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The influence of various metabolites, and also of elevated

dissolved oxygen concentrations, on the development and growth of

embryos and sac fry of steelhead trout, Richardson,

and chinook salmon, Qus tshawtsch (Walbaum), has been

investigated.

The experimental apparatus used in this investigation was

designed to provide developing embryos and sac fry with flowing water

of controlled velocity and dissolved oxygen concentration. Embryos

were reared from fertilization of the eggs until about 10 days after

hatching, at 10 C, in water containing elevated concentrations of

ammonia, carbon dioxide, and dissolved oxygen, and in water containing

biologically produced inetabolites, that is, all metabolic products

given off by developing salmonid embryos. Mean dry weights of fry

were determined at the time of hatching and 7 to U days after

hatching.

Water that had passed through a mass of developing embryos

inhibited the growth of saLnonid embryos, but did not appear to impair
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the growth o± sac fry. Anmionia concentrations of 5 mg/liter were

found to impair the growth of steelhead trout embryos; however a

concentration of 0.2 mg/liter did not impair the growth of chinook

salmon embryos or sac fry. Carbon dioxide concentrations above

2$ mg/liter impaired the growth of steelhead trout embryos and sac

fry. The data on the influence of carbon dioxide concentrations

below 28 mg/liter on the growth of embryos and sac fry are inconclu-

sive. Unidentified metabolites other than carbon dioxide and aimnonia

may depress the growth of embryos.

The growth of saLnonid embryos was accelerated by elevation of

the dissolved ogen concentration brond. the air-saturation level.

The influence of water velocity differences on the growth of embryos

decreased as the oxygen concentration increased. It is concluded

that the delivery of orgen to the embryo probably is a more important

role of water movement than is the removal of biologically produced

metabolites. Netabolites given off by developing embs impair

embryonic growth to some ex;erit, but this effect was decidedly out-

weighed by the favorable effect of increased oçrgen concentrations in

the ambient water.
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ThE INFLUENCE OF METABOLITES ON THE GR(TH AND DEV1OPNENT OF

SAL1!DNID ENB}ZYOS AND SAC FRY

flrrRODUCTION

A laboratory investigation is reported here of the influence of

various metabolites, and also of elevated dissolved oxygen concen-

trations, on the growth and development of embryos and sac fry of

steelhead trout, Salmo gairdneri Richardson, and chinook salmon,

Oncorhynchus t,scha (Walbaum). This investigation was conducted

during the spring and fall of 1965 and the winter of 1966 at the Oak

Creek laboratory of the Pacific Cooperative Water Pollution and

Fisheries Research Laboratories, located near Corvallis, Oregon.

The study is one segment of a comprehensive investigation of the

dissolved oxygen requirements of fishes, in progress at Oregon State

University.

Many environmental factors, such as dissolved oxygen concen-

tration, water velocity, gravel permeability, siltation, light, and

temperature, and also disease, can influence the growth and survival

of saJ.monid embryos in nature. Phillips and Campbell (1962), Silver,

Warren arid Doudoroff (1963), Brannon (1965), and Koski (1965) have

reviewed much of the literature dealing with some of these factors.

The amount of research into the effects of these factors has been

limited.

In field experiments, Phillips and Campbell (1962) studied the

survival of embryos of coho salmon, Oncorkynchus kisutch (Walbaum),

and steelhead trout in relation to some environmental conditions in



2

redds. They found that when the dissolved orgen concentration in

the gravel was low, the water velocity normally was also low. They

were unable to separate the effects of the two factors on embryo

survival, but they concluded that, "mean orgen concentrations in

gravel necessary for a high survival of echo and steelhead embryos

may exceed E iug/llter."

In laboratory experimers, i1ver et L. (1963) reared chinook

salmon and steelhead trout embryos at different water velocities

ranging from 6 to 1350 cm/hour and at different dissolved oygen

concentrations ranging fron about 1.6 to 11.7 ing/liter. In similar

experiments, Shuinway, Warren and Doudoroff (1964) reared coho salmon

and st.eelhead trout embryos at different water velocities ranging

from 3 to 750 cm/hour and at different dissolved orgen concentrations

ranging from about 2.5 to fl. mg/liter. These workers found that

large percentages of embryos survived to hatching when reared at low

water velocities (3 and 6 cnVhour) in water containing orgen concen-

trations as low as 2.5 mg/liter. However, any reduction of water

velocity or reduction of dissolved ogen concentration below the

air-saturation level resulted, in a decrease in the size of newly

hatched fry.

The results of the controlled laboratory investigations, such

as thos reported by Silver et . (1963) and Shumway et al. (1964)

are difficult to relate to results of field studies such as those

reported by Phillips and Campbell (1962). The differences between

survival of embryos in field experiments and their survival in labo-

ratory experiments can probably be attributed to the many environmental
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factors and stresses which are present in the field, but which are

controfled or eliminated in the rather idealized studies undertaken

in the laboratory.

In interpreting the results of their laboratory eeriments,

Shuzay et . (1964) suggested that the concentration of metabolic

waste products at the surface of the salmonid embryo, brought about

by reduced water velocities, may limit the growth rate of embryos at

high dissolved ocygen levels. They found that the percentage differ-

ence in the weight of newly hatched fry reared at low and high water

velocities remained nearly cor'stant over the range of dissolved ojgen

concentrations tested (2.8 to 11.2 mg/liter). They pointed out that

high dissolved ogen concentrations, by increasing the metabolic

rate of the embryo, must cause an increase in the rate of production

of metabolic wastes. Accelerated removal of these wastes by increased

water velocities may be more beneficial for an embryo than an in-

creased orgen concentration at the chorion surface when the ogen

supply is already adequate (i.e., at high dissolved orgen levels).

McNeil, Wells and &'ickefl (1964) have shown that in Sashin

Creek, a small Southeastern Alaska stream, water percolating through

spawning bed gravels sometimes contains much free carbon dioxide and

ammonia produced by decomposition of dead salmon eggs. However, no

attempt was made to correlate these factors with either growth or

survival of sainionid embryos in the gravel.

Under hatchery conditions, Surber (1935) showed that concentra-

tions of carbon dioxide between 55 and 73.5 mg/liter caused increased

mortality of embryos of rainbow and cutthroat trout and increased
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numbers of deformed bryos and sac fry. Alderdice and Wickett (1958)

noted that "pre-circulatory-system" eggs of chum salmon, Oncoriwnehus

ket,a (lrialbaum), showed by their orgen uptake no response to levels

o± carbon dioxide below about 125 mg/liter. However, their experi-

ments were performed at very low dissolved orgen levels (O.O to

2.35 mg/liter). No experiments are known to have been reported on

the influence of metabolites or the influence of dissolved orgen

concentrations above air-saturation levels on the growth and devel-

opment of salmonid embryos or sac fry.

Unpublished data at Oregon State University indicated that sal-

monid erabryo8 reared in water containing biologically produced

metabolites in high concentrations do not grow as well as embryos

reared in the same water without the metabolites. It is not known

whether the observed impairment of growth was caused by carbon dioxide,

by wmnonia, or by some other waste or growth-regulating substance that

may have been present in the water containing the biologically pro-

duced inetabolites.

The laboratory experiments reported here were undertaken pri-

manly to determine the effects of wmuonia, of carbon dioxide, and of

biologically produced metabolites (i.e., combined metabolic products

given off by developing salmonid embryos), using embryos and sac fry

of both steelhead trout and chinook salmon as experimental material.

Information was obtained also on the influence of elevated dissolved

ogen concentrations on the growth of steeJ..head trout embryos and

sac fry, in an effort to determine whether or not growth at high or-

gon concentrations and low or moderate water velocities is limited
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by metabolite of internal origin.

THODS AND MATERIALS

Experimental Material

The salmordd eggs used in each of the four experiments reported

here were obtained from a single female and were fertilized with sperm

from two males. The steelhead trout eggs used in experiments 1 and

2, and the chinook salmon eggs used in experiment 3, were obtained

from the Oregon Fish Marion Forks Hatchery located in

the North Santiarn River drainage basin. The stcelhead trout eggs

used in experiment 4 were obtained from the Oregon State Game

Coinissionts Alsea Trout Hatchery located on the North Fork of the

Alsea River. The freshly fertilized eggs were placed in a one-gallon

jar, transported by autiobile to the Oak Creek laboratory, and

placed in the experimental apparatus. No significant hanth.ing mor-

tality was observed as a result of transfer of the eggs from the

hatcheries to the experimental apparatus.

Experimental Apparatus

The experimental apparatus used for this investigation is shown

in Figure 1. The apparatus was designed for holding developing sal-

monid embryos and sac fry in flowing water of controfled velocity

and dissolved oxygen concentration. It is the apparatus described

in detail by Silver et al. (1963) and later modified and redescribed

by Shumway et al. (1964). Therefore, only a brief description of

the apparatus is given here.
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Figure 1. Photograph showing two test chambers containing cylinders, and also showing the water-heating
system, the flow-control devices, and the glass columns for maintaining appropriate concen-
trations of dissolved orgen and carbon dioxide.
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Figure 2 is a schematic diagram showing one of six test chambers

and the pattern of water flow. Each of the six paired test chambers

contained four glass cylinders sealed with paraffin to horizontally

placed, porous ceramic plates on which the embryos rested An 8-inch

glass funnel was inverted over each cylinder and a seal between the

cylinder and the funnel was formed by a gasket of polyurethane weather

stripping.

Filtered water from a small spring-fed stream was supplied

through polyethylene pipe to the constant-temperature room contain-

ing the experimental apparatus. The incoming water was heated to the

desired experimental temperature by a thermostatically controlled

immersion heater. The water then flowed through a distribution jar

and into the tops of six glass columns filled with Raschig rings.

Air, nitrogen, oçrgen, or carbon dioxide, or combinations of these

gases could be introduced at the bottoms of these columns at appro-

priate rates to obtain the desired levels of dissolved ogen and

free carbon dioxide. Water leaving the bottom of a column entered

a test chamber near the bottom and overflowed through an outlet near

the top. The water in each test. chamber was renewed at a rate of

300 to 500 milliliters per minute; the renewal rate being the same

for all test chambers in any one experiment.

Small centrifugal pumps and low-capacity chemical pumps were

used to produce the various water velocities within the glass cylin-

ders. Water withdrawn at the two highest velocities passed through

ball-displacement flownieters and flow-adjustment stopcocks before

entering the centrifugal pumps. Water leaving these pumps entered
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Figure 2. Diagram of the experimental apparatus showing the pattern
of water flow for one of six test chambers.



air traps before being returned to the chambers below the porous

plates. Water withdrawn by the lcw-capacity pumps was not returned

to the test chambers. The flow of this water was periodically

measured with a graduated cylinder.

Arnonia concentrations were maintained in the appropriate test

chambers by adding a measured volume of a solution of ammonium

chloride (NH4C1) at a constant rate from a Mariotte bottle. The

i4Cl solution was introduced below the porous plates of the test

chambers, where it mixed rapidly with the incoming water.

Figure 3 is a drawing of an apparatus used for holding 5000 to

10,000 developing embryos from which biologically produced metabolites

were obtained for introduction into a test chamber. Water from one

of the six. glass columns passed through a flow-adjustment stopcock, a

flcwmeter, and the separatory funnel filled with developing embryos

before entering the test chamber. Only salmonid embryos which had

reached the eyed stage (the stage at which eye pient is readily

visible) were used in this apparatus to produce metabolites, because

younger salmonid embryos are relatively small and produce small

quantities of metabolites.

2.erimental Metho

Water exchange rates, velocities, and temperatures in the appara-

tus were adjusted to the desired experimental levels several days

before the beginning of an experiment. The room temperature was held

about 1 C below the temperature of the renewal water to minimize the

formation of bubbles in the apparatus while maintaining nearly equal
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Figure 3. Diagram of the apparatus used for holding developing embryos from which biologically
produced metabolites were obtained. H0
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temperatures in the several test chambers. Free carbon dioxide,

anunonia, and dissolved ojgen concentrations were adjusted over a

24-hour period to the desired experimental levels after the eggs

were placed into the cylinders within the test chambers.

Seventy-five to 120 fertilized eggs were placed in each cylinder;

the number of eggs per cylinder was the same in any one experiment.

The eithryos were kept evenly distributed within the cylinders by a

circular stainless-steel band strung with nylon fIlament to fonn a

grid. Dead eggs or embryos were not removed from the cylinders until

the embryos had reached the eyed stage. Thereafter, dead embryos or

sac fry were removed as soon as they were observed.

The freshly fertilized eggs from which biologically produced

nietabolites were to be obtained were supplied with flowing water at

10 C and held in separatory funnels until they reached the eyed stage.

Lniediate1y after the embryos became eyed, they were removed from the

funnels, and the dead eggs and embryos were discarded. The eyed

erLibryos were then placed into the separatory funnel of the experi-

mental apparatus (see Figure 3). The dissclvei oçrgen concentration

in a control test chamber was regulated daily tc coincide with the

dissolved orgen concentration in the test chamber to which the bio-

iogicall produced metabolitos were added. when the eggs in the

separatory funnel began to hatch, they were replaced with newly eyed

embryos. Eyed embryos of the same species as the experimental mate-

rial in the test chambers -ere used to produce the metabolites, with

exception of the last 19 days of experiment 3, when eyed echo salmon

embryos were used to produce the metabolites added to the water in
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which chinook salmon embryos were being held..

Observations and adjustments of' the experimental apparatus were

normally made three times daily: once in the morning, once in the

afternoon, and once in the evening. Dissolved ogen concentrations,

water temperatures, £lometer readings, and flow rates of exchange

water and added ammonia solutions were recorded at these times.

Dissolved oojgen concentrations near or below the air-saturation

level were determined by the Alsterberg (azide) modification ci the

Winkler method.. Dissolved. rgeli concentrations above the air-

saturation level were determined using the Pomeroi-Kirshman-

Alstorberg modification. Free carbon dioxide concentrations were

estimated daily by the noniographic method. The pH, total alkalinity,

and total diosolved solids values used in estimating free carbon

d:Loxide by the nomographic method were determined daily, serni-week1y,

and weekly, respectively. AznlnDnia concentrations in the water con-

taining the biologIcally produced mabolites were repeatedly deter-

mined by the distillation method, nessierizing a portion of the dis-

tiflate and comparing it spectrophotometrioa1l with prepared standards.

The above analytical methods are all described in 'Standard Methods

for the Iainination of Water and Wastewater (American Public Health

Association et al. 1960).

At the tine of complete or nearly complete hatching in a partic-

ular cylinder, and again 7 to II days after hatching, samples ci sac

fry were removed, and wet and dry weights of the fry determined. Each

sample contained .o 3 sac fry; however, the usual number of sac fry

in a sample was 2. Visibly deformed fry were excluded from the samples.



The sample fry were killed and the yolks were removed from the

fry with a scalpel. The fry were then blotted with a paper towel to

remove any adhering yolk, counted, placed into preweighed aluminum

pans or weighing bottles, and weighed. The samples were then held

for 1 week in a drying oven at 70 to 75 C, placed into a dessicator

to cool, weighed, returned to the drying oven, and reweighed on each

succeeding day until a constant dry weight was obtained.

RESULTS

Metabolites and elevated dissolved ogen concentrations were

found to influence the growth of steelhead trout and chinook salmon

embryos and sac fry. The temperatures, water velocities, and dis-

solved oojgen, free carbon dioxide, and ammonia concentrations at

which salmonid embryos and sac fry were reared in the different

cylinders are given for each experiment in Table 1; the mean dry

weights of fry determined at the time of hatching and after hatching

are given in Table 2. The means and ranges shown in Table 1 are

based on the data collected throughout the experimental periods.

The means for data collected from the start of an experiment until

the embryos hatched were not materially different from the means in

Table 1, and therefore are not included.

cperiments 1 and 2 with steelhead trout each consisted of two

parts. Each included a determination of the influence on embryonic

and larval growth of elevated concentrations of ammonia, carbon di-

oxide, and dissolved oxygen (experiment 1A or 2A), and also a deter-

mination of the influence of biologically produced metabolites



Means and ranges of temperatures and dissolved oxygen concentrations, means of free carbon dioxide
and ammonia concentrations, and mean water velocities in all experiments

Experi- Species Chain- Dissolved oxygen Temperature Aimnonia'° Carbon Mean water velocityC

ment and ber (ma/liter) (C) (mg/liter) dioxide (cjiilhourj

No. date No a Mean Range Mean Range (ngJiiter) A B C 1)

1A Steelhoad 1 11.1 9.6-12.4 10.5 10.0-12.2 4.9 2 797 160 31 6

trout 2 23.8 21.8-25.0 10.5 10.0-12.2 - 2 800 160 31 6

3/31/65 3 11.2 10.5-11.8 10.5 10.0-12.2 - 2 801 160 31 6

4 11.2 10.4-11.6 10.5 10.1-12.1 - 10 800 158 31 6

lB 5 8.9 7.2-10.1 10.5 9.9-11.9 <0.1 5 800 160 31 6
6 ¶3.8 6.5-10.7 10.6 10.1-11.9 - 2 798 160 31 6

2A Steelhead 1 11.]. 9.2-12.6 11.0 10.0-12.9 4.9 2 795 162 31 6

trout 2 17.9 l).8-19.6 10.8 9.8-12.8 - 2 800 160 31 6

5/26/65 3 13 ') 10.4-11.5 10.9 9.8-12.9 - 2 800 160 31 6

4 10.9 10.0-11.4 10.8 9.8-12.9 - 14 800 160 31 6

2B 5 7.7 5.0- 9.4 10.7 9.7-12.3 <0.1 5 800 160 31 6

6 7..? 5.7-11.0 10.6 9.6-12.4 - 2 788 160 31 6

3 Chinook 1 5.5 1.8- 7.0 10.4 9.6-11.2 0.2 4 800 160 31 6
salmon 2 5.5 3.6- 7.3 10.4 9.5-11.2 0.2 10 800 160 31 6

10/6/65 3 5.5 3.2- 7.7 10.4 9.5-11.3 0.4 18 800 160 30 6

4 5.5 3.7- 7.0 10.4 9.5-11.3 - 10 798 160 31 6

5 5.5 3.6- 7.0 10.4 9.6-11.0 <0.1 10 798 158 31 6
6 5.5 3.6- 8.0 10.4 9.6-11.1 - 4 800 162 31 6



TABLE 1 (Continued)

Experi- Species Cham- Dissolved oxygen Temperature Ammonia Carbon Mean water ve1ocit
merit and ber (mg/liter) jQ) (mg/liter) dioxide (cnilhour)
No. date No. Mean Range Mean Range (mgJliter) A B C D

4 Steelhead 1 10.8 10.3-11.2 10.2 9.8-10.7 - 6 800 160 31 6
trout 2 10.8 10.4-11.1 10.2 9.8-10.7 - 15 800 160 31 6
2/8/66 3 10.8 10.2-13.0 10.2 9.8-10.7 - 28 800 160 30 6

4 10.8 10.6-11.4 10.1 9.8-10.2 - 55 798 160 31 6

5 11.0 10.8-11.4 10.1 9.8-10.2 - 125 798 158 31 6

6 10.8 10.4-11.2 10.2 9.7-10.7 - 3 800 162 31 6

a
Numbers 5 and 6 designate the metabolite and the control test chambers, respectively, in experiiiients
1, 2, and 3; number 6 designates the control test chamber in experiinent 4.

b
A dash indicates that aimnonia was not ecperimenta1ly introduced and was not present in measurable
concentration.

C
For each of four cylinders in a chamber, which are designated by the letters A, B, C, and D.

I-i



TABLE 2

Mean dry weights of steelhead trout and chinook salmon at the tine of hatching and 11, 8, 7, and 10

days after hatching in experiments 1, 2, 3, and 4, respectively

Ebceri- Species CLan- Dissolved Arnimniab Car'x'i Mean dry weight of fry°'
(I

merit and ber orgen (ingJliter) dioxide (mg)
No. date

a
(nigJiiter) (mg/liter) At hatch Posthatch

A B C B A B C B

1A Stecihead 1 11.1 4.9 2 5.3 5.0 4.6 3.9 16.1 15.6 149 12.9
trout 2 23.8 - 2 5.8 5.6 5.5 - 17.8 17.7 17.5 -

3/31/65 3 11.2 - 2 5.5 5.2 4.7 4.0 17.6 i6.o 15.5 14.7
4 11.2 - 10 5.4 4.7 4.6 3.9 16.8 15.3 15.0 11.9

lB 5 8.9 0.l 5 4.4 4.1 - 3.0 13.3 12.2 - 10.4
6 8.8 - 2 4.6 4.4 3.5 3.2 14.9 14.1 12.2 11.1

2A Steelhead 1 11.1 4.9 2 3.4 3.1 3.1 2.8 7.6 7.5 7.4 6.8

trout 2 17.9 - 2 3.8 3.8 3.6 3.4 9.0 9.0 8.9 8.6

5/26/65 3 11.0 - 2 3.7 3.5 3.3 3.0 9.0 8.8 8,6 7.5
4 10.9 - 14 3.3 3.3 3.0 3.7 8.1 7.9 7.5 6.7

2B 5 7.7 <0.1 5 2.8 2.6 2.3 1.8 6.8 6.8 6.0 4.8
6 7.7 - 2 3.0 2.8 2.5 2.0 7.7 7.3 6.4 6.7

3 Chinook 1 5.5 0.2 4 5.9 5.3 4.4 2.1 15.8 14.2 11.6 3.8
salmon 2 5.5 0.2 10 5.9 5.5 4.6 3.2 14.2 14.6 10.8 6.9

10/6/65 .3 5.5 0.4 18 5.8 4.9 4.5 3.1 15.7 13.7 12.1 7.7
4 5.5 - 10 5.6 5.3 4.2 2.9 14.6 13.9 11.3 7.6
5 5.5 <0.1 10 5.7 4.9 4.1 3.1 14.8 13.5 11.3 7.BH
6 5.5 - 4 6.0 5.3 4.6 3.5 14.9 14.1 12.2 8.4°'



TABLE 2 (Continued)

cperi- Species Cham- Dissolved Ammonia Carbon Mean dz7 weight of fry
nLent and ber ocygen (mg/liter) dioxide (nig)

No. date No. (ingj'liter) (ing/JJ.ter) At hatch Posthatch
A B C D A B C D

4 Stecihead 1 10.8 - 6 4.2 4.]. 3.8 3.3 12.3 12.1 11.8 10.4
trout 2 10.8 - 15 4.5 4.4 4.0 3.6 12.5 12.6 - 11.3

2/8/66 3 10.8 - 2 4.1 3.9 3.8 3.4 11.3 11.5 11.1 10.1
4 10.8 - 55 3.5 3.4 - - 9.3 9.1 - -

5 11.0 - 125 - - - - - - - -

6 10.8 - 3 4.2 4.3 3.9 3.4 12.4 12.4 11.7 10.4

a
mbers 5 and 6 designate the netabolite and the control test chambers, respectively, in experiments

1, 2, and 3; number 6 designates the control test chamber in experiment 4.

b A dash indicates that ammonia was not experimentally introduced and was not present in measurable
concentrations.

C For each of four cylinders in a chamber, which are designated by the letters A, B, C, and 3).

d The weight of the yolk is not included.

f-i
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(experiment lB or 2B).

The water velocity reported for each cylinder in Table 1 is the

apparent velocity, the discharge in cubic centimeters per hour

po' square centimeter of cross-sectional area, including both solid

particles and voids Within each cylinder, a considerable portion of

the cross-sectional area (about 20 percent) was occupied by the eggs.

Therefore, the actual or true velocity of water around the eggs was

somewhat higher than the apparent velocity reported. However, since

the number of eggs placed in each cylinder in any one experiment was

the same, the percent increase of the actual velocity at the level

of the eggs was the same in the different cylinders.

Although the mortality of embryos and sac fry in the experiments

was generally low, unexplained high mortalities occurred in some

cylinders. The mortality generally was not related to the experi-

mental conditions tested. The entire question of mortality wifl be

discussed more fully later.

The curves in Figure 4 show the effects of biologically produced

metabolites at various water velocities on the mean dry weights of

steelhead trout fry at the time of hatching and 11 and 8 days after

hatching in experiment lB and 23, respectively. The curves in

Figure 4 and all other curves presented in this thesis were fitted

by inspection to the plotted points. Embryos reared in water with a

high concentration of metabolites were smaller at the time of hatch-

ing than embryos reared in water with no metabolites specially added.

The percent differences in weight were nearly the same at the four

velocities tested. These differences remained nearly constant after
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hatching, indicating that exposure of steelhead trout sac fry to

biologically produced metabolites had little influence on their

growth.

The effects of various water quality conditions at several water

velocities on the mean dzy weights of newly hatched steelhead trout

fry in experiment 1A are shown in Figure 5. Eibryos reared at

10 mg/liter of carbon dioxide and embryos reared at 4.9 nig/liter of

ammonia were m-1 1 er at the time of hatching than embryos reared in

water without elevated levels of these nietabolites. &nbryos that were

reared at the elevated ogen concentration (23.8 mg/liter) were

larger at the time of hatching than controls reared at ogen con-

centrations near the air-saturation level (11.2 ni&/liter), particular-

ly at the lower water velocities. The convergence at the higher water

velocities of the curves obtained at these two ogen concentrations

indicates that the influence of water velocity is less pronounced at

high ogen concentrations than at low concentrations.

The mean weight of the fry deriving from embryos held at 10

mg/liter of carbon dioxide at the velocity of 160 cm/hour is judged

to be erroneous, in view of the weights of fry observed at the next

lower and next higher velocities tested (31 and 800 cm/hour). The

cause of their relatively slow growth is unknown; therefore, the point

in question was disregarded in fitting a curve to the other data

obtained at 10 mg/liter of carbon dioxide.

Sac fry from embryos reared at 10 mg/liter carbon dioxide and

sac fry from embryos reared at 4.9 mg/liter of ammonia at the three

highest velocities in experiment 1A were slightly nal1er than sac fry
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reared in water without added metabolites (Figure 6) Sac fry that

were reared at the lowest velocity (6 cnVhour) at these levels of

carbon dioxide and azunonia were much smaller than sac fry reared at

the same velocity but without elevated levels of carbon dioxide or

ammonia. It can also be seen in Figure 6 that sac fry reared at

elevated orgen concentrations at all water velocities were larger

U days after hatching than sac fry reared at about the air-saturation

level of dissolved oçrgen (11.2 mgJliter).

The effects of various water quality conditions at several water

velocities on the mean dry weights of new hatched steelhead trout

fry in experiment 2A are shown in Figure 7. Embryos reared at 14

m/liter of carbon dioxide and embryos reared at 4.9 mg/liter of

ammonia were smaller at the time of hatching than embryos reared in

water without elevated levels of carbon dioxide or ammonia. Also,

embryos that were reared at elevated orgen concentrations (17.9

mg/liter) were larger at the time of hatching, particularly at the

lower velocities, than embryos reared at orgen concentrations near

the air-saturation level (11.0 mg/liter). The two curves pertaining

to the different dissolved ojgen concentrations converge at the

higher water velocities as do the corresponding curves based on exper-

iment lA (Figure 5).

Sac fry that were reared at 14 mg/liter of carbon dioxide and

sac fry that were reared at 4.9 rnJliter of ammonia in experiment 2A

were smaller 3 days after hatching than controls reared in water with

no added chemicals (Figure 8). Also, 8-day-old sac fry reared at

elevated orgen concentrations were larger than sac fry reared at
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concentrations near the air-saturation level except at the highest

water velocity.

The data presented in Figure 9 show the effects of various water

quality conditions and water velocities on the mean dry weights of

chinook salmon fry at the time of hatching and 7 days after hatching

in experiment 3. The curves are fitted only to the control points.

nbryos that were reared in water with added chemicals or metabolites

were usually smaller than controls at the time of hatching and 7 days

after hatching, particularly at the lower water velocities. The

influence of the various rnetabolites evidently was less pronounced

at high water velocities than at low velocities. The percent dif-

ferences in weight remained nearly constant after hatching, suggest-

ng that exposure of chinook salmon sac fry to the various water

quality conditions had little influence on their growth. Although

0.2 mg/liter of a.imnonia together with 10 mg/liter of carbon dioxide

caused some reduction of the weight of 7-day-old chinook salmon sac

fry at the lower water velocities tested, a combination of ammonia

and carbon dioxide at nearly twice these concentrations (0.4 and 18

mg/liter, respectively) did not cause a greater reduction in weight.

The curves in Figure 10 relate the mean dry weights of steelhead

trout fry newly hatched at four different water velocities in exper-

iment 4 to carbon dioxide concentrations ranging from 3 to 55 mg/liter.

As the carbon dioxide concentrations increased from 3 to 6 mg/liter,

the weight of fry generally decreased; but as the concentration

increased further to 15 mg/liter, the weight of fry increased at all

velocities tested. As the concentration increased further to 22
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Figure 9. The mean dry weights of newly hatched and 7-day-old
chinook salmon fry reared under various water quality
conditions in experiment 3, in relation to the apparent
water velocities. The curves are fitted by eye to the
control points. The mean dissolved oxygen concentrations
within the test chambers in this experiment were all about

5.5 mg/liter.
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mg/liter and to 55 mg/liter, the weight of newly hatched fry again

decreased. While water velocity had the expected influence on the

weight of fry at hatching and their effect was nearly uniform through-

out the range of carbon dioxide concentrations tested, the shape of

the curves in Figure 10 was surprising and cannot be explained.

The curves in Figure U relate the mean dry weights of 10-day-

old steelhead trout sac fry reared at the four different water veloc-

ities in experiment 4 to carbon dioxide concentrations ranging from.

3 to 55 mg/liter. By comparing the curves in Figure 10, for newly

hatched fry, and in Figure 11, for 10-day-old sac fry, it cam be

seen that carbon dioxide concentrations of 28 mg/liter or more had a

greater inhibitory influence on the growth of sac fry than on the

growth of embryos, at all velocities tested. The curious shapes of

the portions of these curves pertaining to carbon dioxide concentra-

tions below 28 ingJliter are not materially different from those of

the corresponding portions of the curves in Figure 10 for newly

hatched fry.

The curves in Figure 12 relate the mean dry weights of steelhead

trout fry newly hatched at four different water velocities in exper-

iments 1 and 2 to oxygen concentrations ranging from 8.8 to 23.8

mg/liter and from 7.7 to 17.9 mg/liter, respectively. The influence

of velocity differences on the weight of fry at hatching in both

experiments was most pronounced at the lower oxygen concentrations

(7.7 to U.2 mgJliter) and decreased at higher concentrations. It is

apparent that the influence of water velocity on the growth of steel-

head trout embryos is less pronounced at the high oxygen concentrations



13

12

1< .O\ \\
w(1II

,
/

,

0---- \ \\\
Cr \ \>-

IO
WATER VELOCITYz>-
0-800CM/HR

LULL -I60CM/HR
\0- 31 CM/HR \0 0- 6CM/HR

9 I I I I I I tit

2 3 6 10 20 30 405060
FREE CARBON DIOXIDE CONCENTRATION

IN MILLIGRAMS PER LITER

Figure 11. The mean dry weights of 10-day-old steelhead trout sac fry in relation to t
dioxide concentrations at which they were reared in experiment 4, at each w
tested. The dissolved oxygen concentrations within the test chambers in th
were held at about the air-saturation level. The curves pertaining to the
6 and 31 cm/hour have been extrapolated as were the corresponding curves in

he free carbon
ater velocity
is experiment
velocities of
Figure 10.

0



C')

(DEe
ID!2

>-
c

<a:
WL..

0

cvor I

EXPT 2

WATER VELOCITY
0-800 CM/HR

- 160 CM/HR

0- 31 CM/HR

6 CM/HR

6

5

4

3

0 12 4 16 20 24 28

DISSOLVED OXYGEN IN MILLIGRAMS PER LITER

Figure 12. The mean dry weights of newly hatched steelliead trout fry in relation to the dissolved
orgen concentrations at which the embryos were reared at each water velocity tested

in experiments 1 and 2. Metabolites were not experimentally inbroduced into the test
chambers from which the above data were obtained. The broken-line extension of the
curve pertaining to the velocity of 6 cm/hour in experiment 1 is used to suggest the
probable shape of the curve that might have been established had the embryos reared at
the dissolved oxygen concentration of 23.8 mg/liter survived to hatching.

H



32

than at lower concentrations.

The curves in Figure 13 show the effects of various orgen con-

centrations at four different water velocities on the mean dry weights

of 11- and &-day-old steelhead trout sac fry in experiments 1 and 2,

respectively. They are very similar to the curves presented in

Figure 12, which are based on data obtained at the time of

of the fry.

Mortality of eggs, embryos, and sac fry was generally low under

the various environmental conditions tested; however, sporadic high

mortality occurred in some cylinders. Thirty to 100 percent mortal-

ity of eggs and embryos occurred in ten cylinders by hatching tine

in experiment 1. Much of this mortality was attributed to an unknown

disease which attacked the chorions of the embryos. In some cylinders,

the chorions of many embryos became so soft that premature hatching

occurred. The prematurely hatched fry subsequently dic. The

incidence of the disease could not be correlated with either the con-

centrations of the various metabolites or the concentrations of dis-

solved orgen tested, and the disease was not evident in the subsequent

experiments.

A relation was evident between mortality and water velocities in

experiment 1. In this experiment, the average percent mortalities in

cylinders with water velocities of 6, 31, 160, and 800 cWhour were

46, 42, 21, and 17 percent, respectively. These high mortalities were

probably not due directly to low water velocity, because high mortal-

ities also occurred at high velocities and low mortalities occurred

at low velocities in some cylinders. No relation between water
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velocity and mortality of embryos or sac fry was evident in experi-

merits 2 and 3, the mortality in all cylinders being less than 10

percent.

High mortalities also occurred by hatching time in 11 cylinders

in experiment 4; however, in six cylinders the high mortalities were

apparently due to high carbon dioxide concentrations. No relation

was evident between mortalities and the concentrations of ammonia,

oxygen, or biologically produced metabolites, and there was no

evident relation between mortalities and carbon dioxide concentra-

tions less than 55 mg/liter. In all experiments, very little mortal-

ity occurred after hatching, except at 55 mg/liter of carbon dioxide,

DISCUSSION

The results of laboratory experiments which have been presented

show that the growth of salmonid embryos and sac fry can be impaired

by elevated concentrations of inetabolites and improved by elevation

of dissolved oxygen concentration beyond the air-saturation level.

Although water velocity differences were found to have less effect

on growth at high oxygen concentrations than at reduced oxygen con-

centrations, these velocity differences did not usually appear

markedly to influence the effect that metabolites had on growth.

Some of the metabolic waste products that are produced by

developing salmonid embryos are prevented from leaving the egg

capsule (in some manner not clearly understood), while other waste

products readily diffuse into the surrounding water (Smith, 1947).

Carbon dioxide and ammonia are two metabolites that escape from the
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egg capsule; however, little is known about the quantities of these

inetabolites or the nature and quantities of other waste products

that may be released.

As was previously explained, water was passed over embryos in

order to introduce biologicafly produced metabolites. The flow of

this water was regulated so that 3 to 5 mJliter of dissolved ogen

were removed from the water by the developing embryos. Under these

conditions, 3 to 6 mgjliter of additional carbon dioxide and 0.1

m&/liter, or less, of ammonia were introduced into the water (Table

1). No atteqt was made to determine the presence or quantity of

any other metabolic wastes that might have been present.

In general, water that had passed over developing embryos and,

therefore, contained some of their metabolites, inhibited the growth

of developing salmon.id embryos. However, thLs seine water did not

appear to restrict the growth of sac fry. One possible reason why

sac fry were less sensitive to the effects of the metabolites than

embryos is that sac fry are not encapsulated by the chorion, but

rather are in direct contact with the surrounding water. Therefore,

metabolites produced within the sac fry can diffuse directly from

their tissues into the ambient water, whereas inetabolites produced

by embryos must diffuse through the perivitelline fluid and the

chorion before entering the ambient water. The decrease in the

distance that metabolites must diffuse that occurs at the time of

hatching probably decreases the concentration of metabolites at the

surface of the organism, no matter what the concentration may be in

the water supply.
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It is unlikely that the restriction of growth observed when

.steelhead trout embryos were reared in water containing the biologi-

caUy produced metabolites was due entirely to the presence of

ammonia. !. concentration of ammonia of about 0.2 mg/liter was not

found to impair the growth of chinook salmon embryos. This concen-

tration is at least twice the concentration determined to be presont

in the water which was passed through a mass of developing embryos.

The carbon dioxide which was rresent in that water reduced the pH

value by about 0.2 (from about 7.8 to about 7.6). This reduction in

nFl may have rendered the ammonia somewhat less toxic by reducing the

percentage of the Tionia that is un-ionized (Lloyd and Herbert,

1960). An ammonia concentration of 5 mg/liter was found to impair

the growth of steethead. trout embryos at all water velocities tested;

however, this concentration is much hinher than that normally found

in ratare.

Carbon dioxide concentrations above 28 mg/liter impaired the

growth of steelhead trout embryos and sac fry in experiment 4. Paso,

high mortality of embryos and sac fry occurred at carbon dioxide

concentrations near 55 mg/liter and total mortality of embryos occurred

at 125 mg/liter. Sac fry appeared to be more affected by hinh con-

centrations of carbon dioxide (above 28 m/liter) than were he

embryos (F:lgures 10 and II). One possible ejolanation is that the

blood of sac fry nrohably does not become adequately loaded with

oçygen at these high carbon dioxide concentrations, thus reducing the

sac fry's ability to take up oxygen. Since the blood oxygen trans-

port system of a salmonid embryo is not present until shortly before
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hatching, carbon dioxide should have no effect on the supply of orgen

to its tissues during most of its development.

Whether carbon dioxide concentrations below 28 mgJliter inpair

the growth of embryos or sac fry is not known. The results of experi

rnent 4 (Figures 10 and U) indicate that these concentrations do not

inipair the growth of steelhoad trout embryos or sac fry. However,

concentrations of 10 and 14 rngJliter appeared to restrict the growth

of steelhead trout embryos in experiments 1A and 2A, arid concentra-

tions of 10 and 18 mg/liter of carbon dioxide in experiment 3 with

chinook salmon impaired the growth of the embryos at low water

velocities.

Due to the inconsistency of the results that were obtained when

salmonid embryos were subjected to various concentrations of carbon

dioxide arid to combinations of carbon dioxide and aimnonia, it is

impossible to determine whether the carbon dioxide present in the

water containing biologically produced inetabolites had any measurable

effect on growth. The effect of the biologically produced metabolites

probably is not whofly ascribable to the small amount of carbon dioxide

alone, and, therefore, other unknown substances probably play an

important role in governing the growth of embryos and should be further

investigated.

The influence of water velocity differences on the growth of

embryos was found to be most pronounced at the lowest oçygen concen

tration and decreased at higher orgen levels (Figure 12). The reduced

effect of wide differences of water velocities on the growth of embryos

reared at supersaturation levels of dissolved oxygen suggests strongly
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that the delivery of ogen to the embryo is a more important role

of water movement than is the removal ci' biologically produced

metabolites. This conclusion essentially agrees with the steelhead

trout data presented by Silver et al. (1963). On the other hand,

data presented by Shumway al. (1964) suggested that the effects

of reduced water velocity on growth would persist at dissolved ogen

concentrations above airsaturation levels. This was interpreted as

an indication that at high orgen concentrations the removal of

metabolites may he a more important role of water velocity than is

the delivery of ojgen to the embryo.

h±le metabolites given off by developing embryos may restrict

embryonic growth to some extent, this effect wa not shown to be

very pronounced. It certainly was decidedly outweighed in the reported

experiments by the favorable effect of increased oxygen concentration

in the embient water. However, in view of the general disagreement

of some of the results presented here, additional studies should be

undertaken to fully describe and understand the effects of carbon

dioxide, aimnonia, or other metabolic waste products which may be

present in water percolating through spawning gravels.



39

}3IPLIOGRAPHY

Alderdice, D. F. and W. P. Wickett. 1958. A note on the response
of developing chum salmon eggs to free carbon dioxide in solution.
Journal of the Fisheries Research Board of Canada 15:797-799.

American Public Health Association, American Water Works Association,
and Water Pl1ution Control Federation. 1960. Standard methods
for the exioination of water and wastewater. 11th ed. New York,
American Public Health Association. 626 p.

Pranrion, . L. 1965. The infLuence of physical factors on the
development and weight of sockeye salmon embryos and alevins.
Wn Westnnster, 13r:ish Coluf±La. 26 numb, leaves. (International
Pacific Salmon Fisheries Commission. Progress report no. 12)

Koski, K V. 1965. The survival of coho salmon (Oncorhynchus such)
from egg deposition to emergence in three Oregon coastal streams.
Master's thesis. Corvallis, Oregon State University. 84 numb. leaves.

Lloyd, R. and D. W. N. Herbert. 1960. The influence of carbon
dioxide on the toxicity of un-ionized ammonia to rainbow trout (Salmo
gerii Richardson). The Annals of Applied Bio1or 48:399-404.

IbNeil, William J., F. A. Wells and D. C. Brickefl. 1964. Disap-
pearance of dead pink salmon eggs and larvae from Sashin Creek,
Baranof Island, Alaska. Washington, I). C. 13 p. (U. S. Fish and
Wildlife Service. Special Scientific Report--Fisheries, no. 485)

Phillips, Robert W. and Homer J. Cmpbel1. 1962. The embryonic
survival of coho salmon and steelhead trout as influenced by some
environmental conditions in gravel beds. Portland; Oregon. p. 60-
73. (Annual Report of the Pacific Marine Fisheries Commission no. 14)

Shumway, Dean L., Charles E. Warren and Peter Doudoroff. 1964.
Influence of orgen concentration and water movement on the grcth
of steelhead trout and coho salmon embryos. Transactions of the
tmerican Fisheries Society 93:342-356.

Silver, Stuart J., Charles F. Warren and Peter Doudoroff. 1963.
Dissolved oxygen requirements of developing steelhead trout and
chinook salmon embryos at different rater velocities. Transactions
of the American Fisheries Society 92:327-343.

Smith, Sydney. 1947. Studies in the development of the rainbow trout
(Salmo rideus). I. The beat production and nitrogenous excretion.
Journal of Experimental i3io1or 23:357-378.



40

3IBLIDGRPHY (coNTnJED)

Surber, Eugene W. 1935. Effects of carbon dioxide on the develop-
nt ol' trout ejrs. Transact:ons of te !aicr!can Fishefies Society

65:194-203.




