week 

to 

the 

hypoxial 

conditions.
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DISSOLVEO OXYGEN

PPM,


Frc. 

4. The 

relationship 

between dissolved oxygen 

level to 

which


developing chum salmon 

eggswere exposed

for a period of 7 days


and the 

variation from the normal or control 

incubation 

period 

at


10'C. 

The dift-erences in hatching rate are regarded 

u, u--"ur.,r"


of the stressapplied to the 

eggs by low-oxygen 

conditions 

at the


four developmental 

stagesexamined, Not all eggs

hatched at every


point; the approximate position of the median lethal 

low oxygen


level is indicated 

on each line by a vertical bar. 

Although almost


all 

eggs hatched 

at the two lowest oxygen levels 

in Series B, the


resulting 

alevins were deformed and considered 

inviable.


It 

is within this range that abnormal development occurred. 

In the next series


(22 

days 

or 205.8 degree-days 

) 

the slope 

of 

the line is increased, a 

unit decrease


in oxygen 

level 

placing 

a 

greaier 

stress on the embryo than at an 

earlier develop-

mental

stage.

In SeriesD 

(32 

days or 296.I degree-days)the 

relationshipde-
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Frc. 5. Variation in hatching 

rate 

of 

samples of 

chum 

salmon 

eggs 

reared at 10'C'


resulting from a 7-day exposure to prescribed 

oxygen 

Ievels 

at intervals 

throughout 

the


incubation 

perio<i. 

Variation 

from the control 

hatching 

rate, represented 

by the


extent of 

the 

"hump", 

is regarded as a measure 

of 

strcss 

(see 

text). 

(Drawn 

by


D. 

Denbigh.)


scribes a break in 

linearity :rt about 3 

p.p.*. 

dissolved 

oxygen, 

with 

the 

stress


at all 

levels considerably reduced 

from that of 

the two 

earlier 

series.

In 

the final


series 

(48 

days or 

452.4 

degree-d:rys),

the change 

in slope 

is complete with 

the


stresstending toward a 

minimum. However, 

the 

degree 

of 

hypoxia 

which the


ffiik'.
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developing 

embryo 

may tolerate is considerably reduced 

and a new condition is


produced in 

which there is 

a 

tendency for eggs to 

hatch 

prematurely 

when


subjected

to low 

oxygen 

levels.


To 

provide a 

visual indication 

of the complex variations 

in response

to low


oxygen 

as 

measured by delayed hatching rate, a 

three-dimensional 

diagram 

has


been constructed 

in 

Figure 5 by isometric 

projection 

of 

surfaces from 

Figure 4.


The diagram 

may 

be interpreted as follows: 

comparing the 

hatching rates of


control 

egg 

samples subjected to 

oxygen 

levels approximating 

air-saturation 

(10


p.p.m.) 

with 

hatching 

rates at lower oxygen levels 

(Series 

B-E, Table 

II),


surfaces 

have 

been 

constructed 

by scaling off the 

variations 

in hatching rate


(mostly 

delay) from 

Figure 4 at the oxygen 

levels listed in that 

figure and at the


four 

incubation 

stages

examined 

(Series 

B-E 

). 

Dashed 

lines infer that stress

is


becoming 

infinite, in 

other words, 

mortality is complete 

or nearly complete.


Increases 

in 

the vertical dimension of the solid 

correspond to 

increases in the


stress

resulting from exposureto hypoxial conditions. 

A 

period 

of maximum 

stress


occurs 

betr,veen100 

and 200 degree-daysof development. 

Stressalso 

increasesat


all levels 

below air-saturation. Acceleration of 

hatching results 

in 

premature


hatches 

when pre-hatching stage eggs 

are exposed to oxygen 

levels below air-

saturation, 

This efiect is maximized at 

about 

I 

p.p.-. 

dissolved oxygen at 

IO'C.


The incubation 

period 

of the controls 

is 

equivalent 

to about 500 

degree-days.


Other 

work 

with 

salmonid eggs 

reared at various 

levels 

of dissolved


oxygen has demonstrated no significant variation 

in hatching rates 

(E. 

T.


Garside, 

personal 

communication). It is 

possible 

that 

eggs developing at oxygen


levels 

below air-saturation may acclimate to a 

range 

of 

those 

levels 

by 

prolifera-

tion 

of 

accessoryrespiratory 

surfaces

in the manner described 

by Smirnov 

( 

1953 

).


It is suggested

that eggs acclimated to 

low 

oxygen 

conditions would 

not respond


to hypoxial conditions 

in the same 

manner as eggs 

reared at oxygen levels


approximating 

air-saturation 

by virtue 

of the ability 

of the former eggs to extract


oxygen 

with greater efficiency 

at lower environmental 

oxygen 

levels.


If 

pre-hatching 

stage eggs are 

exposedto 

low-oxygen conditions, 

premature


hatching 

occurs,

illustrated 

by examination 

of Series

A 

and 

E. 

Figure 6 illustrates


that this rate 

of 

hatching is 

greatest 

at dissolved 

oxygen 

levels of about I 

p.p.m.


In both 

series 

premature 

hatching 

is accompanied by 

mortality. The incidence of


mortality at 

the 

lowest dissolved oxygen 

levels diminishes 

to zero between


1-2 

p.p.m. 

dissolvedoxygen.


N4onrarrry


Since a limited number of experimental 

oxygen 

levels 

were 

set up to examine


the effects 

of a 

large 

range 

of hypoxial 

conditions 

from very 

low levels 

to 

air-

saturation, 

the data do not 

lend 

themseives 

to 

calculation of values 

describing


median lethal 

effects. Hon'ever, 

several 

general 

observations 

may be made by


eramination 

of Table Ii.


Series B, 

the earliest 

developmental 

stage 

examined, did 

not sustain 50%


mortality in any of the sub-samples. 

However, 

as all alevins 

hatching successfully


after 

exposureto the two 

lowest dissolved 

oxygen 

levels 

(0,25,0.29 

p.p.m.) 

were
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OISSOLVED 

OXYGEN, 

PPM.


Frc. 

6. A comparison of the 

rates of hatching 

of 

eggs subjected


to dissolved 

oxygen levels below saturation. 

The 

right-hand points


on each curve correspond to the controls. 

Premature 

hatching 

is


maximized in 

both se-ries

at about I p.p.m. 

dissolved 

oxygen. 

The


difference in the 

magnitude of the 

hatches between 

the 

two series


may 

be concerned with temperature 

difierences 

but 

is more prob-

ably a result of the 

eggs 

in Series 

A being of 

a more 

advanced


stage 

when 

the 

experiment 

started.


deformed 

and unable to move, even 53 

days after 

their 

median 

hatching 

date,


they 

may 

be 

considered 

to 

have been inviable. 

A median 

lethal dissolved 

oxygen


level 

could be assumedto be at a 

level 

greater 

than 0.29 p.p.m. 

dissolved 

oxygen.


Estimates of 

median lethal levels by 

inspection 

are 

presented 

in Table 

III 

for the


SeriesB to 

E. 

(See

Fig. 

B.

)

T.q.er-BIII. Nledian lethal dissolved oxygen 

levels 

for chnm 

salmot.t 

eggs expos_ed 

Jo_hyporial


conditions 

for 

a 

period 

of 

7 da1's.

The 

values 

are estimated 

by 

inspection 

from'fable 

II.
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Age 

of 

eggs oxygen 

levels 

lethal oxygen 

level


SER IES A . 5 ' C
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rO.C
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c2 2 

D32 

E4 8 

degree-d,ays 

P.P.m. 

12r.2 

0 3-0.

7 

205. 8 

0 5-0.9 
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0 5-0.8 
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0.8-1 8 

p.p.?n.
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CHeNcBs 

rN 

OxycEN 

CoNsuuprroN THRoucHour 

Dpvnr-oplmNr


For 

SeriesB 

to E, estimates

of 

oxygen

consumption

were obtainedby allow-

ing 

samples

of 

50 eggs

to respire in a closed

volume of water. The change

in


oxygencontent 

was used

to calculate

rates 

of 

oxygenuptake listed in 

Table 

IV.


Rates 

of consumption 

are

illustratedin Figure

7.


TesLB 

IV. 

Ilate 

of 

oxygen
 uptake of 

churn salmon eggs 

(av. 

radius 0.37 cm.) at four develop-

mental 

stagesat 10'C. 

'fhe


oxygen consumptiorr 

values 

in mr;r3./egg/hr- are for 

comparison with


other literature; 

values in rnm.3/g./hr. 

are 

based on the 

teight 

of living 

material, 

not 

including


the 

volk.


Age 

of eggs 

Oxl,gen in 

closed 

system at 

times: 

t t 

t L


Mean larval 

weight 

Oxygen consumption


per 

hour


d,egree-d.ays 

r21 

.2 

268.2 

353.0 

452.4 

P.P.nL. 

r0.72 

9 . 9 1 

1 0 . 4 1 

10.25 

c- 

0.0023 

0 . 01 5 5 

0.0231 

0. 0290 

p.P.m. 

8 . 7 0 

5 . 8 4 

8 .1 1 

8 2 3 

,ng./egg mm.3 

/egg 

mnx.3/g.


0.00093 

0.68 295.1


0.00219 1.60 r03.1

0.00381 

2.78 120.4


0.00521 3 80 

131.2


DISCUSSION


Hayes, 

Wilmot and Livingstone 

(

1951) 

present 

evidence 

illustrating 

that


oxygen consumption 

of incubating 

eggs oI S. salar at 10'C. may be 

fitted 

to the


equation


logA 

- 

ko 

* 

k, log 

(r 

- 

9 )


where 

!/ 

: 

oxygen consumption


r 

: 

number 

of days after fertilization.


The constant, 

9 days, is 

equivalent to the time of establishment of the embryonic


axis. 

From 

inspection, 

the present consumption values 

follow 

the same type of


relationship as 

those of 

Hayes et al; 

however, 

the k6 

value of the 

present 

series


aPPears 

to be 

greater 

and the last determination tends to infect. To effect a


comparison, 

a correction 

may be made to 

bring 

egg weights 

into 

agreement.


Eggs in 

the 

present 

series averaged 

7.4 

mm. in diameter as compared to a


probable value 

of 6.0 mm. for those of Hayes and his 

co-workers. Relating the


rate 

of 

metabolism 

at comparable 

ages to 

the surface areas 

(Krogh, 

l94l 

),


consumption 

rates are between two to three times those of Hayes 

in 

the 

early


stages, 

and are consistently highel 

throughout 

development. By comparison 

with


data of Privolnev 

(see 

Hayes et al., 

1951) 

Hayes 

concludes that the oxygen


consumption 

per gram 

of 

living 

tissue in early stages 

is not constant 

but 

declines


with 

development. 

This 

conclusion is borne out by the 

present 

results 

(see


Fig.7) 

where consumption 

per gram 

of 

larval tissue declines from 

295 

to


103 

mm.3/g./hr. 

between 

121 and 268 degree-days development. 

Data 

of


Hayes et al. 

are 

presented 

in Figure 7 for comparison. Whereas 

Hayes suggests


that their data are apparently 

linear and constant 

(from 

19 days until hatching,


at I0'C.), in view 

of the 

evidence 

for 

curvilinearity and 

the decline in oxygen


consumption from 

early stages 

among chum salmon eggs, a 

liberal re-interpreta-

tion 

of their 

results 

(Fig. 

7) would 

suggest a trend 

similar to our own findings.


It 

must be acknowledged, 

however, that 

a 

smaller number of observations 

are


represented 

over the same 

range of ages in our 

own data. In arriving at
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Frc. 7. Oxygen 

uptake 

of chum 

salmon 

eggs 

based 

on 

total egg


weight and embryo 

weight lessyolk. 

Compared 

with 

the 

latter 

are


data for 

Salmo salar 

from llayes, 

Wilmot 

and 

Livingstone 

( 

1951

),


and the 

interpretation 

of 

the trend 

in 

these data 

is 

our own'


estimates of the oxygen 

consumption per 

gram 

of 

larval 

tissue, 

the greatest


potential 

source of 

eiror is 

found 

in 

weighing 

the embryos. 

If 

the 

high 

con-

sumption value 

found for embryos 

at 

121.2 

degree-days 

development 

were


attributed 

to error 

in this 

regard, 

il would 

be 

necesJary 

to 

assume 

that the 

actual


larval 

weight would 

be 

afproximately 

2.3 

times greater 

than 

the measured


weight to 

ieduce the 

consumption 

value 

calculatecl 

for 

this 

stage 

to 

the 

approxi-

mat"elevel of the 

remaining 

.iug"r. 

Such 

a high 

weighing 

error 

is 

not considered


plausible 

and the 

high 

consumption 

value 

for the 

early 

embryo 

is therefore 

not


considered to be spirious. 

Oxygen 

consumption 

per 

egg 

for the 

chum 

salmon


eggs 

is higher 

at ali 

ages than 

c-omparable 

ages 

of Atlantic 

salmon, 

whereas 

the


consumption p"t gr"ttr-of 

larval tissue 

is 

lower 

than 

that 

of 

Atlantic 

salmon 

(from


about 

d00 deigree--days

onward 

). 

The 

apparent 

contradiction 

suggests 

that 

the
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metabolism 

and 

growth of tlie former in 

earlier stages is 

greater 

than in Atlantic


salmon. 

Support for 

this assumption 

is suggested 

by the difierences 

in con-

sumption 

per gram of 

larval 

tissue 

which may reflect 

greater 

embryo weights at


comparable 

ages

in the chum 

salmon.


Vanrerrow 

rw HarcluNc 

Rarn


Within the range 

of temperatures employed in 

Series B to E, it may be


assumed 

that 

the development 

rate as measured by temperature times tima


in days is a constant, 

However, the incubation 

periods 

of the controls in 

Series


B to 

E exhibit increasing 

values which are disproportionate to 

the efiects which


would 

be expected from 

such slight 

average temperature difierences throughout


incubation. 

An uncontrolled 

variable associated 

with 

the 

development of the


eggs was the 

length 

of time 

in 

which the egg stock 

was 

confined 

to the 

hatchery


tray prior to the 

withdrawal of samples of eggs 

for 

each of the experimental


seriesfrom B to E. 

Thus, Series

B 

to E 

were 

incubated for 12, 22,32 and 48 days


in the hatchery 

tray 

prior 

to experimentation. Since essentially 

there is no


difierence 

between 

the 

mean hatching 

dates of the 

controls 

in Series B and C,


the 

delay in 

hatching rate 

in 

the egg stock is assumed to have manifested 

itself


between 

the 

22nd 

and 32nd day of development, the 

latter 

being the age 

of


Series 

C 

at which departure is first evident. In 

view 

of the fact 

that delay in


hatching 

may 

be caused by exposure to 

low-oxygen 

conditions 

probably 

at any


level below air-saturation 

at 

10"C. 

(see 

Fig.4), it appears reasonable 

to imply


that 

the variations in rate 

of development 

might 

be 

explained by a 

progressively


increasing 

competition for oxygen in the incubating egg stock. Evidence 

toward


this 

conclusion 

could be based on a 

comparison 

of the 

period 

to 50%hatch in


Series 

E 

with 

that 

of the 

stock 

which 

it should approximate. Although an 

exact


record of the 

latter 

was 

not 

obtained, there 

is sufficient 

evidence to 

indicate 

that


it was 

within 

one 

day 

of 

the 

period 

for 

the Series E 

control.


A variable sensitivity to external stimuli 

in developing 

salmon eggs has


been 

noted by numerous 

investigators 

(Stockard, 

1921; Devillers and Rosenberg,


1953). Battle 

(I9aaa) 

summarizes 

some of these responses

including 

those from


light, 

pressure, 

heat, 

cold, mechanical and electric shock and chemical action.


Responses 

of eggs to 

such stimuli vary 

according 

to 

developmental 

stage. In


general, 

it appears that susceptibility 

rises after fertilization, reaches a 

peak 

and


begins 

to decline at a stage 

coincident with the closure of the blastopore. 

A


second period 

of increased susceptibility 

has 

been 

found 

by 

others 

to be initiated


in the 

latter 

part 

of the 

incubation period, 

reaching a 

peak 

at about the 

time of


hatching.


In 

the 

present 

study, the 

effects of 

temporary low oxygen 

envitonments


imposed 

for a period 

approximattng 

a/r 

of the 

incubation 

period 

were also


indicative 

of 

a variable 

response 

to an 

external 

stress, dependent 

for its


magnitude on the 

age of 

development. 

It is 

probable 

that the early 

period of


maximum 

susceptibility 

is coincident with 

the growth of blastoderm over 

the


yolk and 

closure of the blastopore. 

No increase in susceptibility of 

pre-hatching


stage eggs, 

as measured 

by delay 

in hatching 

rate, is indicated in 

the 

present


tests. 

However, 

it is 

conceivable 

that the 

higher oxygen requirements 

per 

egg 

at
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pre-hatching 

stages could easily create a 

local hypoxial 

environment providing


conditions 

which would 

have 

been 

quite 

innocuous 

at earlier 

stages.


Hayes 

et 

at. (1951) considered the 

possibility 

that eggs 

exposed 

to 

lowered


oxygen levels may 

incur an oxygen debt. 

Their evidence 

indicates 

that 

no debt


was 

repaid after 

exposureof 

eggsto hypoxial 

conditions and 

led them 

to suggest


that 

lowered 

oxygen supply may 

retard 

the 

rate of 

metabolism, 

or 

that an


anaerobic 

mechanism may 

function under such conditions. 

The 

present 

evidence


supports 

the 

former consideration. Furthermore, the 

reduction 

in metabolic 

rate


which 

must be coincident 

with 

the observed 

deceleration 

in 

growth 

is 

greatest


not 

only at the 

lower 

oxygen 

levels but also 

at the 

period 

of maximum 

egg


fragility 

corresponding approximately with 

the 

period 

of blastoderm 

overgrowth


and closure of 

the blastopore. 

Smith 

(1957) 

cites evidence 

that 

the 

glycolytic


system, tricarboxylic acid 

cycle and cytochrome 

system 

are 

functional 

in


intermediary 

metabolism of 

developing Oryzias 

eggs. 

Other evidence 

is 

pre-

sented indicating that carbohydrate 

is utilized 

during short 

periods 

immediately


following 

gastrulation 

and during the 

hatching 

period 

for eggs of 

Salmo irideus.


The capacity for anaerobic glycolysis 

is 

also 

stated to 

rise steadily 

throughout


development. In 

view 

of this evidence 

the 

possibility 

that 

eggs subjected 

to


low 

oxygen 

conditions may develop 

an oxygen 

debt can 

not be 

denied.


Monrar-rrv


In 

general, 

the 

results tend to 

indicate 

a 

slorv 

but 

steady 

increase in the


incipient 

low 

oxygen 

lethal 

level 

throughout 

development. 

Early stages 

exhibit


a 

plasticity 

in 

which 

development 

may decelerate 

virtually to 

zero 

under extreme


hypoxial 

conditions. In 

later stagesthis 

plasticity 

is 

lost and oxygen 

levels which


would 

produce 

no 

more than a cessation

of development 

at earlier 

stages

become


rapidly lethal.


Field sampling 

of eggs 

in natural redds by Wickett 

(1954) has indicated


that 

high 

losses mav be experienced 

in the 

pre-eyed 

stage. 

Wickett has 

de-

veloped 

methods of sampling 

for dissolved oxygen 

in sub-surface gravel 

and


his work provides 

evidence 

that 

conditions 

recorded for the water 

flowing 

over


spawning 

gravel 

may have 

no bearing u'hatsoever 

on 

conditions 

influencing


eggs within the gravel. 

From consideration 

of the several 

variables 

influencing


oxygen 

uptake in the gravel, 

Wickett 

arrived 

at a relationship 

providing 

a


measure of 

sufficiency of 

oxygen 

supply. When 

the number 

of eggs 

normal to


the direction 

of flow 

is considered, 

the 

following equation 

may be 

applied:


o(DO-C) : K


where o 

: 

apparent velocity 

of the 

perfusing 

water


DO 

- 

dissolved

oxygen present


C 

- 

critical dissolved 

oxygen 

level


For 

a single 

chum egg at 

8'C. with 

an uptake of 0.0003 

mg./egg/hr', 

one of 

the


asymptotes 

of the 

relationship 

is 1.67 

P.p.m. 

dissolved oxygen, 

equal 

to the


critical dissolved

oxygen 

level calculated after 

Krogh 

(1941). 

Wickett's 

eggswere


at 

a stage 

of development 

equivalent 

to 

48 

degree-davs. 

The 

value 

presented,


L67 

p.p.m., 

represents the 

amount 

of dissolved oxygen present 

in the 

perfusing
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water 

which 

is 

just 

sufficient 

to 

provide 

one 

egg, normal 

to the direction 

of flow,


with 

su-fficient 

oxygen 

at 

excess 

water 

veloJify 

so 

that 

it 

may respire 

at an


unmodified 

rate.


with 

wickett's 

evidence, 

the following 

assumption 

is 

made. 

Early 

develop-

mental 

(pre-eyed) 

mortality 

is 

undoubtedly 

assocGted

with hypoxial 

conditio;s


in_the 

gravel, 

in 

the 

majority 

of cases

brought 

about 

through^a 

low 

apparent


velocity 

or 

low 

dissolved 

oxyg€n 

content 

of 

witer 

percolating 

lhrough 

the'lravel.


Early 

developmental 

stages have 

a 

plasticity 

*f,i"h comp"ensates"for 

hy:poxial


conditions 

by 

a 

marked 

reduction 

in 

rate 

oi 

development-. 

such hypo*iai 

con-

ditions 

might 

continue 

for an 

extended 

period 

at lir,v temperatures 

in nature


(e.g. 

two 

months 

at 

0-5"C,). 

This 

compensatory 

cessation

in 

development 

could


ultimately 

be lethal, 

and 

eggs which 

*uy 

h.,r" lived 

for 

a period 

ronfer 

than 

that


suggested 

by their 

developmental 

stage 

would 

be founJ 

dead in 

lhe 

pre-eyed


stage. 

In 

essence,

the 

suggestion 

made 

is that 

the compensatory 

ability 

of early


stage 

eggs 

will allow 

the 

egg to sustain 

a 

stress for 

a limited 

time 

and 

if th!


stress

is 

not 

removed, 

eventually 

the 

egg 

will 

die. 

The 

delay 

factor 

is 

reduced


after 

a 

period 

9f

approximately 

200 

degree-days. 

This is 

ptobnbty synchronous

with 

the 

establishment 

of 

a functionin[ 

circuiatory 

systeri. 

The'limitation 

im_


posed 

by 

hypoxia 

on 

earlier developmental 

stages

iends to fix 

the 

embryo in 

a


stage 

where 

the response

of the embryo 

is 

not 

only 

greatest 

in 

terms 

of 

dehy in


developrnent, 

but 

this 

very response 

keeps 

the egg 

f"rom overcoming 

its respira-

tory 

deficit 

by 

not 

allowing 

it 

to 

get 

past that 

critical 

stage 

prior 

to 

tihe 

estabilish-

ment 

of a functional 

circulatorv 

svstem.


The 

other 

main 

period 

_of

mortality, 

found just 

prior 

to hatching 

(

Hayes,

1949),

_appears


to
 berelated 

t-o a 

greater unit-demand 

of oxygen 

per 

egg 

at 

a


time 

when 

the critical 

demand is 

high, 

or 

where 

difiusion through 

the

"capsule


may 

be 

limiting 

the 

oxygen consumption 

of the 

embryo. 

pre-hatcliing 

stage 

eggs


subjected 

to decreasing 

amounts 

of dissolved 

oxygen 

iho* u 

progresslvel/"utiiE


hatch 

from 

saturation 

to 

lolver 

dissolved 

oxygen 

ievels, 

culmiriiting 

in a 

maximum


premature 

hatch 

at 

about 

r 

p.p.m. dissolved 

oxygen. 

If 

prematuie hatching 

is 

a


response 

to 

stress 

from 

hypoxial 

conditions 

then 

this 

stress may 

be 

pt"r""nt 

ut


all levels 

of oxygen 

.below

air-saturation. 

It 

would appear> 

theiefore, 

that 

pre-

hatching 

eggs 

reared 

at 

oxygen levels 

approximating 

irir-saturation 

are 

limited


in their 

ability 

to bring 

suficient 

oxygen 

through 

tLe 

capsule 

to 

sustain 

their


normal 

requirements 

probably at 

all levels 

below air-saturition. 

It is 

concluded


that 

any 

condition 

in 

pre-hatching stage 

eggs 

tending 

to 

limit dissolved 

oxygen


availability_will 

place a stress 

on eggs 

which is 

paitially compensated 

foiiy


premature 

hatching 

and 

escape from 

the 

gas exchange 

limitations 

imposed 

bv


the 

capsule.


Cmrrcel 

Drssolvno 

OxycrN 

Lrvnls


- 

At all 

stages

of development 

of 

the salmon 

egg, 

the 

oxygen respirecl 

by 

the

embryo 

must 

diffuse 

through a thin 

enclosing 

ipherical 

capsule 

^of
 

spetified


diameter 

and 

thickness. 

Krogh 

(1941) 

consideri 

the 

mechanics 

of 

respirition 

in


a spherical 

body 

enclosed 

in a capsule 

from 

evidence 

presented 

by 

Harvev.


If 

an 

homogenous 

spherical 

body 

uses 

oxygen 

at 

a conitant 

rate, 

and 

if 

the
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oxygen tension 

may be assumed to be 

maintained 

at 

zero in 

the 

centre of 

the


body:


Co:

A '


6D


where 

Co 

- 

the 

concentration of oxygen 

at 

the 

surface of 

the 

sphere 

in


atmospheres,


A 

: 

oxygen 

consumption 

of 

the 

sphere, 

in millilitres per 

gram 

of 

total


mass

per 

minute 

(ml./g.imin.),


r 

: 

total radius of the sphere, 

in centimetres,


D 

- 

difiusion coefficient of 

oxygen 

through 

the 

capsule, 

in millilitres


per 

centimetre thickness 

of 

capsule 

per 

square 

centimetre 

of 

capsule


area

per 

minute 

(ml. 

/ 

cm. 

/ 

cm.2 

/min. 

) 

.


The formul a 

rrray 

be applied 

to the 

egg 

prior 

to the 

establishment 

of 

a


functional circulatorv 

system in order 

to 

provide 

an estimate 

of 

the 

ambient


oxygen 

level required 

to 

maintain 

respiration 

at a late 

independent 

of 

the


"trviton-"trtal


supply. Although 

the 

required 

conditions 

are 

not 

completely


fulfilled: viz
., the 

reqpiring mais 

is not 

located 

in the 

centre but 

on the 

surface

of the 

yolk, 

the use of this model 

is 

considered 

justified 

in 

the 

absence 

of better


experimental 

evidence.


When 

an 

egg has reached 

the stage of possessing

a functional 

circulatory


system, oxygen 

difiusing through 

the 

capsule 

is transported 

to 

the 

embryonic


tissue 

with 

greater 

efficiency. Again, 

according 

to 

Krogh's models, 

the 

tension


difference 

tr"""rruty 

for 

difiusion 

of oxygen 

where 

its 

transport 

is accomplished


by blood 

circulation 

under the capsule 

is 

given 

by:


ArT


a":

rO


where 

T 

: 

thickness of 

the 

capsule 

in 

cm.


A 

- 

oxygen 

consumption 

of 

the 

sphere, 

in 

millilitres per 

gram 

of 

larval


tissueper 

minute.


In this 

case, 

it is assurned 

that the 

oxygen 

pressure 

in the perivitelline 

fluid


is 

zero 

when 

the ambient 

oxygen pressure 

is 

at the 

critical 

level 

(see Krogh,


194I, p. 

fo4, 

f.orfurther discussion 

).


Ii 

order to 

arrive 

at estimates 

of critical 

oxygen 

levels 

by 

these 

models, 

a


composite 

has been 

constructed 

of the 

data 

(see 

Table IV) 

with 

certain 

data


of \ 

7i"kett 

and 

of Hayes. 

Assuming 

a value 

for the difiusion 

coefficient, 

D, of


0.0000123

ml./crr../cm,r/^in. 

as 

found 

for 

eggs 

of the 

Atlantic 

salmon 

at 

l0"C'


(Hayes et al., 

I95L), thickness 

of 

the 

capsule, 

T,,for 

chum 

eggs 

as 0'006.cm'


(Witt"tt, 

unpubl.),0.29 

g. 

as the 

weight 

of 

chum salmon 

eggs 

({t-"ket5


iSS+i 

a"a 

a&n"l 

egg radii 

of 

0.37 

cm. 

(this 

paper), 

estimated 

critical 

levels


have 

been 

calculateJ-by 

the above 

formulae. 

Calculated 

critical 

levels are 

listed


in Table 

V 

and 

illustrated 

in Figure 

8'


values 

of 

A, the oxygen 

consumption 

in ml'/g'/min'' 

have 

been calculated


on 

the 

basis 

of 

"gg

-"ight 

(0"29 

g.i 

for 

the period 

prior 

to 

establishment 

of
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Tasln 

V. 

Calculation 

of 

critical 

oxygen 

levels 

for 

chum salmon 

eggs 

at 

various 

stages 

of


development.


Computational 

Calculatedcritical


Age 

02 

consum 

model 

_r.z/6D 

,,,,


ArT/3D 

ox1-gen 

Ievel 

Source


degree-d,ays 

4 . 0 

4 . 8


4 8 . 0 

727.2 

162.

1

268.2 

353.0 

452.4 

ml./g./tnin.


0.0000055' 

0.0000078" 

0.0000138" 

0.

000039" 

0.0000317",

" 

0.0017196


0

.002006 

b

0.002185b 

Wickett 

(1954)


'lhis

paper


Wickett 

(1954)


This paper


; ,


P.P.m


0 . 7 2


1 1 4


r . 6 7


39 6


5 . 6 6 

6 . 6 0


7 . 1 9 

"Based 

on 

egg weiehts


bBased 

on larval 

weiqhts


"Calculated 

from 

Wickett 

(1954), 

Table 

I, 

entr1, 

\6. 6


4


a


:


(L


z


l!


X


o


o


LrJ


J


a


U)


roo 

200 

300 

400 

500


STAGE 

OF

DEVELOPMENT. 
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levels for 
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eggs at i0.C. 
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solid


circles represent 

data 
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developmental 
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Wickett 

(1954).
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circulation

beneath

the 

capsule

(estimatedat 

about 

200 

degree-days)

and 

on


the basis

of 

larval weights

thereafter 

(see

Table 

IV 

).


To 

illustrate 

the 

calculation 

of 

critical 

oxygen 

levels,

the 

value 

for eggs 

at


121,2degree-days  

in Table 

v 

is 

obtained 

as 

follows. 

Given 

r 

: 

0.37 

cm.;


D 

: 

0.0000123 

ml./cm.icm.2/min.; 

and A 

: 

0.00093

X 

0'73/029 

X 

60 

-

0.000039 

ml./g./min. 

where 

0.00093 

is the 

oxygen

consumPtion 

in 

mg./egg/hr.


(Table 

IV 

), 

0:29

is 

eggweight

in 

grams

and

0.73

is 

a factor

for 

converting

mg. 

of


oxygen/I.

to ml. 

(

at l0'C. 

and760

mm.Hg. 

) 

of 

oxygen/l:


co:


Given 

further that 

oxygen 

pressure 

of 

equivalent 

to:


co:


A12 

0.000039 

x 

(0.37)'z


0.0723X760X11 .3


- 

0.0723

atmospheres

- 

3.96

p.p.m.

dissolved 

oxygen.


6D 

6X0.0000123


11.3 

mg. 

of oxygen 

will 

dissolve 

in 

fresh 

water 

at 

a 

partial


157mm- .

Hg. 

at u 

totul pressure 

of 760 

mm. 

Hg', the 

above 

is


t57


Critical 

oxygen 

levels 

are those 

at which 

respiratory 

demand 

is 

just 

satisfied-

If these 

ur" 

"q,iirrulent 

to 

levels 

below 

which 

oxygen 

uptake 

is reduced 

and


metabolism 

and 

growth
 

decelerated, 

critical 

levels 

are 

synonymous 

with 

limiting

oxygen 

levels 

(fJr 

a discussion 

of 

limiting 

levels, 

see 

Fry, 

1947, p' 

4I et

-seq')'


ttori"u"r, as 

calculated 

critical 

levels 

are partly 

theoretical 

in derivation 

whereas


limiting 

levels 

may be 

obtained 

experimentally, 

a 

compariso_n 

is 

necessary 

to


erralrraie properly 

the 

biological 

rneaning 

of 

the

-former. ̂ Unfortunately,_

the


present 

"irth'orc

h.rr" 

,to inf-ormation 

on-limiting 

levels. 

of

.o:Ig""-

for-chum


ialmon 

eggs 

capable 

of 

comparison. 

Such 

information 

is 

highly 

desirable 

in


orcler 

to erialuate 

the 

significance 

of 

critical 

oxygen 

levels'


Because 

of 

the 

recJgnized 

high 

oxygen 

requirements 

of 

pre-hatching 

stage


eggs, their 

susceptibility 

Io 

mortality 

and their 

tendency 

to 

hatch prematurely 

in


wli"r 

of 

o*yg"rt 

content 

below 

air-saturation, 

it 

would 

appear 

that 

critical


dissolved 

o*yg""n 

levels 

may 

form 

a basis 

to 

denote 

minimum 

permissible 

olyge_n


levels througfrout 

incubation 

until 

more 

complete 

information 

on 

limiting 

levels


is 

acquired.


6n 

the 

basis 

of 

experiences 

encountered 

with 

delay 

in 

hatchir.rg 

rate 

caused


by 

imperfect 

circulatiin 

in 

incubatio' 

trays, 

it 

is 

considered 

appropriate 

to


ud,ro"Jt" 

the 

use of 

the 

recent 

"vertical" 

hatchery 

techniques 

involving 

the 

use


of 

rnater 

upwelling 

through 

the 

incubating 

eggs 

(see 

Burrows 

and 

Palmer, 

1955;


Lindroth, 

1956).


SUMN{ARY 

AND 

CONCLUSIONS


Experiments 

have 

been 

conducted 

on 

chum 

salmon 

eggs 

(Oncorhynchrc


keta) 

iiorder 

to 

investigate 

some 

aspects

of 

their 

response

to 

low 

oxygen

loldi


tions. 

Eggs 

at 

various 

t"rr"loprn",ttll 

stages 

were 

exposed" 

to 

a series of 

low


oxygen 

i-e"vels 

in a 

constant 

temperature 

bath 

for 

a 

period 

of 

seven 

days. 

Subse-
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quently,- 

eggs 

were 

cultured 

under 

normal ,:onditions 

until hatching 

was com-

plete. 

Observed

responses

are 

listed 

asfollows:


l.-oxygen 

levels 

below 

air-saturation 

at 

10oc. 

produced 

delay 

in 

the 

mean


rate 

of 

hatching 

of 

eggs 

tested 

at four 

der,'eropmeirtal 

stages. 

TLis delay 

was


greatest 

during 

early 

development 

(between 

roo-zoo 

centlgrade 

degree-days)


and 

dropped 

to lower 

levels 

at 

about 

the 

tjme 

circulation 

ri,ithin 

thJ 

egg 

was


established.


2' 

In 

early developmental 

stages 

of 

chum 

sarmon 

eggs, 

oxygen levels 

of


0.3 

p'p.m, 

or less, 

although 

not 

lethal, 

may 

result 

in 

the""prodrr"iio' 

of 

mon-

strosi

ties.


_3.

Eggr 

of 

advanced 

developmental 

stage 

are 

stimulated 

by low 

oxygen

conditions 

to hatch 

prematurely. 

The 

peak of 

premature 

hatching 

at io!c.


g"_""It-"d 

at an 

oxygen 

level 

approximately 

equiva=lent 

to 

the 

estimaled median


lethal 

level 

for 

dissolved

oxygen.


.

4. 

The 

oxygen uptake 

per 

gram 

of larv'al 

tissue 

at 

10"c. 

is high in 

early

development, 

corresponding 

ap-proximately 

to 

the 

time 

of 

maximum 

fr"agility, 

and


falls 

to a lower 

value 

at 

the 

end 

of 

that 

perioct. 

subsequently, 

uptake 

p"", 

giur' 

ot


larvai 

tissue 

rises 

slightly 

to a level 

which is 

m,cre 

or leis

"on
.t.rri.


. 

5. 

Under 

the experimental 

conditions, 

the incipient


median 

lethal 

level 

for


dissolved 

oxygen rose 

with 

development 

frorn 

appioximately 

0.4 

p.p.m. 

in 

early


development 

to 

1.0-1.4

p.p.m. 

previous 

to 

hatc,hinli


6. 

Critical 

levels 

of dissolved 

oxygen 

were 

calculated 

for 

the 

present series


and 

compared 

with values 

for 

chum 

salmon 

eggs from 

wickett (rgb4). 

A con-

tinuing 

rise 

in critical 

levels 

is^suggested 

frrrm 

fertilization 

at 

least 

to a 

stage


shortly 

before 

hatching. 

Until further 

information 

is 

available 

to 

the 

contraiv.


it 

is 

suggested 

that critical 

levels 

of dissolved 

oxygen 

may 

be regarded 

as 

a


measure

of 

oxygenrequirements  

for 

successful

incubalion.
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