
EQCMeeting1 of1DOC19940509 

OREGON 

ENVIRONMENTAL QUALITY 

COMMISSION MEETING 

MATERIALS 05/09/1994 

State of Oregon 
Department of 
Environmental 
Quality 

This file is digitized in color using Optical Character Recognition (OCR) in a standard PDF format. 

Standard PDF Creates PDF files to be printed to desktop printers or digital copiers, published on a 
CD, or sent to client as publishing proof. This set of options uses compression and downsampling to 

keep the file size down. However, it also embeds subsets of all (allowed) fonts used in the file, 
converts all colors to sRGB, and prints to a medium resolution. Window font subsets are not 

embedded by default. PDF files created with this settings file can be opened in Acrobat and Reader 
versions 6.0 and later. 



PUBLIC NOTICE 

Special Emergency Telephone Conference Call Meeting 

ENVIRONMENTAL QUALITY COMMISSION 

Monday, May 9, 1994 
3:00 p.m. 

The Environmental Quality Commission (EQC) will hold an emergency 
meeting by telephone conference call for the purpose of 
considering adoption of an emergency rule to temporarily suspend 
the applicability of Oregon's water quality standard for Total 
Dissolved Gas on the Columbia River to allow spilling of water 
at dams to facilitate downstream migration of salmon smolts. 

The public can attend the conference call at the following 
location: 

Office of the Director 
Department of Environmental Quality Offices 

811 S. W. 6th Avenue 
Portland, Oregon 97204 



May 9 EQC Conference Call 

• Bill Wessinger (here) 
• Emery Castle (at home) 
• Henry Lorenzen (at his office) 
• Carol Whipple (at Lane County Extension Office) 
• Linda McMahan (at home) 

• Michael Huston (at office) 

• Russ George (Corps of Engineers, Portland) 
• Donna Darm (National Marine Fisheries Service, Seattle) 

On call re: nitrogen questions: 

Ron Boyce (Oregon Fish and Wildlife) 
229-5410, extension 351 

Major General Ernest Harrell 
326-3700 
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Public Not ice 

Special Emergency Telephone Conference Call Meeting 

ENVIRONMENTAL QUALITY COMMISSION 

Monday, May 9, 1994 
3:00 p.m. 

The Enuironmental Quality Commission will hold an emergency meeting by 
telephone conference call for the purpose of considering adoption of an 
emergency rule to temporarily suspend the applicability of Oregon's water 
quality standard for Total Dissolued Gas on the Columbia Riuer to allow 
spilling of water at dams to facilitate downstream migration of salmon smolts. 

The public can attend the conference call at the following location: 

Office of the Director 
Department of Enuironmental Quality Offices 

811 S. W. 6th Auenue 
Portland, Oregon 97Z0'l 

Contact: Carolyn Young 503-ZZ9-6Z71 



TEMPORARY RULE 
Total Dis-solved Gas - Columbia River 

The following new rule was adopted by the Environmental Quality Commission as a temporary 
rule on May 9, 1994, and filed with the Secretary of State on May 10, 1994. 

340-41-155 Effective on filing and for 7 consecutive days thereafter ending at 

midnight on the 7th day. This rule supersedes paragraphs 340-41-205(2)(n). 

340-41-445(2)(n). 340-41-485(2){n), 340-41-525(2)(n), 340-41-565(2)(n). 

340-41-605(2)(n) and 340-41-645(2)(n) as these paragraphs apply to the Columbia 

River. In the Columbia River. the Total Dissolved Gas CTDG) concentration 

relative to atmospheric pressure at the point of sample collection shall not exceed 

130 percent saturation as determined by the Department. The purpose of this 

temporary rule is to provide for emergency assistance to outmigrating salmon 

smolts in the mainstem of the Columbia River via increased spill over the 

mainstem dams. The responsible agency or agencies shall develop a monitoring 

program acceptable to the Department. The responsible agency or agencies shall 

conduct monitoring for TDG concentrations and for the incidence of gas bubble 

disease (GBD) sufficient to determine whether the resultant TDG concentrations 

cause a significant increase in GBD-related mortality in salmon populations. If 

such a significant increase in mortality. is documented. as determined by the 

Director. the Director shall make such alteration in the maximum allowable TDG · 

level. until a satisfactory level is achieved. 

Statutory Authority: ORS 468.020 and 4688.048 



Notice 

Special Meeting 

ENVIRONMENTAL QUALITY COMMISSION 

Monday, May 16, 1994 
9:00 a.m. 

Conference Room 3a 
Department of Environmental Quality Offices 

811 S. W. 6th Avenue 
Portland, Oregon 97204 

On Monday, May 9, 1994, the Environmental Quality Commission held an 
emergency meeting by telephone conference call to consider a request to temporarily 
modify Oregon's water quality standard for Total Dissolved Gas on the Columbia 
River so as to allow additional water to be released over dam spillways to assist in 
the outmigration of juvenile salmon. After considerable discussion, the Commission 
adopted the attached Temporary Rule which raises the 110 percent of saturation to 
a maximum of 130 percent for a period of seven days. The Temporary rule requires 
monitoring of releases to determine the impact on beneficial uses. 

On Monday, May 16, 1994, beginning at 9:00 a.m., the Commission will again meet 
to consider the matter. The Commission has expressed the desire to hear from 
fishery and water management experts and other parties that may be affected. 
Following receipt of testimony the Commission will deliberate further on the matter 
and may elect to extend the duration of the temporary rule, adopt a modified 
temporary rule, or take no action and thus allow the 110 percent of saturation 
standard to be reinstituted. 



9:00 • a.m. 

9:10 a.m. 

9:20 a.m. 

9:30 a.m. 

10:30 a.m. 

11:00 a.m. 

11:30 a.m. 

12:00 noon 

ENVIRONMENTAL QUALITY COMMISSION MEETING 
Roo~ 3A, DEQ Headquarters 

811 SW Sixth Avenue, Portland 
May 16, 1994 

Agenda 

Call to order 

Explanation of Request for Spill at Columbia River 
Dams (Earl Dawley, NMFS) 

Present Status. of spill and Total - Dissolved Gas 
Concentrations at Columbia River Dams (Jim Athearn, 
Corps of Engineers) 

Interagency Panel on the Biological Effects of 
Total Dissolved Gas supersaturation 

Mr. Ron Boyce (ODFW) 
f\}JI · t)r--. Earl Dawley (NMFS) 

Dr. Allan Nebecker (EPA) 
M/f.»'£__. Jim Athearn (ACoE) 

Dr. Margaret Filardo (Fish Passage Center) 

Industry Panel 

Dr. Wes Ebel 
Dr. Gerald Bouck 

Commercial Fishing Industry Panel 

P:11
Robert Heinith (CRITFC) 

Mr. Thane Tienson (Save Our 

Environmental Advocacy Panel 

Wild Salmon) 

Mr. Bill Bakke (Oregon Trout) 
Mr. Dan Rohlf (NEDC) 

Lunch 

1:00 p.m. <J NMFS Monitoring Program :Results (Earl Dawley) 

2:00 p.m. Public Testimony 

Commission Deliberation 

times shown ·are approximations only, and panel 
presentations may begin earlier than times shown. 



TEMPORARY RULE 
Total Dissolved Gas - Columbia River 

The following new rule was adopted by the Environmental Quality Commission as a temporary 
rule on May 9, 1994, and filed with the Secretary of State on May 10, 1994. 

340-41-155 Effective on filing and for 7 consecutive days thereafter ending at 

midnight on the 7th day. This rule supersedes paragraphs 340-41-205(2)Cnl. 

340-41-445(2)(n). 340-41-485(2)(n). 340-41-525(2)(n). 340-41-565(2)(n). 

340-41-605(2l(n) and 340-41-645(2)(n) as these paragraphs apply to the Columbia 

River. In the Columbia River. the Total Dissolved Gas (IDG) concentration 

relative to atmospheric pressure at the point of sample collection shall not exceed 

130 percent saturation as determined by the Department. The puqiose of this 

temporary rule is to provide for emergency assistance to outmigrating salmon 

smolts in the mainstem of the Columbia River via increased spill over the 

mainstem dams. The responsible agency or agencies shall develop a monitoring 

program acceptable to the Department. The responsible agency or agencies shall 

conduct monitoring for TDG concentrations and for the incidence of gas bubble 

disease (GBD) sufficient to determine whether the resultant TDG concentrations 

cause a significant increase in GED-related mortality in salmon populations. If 

such a significant increase in mortality is documented. as determined by the 

Director, the Director shall make such alteration in the maximum allowable TDG 

level. until a satisfactory level is achieved. 

Statutory Authority: ORS 468.020 and 468B.048 



GASES, TOTAL DISSOLVED 

CRITERION: 

To protect freshwater and marine aquatic life, the total 

dissolved gas concentrations in water.should not exceed llO 

percent of the saturation value for gases at the . existing 

atmospheric and hydrostatic pressures. 

RATIONALE: 

Fish in water containing excessive dissolved gas pressure· or 

tension are killed when dissolved gases in their circulatory 

system· come out ... of. solution to form bubbles (emboli) which block . . . .. ' .. . . . . . . 

the flow of blood through the capillary vessels. In aquatic 

organisms this is commonly referred to as "gas bubble disease". 

External bubbles (emphysema) also appear .in the fins, on the 

opercula, in the skin and in other body tissues. Aquatic 

invertebrates are also affected by gas bubble disease, .but 

usually at supersaturation levels higher than those lethal to 

fish. 

The standard method of analyzing for gases in solutions pas 

been the Van Slyke method (Van Slyke et al. 1934); now, gas 

chromatography also is used for determination of individual and 

total gases •. For determination o_f total gas pressure, Weiss has 

developed the saturometer, a device based upon a thin•wall 

silicone rubber tube that is permeable to gases but impermeable 

to water. Gases pass from the water _through the· tube, thus 

-~· raising the internal gas pressure which is ~e~sured by a 



manometer or pressure gauge ·connected to the tube (NAS, 197 4). 

This method alone does not separate the total gas pressure into 

the separate components, but Winkler oxygen determinations can be 

run simultaneously, and gas concentrations can be calculated. 

Total dissolved gas concentrations must be determined because 

analysis of individual gases may not determine with certainty 

that gas supersaturation exists. For example, water could be 

.highly supersaturated with oxygen, but if nitrogen were at less 

.. . ./ 

than saturation, the saturation as measured by total gas pressure 

might not exceed 100 percent. Also, if the water was highly 

supersaturated with dissolved oxygen, the oxygen alone might be 

sufficien~ .. t9 .create g;:is· pressures or. tensions greater than the 

criterion limits, but one would not know the total gas pressure ( 

or tension, or by how much the criterion was exceeded. The rare 

and inert gases such as argon, neon and helium are not usually 

involved in causing gas bubble disease as their contribution to 

total gas pressures is very low. Dissolved nitrogen (N2), which 

·comprises roughly ao percent of the earth's atmosph.ere, is nearly 

inert biologically and is the most significant cause of gas 

bubbl.e disease in aquatic animals. Dissolved. oxygen, which is 

extremely bioactive, is consumed by the metabolic processes of 

the organism and is less important in cau~ing s~rious gas bubble 

disease though it may be involved in initiating emboli formation 

in the bl.cod (Nebeker et al. 1976a). 

Percent saturation of water containing a given amount of gas 

va_ries with the absolute temperature ·and with ·the pressure. 

Because of the pressure changes, percent saturation with a given 

(_ 
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amount of gas changes with depth of the water. Gas 

supersaturation decreases by 10 percent per meter of increase in 

water depth because of hydrostatic pressure; a- gas, that 'is· at 130 

percent saturation at. the surface would .be at 100' percent 

saturation 'at 3 meters' depth. Compensation for ·altitude may be 

needed because a reduction in atmospheric pressure changes the 

. water/gas equilibria, .resulting in changes in solubility of 

dissolved gases. 

There are several ways that total dissolved gas 

supersaturation can occur: 

·. · 1., Exc_essive biological -activity--dissolved oxygen 

concentrations. often· reach: supersaturation because of excessive ..... ·: ., . . . . 
algal' photosynthesis.. Renfro (1963) reported gas bubble disease 

in fishes resulting, in part, from algal blooms. Algal blooms 

often accompany an increase in water temperature and this higher 

temperature further contributes to. supersaturation." . -

- - 2. Lindroff- (1957) reported that wate~ -spillage at 

hydropower dams caused supersaturation. When excess water is 

spilled over the face of a dam it entrains air as it plunges to 

the stilling or plunge pool at the base of the dam. The momentum 

of the fall carries the water and entrained gases to great depths 

in the pool; and, under- -increased -hydrostatic pressure, the 

entrained gases are driven into solution, causini;r supers.aturation 

_of dissolved gases. 

3. Gas bubble disease may be induced by discharges from 

power-generating and other thermal' sources '(Marcello et al. 

1975). cool, ga~-saturated water is heated as it passes through 

. the condenser or heat exchanger. -As the temperature of. the water 

Ii 



·rises, percent· saturation increases because of the reduced 

solubility of gases at higher temperatures. Thus, the discharged 

water becomes supersaturated with gases and fish or . other 

organisms living in the heated water may exhibit gas bubble 
- - . . . . . -

disease (DeMont and_ M_iller, 1972:. Malouf et al. 1972; ._Keµp, 

1975). 
.. -~ ;;.! :.-.: . ...:,·.~.;:,_ -- :.: --· .:~-- ••• 

In recent years, gas bubble .disease has been identified.as.a. 

major pr~blem affect.ing valuable ·stocks of salm~n and trout in 

the Columbia River system_ (Rulifson and Abel, 1971). The disease 

is caused by high concentrations of dissolved atmospheric gas 

w~ich. enter the river's water during heavy spillinq at 

· hydroel.ectric dams •. · .A repor.t by Ebe.l et al. (1975) presents 
: . ·. 

results· .f.rom ·field .and laboratory studies on the lethal, 

sublethal and physiological effects of gas on fish, depth 

distribution of fish in the river (fish can compensate for some 

high concentrations of gas by moving deeper . into the water 

column), detection'and avoidance of gas concentrations by fish, 

intermittent exposure of fish to gas concentrations, and 

bioassays of many species of fish exposed to different 

concentrations of gas. _Several conclusions .resulting from these 

studies are: 

1. When either juvenile cir adult salmonids are confined to 

shallow wa.ter (1 m), substantial mortality occurs at and above 

115 percent total dissolved gas saturation. · 

2. When either juvenile or adult salmonids are free to sound 

and obtain hydrostatic compensation either in the· laboratory or 

in the field, substantial mortality- still occurs when saturation 

. I 

( 

(_ 



.levels (of total dissolved gases) exceed 120 percent saturation. 

3. On the basis of survival estimates .. Ina,de ,in the Snake 

River from 1966 to 1975, it is concluded that juvenile ~ish 

losses ranging from 40 to 95 percent do occur and a major portion 
. . . . . 

of this mortality can be attributed to fish~exposure ~o . . - - . . .. 

supersaturation by atmospheric gases during years of high flow •. · 

4. Juvenile salmonids subjected to sublethal,periods of . . . -

· . ex:P~sure to supersaturation can . recove~ when· returned to normally 

saturated water, but adults do not recover and generally die from 

direct and indirect effect!> of the exposure. 

5. Some species .of salmon.and trout can detect and avoid . . . . . . 

supersaturated . water; others may not • 
. : . •"y;··.:.· .· .· .: . - . . . . 

6.·'· .. ·Higher ·su·rvival ·was observed during periods of 

intermittent exposure than during continuous.exposure. 

7. In general, in acute bioassays, salmon and trout were 

less tolerant than the nonsalmonids. ·; -

Dawley and Ebel (1975) found that exposur& of ,juv_enile spring 

chinook salmon, Oncorhynchus tshawytscha, and steelhead trout, 

Salmo qairdneri, to 120 percent saturation for l.5 days resulted 

in over 50 percent mortality; 100 percent mortality occurred in 

less than 3 days. · They also determined that the threshold level 

where significant mortalities begin occurring is at 115 percent 
. 

nitrogen saturation (lll percent total gas saturation in this 

test). 

Rucker (1974), using juvenile coho salmon, Oncorhynchus 

kisutch, determined the effect of individual ratios of oxygen and 

_) nitrogen and established that a decrease in lethal effect 

occurred when the nitrogen content fell below 109 percent 



.111. 

" . 

s·aturation even though total gas saturation ·remained at 119 (-

percent saturation, indicating the importance of determining the 

concentration of the individual components (0 2 and N2 ) of the 

atmospheric supersaturation. ·Nebeker et al .. (l976a) ,. using 

juvenile sockeye salmon, oncorhynchus nerka, also showed that 

there was a significant increase in fish mortality when the 

nitrogen concentration was increased while holding the total 

percent saturation constant. · They also showed that there was no 

significant difference in fish mortality at different · co2 

concentrations .. 

Reisearch collected by Bouck et al. {1975) showed that gas 

supersatu_rated .wate_r at and above -115 percent total gas 
., .· . ( . ... 

saturation is acutely lethal to most species· of salmonids, with 

120 percent saturation and above rapidly lethal to all salmonids 

tested. Levels as low as llO percent will produce emphysema in 

most species. steelhead trout were most sensitive to gas-

supersaturated water followed by sockeye salmon, Oncorhyncnus 

_ne_rk~. Chinook salmon, oncior!u::n.s:h.!!§. ~sh~wyt§.c_ha, were 

·intermediate in sensitivity. Coho salmon, Oncorhyncnus kisutch, 

were~significantly the more tolerant of the salmonids though 

still much more ~usceptible than non-salmonids like bass or carp. 
~ . . 

Dapnnia magna exhibited a sensitivity to supersaturation 

similar to that of the salmonids (Nebeker et al .. 1975), with. 115 

percent saturation leth~l within a few days. Stoneflies exhibited 

( 

an intermediate sensitivity similar to bass with mortality at 130 

percent saturation. Crayfish were very tolerant, with levels (_ 

near 140 percent total gas saturation resulting in mortality. ··" 
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No differences ar~ proposed in the criteria for freshwater 

and marine aquatic life asthe data available indicate.that there 

probably is little difference in overall tolerances between 

marine and freshwater species. 

The development of gas bubb.le disease in menhaden, Brevoortia 

sp., and their to~erance to gas saturation in laboratory 

bioassays and in the field (Pilgrim N~clear Power Station 

Discharge canal) are discussed _by Clay et al. _(1975) and Marcello 

et al. (1975). At 100 percent and 105 percent nitrogen 

saturation, no gas bubbles developed externally or in any of the 

internal organs of ;nenhaden. ~t 105. percent nitrogen saturation, 
.... 

certain behavioral changes became apparent. Fish however, 
.. :. ; ~ .. / .: 

sloughed. off mucus, swam· ei:-ratical ly, were more excitable, and 

became darker in color. Menhaden behavioral changes observed at 

110· percent 'nitrogen saturation were similar to those noted at 

105 percent. In addition, at 110 percent gas emboli were found 

in the intestines, the pyloric caeca, and occasionally the 

operculum. The behavioral changes described were also observed 

at 115 percent, and clearly defined subcutaneous emphysema was 

observed in the fins and occasionally in the eye. At 120 percent 

and 130 percent nitrogen saturation·, menhaden developed within a 

few hours classic symptoms of gas bubble disease. Externally, 

emboli were evident in all fins, the operculum and within the 

oral cavity. 

Exophthalmia also occurred and emboli developed in internal 

organs. The bulbous arteriosis and swim bladder were severely 

distended, and emboli were found along the length of the gill 

arterioles, resulting in hemostasis. At water temperatures of 30 

1-:-; 
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0 c, menhaden did not survive, regardless of gas saturation level. 

At water temperatures of 15 , 22 , and 25 °c 100 percent of th·e 

menhaden died within 24 hours at 120 percent and 130 percent gas 

saturation. Fifty percent died after 96 hours at 115 percent (22 

0 c) Menhaden survival after 96 hours at 110 percent nitrogen 

saturation ranged.from 92 percent at 22° and 25° to 83 percent 

at 15 °c. Obser'vations on the relationship between the mortality 

rate of menhad_en and gas saturation levels at Pilgrim Station 

during the April 1975, incident suggest that the fish may 

tolerate somewhat higher gas saturation levels in nature • 

. It has been shown by Bouck et al. (1975) and Dawley et al. 

(1975) that·· survival ·of salmon ·and steelhe.ad smol ts in seawater 

is n'ot affected by prior exposure to gas supersaturation while in 

fresh water. No significant mortality of juvenile coho and 

sockeye salmon occurred when they were exposed to sublethal 

concentrations of supers~turated water and then transferred to 

seawater (Nebeker et al. 1976b). 

(QUALITY CRITERIA FOR WATER, JULY 1976) PB-263943 
SEE APPENDIX C FOR METHODOLOGY 

... ..-

c· 
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Influence of Dissolved Atmospheric Gas on Swimming 
Performance of Juvenile Chinook Salmon 

MrcHAEL H. ScHIEWE 

Northwest Fisheries Center, National Marine Fisheries Service, 
National Oceanic and Atmospheric Administration, 

2725 Montlake Boulevard East, Seattle, IP ashington 98112 

ABSTRACT 

Juvenile chinook salmon, Oncorhynchus tshawytscha, were exposed to selected levels of dis­
solved atmospheric gas ranging from 100 (control) to 120% of saturation, and surviving fish 
were then tested for maximal swimming performance. 

Decreased swimming capability resulted from exposure to concentrations ranging from 106 
to 120% of saturation if the fish were tested immediately; other tests indicated that recovery 
of swimming capabilities occurred within 2 hr if the fish were returned to equilibrated water 
(100% of atmospheric saturation) before testing. 

Supersaturation of atmospheric gas in water 
as a result of air being entrained as it cas­
cades from spillways has been well docu­
mented as a cause of gas bubble diSease in 
Pacific salmon, Oncorhynchus sp., and steel­
head trout, Salmo gairdneri, on the Columbia 
and Snake Rivers (Ebel 1969, 1971; Bouck 
et al. 1970). AB nitrogen gas is responsible for 
exerting the greatest partial pressure ( 78. l % ) 
of the atmospheric gases, this entrained gas 
phenomenon has been referred to as nitrogen 
supersaturation. However, the other atmo­
spheric gases, particularly oxygen, contribute 
to the total gas pressure and must be con­
sidered. Direct mortality from gas bubble 
disease is a result of an air embolism in the 
heart and gill filaments or destruction of vital 
organs accompanied by characteristic red 
blood cell hemolysis (Pauley and Nakatani 
1967; Bouck et al. 1970; Rucker 1972). 
Mortalities indirectly attributable to sublethal 
levels or exposures have received less atten­
tion. 

The lowest level of supersaturated atmo­
spheric gas to '"hich juvenile salmon can be. 
continually exposed without measurable detri­
mental effect is not known. Some investi­
gators, however, have noted secondary effects 
from sublethal exposures. For example, 
Coutant and Genoway (1968) found fungus 
invasion at the site of gas bubbles on the 
fins of surviving adult salmonids subjected 
to high (greater than 118% of saturation) 
nitrogen concentrations, but reduced perfor­
mance of the fish has not been studied. 

Maximal swimming performance (Groves 
1970) was chosen as an index of sublethal 
effects that could increase vulnerability to 
predation (Barns 1967). Maximal or absolute 
swimming performance reflects a total effort 
by the fish; such effort is sometimes needed 
to escape from dangerous situations. Groves 
utilized this measurement of swimming per­
formance to assess sublethal effects of tem­
perature shifts within varying acclimation 
ranges. This report describes tests conducted 
to determine if a significant difference existed 
in the S¥,rimming performance of salmonids 
subjected· to the stress of supersaturated atmo· 
spheric gases. 

MATERIALS AND METHODS 

Test fish were spring chinook salmon, 0. 
tshawytscha, from Leavenworth National Fish 
Hatchery at Leaven\vorth, Washington. The 
mean fork length of the fish was 118 mm and 
their mean weight was 16.0 g. They were 
acclimated to a water temperature at 15 C ± 
0.5 C following the procedures of Brett (1952) 
in acclimation tanks described by Ebel,. Da:w- , 
ley, and Monk ( 1971). The fish were fed to 
the point of satiation on a diet of Oregon 
Moist Pellets 5 days a week up until, but not 
including, the date of the S\rimming perfor­
mance test. 

Water supersaturated with atmospheric gas 
was generated by passing \rater through a 
high pressure pump operated under a back 
pressure produced by constriction of the dis­
charge flo1v. Compressed air ·was then metered 

717 
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into the intake side of the pump, producing 
highly supersaturated water. Individual tanks 
were then adjusted to selected saturation levels 
by either manipulating the number of equil­
ibrating screens through which the water 
flo-wed or by passing the water through a 
counter-current of air bubbles before it entered 
the test tank. 

Procedure for analysis of dissolved nitrogen 
and argon ,\·as from Van Slyke and Neill 
(1924) using a manometric blood gas ap­
paratus; and dissolved oxygen \Vas analyzed 
using modified lvinkler procedures (American 
Public Health Association 1965). Gas con· 
centration at saturation (100%) \Vas taken 
from Weiss (1970) . 

Groups of 30--60 fish l'o'ere stressed by 
introducing them directly into tanks 25 cm 
deep at mean total gas pressures of 100 (con­
trol), 104, 106, 112, 117, and 120% of atmo· 
spheric saturation. These levels had corre­
sponding nitrogen plus argon concentrations 
of 102, 106, 110, 115, 121, 125% of saturation. 
The oxygen concentrations for the same re· 
spectil'e levels were 94, 98, 98, 102, 106, and 
103'/c of saturation. The total gas pressure 
varied less than ±29'o of saturation in any 
test tank. 

A companion study by Dal'o1ley and Ebel 
presents a more comprehensive account of the 
stress phase of this experiment and includes a 
complete presentation of mortality data.1 

Tests of S\\·imming performance were con­
ducted on surviving fish stressed at a total 
gas pressure of 120% of saturation after the 
LClO (10% mortality, mean value 10.5 hr) 
and after the LC50 (mean value 13.4 hr) 
points were reached. Tests of the surviving 
fish that had been stressed at the 117% level 
were conducted after the LClO (mean value 
26.9 hr) point \Vas reached. The other groups 
of fish (those stressed at 104, 106, and 112% 
of saturation) did not have significant mor­
tality, and their testing was completed after 
35 days of exposure. All performance tests 
were repeated except those at the 120%-LCSO 

1 Dawley, E., and W. J. Ebel. MS. Lethal and 
sublethal effects of various levels of nitrogen and 
argon supersaturation on juvenile chinook salmon and 
steelhead trout. Nat. Oceanic Atmos. Admin., Nat. 
Mar. Fish. Serv., Northwest Fish. Center, Seattle, 
Wash. 

level. Performance tests immediately followed 
the stress of exposure and were made in equil­
ibrated water ( 100% of atmospheric satura­
tion). Normally the duration of the test period 
did not exceed l hr. 

A study '''as also made on the swimming 
performance of fish that had been stressed by 
high concentrations of dissoh·ed atmospheric 
gas and then given time to recover before 
testing. One test group stressed to LC50 at 
the 120% level was held for 2 hr. in equili­
brated water b~fore testing, ~nd another test 
group stressed to LClO at 120% was held in 
equilibrated \\'ater for 15 days before testing. 

The apparatus used to measure the maximal 
swimming performance was a long (14 m), 
narrow (8 cm), U-shaped channel 'vherein 
the fish could swim against a fixed flo\v ( 1.28 
m/sec). Water depth was maintained at 5.5 
cm. Dechlorinated tap water '''as recirculated 
through the channel: and \rater temperature 
was maintained at 15.0 C (the acclimation 
temperature). The channel was marked off 
in decimeter units and uniform overhead light­
ing of 10 candle PO\\'er was maintained with 
incandescent lights. 

Each fish was quickly transferred from a 
darkened container to the swimming channel 
and placed in the lower end with its head 
upstream into the flo"'· The change from dark 
to light in conjunction with the curr~nt gen­
erally stimulated the chinook salmOn ·w · sWiril 
strongly into the flo\\' and up the channel. 
The total distance the individual fish swam 
and the total time spent actively swimming 
were recorded and '''ere used as the main 
performance criteria in calculating and com­
paring performance of the test and control 
groups. 

Evaluation of the results is based on the 
statistic "P" expressed as the product of up­
stream travel (distance) multiplied by the 
active swimming time for each performance 
of an individual fish. Thus, the statistic "P" 
incorporates both movement and stationary 
sv.•imming activities over time. For example, 
a fish in these tests ·would often move forward 
in the performance channel and then maintain 
its position for several seconds before either 
moving for\vard again or falling back. If we 
had applied a simple rate formula in this 
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TABLE !.-Stress !Ustory and re.nil.ts of chinook swimming performance tests 

Total Total 

, { ~~s conditions 
Date of Percent of distance active Mean value 

performance Number of ·fish not swam swimming of the 
-. : · snd duration test ( 1972) test fish responding (decimeters) time (sec) statistic P• 

~- 120% LC50 Feb. 10 17 29.4 273 91 2.09.6666 
:. , eontrol Feb. 10 14 7.0 512 129 683.2500 

120% LC50b Mar. 1 17 17.7 739 166 799.5000 
eontrol Mar. 1 26 3.9 1,025 345 833.1200 

'. , i20% LClO Feb. 10 15 26.7 313 85 277.0909 
: _. control Feb. 10 12 41.7 467 85 944.1429 

-120% LClO Feb. 15 26 38.5 471 96 255.0625 
eontrol Feb. 15 29 10.3 1,033 263 539.2692 

. ; 120% LClOc Feb . .25 20 10.0 503 186 485.1111 
eontrol Feb. 25 26 19.2 603 232 411.3809 

il7% LC50 Mar. 1 22 13.6 534 119 277.8421 
control Mar. 1 25 12.0 750 214 455.9545 

117% LC50 Mar. 3 25 28.0 802 183 607.1111 
control Mar. 3 28 3.6 1,229 387 906.5555 

112% 35d Mar. 14 21 28.6 304 98 226.8667 
control Mar. 14 28 28.6 660 216 495.6500 

112% 35d Mar. 16 25 8.0 581 161 283.6956 
control Mar. 16 27 25.9 506 208 566.3500 

106% 35d Apr. 11 28 21.4 823 312 620.4091 
control Apr. 11 32 18.8 1,060 393 794.6538 

106% 35d Apr. 11 28 28.6 638 211 453.0500 
controld Apr. 11 32 18.8 1,060 393 794.6538 

104% 35d Mar. 14 19 15.8 648 202 561.6250 
control Mar. 14 25 20.0 648 219 483.1000 

104% 35d Mar. 15 23 17.4 598 185 347.6842 
C1lntrol Mar. 15 27 18.5 749 275 547.0000 

•Nonrespondents not included (see tert). 
b 2-hr holdinJ1 period in equilibrated water before performance testing. 
c 15-day ho! ing period in equilibrated water before performance testing. 
d Same control group used for comparison of both groups stressed at 106% of saturation. 

instance, the stationary swimming activity 
would have been reflected as a negative rather 
than positive swimming action . 

Frequency distributions of the statistic "P" 
showed diffused tails with frequent outlying 
points for \'i1hich classical parametric methods 
of comparison of samples were unsatisfactory. 
Hence, a nonparametric, one-sided Kolmogo­
rov-Smirnov test (Conover 1971) \\'as used 
to determine whether controls performed 
significantly better than the experimentally 
stressed fish. 

tests (x' = 2.95, d.f. = 1, P < 0.05) indicated 
no significant difference existed between the 
total number of nonrespondents in all test and 
control groups. 

The data were also examined to determine 
the percentage difference, D, between swim­
ming performance of test and control fish. 

P,- P 
D = ---=--" x 100 

P, 

\vhere Pc is the "P" statistic of the·nonstressed 
or control fish and Pt is the "P" statistic of 
the stressed or test fish. Fish that did not 
perform (see Table 1) were excluded in the 
calculation of these values because statistical 

RESULTS 

Swimming Performance with No Recovery 
Period. In statistical comparisons, signifi· 
cantly (P < 0.05) better swimming perfor­
mance by control fish as compared to test 
fish was found only at those levels w·here test 
fish had been stressed at a total gas pressure 
of 120% of saturation (both the· LC50 ·and 
LClO test levels). However, all exposures to 
supersaturated water except that at 104?'0 of 
saturation had a negative effect on the group 
performance of stressed fish (Fig. 1). 

At the higher total gas pressures tested (117 
and 120% of saturation), there was a sig­
nificantly (x' = 5.95, d.f. = 1, P < 0.025) 
higher percentage of nonrespondent fish in 
stressed groups l\'hen compared with control 
groups (Table 1). This would indicate that 
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F1CURE 1.-Percenl difference, D, in swimming 
performance between stressed and nonstressed fish. 
Values near bar graphs ~ive duration of the pretest 
stress period or the LC level at which the test was 
terminated. Negative percentages indicate a lower 
level of performance by the stressed fish. 

sublethal exposure to potentially lethal levels 
of gas supersaturation had the additional 
effect of rendering a greater percentage of 
fish nonresponsi,·e than did chronic exposure 
to sublethal levels. Exclusion of the non­
respondents may have resulted in a conserva­
tive estimate of the effect of supersaturated 
atmospheric gas on S\vimming performance 
at the higher saturation levels. 

Swinuning Performance with a Recovery 
Period. Comparison of test and control group 
s'vimming performance after allolving a re· 
covery period sho\\•ed no difference in per­
formance levels (Table I). A recovery period 
of as little as 2 hr in equilibrated \\•ater after 
an exposure to a total gas pressure of I207o 
of saturation (LCSO) \Vas sufficient to aJlow 
recovery of test fish. 

DISCUSSION 

Decreased swimming performance resulting 
from sublethal exposures to supersaturate~ 
atmospheric gas could alter the ability of 
Pacific salmon to survive during their seaward 
migrations. For example, fish stressed by 
supersaturated gas-because of their reduced 
swimming capabilities---could become much 

more vulnerable to predators. This may be 
aggravated by the fact common salmonid 
predators may he less sensitiYe to super­
saturated \\'aler conditions than salmon and 
trout. Bouck (G. R. Bouck, personal com­
munication2) found that largemouth bass, 
Atlicroplerus salmoides, can survive longer 
exposures to supersaturated atmospheric gas 
concentrations of 120% of saturation than can 
salmon and trout. Thus, the stressed chinook 
sal!Tion, with its decreased ability to escape, 
could become easier prey. 

Another important aspect of the sea\vard 
migration of the chinook salmon that could 
be affected by decreased S\\'imming capabil· 
ities is passage through and oYer low head 
dams. Avoidance of dangerous areas in tur­
bine penstocks or in stilling basins of spillways 
may require a high Ie,·el of swimming per­
formance. Observations by scuba divers (W. 
J. Ebel, personal communication3 ) observing 
fish behavior in turbine intake gatewells where 
these fish were diverted by traYeling screens 
indicated that swimming performance ·was a 
vital factor in determining \\·hether injuries 
\vould or \Vould not occur. Fish that had the 
highest Slvimming capabflity did not becon1e 
impinged on screens present in the gatewell. 
Thus, during periods of high atmospheric gas 
concentrations, migrating chinook populations 
traveling near the surface \\'ould be adversely 
affected n6t ·only by diTect inOrtalily -frOin 
exposure to supersaturated atmospheric gas 
but also to mortality related to decreased 
swimming capabilities. 

The final significant point these data reflect 
is the apparent rapid reduction of the detri· 
mental effect of supersaturated atmospheric 
gas on s\vimming performance. A relatively 
limited recovery period of as little as 2 hr in 
equilibrated water reversed the debilitating 
effect the stress of supersaturated gas had on 
the swimming capabilities of chinook salmon 
tested after exposures at 120'fo of saturation. 
This rapid reversal phenomenon is also ob­
served in the rapid disappearance of external 
gas bubble disease signs (see footnote 1). 

1 Gerald R. Bouck, Environmental Protection 
Agency, Corvallis, Oregon, 

3 Wesley J, Ebel, National Marine Fisheries Service, 
Seattle, Washington. 
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External gas bubbles that have formed over 
a short exposure to a high (greater than 
120%) concentration of supersaturated water 
will disappear within a few hours of the fish's 
return to equilibrated water. This suggests 
that measures such as the spillway deflectors 
being considered for supersaturation control 
on Columbia and Snake River dams may well 
be useful if implemented on even a limited 
basis. Limited areas of reduced total gas 
pressure could provide short periods of relief 
where the migrating salmon could recover 
from the detrimental effect that supersaturated 
atmospheric gas has on swimming perfor· 
mance. 
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Avoidance Responses of Salmon and Trout to 
Air-Supersaturated Water 

DONALD G. STEVENS, ALAN v. NEBEKER, AND ROCKY J. BAKER 

United States Erivironmental Protection Agency, Western Fish Toxicology Slatiun 
1350 Southeast Goodnight Avtnue, Corvallis, Oregon 97330 

Abstract 

Coho (Oncorhynchus kisuJch), sockeye (0. nerka), and chinook (0. tschawytscha) salmon smolts, 
and rainbow trout (Salmo gairdneri) avoided air-supersaturated waler when tested in a shallow 
round tank. Steelheads (S. gairdneri) did not consistently avoid the supersaturated water and 
died from gas bubble disease. The salmon and rainbow trout generally avoided 145 and 125% 
saturation but did not always avoid 115%. Territorial ·activity reduced avoidance by steelheads 
and rainbow trout. 

The ability of certain species of fish to survive 
air-supersaturation of water may depend upon 
whether or not that fish can detect and avoid 
supersaturated water. Avoidance can be accom­

species to various concentrations of supersatu­
rated water. 

Methods 

plished by either sounding or moving laterally All tests were done in unchlorinated well 
away from the supersaturated water. Meekin water aerated to near saturation under normal 
and Turner (1974) reported that when given atmospheric pressure. The alkalinity and hard­
an alternative water source, chinook salmon ness were near 27 mg/liter (as CaC03) and the 
(OncorhynchtLS tschawytscha) showed a strong pH was 7.1 during the test period. Supersatu­
preference for equilibrated over supersaturat- rated water was produced and controlled by 
ed water. Blahm et al. (1976) tested juvenile metered iajection of compressed air into the 
chinook salmon and steelhead (Salmo gairdneri) water supply under pressure (Nebeker et al. 
in a divided trough having 130% Ni on one 1976). Saturation levels were verified by five gas 
side and 102% Ni on the other side. Two chromatograph determinations during the test 
groups of steelhead apparently did not avoid period, and monitored by at least one Winkler 
nitrogen supersaturation, as 50% died in 42.5 dissolved oxygen determination during each 
and 43 hours and all fish contracted gas bubble individual test. Supersaturated water was deliv­
disease. However, no chinook salmon died dur- ered to a rectangular tank divided into four 
ing 192 hours exposure, and only 10% showed sections by glass partitions of decreasing height 
signs of gass bubble disease. No lateral avoid- (Fig. l). Excess gas was serially stripped from 
ance was observed during these tests because of the water as it cascaded over the partitions. 
turbid water. Dawley et al. (1976) indicated that Water for the three test concentrations, 145%, 
chinook salmon and steelheads may detect su- 125%, and.115%, was taken.from behind the 
persaturation and avoid it vertically by sound- partitions. and the Gont:rol .water was supplied 
ing in deep tanks. Gray and Haynes ( 1977) from a separate head tank. 
monitored adult chinook slamon in the Snake The avoidance test tank (Fig. I) was 183 cm 
River with pressure-sensitive radio transmit- in diameter and 92 cm deep. Water depth was 
ters; fish migrating upstream in supersaturated maintained at 31 cm by a standpipe. The tank 
water spent about 89% of their time below the was 9ivided into eight pie-shaped chambers by 
critical supersaturation zone but swam at shal- opaque Plexiglas panels 61 cm long and 36 cm 
low depths during the following fall and spring high which left a central open area (61 cm in 
migrations when the river was normally satu- diameter) around the drain. The entrance into 
rated. each chamber was 20 cm wide and the rear of 

The present studies conducted at the West- the chamber consisted of a perforated Plexiglas 
ern Fish Toxicology Station (WITS) tested the panel which separated the chamber from the 
lateral avoidance response of several fish incoming water. This panel delivered an even 
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SATURATED WATER 

SUPERS.O.lURATED WATER 

SUPERSATURATION 
GENERJl.lOR 

SYSTEM 

~DEllVEAY TUBES 
TO •\VOIOANCE TANM 

FJGURE 1 .-Diagrams of the delivery• system for air-super­
saturated waler (upper panel) and of tk test tank (lower 
panel) used in studies of salmonid avoidance of air-.su­
persaturated water. 

flow of water into the test area. Water from a 
delivery manifold entered a standpipe at abou~ 
5 liters/minute and flowed through the perfo-. 
rated panel to the chamber. Dye tests indicated 
that the wedge-shaped plume of water leaving 
the chambers was maintained all the way to the 
center drain and was not significantly disrupted 
by fish activity. 

The entire area above the tank was enclosed 
in black hardboard and plastic sheeting to pre­
vent disturbance from room activity and light­
ing. Under the top of this tent were mounted 
a 16-mm motion picture camera and four flu­
orescent lights. The camera was activated by a 
motor-driven cam which exposed one frame 
every 2 minutes. 

Fish used in the tests were reared from eggs 
provided by the Oregon Department of Fish 
and Wildlife. They included steelhead and 
coho salmon (Oncorhynchus ki.sutch) from the 
Alsea River, rainbow trout (Salmo gairdneri) and 
chinook salmon from the Willamette River, and 
sockeye salmon (Oncorhynchus nerka) from the 

Columbia River. All fish were parr-smolt size 
and their weight ranged from 30 to 45 g. 

In each test l 0 fish were placed in the tank 
for a minimum of 12 hours of acclimation in 
saturated water. The camera was started during 
the acclimation period and operated through­
out the test period. Visual observations, \itithout 
disturbing the fish, were also made to deter­
mine when avoidance behavior \\'as established. 
When avoidance was observed, the various dis­
solved air concentrations were changed among 
chambers, generally by switching concentra­
tions in opposite chambers. A continued avoid-· 
ance response would be indicated by a decrease 
in the number of observations of fish in the 
higher concentrations {formerly lower concen­
trations) and a corresponding increase in ob­
servations of fish in the lower concentrations, 
an "observation" being the position of each fish 
in each film frame. 

Water at each air concentration was piped 
into two adjacent chambers. The number of live 
fish recorded on the film in each pair of cham­
bers was tabulated in hourly totals. Territorial 
activity was estimated by the number of frames 
that recorded sufficient disturbance of the 
water surface to distort the reflection of one of 
the fluorescent lamps. Fish that died were not 
counted or removed from the tank during the 
test period. 

Differences between the hourly totals were 
subjected t9 analysis of variance to d~te~mine 
if there w_as a sigt:Jifica~t r~lati_onsJ1ip betwee~ 
the changes in observations and the changes in 
concentration. The number of observations 
during the last hour before a concentration 
switch and those of the second hour after a 
change were used for the calculations. The dif­
ferences between the number of observations 
2 hours apart during the acclimation period 
provided the data for a zero-change in concen­
tration. Data from the first hour of acclimation 
and the first hour after a change were not used, 
allowing the fish that time for adjustment. 

Results and Discussion 

The film record of the acclimation period in­
dicated no preference of any species for any 
specific chamber or pair of chambers. Fish rare­
ly were randomly distributed among chambers 
at the start of a test period, but this was a minor 
limitation for the experiments because it was 
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TABLE l.-Dirtribution of salmonidfish in three concentrations of air·supersaiur<Ued waler and a control. All species 
except steelMad showed significantly different distributions among gas concentrations in one or more tests (analysis of 
variance P < 0.05). 

Mean number of observations per hour 
at each gas concentration• 

Number Test Inter- Percent 
Testb of live duration High mediate Low Control mortality 

Fish number fi•h (hours) (145 ± 4)~ (125 ± 3)C (115 ± 2)C (98 ± 2)C during test 

Steelhead 10 14 37 44 47 44 90 
(22) (25) (27) (26) 

Rainbow trout 10 44 24 32 45 54 80 
(15) (21) (29) (35) 

2 2 5 9 12 30 13 0 
(13) (18) (48) (21) 

Coho salmon 10 8 57 71 72 121 0 
(18) (22) (22) (38) 

2 10 16 32 39 95 158 0 
(10) (12) (29) (49) 

3 10 4 27 55 59 184 0 
(8) (17) (18) (57) 

Sockeye salmon 10 7 53 63 93 115 0 
(16) (19) (29) (36) 

2 10 4 63 65 98 95 0 
(20) (20) (31) (29) 

3 10 2 46 17 78 180 0 
(15) (5) (24) (56) 

4 10 2 62 40 100 120 0 
(19) (13) (31) (37) 

Chinook salmon 10 8 67 68 72 109 0 
(21) (21) (23) (35) 

2 10 16 45 61 93 99 20 
(15) (21) (31) (33) 

3 8 4 41 62 64 88 0 
(16) (24) (25) (35) 

• Number in parentheses is percent of total observations. 
b Concentrations of air were switched to opposite chambers between successive tests of a species. 
c Total-gas percent saturation (mean ± SD). 

the changes in distribution that were moni­
tored. 

The steelheads and rainbow· trout suffered 
greater mortality than the salmon tested (Table 
l). The steelheads died sooner than the rain­
bow trout and did not demonstrate any signif­
icant avoidance behavior. During the acclima­
tion period and early parts of the test period 
we saw considerable amounts of territorial ac­
tivity by one or more steelheads, which caused 
constant fish movement and turmoil in the test 
tank. The continued loss of steelheads suggests 
either they were more sensitive to supersatu­
ration than the other species, or the absence of 
an effective avoidance response due to territo­
rial activity of some fish. 

Mortality among rainbow trout occurred 
more slo"..ty and the survivors eventually 

showed a positive avoidance response that was 
significant at the 0.05 level. The two surviving 
rainbO\.\' trout preferred the low gas concentra­
tion over the control level. 

Coho salmon generally preferred control 
water during' the first test. Following the first 
and second concentration switch the fish avoid­
ed the high concentration and again showed an 
increased preference for control water. None 
of the fish died during the tests and the results 
were· significant at the 0.005 level. 

The avoidance response of sockeye salmon 
to supersaturated \Vater occurred more rapidly 
than in other species. In successive tests, their 
response times shortened considerably; the fish 
actively avoided the high and intermediate gas 
concentrations within 2 hours. The shortened 
response time may have resulted from the 
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schooling characteristics of sockeye salmon. 
The results were significant at the 0.005 level. 

Chinook salmon did not show obvious avoid­
ance of any concentration during the first test 
period. However, there was a general prefer­
ence for control water. The next two tests in­
dicated an avoidance of the high concentration. 
The results were significant at the 0.05 level. 

Data to illustrate territorial activity were re­
corded from the last hour of acclimation and 
the first hour of the test period for each species. 
The percentage of frames showing consider­
able disturbance during these 2 hours for each 
species were steelheads 46%, rainbow trout 
41 %, coho salmon 14%, sockeye salmon 0%, 
and chinook salmon 6%. 

These results indicate that juvenile rainbow 
trout and coho, sockeye, and chinook salmon 
can detect air-supersaturated water and that 
they will move laterally to avoid it. Our data 
support the findings of Meekin and Turner 
(1974) and Blahm el al. (1976) for chinook 
salmon, The lack of avoidance by steelheads is 
consistent with the research by Blahm et al. Our 
work does not address the possibility that steel­
heads and other species might sound vertically 
to avoid air-supersaturated water. It does show, 
however, that territorial activity by some fish 
may inhibit an escape from stressful conditions 
by others of their species. 
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Effects of Hydrostatic Pressure ou Steelhead 
Survival in Air-Supersaturated Water 

M. D. KNITIEL, G. A. CHAPMAN, AND R. R. GARTON 

Corvallis Environmenlal Research LaboraJ.ory, United Slates Environmental Proll!ctian Agency 
1350 Southeast Goodnight Avenue, Corvallis, Oregon 97330 

Abstract 

Juvenile steelheads (Salmo gairdneri) were placed in cages and suspended at various depths in 
water supersaturated with air at levels from 120 to 140% of normal atmospheric gas pressure. 
Survival times of fish held at IO, 50, and 100 cm depth increased with increasing depth at a 
given level of supersaturation. When the hydrostatic pressure (7.4 mm Hg per 10 cm of water 
depth) was subtracted from the excess gas pressure (relative to surface barometric pressure), 
mortality curves (times to 50% mortality versus excess gas pressure) for fish at all three depths 
essentially coincided. The significant measure of supersaturation appears to be the pressure of 
dissolved gases in excess of the sum of barometric and hydrostatic pressures. Steelheads held 
near the surface in supersaturated water for a near-lethal period and then lowered to a depth 
providing total hydrostatic compensation appeared to recover completely in about 2 hours. The 
longer fish remained at depth, the longer their survival time when they subsequently were 
reexposed to surface conditions. 

When air is dissolved in water at pressures 
exceeding one atmosphere, more gas is driven 
into solution than is normal for most surface 
waters; such waters are said to be supersatu­
rated. In the absence of vigorous surface tur­
bulence, reequilibration to the normal satura­
tion level occurs slowly even in shallow water. 
Conditions conducive to the production of su­
persaturation can occur in plunge basins below 
the spillways of dams, in power plants where 
saturated cooling waters are warmed and gas 
solubility is reduced, and in penstocks or other 
water pipes where air and water can be mixed 
at high pressures. 

Dissolved gas levels between I 00 and 140% 
of normal saturation have been reported in nat­
ural waters as a result of these conditions. 
When aquatic animals, especially fish, are ex­
posed to water cont.aining gas levels over 110%,· 
they are often killed by air emboli collecting in 
vital organs. Stroud et al. (1975) have described 
the pathology associated with exposure of fish 
to supersaturated water. Several comprehen­
sive reviews of the causes and effects of super­
saturation have been published (Rucker 1972; 
V\Tolke et al. 1974; Fickeisen and Schneider 
1976; Weitkamp and Katz 1980). 

Although the lethality of air-supersaturated 
water to salmonids has been well documented, 
most of the work has been done in shallow 
tanks where water depth is not a major factor 

affecting the response of fish to supersatura­
tion. Greater water depth adds the variable of 
hydrostatic pressure which inhibits the forma­
tion of air emboli in tissue fluids supersaturated 
with gases relative to ambient atmospheric 
pressure. 

Previous supersaturation studies have shown 
qualitatively that deep-water exposure or inter­
mittent deep- and shallow-water exposures 
produce lower mortality than shallow-water ex­
posure (Dawley et al. I 976; Weitkamp I 976). 
However, these studies allowed considerable 
variability of depth so that exposure levels 
could have varied considerably, making quan­
titative analysis of effects difficult. Fickeisen 
and Montgomery (I 978) conducted a study 
similar to ours, but they used only one level of 
supersaturation and did not fu.lly quantitate the 
effects of hydrostatic compensation. 

The first objective of this. stU.df w·aS to deter­
mine if compensating hydrostatic pressure and 
excess gas pressure are simple additive factors 
determining fish survival. The second objective 
was to determine the extent to which total hy­
drostatic compensation can reverse the effect 
of a previous near-lethal exposure to supersat­
uration. 

Methods 

Juvenile steelheads (Salmo gairdneri) were 
reared at the Corvallis Environmental Research 
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TABLE I .-Temperature and nominal and measured total 
gas concentrations during supersaturati<m experiments 
with steelheads. 

Tern- % 101.al gas saturation 

pera- Measured 
tu re Nomi-

Test c n>I N Mean•± SD Range 

I 10.B 140 27 139.8 ± 0.4 138.9-140.3 
2 ]0.0 140 39 139.6 ± 0.9 135.5-141.0 
3 11.0 135 41 136.4 ± 0.7 135.2-137.3 
4 10.0 135 27 135.1 ± 0.2 134.8-135.7 
5 11.5 130 36 130.0 ± 0.8 129.0-130.8 
6 l 1.7 130 60 130.2 ± 0.6 128.1-130.9 
7 11.0 130 55 130.4 ± 0.5 129.0-130.5 
8 9.0 125 45 124.9 ::!:: 0.4 124.0-125.7 
9 9.5 125 25 125.0 ± 0.5 124.0-126.0 

10 9.2 125 31 124.9 ± 0.6 124.0-125.2 
II 10.2 120 26 120.l ::!:: 0.3 119.8-120.8 
12 11.2 120 27 120.0 ± 0.4 119.4-120.8 
13 9.5 120 41 120.2 ± 0.5 I 18.8-120.9 
14• 14.0 120 45 119.7 ± 0.4 118.9-120.5 
15• 12.0 120 54 119.8 ± 0.4 118.7-120.4 
16' 13.6 125 25 126.6 ± 0.5 125.2-127.0 
I 7h 14.0 125 42 126.5 ::!: 0.6 125.7-127.7 
18' 12.5 130 15 130.5 ± 0.4 130.3-131.3 

• Means of measuremenls in four tanks per test. 
b Variable-dcplh exposure tests. 

Laboratory from eggs obtained from the North 
Fork Alsea Hatchery, Alsea, Oregon. Fish cul­
ture and test facilities were supplied with soft 
well water (Samuelson 1976). The fish were 
reared on Oregon Moist Pellet diet but were 
not fed during the tests. 

Tests were conducted by holding fish i.n.cy-. 
lindrical cages, 71 cm in diameter and 20 cm 
deep, suspended at various depths in four fi­
berglass tanks 3.1 m high and 79 cm in diam­
eter. The water supply to the tanks was super­
saturated to desired levels by regulating the 
flow of compressed air into a pressure chamber 
(Nebeker et al. 1976) which supplied water to 
each tank at a rate of 14 liters/minute. Nominal 
total gas saturations ranged from 120 to 140% 
(Table I). 

The air supersaturation of water was mea­
sured with a Weiss saturometer (dissolved gas 
tension meter), which registered the difference 
between the dissolved gas and atmospheric 
pressures (Nebeker et al. l 976). The tension 
meter was calibrated periodically with a Van 
Slyke gas analyzer. All saturation levels are ex­
pressed as percent of saturation with respect to 
ambient atmospheric pressure at the water sur­
face and were uniform throughout the water 
column in each tank. Calculation of gas satu-

TABLE 2.-Calculalld percentage reduction (compensa­
tion) in air supersaturaJion based on pressure of the water 
column. a 

Water column Compensation 
Water depth pressure (percentage of 

(an) (mm Hg) atmosphere) 

10 7.4 LO 
20 14.8 1.9 
30 22.2 2.9 
40 29.6 3.9 
50 37.0 4.9 
60 44.4 5.8 
70 51.8 6.8 
s.o 59.2 i.8 
90 66.6 8.8 

100 74.0 9.7 
110 81.4 10.7 
120 89.8 l 1.7 
130 96.2 12.7 

•%compensation= [Water depth (cm) X 0.740 (mm Hg/ 
cm water)]I00/760 (mm Hg). 

ration levels followed the conventional proce­
dure of dividing dissolved gas pressure (less 
water vapor pressure) by barometric pressure 
and multiplying the quotient by 100 (Fickeisen 
et al. 1975). 

Tests were begun by placing 20 fish in each 
cage and then lowering the cage to the desired 
depth. Periodic in situ observations were made 
for deaths and for the saturation level of air in 
the water. A fifth group of 20 fish was placed 
in a cage and held in shallow ambient well water 
as a control.. The median survival time (~ T50) 

. for fish in each cage _was c~lcu_lated _01_1 the .a.s­
sumption of a lcig-normal relation~hip betWeen 
mortality and exposure time. 

Constant Depth Exposure 

The force driving the formation of gas em­
boli is the existence in body fluids of dissolved 
gas tensions in excess of the sum of atmospheric 
and hydrostatic pressures. In these experi­
ments the excess gas tension was greatest in the 
cages just below the surface where the hydro­
static pressure at l 0 cm was only about 7 .4 mm 
Hg.' Because atmospheric pressure during the 
tests was always near 760 mm Hg, each percent 
supersaturation was equivalent to 7 .6 mm Hg. 

1 H20 pressure (mm Hg) 
mm H 20 depth X density H 20 

density Hg 
depth x 1.000 glcm3 

13.596 g/cm3 
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Therefore, each 10 cm of water depth should 
have created pressure nearly sufficient to cOun­
teract the gas tension created by one percentage 
unit of supersaturation (0.01 atmosphere) (Ta­
ble 2). If the time to death due to gas emboli 
formation is solely a function of the excess gas 
pressure in the body fluids, then survival times 
at I 0, 50, and 100 cm depth should be equal at 
identical excess gas pressures after adjustment 
for depth compensation. This was tested by the 
procedure outlined above. 

Intermittent Depth Exposure 

Another potential effect of increasing depth 
is the resolubilizing of emboli formed at lower 
hydrostatic pressures. Thus, fish in which po­
tentially lethal emboli have formed may survive 
if they enter deeper water. The time required 
for gas resorption is unknown as is the inftuM 
ence of an earlier surface exposure and recovM 
ery at depth on survival during a second sur­
face exposure. To test these effects, fish near 
the surface were exposed to lethal levels of suM 
persaturation for several hours, lowered to a 
compensating depth (3 m) for 1, 2, or 3 hours, 
and then returned to the surface. 

Total gas saturation levels in these tests were 
130, 125, and 120%, and the times of initial 
exposure were 2.3, 3.3, and 5.9 hours, respecM 
tively. These periods were previously deterM 
mined to be just short of the time to first death 
at these saturation levels. 

Results and Discussion 

When caged steelheads were exposed to a 
given level of gas supersaturation at one of 
three depths, 10, 50, or 100 cm (± 10 cm voli­
tional range), the fish died most quickly in the 
shallow cage and most slowly in the deep cage 
(Fig. lA). Dose-response curves (Y = aXb, 
where Y is median survival time,· X is excess · 
dissolved gas pressure, and a and b are con­
stants) yielded r 2 values of 0.99, 0.96, and 0.83 
for the 10, 50, and 100 cm depths, respectively. 

When the median survival times were plotted 
against depth-corrected excess gas pressures, a 
single curve could be fitted to the data yielding 
an r 2 value of 0.95. Because the fish could have 
selected depths slightly above or below the mid­
cage depths of 10, 50, and 100 cm used in the 
previous calculations, we attempted to fit better 
curves for other possible exposure depths. Best 
fits were obtained when fish in the shallow cage 
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FIGURE 1.-Relaiionship (Y = aXbJ between time to 50% 
mortality (Y) and mm Hg excess total gas pressure (X) 
for steelhuuis held at water depths of JO cm (circks), 50 
cm (triangks), and JOO cm (squares). Cunies in A, calM 
-culaied without allowance for hydrostatic pressure, lw.ve 

.<orutan4 (a, b) of(l.243, -J.914), (4.468, -3.761), 
and (1.892, -3.187) for JO, 50, and JOO cm, respecM 
lively. The curve in B, calculated after allowance for 
hydrostatic pressure, has constants (a, b) of (4.830, 
-J.768). 

were assumed to have been near the bottom of 
their cage and those in the other two cages near 
the top. Figure lB represents the response of 
fish at assumed depths of 17, 46, and 93 cm 
and has an r 2 value of 0.97. The results support 
the concept that depth provides protection 
against the lethal effects of supersaturation in 

. . . 
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FIGURE 2.-Time (at the water surface) to 50% mortality 
for steelheads allowed 0, 1, 2, or 3 hours al 3-m depth 
between slwllow-water exposures to 120, 125, or 130% 
air saturation. White porti071S of histograms represent ini­
tial shallow exposures, crosshatclud porti071S the second 
Jhallow exposures. Hours of exposure are indicated in the 
histograms; the single or lower number in each bar is time 
to 50% mortality for single or second surface exposures, 
respective!)" Values for I 20 and 1 25 % saturation are 
means of tu.'o tests. 

direct proportion to the reduction in excess gas 
pressure provided by the hydrostatic pressure 
of the overlying colun1n of water. 

Hydrostatic pressure thus appears to provide 
a calculable protection against the apparent ex­
cess gas pressure measured at the water sur­
face. The question remained as to the effec­
tiveness of hydrostatic pressure in reversing or 
retarding the effects of a prior acute exposure 
to excess gas pressure. Consequently, we ex­
posed fish to several levels of excess gas pres­
sure near the surface for a period determined 
to be just short of the time required to produce 
death in the most susceptible fish. The fish were 
then lowered to a depth (3 m) calculated to pro­
duce total compensation. After I, 2, or 3 hours, 
the fish were returned to the surface and their 
response observed; lime to 50% mortality was 
the index of effect. 

The simplest mechanism for enhanced sur­
vival of fish lowered to compensatory depths is 
resolubilization of already formed gas emboli. 
Among other effects, this would allow renewed 
blood flow to ischemic tissues, reoxygenation of 
tissue,_ and clearance of metabolic waste prod­
ucts. 

Comparison of LT50's of fish kept near the 
surface with those of fish given shallow reex­
posure following depth compensation is com­
plicated by several factors. These include gas 

equilibration lime of body fluids (Beyer et al. 
1976); unknown relationships among degree of 
equilbration, internal gas pressure, and onset 
and rate of emboli formation; and the relative 
rates of emboli formation in fish held at the 
surface and those brought into shallow water 
from a compensatory depth. 

Our data suggest that for steelheads first ex­
posed to excess surface gas tensions for non­
lethal periods, the minimum lime for full com­
pensation at a 3-m depth is 2-3 hours at 125 
and 130% saturation and 1-2 hours at 120% 
saturation (Fig. 2). However, at· all three levels 
of air supersaturation, the longer fish remained 
at depth, the greater their subsequent tolerance 
of shallow conditions (as indicated by their 
higher LTSO's). 

Active fish are reported to be more suscep­
tible to gas bubble disease than quiescent ones 
(Stroud and Nebeker 1976). Our handling of 
fish during the depth-compensation experi­
ments could have induced varying activity Jevels 
and caused some of the differences noted in 
L T50 values. Still, our results suggest that phys­
iological adaptation, as well as hydromechanical 
compensation, may occur in fish allowed a deep 
refuge in air-supersaturated water. 
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INTRODUCTION 

Gas bubble disease (GBD) in freshwater fishes, resulting from 

supersaturation of dissolved atmospheric gases in water, has been studied by 

investigators since the early 1900s (Marsh and Gorham 1905; Rucker and Tuttle 

1948; Harvey and Cooper 1962; Shirahata 1966). In the Columbia and Snake 

Rivers, GBD became evident in the 1960s and was attributed to supersaturation 

of dissolved gases caused by high volumes of water flowing over spillways at 

dams (Ebel 1969; Beiningen and Ebel 1970; Ebel 1971; Meekin and Allen 1974). 

Gas levels over 140% of saturation were not uncommon; from literature it was 

apparent that 110% was potentially lethal to fish. The problem was 

intensified for salmonids by an increased migration time, resulting from 

impoundments created by several new dams on the river. 

From 1966 to 197 5, estimates of mortal! ty ranged from 40 to 95% for 

juvenile salmonids migrating from the Snake River; a major proportion of that 

mortality during high flow years was attributed to GBD (Ebel et al. 1975). 

During that period, research defined tolerance characteristics of juvenile and 

adult salmonids to supersaturation and documented dissolved gas concentrations 

throughout the river during high water flow and spill at dams (Parametrix, 

Inc. 1975; Ebel et al. 1975; Boyer 1974). 

In the early 1970s, extensive efforts were made to reduce spill and to 

decrease the levels of supersaturation created by spill (Smith 1974). 

Several actions significantly decreased levels and duration of 

supersaturation: increased water storage in the upper reaches of the river 

basin, increased electrical generation at dams on the lower Snake and Columbia 

Rivers, and installation of flow deflectors on the spillways of several 
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dams. Supersaturation greater than 130% became infrequent instead of common, 

and levels exceeding 120% [shown by Weitkamp (1976) to be the critical point 

in causing mortality from GBD in salmon held in situ at Rock Island Dam) were 

observed less often and in smaller sections of the river basin. As a result 

of these actions, little evidence of gas bubble disease in salmonids was 

observed in the late 1970s. 

In the 1980s, a program of increased spill at dams was implemented to 

improve passage of juvenile salmonids. This created diurnal fluctuations of 

supersaturation within the river system. The u. s. Army Corps of Engineers 

(COE) and the National Marine Fisheries Service (NMFS) began to reevaluate the 

effects of current dissolved gas levels on salmon in the Columbia River 

system, including fluctuating supersaturation caused by designated spill for 

fish. In 1985, a field bioassay and monitoring program was established to 

evaluate the impacts of intermittent high supersaturation on both juvenile and 

adult salmonids. The reservoir of The Dalles Dam [River Kilometer (RKm) 308) 

was selected as the primary evaluation site because daily spill was expected 

at John Day Dam (RKm 34 7). In the 1970s, spill at John Day Dam created the 

highest dissolved gas levels in the river system, and in the 1980s, high 

dissolved gas levels resulting from intermittent spill were observed in the 

forebay of The Dalles Dam. 

OBJECTIVES 

The objectives of the bioassay and monitoring program were: 

1. To obtain daily dissolved gas concentrations in the forebays of John 

Day and The Dalles Dams. 
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2. - To observe and record signs of GBD in juvenile and adult salmonids 

sampled at various sites on the river. 

3. To determine the migration rate of marked fish passing through The 

Dalles Dam reservoir. 

4. To conduct holding studies with juvenile spring and fall chinook 

salmon, of hatchery and river-run stock, in The Dalles Dam forebay and examine 

depth distribution in relation to level of supersaturation. 

S. To obtain depth distribution information for juvenile salmonids in 

the fore bay of The Dalles and John Day Dams using hydroacoustics. 

6. To assess the probable effects of dissolved gas supersaturation on 

salmonid migrants and compare the results with information obtained in the 

1960s and 1970s. 

METHODS 

In 1985, the site of most field work was The Dalles Dam and its forebay 

to a few km upstream (Fig. 1). In 1986, biological data were collected at 

McNary, John Day, and Bonneville Dams. 

Dissolved Gas Measurements 

Dissolved gas concentrations were measured in the forebays of ·McNary, 

John Day, and The Dalles Dams and at Warrendale, Oregon, (downstream from 

Bonneville Dam) using continuous monitoring instruments operated by the North 

Pacific Division of the COE (U.S. Army Corps of Engineers 1985). Generally, 

measurements were recorded at 3-h intervals, which we believe were adequate 

for evaluating dissolved gas fluctuations in relation to river flow patterns. 
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Figure 1.--Location of support raft for bioassay cages, upward scanning 
acoustical array, and restricted area of The Dalles Dam. 
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Gas Bubble Disease Observations 

From April to June 1985, when gas levels might have caused GBD, NMFS 

personnel examined juvenile migrants for signs of GBD at John Day, The Dalles, 

and Bonneville Dams. Fish sampled several days per week for other research 

projects were also examined for macroscopic cutaneous and subcutaneous gas­

filled blisters on the fins and body surfaces. Recoveries of marked fish were 

also recorded to provide estimates of exposure time to supersaturation during 

migration through the reservoirs of The Dalles and Bonneville Dams. 

Plans for evaluation of GBD in 1986 were cancelled in April 1986 because 

of a below-average snowpack and little or no spill expected at John Day Dam or 

any dams other than Bonneville Dam. However, we took advantage of the 

unexpected high flow period in late May and early June to obtain data on GBD 

of yearling and subyearling migrants at lower Columbia River dams. Begining 1 

June, daily examination for GBD was made by NMFS and Fish Passage Center 

personnel on 100 or more juvenile salmonids of each species at McNary, John 

Day, and Bonneville Dams. Adult migrants were examined at the trap in the 

north-shore fishway at McNary Dam. 

Live Cage Studies 

To observe the effects of ambient supersaturation .on yearling and 

subyearling chinook salmon of both river-run and hatchery stocks, groups were 

held in cages 1. 5 km upstream from The Dalles Dam. A floating platform was 

anchored in 8 m of water at the mouth of a slough on the north side of the 

river. Attached to the platform were six cages 0.6 x 0.6 x 1.0 m deep; two 

were placed at each of three depths: 0-1, 1-2, and 3-4 m. Two additional 

cages 0.6 x 0.6 x 6.1 m deep were used to allow unrestricted vertical movement 

of test fish (Fig. 2). 
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Figure 2.--Support raff with cages used for holding test in The Dalles Dam reservoir. 
Juvenile sprtng and fall chinook salmon were held at particular depths to 
evaluate the effects of spill at John Day Dam. 



Holding tests were initiated when dissolved gas concentrations were 

expected to exceed 120% of saturation. Four- or five-day tests with yearling 

chinook salmon were begun on 13, 20, and 28 May, giving three replicate 

tests. Three- or four-day tests with subyearling chinook salmon were begun on 

8 and 22 July and 12 August, also giving three replicate tests. Groups of 50 

fish were placed in each cage. One set of four cages, positioned at 0-1, 1-2, 

3-4, and 0-6. 1 m, held river-run fish taken from gatewells at The Dalles Dam; 

the other set, positioned at the same depth intervals, held hatchery fish of 

the same age. Hatchery-reared yearling spring chinook salmon were obtained 

from Eagle Creek National Fish Hatchery (U.S. Fish and Wildlife Service), and 

subyearling fall chinook salmon were obtained from Washougal Salmon Hatchery 

(Washington Department of Fisheries). Fork lengths of both river-run and 

hatchery fish are listed in Table 1. 

Fish in cages were observed daily by SCUBA divers at about 1300 h. Dead 

fish were collected and examined for signs of GBD. Underwater observations 

for signs of GBD in fish were attempted, but visibility was too poor. The 

vertical distributions of fish in the 6.1-m cages were recorded. To minimize 

fish following the divers during assessment of vertical distribution, divers 

simultaneously approached each cage from the bottom and top and ascended or 

descended with limited breathing. To enhance future . holding .tests, an. 

underwater video monitoring system was fabricated which allows die! 

observations of vertical distribution in the volitional cages and eliminates 

the necessity for observations by SCUBA divers. 
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Table 1.-- Fork lengths of yearling and subyearling chinook salmon 
used in holding tests at The Dalles Dam forebay, 1985. 

Hatchery fish River-run fish 
Test forklength (mm) forklength (mm) 
dates Range Mean Range Mean 

Yearling chinook salmon 

5/13-18 85-235 152 105-205 140 

5/20-25 80-230 152 85-195 142 

5/28-6/l 112-232 157 80-177 142 

Subyear ling chinook.salmon 

7/8-12 55-95 80 78-133 103 

7/22-26 60-100 87 73-137 108 

8/12-15 58-103 93 _a/ 2.1 

2.1 No data 
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Hydroacoustic Depth Evaluation 

Hydroacoustic assessments of the vertical distribution of fishes entering 

turbine intakes and passing over spillways at The Dalles Dam were made by 

BioSonics Inc. ,lf under contract to Bonneville Power Administration (Steig and 

Johnson 1986). A sophisticated network of transducers and data compilation 

devices were used to examine seven sites at the powerhouse and nine sites at 

the spillway. Counts were adjusted to screen out electronic interference and 

to correct for variation of beam width at the target range. 

Monitoring of vertical distribution was also attempted by NMFS personnel 

at the buoy line of the restricted area in front of the dam and at a site 2 km 

upstream near the shoreline (Fig. 1). The echo sounder used in front of the 

dam was a Ross Fineline 200-A transmitting at 198 kHz through a sequencing 

series of four transducers (22°). The transducers were attached to 4-m 

outriggers on both sides of a boat (Fig. 3). Water depths ranged from 5 to 26 

m. The echo sounder used at a fixed position near shore was a Benmar DR-680 

transmitting at 400 kHz through a sequencing series of 20 transducers (20°). 

These transducers scanned upward from the bottom in water depths ranging from 

4 to 10 m (Fig. 4) (Marshall 1976). Relative percentages of targets within 

particular depth ranges · were adjusted for cone area at the distance of 

observation. 

lf Reference to trade names does not imply endorsement by the National Marine 
Fisheries Service, NOAA. 
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Figure 3.--The echo-sounding scheme 50-100 m in front of the powerhouse and 
spillway at The Dalles Dam, 1985; Ross fine-line 200-A (198 kHz) and 
four 22°-tranducers (sequenced), 
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RESULTS AND DISCUSSION 

1985 

Dissolved Gas Levels 

Predicted high flows did not occur in mid- to late-May, nor in other 

periods during the 1985 migration; as a consequence, dissolved gas 

concentrations in The Dalles reservoir seldom exceeded 120%. Because of the 

extensive setup efforts, we continued to evaluate the prevailing low 

supersaturation conditions. These data were collected for comparison with 

past laboratory and field data and with future field tests conducted at higher 

levels of supersaturation. Average daily flows during the evaluation were low. 

for this time, ranging from 292 thousand cubic feet per second (kcfs}Y on 6 

May to 64 kcfs on 28 July. Highest supersaturation values were observed in 

early May when daily spill lasted about 8 h and passed from 40 to 60% of the 

instantaneous flow through John Day Dam. In The Dalles reservoir, diurnal 

saturation levels near 120% were observed for about 8 h, levels below ll0% 

of saturation for about 8 h, and intermediate levels during the interim 

(Fig. 5). 

A comparison of spill rates at John Day Dam versus dissolved gas levels 

at The Dalles Dam (26 April to 17 May; river flows 170-292 · kcfs) indicates 

that water passage time through The Dalles reservoir was 16 to 20 h 

(Fig. 5). Spilled water appeared to move through the reservoir as distinct 

masses. The durations that high and low supersaturated water passed through 

The Dalles Dam corresponded to the duration of high and low volumes of water 

spilled at John Day Dam hours earlier (Fig. 5). 

JJ The English units kcfs are useg in this rjport in place of metric units 
because of common local usage (1 m = 35.3 ft ). 
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Gas Bubble Disease in Migrants 

During the period of highest supersaturation, the first week in 

May, signs of GBD were not observed in fish examined at The Dalles or 

Bonneville Dams. Dissolved gas levels were, however, only slightly greater 

than 120% of saturation for a few hours a day. Had the juvenile 

salmonids encountered 120% saturation for > 12 h diurnally, GBD signs would 

probably have been observed (Dawley and Ebel 1975). From mark recovery data 

we estimated that migration time through The Dalles reservoir was from l to 2 

days for yearling chinook salmon. Migrants intermittently encountered 

supersaturation for several more days, because only slight equilibration of 

dissolved gas (change of gas concentration toward normal saturation - 100%) 

occurs·in the river from The Dalles Dam to the estuary (from interpretation of 

dissolved gas data, 1966-1985). Some fish may have developed GBD downstream 

from Bonneville Dam, but the effects were probably not lethal even for fish 

swimming at the surface. Fish swimming at depth are provided compensation 

from supersaturation conditions by hydrostatic pressure. Each meter of depth 

provides about a 10% decrease in percent of saturation, therefore, fish 

swimming at l m encountered about only 110% of saturation. 

Live Cage Studies 

Gas Bubble Disease.--Consistent with observations of river-run juveniles 

at the dams, GBD signs were not observed in caged fish held for 5 days. Daily 

saturation levels during the first test of yearling chinook salmon were 

highest (111-118%) for about 8 h and substantially less for the other 16 h 

(Table 2). Signs of GBD on live fish in the cages could have been present for 

a day or two, however, visibility for SCUBA divers was too poor for that 

observation. Signs were not apparent at the end of the test when fish were 

14 



Table 2.-- Ho.rtality, dissolved gas concentrations, and water temperatures observed 
during holding tests in The Dalles ·nam forebay, 19854 

Percent mortality in cages positjoned 
at th~ indicated depth (m)! Dissolved gas cone.!!./ Water 

Hatcher% fish River-run fish eercent of saturation temp. 
Date 0-1 l-2 3-4 0-6.1 0-1 1-2 3-4 0-6.1 low 1300 h high •c 

Yearling chinook salmon 

5/13 Introduced 1500 h Introduced 1700 h 106 Ill 11.4 

5/ 14 0 0 0 10 0 0 105 105 118 11.4 

5/15 0 0 0 5 2 0 106 107 116 11.4 

5/16 0 0 0 0 0 0 109 109 113 11.5 

5/17 0 0 0 0 0 2 108 110 Ill 12.5 

5/18 0 0 2 0 0 110 110 111 12. 9 

Total o£f 0 11E 2 2 Weighted avg. 110.1 Avg. 11.9 

5/20 Introduced 1500 h Introduced 1700 h 108 108 13.5 

5/21 0 0 0 0 0 0 0 4 107 107 109 13.7 

5/22 0 0 0 0 0 12 15 0 109 109 109 14.3 

5/23 0 0 0 0 2 0 0 0 109 110 110 14.3 

5/24 0 0 0 0 2 0 0 0 109 109 112 14.8 

5/25 0 0 0 0 0 0 5 0 106 106 110 14.8 

Total 0 0 0 0 4 12 20 4 Weighted avg. 109.0 Avg. 13. 9 

5/28 Introduced 1500 h Introduced 1600 h 109 109 14,9 

5/29 0 2 0 2 5 0 5 5 106 106 109 15.0 

5/30 0 0 2 2 0 0 0 106 106 109 15.l 

5/31 0 0 0 0 0 0 0 106 106 109 15.3 

6/01 0 0 0 0 0 ·O 0 106 106 109 15.0 

6/02 0 0 2 0 0 5 5 104 104 108 14.9 

Total 0 2 4 4 5 0 10 10 Weighted avg. 108.1 Avg. 15.0 
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Table 2.--continued. 

Percent mortality tn cages poaitjoned 
at the indicated depth (m).! Dissolved gas conc.'2/ 

Hatche::z fish River-run fish percent of saturation 
Date 0:1 1-2 3-4 6-6.1 o-1 1-2 3-4 6-6.1 low !Joo h high 

Subyearling chinook sal11onV 

7/08 Introduced 1500 h 99 100 

7/09 0 Introduced 1330 h 99 99 99 

7/10 0 16 99 99 99 

7/11 0 0 99 99 100 

7/12 0 1 99 99 99 

Total 0 17 Weighted avg. 99.1 Avg. 

7/22 Introduced 1600 h Introduced 1600 h 

7/23 0 

7/24 3 0 

7/25 0 0 

7/26 3 

Total 7 0 Range 99-102!' Avg. 

8/12 Introduced 0900 h Introduced 0900 h 

8/13 0 0 

8/14 0 0 

8/15 0 0 

Total 0 0 Range 99-102•/ Avg. 

a/ Percent of the number of individuals at the start of testing (about 50). 

2,.1 Dissolved gas concentrations within the 24-h period; lowest, highest, and at 1300 h (the aproximate 
tinte: of the vertical distribution observation). 

;/ Signs of gas bubble disease were not observed in any held fish. It ts cjoubtful tha.t 11.tgn.s could 
have been observed by SCUBA divers on fish swimming in the cag.ei,; If Signs were p~esent itl fish on 
14 and 15 Hay, it aee11s likely that none would have been observable by the end of that test when 
fish vere examined individually at the surface. 

2./ Ft1h were not held at 0-1 m, 1-2 11, and 3-4 111 because dissolved gas concentrations were not expected 
to go above 105% of 1aturation. 

!/ Ex:trapola ted from •easurements at John Day Dam. 

16 

W'a ter 
temp. 
•c 

20.3 

20.4 

20.4 

20.5 

20.6 

20.4 

21.5 

21.5 

21.6 

22.1 

22.4 

21,8 

21.5 

21.5 

21.5 



Table 2.--contirued. 

Date 

7/08 

7/09 

7/10 

7/11 

7/12 

Total 

7/22 

7/23 

7/24 

7/25 

7/26 

Total 

8/12 

8/13 

8/14 

8/15 

Percent mortality in cages positioned 
at the indicated depth (m)!/ 

Hatchery fish River-run fish 
0-1 1-2 3-4 0-6.1 0-1 1-2 3-4 0-6.1 

Subyearling chinook salmon!/ 

Introduced 1500 h 

0 Introduced 1330 h 

0 16 

0 0 

0 I 

0 17 

Introduced 1600 h Introduced 1600 h 

0 

3 0 

0 0 

3 

7 0 

Introduced 0900 h Introduced 0900 h 

0 0 

0 0 

0 0 

Dissolved gas cone.!/ 
percent of saturation 
low 1300 h high 

99 

99 

. 99 

99 

99 

99 

99 

99 

99 

100 

99 

99 

100 

99 

Weighted avg. 99.1 

Range 99-101!/ 

Avg. 

Avg. 

Water 
temp. 
•c 

20.3 

20.4 

20.4 

20.s 

20.6 

20.4 

21 ;5 

21. 5 

21.6 

22.1 

22.4 

21.8 

21.5 

21.5 

Total 0 0 Range 99-102e/ Avg. 21.5 

al Percent of the number of individuals at the atart of testing (about 50). 

2.1 Dissolved gas concentrations within the 24-h period; lowest, highest, and at 1300 h (the aproximate 
time of the vertical distribution observation). 

S/ SiRn• of gas bubble disease were not observed in any held fish. It is doubtful that signs could 
have been observed by SCUBA divers on fish swimming in the cages. If si~ns were present in fish on 
14 May and 15 May, it seems likely that none would have been observable by the end of that test when 
fish were examined individually at the surf ace. 

2./ Fish were not held at 0-1 m, 1-2 m, and 3-4 m because dissolved gas concentrations were not expected 
to go above 105% of saturation. 

!;./ Extrapolated from measurements at John Day Dam. 
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examined out of water. Gas bubbles disappear relatively quickly at low 

dissolved gas levels (Dawley et al. 1976). Supersaturation during other 

tests (maximum of 112%) was not high enough to cause GBD in 8-h periods, even 

in the 0- to 1-m cage. 

Mortality levels for fish held in the upper meter of the water column 

were not statistically greater (t=0.04, P>0.05, df=20) than for other groups 

held st greater depths, which allowed for greater hydrostatic pressure 

compensation (Table 2). On the first day of testing, 10% mortality of 

river-run fish occurred in the 0- to 1-m cage, but this was before dissolved 

gas levels reached ll8% of saturation; GBD signs were not observed in dead 

fish from that cage. We assume stress from collection in the gatewell, 

transport, placement in the cage, and jostling of the cages by wave action on 

the flotation raft caused the mortality. 

Results of the 1985 holding study compare favorably with laboratory 

studies on effects of supersaturation, and these results complement previous 

in situ evaluations in the Columbia River. Laboratory studies conducted in 

water depths <0.6 m, which provided little hydrostatic pressure compensation, 

showed that migrant-sized juvenile salmonids developed no GBD signs when 

saturations were 110% or less; at 115%, signs developed and mortality began in . . . . 

.a few days (Dawley et al. 1976;.Dawley and Ebel 1975; and Nebeker 1973; Meekin 

and Turner 1974). Tests with greater water depth availability (2.5 m) 

decreased GBD incidence and associated mortality. Effects were similar to 

those in shallow water tests at 10% lower supersaturation (Dawley et al. 

1976). Previous in situ holding tests, evaluating effects of supersaturation 

in reservoirs, showed thst test fish which were allowed access to water depths 

sufficient to alleviate GBD through hydrostatic pressure compensation, 
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exhibited -substantially less mortality than fish confined to surface levels 

(Ebel 1971; Weitkamp 1976). 

Previous intermittent exposure tests showed that die! periods at low 

dissolved gas levels provided substantial benefit from the effects 

of supersaturation (Weitkamp 1976; Blahm et al.1976); internal gas pressures 

of test fish apparently decreased during the low level periods. Both 

investigations showed that subyesrling chinook salmon suffered little 

mortality when subjected to 8 h of high dissolved gas levels (124 and 130%) 

and 16 h of low levels (~100%). The larger yearling chinook salmon tested at 

The Dalles Dam in 1985 are probably less tolerant to supersaturation because 

of size (Dawley et al. 1976); however, the fluctuating supersaturation at 

these somewhat lower levels also caused no detrimental effects. 

Dissolved gas concentrations (99 to 102%) during tests of subyearling 

fish were not high enough to cause GBD. Therefore, tests were conducted only 

in volitional cages to examine vertical distribution at ambient levels 

of dissolved gas saturation. 

Adults were not examined because of the low supersaturation levels. 

Vertical Distribution. --Detection and avoidance of supersaturation were 

observed in previous tests with juvenile chinook salmon (Dawley· et al. 1975; 

Blahm et al. 1976). Mortality was substantially reduced but not eliminated 

by apparent lateral and vertical avoidance. Juvenile steelhead tested 

in similar conditions generally did not show an avoidance reaction. 

During holding tests with yearling chinook salmon, signs of GBD were not 

observed, even in the 0- to 1-m cages. Thus, we hypothesized that stress to 

fish from supersaturation in the volitional cage (0-6.1 m) was low, and the 

effects on the depth distribution of test fish were minimal. Mean depths 
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of fish for each 5-day test period ranged from 3. 6 to 4. 3 m (Table 3). About 

2% of the fish were observed at 0 to 1.2 m and 9% at 1.2 to 2.4 m of depth. 

Statistical evaluation of differences in vertical distribution between 

hatchery and river-run fish, the three replicate test series, and daily 

observations showed no significant differences (P (Q. 05); three way ANOVA 

(f=0.05 df=l,18; f=0.29 df=2,18; f=Q,92 df=2,18), 

Vertical distributions of subyearling chinook salmon were 

consistent through the three series of tests; mean depths in the volitional 

cages ranged from 3.1 to 4.0 m (Table 3). About 6% of the fish were observed 

at 0 to 1.2 m and 15% at 1.2 to 2.4 m of depth. There were no significant 

differences among mean depths of subyearlings (t=0.27, P<0.05, df=ll). Ebell.f 

observed that subyearlings, in volitional cages at Priest Rapids Dam 

reservoir, congregated at 2. 5 to 3. 5 m of depth at both high supersaturation 

(143%, where mortality was 0%) and low supersaturation (118%, where mortality 

was 6%). 

Future comparisons of vertical distribution during high supersaturation 

are necessary to evaluate whether fish will alter their depth distribution to 

counteract supersaturation stress. Vertical distributions of yearling and 

subyearling fish observed in 1985 can be .used as a quasi-contr01. 

Hydroacoustic Observations 

Vertical distribution of salmonids in front of The Dalles Dam 

was assessed by BioSonics, Inc. using hydroacoustic techniques. Fifty percent 

of the yearling chinook salmon observed were within 4.6 m of the surface 

1f W. J. Ebel, Biologist, National Marine Fisheries Service, 2725 Montlake 
Blvd. E., Seattle, WA 98112, unpublished data. 
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Table 3.--Vertical distributions of yearling and subye&rling chinook salmon held 
in cages in The Dalles Dam forebsy, 1985; ·percent of fish at depth interval. 

llatcheri:: fish River-run fi<>h 
Depth interval (m) Hean Depth interval (ml Hean 

o- l.2- 2.4- 3.7- 4.9• depth 0-' 1.2- 2.4- 3.1- 4.9- depth 
Date 1. 2 2.4 3.7 4.9 6.1 (ml 1.2 2.4 3.7 4.9 6.1 (m) 

Yearling chinook salmon 

5/14 0 40 50 0 10 2.8 0 0 0 100 0 4.3 

5/15 2 3 28 49 18 4.0 5 10 48 30 8 3.4 

5/16 0 5 25 50 20 4.1 2 14 34 45 5 3.5 

5/17 .Q 0 4 45 1!. .!.:.2. E. .l.. 14 ...!l li 4.4 ....,.... 

Avg. 1 12 27 36 25 4.1 2 7 24 55 12 3.9 

5/21 0 4 38 57 2 3.8 0 25 25 50 0 3.4 

5/22 6 0 27 55 12 3.9 0 0 6 45 49 4.8 

5/23 8 17 0 42 33 4.0 0 0 17 42 42 4.6 

5/24 0 ~ 31 2.!. 2.!. l:..!. 0 .1.. 14 1!!. 43 hl 
Avg. 4 7 24 46 20 3.9 0 7 15 44 33 4,3 

5/29 0 20 40 40 0 3.3 0 40 60 0 0 2.5 

5/30 0 0 0 100 0 4.3 4 0 0 75 21 4.4 

5/31 4 0 8 58 38 4.5 0 8 31 62 0 3.7 

6/01 1. .Q Q 37 47 4.6 0 17 .!2. 28 36 4..:.!. . -
Avg. 2 5 15 59 29 4.1 . 1 16 . 27 41 14 . J.6 
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Table 3.--continued. 

l!atcherz fish River-run fish 
Depth interval (m) Mean Depth interval (m). Mean 

o- 1.2- 2.4- 3.7- 4.9- depth o- 1.2- 2.4- 3.7- 4.9- depth 
Date 1.2 2.4 3.7 4.9 6.1 (m) 1.2 2.4 3.7 4.9 6.1 (m) 

Subyearling chinook salmon 

7/09 6 21 29 34 10 3.3 

7/10 10 11 26 37 15 3.5 0 5 36 36 23 4.0 

7/ ll 0 3 16 40 40 4.5 7 19 19 28 28 3.7 

7/12 2. 6 11 11 11 .i:..!. 2 0 20 39 12. .hl. 
Avg. 5 10 26 36 24 3.9 3 8 25 34 30 4.0 

7/23 0 25 25 25 25 3.7 0 0 43 29 29 4.1 

7/24 11 22 22 22 22 3.3 4 14 27 27 27 3,7 

7/25 14 21 21 21 21 3.8 2 21 35 28 14 3.4 

7/26 2. ..!2. .ll .ll 12.. 1.:2. 
Avg, 8 22 23 23 23 3,4 2 12 35 28 23 3,7 

8/13 11 7 25 25 32 3.8 

8/14 12 12 23 27 27 3.6 14 so 29 3 4 2.2 

8/15 0 4 E.. 32 E.. 4.3 0 0 41 11. 24 .i:..!. - -
Avg. 13 13 25 28 30 3.9 7 25 35 19 14 3.1 
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(Steig and Johnson 1986), Subyearlings were deeper; 50% were within 9. 1 m of 

the surface at the powerhouse and within 5.8 m of the surface at the 

spillway. We estimate that the danger zone for salmonids, during high 

supersaturation, is 0-3 m depth; hydrostatic pressure below 3 m reduces the 

ambient supersaturation to tolerable levels for salmonids for most conditions 

encountered in the Columbia River. The percentages of migrants above 3 m at 

the powerhouse and spillway were: 22 and 8%, respectively, for yearling fish, 

and 10 and 15%, respectively, for subyearling fish. Both age classes hsd 

deeper vertical distributions during the night. Relative differences of 

vertical distribution associated with time of day and age class were 

consistent with observations at other Columbia River dams (Raemhild et al. 

1984a, 1984b). 

Hydroacoustic observations of migrant depth at dams do not necessarily 

represent distributions of fish migrating through the reservoir, nor of fish 

hesitating in front of the dam. Many targets observed by the echo sounders 

are fish in the process of passing into the turbines or under spill gates (T, 

Steig!!.i). 

Daytime observations made by NMFS from a small boat traversing 

the reservoir 50 to 300 m upstream from The Dalles Dam were not very 

successful, Only 43 targets were observed~-all yearling .ff.sh in May. 

Combined data from the surveys indicated that 48% of fish were in the upper 

meter, 32% from 1 to 2 m, 7% from 2 to 3 m, and 13% below 3 m in depth, The 

expansion factors used to adjust for area of the echo sounding cone at the 

!:.! T. Steig, BioSonics, Inc., 4520 Union Bay Place, Seattle, WA 98112, pers. 
commun. 1986. 
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first and second meter depth were very large and the targets very few, 

resulting in questionable data. 

In round-the-clock hydroacoustic observations made near the shoreline 

upstream from the dam, 32% of the 108 targets were in the upper 3 m in 

daylight and 27% of the 64 targets in the upper 3 m at night. These 

observations, made in May and early June, presumably represent yearling 

salmonids; however, resident fishes may have influenced these observed depth 

distributions. The few subyearling fish observed do not warrant a report. 

1986 

Dissolved Gas Levels 

Warm weather in late May caused a rapid snowmelt, leading to unexpected 

high flows in the Snake and mid- and lower-Columbia Rivers. From 30 May to 8 

June, about 34% of the flow at Lower Granite Dam on The Snake River and 41% of 

the flow at Priest Rapids Dam on the Columbia River were spilled (Fig. 6); 

total flows averaged 194 and 160 kcfs, respectively, at the two dams. 

Consequently, dissolved gas levels increased to )120% through hundreds 

of miles of river (Fig. 6). Large diurnal fluctuations in gas concentrations, 

as observed in 1985, did not occur because water was spilled 24 h per day. 

Gas Bubble Disease in Migrants 

In the 8-day period of evaluation, 1-9 June, signs of GBD, predominately 

cutaneous bubbles between the rays of one or two fins, were observed in 

migrating juvenile salmonids (Table 4). From past research, we believe these 

signs were caused by short-term exposure to high levels of supersaturation 

(hours at > 115%) or long-term exposure at low levels of supersaturation (days 

at < l15%). The majority of observed migrants must have been at depths 

sufficient to keep the effective gas pressure in their bodies below 115% 
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Figure 6.--Percentages of river flow spilled at Lower Granite Dam (Snake River) 
and Priest Rapids Dam (Columbia River) in May-June 1986. Dissolved 
gas levels at eight sites are also shown. 
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"' °' 

Date 

Table 4.--Incidence of gas bubble disease in juvenile salmonids sampled at McNary, John Day, 
and Bonneville Dams, 1986 (usually 100 or more individuals/sample). 

Percent with signs of gas bubble diseas~ 

Subyearling 
chinook Yearling chinook Coho 

Steelhead salmon salmon salmon 
McNary John Bonn. McNary John Bonn. McNary John Bonn. McNary John Bonn. 

Day Day Day Day 

1 June 4 b/ - - 0 - - 7 - - 3 - -
2 3 0 3 0 0 0 3 0 0 0 0 0 

3 4 0 14(2) 0 0 0 1 0 0 5 0 0 

4 2 0 16(2) 0 0 0 (1 0 0 1 0 0 

5 2 0 13(1) 0 0 0 2 0 0 0 0 1 

6 3 0 - 0 0 - 2 0 - 0 0 -
7 1 0 - 0 0 - 1 0 - 0 0 -
8 2 0 0 0 0 0 (1 0 0 0 0 0 

9 1 0 0 . 0. 0 0 (1 0 0 0 0 0 

Sockeye 
salmon 

McNary John Bonn. 
Day 

2 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 

0 0 

0 0 

0 0 0 

~ Signs were primarily bubbles in· fins--few in number. Profuse bubbles in fins, in mouth, or on head (indicating 
more severe stress) were observed only at Bonneville Dam; percent incidence denoted by the numbers in ( ) • 

b/ 
No observations are indicated by a dash (-). 



()1 m; assuming an average 125% of saturation). Only juvenile steelhead at 

Bonneville Dam showed substantial signs of GBD (13-16% of individuals examined 

during a 3-day period); about 2% had severe signs (massive areas of bubbles in 

fins, on the operculum, or in the buccal cavity). 

At McNary Dam, adult chinook salmon and steelhead were examined for 

GBD during the high flow period. Signs of GBD were not observed in any of the 

28 fish examined. 

CONCLUSIONS AND RECOMMENDATIONS 

During 1985 and 1986, the impacts of supersaturation in the lower 

Columbia River (McNary Dam to the estuary) were minimal to juvenile and adult 

salmonids. Juvenile steelhead were affected most, but probably did not suffer 

substantial mortality because of their rapid movement to the ocean (Dawley et 

al. 1986). 

Salmonid 's tolerance to supersaturation and their ability to detect and 

avoid supersaturation seem dependent on life stage, species, stock, and 

environment (Dawley and Ebel 1975; Alderdice and Jensen 1985; and Lund and 

Heggberget 1985). Lethal conditions may prevail in certain areas at certain 

times, so knowledge of the tolerance limits for resident and migrant fishes 

impacted by supersaturation is essential to assess tlie necessity. for 
counteractive measures. 

Future studies at The Dalles Dam during a period of. high supersaturation 

are necessary to satisfy the objectives of this study. 
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Effect of John Day Dam on Dissolved Nitrogen 
Concentrations and Salmon in the Columbia River, 1968 

KIRK T. BEININGEI\1 AND "'ESLEY J. EBEL 

Burf'au oj Commercial Fishen'es, 2725 1llonllake Boulevard Easl, 
Seattle, Tf'ashinglon 98102 

ABSTRACT 

Concentrations of dissolved nitrogen gas were measured in the lower 640 km of the Columbia 
River from April to September 1968 to detern1ine the effect of newly-constructed John Day Dam 
on nitrogen saturation downstream. Observations were also made of symptoms of gas bubble 
dh:ease and n1ortality in juvenile and adult salmon. 

Heavy spillway discharge at the dam caused abnormally high (123-143'70) supersaturation 
downstream, and n1ortalities of juvenile and adult salmon (Oncorhynchus spp.) and steelhead 
trout (Salmo gairdneri) were substantial. Delays in passage at John Day and The Dalles Dams 
coupled with supersaturation of nitrogen gas caused the mortalities. 

The authors recon11nended that in future dam construction one or more turbines should be 
operable before the reservoir is filled. Increasing the flow through the turbines while decreasing 
flow over the spillways will reduce concentrations of nitrogen. In addition, every possible effort 
should be 1nade to reduce the delay of sahnon passing over dams. 

I"'TRODUCTION 

A study of the supersaturation of dissolved 
nitrogen in the Columbia River in 1965-67 
(Ebel, 1969) showed that water falling over 
spilh,1ays into deep plunge basins of dams 
became supersaturated during heavy spilhvay 
discharges. This supersaturation appeared to 
he the direct cause of mortality of juvenile 
coho and chinook salmon ( Oncorhynchus 
kisutch and 0. tshawytscha) from gas bubble 
disease' and to be linked also with unexplained 
mortalities of adult sockeye salmon ( Onco­
rhynchus nerka) and steelhead trout (Salnio 
gairdneri). Until 1968: however, external 
symptoms of gas bubble disease had not been 
seen in adult chinook salmon and had been 
recognized in only a few adult sockeye salmon 
and steelhead trout. 

Concentrations of dissolved nitrogen from 
Priest Rapids Dam, Washington, to the estuary 
were again observed in 1968, particularly to 
determine the effect of the newly constructed 
John Day Dam. Extremely high concentra­
tions \\"ere expected) since the powerhouse was 
still under construction and all river flow was 
passed over the spillway. This report describes 
the changes brought about by John Day Dam 
on concentrations of dissolved gases and the 

1 Present address: Fish Commission of Oregon, Re· 
search Laboratory, Roule 2, Box 31A, Clackamas, 
Oregon 97015. 

effect these changes had on migrant salmon 
and ste.~lhead trout near the dan1. 

METHODS 

Ebel (1969) described the method for col­
lection and analysis of gas samples. Observa· 
tions \Vere limited to the lower 640 km of the 
river in 1968. Twenty stations (Figure 1) 
\Vere sampled monthly from April to Septem· 
her. The use of a float plane enabled us to 
collect and analyze all samples 'vithin a 24-
hour period. Additional stations \\'ere·sampled 
weekly at John Day and The Dalles Dams to 
document conditions related to fish passage 
problems. Water samples were stored in an 
ice chest to reduce changes in gas content that 
occur from temperature increases. 

Dissolved nitrogen and oxygen concentra­
tions were determined for each sample and 
expressed in percentage saturation-100% in· 
dicated equilibration of dissolved gases at one 
atmosphere ( 760 mm of mercury). No correc· 
lions were made for slight changes in elevation 
or barometric pressure. A Van Slyke-Neill 
blood gas analyzer, modified for water deter· 
ruinations, was used for the weekly series of· 
samples. The Van Slyke-Neill apparatus was 
used in the calibration of a gas chromatograph 
which was used when large numbers of sam· 
pies were analyzed. A detailed description of 
the chromatographic tech~ique is given by 
Swinnerton, et al. (1962). 
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FIGURE 1.-Principal Mmpling stations (numbered from 1 through 20) on the Columbia and Snake Rivers, 
1968. 

CHAKGES IN RIVER CONDITIONS 

CAUSED BY JOHN DAY DAM 

Physical Alteration of the River 

Construction of John Day Dam, 347 km 
upstream from the estuary (Figure 1) , began 
in 1959. The U.S. Army Corps of Engineers, 
which supervised the project: closed the dam 
--0n April 14, 1968, and impounded the river 
before the powerhouse was opened, so that 
the fishways would be in operation before the 
spring salmon migrations. This procedure was 
carried out on the advice of Federal and State 
fisheries agencies responsible for sustaining 
fish populations in the Columbia River system. 
The reservoir was filled in 4 days, and fish 
ladders \Vere in operation by April 20. 

The John Day impoundment inundated the 
last free-flo"·ing portion of the Columbia River 
hehveen tide"'ater and the mouth of the Snake 
River, forming an uninterrupted series of 

·impoundments over 300 km long. 

Effect on Nitrogen Concentrations 

In the preceding 3 years, saturation :in the 
entire lo,ver river downstream of Priest Rapids 
Dam was near equilil;>ration with the atmos-

phere (100%) from late fall to May, when 
none of the 11 dams on the main stem of 
the river discharged \Valer from the spillway 
regularly. Immediately after John Day Dam 
\Vas closed on April 20, concentrations of 
nitrogen were high (over 12570 of satura· 
tion) do,vnstream from the dam, throughout 
The Dalles impoundment. These concentra­
tions were considerably higher than those in 
1966 and 1967 (Figure 2) and remained high 
during the entire salmon migration. In Sep· 
tember they still exceeded 12570, long after 
concentrations at other dams had dropped to 
less than 105% of saturation. 

Nitrogen concentration in the tailrace im· 
'mediately downstream· from John· ·Day Dam 
were very high-123 to 145% of saturation­
because of the heavy discharge over the spill· 
way. In general, tailrace concentrations aver­
aged 20% higher than forebay concentrations, 
which ranged from 96 to 12370 of saturation 
(Figure 3). 

Equilibration in Reservoirs 

Comparison of nitrogen concentrations up· 
stream and downstream in. The Dalles im· 
poundment confirmed the 1966-67 study, 
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dissolved nitrogen in forebays from Priest Rapids 
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1968 (solid line). 

which sho,ved that the water supersaturated 
with dissolved nitrogen usually does not equil­
ibrate completely during transit through a 
reservoir (Ebel, 1969). From May to August 
1968, nitrogen concentrations decreased an 
average of only 4o/o between the tailrace of 
John Day and the forebay of The Dalles, 39 
km downstream (Figure 3). 

A second comparison-that between nitro­
gen concentrations in the farthest upstream 
and downstream sections of newly-formed 
John Day Reservoir, appeared to differ from 
findings in other reservoirs. During the 
warmer months (June and July) saturation 
at the head of the reservoir, which extends 
to the base of McNary Dam, was over 135%, 
whereas the average in the forebay of John 
Day Dam, 122 km downstream, was only 
114% of saturation. The reduction indicated 
that equilibration occurred at a higher rate 
than observed in other reservoirs. Possibly 
supersaturated water equilibrated more rapidly 
in John Day Reservoir because its greater 

length offered a better opportunity for equili­
bration than in the shorter reservoirs . 

Effect on River Temperatures 

Because new dams have been built in the 
Columbia River, there have been many changes 
in the cooling and heating cycles of the river. 
High river temperatures ha\·e been increas­
ingly common during times when such tem­
peratures usually did not occur (Jaske, 1965; 
Moore, 1968). Before John Day Dam was 
completed, the Fish Passage Research Program 
of the Bureau of Commercial Fisheries pre­
dicted some of the physical, chemical, and 
biological changes that would be created by 
this new impoundment. Novotny and Clark 
(1967) ,' who computed a heat budget and 
forecast future water temperatures for the ne\v 
reservoir, predicted a slight net increase in the 
\\·ater temperature over that entering the pool. 
Projected changes in temperature of water 
discharged at John Day Dam included in­
creases ranging from 0.2 C in June to 1.5 C 
in October. 

Water temperatures taken in conjunction 
,,·ith nitrogen studies reflected some change in 
the temperature regime of the Columbia River 
in 1968. Temperature curves (Figure 4) from 
data taken in John Day Reservoir during 
August, September, and October indicate a 
definite increase in the temperature gradient 
between ·McNary and· John Day Dam. The 
temperatures we recorded appeared to sub­
stantiate the predictions of Novotny and Clark. 

Temperature changes are difficult to iden­
tify because of irregular spills, release of flood 
storage, and abnormal precipitation and air 
temperatures, but a noticeable trend was 
evident in late summer. The temperature of 
the water mass moving through the new reser­
voir appeared to increase more rapidly than 
in the former river-run environment (Figure 
4). Whe'reas the free-running river permitted 
some equilibration of water temperatures with 
air temperatures, especially when water tern· 
peratures dropped in the fall, the new im-

2 Anthony J. Novotny and Shirley Miller Clark. 
1967. Preliminary predictions of water temperatures 
in John Day Reservoir. U.S. Fish Wildl. Serv., Bur. 
Commer. Fish., Biol. Lab., Seattle, Wash., unpub· 
lished manuscript. 11 pp. 
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poundment retained the warmed water and 
delayed cooling until later in the year. 

EFFECT OF HIGH CONCENTRATIONS OF 

NITROGEN GAS ON FISH DOWNSTREAM 

FROM JOHN DAY DA1'1 

Effect on Juvenile Fish 

Symptoms of gas bubble disease in juvenile 
Pacific salmon and steelhead trout downstream 
from John Day Dam in May 1968 were the 
same as iri ju\'enileS at Priest" Ra·pids Daln in 
June, July, and August of previous years 
(Ebel, 1969). Bureau of Commercial Fisheries 
personnel, checking identifying marks on 
downstream juvenile migrants at The Dalles 
Dam, noticed unusually high mortalities among 
fish held for inspection (Howard L. Raymond, 
personal communication). Definite external 
symptoms of gas bubble disease \\'ere observed 
in juvenile coho salmon, chinook salmon, and 
steelhead trout (Figure 5). During one week 
in late May, 25o/o of the juvenile steelhead 

~-. 

':! 
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FIGURE 5.-Gas bubble on head of fingerling coho salmon, a symptom of gas bubble disease. 

trout1 46% of the chinook salmon, and 68o/o 
of the coho salmon inspected had obvious 
external symptoms of gas bubble disease. 

Despite the relatively low (11.4-15.2 C) 
water temperatures, compared with the 13.9-
17.8 C range at Priest Rapids forebay in 1%7 
when mortalities occurred, symptoms of gas 
bubble disease and mortalities persisted during 
the remainder of the migration through mid-
1 une. Nitrogen concentrations remained over 
130% of saturation. These observations at 
The Dalles Dam parallel those in 1967 at 
Priest Rapids Dam where fish held in pens 
submerged at different depths had to remain 
below 2.5 m to avoid the effects of supersatura­
tion (Ebel, 1969). Apparently salmon and 
steelhead trout fingerlings subjected to high 
saturation of nitrogen during their migration 
readily contract gas bubble disease and suc­
cumb to it. 

Effect on Adult Fish 

Three incidents of substantial mortality of 
adult salmon and steelhead trout were re­
corded downstream from John Day Dam by 
personnel of the Fish Commission of Oregon, 
W~shington Department of Fisheries, Federal 
Water Quali_ty Administrat~on, Arl!ly_Co.rps of 
Engineers, and the Bureau of Commercial 
Fisheries. All mortalities 1\·ere observed dur­
ing delays in migration. 

The first incident occurred at John Day 
Dam shortly after the ladders were put into 
operation on April 20. Large numbers of­
spring chinook salmon failed to enter fish 
ladders below the dam because the flow in 
and near the ladders was insufficient to attract 
the fish. 

A second delay occurred at The DaHes Dam, 
when a pump providing attraction flows to the 
south ladder failed on June 14. The pump 

.. " 

FtGURE 6.-Vesicles in roof of mouth and distended eyes of adult sockeye salmon captured at entrance to_ :· 
south ladder at John Day Dam, 20 July-1968. -~. ;·-.- -

FIGURE 7.-Large gas bubble in eye tissue and numerous gas bubbles on operculum of adult sockeye salmo~. :j\,_ 
captured at entrance to south ladder at John Day Dam, 20 July 1968. · 
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was restored to service a month later, but in 
the intervening period the passage of summer 
chinook salmon: sockeye salmon: and steelhead 
trout '\'as substantiaHy delayed. 

Shortly after normal fish-passage conditions 
were restored at The Dalles Dam on July 13, 
a second major holdup occurred at John Day 
Dam. Large numbers of summer-run chinook 
and sockeye salmon and steelhead trout-as 
well as carp ( Cyprinus carpbo), sucker ( Catos­
tomus spp.), northern squawfish (Ptycho­
cheilus oregonensis), and American shad 
(Alosa sapidi-ssima)-were observed Jt.ear the 
south ladder below the dam, but did not enter 
the ladder. Improperly adjusted attraction 
flo,vs appeared to be the cause of this delay. 

Counts of dead Salmon floating downstream 
\vere made beJo,...,. John Day and The Dalles 
Dams after each delay; the largest number 
of dead fish-13 sockeye and 365 chinook 
salmon-was below John Day Dam on July 
29. On the basis of the numbers of dead 
salmon and previous studies of recovery rates 
of dead salmon, the Fish Commission of 
Oregon later estimated that over 20,000 sum­
mer chinook salmon from the 1968 spawning 
population \Vere missing between Bonnevi1le 
and McNary Dams (Charles 0. Junge, per­
sonal communication). 

Gas bubble disease was in part responsible 
for these mortalities. Several sockeye salmon 
captured at the entrance to the ladder at John 
Day Dam exhibited obvious external symp­
toms: eyes distended (Figure 6) and hemor­
rhaged; bubbles in the subcutaneous layers 
surrounding the eyeball (Figure 7) ; and large 
vesicles between the epithelium and connective 
tissue in the roof of the mouth (Figure 6) 
and on the outside of the opercula (Figure 7). 
The eyes of one large chinook sahnon hemor­
rhaged as the fish was removed from the 
entrance to the counting chamber. 

We did not observe symptoms of gas bubble 
disease in salmon carcassesi but did not expect 
to see them because most of the fish had been 
dead for some time. Coutant and Genoway 
(1968) observed that external symptoms of 
gas bubble disease disappeared rapidly after 
death, nearly all evidence being lost within 
24 hours. 

Fish counters at the underwater viewing 
chamber in the south fishway at John Day 

Dam observed what appeared to be symptoms. 
The following are excerpts of their remarks 
(Daily Fishway Reports, John Day Dam, 
Portland District, U. S. Army Corps of Engi­
neers, Portland, Oregon) : 

June 18: T,\·o chinook with missing eyes 
June 21: Many chinook with body blisters; 

some are nearly covered 
June 26: Sockeye with spots (blisters) on body 
June 29: Over 1,000 sockeye with spots (blis­

ters) on body 
July 1: Many sockeye with infected injuries 
July 6: Many sockeye with red and protrud­

ing eyes 
July 16: Most fish lying at entrance to lad­

der; not moving 
July 17: Sockeye in poor shape; many with 

injuries 
July 20: Sockeye with red eyes; they seem to 

swim blindly 
July 23: Chinook and sockeye with missing 

eyes (or blind) 
July 25: Steelhead, chinook, and sockeye with 

red eyes 
July 26: Four sockeye with protruding eyes 
July 28: Three chinook, 12 sockeye, and l 

steelhead with red eyes 
July 30: Two chinook and 3 sockeye with red 

and protruding eyes 

Daily reports from August 1 to 19 also 
noted salinoh and· Steelhead "trOut, · geiierally 
in poor condition, with red and protruding 
eyes. 

Tissue specimens from salmon, steelhead 
trout, and several species of rough fish were 
collected and examined by Dr. Gerald R. 
Bouck, Federal Water Quality Administration, 
for histopathological studies. Preliminary 
findings (Bouck, personal communication) 
indicated definite tissue damage from gas 
bubble disease in spleen and gill lamellae of 
sockeye salmon and tentative indications of 
gas emholi in gill filaments of chinook salmon. 

SUM~fARY AND CONCLUSIONS 

In 1968, death and injuries from gas bubble 
disease were observed near John Day Daro 
on the Columbia River among juvenile and 
adult sahnon and steelhead trout. The coill· 
pletion of the dam just before the migration 
of spawning and smolting populations con· 
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trihuted to a series of events that caused these 
- JilOrtalities. 

Bureau of Commercial Fisheries studies 
have shown that high levels of dissolved 
nitrogen gas (over 125% of saturation) occur 
each year over a large portion of the Columbia 
River. Field experiments determined that 
these high levels are fatal to adult and juvenile 
salmon and steelhead trout when exposure is 
prolonged by delay. 

Temperatures recorded in John Day Reser­
voir in August, September, and October 1968 
indicate a change in the temperature regime 
of that section of the river when compared 
with 1966 and 1967. The increase in tempera­
ture from McNary Dam to John Day Dam 
appeared to be greater than in former years. 

Discharge of most of the river flow over 
the spillway created abnormally high (123-
143o/o) supersaturation of nitrogen down­
stream during the salmon migration. These 
levels produced symptoms of gas bubble dis· 
case and mortalities among juvenile salmon 
and steelhead trout migrating downstream 
during this period. Adult· salmon were faced 
with a combination of factors which also 
produced distress and eventual death. On 
three occasions when salmon were exposed 
to warming water highly saturated with dis­
solved nitrogen during delays at fish ladders, 
've observed obvious external symptoms of 
gas bubble disease in sockeye salmon and 
counted substantial numbers of dead adult 
sockeye and chinook salmon. 

It is our opinion that the prolonged delay 
of adult salmon downstream from John Day 
Dam, accompanied by abnormally high nitro­
gen supersaturation, caused a high percentage 
of the mortalities observed. We also believe 
that migrating juveniles will incur extensive 
mortalities in the future if they are subjected 
to temperature increases or are restricted from 

sounding (Ebel, 1969) while in water super­
satured to the levels observed in 1968. 

We recommend that in future construction 
of dams one or more turbines be operable 
before the reservoir is filled. By lessening the 
amount of flow over the spillway, the dissolved 
nitrogen concentrations in the tailrace will be 
correspondingly reduced; passage of water 
through turbines does not increase· concen· 
trations of dissolved nitrogen (Ebel, 1969). 
Moreover, every possible effort should be 
made to reduce the delay of salmon passing 
over d~ms. 

ACKNOWLEDGMENTS 

We thank ~Ir. Ivan Donaldson, Fishery 
Biologist, Portland District, U. S. Army Corps 
of Engineers, and Mr. Charles 0. Junge, 
Fishery Biologist, Fish Commission of Oregon, 
for the advice and assistance given us during 
the preparation of this report. . 

LITERATURE CITED 

CouT . .\NT, CHARLES C., AND RoBERT G. GENOWAY. 
1968. An exploratory study of interaction of 
increased temperature and nitrogen supersatura­
tion on mortality of adult salmonids. Battelle 
.ti.femorial Institute, Pacific Northwest Laboratory, 
Richland, Washington, November 28, 1968. 28 
pp. (Processed.) 

EBEL, WESLEY 1, 1969. Supersaturation of nitrogen 
in the Columbia River and its effect on salmon 
and steelhead trout. U.S. Fish Wildl. Serv., Fish. 
Bu!L 68, 1-11. 

]ASKE, R. T. 1965. Prediction of Columbia River 
temperatures downstream from Grand Coulee 
Dam for wide extremes of flow and weather 
conditions. Battelle Memorial Institute, Pacific 
Northwest Laboratory, Richland, Washington, 
September 1965. 19 pp. (Processed.) 

MooRE, A. M. 1968. Water temperatures in the 
lower Columbia River. U.S. Dept. Int., Geol. 
Surv., Circ. 551. 45 pp. 

Sw1Nl\ERT0N, J. W., V. J. l..INNENBORN, AND C. H. 
CHEEK. 1962. Detenniiiation of dissolved gases 
in. acjueotis s"olutlonS · by gaS· "Chrcimatogi-aph)< · 
Anal. Chem, 34: 483-485. 

I 



EFFECTS OF VARIOUS CONCENTRATIONS OF DISSOLVED ATMOSPHERIC 
GAS ON JlNENILE CHINOOK SALMON AND STEELHEAD TROUT 

EARL M. DAWLEY AND WESLEY J. EBEL' 

ABSTRACT 

Bioassays in shallow tanks (25 cm deep) with dissolved nitrogen and argon gas concentrations ranging 
from 100 to 125% of saturation in water at 15°C were conducted to determine lethal and sublethal 
effects on juvenile chinook salmon, Oncorkynchus tshawytscha, and steelbead trout. Sal mo gairdneri. 
Significant mort.ality of both species commenced at 115% saturation of nitrogen and argon (111% 
saturation of t.ot.al dissolved atmospheric gas pressure). Over 50% mortality of both steelhead and 
chinook occurred in less than 1.5 days in water at 120 and 125% of saturation. Significant differences in 
swimming performance, growth, and blood chemistry were measured in groups of fish tested at 
sublethal exposures in various concentrations of dissolved gases. Subletbal stress for 35 days at 110% 
dissolved nitrogen (106% tot.al atmospheric gas) decre~ed nonnal swimming ability of chinook. Growth_ 
of both steelhead and chinook was affected by sublethal exposures in water saturated with atmospheric 
nitrogen and argon at 105, 110, and 115%. Blood chemistry was affected at snblethal exposures in water 
at 115% saturation. 

Supersaturation of atmospheric gas (mainly ni­
trogen) in waters of the Columbia and Snake · 
rivers-caused by spillway discharges from 
dams-has been well documented as a serious 
problem to valuable stocks of Pacific salmon, On­
corhynch us spp., and steelhead trout, Salmo 
gairdneri. Gas bubble disease resulting from this 
supersaturation causes both direct and indirect 
mortalities. Direct mortality results from air em­
boli in the heart and gill filaments, destruction of 
vital organs, or characteristic red blood cell 
hemolysis (Marsh and Gorham 1905; Pauley and 
Nakatani 1967; Bouck et al. 1970'). Indirect mor­
tality is a consequence of later invasion by disease 
organisms (Coutant and Genoway 1968') or of 
increased predation due to reduced performance 
capabilities of the fish as the result of sublethal 
exposure to supersaturation. 

The lowest level of nitrogen supersaturation at 
which juvenile salmon or steelhead trout can be 
exposed continually with no detrimental effects is 

1Northwest Fisheries Center, National Marine Fisheries Ser­
vice, NOAA. 2725 Montlake Boulevard East, Seattle, WA 98112. 

'Bouck, G. R., G. A. Chapman, P. W. Schneider, Jr., and D. G. 
Stevens, 1970. Observations on gas bubble disease in adult 
Columbia River sockeJ.:e salmon (Ott.corhynchus nerka).- Pac. 
Northwest Water Lab. LFed. WaterQual. Adm., Corvallis, Oreg.], 
June 30, 1970. Unpubl. manuscr., 19 p. 
~utant, C. C., and R. G. Genoway. 1968. Final report on an 

exploratory study of interaction of increased temperature and 
nitrogen supersatur&tion on mortality of adult salmon ids to U.S. 
Bur. of Commercial Fisheries, Seattle, Washington. Battelle 
Mem. Inst. Pac. Northwest Lab. Richland, Wasb.,~ovember 28, 
1968,28p. 
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not known. Several investigators have recorded 
the lowest level observed during various 
experiments where mortalities occurred from gas 
bubble disease; however, very little attention l\as 
been given to determining the effect of sublethal 
exposure on physiological and behavioral perfor­
mance. Harvey and Cooper (1962) indicated 108-
110% saturation produced gas bubble disease and 
subsequent mortalities in sockeye salmon alevins, 
0. nerka; Rucker and Tuttle (1948) indicated a 
level somewhere between 110 and 115% as being 
the critical ·range for trout. Shirahata (1966) con­
ducted the most comprehensive study to date on 
the effects of \"arious levels of nitrogen gas on 
rainbow ·trout (rainbow· trout is ·the 
nonanadromous form of S. gairdneri, whereas the 
steelhead trout is the anadromous) from hatching 
to the swim-up stage, but such detail is lacking for 
other species of salmonids. In many experiments 
on gas bubble disease, either the water tempera­
tures, nitrogen gas concentrations, or life stages 
of the test fish were omitted from record, thus 
making the results incomplete for critical applica-
tions. · 

Costs involved in alleviating the supersatura­
tion problem in the Columbia and Snake rivers will 
be considerable. The extent of these costs will 
depend on the degree of protection required to 
afford a safe environment for the aquatic biota. It 
is imperative, therefore, that regulatory measllres 
established to govern the level of saturation be 
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based upon a thorough understanding of the ef­
fects of dissolved gases on aquatic organisms. 

This paper describes the results of dissolved gas 
bioassays with juvenile steelhead trout and spring 
chinook salmon, 0. tshawytscha, conducted by the 
National Marine Fisheries Service during the 
spring of 1972. These experiments were designed 
to as8ess lethal and sublethal effects of supersat­
uration of atmospheric gases on test fish at level• 
found in the Columbia and Snake rivers during the 
spring freshet. Atmospheric nitrogen concentra­
tions' were of major concern and test levels ranged 
from 100 to 125% of saturation. Special note is 
made of testing procedures and ramifications of 
the effects of these on the outcome of our tests. 

METHODS 

Bioassays were carried out in the laboratory in 
shallow tanks (25-cm water depth) to negate the 
effects of hydrostatic pressure compensation. 
These facilities were similar to those described by 
Ebel et al. (1971). Water flow into each test tank 
was maintained at 3 liters/min at a temperature of 
15° + 0.5°C. Test tanks were partitioned with 
perforated fiberglass plates to form four sections 
-in-flow area, test area A, test area B, and out­
flow section (Figure 1). 

Supersaturated water was produced by meter-

'Atmospheric nitrogen-nitrogen gas (98.8% by vol) plus argon 
gas (1.2% by vol) hereafter referred to as nitrogen or N 2 + Ar. 
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ing 0.7 liter/min air into the suction side of a cen­
trifugal pump which recirculated water through a 
197-liter (52-gallon) closed receiver at a rate of 
about 190 liters/min (50 gal/min). Water pressure 
throughout the system was at 1.4 kg/cm2 (20 psi) 
except in a short section of pipe on the discharge 
side of the pump where it was increased to 3.2 
kg/cm2 (45 psi) by use of a valve for additional 
back pressure necessary to achieve the required 
supersaturation. Water remained in the recircula­
tory system for about 10 min before passing to the 
test tanks. This arrangement supersaturated the 
water to about 145% of air saturation. Water was 
then piped to the test tanks where it passed over a 
series of perforated fiberglass plates into an inlet 
box with air bubbling through a bottom plate of 
porous polyethylene. The number of fiberglass. 
plates and volume of air were adjusted to yield· the 
various levels of saturation. An increase of air to 
water interface directly decreased the excess dis-
80lved ira8 content. 

Water samples for dissolved gas analyses were 
collected throughout the tests near the center of 
each test tank directly in front of the partition 
between A and B testing areas and in some tests 
at the center of each section of the tank. 
Frequency of analysis varied from once an hour to 
once a day depending on duration of test. 
Procedure for analysis of dissolved nitrogen was 
from Van Slyke and Neill (1924) using manometric 
blood gas apparatus; dissolved oxygen was 
analyzed using modified Winkler procedures 
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(All)erican Public Health Association et al. 1971). 
Gas concentrations at saturation (100%) were 
taken from Weiss (1970). 

To obtain the dissolved gas levels for the various 
tests, we adjusted the water equilibrators of each 
tank (screens plus air bubbling boxes) until the 
nitrogen concentration remained within + 2% of 
the desired value. The oxygen concentration was 
then measured and we found that the saturation 
value was 5 to 10% lower than that of N ,+Ar for 
each tank. This did not differ appreciably from 
prevailing oxygen saturations in the Columbia 
and Snake rivers which are usually 5 to 10% lower 
than dissolved nitrogen values (Beiningen and 
Ebel 1971; Ebel 1971). After introducing fish, 
however, we noted that the oxygen concentration 
dropped further (presumably because it was con­
sumed), resulting in values from 8 to 28% of sat­
uration below that of N, + Ar, particularly in test 
area Band the outlet area of the tank. Due to large 
numbers of fish required for experiments on the 
survivors of these bioassays, and the complexity of 
changing the dissolved gas ratios of the water 
source, we did not alter the 0 2 concentrations in 
the tests but carefully documented the mid-tank 
gas concentrations. Data affected by this drop in 
oxygen partial pressure are discussed later in this 
report. 

One-year-old spring chinook salmon from 
Leavenworth National Fish Hatchery, Leaven­
worth, Wash., and steelhead trout from the 
Washington Department of Game Hatchery at 
Aberdeen, Wash., were used in the tests. Test 
populations were acclimated to laboratory water 
at 15°C with normal dissolved gas concentrations 
for at least 2 wk before testing. Groups of 30 or 60 
fish were placed simultaneously in control (100% 

atmospheric nitrogen saturation) and test tanks 
set at 105, 110, 115, 120, and 125% of N 2 + Ar sat­
uration and one to four replicates of each test were 
made, depending on test level. When 60 fish 
were being tested,.30 were in each of the two test 
sections A and B. Fish were randomized before 
introduction into individual test tanks. Mean sizes 
of the fish at completion of the tests are indicated 
in Table 1. Measurement of size at the beginning 
of the tests was omitted to avoid placing addi­
tional stress on the test animals. Feeding of fish 
during the test period began 48 h after introduc­
tion to test tanks; thereafter they were fed to 
satiation once each weekday. 

Lethal exposure times to 10 and 50% mortality 
(LE 10 and LE00) were averaged for lots of test fish 
neld in tank sections A and B during the same time 
period, and the mid-tank gas concentrations were 
used for analysis with the exception of the 
steelhead groups stressed at 115% nitrogen; in 
these tests, exposure times and gas concentrations 
were measured separately for A and B sections of 
the tanks. In addition, lethal exposure times to 
100% mortality (LE1oo) for chinook and steelhead 
at all levels of supersaturation were taken only 
from groups held in the A section of the tanks. 

Observations of behavior, progression of exter­
nal signs of gas bubble disease, and mortality were 
recorded continuously for the first 6 h then every 'h 
h for 24 h and every 3, 6, or 12 h thereaf­
ter-depending on test concentration-until ter­
mination of the bioassay at 35 days. Observations 
of change in degree of external disease signs 
among test fish after a recovery period in normally 
saturated (100%) water also were made from 
selected groups. 

Sublethal effects of supersaturation were as-

TABLE 1.-C.omparison of mean weiJrbts and lengths of surviving test and control fish held in 15°C water with 
N2 +Ar levels at 100 to 125% of saturation. February-April 1972. 

Tell level Testing Duration Teat fish Control fish (100% N2 + Ar) 
(% Of saturation period I (individual 

Of N2 +Ar) (mo/day) testa) Weight (g) Length {mm) Weighl (g) Length (mm) 

Spring chlnook aalmon 
105 2/8-3/14 35 days 13.8 115 15.5 119 
110 3/7-4/11 35 days 17.5 125 17.9 128 
115 2/W/14 35 daye 13.8 115 15.5 119 
120 2/8-3/3 <55h 16.2 1l!O 18.0 122 
125 2/8-3/1 S38 h 18.8 117 18.8 118 

Steelhead trout 
105 4/a.5/8 35 days 18.8 130 22.8 1S5 
110 4/10-5/15 35 days 20.0 130 22.0 132 
115 4/13-6/13 f.35 daya 19.8 130 20.9 132 
120 4/3-4/18 ~53 h 20.8 124 

IRepllcatea of tests at 115--125,.o lavela were made at varioua time intervals throughout the Indicated teat 
period; othera luted the full Indicated period. 
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sessed by using measurements of maximal swim­
ming performance, blood chemistry, and photic 
response. Measurements were made on groups of 
survivors from lethal exposure tests immediately 
after the LE10 and LE50 points were reached or 
following a 2-wk recovery period in 100% saturat­
ed water. Swimming performance was measured 
by distance gained and time of swimming against 
a constant water current of 1.25 m/s within a U­
shaped inclined trough (14 m long and 8 cm wide). 
Blood samples were analyzed on a Techni­
con Sequential Multiple Analyzer (SMA 12/60).' 
Pooled serum samples were analyzed for Ca, Na, 
PO, , K, Cl, albumin, total protein, cholesterol, 
alkaline phosphatase, glucose, urea, uric acid, total 
bilirubin, lactic dehydrogenase and serum glu­
tamic oxaloacetic-acid transaminase. Photic re­
sponse was evaluated by electrophysiological 
monitoring of the optic tectum during retina 
stimulation with flickering light. A more detailed 
description of the methods used in the swimming 
performance and blood chemistry measurements 
appear in reports by Schiewe (1974) and by New­
comb (1974),' respectively. 

RESULTS 

Relationships Among Mortality, 
Exposure Time, and Gas Concentration 

Mean exposure times at which 10, 50, and 100% 
mortality occurred at 120 and 125% N 2 + Ar sat­
uration indicate no substantial difference 
between susceptibility of juvenile chinook and 
steelhead trout (Table 2). However, at 115% 
N 2 + Ar saturation, steelhead appeared to be more 
susceptible than chinook; i.e., steelhead reached 
the 50% mortality level within 35 days, whereas 
LE50 was never reached in test groups of chinook. 

Mortalities of control fish for all tests (105-125%) 
ranged from 0 to 3.3% throughout the 35-day test 
periods. Because of the comparatively minor losses 
of controls, data from test groups are given as 
observed (not compensated for loss of controls). 
Mortalities observed in tests at 105 and 110% of 
nitrogen saturation were 5% or less for both 

"Trade names referred to in this publication do not im_p_ly en~ 
dorsem_e_nt_pf eQID.t:n.e.reial products by the National Marine 
Fisheries Service, NOAA. 

'Newcomb, T. w: 1974. Changes in juvenile steelhead (Salmo 
gairdMri) blood chemistry following sublethal exposure to 
varioua levels of nitrogen supersaturation. Northwest Fish. 
Cent., Natl. Mar. Fish. Serv., NOAA, Seattle, Wash. Unpubl. 
man user. 
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species,. and gas bubble disease was not the ap­
parent cause of death. 

The onset of mortality attributable to gas 
supersaturation occurred at about 115% dissolved 
nitrogen among both steelhead and chinook. 

At about 120% nitrogen saturation the means of 
lethal exposure times to 50% mortality (LE50) 

were 26.9 and 33.3 h for chinook and steelhead, 
respectively. LE50's for chinook and steelhead at 
125% nitrogen saturation were 13.6 and 14.2 h, 
respectively, which are similar to those (11.3 and 
14.0 h) observed in earlier tests by Ebel et al. (1971) 
at test concentrations of 125 to 130% N 2+Ar. Test 
fish stocks used previously were from different 
hatcheries and earlier brood years and were 
slightly larger (spring chinook-23 g and 135 mm, 
steelhead-54 g and 179 mm). 

TABLE 2.-Mean values of lethal exposure time for juvenile 
steelhead and chinook acclimated tO 15°C and then subjected to 
various levels of gas saturation 1 from 100 to 125% in shallow 
tanks (25-cm depth). 

Percent Exposure time {h) 
saturation Percent 
(N2 +Ar) mortality Steelhead Chinook 

125 10 10.3 10.8 
50 14.2 13.8 

100 223.0 2:32.1 

120 10 28.0 19.3 
50 '33,3 28.9 

100 240,0 255.0 

115 10 2258.0 (7% mortality In 
792h) 

50 2:488.0 Not reached 
100 Not reached Not reached 

110 Mortality of 5% or less recorded for either 
105 staalhaad or chinook after 35 days at these 
100 concentrations. Gas bubble disease was not 

apparent cause ot deaths. 

IPercentage aatur8tlon of nitrogen and. argon was set as lndl· 
cated In the table -(:::!: 2%). ·Oxygen concentrations· ranged be­
tween 87 and 98% saturation In tanks set at 100·110% nitrogen 
plus argon saturation: In tanks set a 115~125% nitrogen aatura~ 
tion, 0 2 levels ranged between 98 and 115%. 

2expoaure times indicated for test repllcates of aaction A only, 
Mortality in section e had not reached indicated level at tarml· 
nation of teat. 

Effect of Oxygen Concentrations on 
Time to Death Measurements 

The role of atmospheric gases other than ni­
trogen (particularly oxygen) in causing gas bub­
ble disease has been questioned by several inves­
tigators. Arguments for and against the assump­
tion that dissolved atmospheric nitrogen is the 
exclusive cause of gas bubble disease are prevalent 
throughout the literature (Marsh and Gorham 
1905; Doudoroff 1957; Egusa 1959, 1969; Shirahata 
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1966; Bouck 1972'; Rucker 1972). Most of the 
comprehensive studies, however, have been 
analyzed in terms of nitrogen concentration, as­
suming it to be the controlling influence upon the 
effects of gas bubble disease (even greater than 
indicated by the 80/20 ratio of the partial pres­
sures N 2 102 ). This assumption was based upon 
supposed biochemical decrease of the effective 
oxygen partial pressure within the fish. 

In comparing data from this experiment with 
that from past research we should acknowledge 
that our primary criterion during planning and 
set-up stages was dissolved nitrogen + argon 
concentration. At the outset of these experiments, 
oxygen levels were monitored primarily for 
documentation of overall water quality rather 
than for use in analysis of their effect upon the 
test organisms. However, upon examination of 
initial results derived from each of the tests 
carried out to lethal exposures, we found that the 
times for LE 10 and LE50 were consistently less in 
test section A than in Section B. Analyses of in­
dividual gas pressures in each of the two sections 
of the tanks were made to determine whether 
variations occurred among the component gases. 
We found that nitrogen concentrations were con­
stant in both areas, but oxygen concentrations 
remained consistently lower (5-10%) in section B 
than in section A. The lower oxygen concen tra­
tions-thus lower (1-2%) total dissolved gas (TDG) 
saturations-appeared directly correlated with the 
lower mortality rates in section B of the test tanks. 
For example, when we examined mortality rates 
of individual groups of steelhead from A and B 
test sections at 115% N 2 + Ar, we found: N 2 + Ar 
saturation (in section B) of 116.0% and 88.2% of 0 2 
saturation (TDG at 110.0% of saturation) caused 
no mortality in 35 days for one replicate of 30 fish, 
whereas N2 + Ar saturation (in section A) of 
116.0% and ·98.8% 02 (TDG at 112.1%) caused 50% 
mortality in an average of 20 days for two 
replicates. 

Effect of Supersaturation Stress 
on Growth 

Exposure to sublethal concentrations (concen­
trations at which no substantial mortality oc-

7Bouclc, G .. R. 1~72. Effects of.gas supersaturation on salmon in 
the Columbia River. West. Fish. Toxiool. Stn., Environ Prot. 
Agency, Corvallis, Oreg. Paper presented at Ecol. Soc. Am:Symp. 
Aug. 1972, 29 p. 

curred within 35 days) of N2+Ar appeared to af­
fect growth of both juvenile chinook and 
steelhead. Mean weights and lengths of test fishes 
after 35 days in dissolved nitrogen concentrations 
of 105, 110, and 115% of saturation (Figure 2) were 
in each instance less than those of controls. 
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FIGURE 2.-Comparison of mean weights (W) and lengths (L) for 
test and control groups of juvenile chinook salmon and steelhead 
trout after 35 days at saturation levels of 100% (control), 105%, 
ll0%, and 115%. 

A statistical test of the hypothesis-that the 
slopes of the regression of mean weight of control 
fish groups and mean weight of test fish groups 
were equal-yielded a value oft = 4.938 (P<0.02 at 
4 df). The same statistical test of mean lengths of 
control vs. test groups yielded t = 1.36 (P<0.25 at 4 
df). The lower t value calculated from length data 
is attributable to the duration of the test not being 
long enough to significantly overcome the varia­
tion in lengths between individuals within groups. 
We attribute the difference between size of test 
and control lots to the effect of supersaturation on 
the normal growth of the test fish. 

After 30 days of testing at the ii5% level, feed­
ing response of the chinook fingerlings became 
lethargic. Many of the test fish had spinal ftexures, 
exophthalmia, and large buccal cavity gas blisters 
and were unable or unwilling to move and accept 
food when made available. By contrast, control fish 
exhibited aggressive feeding behavior throughout 
the tests. Gross gas bubble disease signs •nd 
behavioral changes were less evident at 110% N2 

+Ar and nonexistant at 105%. 
Testing for changes in the condition factor of 

juvenile fall chinook and steelhead during long­
term (2-4 mo) holding in water saturated 100 to 
127% N 2+Ar is currently underway. Results of 
these tests may provide further information on 
effects of gas supersaturation on growth rate. 
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Progression of Gas Bubble Disease 

Observations on the progression of external 
signs of gas bubble disease in spring chinook ex­
posed to various levels of supersaturation revealed 
that the first developments such as bubble forma­
tion in the lateral line (Figure 3) appear within 2 h 
of exposure at 125%. Subcutaneous gas blisters 
between fin rays of at least one fin were present on 
each of the test animals before 11.5 hat 125%, and 
before 55 h at the 120% level. Several days' ex­
posure were required before these signs occurred 

FIGURE 4.-Gas emboli occluding gill 
filaments and branchial artery of 
chinook salmon held in 125% nitrogen 
saturation for 20 h. 
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FIGURE 3.-Gas bubbles tarrO\VI in 
lateral line of ju\'enile chinook ;;al­
mon. 

on fish tested at 115%. After 35 days, 56% of the 
fish at 110'1 had lateral line bubbles but only 4'1 
had fin bubbles. Exophthalmia or "popeye," 
hyphema. cutaneous blisters of the head and buc­
cal cavity, and spinal ftexures were absent among 
fish tested at 120 and 125% but began appearing 
after 6 days on fish held at 115% and after 11 days 
on those held at 110% of nitrogen saturation. Ap­
parently at the higher saturation levels, the fish 
died from cardiac occlusion or branchial artery 
occlusion (Figure 4) before development of these 
signs. By the end of 35 days, fish held at 115'1 



1 
I 

I 

1 
l 

DAWLEY and EBEL: EFFECTS OF DISSOLVED GASES ON SALMONIDS 

exhibited more than a 75% incidence of 
exophthalmia, 20% of the fish had spinal flexures, 
and 25% of the fish in section A became more or 
less immobile. After 35 days of exposure at 110% 
N 2 +Ar, only 12% of the test fish exhibited signs 
other than the lateral line bubbles. No apparent 
signs of gas bubble disease were observed in fish 
tested at 105% nitrogen. 

Development of gas bubble disease signs in 
steelhead was similar to that of chinook-the signs 
occurred in the same sequence but the exposure 
time required to produce the signs was slightly 
less. 

Recovery From Gas Bubble 
Disease 

Observations on disappearance of gas bubble 
disease signs and delayed mortality following 
tests were made on groups of survivors of fish 
stressed to the LE"' level at 120, 125, and 130% of 
saturation. These survivors were placed in water 
at 100% gas saturation for up to 15 days. No 
delayed mortality could be attributed to prior ex­
posure to supersaturation in either the chinook or 
the steelhead. The only significant mortality in 
any recovery group was a 10% loss of one replicate 
of steelhead subjected to 125% N2 + Ar until LE"', 
followed by a burst swimming performance test. 
Some mortality occurred after 102 h of recovery 
time, but the only observable disease sign was the 
presence of lateral line bubbles on one fish. Other 
mortalities during recovery were less than 3% of 
the fish held; no gas bubble disease signs were 
found. All external symptoms that were readily 
visible at the time the fish were removed from the 
recovery tanks had disappeared after 15 days in 
both species. 

Steelhead that had undergone 16, 24, and 35 
days' exposure at 115% nitrogen saturation still 
showed gas bubbles after being held 3 days in 
normally (100%) saturated water. After 1.5 days' 
recovery, 64% exhibited lateral line bubbles or fin 
ray gas blisters and one fish (7%) retained 
unilateral exophthalmia; after 2 days' recovery, 
88% of another group retained signs of lateral line 
bubbles and fin gas blisters; at 3 days, 54% of the 
third group retained like signs of gas bubble 
disease. After 15 days' recovery, no gas bubble 
disease signs were observed on groups of test fish 
examined. 

Effect of Supersaturation Stress 
on Survivors 

Burst swimming performance and blood 
chemistry were examined as potential indices of 
stress from sublethal exposures to supersaturated 
water. 

Swimming performance (Schiewe 1974) of 
chinook that survived from tests at 110-125% was 
significantly lower than that of control fish. Visual 
observations of behavior during swimming per­
formance tests indicated genuine debilitation 
(inability to swim in some cases) which in turn 
resulted in lower swimming performance (i.e. less 
distance gained and less swimming time against a 
constant water current stimulus). No difference 
was apparent between performance of chinook 
salmon tested at 105% saturation and the control 
fish. 

Swimming performance of steelhead trout that 
survived tests at 105-125% was not significantly 
different from the performance of control fish. 
Performance of test and control lots of steelhead 
trout was highly variable. Fish stressed by ex­
posure to supersaturation often responded in an 
irritated or stimulated fashion, which often 
resulted in a high measure of performance. 
Further tests with steelhead are needed to deter­
mine whether swimming performance is a useful 
index of stress from supersaturation and, if so, 
whether test results in the laboratory apply to 
survival of fish in the river. 

Blood serum from groups of chinook and 
steelhead surviving supersaturation tests to LE 10 
and LE50 were analyzed (Newcomb see footnote 
6) using a SMA 12/60. A 5% decrease in serum 
calcium was noted in. chinook ~xposed to 115% ni, 
trogen plus argon when compared to those exposed 
to lower levels of supersaturation. Steelhead ex­
posed to 115% nitrogen showed a 10 to 17% 
decrease in serum calcium and a decrease in serum 
albumin, total protein, serum chloride, cholesterol, 
and in alkaline phosphatase activity when com­
pared to controls and those exposed to lower sat­
urations. No significant changes in blood serum 
components were observed in samples taken from 
test groups exposed to levels of 105 and 110% of 
saturation when these were compared with con­
trols. 

Measurements of photic response of salmonids 
failed to provide any consistent evidence of 
stress-related phenomena due to supersaturation 
so these tests were discontinued. 
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DISCUSSION 

Data from these tests indicate that the critical 
level of supersaturation of nitrogen where 
juvenile spring chinook and steelhead began to 
show mortality was about 115% N 2+ Ar when 0 2 
saturations were about 95% (111% TDG). These 
data agree closely with the findings of Shirahata 
(1966), who indicated that the critical level for 2-
mo-old rainbow trout was about 111.3%, N2 +Ar 
and 99.7% 0 2 (109% TDG). 

Although mortality from supersaturation did 
not occur until fish were exposed beyond 110% 
( + 2%) N2 + Ar, swimming performance 
measurements with juvenile chinook showed some 
effect from stress caused by exposure to supersat­
uration at levels as low as 110% N 2 + Ar (106% 
TDG). We believe that one can infer from the 
results of these tests, that something less than 
normal survival will result when juvenile chinook 
and steelhead are exposed for 35 days or longer at 
or above 110% N 2+Ar (106% TDG). 

Results of our testing program indicate that 
oxygen as well as nitrogen is responsible for caus­
ing gas bubble disease, even when 0 2 concentra­
tions are below saturation. The immediate 
conclusion drawn from this observation would be 
that total dissolved gas is the cause rather than 
any one or combination of component atmospheric 
gases. However, fish tolerance research by Egusa 
(1969) and by Rucker (1975) with various ratios of 
dissolved gas indicate that mortality from gas 
bubble disease is not necessarily in linear correla­
tion with TDG. Egusa showed that oxygen sat­
uration values of 400 to 500% were required to 
produce initial mortality of goldfish, Carassius 
auratus, and an eel Anguilla japonica when ni­
trogen concentrations were near 100% (TDG 160-
180%). In earlier work with the same two species, 
however, Egusa (1959) recorded high mortality of 
goldfish with N 2+ Ar at 132% and 0 2 at 75% of 
saturation (TDG 123%), and of eel with N2 +Ar at 
124%, 0 2 at 66% (TDG 112). Rucker found that 
mortality rate of juvenile salmon declines con­
siderably if the ratio of oxygen to nitrogen is 
increased even though the same TDG pressure is 
maintained. 

It is apparent from our tests and those of Egusa 
and Rucker that the ratio of 0 2 and N 2 must be 
considered as well as TDG when assessing possible 
effects from supersaturation. 

Additional information is needed to quantify 
the effects of various gas ratios (nitrogen to 
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oxygen) on tolerance limits of fish in general. It is 
probable that most fish could tolerate higher total 
gas pressure if the major portion of the excess gas 
were oxygen. 

Dissolved gas measurements and resulting per­
centage saturations for the Columbia and Snake 
rivers (Ebel 1969, 1971; Beiningen and Ebel 1971) 
have been based on surface or atmospheric pres­
sure plus vapor pressure. Corrections for the 
hydrostatic pressure (or depth) at which a sample 
was taken were not made. Thus, the calculations of 
percentage saturation were made as though the 
samples were collected at the surface. This is con­
venient when limnologists or oceanographers wish 
to compare values taken at various depths, but 
leads to confusion when attempting to assess how 
a given saturation measurement will affect a fish 
at depth. 

The depth that populations of fish travel must be 
considered when one attempts to determine the 
effects of an exposure to supersaturated levels of 
dissolved gases. Bubble formation in the circula­
tory system or tissues of fish is directly dependent 
on the external hydrostatic pressure. For example, 
a fish traveling at a depth of only 1 m will be 
provided with enough hydrostatic pressure to 
compensate for a gas pressure in excess of 10% 
(110% saturation at surface pressures). A fish 
traveling at 3 m can compensate for 30%, or 130% 
saturation at surface pressures; a fish traveling at 
10 m can compensate for an excess of 100% of 
saturation and so on. These tests were conducted 
in shallow tanks at essentially zero hydrostatic 
pressure with only a few centimeters depth com­
pensation possible. The lethal exposure times we 
measured could only be applied directly to fish 
populations that could not compensate by sound­
ing. Much more information is needed to deter­
mine how a given gas level in a river affects the 
population inhabiting the river. Information 
regarding the behavior of fish is obviously essen­
tial. We believe, however, that data from our tests 
support the 110% maximum allowable limit es­
tablished by the Environ men ta! Protection 
Agency primarily because significant mortalities 
did not occur until concentrations exceeded 110% 
TDG. 

Gas bubble disease signs either singly or in 
combination with one another did not correlate 
well with mortality. Those generated from stress 
conditions of 120% saturation and higher seemed 
to be nearly the same at LE10 as at LE100 (gas 
blisters in the fins and lateral lines of most Jive and 
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dead fishes). Signs that developed at lower levels 
(110-115%) were obviously different from those 
appearing at the higher saturations; i.e., gas 
blisters in and around the eye, exophthalmia, cu­
taneous gas blisters on the head and in the mouth, 
and spinal flexures. Neither set of signs (low-level 
or high-level types) correlate by percent of in­
cidence or severity, with accumulative mortality. 
But they showed that one could determine with 
reasonable accuracy, whether fish observed in the 
river had been exposed to supersaturation for a 
long or short duration. Populations with signs of 
chronic exposure ( exophthalmia, spinal flexures, 
etc.) could have been either 1.5 to 2.0 m deep in 
highly supersaturated water (130..135%) or near 
the water surface at near 115% saturation. 

SUMMARY AND CONCLUSIONS 

Bioassays in shallow tanks (25 cm) with dis­
solved nitrogen and argon gas concentrations 
ranging from 100 to 125% of saturation were con­
ducted to determine lethal and sublethal effects on 
juvenile chinook salmon and steelhead trout. 

Juvenile steelhead (130 mm fork length) reached 
the LE50 level within 35 days when exposed to 
115% of nitrogen and argon saturation (112% 
TDG), whereas mortality of juvenile chinook (115 
mm) did not exceed 7%. There appeared to be 
no substantial difference between susceptability 
of chinook and steelhead at 120 or 125% saturation 
N2 +Ar. No mortality related to supersaturation 
occurred in either juvenile chinook or steelhead 
trout exposed to 110 or 105% saturation N 2 +Ar. 
Signs of gas bubble disease (such as bubbles in 
lateral line and exophthalmia) were evident on 
both species, however, after 35 days exposure to 
110%. 

Time to death decreased in test tanks with 
higher oxygen concentrations (thus higher TDG) 
even though nitrogen and argon concentrations 
were identical, indicating that oxygen as well as 
nitrogen and argon concentrations must be con­
sidered when time to death values are compared. 

The first notable sign of gas bubble disease was 
appearance of bubbles in the lateral line which 
appeared in some degree at all gas concentrations 
tested. Exophthalmia, dermal gas blisters of the 
buccal cavity and cephalic regions, and spinal 
flexures did not occur with short-term exposure (6 
days)orat the higher levels (120and 125%) but was 
prevalent after long exposure at both 115and 110% 
saturation N2 + Ar. External gas bubble disease 

signs disappeared within 15 days when fish·.were 
placed in normally saturated water (100%). 

Fish stressed with supersaturation at sublethal 
levels for 35 days grew less than controls and the 
swimming performance of juvenile chinook ex­
posed for sublethal periods to 110-125% nitrogen 
saturation was significantly lower than controls. 
Blood chemistry measurements indicated that 
significant differences occurred between blood 
samples taken from test and control chinook and 
steelhead after they were exposed to levels of 115% 
saturation. Serum calcium, for example, was 10-
17% lower in samples taken from test groups of 
steel head. 

We concluded from these experiments that: 
1. Significant mortality of both juvenile chinook 

and steelhead trout commences at about 115% sa­
turatiol) of nitrogen and argon (111%·TDG). 

2. Sublethal exposures to various concentra­
tions of dissolved gas significantly affects swim­
ming performance, growth and blood chemistry of 
chinook, and growth and blood chemistry of 
steelhead trout. 

3. The first externally evident sign of gas bub­
ble disease on juvenile chinook and steelhead trout 
exposed to supersaturation occurs as bubbles in 
pores of the lateral line. 

4. Fish returned to normally (100%) saturated 
water appear to recover within 15 days from ex­
posure to supersaturated water. 
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: . GASES, TOTAL DISSOLVED 

CRITERION: 

To protect freshwater and marine aquatic life, the total 

dissolved gas concentrations in water should not exceed 110 

percent of the saturation value ~or gases ·at the existing 

atmospheric and hydrostatic pressures. 

RATIONALE: 

Fish in water containing excessive dissolved gas pressure or 

tension are killed when dissolved gases in their circula.tory 

system come out of solution to form bubbles (emboli) which block 

the flow of blood through the capillary vessels. In aquatic 
( .:; 
'· ... : organisms this is commonly referred to as "gas bubble disease". 

External bubbles (emphysema) also appear in the fins, on the 

opercula, in the skin and in other .body tissues. . Aquatic 

invertebrates are also affected by gas bubble disease, but 

usually at i;upersaturation ·levels higher than those J:ethal to 

fish. 

The standard method of analyzing for gases in solutions has 

been the Van Slyke method (Van Slyke et al. 1934); now, gas 

chromatography also is used for detennination of individual and 

total gases. For determination of total gas pressure, Weiss has 

developed the saturometer, a device based upon a thin-wall 

silicone rubber tube that is permeable to gases but impenne.able 

to water. Gases pass from the water through the tube, thus 

raising the internal gas pressure which is measured by a 
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manometer or pressuTe gauge connected to.the tube (NAS, 1974). 

This method alone does not separate the total gas pressure into 

the separate components, but Winkler oxygen determinations can be 

run simultaneously, and gas concentrations can be calculated. 

Total dissolved gas concentrations must be determined because 

analysis of individual gases may not determine with certainty 

that gas supersaturat·ion exists. For example, water could be 

highly supersaturated with oxygen, but if nitrogen were at less 

than saturation, the saturation as measured by total gas pressure 

might not exceed 100 percent. Also, if the ·water was highly 

supersaturated with dissolved oxygen, the oxygen alone·might be 

sufficient to create gas pressures or tensions greater than the 

criterion limits, but one would not know the total gas pressure 

or tension, or by how much the criterion was exceeded. The rare 

and inert gases such as argon, neon and helium are not usually 

involved in causing gas bubble disease as .their contribution to 

total gas pressures is very low. Dissolved nitrogen (N2), which 

comprises roughly so percent of the.earth's atmosphere, is nearly 

inert biologically and is the most significant cause of gas 

bubble disease in aquatic animals. Dissolved oxygen, which is 

extremely bioactive, is consumed by the metabolic processes of 

the organism and is less important in causing serious gas bubble 

disease though it may be involved in initiating emboli formation 

in the bl.cod (Nebeker et al. 1976a). 

Percent saturation of water containing a given amount of gas 

varies with the absolute temperature and with the pressure. 

Because of the pressure changes, percent saturation with a given 

( 

C. 
. 
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amount of gas changes with depth of the water. Gas 

supersaturation decreases by 10 percent per meter of increase in 

water depth because of hydrostatic pressure: a gas that is at 130 

percent saturation at the surface would be at 100 percent 

saturation at 3 meters' depth. Compensation for altitude may be 

needed because a reduction in atmospheric pressure changes the 

water/gas equilibria, resulting in changes in solubility of 

dissolved gases. 

There are several ways that total dissolved gas 

supersaturation can occur: 

l. Excessive .biologica'J. activity--dissolved oxygen 
. 

concentrations often reach supersaturation because of excessive 

algal photosynthesis. Renfro (1963) reported gas bubble disease 

in fishes resulting, in part, from algal blooms. Algal blooms 

often accompany an increase in water temperature and this higher 

temperature fUrther contributes to supersaturation. 

2. Lindroff (1957) reported that water spillage at 

hydropower dams caused supersaturation. When excess water is 

spilled over the face of a dam it entrains air as it plunges to 

the stilling or plunge pool at the base of the dam. The momentum 

of the fall carries the water and entrained gases to great depths 

in the pool; and, under increased hydrostatic pressure, the 

entrained gases are driven into solution, causing supers.aturation 

of dissolved gases. 

3. Gas bubble disease may be induced by discharges from 

power-generating and other thermal sources (Marcello et al. 

1975). Cool, gas-saturated water is heated as it passes through 

the condenser or heat exchanger. As the temperature of the water 
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rises, percent saturation increases because. of the reduced { 

solubility of gases at higher temperatures. Thus, the discharged 

water becomes supersaturated with gases and fish or other 

organisms living in the heated water may exhibit 9as bubble 

disease (DeMont and Miller, 1972: Malouf et al. 1972; Keup, 

1975). 

In recent years, gas bubble disease has been identified as a 

·major problem affecting valuable stockit of salmon and trout in 

the Columbia River system (Rulifson and Abel, 1971). The disease 

is caused by high concentrations of dissolved atmospheric gas 

which enter the river's water during heavy spilling at 

hydroelectric dams. A report by Ebel et al. (1975) presents 

results from field and laboratory studies on the lethal, 

sublethal and physiological effects C!f gas on fish, depth { 

d~stribution of fish in the river (fish can compensate for some 

high concentrations ~f gas by moving deeper into the water 

column), detection and avoid~nce_of gas concentrations by fish, 

intermittent exposure of fish to gas concentrations, and . . - . . - . . 

bioassays of many species of fish exposed to different 

concentrations of gas. Several conclusions resulting from these 

studies are: 

l. When either juvenile or adult salmonids are confined to 

shallow water (l m), substantial mortality occurs at and above 

115 percent total dissolved gas saturation. 

2. When either juvenile or adult salmonids are free to sound 

and obtain hydrostatic compensation either in the laboratory or 

in the field, substantial mortality still occurs when saturation 0 
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,-:, .'-' . levels (of total dissolved gases) exceed 120 percent saturation. 

.-· 

3. on the basis of survival estimates made in the Snake 

River from 1966 to 1975, it is concluded 'that juvenile fish 

losses ranging from 40 to 95 percent do occur' and a major portion 

of this mortality can be attributed to fish exposure to 

supersaturation by atmospheric gases during years of high flow. 

4. Juvenile salmonids subjected to:·subl·ethai periods of 
. 

exposure to supersaturation can reco~er when returned to normally 

saturated water, but adults do not 1·ecover ·and general iy die from 

direct and indirect effects of the exposure. 

5. Some species of salmon and trout can detect and avoid 

supersaturated water; others may not.· 

6. Higher survival was observed dur~~g p~riods of · 

intermittent exposure than during continuous eXE>osure. 

7. In. general, in acute bioassays,· salmon and' trout were 

less tolerant-than the nonsalmonids. . ! '·. . : . . : ! ·.· .. 

Dawley and Ebel (1975) 'found that 'eiposure of jilvenile .sprfng 

chinook salmon, oncorhynchus' tshawyt~cna·, ·and steeih~a·d tr6ut, 

Salmo gairdneri, •to 120 pe'rcent saturation for 1.5 days resulted 

in over 50 percent mortality; 100 percent mortality occu'rred ·in 

less than 3 days. They also determined that the threshoid level 

where significant mortalities begin occurring is at llS percent 

nitrogen saturation (lll percent total gas saturation ln this 

test). 

Rucker (1974), using juvenile coho salmon, ·oncorhynchus 

kisutch, determined the effect of individual ratios of ox}'gen and 

nitrogen and established that a decrease in 'iethal ·effect 

occurred when the nitrogen content fell below 109 p!!rcent 
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saturation even though total gas saturation remained at 119 j( 
percent saturation, indicating the importance of determining the 

concentration of the individual components (02 and N2) of the 

atmospheric supersaturation. Nebeker et al. (l976a), using 

juvenile sockeye salmon, oncorhynchus nerka, also showed that 

there was a significant increase in fish mortality when the 

. nitrogen concentration was increased while holding the total 

percent saturation constant. '!'hey also showed that there was no 

significant difference in fish mortality at· different. co2 

concentrations. 

Research collected by Bouck et al •. (1975) showed -t;hat gas 

supersaturated water at and above 115 percent total gas 

saturation is acutely lethal to most species of salmonids, with 

120 percent saturation and above rapidly le;t:p.al to all salmonids C: 
tested. Levels as low as 110 percent will produce emphysema in 

most species. steelhead trout were most sensitive to gas­

supersaturated water followed by sockeye salmon,_ Oncorhyncnus 

nerka. Chinook salmon, . £!1£illynchus. ll~wytscha, were 

intermediate in sensitivity. Coho salmon, Oncorhyncnus kisutch, 

were significantly the more tolerant of the salmonids though 

still much more susceptible than non-salmonids like bass or carp. 

Dapnnia magna exhibited a sensitivity to supersaturation 

similar to that of the salmonids (Nebeker et al. 1975), with 115 

percent saturation lethal within a few days. Stoneflies exhibited 

an intermediate sensitivity similar to bass with mortality at 130 

percent saturation. crayfish were very tolerant, with levels 

near 140 percent total gas saturation resulting in mortality. 
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No differences.are proposed in the criteria for freshwater 

and marine aquatic life as the data available indicate that there 

probably is little difference in overall tolerances between 

marine and freshwater species. 

The development of gas bubble disease in menhaden, Brevoortia 

sp., and their tolerance to gas saturation in laboratory 

bioassa.ys and in the field (Pilgrim Nuclear Power Station 

Discharge Canal) are discussed by Clay et·al. (197~) and Marcello 

et al. (1975). At 100 percent and 105 ~ercent nitrogen 

saturation, no gas bubbles developed externally or in any of the 

internal organs of menhaden. At 105 percent nitrogen s·aturation, 

however, certain behavioral changes became apparent. Fish 

sloughed off mucus, swam erratically, were more excitable, and 

···. l became darker in color. Menhaden behavioral changes observed at 
' ~ ~ .. 

,_, 

110 percent nitrogen saturation were similar to those noted at 

105 percent. In addition, at 110 percent gas emboli were found 

in the intestines, the pyloric caeca, and occasionally the 

operculum. The behavioral changes described w_ere also observed ... 

at 115 percent, and clearly defined subcutaneous emphysema was 

observed in the fins and occasionally in the eye. At 12 o percent 

and 130 percent nitrogen saturation, menhaden developed within a 

few hours classic symptoms of gas bubble disease. Externally, 

emboli were evident in all fins, the operculum and within the 

oral cavity. 

Exophthalmia also occurred and emboli developed in internal 

organs. The bulbous arter.iosis and swim bladder were severely 

distended, and emboli were found along the length of the gill 

arterioles, resulting in hemostasis. At water temperatures of 30 
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0 c, menhaden did not survive, regardless of gas saturation level. t 

At water temperatures of 15 , 22 , and 25 °c 100 percent of the 

menhaden died within 24 hours at 120 percent and 130 percent gas 

saturation. Fifty percent died after 96 hours at 115 percent (22 

0 c) Menhaden survival after 96 hours at 110 percent nitrogen 

saturation ranged from 92 percent at 22° and 25° to 83 percent 

at 15 °c. Observations on the relationship between the mortality 

rate of menhaden and gas saturation levels at Pilgrim Station 

during the April 1975, incident suggest that the fish may 

tolerate som'ewhat higher gas saturation levels in nature. 

It has been shown by Bouck et al. (1975) and Dawley et al. 

(1975) that survival of salmon and steelhead smelts in seawater 

is not affected by prior.exposure to gas supersaturation while in 

fresh water. No· significant mortality of juvenile coho and 

sockeye salmon occurred when they were exposed to sublethal 

concentrations of supersaturated water and.then transferred to 

seawater (Nei:leker et al. "l976b). 

(QUALITY CRITERIA FOR WATER, JULY 1976) PB-263943 
SEE, APPENDIX C FOR METHODOLOGY 

( 



.,, 
' 

r. -·"'_,.,.,. , ........ -... ",.. 
~ C.-9•nicnt :i.,. 1ne .\mc1'"'-.1.n ri'lnC'n~ S. ... 1ct• l'Jl!tll• 

A Review of Dissolved Gas Supersacumrion Literature 

DON E. WE1T1CA:.1P 

P11r~ntc<rix. /tlcorf"'rnltti. I JIJ2fJ .\'urthup · W "J• S uiu .i 
8,.//,,,,.,,, W11.1hin!fmt 98001 

YL.\X MTZ 
Enmnmmcai /nformatioH S~" /Ilea~ J~J1 72nd P/~1 SouUizast . 

M1tTr:1rlJUwi. W~ 98()41) 

. Abanct 
Dissolved .?" supeMUur:ition is a condition that l'llSUlu from rw:uro and hum2J1-cwsed pro­

cesses. Supersatur:uion Clll result in gas bubble disease wnid'I has been described in a wide 
·. vanety of IUhes and invertebrates. !n recent ye:in dissolved gas supenacur:icion resultinlf from 

•ci:un:s and thermal dixharges !tu produced monalides of !Uh in scver:ll ases. This review 
dUcl.uses ·most of the avaib.ble ·literature d=ling with dislolved g:u supernu:uration and the 
recorded c:isei of gas bubble dise=ise. 

Gas bubble disease is a condition that affecu 
aquatic animals residing in fresh or marine 
waten that are supersaturated with atmospher­
ic ga.ses. Supenawration. and the gas bubble 
disease that may result in aquatic organism3. 
are not recent discoveries nor are they only 
cawed by human activities. However, only in 
recent years has supersaturation become a 
problem of sufficient magnitude to dr.i.w wide­
spread attention and concern. 

conditions. :.Cuch remains to be learned. about 
the physiological aspects of ga.s bubble disease. 

In order to understand gas bubble disease 
and its c::i.use. it is necessary to be famililir with 
the physiai laws governing dmolved ga.ses and 
the faaon that determine the level of super­
saturation. Boyer ( l9i4), Woelke et al. ( 19i4), 
and Harvey ( 19i5) discussed the solubilities of 
dissolved gases in water as they relate to gas 
bubble dise:ise. 

The majority of rese:irch de:tling with dis- Harvey ( l 9i5) provided an e."tceilent discus-
solved ga.s supersarur.i.tion has been srimulated sion of this subject for those not familiar with 
by a problem of considerable magnitude that the physical laws describing the solubilities of 
was observed in the Columbia River system be· ga.ses in a liquid. The solubility of atmospheric 
ginning in the 1960's. ~lore recently, interest gases in water is determined by the water·s dis­
ha.s been further srimulated by me discovery of solved solids content. charaaerutics of the var­
deleterious effeas of supersawr.1rion resulting ious gases. the tocii p~ure. and the water 
from thermal effiuencs. temperature. Although total dmolved solids 

This review is an attempt to provide a gre:iter c::i.n affect solubility, this is not a significant vari­
dissemiruuion of the a'-ailable e:ci.sting knowl- · able in most fresh waters but must be consid· 
edge regarding dmolved gas supersaturation ·ered as a signifi_cnt variable.in marine waters. 
and the resulting gas bubble d~. The re· The atmospheric ga.ses of iinporcnce are ni­
view discusses the c:i.uses of supersaturation, crogen. oxygen. and argon. These ~s are 
the org:inisms affected by supersaturation. fac- present in air at partial pressures of approxi­
tors affecting susceptibility of aquatic organ- mately i8% nitrogen. 21 % oxygen. and l % ar­
isms to ga.s bubble dise:i.se. and various other gon. :-litrogen and argon are normally i:onsid­
reiated topics. The k·nowledge of this subjca is ered together bee.use both :ire biological!\ 
considerable :is evidenced by the length of this .inert gases while ox,.gen is a biological!\· active 
review. ~!any impol't:lnt questions remain to be ga.s. _ _ .. 
answered. This is particularly true reg:i.rding The solubility of o::i.ch g:is is determined b• 
the application of laboratory results to condi- the ma:ss of the individual ga.s and its pani:i 
tions faced by aquatic organisms under natur;il pressure in the atmosphere. Oxygen 1:1 l "'c i h:i 
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only one-fourth the partial pr=ure of nitrogen 
· (i9%) in the atmosphere. but is twice as soluble 
as nitrogen. Therefore. in water. oxygen (3.5'i&) 
is one-half ;is plentiful as nicrogen (6.5%) (Har· 
Ve\· ! 9i5). 

The major environmental _factors that affect 
solubility are pressure . and ·temperature. Ac· 
cording to Heni: .. s Law. the mass of a gas dis­
solved in a liquid at a constant temperature is 
proportional to the pressure exerted on the sol­
vent. Thus. as the pressure on a gh•en volume 
of water increases. the capacity of that volume . 
of water to hold d~lved gas also . inc=ues. 
PTessure; is· increased in water by hydroscatic 
head. Hydrostatic pressure increa.scs rapidly 
with depth. greatly increasing the capacity of 
deeper water to hold dissolved gas as compared 
to shallow water. 

The capacity of water to hold dissolved gas 
is invene!y related to temperature. As the tem­
perature of a volume of water increases, the 
volume of dissolved gas it will hold at equilib­
rium decreases. Thus. increasing water- tem­
peratures will produce supersaturation in water 
that is initially saturated. 

This brief review of the factors affecting sol· 
ubility only disowes a few of the major vari­
ables. Those intel"CSted in a more deailed re· 
view of the subject should refer to Harvey 
(19i5) or to texts describing the gas laws in de· 
tail. 

History of Gas Bubble Disease 

Early Obs~ 

There are several nineteenth century records 
of whatcappears to have been gas bubble dis­
ease •. Hoppe-Seyler (18.5i), Bert (1873). and 
R.egnard (1884) recorded external signs in fish 
that apparently represent gas bubble disease. 
The first complete description of gas bubble 
disease and its ca use was provided in a series of 
papers resulting from an air supersaturation. 
problem at the United States Bureau of rtSh· 
eries station at Woods Hole, Massachusetts 
(Gorham 1898. 1901: :\iarsh 1903. 1910; Marsh 
and Gorham 1905). This series of initial papers 
dealt with morcalit\'. signs. and experiments to 
determine and correa the cause of the disease . . . 
in aquarium fish. 

The first description of the outward signs of 
gas bubble dise:ise was given bv Gorham ( 190 l). 
Vesicles (gas ·bubble5 or blisters) were fou1.1d in 
·the fins and oche~ exter,,al surfaces of sever.i.I 

marine fishes. Bubbles frequently occurred be­
hind the cornea and in the loose connective tis­
sues of the eye. producing a severe e:cophthal· 
mia or '"pop-eye .. condition. Bubbles were: 
found less frequent!~· in the gills. lining of the 
mouth, or along the laLeral line of exposed fish. 
These bubbles gradually increased in size as the 
length of exposure: to supersaturation in­
c:re:ued. r!Sh with these signs also showed loss 
of equilibrium. The time to death ''aried from 
several hours to several weeks following the ap­
pearance: of detectable: bubbles. · 

~farsh and Gorham ( l 90.5) further described 
internal signs and lesions of the: diseaSe. Free 
gas bubbles (or emboli) ·within blood vessels 
were observed. The amount varied from a few 
sc:anered bubbles to complete occlusion and 
distention of the vessels. The walls of the au­
ricle and venuide were often emphysematous. 
In some fish. the auricle was filled with gas even ·_ 
though it continued to beat. The main vessels 
of the gills contained gas bubbles. Gas in the 
gill filaments was described as the most constant 
and significant lesion of gas bubble disease. 
Death of the fish was attributed to scasis of the 
blood caused by emboli. 

In addition to observatioru of fish. Gorham 
(1901) also reported signs of the disease in 
squid, bivalve· mollusks. scallops. hydroids, 
squid egg-sacs. and green algae. :-.io detailed 
discussion of the disease in these organisms was 
given by Gorham. 

Gorham (19011 e:cperimentallv produced gas 
bubble disease in fish held in closed containers 
by reducing the pressure:. He also was able to 
cause the signs io disappear by subjecting fish 
to a pressure comparable to that exerted by a 
water depth of ~.9 m. He concluded that gas 

· bubble disease was ca.used bv a reduction in the 
pr=ure to which fish no~y were subjected. 
Marsh and Gorham ( 1905) later corrected this 
mistaken conclusion.· 

Gorham (1901) reported that whereas fish in 
shallow aquaria developed gas bubble dise:ise. 
fish held in ponds 2-4 m deep with water from 
the same source remained free of it. This was 
the first indication of the major difference be­
tween arcificialh· shallow water conditions and 
the more natural situations that permit hydro­
static compensation. . . 

Later. Ytarsh and Gorham c l 905i diseus~d 
the solubilitv of gases in water and th_e reiation­

. ship ;,frespira1on prnces;es to g:is bunhle dis-



e:ue. They concluded (hilt (he dise:ise was 
cawed chieflv. if not solelv. hv excessive dis· 
solved nitrog~n ps. This c~ncli'uion w:is ba:se<l 
on the an:ilysis of bUbbles .. from tissues and 
blood vessels of animals with g;is bubble dise:ue. 
These bubbles cont:i.ined 92% to 9i% nitrogen. 
the remainder being oxygen. Bubbles formed 
in the supersaturated. water had nitrogen and 

. oxygen in the same ratio as found in air. ~tanh 
and Gorham concluded hemoglobin has the Cl· 

pacicy to modify the effect of oxygen by re· 
moving it from the dissolved state. 

Manh and Gorham ( 1905) reported several 
instances of naturally occurring supenatur.ued 
fresh waters. Rainbow. trout (Sailftll gairdnni) in 
these waters showed the same signs of the du· 
~ as the marine fish from Woods Hole. Ex· 
perimemally they determined that trout and 
some cyprinids have nearly equal susceptibility 
to gas biibble dis~e. wherea.5 goldfish (Caras· 
mu aunztw) are not affected by the same levels 
of supersaturation. 

The prevention of the disease by removal of 
=ess dissolved gases through aeration was dis· 
cwsed by ~lanh and Gorham ( 1905). The su­
penatur.icion condition at Woods Hole was cor· 
rected by replacing an intake pipe that had 
allowed air to be sucked into the water supplv. 
Marsh (1910) later removed e:tcess gases by 
trickling water over smelts of perforated shal· 
low pans. · 

In this series of papen. ~fanh and Gorham 
established the basic knowledge of gas biibble 
~. ~Ost subsequent investigations have 
confirmed and expanded on their work. Any­
one seriowly interested in the problem would 
be well advised to read these early works. in 
particular. ~lanh and Gorham (1905). 

During the ~ y= following the work by 
Manh :ind Gorham a few scttered reporu of 
gas biibble dise:ise :ippe:ired in the literature. 
Shelford and .l.llee ( 1913) encountered it in e:t· 
perimenu to test the reaction of fish to gradi· 

· enu of :itmospheric g:i:ses. Supersaturation was 
produced by raising the temperature of w:iter 
about 9 C. Thi.S study was de:signed to achieve 
other objectives and made no new contributions 
to the understanding of the dise:ise. 

!llehn ( 192-!\ reported the occurrence of ~s 
.bubble dise:i:se .due to supersaturation brought 
about. by photos,·mhetic activity. Dissolved ni· 

.. crogen concentr:itions were not measured but 
t~ose o(dissolved oxvgen ~were three times sat· 

"" I 

uration. This situation occurred durini; ,, im.,r 
cunditions where photosvnthedc ac:tivi(\' oc­
curred. under clear ice. producing execs~ g-.is 
that could not escape to the atmosphere. Wiebe 
and ~tcGavock ( 1932) experimentallv expoSed 
a variety of fishes to dissolved oxygen concen· 
crations two to three times saturation for pe­
riods of 20 to 50 days. '.'Jo signs of the disease 
were found in these fish even though .evidence 
of it was sought. 

~lnic ( 1933) observed that fish reared in tap 
water suffered gas bubble disease when oxygen 
and nitrogen concentracions were below satu· 
ration but carbon dioxide was supersaturated. 
:v!nic reported i5% of fish in water with 138 
mg/liter carbon dioxide suffered. gas bubble 
disease whereas no fish in water having 135 mg/ 
liter c:irbon dioxide showed signs of it. Al· 
though Mrsic attributed the disease to c:irbon 
dioxide it appean unlikely that a rise of only 3 
mg/liter at those high concentrations would 
produce such a high incidence of the disease. 

Embody ( 1934) reported gas bubble disease 
in trout fry at the Cornell T.:ni,·ersit7 hatchery. 
The fry were hatched in water that had been 
heated to raise the temperature 5 C. Unhatched 
.eggs were apparently unaffec-...ed whereas the 
yolk sacs of newly hatched fry were dutended 
by gas bubbles. The disease was attributed to · 
c.<tcess dissolved nitrogen and was prevented 
through aeration. which was accompluhed by 
passing the water over a series of baffles. 

Woodbury ( 1941) described a sudden mor· 
tality of fish showing signs characteristic of gas 
bubble disease in a Wisconsin lake. Bubbles 
were observed in the gills of these dying fish as 
well as b-;tween fin rays and under scales. The 
di:sc:3se was attributed to dissolved oxygen levels 
in e:c:cess of 3.00% saturation. This mort<llitv fol· 
lowed an e:ttensive algal bloom during a period 
of sunnv weather. · 

Ruck.~r and Tuttle ( 1948) noted a hatchery 
water supply at Leavenworth. Washin~on. was 
supersaturated with nitrogen. Fish subjected to 
this water were reported to suffer ga.s bubble 
disease although few details are given. 

In the late 194-0's, the di~ was encoun­
tered in larval marine fish at a Swedish h:uchery 
(Dannevig and Dannevig 1950). Larval herring 
( Clupea hartngw) arid flatfish developed bub· 
bles fo the inte:stine. The· flatfish lar::ie were 
able t.o pass the bubbles through the anus while 
the herring \•ere un.able.to.do so and suffered 
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e:ttensive moruililjes. The ouse of the super­
saturation was air leaks in the water supply sys­
tem. Henh· ( 1952) described difference$ be· 
tween ph~:soclis1ow and phys6stomous fish 
lan-ae with the disease at this hatchery. She also 
noted that ovster !an·ae suffer great mortality 

_ when subjecied to supersaturated water. Su­
persaturation in the Swedish hatchery water 
supply was corrected by passing the water 
through two sand filten. · 

Several cases of gas bubble disease were re­
ported in the 1950"s. Rucker and Hodgeboom 
( 1953) described the disease in salmonid yolk 
sac fry reared in a spring water supply which 

. had ox~gen at i0% of saturacion and nitrogen 
at 120% of saturation. Supersaturation was re­
duced by passing the water through an 18-m· 
long agitation weir. 

Mauue et al. ( 1953) reported the disease in 
fishes held in supersaturated water supp!ies·in 
Japan. Fish mortalities occurred in waters hav· 
ing nitrogen levels from lli% to 158% of sat· 
uration. F!Sh reportedly could not live in water 
with nitrogen lC'·els above 130% of saturacion. 
Satomi ( 1955) indicued there was no fear of 
gas bubble disease in adult trout PCared in 
spring water that had dissolved nitrogen levels 
under 120% of saturation. 

Renfro (1963) attributed the death. of nu­
merow marine fishes in Galveston Bay, Teicas. 
to this disease. The mortality occurred follow· 
ing a period of calm sunny weather and intense 
photosynthesis. On the day following the mor­
tality, dissolved oxygen concentrations were 
250% of saturation. 

These early inswu:es of gas bubble disease 
were very minor in size and duration. In the 
Columbia lUver svstem, the ·disease has been 
recognized as a s~ous long-<erm problem af. 
feeing a large area and numerous fish. 

Columbia River S;istmi 

( l 96i) described the occurrence of the disease 
during 1965 in juvenile Chinook salmon held in 
aquaria at Rocky_ Re:ich Dam on the mid-Co­
lumbia River. These papers do not describe the 
source of the aquarium water which probably 
was supersaturated river water. 

The first indication that a seriow supersat· · 
uration problem exist~ thro_ughout the Co­
lumbia River system was provided by Ebe! 
(1969) and :.teekin (19il). :Vlonitoring of dis­
solved gas levels in the Columbia and Snake 
riven during high-llow periods showed that 
levels of 120% to 130% saturation occurred in 

· 1966 and . l 96i'.. :Vligrating }uveniie chinook 
salmon 'Nhich were e:uminea at Priest RapidS 
Dam on the mid-Columbia River during 1966 
showed signs of gas bubble disease. Consider· 
able increases in the migration time of these 
fish resulted in long periods of exposure to su· 
persaturation (Raymond 1968. 1969). The in­
creased length of exposure coupled with the 
high levels of supersaturation apparend~· were 
responsible for the appearance of the disease 
in the migrating juveniles. Llve-cage studies 
with juveniles at Priest Rapids Dam in l 96i also 
indicated the same problem. Adult salmonid.s 
were also observed for signs at several lower 
Columbia River dams in 196i; a small number 
of them showed indications of the disease. 

In 1968, signs of gas bubble disease were 
again observed in juvenile salmonid.s in the low· 
er Columbia River (Beiningen and Ebe! l 9i0). 
High mortalities occurred among juveniles held 
for inspection at The Dalles Dam. where. at 
times, approximau:iy half the fish showed signs 
of the disease. 1n addition, there were several 
mortalities of adult salmonid.s showing similar 
signs downstream from the recently completed 
John Day Dam. At John Day Dam in 1968, all 
water passing the dam traveled over the spill· 
wi.v before the curbines were installed. This sit· 

. In the mid-l 960's, it gradually became evi· . 
dent that a seriow dissolved gas problem exist· 
ed in the Columbia. River system. Westgard 
(1964) observed adult chinook salmon (O~o-

uacion produced dissolved nitrogen saturations 
of 123-143% downstream from the dam. Prob­
lems with fish-passage facilities further compli· 
cated the situation, cawing delays of migrating 
adult salmonids in the highly supersaturated 
water. It was estimated that over 20.000 sum­
mer chii1o0k salmon were lost in this are:i dur­
ing this episode. 

Ebel {I 9i I) and Raymond (! 9i0) reported 
morulities and signs of gas bubble disc:isc in 

_ area of the channel where the fish spent con- · · b_oth juv~nile and adult s_almonids in the Snake 
siderable time.- · -· · Rivef during_ l 9i0~ According to Ebe!: dis'. 

. rlrJndius tsiiau:;ctsdia) suffering gas bubble dis­
ease at the ~k;-.;ary Spawning Channel in 1962. 
In this case. supersaturation was cawed by the 
spawning channel intake. A dissolved nitrogen 
level of 1 f99( of saturation was measured in an 
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from t:!O% to l 40% <lf satur:uion for wdl over 
a month. Juvenile chinnok salmon held in live· 
ages at lee· ·H.oirbor D:im suffered severe mor· 
ta.I.ides during dtis period. 

:'.leekin and Allen \ l 9i-k:) e~r.im:m:<l that ti% 
to 60% of adult salmonicb in the middle region 
of the Columbia River died between 1965 and 
19i0. CJ.rc:i.33Cs of ad~lt salmon were found in 
the river when N, supersaturation .re:ached 
1203 or higher. Few c:irCls.5CS were found 
when nitrogen saturations did not e:tceed 
112%. 

A gener:il review of the· supersatur:ir.ion . 
problem in the Columbia River system through 
1970 was presented bv the EnvironmentalPro- · 
tection Agency (USEPA 19il). That brief re· 
view was prepared prior to completion of the 
many reporu av:illable today. 

Dissolved gas levels in che Columbia River 
system between 1965 and 1969 were given by 
Beiningen and Ebel ( 1971). In e:ach of these 
years, dissolved gas levels in excess of 1203 of 
saturation were measured. At times, dissolved 
nitragen saturations e:tceeded 140%. 

May ( 19i3) described mortalities due to gas 
bubble dise:ue in 19i3 bdow the recently con­
structeti Libby Dam in che upper rexhes of the 
Columbia River system. All mountain whitefuh 
(Prosoprum :uilfum.sani) and cutthroat trout (Sai­
""' cl.a:ria) held in shallow live-ages were dead 
within 4 days at total dissolved gas saturations 
above 1303. When average total gas levels 
dropped bdow 120%, mortality ra~ dropped 
markedly. :'.fost fish. in an :ire:a of the river e."t· 
ceeding 130% of saturation, showed signs of 
the di.se:lse. where:as fish collected from a down­
stream are:i with saturations of 105-118% 
showed no sign of it. 

Raymond (1979) reviewed the history of 
salmon migr:itions in the Columbia and Sna.k.e 
.rivers between 1964 and 19i5. This review in­
clude decriptions of dis$olved gas supersatu­
ration problems during these ye:irs and im­
proving dissolved g:u conditions by l 9i5. The 
supersaturation problem in the Columbi:i River . 
system h:is since been e53Cnti:tlly eliminated. 
Ebel ( l 9i9) stated chat in the Columbia and 
Snake rivers ~ ... fishery agencies believe the 
problem of super3aturation and corresponding 
losses of fish to gas bubble disease is solved.''. 

Othn Recm.t Obsn-.:mio1u 

. Wyatt :ind Bciningen ( l 9i 1) encountered g:i.s 
bubble dise:ise in trout ·:ind -salmon juvcnilc5 .at 

'Hlj 

::i h:itchcrv •>n Lhe s;)Ulh Santi::im River in Or· 
e;on. As in the Cultus Llke Hatchery episo<le 
( H:irvey and Smith l 9ti l ), supersaturation w;u 

due co conditions chat permitted air to be 
sucked into the water supply. Apparently most 
of these fish died within houn when subjected 
co supersatu.r:ltion approaching 1503. 

Although supersaturation at hydroelectric 
projecu nonnally results from spilling water, 
~ac.Donald and Hyatt ( 19i3) reported super· 
=ration was caused by :Ur vented into cur· 
bines. Atlantic salmon ( Saimo salar) and .~mer· 
ion eels 1.1n~11 rostmtal suffe:-ed gas bubble 
dise:ise below the y{act:aquac Dam on the St. 
John River; :-.iew Brunswick. An estimated 200 
Atlandc salmon were killed in chis Incident. 
Nitrogen saturation of llS-1253- was mea­
sured dowiutream of the dam. 

Several recent dise:ise incidentS have cc· 
curred at sce:im-generating facilities. DeMont 
and. :'.liller ( l 9i2) reported mortalities and 
signs of gas bubble dise:ise in severnl species of 
fish at the ~lanhal Steam Station on LU.e :'-lor­
man. :'forth Carolina. during l9i0-l9il. The 
disease occurred among fish in the discharge 
area during late winter and spring. No dis­
solved g:u .rne:i.suremenu were ta.ken in this 
scudy. though Adair and Haiiu ( 19i4) olcuiat· 
ed that dissolved gas levels during this mortality 
period re:iched a high of 14490 of saturation in 
~arch. The supersaturation resulted from 
temperature incrc:ue in cooling water at chU 
steam station. ~iller ( l 9i 4) al.so reported signs 
of gas bubble dise:ise in fishes at the Y!arshal 
Stc:im Station during l9i1-l9i2. but the inci­
dence was lower than in the previous ye:ir and 
maximum dis$olved gas saturation levels of 
131 % were m:orded. 

:'<larcello and Scr:iwn ( 1972) attempted co cul­
ture three fish species in the disch:irge anal of 
a ste:un-electric genmting station at Galveston 
Bay. T=. They attributed high mortalities of 
these fish co gas bubble dise<ue. 

~!arcello :ind Faii-banks ( 19i3) discussed a 
ml153 mortalitv of Atlantic menhaden (Br!t.•our· 
till tyramrus) at the Pilgrim :-ludc:ir Power Sta· 
tion. Boston. ~l=chusetts. in April l 9i3. An 
.:stim:ited -lc:l,000 Atl:intic menh:iden died in 
thU brief kill. F'ish e:i..amined showed· tvpiol 
signs of~ bubble di:s<=c. Other fish observed 
near the· thermal plume by scuba diven showed 
no indiotion of the dise:isc. Tot::il dissolved g:is 
levels were not determined: howe•:er. oxvgen 
levels were JS high JS,.l~29i 1'if ;::itur:nion. 

. . 



he:tlth "f aquatic life than it re:tlly is. Sc:ver:il of 
the3C studies a!So show that high ox~·gen partial 
pressures Cl.n ·reduce the c:ipatjty of a given 
toa.l gas pressure to produce the dise:i.se. This 
effect occ:un only whc:n the: oic:ygen ris~ far 
above the partial pressures normally experi­
enced in supenaturated :--aten ( 160-l 75%). 

Critical. Levti of Supn-sa!uratian 

The maximum or critic:tl level of supersatu­
r:uion has been defined or assumed to be the 
ma.'Cimum level of supersatur:ition that can be 

. permitted to ensure survival and propagation 
of aquatic biota. A few e:irly studies indicated 
that" 110% nitrogen saturation was a critical 
level' for young salmonids held in shallow water. 
When supenaturation was fine recognized as 

.' a problem in the Columbia River S}'3tem. the 
critical level of 110% N~ was adopted as a water 
quality standard by several northwestern states 
and the National Academy of Sciences (Water 
Quality Criteria 1972). The United States En­
vironmental E'rotection Agency has since per­
petuated this critical level as 110% TGP. ~Core 
recent studies have shown that this value may 
be only the minimum level of supersaturation 
that can be safely tolerated by fish confined to 
shallow water. This does not. however. apply to 
most natural situations. 

Bentley et al. ( 1976), ~leek.in and Turner 
(1974), Weitkamp (1976), and othen have 
shown th:J.t a variety of fish. given the oppor­
tunity to sound. c:in survi,·e for e:ttended pe­
riods of .time in deep water that is supersatu­
rated at a level considerably higher than 110% 
TGP without a significant incidence· of gas bub­
ble fii.se:tse or death. F"!Sh in most waters that 
are likely to be supenaturated assume a depth 
distribution adequate: to compensate for super­
saturation well above 110% TGP. Johnson and 
Dawley ( 1974) and Weitkamp ( 1976) have 
shown that an apparent threshold level e:tistS 
near 120-125% TGP for young salmon that :ire 
held in water of several meten depth. Relative­
ly small increases in this.range of supenatura­
tion produce :i marked increase in the inci­
dence of g:i.s bubble dise:ise :ind death. Below 
this level. the: incidence of the: dise:ise is low :ind 
few deaths occur. This is an indiCltion that the 
present dissolved gas standards :ire far more 
restrictive than necessary to protect the fishery 
resource under natural conditions. · . · 

Ebd et· al. t 1975) have. descnbd how ~riv 

mortalitv estimate~ for the Cuiumnia ~ive~ ;v>­
tem we~e considerably hi~her :han a more re· 
cent estimate ba.sed on additional information. 
Both Ebel ( 1973) and Bouck ( 1976) pointed out 
the diffictilties in appl~·ing e."tperimentally de. 
rived data to the natural situation. The differ­
ences between information derived from the 
laboratory and natural situations should be se­
riowly considered in establishing or revising 
dissolved gas standards as. well as in estimating 
mortality due to gas bubble disease. 

Tolerance to Supersacur:u:ion 

. In order to prevent or eliminate ~ bubble 
. d.iseaSe. it is desirable to know what !eve!s of 
supenacuration can be tolerated by.fish or oth­
er aquatic organisms. Frequentlv the causes of 
supersaturation are of sufficient economic. so­
cial. and political value to make their total re­
moval unacceptable. Hydroelectric projecu and 
steam power planes are far too valuable co: be 
eliminated. It is. therefore. necessary to dc:te?"­
mine how much supenaturation aquatic organ­
isms can tolerate under variow conditions. 
With this information more effective manage­
ment and engineering efforu en be made to 
reduce supersacur:uion to acce?table !e-1ei.s in 
those situations where it cannot be eliminated. 

Facton that can affect an organism's toler­
ance to supersaturation include life stage. size. 
species, and depth distribution. The various 
major facton that have been studied :ire re· 
viewed below. 

Sal.monid.s al .Vtar-Suifau Pr=n 

~!any of. the studies conducted to date. in 
particular most laboratory studies. have ex­
posed fish to supersaturation in water depths 
of 0.5 m or less. Although these conditions are 
seldom encountered in m1tural waten they :ire 
pertin.ent ·to fish hatehe~· conditions and pro­
vide :i practical means for stud~·ing many as­
pecu of the problem. 

Meekin :ind Turner ( 197 4) exoosed salmonid 
eggs :ind young saimonids to 'supenatur:ited 
water in.water depths of 20 cm. At 112% TGP. 
chinouk salmon eggs wc:re not affec:ed while 
eyed steelhc:ad eggs suffered 50'i: mol"t:l.litv. :-:o 
signs of gas bubble dise:i.~ in thci ew we~e 
described bv ~leekin and Turner. ).linimal 
mort;ilities ~f juvenile chinook salmon. coho 
salmon. and sceelheads occurred .it 103-::C and 

. 106%. TCP in periods of·Jo....;1) d:i'~~. ~(ort:ili-... 
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lies of 8-100% occurred among sever.ii groups 
of juvenile chini:>ok salmon :u I 14% TCP in 6 
d:ivs and 64-100% mon:i.lit\" octiirred at 124% 
TCP in 5-i days. juvenile,chinook salmon in 
river water of 124% TCP suffered 92-100% 
mortality in 5.,.:;· days when held within 0.6 m 
of lhe surface.· 

Dawley and Ebel (19i5i and Ebel (1973\ ex­
posed juvenile chinook salmon and su:elhe:uis 
to supcrsatur:uion in 23 cm of water. At 115% 
TCP. i% of !.he chinook salmon and 50% of 
the steelheads died after 35 days· exposure. At 
supersaturations of 120% and 125% TCP. chi­
nook salmon experienced ·a 50% . mortality in 
27 and 14 hours, respectively, while 50% of !.he · 
steelheads died in 33 and 114 hours. No gas 

. bubble disease ·mortalities occurred at levels of 
· 1053 and ll0% TCP. Dawley et al. ( 1976) dis­
cussed !.he long-term effects of supersaturation 
in shallow water. These papers disa.w further 
results of the e.'tperiments discussed above. 
Mortalities in fish held at 110% TCP increased 
at periods gTeater than 60 days. At 60 days the 
mortalit:-· in 110% TCP was 15%. but increased 
to 7 0% after 125 days· e.'tposure. Disease not 
related lO gas bubble disease was also involved 
in mortalities after the first 60 days. 

Nebeker and Brett ( 1976) and ::-;ebeker et al. 
( 1979) e.'tposed juvenile sockeye salmon. coho 
salmon. and steelheads lO 110%, 115%, and 
120% TCP in water 0.6 m deep. About 5% of 
the steelheads and none of the salmon suffered 
mortalities at 110% TCP during the 26-48-day 
tests. The steelheads suffered a 50% mortality 
in 21 days and in 2 days at 113% and 120% 
TGP, respectively. Sockeye salmon suffered a 
30% mortality in similar times while coho salm­
on had only a 10% mortality in 26 days at 115% 
TCP._ At 120%. coho salmon reached 30% mor­
tality in 5~ days. · 
_ Weitkamp ( 1974) exposed wild chinook salm­

on smelts· lO Columbia River water of 100-
110% TGP during a simulated migration down 
lhe lower Snake and lower Columbia rivers. No 
evidence of gas bubble disease was found in the 
fish held within 1 m of the surface at lotal gas 
pressures nol exceeding 110%. The mortalities 
that occurred in this stud,·- were due to second· 
ary fungal infections •. following scale loss 

_ caused b\· screening and handling. 
In a live-cage study in ·the Colu.mbia River. 

\Veitkamp ,(I 9i6) held ju,·e_n_ile chi nook _salmon,. 
within I m of the surface for· 10· and 20-da' 

periods. :\ mon:i.lity of 50% was reached in 10 
days at total di.uolved gas saturations between 
118% and 1211%. In a third test. when the su­
persaturation rose to 125% TCP and higher, 
50% of the test population died withln 2 days. 
This study showed a dramatic increase in gas 
bubble disease mortality as total gas pressure 
increased. 

Blahm ( 1974) and Blahm et al. 0.976) de' 
scribed the exposure of juvenile salmonids and 
other fish to Columbia River water of ambient 
disJolved gas content in tanks I m deep. Total 
gas pressures ,·aried from 1109' to 126%. Dur­
ing 55 da,·s of exposure. the mortalities of chi­
nook salmon, steelheads. and C:utthroat trout 
were 80%. 80%. and 429i:. respectively. The 
chinook salmon and steelheads suffered about 
40% mortalities withln the first I 0 days. "''ith 
eslentially no deaths occurring during the next 
30 days' exposure. During the latter 30 days. 
the supersaturation remained near 118% TCP. 
~!ortalities of all three species increased consid­
erably during the last 5 days of the tests when 
supersaturation rose to about 12:3SC TCP with 
a peak of about 1273 TCP. This shallow-... ·ater 
bioassay also provides an indication of a 
marked increase in mortality as TGP rises about 
120%. 

Bouck et al. (l 976) e."Cposed juvenile and 
adult chinook., coho. and sockeye salmon. steel­
heads. and rainbow trout to various levels of 
supersaturation up to 130% mean TGP in 
water 0.65 m deep. All fish tested tolerated 
ll0% TCP. At 115% TGP and above. the re­
sults were somewhat '-:iriable even within a giv­
en age-group- of a single species. Coho salmon 
parr suffered 50% mortalities following expo­
sures. of ii and 44 hours during two separate 
tests at a mean TGP of 123%. :\bove 115% 
TGP. such variation may be related to peaks of 
d.Wolved gas levels reached during the tests 
rather than the mean total dissolved gas pres­
sures. In over half of the 10- and 14-day tests 
at 115% TCP. the test fish did not suffer 50% 
moru.litv. :\t 120% TCP there was 50% mor­
tality in ·2 to 10 days while at 125% TGP most 
test populations reached 50% mortality within 

· 2 da,·s in the shallow-water .testS. 
The above studies indicate that a dramatic 

change occurs in both the number of deaths 
and the time to de:uh at approxim:nelv 120-
1 :?5%- TGP in. shallow ..,:ater (I m or le~s1. _At 
gas -~lr.~ssures belo\'' ~hi:S ':{ener:il ~~\~CL .1 ·It~-~ i? .. _ 



cidence of ga:; bubble dbe-..ise will be found in 
juvenile salmunids and deadu will 1x:cur at a 
low r:ue. AbOve 120-125% TCP. mortality due 
to gas bubble dise:i.se inm::i.ses. dramaciCl.11 y. 
ThU apparent 'ricie<1I level ha:; nut been dC"..idy 
demonstr.1ted but is indic:m:d by these studies. 
For juvenile salmonids maintaining a deeper 
distribucion, the criciC:tl level w:ould be higher. 

Hydrosuuic Cumpmsation 

~larsh and Corh:un ( 1905} recognized that 
hydroscacic pressure exerted on a !Uh provides 
compensation that limited the effecu of super­
saturacion. The total gas pressure •. in percent· 

·-age of saturacion, e:tperienced by a !Uh_may be 
quite differenL from the level measured and 
Calculated for a fish subjected to near-surface 
pressure. Each meter of depth exertS addicional 
pressure chat increases the solubility of dis­
solved gases sufficiently co compensate for ap­
proximately I 0% of sacuracion. In the range of 
depths and supenaturacions normally of con· 
cern. the rule of 10% compen.sacion per meter 
of water depth is a useful approximacion. This 
means that a total gas pressure of 120% of sat· 
uracion at the surface is aauaily only 110% at 
l m and 100% at 2 m. with no change in the 
volume of gas dissolved or in the partial pres­
sures. Thus. depth is an important faetor in 
determining the tolerance of !Uh to supersat­
ur.uion in natural situations. 

Several studies have been conducted in deep 
tanks to evaluate the effect of depth compen­
sation for salmonids in supersaturated water. 
Ebe! ( 19i3) held juvenile chinook salmon in 
2.4-m-deep tanks for 60 days. ·At 118% TCP, 
insignificant mortality occurred in the deep 

':tanks compared to 100% mortality in 55 hours 
for !Uh held in 0.2.5 m of Water~ Dawley et al. 
( 19i6} reported further results of the same 
smdy. At 124% and 12i% TCP. juvenile chi­
nook salmon suffered 6i% and 9i% mortali­
ties. ri:Spectively, in the 2.5-m-deep water. In 
water 0.25 m deep. morta!icies in. the same 
range occurred at lower supersaturation levels 
of 115% and 1203 TCP. At 110% TGP in 0.25 
m. 15% mortality occurred while only 53 mor­
tality occurred in. 2.~m-deep tanks :it 120% 
TGP. . 

Sever.ii studies have been conducted with 
. Bow-throu11h Q.eep c:inks :ind supersaturau:d 
Columbia River water. Blahm et al. ( 1973) held 
juvenil_e chinook and coho salmon in t:inkS 2.5 -

m an<l l m deep. Durin~ the 7'2·d:iv test period. 
the ,upersaturacion r:lng'etl from l'.!0"0 to 

l:JO%. [n - the ·1.0.m-<leep water. mortalitic::1 
were 98% and 30%. for the two species, re­
spectively. ~lurtalicies of 50% were reached in 
.50 davs for chinook salmon and in 6i davs for 
coho ~almon in the 2~5-m-deep water. · · 

Blahm ( 19i:*) and Blahm et al. ( 19i6) de­
scribed further experiments under the same 
condicions. During 50-35-day cescs, juvenile 
chinook salmon and sceelheads suffered 11 % 
and 6% morta!icies. respectively. in 2.5-m-deep 
c:inks compared to 80% mortalities for both 

_species .in 1-m-deep tanks ( 120% to 130% 
TGP). The. majority of the deaths occurred . 
near the end of the test when super3aturation 
rose to between 123% and 12i3 TCP.Juvenile 
cutthroat trout held under the same condicions 
showed far less depth compensation, with a 
423 mortality in 1 m and a 2i3 mortality in 
2 . .5 m. . 

A number of studies have attempted to sim­
ulate more natural conditions by placing live· 
cages in supersaturated river water. In live-cage 
studies at Priest Rapids Dam on the Columbia 
River in 1960. Ebel (1969) reported dissolved 
nitrogen saturations ranged from 118 % co 
143%. Juvenile coho salmon were held at 
depths of 0.5-l.5 m. 2 . .5-:3.0 m. 2.5-3.5 m. and 
0-6.0 m for periods of 8-12 days. Fish held 
below 2.5 m suffered less than 3% mortaiity in 
each test. In the 0-6-m cage. 63 and 16% of 
the !Uh died while in the surf.ice cage. mortal· 
icies were 100% in the first two tests :ind 20% 
in the third test. During the third test (August) 
dissolved nitrogen concemr:icions were lower. 
reaching a low of 118%. Complete dissolved 
nicrogen data are not given by Ebel. 

Ebel ( 1971} conducted similar tests ..ic lee 
H:irbor Dam on che Snake Ri,·er in ! 9i0 where 
dissolved gas levels ranged from :ibout 127% tu 
132% TGP during the i-<lay tesu. Juveniie chi­
nook salmon held in :i 0-t.3-m-deep cage suf­
fered 45-08% mortalitv with most survivors 
showing signs of g'1S bubble dise:ise. All fish 
held within I m of the surface died during the 
four testS. Fish held below :3 m suffered no 

· de:iths attributable co g;is bubble dise:ise. 
~leekin and Turner (197'1) tested ju,·enile 

chinook :ind coho salmon Jnd stee!h.,-..ids in 
_ live-cages at Wells Dam. suspended .:it tl-'l.ci-m . 

0.9-l.5-m. :ind 1.5-~. l-n'! -de:iths in· rt\' er ·..,ate~ 
at 123% TG?. :'\e:irly all fish held Jt il-'l.n m- -
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died within 3 to i. da~·s during four tests. At 
0.9-1.5 m. chinook salmon suffered 4-443. 
and stel:lhc:ids 243. mortality. At the f.5-2.l;m 
depth. chinook salmon had 4-16% mon:ali­
ties while steelhc:ids had 20% mortality in 14 
days. Chinook salmon and steelhead juveniles 
and non:hem 5quawfish held between 2.4 and 
3.1 m for 14 days in the 123% TCP rivet" water 
suffered no mortalities and showed no signs of 
gas bubble disease. Coho salmon juveniles held 
at Rock\' Re:ich Dam on the Columbia River in 
water of 125% TCP for i days suffered l 00% 
mon:alil'· in the 0-0.6~m cage. 19% mortality at 
0.9-1.5 m and no mortalit'' at l.5-2. l m. 

Meekin and Turn er also held juveniles of 
chinook and coho salmon and steelhe:id in vo­
lition cages extending from the surface to 
0.6-m, 2.1-m. and 3.1-m depths. Volition cages 
permit the fish to occup~· the depth of their 
choosing within the confines of the cages. In 
this test at 126-1273 TCP. all fish in the sur­
face cage died in 3 days. while onl~· 4% of the 
coho salmon and about 60% of the chinook 
salmon and steelheads died in the 0-2.1-m vo­
lition cage during the 30-day test. In 0-3.l·m 
cages. only 3% of the chinook salmon died, and 
none of the other two species died, during 21 
days. . 

Weitkamp (l9i6) held juvenile chinook salm­
on in supersaturated river water for I 0 and 20 
days at various specific depths and in volition 
cages extending from the surf2ce to 1-m. 2-m, 
3-m. and 4-m depths. Supersaturation ranged 
between ll8% and 126% TCP. None of these 
fish died during the l 0-day test. During the 20-
day test. however. mortalities of 17%, 21 %, 1 %. 
and l %. occurred in populations held at 0-2 
m, 0-3 m. l-2 m. and 2-3 m, respectively. Most 

. of these deaths occurred when the total gas 
pressure remained near 125%. During a 20-day 

·Jive-cage bioa5say, when total gas pressures re­
mained near or above 1253 for the first 11 
days, mortality in all cages increased consider­
ably: Chinook salmon held within 2 m of the 
surface (0-2-m cage) suffered 30% and 61 % 
mon:a!ities while fish permitted access to l m 
greater depth (0-3-m. cage) had I% and i .57< 
mortalities. Juvenile chinoo k salmon held be­
tween the surface and 4 m experienced no mor­
tality during these three tests .. ~ few of the fish 
in the O...+m cage h:id a few hubbies in their· 
fins at the end nf the tests. · 
The'~ .reonrts :nd.ic:ll~ <hai-d1~ ~ffoct. of hv-

drost.atic compensation due to depth. in both 
the laboratory and in the field e:cperiments. is 
as would be predicted by theory. The hydro­
static pressure compensates for about I 0% of 
supersaturation for each I m of water depth. 
The live-cage studies also indicate that given 
the oppon:unity. at least under protected con­
ditions. juvenile . salmonids will remain deep 
enough to compensate for total gas pressures 
of approximate!~· 120-125%. It is necessar:-· to 
determine accurateh· the natural depth distri­
bution of fish in supersaturated waters in order 
to predict their tolerance of supersaturation 

·under .natural conditions. This is an impon:ant 
factor in attempting to estimate or predict loss­
es of fish in various situations. The results of 
laboratory and field bioassay experiments mwt 
be interpreted in terms of all discernible natu· 
ral conditions if they are to pro,-ide accurate 
predictions of what will really happen. 

Ebel (19i3) made an attempt to estimate the 
actUal gas bubble disease mortalities of juvenile 
salmonids in the Snake and Columbia rivers. 
His estimate was based on only a portion of the 
information now available. but Ebel' s discussion 
pointS out the complexities involved in evalu­
ating the deleterious effects of supersaturation 
on naturally migrating populations when the 
available information comes from limited lab­
oratory tests. The application of experimentallv 
derived information is also discussed by Bouck 
et al. (19i6) who enumerated many of the fac­
ton th.at must be t.aken into consideration. 
Many of these facton have not been adequately 
considered in the formulation of existing dis­
solved gas standai-ds. 

Several recent swdies have been conducted 
to provide information concerning the depi;h 
distribution of the migrating juvenile salmonids 
in the Columbia River system. Th_e depth dis­
tribution is important to a determination of the 
h~·drostatic .compensation naturally afforded 
the fish. Smith (19i4) found 58% of juvenile 
chinook salmon and 36% of juvenile steelheacis. 
collected with a fi.~ed gill net. were taken in the 
upper 4 m of the water column. ln this stud\" 
of a reservoir forebay, Smith also reponed 469< 
of the chinook salmon and ~8'iC uf the stcd' 
heads were collected above 2 m: 19'.'C of' the 
chinook salmon and 8% of the steelhe:ids were 
collected above 1 m. 

_In apntlier siudv of rlepth distribution._\\'e!t- · 
kamp '19741 coll~ted ;mall <iumh~~' ,.f iu,,c. 
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nile chinook an<l coho -.1lmon and steelheads 
in the Columbill. and Smile riven in drifting 
and fixed gill neu extending ta a depth of 3.3 
m. Less than 3% of the clµnook salmon were 
collected above 2 min 1974. "About ':!0% of the 
coho salmon were collected between the surf.lee 
and 2 m. and about l 0% of the steelhe:ids were 
collected above 2 m. The depth distribution in· 
dicated that a major: portion of the sceelheads 
were below the bottom of the 3.3-m net. These 
fish were collected primarily in the shallower 
upscre:im portions of reservoin. 

Blahm (1974) and Blahm et al. (1976) used 
a depth sounder to de~ermine the depth distri· 
bution of migrating juvenile salmonids. An ar· 
rav of 10 ti-amducen described bv ~(anhall 

... ( l 976) was. placed on the bottom of ;he Col um· 
bia River on a gently sloping beach •. -'i.pproxi­
macely i2% of ii6 fish detected with thU ap­
pararus were between 0.9 and 2.1 m deep. Two 
beach seine catches containing 37% juvenile 
·chinook salmon in this are:i ~approximately 
quantified" the species composition. but the 
depth distribution of the chinook salmon within 

· the total group observed could not be deter­
mined. 

The above studies do not provide all the in­
formation required to evaluate the effeccs of 
dissolved gas on the various species. Collection 
of fish at a specific depth does not indic:ice these 
individuals are at this depth for any significant 
period of time. They may be moving up and 
down in the water column or they may be re· 
maining at fairly specific depths for long pe· 
riods. The volition cage e."tperiments reported 
by Meekin and Turner (1974) and Weitkamp 
(1976) indic:ited that all of the fish spent suf­
ficient time at depth co avoid the effeccs of 

·about 120-125% sawr;ll:ion. This indicates that 
fish under field conditions are actually e:tperi­
encing an intermittent e."tposure to supersatu· 
ration through changes in depth. Fish collected 
ne:ir the surf.lee in supersaturated water would 
show a high incidence of gas bubble disease and 
death if thev remained continuous!~· ne:ir the 
surface. 

Table l is a summary ofbioassay experimenu 
on the tolerance of salmonids to supersatura­
tion. The table includes test depths that are 
nO:.:es5ary if these. resulu are to be extra po lated 
to natural river conditions. or when these stud· 
ies are wed c.o ~t.ablish or ju.stif~· dissolved gas 
standards. . · 

.., ; : 
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Intermittent ~xposure mav incre-.1S<: the: l~·el 
of supenaturation fish are able to tolerate be­
cause it in=es the time over which a specific 
exposure accumulates. It abo provides an op­
pon:unity for recovery to occur. particularfv if 
it is accompanied by depth compensation. 'rn- · 
cermittent exposure m:iy occ-.ir through either 
changes in the concentrations_ of dissolved g-...ses 
or through changes in depth of the fish. 

Alternating exposure to spilled or he:ited 
waten with periods of little or no exposure co 
supersaturated water provides an o ppon:unitv 
for fish to reduce intemai ;upenaturation. Al­
though Beyer et al. ( 1976b) described evidence 
that_ critical tissues become saturated withi-n o0-
90 minutes, it is unlikelv that the tissues would 
also equilibrate to a reduction of supersatura­
tion in a similar time. Desawration normally 
cakes much longer than saturation, as evi­
denced by decompression tables for saturation 
diving by humans. :-lo good evidence .is avail­
able for determining the rate of equilibration 
to reduced supersaturation for fish. 

Fi.sh experiencing intermittent exposure by 
changing their depth will experience very rapid 
changes in internal saturation. The pressure 
change wi_ll be immediately transmitted co all 
tissues thus incre:ising or reducing internal su­
penaturation according co the changes in 
depth. Weitkamp ( 1976) found juvenile chi­
nook salmon selected depths in 0-4-m volition 
c:iges sufficient to avoid de:ith of supersatura­
tions of approximately 125% TCP. This study 
was not designed co reve:il an~· ability of fish to 
detect and avoid supersaturation. but other 
studies have indic:ited fish do not do. so. 

The ·effeccs of intermittent exposure ha,·e 
been examined in e.'tperiments wi.ch varying 
levels of supersaturation. :'.!eekin and Turner 
( 1974) alternately exposed juvenile chinook 
salmon and steelheads co supersaturated and 
equilibrated water. Using short exposures of+-
16 houn in l i-cm-deep water. the:r found ju­
veniles c:in tolerate 122% TCP for periods of 
16 hours if chev are returned to saturated water 
( 100% TCP) for 8-hour periods. Bl:ihm et al. 
( 1976) altematel:r <e.'tposed fish for 8 hours in 
supersaturated water of l IO-l30% :"<: 1? TCPl 
and 16 houn in saturated Columbia· River 
water per 24 hours. as well :U by the reverse 
daily schedule. The time to d~th of 30% of the 
test population was doselv re!:ited to the I.en gt h 
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Oep<h 
Specia Supcnatun<ion £!Tea obo ''"" tml Ref"""""' 

Rainbow tr0<11 fry Soc determined "Slow~ f:ui"-day lO weei<s: 0-1.!! Mann and Gorham 1905 
gu blisten on heod or 
mucous membnncs: 
"emphysema oi lhc skin": 
dcab with free pl in 
hart: omboli in gii 
lilamenu 

Rainbow tl'OUt 200-~0, No cla<hl in 14 elm Aqmria Wiebe and ~~YOC:lr. 
12-15 cm 520-.SllO'if: 0, So de:uhs. 24-ll espooure 1932 

!!rook trOUL frr 112'5 TCl' or "l!adJT affected wU pl H~err Embody 19'4 ....... bul>blc disc:ue" ttDUglls 

Rainbow trOUt fry, 113" N, ..!:u:esaive .. mortalir.'r, Hu:bery Ruclu:!' .ad Hocige!>oom 
Cutthroat tr011t fry bubbles in nns. under ttDUghs 1953 

skin.. in vucular syHml. in 
gil1a. and in kidneys 

Sockeye salmon 
a.IC'rim 108-1~ TC? Gu ac:umulated rapidly in lhldleTy H.u¥ey and Cooper 1962 

)'Olk =. 2~ osona.li<y troughs 
a.lmns 106-108~ TCl' Some signs of ps bul>blc 

dUcalc. 2'ifo morulity 

fry 108-120'Jo TCP Pccccbia.1 hemorrbages. 
necrocic arc:u Oft fins. 
exophthalmia 

Rainbow aout 
swimup fry <13~ N~ No eft'ec: H:ucbery Shinlma 1966 

153-166" N, 50\lrs morta.licr ttDUglls. 
l:!cm 

2.oi-2.6 cm <l:!O'it. N. No eft'ec: 
148\lrs :-:. 50\lrs mortality in 5 days 

2.11-2.9 cm <llo<Ai N, No eft'ec: 
121'-'r N, 50'-' motta.lir.y 

Chinook salmon 
adulu use,; s, Nearly 50'ifo morulity .,;thin 0.6 Coutant and Cenow:ay 

to c1a:n 1961 

Cohosalmoa 
ju.....mles Tes& times S-12 days !be! 1969 

-!~TCP 100\lrs morulioy O.S-1.5 
3-70\lrs mor<a.licy :!.o-3.0 
3\lrs morta.licy 2.$-3.5 . 
18\lrs moruiicy 0.006.0 

-1%0\lrs TCP 1 Q<Aj morta.licy 0.3-1.5 
3\lrs mortality :!.o-3.0 
O\lrs morulily 2.$-3.5 
6\lrs mortality O.o-&.O 

Chinoolr. >almon 12i-134'ifo :-;, 7-day lestS Ebel 1971 
juveniles IO~ mort:olity 0-0.73 

l~ mon:Uit.y 0.73-1.0 
34-86it mort:ilin 1.5-2.0 
2-38~ morulilv 3.!l-l.O 

~ 4~~ mon~ity . o-u 
Coho and chinook 125-130~ s, WO 18 h0<>rs O.!! Ebel .. al. l 971 

salmon. steelhead 
juveniies. 
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T.,111.1 1-r."n11mud. 

Oep<ft 
spoa.. ~ .E!Fca~cd (1111 !tcfenmce 

Chinook salmon 1341li :-i, 5-lOCJ; 1nort:Uic.\" 7,,j huurs 0.6 \'•'~·au and Bcinillg.:n 
juveniles 132" :-1, 1°"'5 mon:ili<y. 5 noun 1971 

Cutthroal U"OUt 119-136% N', 60'5 mon:ili<v, 59 dan 1.0 B W.111 et al. 1973 
-l-O'i5 monality. l l d~vs 

112-130" :-1, "°" mon:WtT. ~9 dan 1.0 
%7'$ mon21i1Jt. ~9 daYS :u 

S<eeihad 112-1~ :-1, 80lfo monolilv, 55 dan 1.0 
K mmulity, 33 dan :.!I 

Chinook salmon 11:-1 !:9\15 N', 3°" mon.U.y. 55 dan 1.0 
l lll mon21i1Jt, 35 dan 2..5 

: 
. ··- Cwihrou trou< 13~ :-1, for 16 SK morulitY. i2 houn 
•' Rainbow trouc hounlday: · 3-0'Jlfr mon.U.v. 16-;o houn 

·Chinook .almoa I OO'Ki N, for 3-0'Jlfr 1110rulily. 12ll houn 
.. ·.Coho salmon · 8 · hour31dav 50'1\ mon:li&y noc re:JC!le<i 

(192 hounl 

CWihrou crou1 130% :-1, for 8 50~ morulily, 103.5 houn 
Rainbow troul hounlday: 3-0'Jlfr mon:Ui<y no1 r=llcd 
Chinook .almon l~ N, for (192 hounl 
Coho salmon Ill hounlday 3-0'Jlfr mon:ili<y noc ro:>ehcd 
(all llsil juveniles) (192 houn) 

3-0'Jlfr mon:ili<y noc ra:hcd 
(192 houn> 

CWihrou ""'"' 
131-139'!. TCP lOMi morulily, 3.8 days 0.6 May 1973 
125-131 !'ft TCP 100\!5 1DOn2iilJI, 6 days 

511'4 monality, 2.! days 
110-l~TCP 5°" monaiicy. 14 days 
113'-l~ TCP ~o ruot"ta!il~'. 12 days 
I 02-1 :Sll TCP No IDOn:illty, 12 days 

25~ si~ of ps bubble 
~ 

~ounciin whilemh 13 l-13K .TCP 100'\\ monalicy, 1.3 clan 
115-1%7\'f, TCP 3-0'Jlfr 1110nolily, 12 days 
113'-12:?')!, TCP -I01lo -.olily, 17 days 
107-l:!KTCP 1 -wKY, 17 days 

75'1. si~ of ps bubble 
~ 

C=hrcu """' 131-13~ TCP 511'4 mon:ai.iiy, 17 days 3.0 
5.5\li mon:ili<y, 24 days 

~·nnin whir.e&h 511'4 IDOftalicy. 18 days 
6~ 1DOn2iilJI, 24 days 

.. Chinook sa1moa !~TCP 32-100'\\ mon:ilky in 3~ 0.% Mec!Wi and Tumor 1974 
j......Wa dan 

114" TCP 11-lOMi mon:ilky in 6 
days 

112" TCP 8-75ll monolily in 18-67 
clan 

l~TCP 0-8411 mQn::Uity in 1M7 
days 

Coho salmon 112'5 TCP 60-1~ mon:ilky in 6-35 
juftftilcs da)'I 

106~ TCP ~~ mon:ili<v in 2S-l6 
days 
no "!!"" of pS bubble 
di>nx 

. Steelh= !~TCP 1()(>11 mort:Uitv in 3 d:avs 
jUYcnilcs 112\'!o TCP S-~ mort:Uity in 6-JO 

clan 
l06% TCP :--lo effect 
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TA& Ll l-Co1t1imud. 

Species Supcnalllnlion Ef!'eci oboe,...ed 
.Oefxll 

Im) Rcfcrenat 

Oiinooir. salmon 123-l :?S'Jr TCP 92-100* moN!ily in 3-7 G-0.6 
juveniles daw 

4-Ml'* morulilv in 14 0.9-1.5 
dan 

4-16~ monaUcr. 14 1.3-2.1 
da:n 

No effect :O+-!.O 

Oiinool< salmon frr l:S1!t TC1' 83" mortality -0.2 1Wc!Lcr ....i ~ 1974 
exposure from 124'Jr TCP i3'1 monolilv 
hatehing <O 30 l!O'I TCP 68~ mon:alily 

·da:n old 116 .. TCP 16'i moruli&v 
11~ TCP l~ mon.&y 

Oiinooir. salmon t23i;. N1 WO 1!.6 dav' 0.2!1 Dawley and Ebel 1975 
juveniles 120\1!, N, WO 26.9 davs 

1159' N, WO not reached 
llO'Jri N, ~ascontrols 

S1eclhc:ad 
l!!S'Jr '" 

WO l·Udays 
juveniles !:!OS N, WOS3.! davs 

115'Jr N1 W0486da~ 
110.. N1 Same as controls 

Oiinook salmon. :?a.day tesr. 2.4' 
suoe!head l!!S'Jri N, 5°" morulilr 
juveniles 12S'Jri N, 24'Xi mon.&y 

100-1%0'Ai N, No signific:anc moruJir.y 

Cuuil""" rrow l 12-IS6'Jr :-1, 3!-50" mon.&y 1.0 !labm « al. 1976 
!7-501!. morumr 2..5 

Sleelhaci ll2-129'!1. x, 70'Jr monaii<y 1.0 °" JD<K<aii<y 2..5 
Ollnook salmon l 12-129'Jr N, 801!t monolily 1.0 

(a.II juvenile fish) ll 'Jri monolilv 2..5 
(all correct~ for conirol 
morality) 

Chinook salmon aduk l!O'Jr TCP S.5-10 houn <l.O !loud « al. 1976 
Rainbow U'OUI 

parr l!!S'Jr TCP 27-35 houn 
)'arling !I boun 

Sockeye salmon parr 40 houn 
Coho salmacl 

parr 1% hours 
aduk 19-U houn 

Chinook salmon parr .IS houn 
Rainbow crow. 

parr 1%0'Ai TCP 51 boun 
adult 79-92 houn 

Coho salmon adull 45-51 houn 
Oiinook salmon adult 51 houn 

Oiinook salmon Moruii1y in 60-d.iy Dawley «al. 1976 
~5cm exposure 

· 120'Jr TCP 97 .. . o.~ 
IU'iliTCP ~u<;<. 

l!O'ili TCP 15'ili 
IOS'iii TCP <S'>i 
127%TCP 8~ 2.S · 
12t'ili TCP 65% 
120.'iliTCP <S~· 

ll5'ili TCP <S'C 
110~ TCP <5~ 



T ,\lll.l. l-Cu1uunua'.. 

Scer't rt 

l 1!.3-1 !1..5 an 

Su~ 

1211% TCl' 
l 15" TCl' 
ltO" TC!' 
127% TC!' 
1211% TC!' · 
115 ... TC? 

Effeaobsened 

:.Coralir.y in 7-<lay 
ex:pUILU'e-

l OQ'JI, 12 daysl 
5i'l6 
<5\{, 
2'\{. 

3% 
<5% 

1Jq l 

Rcforence 

0.2' 

119-123'5 :.Coralir.y in l 0-day W<i<Jr.amio l 976 
""f)OIUtt 

3!" 
·~ 

0\0!, 

0.1 
0-2. 3. ~ 
1-2. 2-3 

l 20-l !!ll\Or, TCl' :.Cortality in 20-day 
expos""' 

SS:..100\0!, 
li-01% 
3-1.3% 
0 

l-30% 
1% 
12-70% 

of the exposure to the supenacurated water. 
Less than 50% of chinook. and coho salmon. 
steelheads, rainbow trout. mountain w hitefuh. 
and largemouth bass were killed by an 8-hour 
exposure per day to supenatur.ued water 
(130% Nt). Mose of these fish. however, suf· 
fered 50'!rt mortality in less than 24 houn dur· 
ing continuous exposure to supersaturation 
{130% Nt). . 

Controlled changes of depth alsci have been 
used to study the effeas of incermiuent expo­
sure. Weitkamp ( 1976) intermittently e:cpo$etl 
juvenile chinook salmon to Columbia River 
water by changing the depth of l·m-deep live· 
cgcs on 8-16-, 12-12·, and 16-8-hour sched· 
ules. The live<'1gcs were alternated between 
depths o.f 1-2 m and 3-4 .m for one 10-day test 
and between 0-l m and 3-4 m for two 20-day 
tests in an :ittempt to represent possible die! 

. changes in migrating fuh. No deadu or signs 

0-l 
0-2 
ll-3 
ll-o! 

l-2 
%-3 
15 houn 

uO-l 
a 1ioun 
u3-4 

1: houn 
u0-1 
1% boun 
u3-4 

a i.-rs· 
uO-l 
16 houn 
.. 3-+ 

of gas bubble disease occurred in the 10-day 
test with saturations between 118% and 123% 
TGP. At 120-126% TGP, mortalities reached 
l %, 4%. and 12% in 20 days of 8-, 12-. and 16-
hour surf.ice exposures. respectively. During 
the second 20-day test. supersaturation rose to 
nc:u-orabove 12S% TGP'foran 11-day period. 
During chis time. 3-0% monal.ity w:u reached in 
5 days with the· 16-hour surf.ice exposure. In 
less thati 48 houn during the same period, .50% 
mortality occurred for fuh given con rinuow 
exposure at 0-1 m. At chis higher level of su· 
persaturation ( 125% TCP), mort:alities in the 
12- and 8-hour exposure Clges were 39% and 
i%, respectively. Dissolved gas levels below 
125% during the last 9 days apparently enabled 
the surviving fuh to lose :ill signs of gas bubble 
disease ... 

These studies indicce that intermittent c::t· 
_posure either by changes in the supersacur.ition 
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of the ambient water or by changes in h~·dro- fish were tested with water sources h;l\·ing dif· 
static pressure will ·allow fish to toler:ue super· ferent temper.uures. Differences in the chem· 
saturation for a lonp period. This incre:ue in ical composition of the water also may have in­
the exposure time that is tolerated is greater fluenced the results of these tests. as the two 
than the sum of the intermittent exposures. levels of supersaturation were drawn from dif­
.which indicates some recovery occurs during ferent suppiies. 
short periods of reduced supi:rsaturation. Blahm ct al. (l 9i6) reported tests of juvenile 

chinook salmon and steelheads in a divided 
Dtttetion and .~uoidanu trough having 130% :-.;, (? TCP) on one side 

The ability of fish to compensate for super· and I 029( ;-.;, on the other side. Steelheads did 
saturation ma~· be increased if the fish are able not avoid the supersaturation. for th~· reached 
to detect and avoid supersaturation. Fish can 50% morw.lity in about 43 hours. Chinook 
avoid supersaturation by either refusing to en· salmon apparently avoided the supersaturation 
ter supersaturated water when a choice exists ·for they suffered no deaths during either of the 
or by sounding to compensate for supersatu· . 8-day tests. The results agree with :'>leekin and 
ration at surface pressures. Turner's (I 9i4) report of avo.idance of super-

It has been generally accepted that fish are sai.uration by juvenile chinook salmon. 
not' able to detect supersaturation and avoid it. Dawley et al. (19i6) reported the apparent 
Several rc.:ent reporu indicate that this theory detection and avoidance of supersaturation in 
ma~· no~ be valid for all conditions. This ques· deep (2.4 m) tankl. The vertical distribution of 
tion is of considerable importance as it can juvenile chinook salmon and stee!heads was ap­
grcatly affect the extrapolation of experimental parently altered after 3 days· exposure to ,.ar. 
data to the conditions faced by fish in natural ious levels of supersaturation. For the first days 
waters. Fish in natural waters frequently have of exposure the depth distributions of '-arious 
the opportunity to seek hydrostatic compensa- test groups were not significantly different. Af· 
tion or to avoid entering supersaturated waters ter 3 days. the mean depth of the groups in the 
if they are able to detect supersaturation. supersaturated water was greater than that of 

Ebel (19il) found that juvenile chinook· fish in saturated water. and mean depths in­
salmon held in 0-4 . .5-m volition cages suffered creased with increasing levels of supcrsatura· 
much higher mortality from gas bubble disease tion. 
than fish forced to remain in deeper water (3- Bentley et al. (19i6) described the apparent 
4 m). This suggests that these fish were unable avoidance of supersaturation by northern 
to detect. or were unwilling to avoid, supersat· squawfish below Llale Goose Dam on the Snake 
uration. River. Catches of northern squawfish below the 

The ability of juvenile chinook and coho dam were much lowc:T" during i.he period of 
salmon to detect and tO avoid supersaturation higher supersaturation than they were before 
when permitted an alternative in shallow water and after this period. The fish apparently 
was studied by Meeltin and Turner (1974). A either avoided i.he area of supersaturation or 
divided tr0ugh with supersaturated water at assumed a deeper vertical distribution during 
ll0-lli3 TCP on one side and equilibrated the high supersaturation period. I.arge num· 
water at 101% TCP on the'other side was used bers of northern squawfish were C:aptured in a 
to test the fishes" response. The fish were intro- side arm of the reservoir below Little Goose 
duced to the trough in the lower mixing zone Dam during this time. These fish may have 

·.of .110-l l:J'ii: TCP. Juvenile chinook salmon been avoiding higher dissolved gas concentra· 
showed a strong preference for the equilibrated tions in the main river. although gas pressures 
water and avoided the supersaturated water in the side arm were not measured. 
when the water supply was swiLched from one Stickney ( 1968) reported Atlantic hening 
side of the trough to the other.' Coho salmon (C!u,bc~ harrrigw harnigus) showed a dcfin.ite 
showed no preference for either equilibrated tendency to avoid supersaturation. This avoid­
or supersaturated water. These results are not a,;·ce occurred only when the supcrsatur.:nion 
definitive due to temperature differences be; was high enough to produce gas bubble disease: . 
tween the rwo water sources used during part ! !?0% :-;, and 130% O, ( !~::?%. TG?\. · 
of the rests. The reporr does nm indic::ne which .Th.,se-srudies indicate ><>me fish :i1av be :ible-- · 
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to dc:te<:t :ind avnid supcr.1aturation and others 
rn:iv be unahle to detC1:t or do not a\'oid super-
53.t{ir:ition. Reported mortalities. c:iused by su­
penatur:ition in thennal discharges :it electric 
gener.1ling >tatiou$ indii:ate that :><1me >pt:de$ 
are either not :i.ble to detect super.1aturation or 
that their attraction to heated water overcomes 
their avenion to supen?-ti.lration. It is obvious 
that insufficient infonnation is av:i.ilable to dr:iw. 
any useful conclusions on this issue. 

Lift Siagt 

The toler:ince of fish species to dissolved gas 
supenatur:ition is not the same at all life stages. 
As discwsed above. eggs show no signs of gas 

·bubble disease when held in supenaturated 
water. They appear to be tolerant of leveis of 
supenaturation that affect fish. 2\farsh and 
Gorham ( 1905) and other more recent reporu 
indicate egg; do not develop the disease. ::Vteek­
in and Turner ( 19i4) provide the single known 
report of gas bubble disease in eggs. Steelhead 
eggs developed high mortalities but chinook 
salmon eggs did not when both were hatched 
in water having 112% TCP. It is possible that 
something other than supenaturation was re­
sponsible for the steelhead egg mortalities. '.'lo 
discussion of the egg pathology is provided. 
The majority of evidence indiC1tes fish eggs are 
e:ttremely tolerant of supenacuration. 

In general. the tolerance of different life 
sci.ges appean to follow two consecutive trends. 
In very e:irly life scages. the tolerance to super-
5atUration decreases from very greit tolerance 
in the egg to very low tolerance in older juve­
niles. Llfe stages following the juvenile stage 
appe:ir to increase in tolerance to supersatu­
ration, with adults being generally the most tol­
erant free-swimming life scige. 

Marsh and Gorham. however. reported At­
lantic cod ( Cadw morlnus) frv tc be tolerant of 
levels of sup.;rsat11ration that.produced gas bub­
ble disease signs in adult fish; however, they only 
held the fry in this supenaturated water for 2 
days. Egusa ( l 959) found killifish ( Ory:ia.s lalipes) 
fry to be resistant to supenaturatiun immediate­
ly after hatching; :i.pparendy due to "elasticity 
and tenacitv of tissues of the bodv wan.- Shira­
hau ( 1966). reported .rainbow tro~t fry bc:c:ime 
increasingly less tolerant of supenatur:ition 
with increasing age for the first 2 months after 
hatching. · · · 

Meekin -and _Turner(.! 9i4) J.lso reported de-

creasin'4' mler.rnce 1vith in<:r~asin~ ag-e in juq:. 
nile chinook salmon. :'>lortaiities of 100-mrn 
chinook salmon were three to four times gre-.it­
er than those of fish under ~ mm. Larger in­
<lh·i<luab uf ~uhu salmon and >teelhe-.i<l ab<, 
showed a reduced toler:ince to supersaturation. 
Rucker ( 19i5) compared small C.38 mm and -16 
mm) coho salmon to larger i 100 mm) juveniles 
in 0.2-m-deep water at 112% TCP. The time to 
50% mortality was 2.6 and -l..2 days for two 
groups of the larger fish. 2. i dars for the .i,o. 

mm fish and more than 30 da\"l for the 38-mm 
fish. Dawley et al. (l 9i6) tested several sizes of 
juvenile chinook salmon in 0.25-m-d~p water 
at 112% TCP. They found fish 40 mm long to 
be signific:indy more tolerant of supersatura- · 
tion than fish 53 mm and 6i mm long. The 
smaller fish suffered less than 10% mom.Hey in 
45 days while the larger fish reached over 503 
mortalicv in· less than 15 davs. These studies . . . 
indicate a general decrease in tolerance of ju­

. venile salmonids with incre:i.sin~ age and size. 
On the other hand. some workers have in­

dicated that older fish are more tolerant of su­
persaturation than young fish. Harvey and 
Cooper ( 1962) reported sockeye salmon alevins 
(sac fry) appear to be particularly sll3Ceptible to 
supenatur:ition. Wood ( 1968) described the 
levels of nitrogen. supenaturation detrimental 
to. various life stages of salmonids as 103-104% 
for fr:-·. 105-112% for young juveniles. and 
118% for adulu. '.'lo indic:ition is given by 
Wood as to how this infonnation was derived. 
Bouck et al. ( l 9i6) reported the resulu of a 
number of bioassays in 1-m-d~p water using 
several life stages of salmonids and other fishes. 
Although there was considerable variation 'be­
tween individual tesu. they found younger fish 
were generally less tolerant of su~rsaruration 
than older fish. At 115% TCP. the mean times 
co 20% mortalicv for salmonids were 125 hours 
for juveniles. l.54 hours for smolu. and 309 
houn for adulu. 

Individual fish at any particular life itage 
have shown consider:ible differences in their 
tolerance ·to supersaturation. as indicted by 
most of the bioassavs discussed above. Becker 
( 19i3) discussed a diore direa .method of me:i.­
suring individual tolerances th:m differences in 
the time· to death. The formation of emboli in 
circulating blood was recordetl by a telemeter­
ing Aowmeter surgicllv impl:inted on the co-· 
nus .arteriosus of rainbow trout. The results in-
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to decect and avoid 31.lper:saturation al1d other:5 
may be un;:J.bJe to cl~tect or do not "''oid !Upt::r­

saturation. Reported mortalities caused by su­
peroacuration in thermal discharges at !lei;tric 
generating stations indicate ch~r. some <pecies 
arc either not able to detect supersatur•:ion or 
thac their attraction to heated water ave-comes 
their avet.sion to super$.atur'il.tion. lt is cib\'ious 
chat insufficient informacion i• ;ivailable to draw 
any t.Jseful condusions on chis is!Ue. 

Lift Sl4g1 

The tolerance of fish species co di.,ohed ga• ~ 
ouper$3turation ·is noc the same ac all life stages. 
As discus,ed above. eggs show no •igns of gas 
bubble disease when held in 1upersat'Jratod 
water. They appear to be tolerant of leveb of 
supersaturation that affect fish. Mar•h and 
Gorham (1905) and other more recenc reports 
indicate eggs do not develop the disease. Mcek­
in and Turner (1974) provide che •ingle known 
report of gas bubble disease In eggs. Stedhead 
eggs developed high mortalities but chinook 
•almon eggs did not when both were hatched 
in water having.112% TCP. It is possible that 
something ocher than supersaturation \\'U• re· 
spon•ible for che steelhead egg mortr.liti<'3. No 
discu,.ion of che egg pathology i• provided. 
The majority of evidence indicates fuh eggs are 
extremely tolerant of supcr>aturation. 

In general. the tolerance of different life 
stages appean to follow two consecutive t ·end" 
In very early life stages, the tolernnce to •·uper· 
saturation decrea~' from very great tolt•rance 
in the egg to very low tolerance in older juve­
niles. Life stages following the juvenile stage 
appear to increase In toleranc" to sul"'rsatu· 
ration, with adults being generally the mot tol­
erant free-swimming nr .. stage. 

Manh and Gorham, however, report<:d At· 
lamic cod (Gadus morhua) fry to be tolerant of 
levels of •Uperoaturacion that produced gas bub­
ble diseoseoigns in adult flsh; however, th• y only 
held th" fry in this supersorurated water for 2 
day•· Egusa (1959) found killifish (Oryiias .atip<s) 
fry to bl? resistanl to·,upe"rsaturation in1mt:diate~ 
ly after hatching, apparently due to "el<Sticity 

. and tenacity of tiuues of the body wall." Shira­
hata ( 1966) reported rainbow trout fry b.icame 
increasingly leos colorant of super;atu··ation 
with increa.ing age for th" fir.,t 2 month• after 
hatching. 

Meekin and Turner (1974) aJ,o reported de-

cr~a:i;ing rolcni.nci: with incr-ea:iing age in juve­
nile chinook .$almon. ~foru11itie:s of 100~mm 
chinook snlnlon .'vr;re th1·ee to four time5 gi-eat­
er chan those ol fi,h under 40 mm. Larger in­
dividuals of coho >almon and •teelhead also 
shO\.\l't'd a rf:duced tolerance to super3aturacion. 
Rucker ( 1975) compured •mall (38 mm and 46 
mm) coho oalmon to larger (100 nim)juveniles 
in 0.2-m-deep water at 112% Tc:;p. The time co 
50% mortalitV was 2.6 and 4.2 davs for two 
group, of the larger fish, 2.7 days for the 46· 
mm fish and more than 80 da)'• for the 38-mm 
fish. Dawley et al. (1976) teoted·several size$ of 
juvenile <hinook salmon in 0.25-m-deep water 
at 112% TCP. They found n•h 40 mm long to 
be significantly more tolerant of supersacuto.­
tion than foh 53 mm and 67 rnm long. The 
;mailer fish suffered less than 10% mortality in 
45 days while the larger fish reached over 50% 
morulity in le" than 15 days. These studies 
indicate a gen.,ral decrease in tolerance of ju­
venile u1.lmonid,. wi.th increasing age and size. 

On the ocher hand. some workers have in­
dicated that older &,hare more tolerant of ;u­
persaturation than young fish. Harvey and 
Cooper (1962) reported •ockeye salmon aievin, 
(sac fry) appear to be patticularlv susceptible co 
supersaturation. Wood (1968) described the 
levels of nitrogen supe~nrur<ation detrimental 
to various life •tages of salmonids as 103-104% 
for fry, 105-112% for young Juveniles, arid 
118% for adulto .. No indication is given by 
Wood as to ho\\' lhl:, information v.·as derived. 
Bouck et al. ( 1976) reporced the re11.1lt, of a 
number of bion..ss;.ys in 1-m~dc::t:=p "'"~er 1.1!Jing 

several life otages of .almonids and othet• Ashe" 
Although there was considerable variation be­
tween individual teots, they found younger fish 
were generally ieo> tolerant of super;aturation 
than older fish. At l !5% TGl'. the meon timo' 
to 20% mortality for sairt1onlds w«:;rt: 125 hQur3 

for juveniles, 154 hout'$ for ,rnolt" ond ·S09 
hours for adults. · · 

Individuol n•h at any particular life •t•g• 
have sho1vn con•idcrable differ<nces in -their 
tolerance to super::i:o.tura.tion. as indic~ted by 
mo>t of the bioa:1Say• discu.5;ed ob•1•·e. Becket' 
(1973) discussed a more dlrecr method of mea­
~uring individu'll tolerance5 than difference:s in 
the tlme to death. The formation of emboli in 
circulating blood was recorded bv a telemeter­
ing. Rowmetet •11rgically implanted on •.he .~o­
nus arlerio:iu~ of r'1inbow trout. The results tn· 
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dicated individual fish. of this specie, varied 
widely in their tolerance to bubble fot.niation in 
water of the same level of supersaturation. 

H tritr•/lilli;i: 
We have found only one study that addressed 

the heritability of tolerance to gas bubble di .. 
e2se. Cramer and Mc!myre (1975) studied the 
tolerance to supersaturation of several.sux:ks of 
chlnook salmon from Oregon coastal streams 
and from the lower and upper Colun1bia River. 
Stocks with the longest history of exposure to 
supersaturation were the most tolerant of su­
persaturation. A comparison of 80 tank families 
produced from twenty male• and four females 
indicated the tolerance is inherited. 

Cramer and Mcintyre (1975) made estimate• 
of increases in survival that could be expected 
with each generation experiencing a given mor· 
ulity due to gas bubble disease. For mortalitie• 
of 30%, 50%, and 70% in the salmon popula· 
tion, increa.es in survival of 0.4%, 0.7%, and 
1.0% should occur with each succeeding gen­
eration. The•• increases are not great but do 
indicate an advantage to using tolerant stocks 
in waters that may be supersaturated. Thts 
nudy ouggem that experiments on fish frorn 
rarely superoaturated waters may indicate more 
serious problems than are actually encountered 
by populations in frequently •upenaturated 
waten. 

Temperature 
As water temperature affects many activities 

of fish, it io important to determine its reladon­
ship to ga• bubble disea•e. The consideration 
of tempcratu'te effects is particularly important 
in the Columbia and Snake rivers where aver­
age water terliperatureJ have. been rai$ed by 
many hydroeleetrio project> (Beiningen and 
Ebel 1970). The effect of temperature on tol­
erance to supersaturation is also important in 
discharges of h•aled water that may have be­
come supenaturated within thermal power 
plant1. · 

A number of studies have been conducted to 
determine if a synergistic or additive effect ex­
im between high temperatures and supersat­
uration. Coutant and Genoway (1968) found 
that chinook salmon acclimated In or tested in 
supersaturated water (greater than 118% N, 
sacur.ation) could not .survive a tempeni.ture of 
?2 C. Fbh acclimated and tested In water hav-

ing a lower dissolved ~as content (le.• than 
110% N,) also died, but at a slower rate. !..'sing 
adull sockeye salmon, Bouck et al. (1970) found 
temperature incrcas~s in saturated water fol-

· lowing exposure to sup~rsaturatlon c:aused an 
increased rate of blind 'en; doaths at higher 
temperatures (20 and 22.5 C) were related r.o 
pathogenic bacteria. 

The reladorlOhip bet1'een temper•ture and 
supersaturation for ju1 enile chinook •almon 
was studied by Cour.•nt (1970), but the results 
were inconclusive. Ebel ct al. (1971) reported 
that a mess of 115-120% N1 for 12 hours did 
not greatly affecl the tc1nperature tolerance of 
juvenile chinook salmon. When tested in heated 
water supersaturated l•t 125-130% N,, the 
prior mess •ignifica11tly decrea•e<l the temper­
ature tolerance of these fish. Fish tested at el­
evatid temperatures in .saturated water showed 
no effect that could be ~ttributed to the prior 
stress of .supersatur-aLion. 

The National Acaden:y of Science.tNational 
Academy of Engineer-inf (1972) concluded that 
supersaturation has no real effect on thermal 
tolerance. Becker (I 97!l), however, reported 
that higher losses o! juvenile oalmonids oc­
curred ~rnong those that had been subjected to 
the stre" of su persaturalion than among those 
that had not. He concluded that the exposure 
of •almonids to the Hanford thermal plume in 
the Columbia River was ·oo br\efto cau•e mor­
talities. 

Fickeiscn et al. (1976) studied the tolerance 
of black 'bullheads (l.:talm-us m•l"') to supenat• 
uracion at temperatures of a, 12, 16, and 20 c. 
Temperature effects were very slight within 
this range, and not of "cological signilkance. 
The TL50's were 126.';% TGP at 8 C and 
124.4% TOP at 20 C. 

l\ouck et al. (1976) found adult sockeyc salm­
on were considerably more tolerant· to 120% 
and 125% supersaturatiton when they were ac­
climated slowly from l 0 Cup to 18 C than when 
they ~er~ pt!t"r'r'litted lit1 le or no acclimation. 
Young :fish showed a ."ariable response: In­
creased temperatures increased toler.a.nce in 
one test but decrea•od it in two others. The 
effect of te1npet'ature on tolerance to super.sat­
uration appear> to bo sc slight that it is ofton 
overshadowed by oth<r JactOT•- In the tesls re­
ported by Bouck et al. ( 1976). the acclimation 
temperatur~ and period of accli~1~tir?n ap­
p4!ared to .significantl:.· al feet the test result~. 
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Tem~raturt": appear.s to h<t.v¢ lit.tie ditei;t ·in­
fluence on the tolcranf..'f: of R-sh to supersatu .. 
ration but it does produce an indirect effect by 
chang!ng the solubilitie' of di,.olved gase1. As 
water temperatures incrense the solubili.y of 
di.solved gases· decrease" thus resultir. g in 
greater levels of supersaturation even th Jugh 
the di•...,lved gas concentration ~emains con­
stant. This ha• long been recognized in re. 
.search on gas bubble disease. Engelhorn (' 943) 
used a rise in water temperature to bril1g 'bout 
•upcrsaturatio11 and produce •ymptoms of gas 
bubble diseaoe. Supersaturation ao a r .. st.lt of 
warming hatchery water w;u reported by Ruck • 
er and Hodgeboom (1953). ·westgard (:;!104) 
noted this mechanism was also re•ponsible for 
a minor portion of the supersaturation pre bl em 
at the McNary spawning channel. De Mont alld 
Miller ( 1972), Adair and Hains (1974), Miller 
(1974), and Marcello and Fairbank• (1976) all 
discussed aspect.5 of 3upc::r3a.lurati¢n a:1so<iated 
with thermal effluents. 

Malouf et al. (1972) described supers•tun.. 
tion produced by heating cold ;eawat-!r in 
closed heat exchangers. The supersatutation 
was sufficient to cau•e 8"• bubble disease in 
three spedco of bivalve molluscs. Lightner et al. 
(1974) described the disease ill shrimp romlting 

· from supersaturation produced by heatin;s sea· 
water tn .a closed 1ystem. Zirges and C:urtis 
(1975) encountered •imi\ar problem• after 
heating a water supply for chi nook salmc n sac· 
fry. The various aspects of these repor<s are 
discu11ed in greater detail in other se<tk·ns of 
thb review. · 

haacson (1977) questioned the role <0f gas 
bubble disease in heated effiuencs. This a·1thor 
pointed out that pop eye, a sign of this di;ea>e, 
can be caused by cold stress which could be: con­
fused with gu bubble di,ease in heated ef­
Rueots. Although thi• may be true in oome 
ca•es, it is unlik<ly that cold stre'5 would cause 
emboli and other recorded sigm that appoar to 
be specific to the di;eale. 

SaltW<lttr A.dc.plalitm 
In recent years there ha• been consid<:rable 

concern about the ability of juvenile salrr.onids 
to adapt to salt water following exposure to su­
persaturation during their downstream roigra. 
tion; As ga• bubble dl!ease produces v:irious 
ti,;ue change" described above, it ha> bc!tln 
theorized that it might also significantly reduce 

the ability of the juvenilt; .,aln1t)nid.s to undergo 
the phrsiological chaoges l'equired to m>..ke the 
transfer from frc.sh water to salt w~tet-. 

Dawley ct al. (1976) described an experiment 
with chi1,ook salmon and stedheads that had 
~\1rvived iuper.saturation bioassays. Surviving 
fish e><posed to 110%, ll5%, and 120% TGP 
for t 27 da'\.'S were transferred to 25~~o s~awatcr 
and held for 13 days. Most of the 50 chino<>k 
ialmon died in this teSt; only eight of the large1• 
fish survived ihe full test period. The majority 
of the fi;h may not have reached smolting size 
and thu• did .not have the ability to adapt to salt 

· water. ·survival was higher among the steel­
head• r.ested; most deaths werr. ¢f 5.naller fish, 
The author> concluded that prior exposure to 
supersaturation seemed not to affect the ability 
of >teelhead• to adapt to salt water and that 
their data on chinook salmon were inconclusive 
with regard to saltwater adapt~.tlon. .. . 

Bouck et al. (I 9i6) also tested the ability of 
various salmonids to adapt to oalt water follow· 
ing exposure to supersaturation. Following ex· 
posure to 110%, 115%, and 120% TGP, steel. 
head and sockeye and chinook salmon juveniles 
were transferred to gas-equilibroted •eawater. 
In all teots the trnnsferred fish either survived 
for o"·er 5 days. at whieh thne the experin1ent 
wa• ended. or died from causes unrelated to 
supersaturation. Bouck el al. concluded that no 
latent or delayed mortalities occur d1,1e to gas 
bubble disease af1er 5'lmonid smolts enter sea· 
water . 

.vo1i.saltn.01Lids 
Although much of the recent research and 

publicity on gas bubble disease has concentrat­
ed on salmonido because of the Columbia \fo·cr 
problem, there bas been considerable research 
oil other species. Gorham (1901) original1v ~·· 
$~tibed the di~ase from scup, a marine ~pec1es. 
Scup were killed by gas bubbl~ disea>e when 
held in shi!.llow aquaria c:onta.1n1ng wate:r \\'1th 
135-145% TGP <based on the iolubilities used 
by Gorham). Marsh and Gorh•m (1905) _re­

-ported the disease in a variety of other SJXt:lC:~. 
pre;umablv at similar dissolved .gas le\'els. bi.it 

few quantitative details are provided .. · 
Woodburv (1941) ob,erved g;i• bubble dis. 

ease in a va~ietv of fresh\"O).ter fish as the result 
of oxygen supersaturation_ caused bv pho1oiy11-
thetic ,..;tivity. Black crappies (Pomo.-ru mgro•nac­
ulalus), bluegills (l<pomu >nacrochinc). northern 
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pike (£.iox lucius), ond ~arp (Cyprinus carpio) all 
died at very high oxygen lel'els 130-'32 ppm), 

Dannevig and Dannevig (1950) a"nd Henly 
(1952) discussed ·gas bubble disease in anifi­
dally hatched Atlantic cod, herring, and plaice 
(Pleuronectes microcepha/us), but gave no detail5 
about dissolved s-•• concemrations. Stickney 
(1968) produced the disease in herring held in 
aquaria at 122% TGP. 

Egusa (1959) compared the tolerance of five 
species to dis.1Qlved gas supersaturation by de­

·termining the "detrimental nitrogen limit" 
(1igns of ga• bubble di!Oase in 50% of test fi>h 
with.in 2 weeks) and the "lethal nitrogen limit" 
(50% mortality within 2 we<k!), The detrimen­
tal limits for the fish were 125% for adult gold· 
nsh and eel (Anpil/ajaponica); 130% for young 
goldfuh, young c~rp, adult killifish, and adult 
bitterling (Rhodeu:s acellatus). The lethal limit> 
were 120% for adult carp; 125% for adult 
goldfish; 130% for eel, young carp, bitterling, 
and young goldfi•h; over 140% for killifuh. 
Supersaturation value• given by Egusa are per­
cent nitrogen saturation, and would be about 
5% of saturation lower if reported a• TGP. 

Renfro (1963) reported gas bubble disea$e 
mortality for a number of marine fishe• in Gal­
ve>ton Bay caused by oxygen saturations ap­
parently over 250%: •potted •eatrout (Cynwcion 
nebulosus); gulf menhaden (Brtvoortia pawonw); 
bay anchovies (A1tchoa milchilli); juvenile Atlan· 
tic croakers (MicropogQn u11du/atus); speckled 
worm eels (,'Hyrophis punctatus); longnose gar 
(Lepisoi·t<US osseus). 

Marcello •and Fairbanks (1976) described a 
mortality of Atlantic menhaden due to gas bub­
ble disease. Supersaturation re•ulted from tem­
perature incTCase• in the cooling water dis­
charged from the Bo•ton E.dl•on Company'• 
Pilgrim Nuclear Power Station. Diuolved oxy­
gen levels measured durin0 the mortality were 
frequently between 180% and 140% of sau.1-
ration. Total dissolved gas level! were likely in 
the same range or higher. Several other spede• 
of fish and invertebrates were obleTVed in the 
supersaturated area with. no evidence of gas 
bubble disease. Clay et al. (1976) found Atlantic 
menhaden held in shallow tanks showed signs 
of the diseaso at I 07 % TGP within 96 hour .. 

OeMont and Miller (1972) and Miller (1974) 
described the occurrence of the disease in a 
nu!11ber ?f species from La~e Norman, North 

Carolina. Signs oc<:uned prirnarily in v.·hite 
bass, redbreast sunfish (L<pomLr auritu.s), blue· 
gills, and threadfin shi;d (Doroso>IUl ptl<n<r•«). 
Signs were also reported in a few individu~b of 
ten other species. The:.e fish experienced su• 
persa1uration as high B 130% TGP thot was 
produced by the heati1.g of lake water at the 
Marshal Steam Generating Sration. 

Fickeisen et al. (1976) studied the tolerance 
of black b'.dlheads to su JeT!aturotion at several 
temperatures. The diss<'lved gas level required · 
to· produce a 50% mor .ality of the test popu­
lation during 96·hour •e"' (TL50) was about 
125% with slight differet\ee5 depending on the 
water temper2Lurc. 

Supersaturation bioas ;ays were conducted by 
Blahm et .al. ( 1976) t)n a variety of >pecies, in­
cluding .largemouth bas; and mountain white• 
fish, whkh were also te;ted in comparable in­
termittent-exposure testi. The largemouth bass 
were more tolerant of s~ persaturatlon than the 
salmonid species while the tolerance of moun• 
tain whitefish was about equal to that of coho 
salmon and Steelhead•. This conclusion was 
based on the time to mortality of 50% of the 
te!t population (LESO) a: 130% N, for 24·, 16·, 
and 8-hour/day expoou1es. Bioassay• of smelt, 
crappies, and norther• •quawfish were abo 
conducted by Blahm et ~I. in river water at am­
bient supersaturatiJJn ranging from about 
113% to 123% TGP. Although the tens mea­
sured different end pomts, they did indicate 
that the tolerartce of smelt was similar to that 
of steelheads but less than that of most >almo­
nid1. The crappie! and northern •quawfi•h 
were more tolerant than the salmonid1 and suf· 
fered no deaths in 20 tlays and 85 day>. re­
spectively. · 

Bouck et al. (1976) Nported less than ·10% 
mortality of largemouth bass <xpo>eil for 20 
days to about 125% TGP in 0.65 m of water. 
The larg<mouth ba11 were able to capture and 
eat juvenile salmon during this test. Apparent• 
ly, supersaturation in the ranges normally ex­
perience.d would have lit"le effect on predation 

. by this ·~pedes. Bouck N al. (1976) reporled 
shinen (Nalropis >p.) and crappies (Porn,,.,;, ;p.) 
have a u:ilenince compai able to that of salmo­
nids. Bluegills, northern 1quawlish, and war­
mouth (Ltpotnis gulo.ms) 'NCt'e more tolerant to 
supersaturation than shi·1ers and cr-"'ppic:i but 
were le,, tolerant th.an li;1..rgC"n:iouth bass. bu~·. 
heads (/ctalurus sp.), and carp. 

..:..· ····-

·-·-·-· __ ,_.,,_, ·~-· .... --. .. ,~ .. , ... --..~.~.·~1~· ... _ t o_;.,.;c t.:=tS::Z.,_Cff4.:...43£1L~A·-'·ii''!':-W· 

r • U<!f~U 

• 

.~ nuinber of ::11 

erance of the n 
predator of Juve: 
downstream mig 
(1974) found ad 
n·1ore t.o1erant to . 
chinook salmon j• 
fish were of equ• 
TGP when tes1ed 
venile chinook Sil: 

a irouSh \Yith no~ 
able to predation 
active than thr,: p1 
them, at 111% T 
thal •upersatu10• 
fo:ts on a prindf 
on the pt"Oy. 

Bioassays of nc 
supersaturated v 

low tanks (0.25 
Twelve-day mo' 
TGP: 60% at 12 
and 0% at 110, : 
TGP, all fish die 
vors of the 120 
rr\OSL of the fish t 

signs of gas bubl 
days. 

Ber1tley et al. ( 
squa"fah colleet 
ing periods of r 
ti,)n sho\ved less 
fish colle<:l<d du 
persaturation v.·.o 
was decreased b 
tbe bioass.ays. nc 
main on the bo 
exposure to so 
Joay be respon.!ii. 
·served in nature. 
survival througl: 

Parametrix {I 

do"''O${t'eam frt:"· 
Rufus Woods. ' 
h~ve been as h 
·rears. Ouring th 
super:;aturation 
period. The pr< 
of 'e"eral age-cl 
taken as an indic 
sllr\·l,·1ng the pr 
pt:isatutt.1tion. 
from downslrc::a 



:d. priinarily in white 
·:Ll'porni1 auriiu.s), blue-.. 
' ( Dorasou1a pele11ens~). 

: a few individuals of 
fi11h experienced su-
1 30% TCP that was 
>f lake water at the 
Station. 

.:udled the tolerance 
·r.sacur.o.don at l!c:,·cral 
•cl gas level required 
:)· of the test popu­
' (TL50) was about . 

.•cos depending on the 

· n were conducted by 
'riety of species, in­
;,d mountain whlte­
.1 in comparable in· 
ne largemouth bass . 
.·:,aturation than the 
tolerance of moun .. 
, ual to that of coho 
'his cortclusion was 
:.>.lhv of 50% of the 

'<1 for 24-, 16·, 
. ........ ,assay~ of smelt, 

.. quawfi5h were abo 
.. in river water at am­
nnging from about 
· 'iough the test> mea• 

,s, they did indicate 
:t was similar to that 
: that of ll!O•t salmo-­
northern squawfish 
.e salmonid.s and suf­
-.ys and 35 days, re• 

orted le5' than 10% 
"''' exposed for 20 
in 0.65 m of water. 

· able to capture and 
! this test. Apparent· 
ranges normally ex• 
' effect on predation 
al. (1976) reported 

:rappies (PomoxiJ sp.) 
ble to that of salmo­
lquawfi.sh, .and war· 
·?re 1nore tolerant to 
!rs and crappies but 
-~-.,outh ban, bull-

rnrumr.TK 111 rA11 NU. ~uo oo~ oouo r. uor~u 

01,SSOL\'E:O CA~• St.;P£RSb'TURATION-A R£VI£\V 687 

A number of studies have examined the , ol­
erance of the northern squawfi~h, .a rn3:jor 
predat.or of juvenile ••lmonids during tf.eir 
downstream migration. Meekin and Turner 
(1974) found aduh northern iquawfish to be 
more tolernnt to 111 % TGP than neelhead ;,nd 
chinook salmon juveniles, but the adult squ:iw­
fish were of equal or lower toleran~e to 122% 
TGP when tested in shallow water (20 cm). Ju· 
venile chinook salmon and steelheads place<! in 
a trough w1th northern squawfish were yulr.er· 
able to predation at 100% TGP but were m'ore 
active than the predators, and were ignored by 
them, at ll 1 % TCP. This indicates that suhle­
thal supenaturation may produce greater ef· 
feetS on a principal predator of salmonicls t'1an 
on the prey. 

Bioassay• of northern squawfish in consta·•tly 
.S\lpersaturated water '"'·ere conducted in s:1al· 
low tanks (0.25 m) by Bentley et al. (1976). 
Twelve-day mortalities were 100% at 1~ 6% 
TGP: 60% at 120% TGP: 32% ai 117% TGP; 
and 0% at 110. 107, and 100% TGP. At 11:6% 
TGP, all fish died in less than l day. All su rvi­
vors of the 120% and 117% TGP tests, and 
most of the fish e"posed to 110% TGP, sho"'cd 
signs of ga• bubble disease at the end of the: 12 
days. 

Bentley et al. (1975) also found that nord.ern 
squaw6sh collected from the Snake River <lur­
ing periods of moderate to high supersaura­
tlon showed less evidence of feeding than the 
fish colleeted during times when little or n<• su­
persaturation was present in the area. 1'ee1ling 
was decreased by about 50% at 115% TGl". In 
the bioasoays, northern .squawfish tended to re­
main on the bottom of the test tanks during 
exposure to oupersaturatlon. This behavior 
may be responsible for the reduced feedini; ob­
served in nature. and mav contribute to b1:tte::r 

·survival through depth c~mpen.satlon. 
Parametrix (1974) sompled resident •P•!Cies 

downstream from Grand Coulee Dam in :_ake 
Rufus Woods, where le11els of supers3'urntion 
have been as high "" 145% TGP in pre• ious 
years, During the time of this particular su -vey, 
supersaturation reached t10% TGP for a oricf 
period. The presence of a variety of adul1 fish 
of •evcral age·classes in Lake Rufus Wood:. wao 
t:;i.ken as an indication thnt the populations were 
surviving the previous y"'1rs high level$ of su­
persaturation. Although recruitment of fish. 
from downitream re!ervoirs or from tribU1ari'l!:s 

is not possible in this area it i> probable that 
rccruitinent of at leas< some adult fish occurred 
from Lake Roosevelt, which is behind Grand 
Coulee Dam. Lake Roo><velt hod also been su­
persaturated (140% TGP) in .the previous year 
(Seattle Marine Laboratories l 9i2b). 

The siudies discussed above indicate that the 
tolerance of different specie, tO .supersatura~ 
tion can vary con$iderably. Salmonids ~re 
among the leo1t tolerant fish but others. such 
as Atlantic menhaden, m;:iy be e\·e:n lc,,s tole!'• 
ant: In natural situations the .toler'ance of a 
specie• will be affected by beha\'ioral pattcrn1 
such as depth diotribulion or attraction to he~<­
ed waters. 

Causeo of Supersaturation 

Water may become supersaturated with at­
mo•pherie ga;es through any one of several 
different processes, either caused by ·humans 
or o.,ture. The.se processes eir.her nu~e an in­
crea.$e in thr: :amount of air disrolv~d or they 
reduce the amount of air water will hold. 

Lindroth ( 1957) d.iscussed four wap by 
which water may become supersaturated: (I) 
water con.tititl:& dissolved gas coming from a gas 
mixture containing a higher percentage of that 
gas than is normally found in air: (2) water con­
tain• ga. that was dis;olved under a higher­
than·atmospheric pressure; (3) water contalltS 
gas dissolved at a lower-than-~mbient temper­
ature; (4) two bodies of satur:ned water at t!if­
ferent temperatures are mLxed. 

The first mechanism is probably of little it"!· 
portaace as it i.s likel~· to be enco1.i.nle:red onlj-· 
in experimental situoitions. The .sC(Ond mech­
anism has been involved in many of the docu­
mented supcr3aturation problem~. indicated in 
the following discussion• of air inje<(ion and 
hydroelectric project,. The second mechoni•m 
is also involved itt the ~upersatur;:1don of nat~ 
urol spring>. The third mechanhm hos <au;ed 
supersaturation in the heating of «ater suppliei 
for fish culturo, the cooling water> of power 
generating f;).cilitics, Olitd in geothern1al heating 
of natural waters. The fourth mechani'm may 
au.se $Uper$aturatior\ but i!.' \1nlik~ly ~o produce 
levels high enough to cause gas bubble di>ease 
under most circutn5tane~.s. An additional 
mec:hanism not mentioned bv Lindroth\ 1957) 
is photosynt.hesis. PhC>tosyn~hetic acti\'it\· has~ 
been responsible: for several reported r-;ises ot 
the dioease. 
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Air llifectio11 

Any sh uation that allows air to .be. mixed with 
water under pressure riluch gre3lCr than one 
atmosphere can produce supersaturation if ad­
equate \'Olumcs of air are available. The initial 
description of gas bubble disease and its cause 
by ~hrsh and Corham ( 1905) resulted from 
this mechanism. A leak on the suction side of 
the saltwater supply.system for the Woods Hole 
aquarium system permiued air to .be drawn In 
with the water. 

The supersaturation· problem at Flodevigen 
marine 6sh hatchery was reported by Dannevig · 
and Dannevig (1950). In this instance, air was 
sucked into t.he system at the shaft bearings of 
the pump. Harvey and Smith (1961) described 
a Canadian hatchery intake system that per· 
mitted air to be sucked into the Intake under 
various c:ondidotl5 causing supers.aturation. 
Wyatt and Beiningen (1969, 1971) found a sim­
ilar situation at an Oregon hatchery intake. In 
both cas.es partial occlusion of the intake per· 
mitted sufficient air to be drawn into the svs-
1eros to produce supersaturation and gas b~b­
ble disease in exposed 6sh. Hughes (1968) 
encountered a supersaturation problem result­
ing from air leaks in a lobster hatchery water 
supply. 

Such air leak• on the low pte$s1.lre side of a 
water supply •ystem can easily cause super>at­
uration in a fish culture facility. This •hould be 
one of the first sources investigated when su· 
pcrsaturation problems are encountered in a 
pumped \\'ater source. 

Johnson (1976) reported a somewhat differ­
ent source of supersaturation. Seawater w.i.1 

pumped into.an unused line that was filled with 
air. The pressure in the line cawed the air to 
supersaturate the water sufficiently .to produce 
gas bubble disease in the blue crabs and •everal 
nsh. This appears to be an unusual cause of 
supersaturation but one that could easily be en-
countered in any piped water supply. . 

Fast et al. (1975) and Fast (1979) reported 
dissolved nitrogen .supersaturation in New 
York and California lakes. In both cases, arti· 
ficial aeration caused diosolvcd nitrogen con• 
centrations to reach 140-150% of saturation. · 

Hydrotltctric Proj<<ls 
Spillways of hydroelectric projec;ts cause air 

and water to be mixed and ca.rried to $ubstao· 
. tial depths in a plung< basin. At the depths nor-

n>ally encountered in plunge basins, the hydro­
static pressure is suf1ident to gre~Uy increase 
the solubilities of at111ospheric gases. The air 
thus Pa.sse3 into solulion in sufficit::n~ amounts 
to produce supers.-.tU"illion with respect t<) 5ur­
face or atmospheric pre,.ure. These •ources of 
supersaturation fr-equently have the ~apacity to 
supersaturate large v1>lumes of water and thus 
cau;e a major problem. 
· Jarnefelt (l 948) re;ognized supersaturation 
associated with a· h!·drodectrii: project and 
measured oxygen supersaturation as high as 
127% at a Swedish project. Total dissolved gas 
pressures were likely at least as high. Lindroth 
( 1957) also measured supersaturation below a 
dam on the Indalsalv .. n River, Sweden. 

High level• of supenaturation in the Colum· 
bia and Snake rivers \\ere nrat reported by Ebel 
(1969). During the 1~·66 •Pill period Quly and 
August), nitrogen lew ls above I20% saturation 
were measured in the Columbia River. Dis­
solved gas levels rema:ned near saturation dur· 
ing the remainder of 1966. In 1967, Columbia 
River saturation levt:ls were comparable to 
those of 1966. Diurnll variations in nitrogen 
saturations were meamred at Tl}e Dalleo Dam 
during 1966; disoo.lve<I nitrogen concentrations 
were found to vary o:tly 0.6 mgniier during a 
24-hour period of cor stant spill. 

The effect of john Day Dam on the dissolved 
nitrogen levels in the Columbia River during 
1968 was described by Beinlngen ~nd Ebel 
(1970). The dam was closed in April 1968, be­
fore the generators were operational, so that 
the reservoir (01.lld b" filled and the nshways 
put into operation to <ecommodate the spring 
salmon migrations. This required total spill of 
all water passing John Day Dam and produced 
dissolved gas levels ftc•m 120% to 145% of sat• 
uration. Levels In exc1·;; of 125% of saturation 
were recorded below John Day Dam through 
September 1968. Water temperatures abo in­
creased due to the "arming of water in ihe 
newly created John Dily Reservoir. 

Dis~olved gas levels and a•sociated. variables 
for ri:umcrous locati0t1s on the Columbia and 
Snake rivers are pr•S•!nted by Beiningen and 
Ebel (19i0) for the years 1965-1969. Ebel 
(1971) presented add;tlonal data for the year 

. 1970. Oi5solved gas levels were generally lower 
in 1970 than in previous years for the Columbia 
River but \\'ere high in the Snake River. due to 
the spill at Litt!< Coo.s: Dam . 
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Roemer and Norton ( l 9i I) developed a 
mathematical model to evaluate .air entrain­
ment in water passing over •pillways. The mod­
el was developed from monitorir>g data collec1-
ed at three lower Columbia Rlver dams (joh;1 
Dav, The Oallc:o, and Bonneville). 

~leekin and Allen {1974a) reported,dissolveol 
gas level.t asoociated with tontroUed·ffow sruc­
ies at ChiefJooeph Dam on the.Columbia Rivel'. 
Widely varying dissolved gas levels were met· 
sured in the up.stream reservoir, as \'t'ell as 
downstream, between individual controllee. 
flow tests. The reported variation·s within 1hort 
time period• (2 hours or less) have not been 
found in other dissolved-gas monitoring stu< · 
ies. Although the report indicates the varia<ior.o 
in •uperoaturation are probably due to diffe1·­
ent blocks of water, this condusion does n<•t 
appear co be supported by the data presented 
in the report. 

Meekin and Allen (1974b) presented the m­
oults of di>solved gas monitoring in the mid· 
Columbia River from 1965 and 1971. Supel'· 
saturation cxcurred <hroughom this region "f 
the Columbia River during high-flow period;. 
Grand Coulee Dam produced high levels of s\1-
persaturation, and the damo below Grand COil· 
lee in thio region increaoed the levels of ,upe·­
saturation only slightly over those in watn 
atrlving at each dam. Prie•t Rapids and Rody 
Reach dam• actually reduced supersaturation. 
when the water arriving in their forebays w"s 
highly •upersaturated. 

Meekin and Allen (1974b) abo monitored d.e 
river upstream of Gr.ond Coulee Dam in 196 ;, 
1970, and 1971. During theoe ye3ro, this watc:r 
was super-.aturated to some degree. It C1<Ceed<d 
120% TCP in 1970 and approached this level 
in 1971. Seattle Marine Laboratories (1972 '· 
1974i monitored disrolved gas leveb above ard 
below Grand Coulee Dam in 1972 and l 97 J. 
Lake Roosevelt, the reoervoir behind G .. r d 
Coulee, cOntaincd water !lupersa.tuntt:;d to ov·~r 
120% J'GP. This supersaturation was pr.,e u 
in Columbia River water entering the Unit\'d 
States from Canada. Downstream from Grated 
Coulee Dam, the Columbia River water ex<ee-1· 
ed 140% TGP in 1972. 

Blahm (1974) and Blahm et al. (1975) de­
scribed diooolved gas monitoring below Bonne­
ville Dam on the lower Columbi> River in 1974. 
Dio•olved g;is level• averaged near or abo;e 
120% TGP in thio lower reach of the river dur-

ing May and June. The repom also described 
chan~~ in dissolved gas concentrations as the 
1-iv.r water tra\'eled 110 km dqwn;u•,.am from 
Bvnneville Dom. The United States Army . 
Corps of Engineers (1975, 1977) provided com­
plete reports for dissolved-gas monitoring data 
for the Columbia and lower Snake rivers in 
1974, 1975, and 1976. Boyer (1974) presented 
a detailed anal pis of the dams and the various 
physical factors involved in <he supersaturation 
problem in the Columbia River system, a valu-. 
able rerource to an·yone d""ling with supersat· 
uration reoulting from dam•. 

Seattle Marine Laboratories (1972a) pre­
sented. re~ults of dissolved-gas monitoring stud· 
ie• on the middle and upper reaches of the 
Snake River in Idaho. This major 1rlbui:ary to 
the Columbia River cont::J.iru numerous dams. 
Disrolved gas leveb in the upper reacheo of the 
river remained below 110% TGP. Water. below 
a serie• of thr.., dams in Hells Canyon along 
the middle reach of <he river exceeded 120% 
TCP at time>. Downstream from the lost dam 
in Hells Canyon, disoolved gao level! gradually 
decreased to below 110% TCP at the conflu­
ence of the Snake and Salmon rivers. Parame­
trix ( 1974) again measured high dissolved ni­
trogen concentrations below the Hell> Canyon 
dams; however, t0i:al dissolved gas levels did 
not exceed 110% due to low oxygen concentra­
tions. 

Dissolved ga.s concentrations in the Canadian 
portion of the Columbia River. its tributaries. 
and several other rivers were reported by Clark 
and Regan (1973), Clark (1974, 1976). and 
Abeloon (1975). These rivers frequemly ex· 
ceeded ll0% :rep and the Columbi• Ril'er ex· 
ceeded 120% TGP at times. 

Thtrn1al lncroam 

In recent years, e:lei:trical generating fai:ilitic.s. 
have been c.onstruc::ted that signiliGJ.ntlv rci.i_,e 
the temperatul"e of large volun1e~ of water. 
These temperature increaSe$ frequently ha\·e 
been sufficient to cause supersaturntion of the 
water. Supersaturation oc;curs because the sol· 
ubility of• dissolved gao decreases as the tern· 
peroture ri!es while the aaual volum• of gas 
disoolved remains the .ame. 

Harvey (196i) reported that woter in a Ca· 
nadian Jnke became naturally S.l.lpl'.'r'!'.H!lrated 
during the late sprii1g and summer of 1961. 
Solar radia.t:ion increased the [ea1perar11re of 
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the lake sufficiently to produce supersaturation 
of 110-120% TGP at thderel of the lake'• ther­
mocline. 

Del\olont and ~liller ( 1972), Adair and Hains 
(1974). Jenoen (1974), and :.tiller (1974) dis­
cussed various a.spec:~ of supersatun.tion of 
cooling waters from three stea1n generating Sta· 
lions jn North Carolina. Supersaturation in lhe 
heated efAuent of the Marshal Steam Station 
exceeded 120% TGP and apparently roached 
130% TGP at times. Two associated steam sta­
tions, Allen an·d Riverbend, abo caused super­
saturation of cooling waters but a low incidence 
of gas bubble disea!e. The ~lanhal Steam Sta­
tion caused greater cetnpe:raturc increases and 
produced supersaturation a1 high levels ov<.r a 
longer period of time than the other two sta­
tions. The level of super;aturatlun was related 
to the depth of discharge outlets and volumes 
of ffow. 

Marcello and Fairbank.s ( 1976) de,cribed a 
similar problem at the Pilgrim Nuclear Power 
Station on Cape Cod. Allhough only di.solved 
oxygen was measured, these 1ne.a5urements do 

•dlcate that total dissolved gas levels exceed 
AO% ~t times and were frequently above 120% 
TGP. Experience has shown that oxygen levels 
normally are equal to or lower than total dis­
solved gas levels unle .. super•aturation i1 
caused primarily by photosynthetic activity. 
The high levels of supersaturation at the Pil­
grim Station were caused by temperature in­
crease• of 13-25 Cover ambient temperatures. 
Only slight decreases occuned in the volume• 
of dissolved gases as indicated by oxygen con• 
centrations pre•ented in the report. 

Supersaturation has been caused in other sit­
uations where water has been heated for cul· 
ture purposes~ Shelford and Allee (1918) heat­
ed water In a closed system, which caused 
supersaturation. The temperature increases of 
8-17 C, without lo., of di.,olved gases, pro­
duced !Upersatur.ation .sufficient to cause ga1 
bubble disease. These temperature increases 
would have produced supersaturations of 115-
130% TGP lf the water had b<:cn saturnted 
prior to heating and no g"dS '''a$ a!low~d to es­
cape. 

Embody (1934) heated water in a closed sys­
tem to hatch trout eggs. Temperature increases 
over 5 C caused gas bubble disease in hatching 

" .Ii. temperature increa:sc in thi$ tange prob~ 
Jly cauled supersaturation of 112% TGP as 

the water supply was ''PP 1Tently near satura­
tion prior to being heated. 

Erdman (1961J reported the disease in At­
lantic sahnon fry in stream waler heated more 
than 2.8 C. The cold 1tream W2ter was near 
~aturation p1i0t to the te l\p4!raturc rise. No 
dissolved ga• le,cls were r !ported for the ga• 
bubble disease Incident. !>tickney (1968) re­
ported that Culf of Maine waters were super­
saturated due to photosynthesis and heating. 
1'itrogen levels as high as 128% were ~ppar· 
ently due to temperature lncre.,cs. Total gas 
pre,,utes •• high •• l 20% apparently caused 
no problem in natural wate··i but did cause the 
di.sea.se in fish \\·hen the wat1~r 'vas pumped into 
the laboratory. 

Lightner et al. (1974), encountered oupersat­
uration In a heated seawater supply that caused 
gas bubble disease in brow11 shrimp. Thi• •ea• 
water was heated from 22 C to 28.8 C In a 
closed ;ystem. The 7 C in crease would have 
produced a supersaturation of about 112% 
TCP if the water were satuuted prior to being 
heated. 

Zirges and Curtis (19i5) .-aised the temper­
ature 4.5 C for the water supply to a chinook 
salmon hatching facility. St:persaturation was 
high enough to cau•• gas b• bble disease in sac 
fry. Dissolved gas levels were reported to be 
106% for oxygen and 190% for nitrogen. The 
190% nitrogen figure a ppeas to have been a 
misprint as the nitrogen tevl"I would only have 
incrca•ed to 110% due to th•! temperature rioe 
if the water had been satun ted prior to heat• 
Ing. 

The episodes of super;a uration reported 
above indicate that supersauration •hould be 
considered any time aquatic <>rganisms may be 
exposed to heated water. Th 'include• cooling 
waters of large industrial facilities or water; 
heated for aquatic culture pt rpooes. 

4\ratural Cat.Qc.r 

Supers2turation is nol a ne\v or ner:;:essarily a 
human-<:aus~d phenomenon. Spring and well 
waters are frequently supersaturated with dis­
solved nitrogen although oxy-1Cn levels are fre· 
quently low. Marsh and Gorham (1905) dis­
cussed •uch situations in the• ell water •upplies 
at a Tenneosee and a New H;mpshire li!h 
hatchery. The aspirating effect of water Aowing 

-downY•ard. into aquifers carri•!S 2ir _wich-it. The 
air is thu$ mixed \\·ith waLcr under considei-.ible· 

r. oor~o 

pre55urc in the ac 
tion• may 6e redc 
walt:r:s; however. t: 
ga& t'tt11aln:s in ~ol· 
tion problem•. 

Marsh (1910) d.,, 
supply for a fish c1· 
tomac River where ,­
ceed ed 140% of sat 
(! 948) described a 
·water supply havin 
gen, 80% oxi·gcn) 
cussed a variety of; 
Japan that produce' 
solved nitrogen 5~ 
160% were reporte 

flowing 5urface , 
urated by natural , 
•cribed how rapid' 
and .supersaturatio· 
Ebeling (1954) and 
oxygen supersaturt 
due to falb and r; 
scribed how bubbli 
in a turbulent strea 
saturation as well a 
observed that fall• ' 
due~ !)1.1~rsat1,1niti' 
ba;ins at their ba,<e 
saturation. Harver 
5imilar :5ituation3 lr 
streatrl. Super::iat.uL 
flows with high fall; 

Parametril< (1974 
.r,onta.ined di$$¢lve<. 
121%; however, lo 
dom exceeded 11 Q 
persaturation are ; 
that river flows wer 
,·ear of monitorin: 
~esult of both temF 
increases in dissoh 
as the \Vater moved 
in the amount of c 
prirr1ary factor P~­
ing the higher flow 
A~ di,c:1.J~~~d (lb<;t' 

.as .a c:au.~e of gas bt: 
an lead to high Jo; 
natural ,.,.·01ters. V•lc 
al. (1951), Schma"' 
Varcnika (1956), F. 
and Lightner (19i' 



.s al', cntly near satura­
eated. 
?orted the dlsea•e in At­
·trcan1 water heated more 
d stream water was near 
the temperature rise. No 
•ere reported for the gas 
!enc. Stickney (1968) re­
:\faine \V;ters were $uper~ 
otosynthesis •nd heating. 
igh as 128% were appar· 
>ture increases. Total gas 

120% apparently caused 
11 waters but did cause the 
he water was pumped into 

14) encountere_d supersat­
owater supply that caus<:d 
brown shrimp. This •ea­

'm 22 C to 28.8 C in a 
/ C Increase would have 
turation of about 112% 
e saturated pl'ior to being 

1975) raised the temper­
·ater supply to a chinook 
11ty. ~-·...,ersaturation Wa:1 

gas >le disease in sac 
ols w~re reported to be 
190% for nitrogen. The 
appean to have been a 

en level would only have 
c:: r.o the temperature tbe 
saturated prior to heat-

1persaturation repol'ted 
persatu ration should be 
1uatlc organisms may be 
!r. Thb includes cooling 
:rial facilities or waters 
'ire purpo•es. 

1l Cawts 

ot • new or necessarily a 
nenon. Spring and well 
u persatu rated with dis-

1h oxygen levels are fre-
1d Gorham (1905) dis-
1 the well water supplies 

New Hampshire fish 
'effect of water !lowing 

·; carries air with it. The 
lter under considerable 

--l"f";-.. . 

t' nt\ 11v, c...vv vuv UuvU (, \JVfC::U 

DISSOlVtO CA.S ~Ul"!RSATURATION_.A R£\'lF,.\V 691 

pressure in the aquifers. Oxyger1 co11r,entro­
tlons may be reduced prior to use of these 
waters; however, the inert di:Ssolved nitrogen 
gas remains in solution, causing super.sa1ura· 
tiori. problems. 

Marsh (1910) described a supersaturated well 
supply for a fish culture station along the Po· 
tomac Rlver where dissolved nitrogen loveh ex­
ceeded 140% of samratlon. Ruck¢r and Tutde 
(1948) described a Washington State hatchery 
water supply having 110% TGP (120% nitro­
gen, 80% oxygen). Mat•ue et al. ( 1953) dis· 
cussed a variety of artesian wells and sprin.~s in. 
Japan that produced supersaturated water. Dis· 
solved nitrogen saturations as high as t50-
160% were reported. 

Flowing .5urfacc waters may al:so be s1.tper:;at· 
urated by natunl <auso;. Jarnefelt (1948; de­
scribed how r.apids can cause air e1\ttain.irtent 
and supersaturation just as dam spillway• do. 
Ebeling (1954) and Holl (1955) both recorded 
Ol<ygen super>aturation of streams. appaxi:ntly 
due to fall, and rapids. Mortimer ( 1956~ de­
scribed how bubbling and violent •gitatio11, •• 
in a turbulent >tream Aow, can produce sc per­
saturation as well as reduce it. Lindroth (1957) 
observed that falis with deep plunge b.,irts pro­
duce supersaturation while those with sh,.llow 
basins at their base produce little or no SL per· 
saturation. Harvey and Cooper (1962) observed 
similar situations i~ a. British Columbia coa:stal 
stream. Super1aturation occurred at high :iver 
flows with high fa.lb having deep plunge bosins. 

Parametrlx (1974) reported the Salmon River 
contained dissolved nitrogen level> as hl8 h as 
121%: however, total dissolved gas level.! sel­
dom exceeded 110%. Even these levels of su· 
persaturation ore high when it is consid<red 
that river !lows were extremely low in 197~, the 
year of monitoring. Supersaturation wa1 the 
result of both temperature increases and slight 
increase.s in di!solved nitrogen concer.tra.ions 
as thr: w~ter moved down:strearn. The in.CtJ:3.$e$ 
in the amount_ of di•solved nitrogen wert· the 
primary factor producing supenaturat:on dur· 
ing the higher flow periods. 

As discussed above under the topic of oxygen 
as • cause of gas bubble disease, photosynthesis 
can lead to high levels of dissolved oxyg•·n in 
natural waters. Woodbury (1941), Alikunni et 
al. (1951), Schmaum;inn (1951), Rukavina and 
Varenika (1956), Renfro (1968). and Supplee 
and Ligbtner (1976) all recorded c.,es of SU• 

per•aturation .:aus<d by photo.1ynthe>is. It is 
likely temperature also played a role in these 
ca;se$ '15 the hne1\:sc sunlight nece:ssary for high 
levels of oxygen production through photosyn­
thesis \VOuld also cause signific;int incre:i.ses of 
the water te111perature. : · 
- One case of natural supersaturation caused 
by geothermal he•ting h~s bce11 reported 
(Bouck 1976). Totll! ga• pre•sut•es of 107-110% 
were measured in streams heated by geother­
mal action in Oregon. Although 105% TGP was 
sufficient to cause hatchery trout fry to develop 

·gas. bubble disease, fish in the natural str<am 
with 107-110% TGP showed no signs of the 
disease. This ia a minor but obviouJ;1 dt;:tnf)n­
stration of the differences between natural and 
artificial situotioh• •nd the difficulty that can be 
encountored in a1Suming the two are equally 
susceptible to any perturbation. 

Solution• to Supersaturation 
Sup•rsaturation of water wlth dissolved gas 

results in an unstable condition that tend• to 
return to :a scace of equilibrium. The rate at 
which this n2tur:>lly occurs is usually too slow 
to prevent the pt0blems discussed in this re­
view. It b important to recognize that water is 
supersaturated only with respect to atmospher­
ic or surfac:c wnd.itions. Hydrosuitic pressure 
may greatly reduce or eliminate the tendency 
of the la.ge volume of deeper water to equili­
brate with respect to surface pressures. Deeper 
w2ters in reservoirs, rivers, o<:e4nS, et cetera, 
may actually have no tendon<)' to k>'• dis;olved 
gases a• they are not truly supersaturated. The 
hydrostatic pressure tho< frequently causes the 
air to become dll$Olved at high con<:entrations 
"1ill also rnairlblin che high concent1"2tionJ in 
subsurface \~.ater, 

A va:ri~ty of !Qiutions to supersaturation in 
artificial water mpplies have been used ovor the 
year~. Morsh (1910) flowed w~ter through shal­
low troughs with rough bottoms and O\-er >tocks 
of 3iX perforated pans to reduce super.satura~ 
tion. Both of these systems worked for imaJ. 
water flows. Embody (1934) ''"" able to remove 
supcr5aturation br paasing th' ~·ater O\'er a se­
ries of bafAes pla<ed at the heod of a trough. 
Rucker and Tuttle (1948) •Uc(eeded in reduc­
ing dissolved nitrogen from 14()% to nea_r S•<: 
ur ... don by cu.scading w~ter through a sen~~ o: 
six trough• or shelves about 0.25 m apart. H~r. 
vey and Cooper ( 1962) used a splash tower Wltf. 
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12 sets of baffles to reduce nitrogen from near 
120% to near .aturation. 

Dennison and Marchyshyn (1973) described 
a small inexpensive box d.signed to equilibrate 
water. The water flows in a thin layer over a 
perforated plate through which air is pumped 
to strip excess gases from the water. This device 
reduced oxygen saturadons from ll8% to 
100%. Wold (1973) described the use of a large 
aerator facility for removal of excess dissolved 
gases at the Dworshak Nalional Fish Hatchery 
in Idaho. These large agilalors were able to re­
duce di'5olved nitrogen lC\·els from 130% to 
less than 105%. 

Removal of ex<e.s diS3olved gaoe• in large 
bodies of water is considerably more difficult 
due to the uability of the supersaturaled gase• 
under many condidons. Harvey (1961) found 
that •olar heating and mixing caused nitrogen 
supersatu1.,.tion in lake water 10 a depth of 6-
15 m. This supersaturaled water mass re­
mained fairly st.able in volume and gas content 
from June through August. Rapidly Bowing 
turbulent strearn• do not neceS3arily provide 
rapid equilibration of diHolved gaseo. As Mor• 
timer (1956) pointed out, rapidly Rowing 
streams may even produce supersaturation, 
and once supersaturated, water reaches equilib­
rium with the atmosphere slowly. 

Ebel (1969) reported that no cquilibradon 
occurs in the live reservoirs between Chief Jo­
seph and McNary dams (400 km) on the Co· 
lumbia River during the high-flow period. Fail· 
ore of the oupersaturated water to equilibrate 
wa• blamed on lack of circulation and warming 
of •urface water. When water i• warmed, the 
decrease .. in the water's capacity to hold dis­
solved gas may compensate for any loss in lhe 
actual di••olved ga• content and thus a high 
level of 1uper1aturatlon will be maintained. 

Beiningen and Ebel (19i0) also discussed 
equilibration of supersatunted Columbia River 
water. They found that supersaturated water 
equilibrated to a greater degree in John Day 
Reservoir than in other prcviou•ly studied re:i­
ervoirs in 1968. Thi• equilibration was thought 
to be due to the reservoir's great length and 
long retention time as compared to that of 
many of the other reservoirs. · 

Lake Roosevelt provided only slight equili­
bration of the super$atur-•tt!d water that en.ter.s 
from Canada and travels 225 km to Grand 
Coule< .Dam (Seattle Marine Laboratories 

I 972b, 1974). Durir':g' ;mmer months, the sur­
face water of thi$ reser"'oir t<:'nds to equilibrate 
in the downstreatn por-tion of the reservoir. 
The deeper waters app>rentlr moving through 
the reservoir show littk loss of dissolved gas. 

The vario\1s mech~ nical solutions to the 
problem of supersatuntion were discussed by 
Smith (1972). Perforated bulkheads to be 
placed in •kelecon t•irbine bays have been built 
and tested. These reduced supersaturation but 
were detrimental to fi ;h passing through the 
orifices. Long and Oui«.nder (1974), Long et al. 
(1975), and United States Army Corps of En­
gineers (1979) described tests to evaluote the 
effect of perforated bulkheads on juvenile 
salmon. Perforated bu' kheads have also been 
proposed as a device for n:ducing the effective 
hydraulic head for Of•erational turbines. Re· 
ducing the effective he•d would permit the pas­
sage of large volumes .,f water with minimum 
power generation. Thh .procedure may be ef­
fective during the spring high-flow period 
when power requirern;:nts are about one-half 
of the maximum c:..pacity of the major dams on 
the Columbia River. 

Flip lips or spillway deAectors offer the po­
tendal of reducing the level of SJlpersaturation 
produced by water p:•lsing over a spillway. 
These devices are stn ctural modincatlons to 
the downstream face cf a spillway that direct 
the spilled flow along the •urface of the tail.­
water rather than allo•,ing it to plunge to the 
bottom of the Stilllng t.asln. Tel'\looren (1972, 
1973) reported the fi1st results of tests per­
formed on spillway -leflectors inst.ailed at 
Bonneville Dam. The"' indicated that, under 
varying water condidons, deflectors would re­
duce the normal increase of excess dissolved 
gas in the spillway tailwater by 50%. These re· 
•ult• were ob~ained wh<"n the forebay gas level> 
were between 100% anol 120% saturation. Thi• 
means that the installadon of spillway deflectors 
for all ba)'s at Bonnevi:lo Dam would remit in 
downstream gas levels of 110% of iaturation if 
forebay :vatcr did not ''xceed 1.00% of satura­
tion. » 

Spillway deflectors are effecdvo in reducing 
5upersaturation Vw'ilh<•ut causing increased 
mortalities of juvenile oalmonids. Johnson and . 
Dawley (1974) reported that the Bonneville de-
6ectoro reduced ouperonturation by 6-12% with 
no decrease in the survival of nsh pa.,i11g over 
them; Monan and Llscom (1975) acm•lly found 
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improved adult survival. Long et al. (1975) •lso 
reported an increased survival of •teelh<ad 
smolts passing over deAectors at Lower Mom• 
umemal· Dam on the lowe1· Snake River. 

The recent status of spillway deAectors has 
been reviewed by United States Army Corps of 
Engineers (1979). Ebel et al. (1975) cstimaied 
that the installation of recommended del!ectm 
and turbines by 1980 will eliminate ihe probl:m 
of .upersaturation in the Columbia and Sn«ke 
rivers for all practical purposes. Ebel (19'79) 
concluded the supersaturation problem In 1 he 
Columbia system has been solved. 

A third proposed solution to the supersa:u­
ration in the Columbia River system is the <ol­
lection and transportation of juvenile salmon ids 
from upstream dam. to the lower river (Ebe: et 
al. 1973; Ebel et al. 1975), Although the $Upor· 
•aturation problem ill apparemly being soh ed 
by other means, this method is still being uti­
lized to reduee the turbine mortalities that are 
considerably greater.than sup<:rsaturation m >r· 
r:alittc" 
' Supersaturation problems cawed by cooling 

waters of power generating facilities have be en 
less of a problem than hydroelectric projects 
and therefore have received far le5S attentfon. 
Kraback and Marcello (1976) discussed the f :a­
sibility of removing excess dissolved ga!es from 
the Pilgrim Nuclear Power Station cooling 
woter. Heated "'a.water would be deg:issed by 
means of an air bubbler oystem. Tests ir a 
flume installed in the di.charge canal indicated 
that the system would work . 

Lee and Martin (1975) computed the cap1c· 
ities of high- and low-velocity discharges of 
cooling to produce supersaturation problem" 
They concluded that high-velocity dischar1;e1 
are unllkely t0 cause supersaturation prcble:ns 
because of rapid dilution. Localized superiat• 
untion problems may occur with low-velocity 
discharges. 

·DlHolv.d Gu Analysis 

The measurement of dbsolved gas levet. is 
the one aspect of supersaturation that is le.m 
familiar t0 most people who muSt deal with the 
problem of ga• bubble disease. Analysis of 1 he 
levels of supe:roaturation ii. however, es•en1ial 
for the evaluation and solution of the sup,.. 
aarnratlon problem. Although most p~ople li:<e· 
ly to encounter supersaturation are foimilia:r 
with di•solved o_xygen analysis. few have had 

any reason to beco1ne fan1illar with th~ tech­
niques for dissolved nitrogen detertnitiatl<)n or 
of totlll dissolved gas analysis. This oectlori of 
the review describes a feli of the more recem 
report• that. discuss useful information dealing 
With !UCh analyses. . 

The solubility of the individual atmoopheric 
gase~ in water has been described in nun1erous 
receot report" Elmore and Hayes (1960), 
Klott• and Benson (1963), Green and (',irritt 
(1967), Douglas (1964, 1965), ~furray et al. 

·(1969), and Tolk et· al. \1969) all diicu.sed the 
-solubilities of oxygen, nitrogen, and argon. The 
solubilities most commo11ly uoed iti receriL su­
persaturation reseal'ch are tho•• provided by 
Weiss (1970). 

There ue several different techniquos avail­
able for dissolved gas analysi" Swinnerton 
(l 962) described the use of gas chromatogra· 
phy for this purpo..,, Beiningen (1973).provid· 
ed a complete discussion of the use of the time­
consuming Van Slyke apparatus (Oesting 1934) 
for determining the oxygen and nitrogen-plus• 
argon concentrations of water sampln. B~in~ 
ingen discu .. ed in easy·to·follow detail the op­
eration of this apparatus as well as the calcu­
lations required for the separate dissolved gas 
anaMes. He included sections on the correct 
pr~edures for field oampling, procurement of 
the necessar~· apparatus, and the \Vinkler · 
method of oxygen determination. This manual 
ls extremely useful for anyone using the Van 
Slyke method to determine dissolved gas con­
centrations in water samples. 

Po•t (1970) described a simplified volumetric 
method for determining dissolved gas concen· 
!rations. Thil method apparently has received 
little use and may provide ~ignifiVJ.:nt errt)1"$ of 
5-7%. 

By far the simplest method for detr.rmin•tk1n 
of total dissoh·ed gas levels i• that provided by 
the Weiss Saturometer. As far •• earl be deter­
mined, thi• apparatus h., not be•n deocribed 
.in any journnl or other widely disrributed pob· 
lication . .Fkk.;sen et al. (1975) S"''" a brief de­
scription and picture of a Weiss saturometer. 
A similar derice is produced co!T'mer<;iall~· by 
ECO Enterptise•, Seattle, Washingtort. and is 
now widely used to measure total di .. olved gas 
pressure. · 

D'Aoust and Smith <1974) and D'Aou" et al. 
(1976) described a nlodlfication (tensionome­

- ter) of thi:: \\"ei$.$ .saturolneter .. The tcn.,iot10-
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meter pro\'icles for sensing of the gas pressure 
by mean• of a solid state electronic pressure 
transducer rather than the Bourden t_ube gauge 
used in the saturometer. According to D'Aoust 
ec al., che tensionometer has the advamages of 
much sn'l.aUer size, and a response tim¢ of aboul 
8 minutes. This compares with a response time 
of 20-30 minute• for the saturometer. The 
more rapid response tinie of the tensionometet 
is due to the much smaller dead space permit­
ted with the pressure transducer. The tension­
ometer also offers the advantage of remote 
sensing whieh is required when dissolved gas 
measurements are made at depth. Agit~tion Is 
still required to remove bubbles from the silas­
tic tubing when the water is tnd~· 3u.persaturat• 
ed, such a5 at surface pressut"3 of about one 
atmo•phere. Thi$ is not a problem at water 
depths over 3 m where the water is not actually 
supers.aturated due: to the· increased pressure 
of the hydro.iatic head. D'Aoust et al, (1976) 
provided a complete parts list and initructions 
for building the tensionometer. 

The oporalion of the Wei,. muromoter wa$ 
evaluated by Fickeisen et al. (1975). The satu­
rometer was mechanically agitated at rates of 
108, 132, and 168 cydes per minute. At the two 
faster rates, equilibrium wa• reached in 15-25 
minutes. It requires 10-15 minutes longer to 
reach equilibrium at th• slower rate of agita­
tion. Manual operodon produced comparable 
results with •n experienced operator but lower 
readings with a novice operator. 

Jenkins (1976) attempted to develop a meth• 
ad for unattended monitoring "in •itu" of di•· 
solved gas concentrations, An incomplete sys­
tem wa.s designed to pump the water to be 
sampled and to strip the di,.oh·ed gases from 
this water by • modified •pinning disc oxygen• 
crator. Major problems remain to be solved in 
the detection of the gases once they are 
stripped from· the sample water, 

The various corrections that have been ap­
plied to dissolved nitrogen panial presiure data 
were discussed by Boyer (1974), He concluded 
that the sum total of the•• corrections iJ less 
than the inherent erroo of the •ampling and 
analysis technique •. Boyer al&o discu•sed the 

. "true" value of the supersaturation level result• 
ing from a dam spillway and described what is 
needed to develop an empirical formula that J$ 
unique for each spillway. 

Cratin et al. (1971) •tudied the in •itu fixation 

and analy•is of dissolvec oxygen sampl., at 
depth u•ing an underwater habicat (Tektite II). 
In marine waters, they :"ound a decr'3se of 
about 2-6% in the dissolv.,d oxygen concentra· 
lion of samples fixed at th.c· surface as compared 
to those fi><ed at depth. Thi• loss of oxygen was 
limited to samples who''' oxygen concentra­
tions were gt•eater than t!1e! surf:ac::e saturation 

. value. The loss of dis"llv•d oxygen should not 
be a problem wich supen1turation monitoring 
as the few deep sample$ c"llccted are normally 
fixed immediatel}" after CC>l!ection. There is no 

·indication of how dissolved nitrogen concentra­
tions vary prior to analyst. by Van Slyke or gas 
chromatograph. The am<·Unt of di•solved ga• 
tbe.se sample• can hold i; normally increased 
during storage by <rducing the temperature of 
the .amples to below 4 C. Thus, supersatura­
tion in the .amples Is reduced or eliminated, 
preventing Jo,. of dis•olvcd nitrogen. 

Regulation of Supetsatur:atlon 

Since the identification of dissolved ga5 su· 
persaturation as a probJt.m in the Columbia 
River system in the late l 950's, there have been 
criteria and standards promuigated by a variety 
of regulatory entities. Tho National AC2demy 
of Sciences/National Academy of Engineering 
(1972), using available dat:t. recommended that 
aquatic life will be prote.:ted when total dis­
solved gas pressure in water is no greater than 
110%. Subsequently the s .ates of Washington, 
Idaho. and Oregon promulgated dissolved gas 
standards, initially for dissolved nitrogen and 
later for total di.,olved gas. The regulations 
specified human activities should not increase 
dissolved gas levels above 110% in Washington 
and Idaho and l 05% in Oregon. Other states 
have since passed similar t egulation5, 

The water quality •tanclards were reviewed 
in 1975 by a group of four agency rep<0$eo­
tatives from the United States Environmental 
Protection Agency, ld•ho, Oregon, and Wa•h· 
ington (Rulifson and Pinc: 1976). Thi• group 
suggested ~ standard of l 15% total git• ••tu• 
ration fot".the Columbl•-Sr,ake Rivet system ex­
cept. during particularly high-flow year&. Their 
recommendation was ignored by the Environ­
mental Protection Ageng criterion issued 111 
1976 (USEPA 1976), whic:1 again recommend­
ed a criterion of 110% T(;p, Recently, Ebel et 
al. (1979) have reviewed t:1e most recent Envi· 
ronmental Prot~c~io~ .4 .. gency. criterion." and in-
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ditate defensible dissolved ga• cri<eria could be 
emblished at ei<her 110, 115, or 120%. 
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.Abstract.-Trends in abundance of spring and sumrrier chinook salmon Oncorhynchus tsha­
\\·rrscha and steelhead Sahno gairdneri returning to the Snake River and mid-Columbia Ri\·er 
above Priest Rapids ,Dam were determined by analyzing the percentage of adults returning from 
:he smolt out-migrations of I 96F-I 984. Runs declined as a result of hydroelectric development 
of the river, the main cause for the decline was the mortality of juveniles migrating downstream 
through as many as nine dams and impoundments en route to the ocean. Mid-Columbia River 
summer chinook salmon runs experienced thCgreatest decline because ofhighermonalities incurrCO 
during their migration to sea as subyearlings in July and AugusL Mortality was lower for remaining 
,races of fish that migrate to sea as yearlings in the spring during higher river flows, more spill at 
dams~ and cooler water temperatures. Enhancement measures to offset dam-related mortality of 
smelts began in 1970 on the Snake River and in 1975 on the mid-Columbia River. These measures 
included increased numbers of smolts released from hatcheries.. spillway deflectors to reduce dis­
solved gas saturation, fingerling bypasses at dams, transportation of smelts around dams, supple­
mental river flows to minimize delay for smolts passing through reservoirs, and supplemental spill 
at dams to minimize turbine mortality of smolts at dams without fingerling bypasses. These actions 
have reversed the decline of steelhead but not of salmon. Enhancement has improved the rate of 
return of wild spring chinook salmon,· but wild fish contribution is minimal at this time because 
stocks were reduced by earlier hydroelectric development. Presently, runs are mostly of hatchery 
origin and have not responded well to enhancement. Mortality of hatchery fish may be due to 
:ictivation of bacterial kidney disease by stresses encountered during downriver migrations. trans­
poruition .. or subsequent transition into seawater. 

if :1fle Columbia River once supported vast num- and 1900 concentrated on and soon severely de­
pleted large runs of spring and summer chinook 
salmon 0. tsha><'J'lscha. Pacific salmon, though, 
are resilient creatures. Once adequate regulations 
of fisheries were imposed and efforts were made 
to restore the habitat, fish runs rebounded and 
again provided a viable fi'shcry. In the early 1930s, 
the federal government began a program to pro­
duce hydroelectric power. By 1975. the Columbia· 

'>crs of salmon Oncorhynchus spp. and steelhead 
.>ui11u1 gairdneri. Tijbutary dams, unscreened ir­
riµtiun diversions, habitat degradation from log­
i;ing. mining, and grazing, and a host of other fac­
:ors c1~"1ina~cd or severely degraded many of the 
~ aiLW bli.: Sp:J\\·ning and rearing areas- used by these 
•:-.!:. Puorly regulated comn1crcial fishing in the 

_!c·.\;:;- 322 km of the Columbia !liver between 1860 
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FIGURE J .- Locations of dams and hatcheries in the Columbia River basin. 

River Power System consisted t>f 28 dams (19 of 
which are shown in Figure 1) that produced more 
than 13,000 MW oflow-cost electricity, provided 
vast amounts of water for irrigation, and regulated 
natural river flows to provide floo<l control and 
more efficient power generation. Unfortunately for 
those stocks of fish spawning above McNary Dam, 
the end result was a major decline in fish runs 
because of the elimination of over 50% of the 
spawning habitat, large mortalities of smalls mi­
grating downriver through the eight or nine dams 
and impoundments en route to the sea (Raymond 
1979), and losses of adults passing upriver through 

. the dam complex to spawn (Junge and Carnegie 
1976). 

Largely because of the depressed status of upriv­
er runs, the 1980 Pacific Northwest Electric Power 
Planning and Conservation Act mandated the de­
velopment ofa program to mitigate harmful effects 
of the hydroelectric development of the Columbia 
River and to protect and enhance affected fish and 
wildlife. Among the goals of the Northwest Power 
Planning Council, which oversees this program. is 
documentation of the effects of hydroelectric de­
velopincnt on the many races ofsa.lmOn and steel~ 
head in the Columbia Ri\'Cr bUs-in. T~c council 
zilso desires to document the hcncfits of measures 

intended to reduce dam-related mortalities of 
salmon and steelhead smolts, e.g., transportation 
of smolts around dams .. fingerling bypasses, spills, 

·and augmented river flows. The aim of this paper 
is to provide documentation for spring and sum­
mer chinook salmon and steelhead returning to 
the Snake River and to the Columbia River above 
Priest Rapids Dam (hereafter termed mid-Colum­
bia River). 

Methods 

Annual estimates of the percentages of down-.,;,,. 
stream migrant salmon and steelhead that return '· 
as adults will form the basis for assessing the effects 
of hydroelectric development and enhancement 
measures taken to offset dam-related mortalities. 
This is a much better approach than simply using 
counts of returning adults because adult counts are 
related to the numbers of smolts produced as well 
as to survival ofsmolts through the dam complex. 
For example, beginning in 1970 on the Snake Riv-
er and in 1975 on the mid-Columbia River, re­
leases from new hatcheries more than doubled the 
number of smelts _that_ started migrations to sea. 
Many adult runs thereafter did not sho\v a dee.line 
bccaus~ losses of sn1olts at dan1s were onSet by the 
incfcascd srTIOll production. \\'hen aOult returns 

... 

.. .; .. 



/ ,. 
... 

. ;.;.· 
:::~:=· 

','" 

~r\L~HlN ANO !>Tl::El.HEAI> IN ·1 HE l .l>l.lJMlllA H.IVEH. 

an: expressed as percentages ofcn1igrating sfnolts. 
such bias is clin1inatcd. 

I assessed smelt migrations from the Snake Riv­
er at dams each year between 1966 and 1975. 
From the positive.rclaticin found between rates of 
return ofadults and survival rates of smelts, it was 
apparent that mortality of smelts migrating down­
river through the dam complex was the main cause 
of the decline in Snake River salmon and steel head 
runs (Raymond 1979). There was no comparable 
assessment ofsmolt migrations in the mid-Colum­
bia River and, therefore, there is no measure of · 
survival for that reach of the river. Because we 
showed if'relation between smelt survival and adult 
·returns in the Snake River, ho,vever, it follows 
that the rate of adult return would also provide a 
measure offish passage conditions encountered by 
smelts from the mid-Columbia River each year. 

Spring and summer chinook salmon and steel­
head were selected for analysis because there are 
smelt indices and data available on adult runs to 
obtain estimates ofadult return percentages. There 
are only small ocean harvests of these fish to bias. 
estimates of adult returns, except for summer chi­
nook salmon destined for the Columbia River 
above Priest Rapids Dam (Duke 1985; Johnson 
1985). I assumed a constant annual rate of harvest 
of mid-Columbia summer chinook salmon in 
Alaska and British Columbia, an assumption based 
on data supplied by the Pacific Fishery Manage­
ment Council (1985); from this, I-also assumed 
there was no significant bias caused by the ocean 
fishery. Fall chinook salmon and sock eye salmon 
0. nerkawere not included in my analyses because 
needed data, especially smelt indices, were un­
available . 

Natural variations in ocean mortality due to El 
Niiio events, fluctuations in coastal upwelling, 
changes in abundances of predators and prey, and 
varying quality of hatchery fish released each year 
have certainly affected adult returns, but the rel­

·ative importance of each of these factors cannot 
be accurately determined. However, variations in 
ocean survival of Snake River runs migrating to 
sea through 1975 must have been modest or there 
would not have been the positive correlation be­
tween survival rates of smolts and rates of return 
of adults (Raymond 1979). 

The estimation of percentage returns of adults 
from yearly indices of smolt abundance requires 
counts of adults at dams, harvest data for the river, 
and a method for obtaining relative annual indices 
of numbers ofsmolts starting Sca\vard migrations. 
Such data were available and were used to obtain 

these cstin1utes li-0111 the 1ni<..1-Colu111bia H.i\·cr 
starting in 1962 and fron1 the Snake H.ivcr begin­
ning in 1964. Prior to that tin1c. there \vcrc no 
dam counts with which to distinguish the Snake 
River and mid-Columbia .River portions of the 
upriver adult runs and no. means· for obtaining 
needed indices of smelt abundance each year. 

c Trends of.abundance of upriver runs for those 
earlier yeal'S, therefore. had to be derived from 
estimated numbers of adults that entered the Co­
lumbia River each year and migrated above 
Ilanneville Dam (Oregon Departmentof Fish and 
Wildlife and Washington Department of Fisheries 
1966). Because all of the summer chi nook salmon 
and over 60% of the spring chi nook salmon and 
steel head passing Bonneville Dam are destined for 
the Snake or mid-Columbia rivers, I assumed that 
trends in abundance of the overall runs provided 
a reasonable indication of the status of these fish 
runs between 1938 and 1961. 

Snake River (]964-1984) 

The percentages ofadults returning to the Snake 
River from the smelt out-migrations of 1964-1982 
were derived from estimated numbers of smOlts 
passing the first dam encountered by smolts each 
year (hereafter termed first dam) and numbers of 
adults returning from each year's smelt migr.ation 
after spending 1-3 years at sea. Smelt numbers 
.were obtained from population estimates of chi­

. nook salmon and steelhead made each year at the 
first dam on the Snake River-Ice Harbor Dam 
1964-1969, Little Goose Dam 1970-1974, and 
Lower Granite Dam 1975-1984 (Raymond 1979; 
Del.arm et al. 198'1). 

I estimated the number of hatchery-produced 
and naturally produced (hereafter termed wild} 
chinook salmon and steelhead smalls at the first 
dam between 1966 and 197 5 (Raymond 1979). 
The number of hatchery smalls each year was de-
rived from the total numbers released from hatch-. ··~ ~-
eries and theii relative survival to the first dam; 
this number, when subtracted from the total pop­
ulation estimate calculated at the first dam, pro­
vided an estimate of wild fish each year. Using the 
same methods, I have since calculated comparable 
estimates forc976-I 984. In most years, sufficient 
numbers of1.,1rked fish were recovered for cal­
culations of11lative survival. For the few years in 
which there was no J'Tlarking at hatcheries or re­
coveries were insufficiertt for analysis. I used the 
average survival rate for the years bracketing the 
missing data tO estirna1C-survival. 
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Nu111bcrs 01\...-iiJ chinook sal111011 \\·crcaUocatcci lishcry \\'l'n.: the sanH.' as indic~llcd lforn csc;;ipc-
to spring and sun11ncr con1poncnts based on redd 
counts made by Idaho Fish and Game stalf at 
index streams between 1962 and 1982. For each 
out-migration year, I multiplied the ratio of spring 
to summerchinook salmon redds in theycarsmolts 
were produced by the number of smolts. 

To calculate numbers of adults returning from 
each year's smolt migration, I first added the counts 
of spring and summer chinook salmon and steel­
head at Ice Harbor Dam (the lowest dam on the 
Snake River) to the estimated catch of Snake River 
fish in the river fishery for each year. I then cal­
culated the number offish in each return year that 
'tiad sperit I, 2, and 3 years at sea .. Returns were 
then related to the year of out-migration. 

Ages of wild chi nook salmon were determined 
from body measurements. made during spa\vning­
ground surveys in Idaho. Ages of hatchery spring 
chinook salmon that returned were determined 
from n1easurements n1ade at Rap.id River Hatch­
ery from 1968 to I 98 7. Ages ofretuming steelhead 
were determined from length measurements taken 
at hatcheries. counting windows, and adult traps 
at dams. 

The estimated catches of Snake River fish in 
zones 1-5 of the commercial fishery and the sport 
fishery below Bonneville Dam and the zone-6 
commercial fishery above Bonneville Dam (Figure 
I) were calculated differently depending on species. 
Upriver spring chinook salmon .. originate from 
tributaries of the Bonneville pool, the Deschutes 
and John Day rivers in Oregon, the Yakima River 
in Washington, and tributaries of the Snake and 
mid-Columbia rivers. l assumed equal fishery ex­
ploitation rates for all of these fish runs, and the 
estimated catch of Snake River spring chinook 
salmon. then was directly proportional to their 
overall share of the upriver harvest in zones 1-5 
and to their share of the escapement beyond zone 
6. Total commercial catch in zones 1-6 and the 
sport catch below Bonneville Darn each year were 
obtained from Oregon Department of Fish and 
Wildlife and Washington Department of Fisheries 
(J 966, 1987). 

All summer-run chinook salmon are destined 
for either the Snake or mid-Columbia rivers. Again, 
I assumed equal rates of harvest ofceach of these 
runs, and estimated the catch of Stn>Ke River fish 
from the relative numbers of summer chinook 
salmon passing through. lee Harbor and Priest 
Rapids dams. To assign the catch lo the proper 
smelt migration year, I assumed that the ages of 
spring and sun1mcr chinook salmon taken in the 

n1cnt data. 
Most stcclhead harvested prior to 197 5 were 

taken in the lo\vcr river sport and con1mcrcial fish­
eries. I assumed that proportions of fish that had 
spent I or 2 years at sea (I-ocean and 2-ocean. 
respectively) were the same as for escapement data. 
This assumption appears reasonable because sport 
gear is not size selective and the mesh used in the 
commercial gill-net fishery was small enough to 
capture I-ocean fish. Since 197 5. most of the har­
vest has occurred in zone 6. There has been no 
commercial fishery for steel head in zones 1-5 and 
few steelhead have been caught by anglers below 
Bonneville Dam since 1975. Because 20-cm-mesh 
gill nets were used in the late-August-September 
zone-6 fishery, the rriajority of the steelhead har­
vested in recent years were the larger 2-ocean fish~ 
such as those from the Cleanvater River in Idaho, 
that pass Bonneville Dam after August 25. The 
majority of the fish from the Salmon River or mid­
Columbia River that migrated upriver in July and 
early August were smaller I-ocean fish. Those that 
delayed their upriver migrations and were exposed 
to the fall fishery usually escaped the nets because 
of their smaller size. 

The estimated proportions of wild and hatchery 
spring chi nook salmon in the escapement and fish­
ery each year \vas determined from the percentages 
o_f hatchery and wild fish counted at Ice Harbor 
Dam. The percentage of hatchery fish was the ac- · 
tual returns to Rapid River and Kooskia hatch- . 
eries plus Salmon River harvest divided by the 
total count at"lce Harbor Dam. The difference was 
the percentage of wild fish. I assumed that these 
proportions were the same in the Columbia ~iver 
fishery. . 

Proportions of wild and hatchery steelhead were 
calculated in a similar manner. Estimated sport 
catches of hatchery fish in Idaho and returns to 
Dworshak Hatchery and Pahsimeroi River (Ni­
agara Springs Hatchery) each year were obtaineci;,.:~~ 
from Idaho Department of Fish and Game (1967-
1986), Pettit (1985), and K. Ball (Idaho Fish and 
Game~ personal communication). 

Summer chinook salmon were considered to be 
wild fish. Hatcheries released none of this race 
until 1980, and few through 1984. 

Mid-Columbia River (1962-1984) 

Similar methodology was used to estimate the 
percentage of adults returning from ca.ch year~s 

out-migration of smolts from the mid-Columbia 
River between 1962 and l.984. Smolt indices were 

.·· 
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nol as readily available as they \vcrc for the Snake 
River because there \vas no ongoing indexing of 
smolts at dams except at Priest Rapids Dam be­
tween 1965 and 1967. To compare mid-Columbia 
and Snake river smolt estimates, methods were 
developed for estimating the number of hatchery 
and wild smalls emigrating each year to the first 
dam (either Rock Island, Rocky Reach, or Wells, 
d~pending on tributary and hatchery). 

Smolts.·-The estimated number of hatchery 
smolts arriving at the first dam each year was based 
on numbers released and estimates of their sur­
vival'from the hatchery to the dam. For steelhead, 
I assumed 90% survival because of the short dis­
tance between point of release and the dam and 
because steelhead smolts normally have a higher 
survival rate than chinook salmon smolts (Ray­
mond 1979). For ehinook salmon, I assumed 80% 
survival for yearling spring stocks and 50% for 
subyearling summer stocks. The 80% survival rate 
is similar to that measured for marked spring chi­
nook salmon from Leavenworth Hatchery (We­
natchee River) that were released below Priest 
Rapids Dam and recovered at McNary Dam in 
1982 and 1983 (McKenzie et al. 1983, 1984). The 
50°/o survival rate for subyearlings assumes their 
mortality to be more than twice that of yearling 
releases. The assumption is reasonable because the 
much smaller subyearlings released at Wells 
Hatchery have to travel the entire-7 5 km of the 
reservoir before arriving at the first dam (Rocky 
Reach). Even though releases are in May and early 
June, data from marked fish indicate many delay 
tip to a month before actively migrating downriv­
er. During that time, substantial losses could result 
from predation and disease (Park 1969). Jn con­
trast, yearling releases are made just upstream from 
the first dam in April and arrival is usually within 
a few days after release. 

The estimated number of wild chinook salmon 
passing the first dam each year was based on an­
nual redd counts in index streams since 1960 and 
a multiplier derived from the average number of 
smolts per redd between 1965 and 1967. Park 
(1969) estimated the number of smolts passing 
Priest Rapids Dam each year from 1965 to 1967. 
These estimates were divided by 0.85 to account 
for dam-related mortalities for each dam between 
the first dam encountered and Priest Rapids Dam. 
For fish migrating from the upper tributaries (the 
Okanogan, Methow, and Entiat rivers), the first 
dam would have been Rocky Reach ( 1962-1966) 
or Wells (since 1967), and the migranis would have 
passed three or four darns on their way to Priest 

Rapids Dam. Those n1igrating from thC \Venatch­
ec River would pass two dams (Rock Island and 
Wanapum) before they reached Priest Rapids Dam 
(Figure I). Differences in counts of adults between 
Rocky Reach and Rock Island dams indicated that 
30% of the 1965-1967 smolts were from the We­
natchee River. The estimated number of smolts 
passing the first dam (N) in each of these years 
was derived from the equation 

N = 0.30M/(0.85)' + 0. 70M/(0.85)'; 

M = estimated number of smolts passing Priest 
Rapids Dam; 0.30M/(0.85)2 represents the con­
tribution from the Wenatchee River; 0.70M/(0.85)3 

represents the contribution from upper tributaries. 
This estimate was obtained for each year 1965-
1967, divided by the redd count for the year pro­
ducing the smolts, and averaged (e.g., the esti­
mated number of yearling spring chinook salmon 
in 1965 was divided by the number of redds in 
index streams in 1963). This yielded multipliers 
of 500 for spring and 1,000 for summer chinook 
salmon. Thus, redd counts that were lagged 2 years 
for yearling spring chinook salmon and 1 year for 
subyearling summer chinook salmon \Vere mul­
tiplied by the appropriate number to estimate the 
total number of wild chinook salmon passing the 
first dam during each year of this study. 

Estimates of numbers of wild steelhead smolts 
between 1965 and 1967 were obtained by sub­
tracting 90% of the estimated numbers of hatchery 
fish from the estimated totals passing the first dam. 
To obtain .numbers in other years, I developed a 
method to relate differences in spawning escape­
ment each year to numbers of wild smolts pro­
duced. This was obtained by multiplying adult 
counts at Priest Rapids Dam (lagged 2 years to 
represent spawners producing each ,year's smolt 
emigration) by 16.7 (the average number of wild 
smolts produced by an adult during 1965-1967). 
I assumed that annual fluctuations in counts of 
adults in the spawning population would translate 
into numbers ofsmolts produced 2 years later. An 
argument against this assumption is the unknown 
mix of hatchery and wild fish in adult returns from 
year to year. Much of this argument is negated by 
the management practices of the Washington De­
partment of Game.. During this period, the de­
partment released most hatchery-reared fish in 
distant streams, and adults did not return to the 
hatchery. Eggs were obtained from adults trapped 
in fish ladders at dams. Because the rate of trapping 
was fairly .constant~ I assumed the number of n?-t­
urally produced smelts from the remaining mix 
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of hatchery and \vik1 spa,vncrs each ycnr·\vas pro~ done at hatcheries bcl,vccn 1962 and 1984 was 
portionat to differences in cscapcn1cnt. insufficient to determine the contribution of 

In sun1mary, then, n1y overall indices of smolt hatchery production to adult runs ca.ch year. 
abundance for the mid-Columbia River each year The limited marking and variable returns of 
arc as follows: (1) steelhcad. 0.9 x numbers re- .spring chinook salmon to hatcheries also made it 
leased from hatcheries plus 16. 7 x counts of adults difficult to separate the wild and hatchery contri­
that produced that year's emigrating wild smolts; ·· bution to the total adult run of spring chinook 

··· (2) springchinook salmon, 0.8 x numbers released.·.·' sal.;,oii ·each year. Efficiency of collection at Entiat 
from hatcheries plus 500 x numbers ofredds pro- · and Winthrop hati:he_ries has varied greatly from 
ducing that year's emigrating wild smalls; (3) sum- year to year. and there were problems with col­
mer chinook salmon, 0.6 x numbers released from lection and holding at Leavenworth Hatchery until 
the hatchery plus 1,000 x numbers ofredds pro- new facilities were completed in 1979 (Mullan 
ducing that year's emigrating wild smolts. 1982). To obtain an estimate of the hatchery con-

;;~ -•;Adults.-The number of adults returning from tribution, I devised an approach that did not re­
each year's smolt migration was determined from quire hatchery returns. I used counts at Priest Rap­
counts offish passing Priest Rapids Dam each year ids Dam and redd counts to estimate total numbers 
plus the estimated contribution of mid-Columbia of wild fish in each year's return ofspringchinook 
River fish to the commercial and sport fisheries. salmon. This estimate was obtained by determin­
The same methods used for Snake River stocks ing the average number ofadults per redd between 
were employed to estimate the catch in the fish- 1962 and 1973 when runs of these fish were all 
eries, except counts at Priest Rapids Dam, instead \vild. Redd counts on streams, such as Icicle Creek, 
of at [ce Harbor Dam, were used to.obtain needed that might have been used later for spawning by 
proportions and, as mentioned previously, the returns of hatchery fish were excluded. The result 
smaller size and different timing of mid-Columbia was 6.4 adults per redd. This is a relative index 
River steelhead were taken into consideration. number only, not the number of aduJts using each 

Returns each year were then split into propor- redd. The redd count is derived from sampling of 
tions that spent 1, 2, and 3 years at sea to relate index streams only, and does not represent total 
returns to year of out-migration. Ages of hatchery spawning. Redd counts multiplied by 6.4 each year 
spring chinook salmon and steelhead were ob- between 1974 and 1987 provided the estimate of 
tained from length measureflli'nts of adult returns numbers of wild spring chinook salmon passing 
to hatcheries. Ages of wild spring chioook salmon Priest Rapids Dam in each of t)lese years. The 
were obtained from carcass measui:-ements made hatchery proportion, then, was the count at Priest 
on spawning-ground surveys by Washington De- Rapids Dam minus estimated wild fish each year. 
partment of Fisheries staff. These proportions were then used to estimate 

Similar data were not available for summer chi- numbers of hatchery and wild fish taken in the 
nook salmon because spawning-ground surveys fishery. 
were conducted from the air, and no age deter- I emphasize that data such as smolt indices are 
minations were made at Wells Hatchery. Gener- less precise for. the mid-Columbia reach than for 
ally, most summer chinook salmon spend 3 years the Snake River, and the estimated percentages of 
at sea before returning to spawn. John Easter- adult returns generated may not be as accurate. 
brook, Washington Department of Fisheries, and Nevertheless, similar methodology was us.ed, 
J. McGee, Douglas County Public Utility District throughout the analysis period and should be si:if- :I 
(personal communications), agreed that there were ficient for showing trends in abundance offish runs 
some variations in age of adults spawning and at with respect to hydroelectric development and ac­
the hatchery, but that 3-ocean fish usually pre- lions taken to offset dam-related mortalities of 
dominated. I therefore used that figure for relating smolts. 
adult returns to each cohort of emigrating smolts. 

Estimates of proportions of hatchery and wild 
fish in the adult runs of summer chinook salmon 
and steelhcad could not be made because returns 
to hatcheries were highly variable or nonexistent. 
Many su.mmer chinook salmon and steelhead 
needed for brood stock. including wild fish, are 
trapped- at dams. In addition, the limited nlarking 

Run Trends., Hydroelectric Development, 
and Enhancement of Fish Populations 

An examination of the upriver runs of spri11g 
and summer chinook salmon and steeJl)ead re­
turning to the Columbia River each year from 
I 938 to 1987 provides a general overview of trends 
in their abundance over the last 50 yea.rs (Figure-
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2). The difference bct\vccn run size and escape­
ment represent the catch in the river fishery each 
year. There arc considerable differences in trends 
among these groups of fish. In general, spring chi­
nook salmon runs were initially low, nearly dou­
bkd in: size by. 1952, remained relatively high 
th.rough 1973, declined sharply until· 1984, then 
increased. Summerchinook salmon runs after 1940 
remained low until 1950, increased each year 
through 1957, declined steadily between 1958 and 
1981, and remained low thereafter. Steelhead runs 
increased from 1938 through 1940, declined 
sharply--between 1940 and 1948/ rose sharply 
through 1953, and declined steadily between 1953 
and 1975. In contrast to salmon runs, though, 
steelhead runs remained at a higher level; since 
1981, they-have been much higher than predam 
levels. 

In thy discussion to follow, I intend to show 
how hydroelectric development, the river fishery, 
and enhancement measures (hatcheries, spills and 
fingerling bypasses at dams, augmented river flows 
for fish, transportation of smelts around dams, 
e· .. "the years have affected each of these fish 

~Jr this, I have divided the analysis into the 
early (1938-1957), middle (1958-1968), and late 
(l 969-1984) periods of hydroelectric develop­
ment. 

Early Period (1938-1957) 

Spring chinook salmon runs declined to 56,000 
fish in 1944, but then increased to a peak of28!,000 
fish in 1955 (Figure 2). Runs of summer chinook 
salmon likewise declined during the early 1940s, 
but they remained below 100,000 fish through 
1950. By 1957, .the run was back up to 207,000 
fish, larger thari the size of the run in 1938. Steel­
head runs showed no apparent trends. 

Causes of declines. -Dam construction and rate, .. 
of harvest in the fishery had varying effects on fish 
runs between.1938 and 1957. Because of its size, 
no facilities were provided for passage of adult fish 
at Grand Coulee Dam on the Columbia River. As 
a result, 1,830 lineal kilometers of spawning 
grounds were lost indefinitely to an estimated 
100,000 chinook and sockeye salmon and steel­
head in I 939 (Fish and Hanavan 1948). I also 
pr--·1me that smolts migrating to sea in 1939 and 

· hich provided the adult runs between 1941 
ano • ;43, would have had difficulty in passing the 
partially ·completed dam. In addition, there were 
probably some adverse effects on Qoth juvenile 
and adult migrations from - the -completion of 
Honneville Dam in 1938. lnitialetfectsonjuvenile 
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F1GURE 2.-Estimated total runs of stocks of spring 
and summer chinook salmon and steelhead that origi­
nated above Bonneville Dam on the Columbia River, 
1938-1987. Escapement represents total run minus the 
number harvested. 

salmon migrations from McNary Dam, completed 
in 1953, appeared minimal. The 1955, 1956, and 
1957 .runs of spring and summer chinook salmon 
that returned from smolt migrations between 1953 
and 1955 were at or near record high levels. How­
ever, this may have been a result of excellent egg­
to-smolt and ocean survival that might have more 
than offset dam-related mortalities of smolts. 

The run of 152,000 spring chinook salmon in 
1939 consisled largely of returns from !he 1936 
and 1937 smolt out-migrations that \vent to sea 
prior to the completion of Bonneville and Grand 
Coulee dams. The sharp decline down 10 a run of 
56,000 lish by 1944 was at least partially 1he result 
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or construction of these d~uns. J-.iarvcsts by the 
river fishery averaged 60% of lhc lOlal runs be­
lween 1938 and 1955, and cscapemcnl in most 
years appeared adequale (Figure 2). Therefore, l 
assume a minimal effect from the fishery during 
this period. 

Thot,Jgh summer chinook saln1on runs were also 
affected by these dams, overharvest in the river 
fishery (averaging 88% of the total run) be.tween. 
1938 and 1944 (Figure 2) probably caused a great­
er effect. Escapement during this period averaged 
I l,500 fish-far too few for adequate seeding of 
the spawning grounds. The net result was low smolt 
production from each of these runs and subse­
quently poor returns of adults between 1942 and 
1949. 

Reasons for recoveries.-Both the successful sal­
vage operations to transfer Grand Coulee stocks 
of fish to downstream rivers and the Lower Co­
lumbia River Development Program were instru­
n1cntal in the rebound of spring and summer chi­
nook salmon and, to a lesser degree, steelhead. 

The relocation of the anadromous fish runs cut 
off by Grand Coulee Dam began in 1939. It con­
sisted of trapping adult salmon and steelhead at 
Rock Island Dam and transporting them to hold­
ing areas where they matured. The eggs \vere then 
taken to satellite hatcheries at Leaven\vorth, En­
tiat, and Winthrop, Washington. Fish were reared 
to smelting size at these sites a~ ~eleased into the 
drainages of the Wenatchee, Entiat, and Methow 
rivers; several years' evaluation of this program 
indicated conclusive sllccess (Fish and Hanavan 
1948; Fulton and Pearson 1981). 

The Lower Columbia River Development Pro­
gram that began in 1949 was designed to maintain 
the runs supporting the commercial and sport fish­
eries at the highest level ofabundance. Major com­
ponents of the program included screening of ir­
rigation diversions, stream improvement, and 
increased production of smolts in hatcheries. The 
screening of irrigation diversions especially .ben­
efited spring chinook salmon that spawned mainly 
in tributary streams. Prior to th.is program, mil­
lions of young salmon each year passed down the 
extensive network of irrigation ditches and were 
stranded in cultivated fields. As an example, the 
Lemhi River in Idaho was reduced to only a mea­
ger run of salmon before 85 inigation diversions 
;ere screened in the 1950s. By 1961, the run had 

increased to over 4,000 fish (Netboy 1980). The 
increase in overall spring chinook saJmon runs to 
200,000 fish or more each year between 19 51 and 
1957 reflected the ability of salmon runs to re-

bound. given fhvorablc do\vnriver and ocean sur­
vival in con1bination \Yith cflCctivc. enhancement 
programs like those iusl described. 

The shortening of the commercial fishing season. 
for summer chinook salmon to allow greater es­
capement was the major reason for the restoration 
of these runs. Between 1945 and 1949, average 
harvest rate dropped to 47%, and average escape­
ment increased to 37,000 fish. Between 1950 and 
1954, average harvest rate dropped even more to 
35%, and averaged escapement increased to 6 7,000 
fish. With annual increases in smolt production 
each year from greater spawning escapement and 
no additional dam development, the run irlcreased 
from 58,000 fish in 1948 to 207,000 fish by 1957. 

Middle Period (1958-1968) 

Runs of spring chinooksalmon averaged 232,000 
fish between 1951 and 1957, but only 162,000 fish 
between 1958 and 1968 (Figure 2). Adult steelhead 
returns that averaged 269,000 fish between 1938 
and 1957 declined to an average 209,000 fish be­
.tween 1958 and 1968. Summer chinook salmon 
runs declined from 207,000 fish in 1.957 to 75,000 
fish by 1966. Because of depressed runs, the entire 
river was closed to harvesting of summer ch.inook 
salmon beginning in 1965. 

Causes of dec!ines.-Declines in fish runs re­
sulted from the completion of The Dalles Dam in 
1957, Priest Rapids Dam in 1959, Rocky Reach 
Dam in 1961, Wanapum Dam in 1963, Wells Dam 
in l 967 ,.and John Day Dam in I 968 (Figure I). 
These low-head dams provided passage for.adults 
but the dams delayed migrations and caused mor­
tality of migrating adults (Junge and Carnegie 
1976), substantial mortality of juveniles passing 
through the turbines (Schoeneman et al. 1961), 
delay and mortality of juveniles passing through 
the reservoirs behind each dam (Raymond 1979), 
and mortality of both juveniles and adults from •.. 
gas supersaturation resulting from spills at dams 
(Ebel and Raymond 1976). The fishery was not a 
major factor because harvest rates during this pe­
riod were reduced sharply to 46% for spring chi­
nook salmon, 20% for summer chinook salmon, 
and 35% forsteelhead (Oregon Department of Fish 
and Wildlife and Washington Department of Fish­
eries I 966, 1984). 

Actual effects of dams on fish runs could not be 
measured in the early part of this period. Data that 
provided the ·percentage return of adults to mid­
Columbia and Snake rivers were not available un­
til the returns from the 1962 and 1964 migrations. 

.; . 
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respectively. I assurncd that the total cl1Cct prior 
to 1962 \Vas less because there \vcrc fc,vcr dan1s 
and many stretches of frcc-llo,ving river rcmnincd 
between dams. Gas supersaturation was not a 
problem because the water was able to equilibrate 
quickly in the free-flowing river below Priest Rap­
ids and McNary dams (Ebel 1969). Effects from 
turbines and reservoirs on smolts were much less 
than in later years because of fewer dams, fewer 
turbines at each dam, higher spill, and higher river 
flows during the spring, there being fewer large 
reservoirs to store natural runoff from melting 
snows. 

Percentage returns of salmon and steelhead orig-
,. inating from the mid-Columbia reach of river be­

tween 1964 and 1968 declined faster than those 
of Snake River fish (Figure '3). Percentage returns 
of summer chinook salmon to the mid-Columbia 
declined from 2.0% in 1964 to 0.8% by 1967 (av­
erage, 1.3%), and spring chi nook salmon declined 
from 5% in 1964 to less than 1 % in 1968 (average, 
2.6%). In contrast, percentage returns of both spring 
and summer chinook salmon to the Snake River 
during this period averaged 4°/o. Steelhead returns 
to the mid-Columbia River declined from 3.8% 
in 1964 to 1.4% in 1968 (average, 2.8%) but av­
eraged 5.0% for Snake River returns. 

The lower rates of return of spring chinook 
salmon and steelhead to the mid-Columbia River· 
between 1964 and 1968 must have been caused 
by increased smolt mortalities at dams, not dif­
ferences in ocean survival. S!!Jolts fro_m the mid­
Columbia River had to pass three dams in 1962, 
four dams between 1963 and 1966, and five dams 
thereafter. By comparison, there were no low-head 
dams on the Snake River until Ice Harbor Dam 
was built in 1962, and there was only that dam to 
pass between 1962 and 1968. Timing of seaward 
migrations of smolts from each reach of river, 
however, remained. similar, therefore, differences 
in ocean survival should have been small. 

The lower average rate ofreturn of mid-Colum­
bia River summer chinook salmon runs resulted 
from the timing of their seaward migration. I as­
sumed, as did Park (1969), that because summer 
chinook salmon from the mid-Columbia River 
migrated to sea as subyearlings in July and August 
during low river flows, small spills, and wann water, 
their survival was lower than the survival of the 
other runs of fish that migrated to sea as yearlings 
in April and May \vhcn river nows and spills were 
generally higher and water tcmpcratures lo\vcr. The 

:ba·s·15· for this CoricluSion waS nly··niiding-·that 'SU.r­
vival of Snake River smelts was much lower in 
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FIGURE 3.-Percent return of spring and sum.mer chi­
nook salmon and steelhead to the Snake and mid-Co­
lumbia rivers from smelt migrations of 1962-1984. 

years oflow river flows and spills than in years of 
higher 'river flows and spills (Raymond 1979). 

Enhancement activities.-Thefe were no im­
portant hatchery releases of spring and summer 
chinook salmon or steelhead through 1966. Leav­
enworth Hatchery continued to rear sockeye salm­
on and coho salmon 0. kisutch, whereas Entiat 
and Winthrop hatcheries changed their production 
from spring chinook salmon to coho salmon and.,. 
rainbow trout (nonanadromous Sa/mo gairdnen). 
Rapid River and Niagara Springs hatcheries were 
constructed to compensate for fish runs lost through 
the construction of the Brownlee-Oxbow Dam 
complex on the Snake River. Rapid River Hatch­
ery, on the Salmon River, made its first release of 
588,000 spring chinook salmon in 1966. Niagara 
Springs Hatchery near Twin Falls, Idaho, began 
to rear steelhead in 1966. The first release of 
1,250,000 steclhcad was into the Pahsimeroi Riv­
er near Salmon, Idaho, in 196 7. Returns from 

. :.· ":-.·. 
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F1GURE4.-Percent return of wild and hatchery spring 
chinook salmon and steelhead to the Snake and mid­
Columbia rivers from small migrations Of I 962-1984. 

smelts released from Rapid River Hatchery be­
tween 1966 and 1968 ranged between 3.5 and 4.5%, 
only slightly lower than the returns of wild fish 
during this period. In contrast, steelhead returns 
from the fi.rst Niagara Springs Hatchery releases 
were poor. Rates of return from releases in 1967 
and 1968 were less than 1%, compared to 4-6% 
for wild fish (Figure 4). 

Late Period {1969-1984) 

Smelt mortality caused by the new dams built 
on the Snake River after 1968 and the already 
completed dams on the lower Columbia River 
dropped the return rates of Snake River spring 
and summer chinook salmon and steel head from 
above 4% of smolt emigrations through 1968 to 
everages ofless than J.5% between 1970 and 1974 

;ure 3). Record low river nows in 1973 and 
., 17 resulted in retu,.;s ofless than 0.5% because 
95°A>ormoreofthcCmigratjngsmoltsdied in those 
years (Sims et al. I 978; Raymond 1979); 1973 and 

1977 also were bad )'L"ars ror ntid-('olu111bia sn1olts~ 
judged by the low adult return rates (Figure 3). 
Sun1n1cr chinook saln1on runs fron1 the 111id-Co­
lun1bia were already down to about· a I 1Yo return 
rate by 1969 and have remained there since. Sub­
stantial increases in numbers of sn1olts being re­
leased from hatcheries and actions taken since 1975 
to minimize mOrtalities of smolts migrating down-

·. river have helped some fish runs to recover. 
Causes of declines.-The declines in fish runs 

were caused by major increases in smolt mortal­
ities due to turbines, dti:lays in passage through 
reserYoirs, and supersaturation of atmospheric 
gases caused by accelerated development of the 
Columbia and Snake rivers' hydroelectric system 
between 1969 and 1982. In 1968, smelts from the 
Snake River, for example, had to pass only five 
dams with a combined total of 47 turbine units. 
By 197 5, they had to pass three additional dams 
on the Snake River-Lower Monumental (com-
pleted in I 969), Little Goose ( 1970), and Lower 
Granite (1975)-which brought the total to 77 tur-
bine units. By 1982, the number was up to 94 
units, over double that of I 965 (Table I). The 
added turbines have markedly reduced smolt sur-
vival. As a case in point, the number of turbines 
at Snake River dams increased from three to six 
per dam between 1975 and I 980. The capacity of 
a single turbine is about 5 70 m3/s of river flow. 

:: 

At a typical river. flow of 3,400 m 3/s during the 
smolt migration, all of the water and fish must ····. ,.·.·:~:•:::~~~:~::::~;:::h; 
pass through turbines; \vhen there were three tur- ·=·· 
bines, 50% of the water and fish passed by the ·':/ ;<. 
safer route through the spillway (Schoeneman et · ··· 

~~~~~:;,~~£:1~€~f ~~~~ ijl~liii1:iiiii;\,l1ilill 
beni Falls, Libby, Hungry Horse, and Grand Cou- ,:,:i,.,::::;<,:,;:;:~::ii 
lee dams was over 43 x 109 m3 of runoff each~ =::;:;:::';i::::::Uj:i:i;jjl, 

• • • I 'I :;:::;:;;:!:::;:;:::::;:;:;::., 
year. This has reduced Columbia River flows by ;:::;:;:::=::::':::::::::;:;:;: 
about 50% during May and June in most years, 'h · ·,t,::)\l\((ijiljli:jlj 
:~~ ~~e when yearling fish migrate to the sea (Fig- :::::.,@i\!\@l\j=11111:11 

The combination of nearly total impoundment . >'::=::::;;;:;'::;j;j;:'!:)j. 

~~!~ ;,~~:~:s:~~;nne:~~i:gv~:a~:~a:!0b:: ·~~:::::.:::,·:::::::~1::::::11: 
deadly for smolts migrating through the dam com- : ... ,;,;,: :<::.:;=:;::;;:; 
plex. During average or below-average runoff years, ':/... j . .,,,:::;:y 

. the regulated runoff rarely exceeds powerhouse ca- :;: 
pacity, and there is little or no spillage at dan1s.. ;;: 
Direct mortality of smolts passing through tur- ... 
bines has been estimated at about 11% (Schoene~ .. 
man ct al. 1961). Indirect mortali.ty. such as in-



-. 
.I~· .. . :s· . 

I 

I 

I 
' ., 

.S1\l.f\.l()N ANU STEELHEAD IN THE COLUtvlBIA RIVER · 11 

TABLE l.-Nun1bcr or lurhinc units al hydroelectric dan1s on the Snake River and Colun1bia River allCcting 
:inadromous lish runs. 1935-1985. 

(."un1ulativc numbc.:r of turbine units in place by year 

1935 1940 1945 1950 1955 1960 

l\'lid-Columbi.a River 

\\'dis 
Rocky Reach 
Rock lsk1nd 
\\'anapum 
Priest Rapids 

Subtotal 

.-;·• 

Lower Granite 
Little.Goqse 
Lower Monumental 
kt! Harbor 

Subtotal 

10 10 

10 10 

IO IO 10 

10 10 10 

Snake River 

IO 

IO 

20 

Lower Columbia River 

~h:Nary 
jl.}hn Day 
The Dalles 
Bonne ... ·illc 

Subtotal· 

Grand total 10 

10 
IO 

20 

10 
10 

20 

10 
10 

creased predation on stunned fish. can also be 
ubstantial. Long and Ossiander ( 1974) showed 

that the direct plus indirect mortality can be as 
high as 30% at a single _da:n. Prior to 1970, in 
contrast, there was usually substantial spillage at 
dams and much of the migration could pass through 
the spillways, where mortality .»'as 3o/o_ or less 
(Schoeneman et al. 1961) . 

. The reductions in flows due to storage reservoirs 
have further delayed smolt migrations already 
slowed by passage through the essentially im-

Natural 
Flow 

14 

10 
24 

34 

14 

16 
IO 

40 

60 

1965 

8 
10 
10 
10 
38 

3 

3 

14 

16 
10 
40 

81 

1970 

10 
II 
10 
10 
10 
51 

3 
3 
3 

9 

14 
16 
16 
10 
56 

116 

1975 

10 
II 
10 
10 
10 
51 

3 
3 
3 
6 

15 

14 
16 
22 
10 
62 

1980 

10 
II 
18 
10 
10 
59 

6 
6 
6 
6 

24 

14 
16 
22 
10 
62 

145 

1985 

10 
II 
18 
10 
10 
59 

6 
6 
6 
6 

24 

14 
16 
22 
18 
70 

153 

pounded Snake and Columbia ri,·ers (Raymond 
1968, 1969; Bentley and Raymond 1976). Ebel 
and Raymond ( 1976) calculated that, during low­
flow years, juvenile chinook salmon and steelhead 
emigrating from the Salmon River would take 65 
d to reach The .Dalles Dam, arriving ·there about 
35 d later than they did before dams were con­
structed_ Actual travel time during the record low 
runoff in 1977 was close to this prediction; smolts 
took 57 d to travel from the Salmon River to The 
Dalles Dam, arriving there in mid-June :instead of 
early May (Sims et al. 1978)_ The total effect of 
this drastic change in the timing of anadromous 
fish movements, which are precisely tuned to spe­
cific environmental patterns such as correct time 
of entry into seawater, is not yet completely known. 
One immediate effect, though, is increased mor-
tality from the additional travel time required to · ;!~ 

·. -· 

Jan F~b Mar Apr May June July Aug Seot Oct Nov Dec 

Mon1h 

F1Gt:RF. 5.-Typical effects of regulated flows on runolf 
in the Columbia Hivcr. -

pass through eight or nine reservoirs and pro- · '''l· 
longed exposure to predation and disease. For ex-·· 
ample, near-record low flows in 1973 and the rec~· -·· 
ord low runoff in 1977 resulted in 95 and 98% · :· 
mortality of smolts, respectively (Sims et al. 1978; 
Raymond 1979)_ These losses were incurred dur­
ing passage through five and six projects (dam and 
reservoir combinations). This equates to a mor­
tality of 45% per project. By contrast, in 1978, a 
year of high runoff and about a 35% spill at Snake 
River dams, r:nonaiity per project was only 150,h 
(Sims and Ossiander 1981 ). The JO% addi1ional 

. ··::. 
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1norl::dit_y per proj1..·c-t resulted fron1 a~ldcd delay in 

pass~1gc through th~ rcs(:rYoir and higher direct 
and indirect turbine niortality because nearly all 
of the lish passed through turbines. Sims and Os­
siander (198 \)computed a positive correlation be­
tween river flow and survival of smelts (r = 0.87 
and 0.95 for chinook salmon and steelhead. re­
spectively). 1 found (Raymond 1979) that survival 
of chi nook salmon and steel head from the forebay 
to the tailrace of Little Goose Dam during high 
runoff in 1974 was significantly higher than that 
measured during the low runoff in 1973. 

During high runoff and spill, the water can be­
come supersaturated ~ith atmospheric ·gases to 

,., ·levels that are lethal to fish. Ebel (1969) showed 
that water plunging over spillways is the main cause 
of supersaturation. \Vhen there were only a few 
dams on the river, effects were low because gases 
equilibrated with the atmosphere in the free-flow­
ing sections of river. Once most of the Columbia 
and Snake rivers were impounded after 1968 and 
1970, respectively. the problem worsened because 
little equilibration of supersaturated gases occurs 
in reservoirs associated Y.rith dams. Ebel and Ray­
mond (1976) and Raymond (1979) documented 
significant mortalities from gas supersaturation 
during the juvenile and adult migrations of 1970, 
1971, and 1974. To reduce dissolved gas super­
saturation, slotted bulkheads were installed in 1972 
in empty turbine bays of Little Goose Dam to 
increase the amount ofriv:~_r ft.O\V through turbines 
and reduce the amount of spill. Gas supersatura­
tion was reduced, but the slotted bulkheads caused 
a 61 % mortality of juvenile chinook salmon in the 
Snake River that year (Ebel and Raymond I 976; 
Raymond 1979). 

The similar rates of returns of spring chinook 
salmon and steelhead to the mid-Columbia and 
Snake rivers in most years since 1970 (Figure 3) 
suggest that smelts from each_ river encountered 
.similar passage conditions. The decreasing rates 
of return between 1970 and 197 4 to both reaches 
of river reflected declining smelt survival due to 
hydroelectric development. Actions taken since 
1974 to reduce or compensate for mortalities of 
smelts from the dam complex did increase the 
return rates of some fish runs. 

Enhancement activities.-Supersaturation of 
dissolved atmospheric gases (mostly nitrogen) was 
red.uccd by spill\vay deflectors. \vhich are c~ncrete 
sills placed near the base of the spillway to direct 
flow horizontally into the stilling basin. Johnsen 
and Dawley ( 1974). Long and Ossiander (1974), 
and Menan and Liscom ( 1974, 1985) showed that 

the dcllcctors substantially reduce gas supersatu­
ration 'vithou1 adverse c:lfccts·on fish. The lJ.S. 
Army Corps of Engineers installed deflectors at 
Lower Granite .. Little Goose, and Lo,ver Monu-
mental dams on the Snake River and at McNary: .. 
and Bonneville damson the Columbia River; These · · ,': "·. 
installations .. coupled \vith increased turbine ca* :=·: 
pacity and regulated river runoff, have substan- :~:~~:;: 
tially reduced dissolved gas supersaturation in the 
Snake and lower Columbia rivers. 

There was no sin1ple way to minimize or offset 
Josses of smelts migrating through reservoirs and 
turbines at dams. Researcfi was- conducted into 
these problems, but most fishery agencies in the 
late I 960s and early 1970s opted for increased 
production at hatcheries to mitigate losses at dams. 
This enhancement more than doubled the num-
bers ofsmolts arriving al the first dam beginning 
in 1970 on the Snake River and in 1976 on the 
mid-Columbia River. Releases of juvenile spring 
chinook salmon from Rapid River and Kooskia 
hatcheries and of steelhead from Dworshak and 
Niagara Springs hatcheries increased Snake River 
emigrations from about 3.0 million wild smelts 
between 1964 and 1967 to a mix of over 8.0 mil-
lion wild and hatchery smelts by 1970 (Tables 2, 
3). There was no hatchery enhancement of sum-
mer chinook salmon populations until 1980 and 
then the contribution each year from- McCall 
Hatchery at Lower Granite Dam was only between 
80,000 and I 50,000 smelts (Table 4). For the mid­
Columbia reach, spring chinook salmon emigra­
tions changed from 0.2 to I. I million wild smelts 
annually through 1971 to a mix of between 2.0 
and 3. 7 million hatchery and wild smelts after ihe 
Leavenworth Hatchery complex began releasing 
smelts in I 976 (Table 5); summerchinook salmon 
emigrations changed from 1.0-2.2 million wild 
smelts through 1968 to a mix of over 3.0 million 
Wells Hatchery and wild fish by I 978 (Table 6); 
and steelhead changed from 0.3-0.6 million hatch-
ery and wild smelts through 1974.to 0.5-0.9, mil-
lion smelts each year since then (Table 7). ·J:,, .. ·•·: 

These hatchery releases, and relatively high sur­
vival ofsmolts, enhanced fish runs through 1975 
whenever there was average or above-average 
runoff. Rates of return of both wild and hatchery 
spring chinook salmon to the Snake River, for 
example, were over 3.0/o, and the adult returns from 
the smelt emigrations of 1966-1971 were gener-
ally above 70.000 fish annually. Hatchery plant-
ings. though. were not sufficient to offset the 95% 
mortality of smelts emigrating through the dam 
complex during low river flo\vs in 1973. Only 

.·· 
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1·Ant.E 2.-Nuntbcrs of adult spring chi nook sal1non returning to the Snake River. and their pcrcc:nt;1gcs or th'-' 
l'Sti1natcd nun1bcrs of smolts passing the first dam they encountered on the Sn;tkc River. 1964-198.i. 

Millions ofsmolts Thousands of n<luhs returning Percent return 

Year ofsmoll 
passing lirst dam;i after 1-3 years al scab 

Com-
1nig.ration Hatchery Wild Total Hatchery \Vild Total Hatchery \\lild bincd 

1964 2.0 2.0 74 74 3.7 3.7 
196S 1.4 1.4 S2 S2 3.7 3.7 
1966 0.22 1.8 2.0 8 70 78 3.6 3.9 3.9 
1967 0.18 1.3 l.S 8 79 87 4.4 6.1 S.8 
1968 0.4 1.4 1.8 14 so 64 3.S 3.6 3.S 
1969 0.3 1.4 L7 II 74 8S 3.7 S.3 s.o 
1970 1.8 2.2 4.0 44 84 128 2.4 3.4 3.2 
1971 1.7 I. 7 3.4 36 41 77 2.1 2.4 2.3 
1972 1.6 2.3 3.9 s 27 32 0.3 1.2 0.8 
1973 2.1 1.9 4.0 7 7 14 0.3 0.4 0.3 

•'i . 
1974 l.S . l.S 3.0 9 24 33 0.6 1.6 I. I 
197S 2.2 1.7 3.9 24 63 87 I.I 3.7 2.2 
1976 2.4 1.9 .4.3 II 19 30. 0.4 1.0 0.7 
1977 1.2 0.6 1.8 2 3 0.1 0.3 0.2 
1978 2.0 0.7 2.7 2 7 9 0.1 1.0 0.3 
1979 2.J 1.3 3.6 5 16 21 0.2 1.2 0.6 
1980 2.4 2.2 4.6 s 10 15 0.2 0.5 0.3 
1981 2.3 0.6 2.9 2 9 II 0.1 1.5 0.4 
1982 1.4 0.2 I. 7 4 4 8 0.3 .:!.O 0.5 
1983 1.6 0.8 3.4 19 17 36 0.7 2.1 I. I 
1984 4.2 0.7 4.9 26 21 47 0.6 3.0 1.0 

a First dam- Ice Harbor 1964-1968. Lower Monumental 1969. Lillie Goose 1970-1974. Lower Granite 1975-198-l. 
b Count at Ice Harbor Dam plus the estimated catch of Snake River fish in zones 1-6 of the Columbia River fishery. 

T·ABLE 3.-Ntimbers of adult steelhead returning to the Snake River, and their percentages of 1he estimated 
numbers of smoits· passing the fii=St dam th~y encountered on the Snake River, 1964-1984. 

Millions of smelts Thousands of adults returning 
passing first dam"' after 1-3 years .at scab 

Year ofsmolt _____________ --------------
migration Hatchery Wild Total Hatchery Wild Total 

1964 
196S 
1966 
1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
197S 
1976 
1977 
1978 
1979 
1980 
1981 
IY82 
198) 
1984 

0.8 
1.0 
0.8 
2.6 
3.2 
1.4 
2~s 

3.6 
2.4 
1.8 
0.9 
1.2 
1.5 
2.6 
2.4 
3.3 
2.1 
3.2 

1.6 
Ls 
1.6 
1.8 
1.8 
1.3 
1.6 
1.8 
1.1 
1.3 
1.4 
0.8 
1.4 
o.s 
0.9 
I. I 
1.0 
1.3 
1.0 
0.8 
LO 

1.6 
LS 
1.6 
2.6 
2.8 
2.1 
4.2 
5.0 
2.S 
J.8 
s.o 
3.2 
3.2 
1.4 
2.1 
2.6 
3.6 
3.7 
4.3 
2.9 
4.2 

6 
3 
6 

38 
26 

7 
3 
s 

4S 
28 

7 
17 
JI 
S5 
29 

167 
67 

151 

100 
8S 

102 
107 
81 
62 
S4 
S6 
21 
9 

18 
17 
28 
s 

30 
37 
27 
IS 
40 
27 
46 

100 
85 

102 
113 
84 
68 
92 
82 
28 
12 
23 
62 
56 
12 
47 
68 
82 
44 

207 
94 

197 

Hatchery 

0.7 
0:3 
0.9 
LS 
0.8 
o.s 
0.1 
0.1 
1.9 
1.6 
0.8 
1.4 
2.1 
2.1 
1.2 
5.1 
3.2 
4.7 

Percent return 

Wild 

6.J 
S.7 
6.4 
S.9 
4.S 
4.8 
3.4 
3.1 
1.9 
0.7 
1.4 
2.1 
2.0 
1.0 
J.J 
3.4 
2.7 
1.2 
4.0 
J.4 
4.6 

"'Firs! dam-Ice llarbor 1964-1968. Lower Monumental 1969. Little Goose 1970-1974. lowerGranite 1975-1984. 
·n_ Counl :it Ice I !arbor Dant pl~s the cstim~lci,J c:i-tc;h of Snake Ri,1cr fish in "Lones 1 . .,-6 of .the Colunlbi3 River lishery. 

Com­
bined 

6.3 
S.7 
6.4 
4.3 
3.0 
3.2 
2.2 

!:~·~~ .-~~ 
O.J 
0.5 
1.9 
1.8 
0.9 
2.2 
2.6 
2.3 
1.2 
4.8 
3.2 
4.7 

:-· 
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Tl\111.E 4.-N.unibcrs of adult sun1mcrchinook s.aln1on 
returning to the Snake River. and their percentages of 
lhc estimated numbers of sn1olts passing the Jirst dan1 
they encountered on the Sna~c River. 1964-1984. 

Thousands 
. tv1illions of of .adults 

smolts returning 
Year ofsnloh passing aft~r 1-3 Percc~t 

migration first dam• years at scab return 

1964 0.9 30.0 3.3 
1965 0.8 30.0 3.8 
1966 LO 33.0 J.2 
1967 0.7 42.0 6.0 
1968 0.7 29.0 4.1 
1969 0.7 34.0 4.8 
1970 LO 32.0 3.2 
1971 0.6 14.0 2.J 
1972 0.9 8.8 LO 
197) LO 4.0 0.4 
1974 0.6 7.5 1.3 
1975 0.5 17.0 3.4 
1976 0.6 5.6 0.9 
1977 0.2 LO 0.5 
1978 O.J 3.6 I.I 
1979 0.5 5.5 I.I 
1980 0.6c 4.7 0.8 
1981 Q.4C 5.J 1.5 
l9S:! 0.4' 5.8 1.4 
1983 Q.4C 6.4 1.4 
1984 0.5t" 8.4 L7 

a First dam-kc Harbor 1964-1968, Lower Monument.al 1969, 
Little Goose 1970--1974. Lower Granite 1975-1984. 

- ' O Count at lee Harbor Dam plus the estimated catch of Snake 
River fish in zones 1-6 of the Columbia River fishery. 

c Includes the estimated Con!,!!bution fr9m McCall Hatchery. 

14,000 adult spring chinook salmon returned to 
the Snake River from that year's smolt migration 
(Table 2). After 1975, regardless of runoff, returns 
ofhatchery spring chinook salmon were very small. 
Possible reasons for this ·are discussed in the sub­
sequent section on responses of spring chinook 
salmon to protection and enhancement. 

When it became apparent in early 1975 that 
Snake River salmon and steelhead runs were in 
jeopardy, fishery and water management agencies 
met to develop the following recommendations for 
maintaining valuable upriver runs of fish: (I) ex­
pand research to perfect fingerling bypasses and 
transportation of smolts around dams; (2) accel­
erate installation of fingerling bypasses at dams; 
(3) begin mass transportation of smolts collected 
at Lower Granite and Little Goose dams on the 
Snake River to waters below Bonneville Dam; (4) 
improve passage of adults at dams; and (5) form 
a Cornmitlee on Fishery Operations (COFO). The 
COFO's assignment was to oversee management 
of timely releases of water from reservoirs to sup­
plement river nows. thereby reducing migration 

delays lbr sn1olts and providing spill at dan1s with­
out fingerling bypasses to n1inimizc turbine mor-
tality. . 

These recon1n1cndations . established· the 
ground\vork for th~ protection of runs not only in 

. the Snake River but in the mid-Columbia River 
as well. Much of the information obtained from 
the research programs and COFO was used to de­
velop the Fish and Wildlife Program of the Pacific 
Northwest Electric Power Planning and Conser­
vation Act, signed in 1980. I present a summary 
of these enhancement activities. · 

Fingerling bypasses.-Fingerling bypass sys­
tems often include submersible traveling screens 
to divert fingerlings out of turbine intakes into 
gatewells and orifices to pass fish out of gatewells 
into a bypass (Figure 6). Another type of bypass 
is that used at The.Dalles Dam, where the ice and. 
trash sluice is used to skim fish out of the forebay 
of the dam (Nichols and Ransom 1981). Bypasses 
and traveling screens have no\v been installed b~' 
the Corps of Engineers at Bonneville, John Day, 
McNary, Little Goose. and Lo,ver Granite dams. 
PlanS are in progress to provide similar bypasses 
at mid-Columbia River dams and Lower Monu­
mental, Ice Harbor, and The Dalles dams. Re­
search has shown that traveling screens that work 
at one dam may be far less efficient at another 
dam. Therefore~ evaluations are being conducted 
at each dam to ensure that the fish guiding effi, 
ciency of the submersible traveling screen is ad­
equate and that bypasses are functioning correctly. 
Another recent discovery is that fish guidance can 
vary among years as well as within years and be­
tween species at a given dam. Tests at Lower Gran­
ite Dam in 1984 and 1985, for example, showed 
that the guiding efficiency for chi nook salmon ear­
ly in their migration was only 30-40% but later · 
improved to 70%. In contrast, the guiding effi­
ciency for steelhead remained above 75% through­
out emigrations in all 3 years. Measures ofv~'rticru 
distribution indicated that low guiding efficiency 
resulted whenever a high percentage of fish were 
below the intercept level of the submersible trav­
eling screen in the turbine intake. One.explanation 
is that earlier-migrating yearling chinook saJmon 
(mostly hatchery releases) may not be far along in 
the parr-to-smoJt transformation during some 
years, and migrate deeper in the water column 
(Pinder and Eales 1969). 

Tests al McNary Dam in I 984 showed that 
guiding efficiency for subye:irling chi nook salmon. 
emigrating in July and.Augus"t, .was 50% or less. 
In 1985, the clficicnc)' was less than 25% for sub-
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i·f\111.E 5.-Nunibcrs of :1dult spring chi nook snln1on returning to the n1id-Colun1bi:1 River. :1nd lhcir percentages 
of the cstin1;itcd nun1bcrs or smolls passing the first dams they cncounl<.'"f'cd on 1hc n1id-('olumbia River, 1962-
1984. 

Year of 
Thousands ur sn1olts Thousan<ls of a<lults returning P1..•r,,;~nt ~clurn 

sn101l 
passing lirst dama ·:··after 1-3 years at scab 

('om-
migration H?.tchcry-· Wildu Tot:il Hat~hcry Wild Toul Hatchery \Vild hincd 

1962 833 833 -·.-~..:~· ... 30.3 30.3 3.6 3.6 ~"-1963 !00 200 9.5 9.5 4.7 4.7 ... ,. 
1964 550 550 ~; 27.0 27.0 4.9 4.9 
1965 395 395 9.7 9.7 2 . .5 2.5 
1966 769 769 19.2 19.:?. 2.5 2.5 
1967 52.S 525 9.3 9.3 2.5 2.5 
1968 1.117 1.117 7.8 7.8 0.7 0.7 
1969 642 642 12.7 12.7 2.0 2.0 
197o 690 690 27.4 27.4 4.0 4.0 
1971 430 430 10.8 10.8 2 . .5 2.5 
1972 200 425 62.S 9.1 10.9 20.0 4.5 1.6 3.2 
1973 467 349 816 2.0 3.5 5.5 0.4 l.O 0.5 
1974 384 J95 779 7.9 8.5 16.4 1.1 2.1 2.1 
1975 574 SJ3 1,407 16.4 22.0 38.4 2.8 2.6 2.7 
1976 1.637 450 2.087 6.9 3.7 I0.6 0.4 0.8 0.5 
1977 2.308 618 2.926 5.4 l.7 7.1 0.2 0.3 0.1 
1978 2.323 320 2.643 5.4 3.7 9.1 0.2 l. I O.J 
1979 2.038 486 2,524 7.4 4,9 12.J 0.4 l.O 0.5 
1980 3.031 699 3.730 6.5 4.9 I 1...i 0.2 0.7 0.3 
1981 3.175. 164 3.J39 4,2 3.5 7. 7 0.1 2.1 0.2 
1982 3.056 245 3.301 11.2 5.4 16.6 0.4 2.2 0.5 
1983 3.054 219 J.273 18.2 6.4 24,6 0.6 2.9 0.8 
1984 2.S6S 245 3,113 19.3 5.S 25.1 0.7 2.4 0.8 

3 Firs! dam-either Rock Island. Rocky Reach. or \Veils. depending on tributa.ry and halchery. 
b Count at Priest Rapids Oa.m plus the estimated catch o( mid-Columbia fish in zones 1-6or1he Columbia Ri\•er fishery. 
<:Numbers released from hatcheries x SO'l/o survival to tirst dam. 
d Redd count 2 years previously x 500. 

yearlings in July at John Day Dam. Measures of in 1968-1970 (Ebel et al. 1973) and Little Goose 
vertical distribution again revealed that many sub- Dam in 1971-1973 (Ebel I 980). As a result of 
yearlings passed below the traveling screen in the these findings, the Corps of Engineers began mass 
turbine intake. Tests at Bonneville Dam indicated transportation of smolts from the Snake River in 
that guiding efficiency is 75% at the first power- 1975. Approximately 15% of the populations of 
house but only 20-50% at the newer second pow- both chinook salmon and steelhead were trans­
erhouse. Recent prototype modifications im- ported in 1975 and 1976, and over 65% in 1977. 
proved the efficiency for yearling fish but not for-:: About 50% of the chinook salmon and 75% of the 
the deeper-migrating subyearlings. The Corps of steelhead were hauled from the Snake !Uver each 
Engineers is presently examining the feasibility of year between 1978 and 1981. In 1979, transpor-
a longer traveling screen or an added screen on the · ta ti on of smolts from the mid-Columbia and Snake-ii,.-;..,, 
trashrack to intercept deeper-running fish. Details rivers began at McNary Dam. About 10% of the". -
on recent research on fingerling bypasses may be spring chinook salmon and steelhead were hauled 
found in Krcma et al. (1980, 1982, 1985), Gessel in 1979, 10% in.1980, and-25%.in .. 1981. Large>. 
et al. (1985), and Swan et al. (1985). ··. num~;..·of subyearling-suinmer.chincioksaimon·i"'-'·~ 

Transportation of smalls. - The concept of smolt froin:·:the mid-~01~;:;;,gia: River aiuLfaiiZchino()J(­
transportation is to collect smolts diverted out of .. safm'On-fron:i iia!i{~1'spawning and haich_enes be~ ·;­
turbine intakes at upriver dams, such as Lower lit~~tQe~_tB;a·P_i~.~nl Were·also h3lil.Cdi~i:tY~~~::=_ .';~ 
Granite Dam, and to transport them by truck or· By 1982, it was apparent that transportation was 
barge to safe release areas below Bonneville Dam, providing greater benefits to steelhead and sub-
thus bypassing the rigors of intervening dam-res-· yearling chinook salmon runs than to spring chi­
ervoir systems. Benefits from· transportation of nook salmon runs. Starting in 1982. fishery agcn­
-both _steel head and chi nook salmo_n smolts were cics reduced the nui:nbers of Spring chin_ook salmon 
-rCalized in early experiments at Ice Harbor Dam being transported and opted to protect smelts of 

; 
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·r Atll.E 6.-Nun1bcrs ot'adult su1nn1cr chi nook salinon 
returning to the 1nid-('olu1nbia River. and their pcr­
l"Cntagcs of lhc nun1bcrs of sn1olts passing the first dam 
thi:y cncounlen:d on lhc n1id-Colun1bia River. l 9?2-
1984. 

~1illions of smolts­
passing first dama 

Year of ----------
smolt 

migration 

1962 
1963 
1964 
1965 

.. ,. 1966 

1967 
1968 
1969 
1970 
1971 
1972 
1973 
1974 
1975 
1976 
1977 
1978 
1979 
1980 
1981 
1982 
1983 
1984 

Hatch­
ery' 

0.3 
0.3 
0.3 
0.4 
0.5 
0.2 
0.3 
0.3 
.0.5 
1.3 
I. I 
Ll 
1.4 
0.7 
0.8 
0.2 

WiJdd 

1.0 
L7 
1.5 
2.1 
1.5 
3.1 
2.2 
2.6 
L7 
3.0 
2.5 
2.0 
1.8 
1.6 
1.8 
1.3 
1.8 
2.2 
I. i 
l.S 
1.3 
0.8 
1.6 

Total 

1.0 
1.7 
1.5 
2.1 
1.5 
3.1 
2.2 
2.9 
2.0 
3.3 
2.9 
2.5 
2.0 
1.9 
2.1 
1.8 
3.1 
3.3 
2.8 
J.2 
2.0 
1.6 
l.S 

Thousands 
of adults 
returning 
afte1· 1-4 Per-

years cent 
at scab return 

27.5 2.7 
30.1 l.8 
30.3 2.0 
28.0 L3 
21.5 1.4 
22.5 0.7 
26.I LI 
22.0 0.7 
16.9 0.8 
14.3 0.4 
21.0 0.7 
18.0 0.7 
19.6 1.0 
21.3 LI 
23.6 I. I 
18.0 0.9 
14.0 0.4 
11.5 0.3 
9.2 0.3 

15.0 0.4 
17.0 0.8 
17.0 l.O 
13.0 0.7 

a First dam-either Rock lsl;ind. Rocky Reach, or \Velis. de­
pending on tributary and hatchery. 

b Count at Priest Rapids Dam plus th'e'"estimated· number of 
mid-Columbia fish. in zones 1-6 of the Columbia River fishery. 

c Numbers of anifidaUy reared fish released from Wells Hatch-
ery x 50% survival to first dam. . 

d Redd count I year previously x J ,000. 

this race by means of spillage and fingerling by­
passes. The idea was to "spread the risk" and use 
both means of enhancing survival until it can be 
determined which is the ·best method. 

Adult passage. -Losses of up to 15% per dam, 
fallback rates up to 35% over the spillway at 
Bonneville Dam, and substantial delays in passage 
at dams have resulted in high overall losses of 
adults migrating upstream through the dam com­
plex to spawn (Junge and Carnegie 1976; Monan 
and Liscom 1985). In high-flow years, adult loss 
rates may have been similar to those for smolts. 
Since 197 5, passages of adults past dams has been 
markedly enhanced by better-formed spills, better 

ttraction facilities at ladder and powerhouse col-
1ection c~trances. and reduced powerhouse gen­
eration next to la<ldcrcntra.nccs. In addition. stud­
ies by Damkaer and Dey (1986) revealed that 
fluorides discharged rrom an aluininum plant V.'CfC 

T,\IH.E 7.-NumOCrs of adull stcclhcad returning to 
the 1nid-Columbia River. and their percentages of the 
cstimatCd numbers ofsn1ohs passing the first dam they 
~~ncountcrcd on the n1id-(~olumbia River. 1962-1984. 

Thousands 

Thousands of smolts of adults 

passing first dama rcluming 
Year of after 1-::! Per-
smolt Hatch-· years cent 

migration cry' WiJdd Total at scab return 

1962 130 120 250 10.9 4.4 
1963 l80 140 320 8.0 2.5. 

. 1964 330 140 470 18.0 3.8 
l965 300 130 430 13.6 3.2 
l966 250 I IO 360 11.7 3.2 
1967 260 140 400 9.3 2.3 
1968 280 200 480 6.6 1.4 
1969 360 110 470 8.8 1.9 
l970 400 150 550 14.I 2.6 
1971 . 280 100 380 7.3 1.9 
1972 380 90 470 8.0 1.7 
1973 390 180 570 0.8 0.1 
1974 350 90 440 4.0 0.9 
1975 470 110 580 12.5 2.2 
1976 470 50 520 l 1.7 2.2 
1977 390 40 430 0.9 0.1 
1978 470 150 620 10.I 1.6 
1979 630 160 790 10.0 1.3 
1980 540 70 610 9.1 1.5 
1981 630 140 770 5.6 0.7 
19S2 700 140 840 54.1 6.4 
1983 760 150 910 34.0 3.7 
1984 680 110 790 45.0 5.7 

:1 First dam-either Rock Island. Rocky Rc~ch, or \VeJis. de-
pending on tributary and hatchery. 

b Count ,at Priest Rapids Dam plus the estimated catch of mid-
Columbia fish in zones 1-6 of the Columbia River fishery. 

c.Numbers released from hatcheries x 90% survival to first 
dam. 

d Numbers derived from sampling at Priest Rapids Dam in 
1965-1967 and 16.7 x adult count at Priest Rapids Dam 2 years 
previously for other years. 

Ch:an~I 
to 1~;1t~c 

·.t,..·'l .. 
For~y 

\ 
s .. b~1iblc 
travo:hng 
~Hn 

FIGURE 6.-Schcmatic diagram of the system to by­
pass juvenile migrants around turbines. 
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delaying passage of adults at John Day Dam. When 
fluoride concentrations were reduced~ passage time 
significantly improved. Finally, the acjdcd power 
generation at dams reduced the spill levels and, in 
tum, the adult fallback problem and losses asso­
ciated with dissolved gas supersaturation. As a 
result, present losses ofadults are much lower than 
in earlier years. . 

Committee on Fishery Operations (COFO).-. 
· Augmented river flows and spill were provided, . 
'~'starting in 197 5, to protect smelts migrating down 

the river each year. Minimum flow .standards de­
veloped by the fishery agencies to minimize delay 

' in passing through reservoirs were used as guide-
lines for providing flows when needed for fish mi-\;; 

. . . ··•· ·-$fations. The common goal of both the fishery 
:::.;:: agencies and water management agencies .was to 

provide a balance between the flows and spill re­
quired for smolt migrations and the water required 
for electricity and irrigation. This was especially 
critical during the record drought of 1977, when 
spills at dams and releases of water from storage 
reservoirs were provided for fish. The levels, while 
not up to minimum standards, at least provided 
some protection for smelts yet had little effect on 
the \Vater management agencies (Columbia River 
Water Management Group 1977). The COFO, 
consisting ofrepresentative_s from fishery agencies. 
the Corps of Engineers, the Bonneville Power 
Administration, public utility districts, investor~ 
owned utilities, and the U.S. Bureau of Recla­
m.ation, oversa\v river operations until 1983, \vhen 
the Water Budget Center was formed as part of 
the Northwest Power Planning Council's Fish and 
Wildlife Program. Between 1977 and 1982, mass 
transportation was the primary mt;ans for en~ 

hancing survival of Snake River runs; spill, by­
pass, and supplemental river flows were used to 
protect mid-Columbia River runs. 

·. Responses to Protection and Enhancement 

Spring Chinook Salmon 

Spring chinook salmon (combined hatchery and 
wild fish) returned to the mid-Columbia and Snake 
rivers at generally similar rates from the smelt 
migrations of 1970-1984 (except from that of 1972, 
when slotted bulkheads were in place; Figure 3). 
Higher rates of return from smoh migrations in 
1970 and 1975 to both reaches of river rcllectcd 
years of more favorable do\vnrivcr survival. Lo\v 
rates of return fro1n migrations in 1973 and 1977 
\verc caused primarily by poor do ... vnstr1.:;,11n sur­
vival during record lo\v river no,vs. The lt.J"' rates 

of return to both reaches of river that followed 
smelt cmigrntions every year since 1975 (except 
1977) probably reflect low survival of ha.tchcry 
fish shortly after entry into the ocean more than 
mortality at dams. 

The health ofsmolts and their subsequent ocean 
survival may be more important (especially during 
favorable-flow years) to the viability of spring chi­
nook salmon runs than their downriver survival 
through the dam complex. Survival ofsmolts from 
the Snake River to The Dalles Dam in 1970 and 
1975, for example, was about 20%-considerably 
less than the 34% measured in 197 4 (Raymond 
1979) or the .30-40% measured between 1978 and 
1982 (Sims et al. 1983). Yet, rates of return of 
adults (2-3%) from 1970 and 1975 emigrants were 
much higher than the 0.5% return from later em­
igrants with better c!o\vnriver survival. The im­
proved downriver survival of spring chinook 
salmon smolts but low return of adults implies 
that pr9blems other than mortality at dams are 
affecting spring chinook salmon runs. As shown 
in Figure 3, the rates of return to the mid-Colum­
bia and Snake rivers have been consistentlypoor-
0.5% or less between 1975 and 1982-in spite of 
mass transportation, augmented river flo\vS and 
spill, fingerling bypasses, and reduction of gas su­
persaturation. 

When rates of return of wild and hatchery spring 
Chinook salmon to each reach of river \vere dis­
tinguished (Figure 4; Tables 2, 5), it became ob­
Yious that the problem \Vas with hatchery fish. 
Their rates of return from the 1976-.1982 emigra­
tions were 0.40/o or less to both reaches of river, 
indicating little or no response to enhancement 
me·asures employed to improve downriver sur­
vival. In contrast, wild stocks have responded to 
enhancement, as indicated by their improved rate 
of return to both reaches of river each year since 
the 1977 emigration, except those from the 1980 
smelt migration. The 1984 emigrants had about 
a 3o/o return to the Snake River, considerably higher 
than the 0.5% return from the I 977 emigration 
\vhen downstream survival was poor. The similar 
increases in rate of return of wild stocks to each 
reach of river indicate that both the transportation 
and spill-bypass-supplemental flow methods pro­
vided similar protection of smelts between 1978 
and 1984. The recent increases in rate of return 
of \vild fish suggest that passage conditions in the 
river and conditioris in the ocean \vcrc 13vorabli: 
for survival. Therefore-. the consistently lo\v rate 
of return of hatchery f1sh n1ust have -resulted be­
cause of their inability to survive in th1..· 01..·1..·an 
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rather than because ocean conditions thcn1sclvcs 
were ad verse. 

The return of hatchery spring chi nook salinon 
has not always been poor. Rates of return of hatch­
ery fish from smolt migrations between 1966 and 
1971 and in 1973 were only slightly below those 
of wild fish to the Snake River (Table 2). In con­
trast, returns of hatchery fish were only one-third 

· to one-half the wild fish rates from small migra­
tions in 1972, 1974, 1975, 1976, and 1977. Be­
tween 1978 and 1982, returns were a consistently 
dismal 0.1--0.3% compared lo 0.5-2.0% for wild 

"~ '<· fish. Returns of fish released from Leavenworth 
' Hatchery and other hatcheries on the mid-Colum­

bia River also compared favorably with rates for 
wild fish through 1977; indeed, the return rate 
from the first release in 1972 was almost twice that 
of wild fish (Figure 4). For the emigrants of 1978-
1982, though, the return of hatchery fish remained 
below 0.5%, while the rate of return of wild fish 
increased to 2.2% (Table 5). 

Why the poor returns of hatchery fish when 
downriver survival from the Snake River has im-

. proved in recent years? I suspect the major prob­
lem is mortality of hatchery fish from bacterial 
kidney disease (BKD) either during migrations 
through the dam complex or, more likely, shortly 
after entry into the ocean. In recent years, BKD 
has been prevalent in hatcheries at least at sub­
clinical levels (Conglet_on-et·al. 1985). Even though 
the disease may not have manifested itself in the· 
hatchery, it can be activated by stresses encoun­
tered in downriver migration, transportation, and 
subsequent seawater transition. Once activated, it 
usually takes 1-3 months to kill fish (Bullock et 
al. 1975). Because travel time from Lower Granite 
Dam to John Day Dam during the last IO years 
has~averaged I 1-14 d (Sims et al. 1983), there is 
not enough time during passage through the dam 
complex for mortalities from BKD to occur, and 
they would not show up in measures of downriver 
survival. However, below John Day or The Dalles 
dams or after entry in the ocean, once sufficient 
time has elapsed, substantial mortalities could oc­
cur. In contrast, ifthere is an outbreak ofBKD in 
the hatcheries, depending on timing of the out­
break, mortalities can begin occurring during the 
migration through the dam complex. In 1981 there 
was a major outbreak of BKD at mid-Columbia 
River hatcheries (Gib Taylor. U.S. Fish and Wild­
Ii fc Service. personal comn1unication) in_combi­
nation with low river flows. \Vith Lhe migration 
delayed by low runoff. many of these hatchery fish 
died between Priest H.;:lpids and J'vlcNary dams. In--

1982. a similar outbreak occurred but. \Yi th higher 
river llows. most of the mortality occurred be­
tween McNary and John Day dams (Columbia 
River Water Management Group 1982, 1983). 

The results of recent studies strongly indicate 
that BKD_ severely limits the ocean survival of 

-spring chinook salmon. Banner et al. ( 1983) found 
that spring chinook salmon smolts from three Or­
egon hatcheries suffered losses attributed to BKD 
ranging from 45 to 81 % during 200 d that they 
were held in seawater. Similarly, Congelton et al. 
( 1985) presented data indicating that spring chi­
nook salmon smolts from several Idaho hatcheries 
suffered mortalities attributed to BKD ranging from 
33 to 85% during 130 d in seawater. In both of 
these studies, test fish were exposed to stresses 
associated with capture and loading at the hatch­
eries and subsequent transfer to the seawater hold­
ing facilities. The National Marine Fisheries Ser­
vice also conducted tests to determine the effects 
of stresses on the survival of Snake River spring 
chinook salmon held in seawater. Results indi­
cated that survival was adversely affected by the 
stresses of passage through the collector system at 
Lower Granite Dam and of subsequent transpor­
tation. Most deaths did not occur until after 42 d 
and ranged between 60 and 75% after 146 d. Near­
ly all of the mortalities were associated with BKD 
(Matthews et al. I 985; Park et al. 1986). 

If upriver spring chinook salmon ruils are to 
survive, the quality of smolts being released from 
hatcheries needs to be .improved and numbers of 
wild fish need to be increased. If this can be ac­
complished, the runs probably will rebuild, be­
cause high-quality hatchery fish should respond as 
positively as wild fish to protection. measures em­
ployed at dams. There are hopeful signs. Numbers 
and rates ofr~~l!m of hatchery fish from I 983 and 
1984 releases to both reaches of river increased 
dramatically from previous years. For the Snake 
River, fish numbers were 19,000 and 26,0do;-re­
spectively, and rates of return averaged 0.65%. By 
comparison, returns ave_raged only 3,000 fish and 
0.18% for releases between 1978 and I 982 (Table 
2). For the mid-Columbia River, fish numbers were 
18,000 in 1983 and 19,000 in 1984 and the rate 
of return also averaged 0.65%. By comparison, 
returns averaged only 5,000 fish and 0.25% from 
releases between 1976 and 1981 (Table 5). The 
increase to I 7 ,000 and 21,000 wild fish returning 
to the Snake River from 1983 and ·1984 smolt 
migrations is mos~ encouraging. The 30/o return 
from 1984 is even approaching prcdam return rates 
(Tablc2). Rates of return of wild fish to the mid-

: : :~ . 
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Columbia River were similor (Table 5). but there 
was no significant increase in nu1nbcrs of wild fish 
based on index redd counts between 1985 and 
I 987. The reasons for the recent high returns are 
unknown but could include better quality hatchery 
fi>h migrating-downriver.in 1983 and 1984, more 
\vild smolts in the Snake River population, stock­
ing of fingerlings in unpopulated streams, reduced 
stress _due to improvements of collection facilities 
at dams (particularly debris removal operations), 
spill in combination with transportation from 
dams, and better survival in the ocean. ..•. ~ 

Summer Chinook Salmon 

Summer chinook salmon migrations from the 
Snake River, TO.contrast to those of spring chinook 
"almon, are mostly of wild origin. Both races mi­
grate to sea as yearlings at the same time each 
spring. From the emigrations of 1969-1982, sum­
mer chinook salmon and wild spring chinook 
salmon had similar return rates (Figures 3, 4; Ta­
bles 2, 4). Declining return rates of summer chi­
nook salmon from most emigrations between 1969 
through I 977 reflected lower survival of smolts 
migrating to sea through the dam complex (Sims 
et al. 1978; Raymond 1979). The higher return of 
3.4% from smolt migrations-in 1975 and the lower 
one of0.9% from 1976 probably reflect differences 
in survival after entry in the ocean, because down­
river survival rates in those 2 years were-ge~erally 
similar (Sims and Ossiander 1981). The improve­
ment in return rate, to about 1.5°/o, from smelt 
migrations in most years since -1977 is a positive 
sign that these fish runs are ·responding to en­
hancement programs during smolt migrations be­
tween 1978 and 1982. 

Numbers of wild Snake River summer chinook 
salmon, both of smolts and of returning adults, 
declined during the I 970s. The 1.0 million smolts 
that emigrated in I 970 led to 32,000 returning 
adults, but only 200,000 smolts left in 1977 and 
only 1,000 of them came back as adults (Table 4). 
Numbers have increased some since then; 450,000 
smolts emigrated in 1984, of which 8,400 returned 
as adults. McCall Hatchery, built to en.hance 
numnbers of smolts, made its first releases in 1980; 
numbers produced, however, have ranged ~nly be­
tween !00,000 and 250,000 each year through 
1983-insufficient to offset the population lost to 
dams during this decade. The increase to 1.0 mil­
lion smolts being released from McCall Hatchery 
staning in 1986 should result in increases in adult 

·returns of summer chi nook salmon by 1988. 
-Rates of return of sun1n1cr chi nook- salmon lo 

the n1id-Columbia River fro111 sn1olt migrations 
between 1969 and 1982 ha vc remained a low 0.3-
1.1 % (Figure 2; Table 6). This is considerably low-
er than returns to the ST}akc River in every year 
except returns from the 1973 and 1977 .smolt mi­
grations that incurred a 95% or higher mortality 
during their migrations to sea. This consistently 
lower rate of return provides funher evidence that 
fingerlings from the mid-Columbia River, which 
migrate to sea as subyearlings in July and August, 
usually incur substantially higher mortalities than 
yearlings from the Snake River, which migrate to 
sea in April and May. This higher monality is 
probably the primary reason why this run has not 
improved despite enhancement measures. Re­
turns declined from 26,000 fish from smolt mi­
grations in 1968 to only 14,000 fish from migra­
tions in 1971, even though 500.000 or more smolts 
have been released from Wells Hatchery each year 
since 1969 (Table 6). There was some increase in 
returns from smelt migrations bet\veen 1972 and 
1977, averaging 20.000 fish and about a I% rate 
of return. However, the run has since declined to 
an average of 13,000 adults and a 0.3% return rate. 
This 35% decline in numbers of adults is panic­
ulaily alarming because it occurred in spite of a 
35°/o increase in numbers of smelts starting sea­
ward migrations each year beginning in I 978. It 
does not appear that the ocean fishery can be 
blamed for the decline in fish runs because there 
has been no major increase in overall fishing effort 
or in numbers of chinook salmon taken in that 
fishery since 1977 (Pacific Fisheries Management 
Council I 985). Therefore, the problem must. be 
related to high downriver mortality that has ne­
gated much of the compensation from Wells 
Hatchery in most years, and even. affected runs of· 
wild. fish. Redd counts, which remained consis­
tently between 1,500 and 2,000 each year between 
1973 and I 980, dropped to about 800 in I 982 and 
700 in I 983. This indicated that wild fish run~~·"·• 
returning from the 1979 and 1980 smolt migra­
tions were about 50% less numerous. Redd counts 
were back up to I ,600 in 1984 and to over 2,000 
by I 987, indicating better survival of wild fish 
migrating to sea since 1980. 

Actions taken since 197 5 to provide flows, spills, 
and transportation to enhance survival of smelts 
have generally concentrated on spring-migrating 
fish. Little orno spill has been provided in summer 
months through the mid-Columbia reach. Some 
spill for fish has bceri provided at John Day Dam 
in the summer but none spcCifica.lly for fish at The 
Dalles or Uonncville dan1s. Since _1980, mal)y sub-
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yearlings have been transportt:d fro111.tvtcNary l)nn1 
in July and AugusL This has provided some pro­
tection for fish reaching. that dan1 but docs nothing 
to reduce n1ortalitics of those migrating past mid­
Columbia River dams. Supplemental flows to 
minin1izc delays in migration are probably not 
needed. Miller and Sims ( 1984) found no corre­
lation bet\vcen amount of river flo\v and travel 
time ofsubyearlings migrating in July and August, 

·and concluded this \vas because the parr were not 
ready to migrate. Migration occurs \vhen the su~ 
byearlings grow to smolt size; until then, they stay 
in the reservoir regardless of the amount of river 

··"· ~-flow. 
In summary, summer chinook salmon runs in 

the Snake River appear to be responding to smolt 
protection activities. but the run size.has not im­
proved because insufficient numbers ofsmolts are 
being produced. In contrast, the rate of return of 
mid-Columbia runs has remained less than 0.4% 
n1ostly beca:use of inadequate protection ofsmolts 
at dams and poor survival of hatchery releases. 
Better enhancement is required to offset smelt 
mortalities if we \vish to improve mid-Columbia 
runs. Enhancement should include ( l) spills, fin­
gerling bypasses, or some form of transportation 
of smolts at mid-Columbia River dams, (2) in­
creased transportation of smelts from McNary 
Dam and spills or fingerling bypasses at The Dalles 
and Bonneville dams, aEd. (3) greater contribu­
tions from hatcheries, which possiply should alter 
the size of fish released or the time of release to 
conform more closely to the timing of yearling 
migrations. Data presently indicate only mini­
mum benefit from the large numbers of smolts 
currently being released. Improved quality of 
smolts being reared and a different time of, or size 
at, relea~e niay improve survival. 

Steelhead 

The rates of return of steelhead to both the mid­
Columbia and Snake rivers from smolt migrations 
between 1969 and I 984 dramatically portray the 
effects on these runs both of dams and of enhance­
ment measures since I 974 (Figure 3; Tables 3, 7). 
The similar declines in return rate to both reaches 
of river from smolt migrations between 1970 and 
1974 and in 1977 reflect low survival of·smolts 
because of poor passage conditions during their 
seaward migrations in these years. The improved 

. rates of return to both reaches of river since 1974 
(except l 977) reflects the improved survival of 
stcclhcad sn1olts passing ~hrough- the dams and 

. reservoirs brought on by cnha11cc1nL·nt actions tak­
en since 1975 to re-duce 1nortality ofsn1olts. 

The response to rnass transportation or sn10Jts 
from the Snake River has been excellent. Since 
1977; between 64 and 79% of the steel head from 
the Snake River each year have been transported 
by truck or barge around the dams to release sites 
below Bonneville Dam. Data indicate that most 
returns to the Snake River, especially in low-now 
years, were from transported fish (Park 1985). Sims 
et al. ( 1983) found that survival of nontransported 
fish between I 977 and I 980 was low, especially 
in I 977, and Park ( 1985) showed positive en­
hancement of steelhead due to transportation_ 
During this period, few mid-Columbia steelhead 
were transported from McNary Dam; the remain­
der probably were subjected to passage conditions 
like those encountered by nontransported Snake 
River fish and, consequently, had a lower rate of 
return than transported fish. The difference in rates 
of return from 1977 smolt migrations best portrays 
the. benefits of transportation. Rate of return of 
fish from the Snake River, most of which were 
transported, \Vas about l o/o-over three times the 
rate for nontransported fish from the mid-Colum­
bia River (Figure 3). During higher-flow years, such 
as 1978-198 l, benefits of transportation were not 
as great because nontransported fish survived bet­
ter. Even so, average return rates were 2. l o/o to the 
Snake River and I.3% to the mid-Columbia River. 

Returns to both reaches of the river in 198 l 
declined. I believe this resulted from decreased 
sui:vival in the ocean. Returns to streams without 
dams around Puget Sound, Washington, and the 
lower Columbia River also showed significant de­
clines in returns from the 198 l out-migrations 
(Gary Fenton, Washington Department of Game, 
personal communication). 

Returns from the 1982 smolt ·migrations were' 
about 5% tcictheSnakeRiver and 6% to the mid-' . 
Columbia River., figures closely approximating 
1 962-1966 return rates (Figure 3; Tables3;'i)~ Tiiec:O 
high returns.were probably due to a combination 
of 480/ocdo,.;;,riveJC suryivar·ocnontransponed 
smolts, the·highesq.ince'l968'(Sims et al. 1983), 

···a:ad app-areil't!y excellent survival after entry into 
seawater, as evidenced by much higher returns 
from I 982 than 198 I smolt migrations in Puget 
Sound streams. Survival was good because there 
were high river flows and spills, and measures were 
in place to control nitrogen supersaturation. Sur­
vival iri the mid-Columbia River, although not 
measured, was probably similarly enhanced be­
cause spill lc·Vcls and riverfiO\VS were nluch h!gher 
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than in the previous 4 years (5,J80 1)1.1/s average 
ri\'cr llo\v ancl 3.420 ni-'/s avcr~1gc spill in rvtay 
1982, compared to the 1978-1982 May average 
of 3,960 m.1/s flow and only 5!0 m'ls spill). 

The hatchery program is another reason for the 
success 'of steel head. Prior to 1975, rates of return 
of hatchery fish to the Snake River were much 
lower than those of wild fish (Figure 4). Returns 
from the early years cif smolt releases from Dwor­
shak and Niagara Springs hatcheries were disap­
pointing. Since then, rates of return of hatchery 
steel head to the Snake River have been nearly as 
high as returns of wild fish and, in 1982, exceeded 
those of wild fish (Figure 4). Similar successes are 

'riow being realized with releases of smolts in the 
Methow and Wenatchee rivers from Wells and 
Chelan hatcheries. 

Because of l.arge increases in numbers released 
from hatcheries and better survival ofall steelhead 
since 1977, runs from the Snake River increased 
from record low returns of 12,000 fish from the 
1973 and 1977 smolt migrations to record high 
returns of 207,000 fish from the 1982 migration 
(Table 3). Runs to the mid-Columbia River in­
creased from less than 1,000 fish from the 1973 
and 1977 emigrations to a record 54,000 from the 
1982 smolt migration (Table 7). Returns to both 
rivers from the 1983 and 1984 smolt migrations 
''ere also near record-high levels. The turnabout 
reflects a positive response of steelhead to both 
supplementation from hatcheries and enhance­
ment of survival through the-dam complex. 

Summary 

Hydroelectric development changed the Co­
lumbia and Snake rivers from mostly free-flowing 
rivers in 1938 to !' series of dams and impound­
ments by 1975. Storage reservoirs built in Canada 
to regulate the river for flood control and for more 
efficient power production reduced river flows in 
most years by about 50% during much of the mi­
gration of chinook salmon and steelhead smolts 
in April and May. These developments and added 
turbines at dams have substantially increased 
mortality of smolts because of added delays in 
passage through impoundments and because more 
smolts pass through turbines rather than over 
spillways. Dams also caused delays and losses of 
adults, particularly during high river flows and spill. 
Actions taken to offset dam-related mortalities 
have enhanced some but not all runs of fish. Data 

'nb.lained fro~m rates of return of spring and sum-
n1er chino.Ok salmon and stcclhcad to the Snake 
and mict.:Columbia rivers demonstrated how hy-

clroclcctric dcvclopn1cnt and activities 10 ollSct 
sn1olt 111ortalitics have alfcctc.di-uns ofsaln1on and 
stcclhcad fron1 thL~sc ri,·c..'rs. l'v1ajor !lndings \Vt'rc 

as follows. 
(I) Dams built between 1938 and 1955 prob­

ably affected fish runs but ovcrharvcst, especially -
of summer chi nook salmon, was more dctrin1en­
tal. Once escapement \Vas allo\ved to increase and 
enhancement activities began, runs began to re­
bound. By 1955, most fish runs were as large as 
or larger than they were in 1938. 

(2) The rate of return of mid-Columbia fish runs 
declined from 2-5% in 1964 to 0.8-2% (depending 
on species) by 1968. Jn contrast, the rate ofreturn 
of Snake River fish remained a consistent 4-5% 
during this period. Mid-Columbia River smolts 
suffered greater mortalities because they had to 
pass 2-4 more dams than did Snake River fish. 

(3) The rate ofreturn of summer chinook salm­
on from the mid-Columbia River was lower than 
for other fish.runs between 1962 and 1968. I sug­
gest the reason \vas greater mortality of smelts 
migrating to sea as subyearlings in July and Au­
gust. \vhen river flows and dam spills were lower 
and \vater temperatures \Vere higher, than was ·suf­
fered by other smelt races emigrating as yearlings 
in April and May. 

(4) Smalt mortalities from new dams built on 
the Snake River after 1968, plus the already com­
pleted dams on the lower Columbia River, caused 
the rate ofreturn of Snake River salmon and steel­
head to drop from about 4% through the 1968 
smolt emigration to less than 1.5% between the 
1970 and 1974 emigrations. 

(5) The 95% or greater mortality of smolts dur­
ing low river flows in 1973 and 1977 equates to a 
mortality of 45% at each project (dam plus res~ 
ervoir) as compared to 15% mortality per project 
during the higher runoff and spill in 1978. The 
30% additional mortality per project was caused · 
by increased passage through turbines and added 
delays in passage through reservoirs. 

( 6) Enhancement measures designed to offset 
dam-related smolt mortalities began in 1975. These 
measures included spillway defl~ctors to reduce 
dissolved gas supersaturation, fingerling bypasses 
at dams, transportation of smelts around dams, 
supplemental river flows to minimize delay in 
passing through reservoirs, and supplemental spills 
at dams to minimize turbine mortality at dams 
... vithout fingerling bypasses. 

(7) Adult losses and delays have been signifi­
cantly reduced in rccenl years by_providing better 
attr~ction at ladder entrances, r~ducii:ig or shaping 
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· spill at dams to minimize follback. and adding 
spillway deflectors to reduce dissolved gas super­
saturation. 

(8) Enhancement practices improved downriv- · 
er-survival of spring chinook salmon sffiolts, but 
the rate of return of adults has remained 0. 7% or 
less since the I 977,. smolt emigration because of 
the low survival of hatchery fish in the ocean. 

(9) The rate of return of hatchery spring chi: 
nook salmon has not always been poor. Through 
the I 973 class of emigrants, their rates of return 
were similar to those of wild fish. Hatchery fish 

_,., ~-- return rates dropped to 50% of wild fish rates 
.. ' through 1977 and to 10-25% since then. I suspect 

the major problem in recent years h3.s been mor­
tality of smolts shortly after entry into the ocean. 
The activation of bacterial kidney disease by 
stresses encountered during downriver migrations, 
transportation, or transition into sea\vater is the 
most likely cause. 

, 

(I 0) Wild spring chinook salmon from mid-Co­
lumbia and Snake rivers have responded to en­
hancement activities, as indicated by an increase 
in rate of return from 0.2 to J0fi> between the 1977 
and l 984 emigrations. The similar increases for 
both rivers suggest little difference between the 
transportation and spill-supplemental flow meth­
ods for enhancement of smolt survival. The latter 
increases in return rate also sugges1 that conditions 
in the ocean were favorabl~ for survival in those 
years. 

( 1 I) Most summer chinook salmon from the 
Snake River are wild, and return rates are genenilly 
similar to those of wild spring chinook salmon. 

( 12) Rates of return of summer chinook salmon 
from the mid-Columbia River have remained a 
low 0.3-1.1% since the -1969 smolt emigration, 
considerably lower than returns of summer chi­
nook salmon to the Snake River, especially in re­
cent years. This lower rate reflects inadequate pro­
tection at mid-Columbia River dams (no spill in 
summer when the fish migrate to sea) and poor 
survival of hatchery fish. 

(13) The rates of return ofsteelhead to both the 
mid-Columbia and Snake rivers from smolt mi­
grations between 1969 and 1984 dramatically por-
trayed the effect of dams on these runs and positive 
responses to enhancement measures since 1974. 

(I 4) The response of steelhead to mass trans­
portation of smolts from the Snake River since 
1977 has been significant. Between the 1977 and 
198 I emigrations, the rates of return to the Snake 
River, from which rnost of the fish were trans­
ported. were about double th~sc of non transported 

mid-Columbia smolts. The. bcncfns have been 
highest in lo\v-runolT years. 

(I 5) Because of enhancement, runs of stcclhead 
from the Snake River went from a record-low re­
turn of 12,000 fish from the 1977 smolt migration 
to a record-high return of 207 ,000 fish from the· 
1982 migrations. For those same years, runs from 
the mid-Columbia River increased from less than 
1,000 fish to over 54,000 fish. 
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1·otal Spill in Snake and Lower.Columbia. 
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1994 SNAKE RIVER SMP GAS BUBBLE SYMPTOMS. 

LGR LGS LMN ,. 
#OBS #SAM %GBS #OBS #SAM %GBS #OBS #S'AM %GBS 

05/11 HCH1 0 95 O.O'lf 0 100 O.O'lf 0 94 O.O'lf 
WCH1 0 5 0.0% 0 17 O.O'lf 0 38 0.0% 
CHO --- 0 --- --- 0 --- 0 1 0.0% 
HST 0 100 0.0% 0 100 O.O'lf 0 100 O.O'lf 
WST 0 100 0.0% 0 14 0.0% 0 11 0.0% 
wso 0 9 0.0% 0 6 0.0% 0 1 0.0% 

05/12 HCH1 0 96 0.0% 0 113 0.0% 0 100 0.0% I 
WCH1 0 3 0.0% 0 34 0.0% 0 60 0.0% 
CHO ··-- 0 --- --- 0 --- --- 0 0.0% ' : 
HST 0 100 0.0% 0 101 0.0% 0 100 0.0% 
WST 0 76 0.0% 0 16 0.0% 0 50 0.0% 
wso 0 21 0.0% 0 3 0.0% 0 13 0.0% 

. 05/13 HCH1 0 76 0.0% 0 100 0.0% 60 0.0% 
WCH1 . 0 --- 0 69 0.0% 53 0.0% ---
CHO --- 0 --- --- 0 --- 3 0.0% 
HST 0 100 0.0% 0 100 0.0% 77 0.0% 
WST 0 80 0.0% 0 100 0.0% 51 0.0% 
wso 0 19 0.0% 0 27 0.0% 14 0.0% 

05/14 HCH1 0 28 0.0% 0 100 0.0% 4 5822 0.1% 
WCH1 0 1 0.0% 0 18 0.0% 0 590 0.0% 
CHO --- 0 --- --- 0 --- • 0 6 0.0% 
HST 0 80 0.0% 0 100 0.0% 0 1832 0.0% 
WST 0 58 0.0% 0 12 0.0% 0 361 0.0% 
wso 0 13 0.0% 0- 2 0.0% 0 30 0.0% I 

' 05/15 HCH1 0 99 0.0% --- 39 3664 1.1% 
WCH1 0 1 0.0% --- 0 261 0.0% I. 
CHO --- 0 --- --- 0 6 0.0% 
HST 0 100 0.0% --- 2 1247 . 0.2'lf 
WST 0 81 0.0% --- 1 358 0.3% 
wso 0 13 O.Oo/c --- 1 14 7.1% 



#OBS 
05/11 HCH1 0 

WCH1 0 

CHO ---
HST 0 
WST 0 
wso 0 

05/12 HCH1 0 

WCH1 0 

CHO ---
HST 0 
WST 0 
wso 0 

05/13 HCH1 0 
WCH1 ---
CHO ---
HST 0 

WST 0 

wso 0 

05/14 HCH1 0 
WCH1 0 
CHO ---
HST 0 

WST 0 
wso 0 

05/15 HCH1 0 

WCH1 0 

CHO ---
HST 0 

WST 0 

wso 0 

1994 SNAKE RIVER SMP GAS BUBBLE SYMPTOMS 

LGR LGS LMN 
#SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 

95 O.O'if 0 100 0.0'if 0 94 0.0% 
5 O.O'if 0 17 0.0% 0 38 O.O'if 
0 --- --- 0 --- 0 1 0.0% 

100 O.O'if 0 100 0.0% 0 100 0.0% 
100 O.O'if 0 14 0.0% 0 11 0.0% 

9 0.0% 0 6 0.0')1 0 1 0.0% 
96 0.0% 0 113 0.0% 0 100 0~0% 

3 O.O'if 0 34 0.0% 0 60 0.0% 
0 --- --- 0 --- --- 0 0.0% 

100 O.O'if 0 101 0.0'll 0 100 0.0% 
76 0.0% 0 16 0.0% 0 50 0.0% 
21 0.0% 0 3 0.0% 0 13 0.0% 
76 0.0% 0 100 0.0% 60 0.0% 

0 --- 0 69 0.0% 53 0.0% 
0 --- --- 0 --- 3 0.0% 

100 0.0% 0 100 0.0% 77 0.0% 
80 0.0% 0 100 0.0% 51 0.0% 
19 0.0% 0 27 0.0% 14 0.0'){ 
28 O.O'll 0 100 0.0~ 4 5822 0.1% 

1 0.0% 0 18 0.0% 0 590 0.0% 
0 --- --- 0 --- ' 0 6 0.0% 

80 0.0% 0 100 0.0% 0 1832 0.0% 
58 0.0% 0 12 0.0% 0 361 0.0% 
13 0.0% 0 2 0.0% 0 30 0.0% 
99 0.0% --- 39 3664 1.1% 

1 0.0% --- 0 261 0.0% 
0 --- --- 0 6 0.0% 

100 0.0% --- 2 1247 0.2% 
81 O.O'if --- 1 358 0.3% 
13 0.0% --- 1 14 7.1 o/c 
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#OBS 
05/11 HCH1 0 

. WCH1 0 
CHO ---
HST 0 
WST 0 
wso 0 

05/12 HCH1 0 
WCH1 0 
CHO ---
HST 0 
WST 0 
wso 0 

05/13 HCH1 0 
WCH1 ---
CHO ---
HST 0 
WST 0 
wso 0 

05/14 HCH1 0 
WCH1 0 
CHO ---
HST 0 
WST 0 
wso 0 

05/15 HCH1 0 
WCH1 0 
CHO ---
HST 0 
WST 0 
wso 0 

1994 SNAKE RIVER SMP GAS BUBBLE SYMPTOMS 

LGR LGS LMN 
#SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 

95 O.Oo/c 0 100 O.Oo/c 0 94 O.Oo/c 
5 O.Oo/c 0 17 0.0% 0 38 O.Oo/c 
0 --- --- 0 --- 0 1 O.Oo/c 

100 O.Oo/c 0 100 O.Oo/c 0 100 0.0o/c 
100 O.Oo/c 0 14 O.Oo/c 0 11 0.0% 

9 O.Oo/c 0 6 0.0% 0 1 0.0% 
96 O.Oo/c 0 113 O.Oo/c 0 100 O.Oo/c 

3 O.Oo/c 0 34 O.Oo/c 0 60 O.Oo/c 
0 --- --- 0 --- --- 0 O.Oo/c 

100 O.Oo/c 0 101 O.Oo/c 0 100 0.0o/c 
76 O.Oo/c 0 16 0.0% 0 50. 0.0% 
21 O.Oo/c 0 3 0.0% 0 - 13 0.0o/c 
76 O.Oo/c 0 100 0.0% 60 0.0% 

0 --- 0 69 0.0% 53 0.0% 
0 --- --- 0 --- 3 0.0% 

100 O.Oo/c 0 100 0.0% 77 0.0% 
80 0.0% 0 100 0.0% 51 0.0% 
19 O.Oo/c 0 27 0.0% 14 0.0% 
28 O.Oo/c 0 100 0.0% 4 5822 0.1 o/c 

1 O.Oo/c 0 18 0.0% 0 590 O.Oo/c 
0 --- --- 0 --- • 0 6 0.0% 

80 O.Oo/c 0 100 0.0% 0 1832 0.0% 
58 0.0% 0 12 0.0o/c 0 361 0.0% 
13 0.0% 0 2 O.Oo/c 0 30 0.0% 
99 O.Oo/c --- 39 3664 1.1% 

1 0.0% --- 0 261 O.Oo/c 
0 --- --- 0 6 O.Oo/c 

100 O.Oo/c --- 2 1247 0.2% 
81 O.Oo/c --- 1 358 0.3o/c 
13 0.0% --- .1 14 7.1% 
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1994 SNAKE RIVER SMP GAS BUBBLE SYMPTOMS 

L!3R LGS LMN 
#OBS #SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 

05/11 HCH1 0 95 O.Oo/c 0 100 O.Oo/c 0 . 94 O.Oo/c 
WCH1 0 5 O.Oo/c 0 17 O.Oo/c 0 38 O.Oo/c 
CHO --- 0 --- --- 0 --- 0 1 O.Oo/c 
HST 0 100 0.0o/c 0 100 O.O'l< 0 100 O.Oo/c 
WST 0 100 O.Oo/c 0 14 O.Oo/c 0 11 O.Oo/c 
wso 0 9 O.Oo/c 0 6 0.0% 0 1 O.Oo/c 

05/12 HCH1 0 96 O.Oo/c 0 113 O.Oo/c 0 100 O.Oo/c 
WCH1 0 3 O.Oo/c 0 34 O.Oo/c 0 60 O.Oo/c 
CHO --- 0 --- --- 0 --- --- 0 O.Oo/c 
HST 0 100 O.Oo/c 0 .101 0.0o/c 0 100 O.Oo/c 
WST 0 76 O.Oo/c 0 16 0.0o/c 0 50 0.0% 
wso 0 21 O.Oo/c 0 3 O.Oo/c 0 13 O.Oo/c 

I. 

05/13 HCH1 0 76 O.Oo/c 0 100 O.Oo/c 60 O.Oo/c 
WCH1 ... 0 ... 0 69 O.Oo/c 53 O.Oo/c 
CHO ·-· 0 ... . .. 0 ... 3 O.Oo/c 
HST 0 100 O.Oo/c 0 100 0.0% 77 O.Oo/c 
WST 0 80 O.Oo/c 0 100 0.0% 51 . O.Oo/c 
wso 0 19 O.Oo/c 0 27 O.Oo/c 14 O.Oo/c 

05/14 HCH1 0 28 O.Oo/c 0 100 O.Oo/c 4 5822 0.1 o/c 
WCH1 0 1 0.0% 0 18 O.Oo/c 0 590 O.Oo/c 
CHO --- 0 ··- ... 0 ... • 0 6 O.Oo/c 
HST 0 80 0.0% 0 100 O.Oo/c 0 1832 O.Oo/c 
WST 0 58 O.Oo/c 0 12 0.0% 0 361 0.0% 
wso 0 13 0.0% 0 2 0.0% 0 30 0.0% 

05/15 HCH1 0 99 O.Oo/c ... 39 3664 1.1o/c 
WCH1 0 1 0.0% ... 0 261 0.0o/c 
CHO -·· 0 ... ... 0 6 0.0% .., 
HST 0 100 O.Oo/c ... 2 1247 0.2o/c 
WST 0 81 O.Oo/c ... 1 358 0.3o/c 
wso 0 13 0.0% ... 1 14 7.1o/c 



1994 SNAKE RIVER SMP Gr.0 BUBBLE SYMPTOMS 

LGR LGS LMN 
#OBS #SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 

05/11 HCH1 0 95 O.Oo/c 0 100 O.Oo/c 0 94 O.Oo/c 

WCH1 0 5 O.Oo/c 0 17 O.Oo/c 0 38 O.Oo/c 
CHO --- 0 --- --- 0 --- 0 1 O.Oo/c 
HST 0 100 O.Oo/c 0 100 O.Oo/c 0 100 O.Oo/c 
WST 0 100 . O.Oo/c 0 14 O.Oo/c 0 11 O.Oo/c 
wso 0 9 0.0% 0 6 O.O'l< 0 1 O.Oo/c 

05/12 HCH1 0 96 O.Oo/c 0 113 O.Oo/c 0 100 O.Oo/c I. 
WCH1 0 3 O.Oo/c 0 34 0.0o/c 0 60 O.Oo/c 
CHO --- 0 --- --- 0 --- --- 0 . O.Oo/c 
HST 0 100 0.0% 0 101 O.Oo/c 0 100 0.0% 
WST 0 76 0.0% 0 16 O.Oo/c 0 50 0.0%. 
wso 0 21 O.Oo/c 0 3 O.O'l< 0 13 O.Oo/c 

05/13 HCH1 0 76 O.Oo/c 0 100 O.Oo/c 60 0.0o/c 
WCH1 --- 0 --- 0 69 O.Oo/c 53 0.0% 
CHO --- 0 --- --- 0 --- 3 0.0% 
HST 0 100 O.Oo/c 0 100 O.Oo/c 77 0.0% 
WST 0 80 O.Oo/c 0 100 O.Oo/c 51 O.Oo/c 
wso 0 19 0.0% 0 27 O.Oo/c 14 0.0% 

05/14 HCH1 0 28 0.0% 0 100 O.Oo/c 4 5822 0.1 o/c 
WCH1 0 1 O.Oo/c 0 18 0.0% 0 590 0.0% 
CHO --- 0 --- --- 0 --- • 0 6 O.Oo/c 
HST 0 80 0.0% 0 100 0.0% 0 1832 O.O'l< 
WST 0 58 O.Oo/c 0 12 0.0% 0 361 0.0% 
wso 0 13 O.Oo/c 0 2 0.0% 0 30 0.0% 

05/15 HCH1 0 99 O.Oo/c --- 39 3664 1.1o/c 
WCH1 0 1 O.Oo/c --- 0 261 0.0o/c 
CHO --- 0 --- --- 0 6 O.Oo/c 
HST 0 100 O.Oo/c --- 2 1247 0.2o/c 
WST 0 81 O.Oo/c --- 1 358 0.3o/c 
wso 0 13 0.0% --- 1 14 7.1% 



I. 
1994 LOWER COLUMBIA SM1 GAS BUBBLE SYJV1PT0/\!1S 

----- --------- --
MCN JOA BON 

#OBS #SAM o/oGBS #OBS #SAM o/oGBS #OBS #SAM o/oGBS 
05/11 CHI 0 1246 0.0~~ 0 113 0.0% 0 101 0.0o/o 

.·1 
' 

CHO 0 5 0.0'% ... 0 . .. 0 103 0.0% 

HST 0 346 0.0% 0 139 0.0'}~ 0 103 0.0'}0 

WST 0 68 0.0'% 0 103 0.0% 0 100 0.0'}0 

co 0 958 0.0'}0 0 118 0.0'% 0 102 0.0% 

HSO 0 17 0.0';0 0 22 0.0'}0 0 60 0.0'% 

wso 0 286 0.0'% 0 132 0.0% ... 0 ... 
05/12 CH1 0 1336 0.0'% 0 775 0.0% 0 100 0,0'}0 

CHO 0 15 O.O~·C 0 1 0.0%. 0 100 0.0% 

HST 0 261 0.0'}0 0 347 0.0'% 0 113 0.0'}0 

WST 0 57 O.O'}b 0 185 0.0% 0 107 0.0% 

co 0 886 0.0'}·0 0 341 O.O'}b 0 100 0.0% 

HSO 0 5 0.0'}·0 0 6 0.0% 0 100 0.0'}0 

wso 0 182 0.0'}0 0 147 O·.O'}C ... 0 ---
05/13 CH1 0 1033 0.0% 0 121 0.0% 0 104 O.Oo/o 

CHO ... 0 . .. ... 0 . .. 0 104 O.O'}b 

HST 0 204 0.0'}(;, 0 110 0.0'}·0 0 100 0.0'}0 

WST 0 50 O.O'}b 0 105 0.0% 1 108 100.0% 
co 0 657 0.0'% 0 104 0.0%. .. 0 100 0.0% 

HSO ... 0 --- 0 11 o.o'}o 0 13 0.0'}0 

wso 0 121 0.0'}~ 0 114 0.0%. 0 105 0.0'}0 

05/14 CH1 0 899 0.0'}0 0 222 0.0% 0 163 0.0% 
CHO 

HST 

... 0 . .. ... 0 . .. 0 134 0.0'% 
0 146 o.o.::~ 0 120 0.0'}0 0 113 0.0'31; 

' 
,.1 
: l ·' 

WST 0 48 0.0'}0 0 97 0.0'}0 0 106 O.O'}b 

co 0 396 0.0'% 0 146 0.0% 0 353 0.0% i 
HSO ... 0 . .. 0 5 0.0'}0 0 5 .0.0% 
wso 0 94 0.0'}·<. 0 105 0.0'}0 0 147 0.0'}0 

05/15 CH I 0 1188 o.0°1o 0 103 O.Oo/o 0 .175 0.0% 

CHO 0 16 0.0'}0 0 1 0.0%. 0 122 0.0'}0 

HST 0 170 0.0'}0 0 109 0.0% 0 98 0.0'}0 
WST 0 44 0.0% 0 100 0.0% 1 94 1.1o/o 
co 0 323 O.Oo/o 0 134 0.0% 0 426 O.Oo/o 
HSO 0 3 0.0% 0 15 0.0% 0 12 0.0% 
wso 0 62 0.0% 0 127 0.0% 0 142 6.0% 
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' -1994 LOWER COLUMBIA SMP GAS BUBBLE SYMPTOMS 

-· -
MCN JOA BON 

#OBS #SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 
05/11 CH I 0 1246 0.0% 0 113 0.0% 0 101 0.0% 

CHO 0 5 0.0'}0 --- 0 --- 0 103 0.0'}0 

HST 0 346 0.0~1,, 0 139 0.0':l·O 0 103 0.0'}(, 

WST 0 68 0.0~{, 0 103 0.0% 0 100 0.0% 

co 0 958 0.0'}0 0 118 0.0% 0 102 0.0% 

HSO 0 17 0.0'}0 0 22 0.0C::{, 0 60 0.0'}0 

wso 0 286 0.0% 0 132 0.0% --- 0 ---
05/12 CH1 0 1336 0.0% 0 775 0_.0% 0 100 0.0'}0 

CHO 0 15 0.0'}0 0 1 0.0'}0 0 100 0.0'% 

HST 0 261 0.0'}0 0 347 0.0'}0 0 113 . 0.0'%. 

WSl 0 57 0.0'}(, 0 185 0.0%. 0 107 O.O':l·C. 

co 0 886 0.0'}0 0 341 0,0'}0 0 100 0.0% 

HSO 0 5 0.0'}0 0 6 0.0'}0 0 100 0.0'}0 

wso 0 182 0.0'}0 0 147 O.O'}C. --- 0 ---
05/13 CH1 0 1033 0.0% 0 121 0.0% 0 104 0.0% 

CHO --- 0 --- --- 0 --- 0 104 0.0'}·0 

HST 0 204 0.0~~ 0 110 0.0'}~ 0 100 ,0.0'}G 

WST 

co 
0 50 0.0'}0 0 105 0.0% 1 108 100.0'}0 

0 657 0.0% 0 104 0.0% 0 100 0.0% 
1·! . 

., 
HSO 

wso 
--- 0 --- 0 11 0.0% 0 13 0.0'}0 

0 121 O.O'}C. 0 114 0.0%, 0 105 0.0% I 
05/14 CHl 0 899 0.0% 0 222 0.0% 0 163 0.0% 

CtiO --- 0 --- --- 0 --- 0 134 0.0'}0 

HST 0 146 o.oc::.., 0 120 ! 0.0'::(. 0 113 0.0'%. 

WST 0 48 0.0'% .. 0 97 O.Oo/o 0 106 O.O':l'o 
co 0 396 0.0'}0 0 146 0.0'}0 0 353 0.0% 

HSO --- 0 --- 0 5 O.Oo/o 0 5 0.0".l'o 
wso 0 94 0.0".l·C. 0 105 0.0% 0 147 0.0% 

05/15 CH1 0 1188 0.0% 0 103 0.0% 0 175 0.0% 
CHO 0 16 0.0".l'o 0 1 0.0'}0 0 122 0.0'}{. 

HST 0 170 O.Oo/., 0 109 0.0'}·0 0 98 q.0'% 
WST 0 44 0.0'}0 0 100 O.O'Yo 1 94 · 1.1 '}0 

co 0 323 O.Oo/o 0 134 0.0% 0 426 0.0% 
HSO 0 3 0.0% 0 15 0.0% 0 12 0.0% 
wso 0 62 0.0% 0 127 0.0% 0 142 0.0% 



1994 LOWER COLUMBIA SMJ- JAS BUBBLE SYMPTOMS 

MCN JOA BON 
#OBS #SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 

05/11 CH1 0 1246 0.0% 0 113 O.O'Yo 0 101 0.0% 

CHO 0 5 0.0% --- 0 --- 0 103 0.0% 

HST 0 346 O.O'Yo 0 139 0.0'}~ 0 103 0.0% 

WST 0 68 O.Oo/o 0 103 0.0% 0 100 0.0% ·; 

co 0 958 0.0% 0 118 0.0% 0 102 O.Oo/c 

HSO 0 17 0.0% 0 22 0.0% 0 60 0.0% 

wso 0 286 0.0% 0 132 0.0% --- 0 --
05/12 Cl:l1 0 1336 0.0% 0 775 O.Oo/c 0 100 0.0o/c 

CHO 0 15 0.0% 0 1 0.0% 0 100 O.Oo/c 

HST 0 261 0.0% 0 347 O.Oo/c 0 113 0.0% 

WST 0 57 0.0% 0 185 0.0% 0 107 O.Oo/c 

co 0 886 0.0% 0 341 0.0% 0 100 0.0% 

HSO 0 5 0.0% 0 6 0.0% 0 100 0.0% 

wso 0 182 0.0% 0 147 O.Oo/c --- 0 --
05/13 CHl 0 1033 0.0% 0 121 0.0% 0 104 0.0% 

CHO --- 0 --- --- 0 --- 0 104 0.0% 

HST 0 204 0.0% 0 110 O.O'Yo 0 100 0.0% 

WST 0 50 0.0% 0 105 0.0% 1 108 100.0% 

co 0 657 0.0% 0 104 0.0% 0 100 0.0% . I 

HSO --- 0 --- 0 11 0.0% 0 13 .0.0% 

wso 0 121 0.0% 0 114 0.0% 0 105 0.0% 

05/14 CH1 0 899 0.0% 0 222 0.0% 0 163 0.0% 

CHO --- 0 --- --- 0 --- 0 134 0.0% 

HST 0 146 0.0% 0 120 ,0.0% 0 113 0.0% 

WST 0 48 0.0% 0 97 0.0% 0 106 0.0% 

co 0 396 0.0% 0 146 0.0% 0 353 0.0% 

HSO --- 0 --- 0 5 0.0% 0 5 0.0% 

wso 0 94 0.0% 0 105 0.0% 0 147 0.0% 

05/15 CH1 0 1188 0.0% 0 103 0.0% 0 175 0.0% 
CHO. 0 16 0.0% 0 1 0.0% 0 122 0.0% 

HST 0 170 0.0% 0 109 0.0% 0 98 0.0% 

WST 0 44 0.0% 0 100 0.0% 1 94 1.1% 

co 0 323 0.0% 0 134 0;0% 0 ··426 ''0.0% 

HSO 0 3 0.0% 0 15 0.0% 0 12 0.0% 

wso 0 62 0.0% 0 127 O.Oo/c 0 142 0.0% 



1994 LOWER COLUMBIA SMr GAS BUBBLE SYMPTOMS 

MCN JDA BON 
#OBS #SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 

05/11 CH1 0 1246 0.0% 0 113 0.0% 0 101 0.0% 

CHO 0 5 0.0% --- 0 --- 0 103 0.0% 

HsT 0 346 o.0°1o 0 139 0.0% 0 103 O.Oo/c 

WST 0 68 0.0% 0 103 0.0% 0 100 0.0% 

co 0 958 0.0% 0 118 0.0% 0 102 0.0% .; 
HSO 0 17 0.0% 0 22 0.0% 0 60 0.0% 

wso 0 286 0.0% 0 132 0.0% --- 0 --
05/12 CH1 0 1336 0.0% 0 775 0.0% 0 100 0.0% 

CHO 0 15 0.0% 0 1 0.0% 0 100 0.0% 

HST 0 261 0.0% 0 347 0.0% 0 113 0.0% 

WST 0 57 0.0% 0 185 O.Oo/c 0 107 0.0% 

co 0 886 0.0% 0 341 0.0% 0 100 0.0% 

HSO 0 5 0.0% 0 6 0.0% 0 100 0.0% 

wso 0 182 0.0% 0 147 0.0% --- 0 --- . ! 

05/13 CH1 0 1033 0.0% 0 121 0.0% 0 - 104 .0.0% 
CHO ... 0 ·-· ... 0 ·-· 0 104 0.0% 

HST 0 204 0.0% 0 110 0.0% 0 100 0.0% 
WST 0 50 0.0% 0 105 0.0% 1 108 100.0% 

co 0 657 0.0% 0 104 0.0% 0 100 0.0% 

HSO --- 0 --- 0 11 0.0% 0 13 0.0% 
wso 0 121 0.0% 0 114 0.0% 0 105 0.0% 

05/14 CH1 0 899 0.0% 0 222 0.0% 0 163 0.0% 
CHO ··- 0 --- --- 0 --- 0 134 0.0% 
HST 0 146 0.0% 0 120 ~ 0.0% 0 113 0.0% 
WST 0 48 0.0% 0 97 0.0% 0 106 0.0% 

co 0 396 0.0% 0 146 0.0% 0 353 0.0% 
HSO ... 0 ·-· 0 5 O.Oo/c 0 5 P.0% 
wso 0 94 0.0% 0 105 ·Q.0% 

.. .. 
0 .. 147 0.0% 

05/15 CH1 0 1188 0.0% 0 103 0.0% 0 175 0.0% 
CHO 0 16 0.0% 0 1 0.0% 0 122 0.0% 

HST 0 170 0.0% 0 109 0.0% 0 98 0.0% 
WST 0 44 0.0% 0 100 0.0% 1 94 1.1% 
co 0 323 0.0% 0 134 0.0% 0 426 0.0% 
HSO 0 3 0.0% 0 15 0.0% 0 12 0.0% 
wso 0 62 0.0% 0 127 0.0% 0 142 0.0% 



05/11 CH1 

CHO 

HST 

WST ... 
co 
HSO 
wso 

05/12 CH1 

CHO 

HST. 

WST 

co 
HSO 

wso 
05/13 CH1 

CHO 
. . HST 

WST 

co 
HSO 
wso 

05/14 CH1 

CHO 
HST 

·:wsT 
;co 

HSO 
,::wso 

05/1~ CH1 . 

'HST 

:'WST 
·.·:co 
. HSO. 
wso 

1994 LOWER COLUMBIA SMP SAS BUBBLE SYMPTOMS 

MCN JOA BON I,', 

#OBS #SAM %GBS #OBS #SAM %GBS #OBS #SAM %GBS 
0. 1246 0.0o/o ., . 0 113 0.0% .o 101 0.0% 

0 5 .. 0.0'}~ -- 0 . .. 0 103 0.0% 
. 

0 346 0.0% 0 . 139 0.0% 0 103 . 0.0% 

0 ; 66 0.0% 0 ... 103 0.0% 0 100 0.0% . . 
;; 0 0 ··. 956 0.0% 116 0.0% 0 102 0.0% 

' : 
0.0% 0 17 0.0% ' 0 .. 22 0.0~ 0 60 

' . 

' . 
0 266 ·a.03 0 132 0.0% -- 0 ... 

0 1336 0.0% 0 775 0.0~ 0 100 0.0% 

0 ' 15 0.0% 0 1 '0.0% 0 100 0.0% 

0 261 0.0% 0 .. ·' 347 0.0% 0 113 0.0% 

0 57 0.0% ,. 0 165 .. 0.0% 0 107 . 0.0% 

0 666 ·a.a% 
' 

0 341 0.0% 0 100 0.0% 
. ' '· 0 5 0.0% 0 6 0.0% 0 100 0.0% 

0 162 0.0% 0 147 0.0% ·- 0 ... 
0 1033 0.0% 0 121 0.0% 0 104 0.0% 

... 0 .. , .. ·- .0 -· 0 104 0.0% 

0 204 0.0% 0 110 0.0% 0 100 0.0o/c 

0 50 0.0% ' 0 105 0.0% 1 106 100.0% 
• 

0 657 0.0% 0 104 0.0% 0 100 . 0.0% 

... 0 . .. 0 11 0.0% 0 13 0.0% 
0 121 0.0% 0 114 0.0% 0 105 0.0% 

.. 0 699 0.0% 0 222 0.0% 0 163 0.0% 

' •.. 0 . .. - 0 -- .. 0 134 0.0% 
·'· .. ; 0 0 146 0.0'}~ 120 , O.Oo/c 0 113 0.0% 

. ·r . .. 
0 46 0.0% 0 97 : 0.0% 0 106 O.Oo/c 

·o 
. 

·0.0% • 396 0.0% 0 146 0 353 0.0% 

I . . 
' . . 

,• ,• ... 0 . .. 0 5 0.0% 0 5 0.0% 
~.':; ' :0.0% ,. .. · .o 94 0.04}~ 0 105 0 147 0.0% 

0 ; 1166 0.0% .. 0 . 103 0.0% 0 . , 175 0.0% I · . 
.. 

' 0 16 0.0% 0 1 0.0% 0 122 0.0% :i .,. 

.. 0 170 0.0% 0 109 0.0% o· 96 0.0% 
. ' 0 44 0.0% 0 100 0.0% 1 94 

. . i.rn 
' 

0 .. 323 0.0% 0 134 . 0.0% .0 426 0.0% 

0 3 0.0% ,. 0 15 0.0% 0 ·. 12 0.0% 

0 62 0.0% 0 127 0.0% 0 142 0.0% 
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PROJECT NMFS REQUEST 

BON 68% spill (24 hrs) 

TDA** 40% spill (24 hrs) 

JDA 33% spill (12 hrs) 

MCN** 48% spill (12 hrs) 

IHR** 25 kcfs (24 hrs) 

LMN 54% spill (12 hrs) 

LGS 48% spill (12 hrs) 

LWG** 78% spill (12 hrs) 

May 16, 1994 

CURRENT OPERATION 

Spill - 75 kcfs (day) 
- 120 kcfs(night) 
- (about ~ i'Sl <($ 0fc, 

Spill - 40% (24 hrs) 

Spill - 5% (12 hrs) 

Spill - 48% (12-hrs) 

Spill - 25 kcfs (24 hrs) 

Spill - 35% (12 hrs) 

Spill - 30 kcfs (12 hrs), 
about 35% · 

Spill - 78% (12 hrs) 

** Projects spilling NMFS requested levels and dissolved gas in 
area downstream of spillway does not exceed 120%. 



CENPD-PE-WM May 11, 1994 

MEMORANDUM FOR THE RECORDS 
by::Bolyvong Tanovan -

.S.UBJ_E_CT:. Total Dissolved Gas (TOG) Monitoring Ne.e.ds 

1. Curr.e.nt monitoring installations at Corps lower Snake and lower Columbia 
River projects include the following forebay and tailwater locations:· 

Project Forebay Tailwater 

1.DWR· 
2.LWG x 
3.LWG 
4.LGS 
5.LGS 
·6.·LMN 
7.LMN 
8 .:IHR 
·g ;·I'ifa 

:lo'~~IHR 
· i'1·;·:t1fa 

·· · 'r:i'.:i.f26w · -
: :.i3''ii-iC:QO 

.·. i4)'J.!cN 
. B.JDA 

:1.6:.:TDA 
17 .:!JON 
J.:8.WRNO · 
19.SKA 
20 •. CWMW 
21.KLAW. 

22.WANO 

x 

x 

x 

· .. ~ x 
·x··· 

x 
x 
x 

x 

Hynet Logger 
Telemetry with Logger 

x 

x 

x 

x 
x 
x 

x 

x 
x· 
x 
x 
x 

Location Telemetry 

x 
x 

.s mi right bank (H) 
x 

.7 mi Right Bank (H) 
x 

.8 mi Le-f-t Bank (H) 
x 

.8 mid-channel (W) 
3.6 

.. 
mi_Right:Bank ;>< 

7.lmi Hoo(.Park x 
.WA . x 
OR ·x 
1.4 mi Right Bank (H) 

x 
x 
x 

war.renda.le x 
Skamania :x 
ca.mas x 
Kalama x 
Wauna Mill. x 

(H) 

(T) = 
(W) = Wireless deployed on buoy (logger) 
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FISH PASSAGE CENTER 
2501 s.w. l'IRST A.VF. •• sum 230 • POR71.ANP, OR !17201-!.752. 

l'H:O:'<E IS03l 2.3D-409' • l'AX (S03) 240-7$$~ 

DATE: 

ro: 

FROM: 

Mareh 28, 1994 

FJ>Ac ~ 

Larry Ba.sh111\, ~-----
RE: Mainscem Adult Trapping Facilide.s - Recording Gas Bubble Trauma symp1oms. head or 

ocher wounds noced on handled fish. 

During the 1993 adult fish migr~tion on the Columbia River. fairly high levels of spill were prevalent 
at all rnaitu1tem d:lI!lS in mid to late May. Dissolved gas level~ ranged as high a:i 1413 saturation in tbe 
Snake River. Head injuries were recorded by WDW fish counters at the fish counting windows an<;! ~I 
trapping sites. Few Injuries of ony type were noted at BoMevillc Dam, increased injury rates at John 
Day Dam, and at Lower Granite Dam be:id injuries averaged about 9 % of the total sample of adult 
salmon from mid-May through mid-July. 

Thi~ year is not sbapins up 1S a high flow year; however. hii;h flow/spill ;ondirions cnn somotime& 
prl!!vail for ahon: durations. as wcathe~ is not a concrollabie item. The FPAC recommended that an adult 
risb monitoring program be !niciated or continued during- 1994 a1 the m•inllem trapping sites. and that 
records of fish condition be m2de available to the Fish Passage c~n1er on a weekly basis. A standard 
repottlng format should be' used to record data from individual fish. A sununary ofsampled mh should 
he compiled weekly, ;ind should be mailed or FAX'd to the FPC. The summary should include the 
J'ollowing: 

I. Sarnplins Dates for Week 
2. Number of l'is!; S=pled Per Week 
~. Number or Fish Rated Good to Exc~llent Condition 
~. Number of Fish with H~ud !>urns 
5. Number of Fish wich Oas Bubble Trauma Symprorm 
6. Comments on Fish Condition or Adult PA.Soage lor the Week 

Pleo.se observe the caudal. •nal. nnd dorsal fin for presence of air c:nbolisms. In addition. the roof 
m' che mouth $hould be observed co auure r.o bubbles have settled in that ~rea as well, 

The ;imiche.d doca •hcc1 con be duplicated and sent lfv; preferred) co 1he !'PC .in Wednesday or 
niunday of each week. Please call me at tho Fish Possa~eCcnccr. 503/230-4287. lfyou·11ave questions 
regarding the informa.ion required for the weekly summary. Addition;d fish quality information can be 
sent with that listed above. bu: m;iin.ly, we ll.rc interested in monitoriny adul1 fish for Gu; Bubble Trauma 
,ymp1oms and presence of he•d burns which may or may not be rel>ted co Gus Bubble Tr•tim• 
symptoms. Some of 1he informo11on m•)' be us•d for <h< FPC weekly repon. 

'"; Jeff Fryer. CRITFC 
Jerry Harmon. NMFS 
Ted Bjornn. U of I Fisheri=s Coop Unit 

AT!ACHHF.NT 4 
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Gas Bulible Trauma Symptom Monitoring 
Lateral Line aml GllJ FU;uncnt 

ll40e P11' 

l. On an every other day b.uis • chiny hatchery steelh<.;id from the dinolved gas trauma 
monitoring sample will be raru:lol'llly chosen and sacrificed by ovcr·ancsthetizing the fish. 

2. Thcsll! fi•h will be pan o( that d•y'J ~ample for di'5olvcd gas trauma monitoring ;md will 
be included In th~ sunple mtisti~. In addition, the thin)' (total) tl~h will be observc:d 
in-<lcpth for lat.er:U line AAd gill nlamcnt sympioms. 

3, GlkLS: 
The gills should be ei;amined first. Fim, hold the fish down under water a:id cut the gill 

uch. Gas bubbles may bubble up as the blood is released. 
Take the fish from the w•ter md clip • 1ccond gill arch, placing it on a slide. The size that 

we antlcipicc these fish to be will require ,that the indlvidunl filamenu be removed from the a.rch 
with a scalpel, and thi;n eovcrslipped with a drop or two of water for a wet mount ~;i;amiruuion. 
Exo.mine the fllamerus under a compollnc! micro,cope for evid~nce of gas bubbles in the gill 
c.apUlarle:. 

This examination is crucial. Don't confuse round bubbles that happened to be caught under 
the coverslip !or bubbles inside the blood. vessels of the gills. You mwt focus up and down with 
the fine focus of the microscope to ernure that what you ue lookillg at is truly iru:ld~ th~ blood 
vessel. The bubbles actUally inside will probably not be round, they will be elongated b1:eause 
they take on Uie shape of the gill capill41"ies them.selves. Pedcctly round bubbles should be 
discounted, as they are proliably eX(raneous bubbles just caught under a filament or coverslip. 
This technique will take some practice. 

LATERAL LINE: 
This is by direct exam und~r the dissecting scope. Look for bubble• alons !he indentAtion 

o( the lateral line. If none are apparent, peel back the skin of the fish to look between the skin 
and the muscle bundles for bubbles that may be in the indentaticn where th~ bundles meet each 
other. Examlne both side: or tl1e fbh. 

This is also a good oppOt>'Jnily lo <xaminc the eyes more closely u::der the dissecting scope 
ror bubbles which may not b~ apparent co the unaided eye. 

INTERNAL EXAM: 
Thi: fish can be opened carefully with ;. scalpel. Do not puncture too deeply into the fish 

a$ you are trylng lo preserve the $wim bl•dder intact. As you optn the fish, took for S"" bubbles 
in the intestin~. and iu if the swim bladder· is abnormally distended. This will 1ake some 
practice in identifying. Once not¢d. the 3wim bladder can be rusgcd aside, and the surfac~ of 
lhe kidney e~amined for vi~ible bubote. under the membrane. 

Each site will be provided with a compound and binocular dissectins microscope to use for fish 
observation. Fish Passage Conl~r Staff will arrange and provide 1rainins co Smolt monimring 
Program crews. We request th:>.t at least two biologim from each site be made a,·ailable for the 
tr;i.ining scssjon. 



"MEMOBANDUM 

DATE: May 11, 1994 

'c .... ,,,,,.. • ...,,... ... -.,;,, ........... - 1 ......... _, 

.FISH PASSAGE CENTER 
lSQl 5, W. l'IRST AVE. • SUITl! 2JD • POR'rt.AND, OR ~7l01-47.52 

?'HONE (ro:ll 230-lo099 • FAX 1503) 2.l0-75~ 

TO: ~:z::~ 
FROM: Michele DeHan 

RE: Additional monitoring usociated with ga.1 bubbl~ traum;i 

As you are all probably aware. additional spill i> being provided this ye:i.r to aid th~ juvenile 
migration. As part of thi~ pn;igram, we have been asked to add an additional monltoriog clement into 
the gas bubble trawr.a monitoring that i' now ~>n·goinz. Thi• clement is designed 10 detect early 
symptoms of dissolved gas in fish. It will require sacrificins a number of fish, and the close eiwnination 
of their gill filament and lateral line. Training and equipmt.nt will be provided at each site. The protocol 
thac will be used for training_ and implementation is attached. The implementation of this monitoring on 
an alternate day basis will be initiated when dissolved gas level~ reach 120%. As of this time, we do not 
blow how the determination of dissolved gas levels will be determined. There are on-going discussions 
betwe:n NMFS ill'ld the operators. Therefore, we Clilnot tell you when the additional monitoring will 
be.gin. Be :assured that we will notify each site with as much lead time as possible. The attached protocol 
has been reviewed and approved for implementation by the Fish P;i.ssage Advisory Committte. 

We will be providing you with a $eparate daia sheet and advice as to how the d;ta sho11ld be 
tran3mltted to the FPC prior to Implementation. rr you Juve any additlonal questions, please contact 
Marsaret l'Uuc!o oi 230-4286 or Larry Ba.sbam :11 2204287. 

-!) 39\-!>4.mf 

E'l/0t. d 

ATTACHMENT .3 
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#OBS 
05/lf HCH1 0 

WCK1 0 
CHO 

HST 0 
WST 0 
wso 0 

OS/12 HCH1 

WCHI 

CHO 

HST 
WST 
wso 

05/13 HCH1 

WCH1 

CHO 
HST 

"' WST w 
u: wso ,__ 

05/14 HCHI (f) 

w 
~ WCHt I 
1--

CHO IL 
0 z: HST 
(f) 

WST 
~ wso 
:E OS/15 HCHt n. 
M 

"' WCH1 
rJ CHO 0 

" 
HST 

(Jl WST . 
•OJ wso .. 
~ ,_ 

1994 SNAKE RfVER SMP GAS BUBBLE SYMPTOMS 

LGR LGS lMN 
#SAM %GBS #OBS #SAM %GBS 15! OBS #SAM %GBS 

95 0 0 100 0 0 0 
5 0 0 17 0 0 0 

100 0 0 100 0 0 0 
100 0 0 H 0 0 0 

9 0 0 6 0 0 0 
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~) ..... 
' OJ 

a. 
05/11 CHI 

CHO 

HST 
wsr 
co 
HSO 

\'\ISO 

'15/12 CH1 
CHO 
HST 
WST 
co 
HSO 

wso 
.. 05113. Cl-JI 

010 
llST 

WST 

<.!) co 
~ HSO 

..... WSO 
(J) 

OSJI~ Clt1 \'1 
~ CHO 

"' "' HST 
~ wsr 
Ui co 
~ . "- llSO 

E: wso 
0.. 
M 05/15 CH1 
G> > 
~j .... CIJO .... 
"' > HST 

0 

" "" wsr 
O• iS. co .. :z: 
(•J >-J llSO 
~ 

N 

~' 
wso 

1994 LOWER COLUMBIA SMt' GA.$ BUBBLE SYMPTOMS 

MCN JDA BON 
#OBS #SAM %GBS #OBS #SAN %GBS #OBS #SAM t'X.GBS 

0 \2~6 0 0 11~ 0 0 101 0 
0 s 0 0 103 0 
0 3i5 0 {) 139 0 0 103 0 

0 68 0 0 113 ll 
ti 95!1 0 () ne 0 () 102 0 
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1. The ~amp!~ season for GSS wlll be from April JS through June JS unless high lloW/•pill conditions exist 
prior to, or tfter, the normil sampling dates. The Fish Passage Center will inform the ~ampling 'ites of 
any chiL11gc in thi~ schedule. 

:z. On tho;. indlvlelual sample days for GBS, the data should be sent to the FPC on the Smolt Monitoring 
Summaries. The lnforma1ion ihould be added· co the Comment Section and in.elude the number observed 
wlth symptoms and tho number e.xamlncd for caen 6peciea, negative repons a.re also needed. The 
lnformiuion sho11ld always t>e in thi• fonnat: HCHl: x/y; WCHI: r.ly; etc. 

· 3, The indivldu•l tally sheets recording the OBS by ~pecies and categories, and appropriate cornrnentl should 
be mailed tO the FPC on Friday of each week, aod will be vedficd by FPC pcrionncl on a weelcly basis. 

4. During the Gl3S monitorins seuon, the sites should indicate in the S/36 ba1eh comments that either l) 
there waa llO OBS monitoring, 2) there were no observations of OBS, oc 3) what the GBS ob~crvations 
were. 

FPC Reportlne of GBS: 

1. The FPC will report levels of GBS incidence in the FPC's Weekly Repon that is mailed out each Friday 
to ab01Jt 300 panics In the Columbia RIVtr BllSin. 

2. The FPC will furth~r request that severe cases of GBS (fm(s) + h~d) at individual projects be 
documented bY pbo~o. 



Protocol for Silrr!pllng FJJh for Gas Bubble Symptoms 
at AU Sampling: Sites 
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l ... The .. rnple '!"ill coruiist of too !iSn per species per day. Thi~ sample will be taken 3 day$ per wee!<. 
Thit urnple will be compo•cd or the same fish as used to determine desc:iling ratc:.s, weights, etc. When 
ga.s bubble symptom! are noted, then s:i.."Tlpling will be accomplished on a d.a.1ly basis at all sampling sites 
until the dis3olved gas leveb ind associated gas bubble symptoms (G.BS) are reduced to more normal 
levels. 

2.. When GBS fim appsar in the sample, a comparative sample will be taken at th<' separator of the 
followlng dams: Linlc Goose, Lower Monument.al. and McNary. A sample of 100 fish of yearling 
ehinook a.nd steelhead will be obtained eacli day. Fish should be c.aptured via a sancruary dip net and 
transferred to the fish facility for e;i;amiruition. Samples should be taken twice dud11g the 24 hour day, 
The purpose of this activity is to dctemtlnc if GBS dissipat~ with time spent ln the sample tilllX or 
r;iceways. 

3. lodividua.J fish will be examined for GBS inion !he firu;, head, and eyes. Generally, first appearance of 
OBS is in the ca11dal fin, 

4. The five classifications of GES will be recorded. These classifications arc: 

1. No Evidenee • _tll.l bubbles are not present in any fin. 
;z., < 50% in one fin = 2as bubbles are observed in less than $0% of th~ surface of one fin. 
3, > fl}% In one On = ~as bubbles are observed in greater th~ 503 or the ;urface of one fin. 
4. Two or more Ffns "" ga.s bubbles are present in at least two of the fish's fins. 
5. Flnf$) + Head m .s~s bubbles are present in one or more of the fish's fin{s), plus the head area. 

S. The Sequence to follow when Inspecting a fish is to: l) lnsp¢ct the fin area first, if no .:vidence is noted 
then, proceed to the next flsh: 2) lf only one fin has g;is b11bblc:.s present, determine if 503 of th~ fin has 
bubb!c:.s, and record in the < or > 50% column, and proceed to ne;r.t fish; 3) If ii fish was noted to have 
ga.s bubbles in two or more fins, then look it the head for sign.s of bubbles; if no bubbles are no~d in the 
hc:.d, record a.s two or more nns and proceed to the next fish. If bubbles were noted in the head area: 
and. 4) record as Fln(s) '!- head, ind proceed to next ti&h. 

We can look for progression df GEIS in !he fl~h by using this s¢quence. Generally the progrc:ssion is 
from the caudal fin to the anal or dorsal fin, and finally in the l:ist s1;1ge! to the head area on the fish. 

Training: 
1. Training of sampling personrie! on rei:ognition of gas bubble symptoms incidence will be completed prior 

to the fish passage set1.1on by expmenced/trained pc~soMel. 



MEMORANDUM 
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FROM: Mi~hcl~ D~ 

DATE: March 30, 1994 

TO: Smolt Mortiioring Sires 

FISH PASSAGE CENTER 
2SQ1 S.W. FlRST AVE. • SUITll 2.30 • PORTLAND, OR '7l01-i75Z 

l'HONE: (5031 2.3G--l099 • FAX ($03) 230.7S59 

RE: Gas Bubbl~ Symptoms (OBS) Monitoring in 1994 

&closed are the guidelines and the form for monitoring for symptoms or Oas :Bubble Trauma. There 
are a few changes from last year, so pl~e read through the prorocol carefully. Starting on April 15, 
all sites exctudin~ the trzps will beSin rnonitorins for GBS three days per week. As ooon as any 
symptoms are s~en, monitoring will be conducted daily \lntl! symptonu aJJd dissolved g:-.:; levels are 
reduced. The Fish Passage Cemer will coordinate rct11rn.1 to three day sampling after a p~riod of high 
di&&olvcd g;l.S levels. 

For each day GES monitoring i$ conducted, pleue fill out Dissolved Oas Symptoms data sheets. Use 
as many sheets as is necessary, depe11dini; on the number of species you $amp!~. Use separate tally 
blocks for hatchery artd wild of any species where it is possible 10 m.aka 1nls dl:'ferentialion. Photocopies 
of the GBS data. sheeis should be mailed to the FPC weekly along with your handlogs. · 

Additionally, for each day during the GBS monitoring season ( . .,prll IS 10 Jun~ 15), you must indicate 
in che comments of each daily batch eilber 1) there was no GBS monitoring, Z) there were no 
observations of GBS, or 3) what :he GBS observaiions were. If you are reporting GBS observations, use 
this format: 

HCH!: x/y; WCHl: x/y; CHO: x/y; !iST: x/y; WST: xly; CO: r./y; HSO: x/y; WSO: xly 

whare x is the number wiih OBS symptoms. and y is the number examined, which may be a 
&ubs,,mple or lhe entire sample, · 

It is important to report the number ·observed wirh G!lS and che number exnmined for all species, 
rer;:ardless or which ur• present .c the rime, or which lp¢ci"" haw •ny o:as. This informarlon should 
be in the form of raw numbers, not perce:itages. Separato numbers should be reported for the hatchery 
and wild of• species, where that d.esigoadon is being made. le is not necessary to specify the cn1egory 
breakdown of CBS 1ymptoms in the daily bacch comrnencs. 

250-94.lab · 

AT'tACl!MENT 1 

E:T,'t<''d. · 
"· 

'· 
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. We nave advised the Fish Passage Advisol}' Commiuee that ;he data collc.cted through the dissolved 
ga.i symptom monitoring will be used for managemeni dcci>ions in a manner analogous to the present 
model for descaling. When fish descallng increues at a project, the agencies and tribes arc presemed 
with 1h.c daca, and a1-site actions are prescribed !irst to remedy the situation. These may include, amons 
other things, trash raking or screen cycling. If the descaling remains high, then additional (more 
consequential) actions are taken until desc.aling decreases. Th• FPAC will review dissolved gas S)'mptom 
data on a regular basis, ;nd if levels increase, .actions will be taken to c1'1mina1c symptom•. Since the 
spitt program in 1994 only inetudes voluntary spitt, the reaction to symptoms CJlll be immediate nnd 
confined to where symptoms are observed. We undentand lhal dissolved gas levels will be coruldered 
on a oally averai;e basis ac several sites. 

Jn summary, we believe the biological monitoring program is fully coordinated and in place al !hill 
time. This program was desetibed ~nd presented to the ln-Se:1Son Management Team at the May 11, 
1994 meeting. Please feet free to contact us regarding th.is operation if you have 1tny questiowi. 

Sincer\\Jy, 

~L_ 
Michele De1'!art 
Fish Passage Center Manager 

39.S-94,mf 
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will convene a group of regional experts to review the operation 
and reconunend any changes to the program. 

Reoorting 

Results of monitoring will be provided to the Fish Passage Center 
for inclusion in the weekly FPC report. 



May 13, 1994 
Draft 

NATIONAL MARINE FISHERIES SERVICE 

Gas Bubble Disease Monitoring.and Management Program 

A special spill operation started May 10, 1994 at Columbia and 
Snake River hydropower projects and is to continue through June 
20, 1994. Spill will be managed in-season on a twice weekly 
basis. Decisions to increase or decrease soill levels and 
subsequent dissolved gas levels will be made by the Operations 
Group with the concurrence of the National Marine Fisheries 
Service (NMFS) at regularly scheduled meetings on Mondays and 
Thursdays of each week, or on an emergency basis if necessary. 
The decisions will be based on the results of biological and 
associated physical monitoring with the criteria described below 
added to the attached Fish Passage Center monitoring plan. 

The current management action calls for spill levels necessary to 
pass 80% -of the daily average juvenile migrants through non­
turbine routes (spill, bypass, and sluiceway) at Bonneville, John 
Day, McNary, Lower Monumental, Little Goose and Lower Granite 
dams. Spill is capped at The Dalles and Ice Harbor dams. The 
incidence of gas bubble disease in migrant salmonids will 
deterrnine whether these spill levels can be maintained through 
the remainder of the spring migrations. 

Salmonid Monitorinq 

I. Juveniles 

A. Smolt Monitoring Program--Little Goose, Lower 
Monumental, McNary, John Day, Bonneville Dams 

B. Research Opportunities 

1) Fish Guidance Efficiency Studies -- Little Goose, 
McNary, The Dalles, and Bonneville Dams. 

2) Reservoir Studies -- John Day Reservoir, Little 
Goose Reservoir {awaiting ESA permit). 

3) Cage Studies -- below Priest Rapids, Ice Harbor, 
and Bonneville Dams. 

c. External, lateral line, and internal assessment for 
signs of gas bubble disease (GBD) to be made. 
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II. Adults 

A. Trap Observations/Examinations 

1) Bonneville Dam 

P.3 

2) Ice Harbor Dam (awaiting ESA permit modification) 

3) Lower Granite Dam 

B. External assessment for signs of GBD to be made. 

Resident Biota Monitoring 

A. sampling below Priest Rapids, Ice Harbor, and Bonneville 
Dams 

B. Cage studies with resident fish at same locations 

C. External and lateral line assessment for signs of GBD to 
be made 

Dissolved Gas Measurements 

A. Total dissolved gas measured in forebays of all Columbia 
and Snake River Dams and at Warrendale, Oregon, will be 
reported as the average of the 12-hour period having the 
highest levels of dissolved gas for each location. 

Actions Levels 

Salmonids 

ReCOillmendations for alteration of spill regimes will be made when 
signs of gas bubble disease exceed 5% in juvenile salmonids 
and/or 2% in adult salmon at any location. If at any time 
unusual or unexpected events occur which would negatively impact 
survival of migrant salmonids, ramping of increased spill levels 
may be terminated. 

Adjustment Criteria 

If no signs of GBD are observed in juvenile or adult salmonids 
between Operations Group Meetings, spill will be increased at 
increments that result in 2.5% increases in total dissolved gas. 
In any case, spill will not exc.eed the originally requested 
amount necessary to achieve soi Fish Passage Efficiency at 
Bonneville, John Day, McNary, Lower Monumental, Little Goose, 
Lower Granite dams or the upper limits of 40% of average daily 
flow at The Dalles Dam and 25 kcfs at Ice Harbor Dam. After 
2 weeks of operation under the revised spill regime, the Nl1FS 
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May 12, 1994 

Mr. 1. Gary Smith 
Acting ~gio~l Director 
National Marine Filhcrie.s Service 
'.7600 Sand Point Way NE 
Seattle, WMhington 98115·0070 

D~r Ga.ry: 

FISH PASSAGE CENTER 
2.501 S.W. l'IRST AVE. • SUITE :iJO • l'ORTLA.."10, OR 972Dl-47S2 

i'HONi (S:Ol) ~99 • FAX C~) ~76p9 

The purpose of lhis correspondence is to advise you that the biologic3l monito~ing program for 
di!solved ga:s tra11ma symptoms is in pl•ce. The following is a description of Lie bioloiical monitoring 
design and protocol that i~ currcnlly in place for the monitoring of ga.1 bubble trauma Msociatcd with 
increased dissolved gas due to spill. Monitoring has been occurring since the beginning of the fish 
passige season at all Smolt Monitoring Program sites including: Lower Granite, Little Ooose, lower 
Monumental, McNary, lohn Day, Bonneville and Rock Island dams. This has included sampling three 
times per week ilS described in the attached protocol (At:achrn:nt 1). On Monday May 9, all crews were 
advi~ed to begin samplins for sa.s bubble symptoms on. a daily basis. The.se data are sent directly to the 
Fish Passage Center on a daily basis, where they are sununarized and scored electronically. The attached 
data she:m were develop¢d (Actai:hmelll 2) to present data to interested parties on a regular basis. To­
date several thousand fish have been observed and no gas bubble symptoms have been detected in the 
6all'lptes. 

At the request of NMFS we w:ire asked to incfode additional tasks into lhe gas bobble &ymptom 
monitoring proiram to address the presenca of symptoms not observable Jn e~ternal monito~. We 
consulted with Phyllis Bar:iey, a pathologist for the USPWS, to d¢Ve1op a protocol for the (!etection or 
lateral line aymptoms and gill observations. On Phyllis'~ recommendation we have includod a task 
requiring the internal examination of the fish'~ organs (swim bladder, kidney and intestines) for 
symptoms, This protocol has been reviewed and approved (Att.:ichment 3) by the asencie$ and tribos. 
The Smolt Monitoring Program Crews will be provided wilh all the nll(:essary equipment, and the training 
of the crews is scheduled (or May 12, !~ and 16. · 

Jn addi1ion to the at-site monitoring, the NMFS will be conduc:ing res:rvoir moniloring of both 
salmon!ds and other specie$ below lee Harbor, Priest Rapids and llonneville dams. This re>iearch has 
been coordinated wich tho FPC in pa.st years a:nd we will continue to be provided with thal data in-seas<:>n. 

Prior to the beginning of the migration season !he FPC coordinated with all proposed adult sampling 
pfograms. Curren!!>» fish are belns ~ndled and ob;erved at Bonneville •nd Lower Onr.ite dams. These 
data are being sent to the FPC {Accac.hment 4). The lead coordinators of these projects w~re notified on 
Monday, May 9, o( the imminent implementation of the spill program and were asked to 11o(ify the FPC 
immediately of any symptoms detected in the sample.. We also contacted Todd Kleist, WDFW, and 
asked him to alert all fish counters to observe adults for >..~y detectable symptoms as they pass b)' the 
counting $ladens. 

0 ~1:.<Z'd 
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Sample Dates 

. 

Total 

WEEKLY SUMMARY OF ADULT FISH MONITOR.ING 
FOR GAS BUBBLE SYMPTOMS AND HEAD Bli"RNS 

# S4ltlpled II Good Candltlon II Head Burns 

' 

#GBO 

J. faam!nc each· fish for quality and condition. Total 10 be recorded under II Sampled. 
2. Record fish under II Good Cond .. if there ,re no visible m~rks or injuries noted on fish. 
3. Ht~d burns would include all injuries from the top or th¢ hod (eye area) tO 1he fleshy portion of !he 

fish's back, and r¢corded under II Bead Durn.s. The head will be scalped (skin removed) or &tt.ached 
in some cases. The head area may be exposed 10 1hc canilege. 

4. The fins should be e~amined for presence nf air embolisms. Chen the head area /sill cover and eyes). 
and finaJ!y 1he roof of 1he mouth, lf bubbles are found. record under It GDD. 

FAX or mall wotkl~ summa,,. rn: 
Fish P;usage Center 
2501 SW Firs! An, Suite 230 
Portl:uid, OR 97201-4752. 
FAX II: (503) Z30-75S9 



DRAFT 
SCIENTIFIC RATIONALE FOR IMPLEMENTING A SPILL PROGRAM TO 

INCREASE JUVENILE SALMON SURVIVAL IN THE SNAKE AND 
COLUMBIA RIVERS 

The following summarizes the scientific basis for implementing a spill program during 
12 nighttime hours at all Corps of Engineers dams on the mainstem Snake and Columbia 
Rivers to increase protection for 1994 spring outmigrating juvenile salmon. As concluded by 
the peer review team of independent scientists, "[t]ransportation alorie, as presently conceived 
and implemented, is unlikely to halt or prevent the continued declined and extirpation of listed 
species of salmon in the Snake River Basin" (Mundy et al. 1994). Spill at transportation and 
collector dams, while continuing to transport those fish collected, addresses the substantial 
uncertainty associated with the effectiveness of the juvenile transportation program (TRG 
1993; Mundy et al. 1994). A management approach when faced with uncertainty is. to spread 
the risk between two choices. The spill program is designed to improve in-river passage 
survival ~d spread the risk by leaving a larger percentage of juvenile salmon migrating in­
river. For the last several years, substantial spill for juvenile migrants has been implemented 
at all mid-Columbia PUD projects through settlements and stipulations. 

The objective of the spill program is to safely guide 80% of the juvenile migrant 
salmon away from the turbines, the most harmful passage route at the dams, and pass them 
through mechanical bypass systems and over the spillways. Spill volumes will be controlled to 
avoid harmful levels of dissolved atmospheric gas in the river. 

The spill program at the mainstem Corps dams was jointly coordinated and devised by 
fishery scientists from the National Marine Fisheries Service, the United States Fish and · 
Wildlife Service, the Oregon Department of Fish and Wildlife, the Washington Department of 
Fish and Wildlife, the Idaho Department of Fish and Game, and the Columbia River Inter­
Tribal Fish Commission. The spill program has been adopted for the remainder of the 1994 
spring outmigration. This should be one of-the major options, evaluated in the long term as 
part of an adaptive management approach, used. to assist in improving juvenile survival with 
respect to recovery. 

Fishery agencies and tribes have chosen a conservative approach to the implementation 
of the spill program. Where possible, based on real time and historical salmon migration 
patterns, spill is generally being confined to nighttime hours. This substantially limits 
economical impacts of spill because power demand is much less at night and river flows are 
lowered at night. An extensive program for monitoring the signs of gas supersaturation 
impacts in both juvenile and adult salmon has been established with trained biologists at each 
dam. The spill program can be immediately modified based upon the daily results of the 
monitoring prog;ram. 

SCIENTIFIC RATIONALE FOR IMPLEMENTING A SPILL PROGRAM DRAFT Page 1 



* Controlled spill as provided by the program, with the stringent monitoring protocols 
included, provides the best possible means of passage survival for downstream. salmon 
migrants. Extensive studies at mainstem dams throughout the basin document that juvenile · 
mortality from spill ranges from 0-3% ( NWPPC 1986; Raymond 1988; Holmes 1952; 
Ledgerwood 1990; Iwamoto et al. 1993). 

* Other passage routes through dams cause higher levels of mortality. Turbine passage causes 
from 10-20% direct mortality (NWPPC 1986; DFOP 1993). Mechanical bypass systems, not 
installed at all dams, only guide and collect 35-70% of juvenile migrants. Mortality to 
juvenile salmon which are guided by mechanical bypass systems ranges from 1-3% ( D. 
DeHart mid-columbia testimony). 

* Spill disperses predators from the forebay and tailrace areas (Faler et al.1988) 

* There is considerable evidence that juvenile fish can detect and avoid high levels of gas 
supersaturation (Dawley et al 1975). 

*After installation of the spill defleetors in the mid 1970's, the historical record demonstrates 
that better adult returns followed from juveniles which migrated under high flow and high spill 
conditions (Fish Passage Center SOR-19, 1994). 

* Four of the five best adult return ratios for Snake River spring and summer spring chinook 
from 1974 to 1989 occurred in 1975, 1982, 1983, and 1984. Spill levels during these years 
were substantially higher than those currently being implemented. 

* When compared to past years, the levels of spill being implemented in 1994 are 
substantially less than what.occurred in the late 1970's and early 1980's. These levels are not, 
"unprecedented" as described by the federal operators. 

* Levels of spill proposed for 1994 are considerably less than those that occurred in 1993, a 
year in which runoff levels late in the spring chinook migration resulted in high spill rates. In 
1993 no fish with signs of impacts of gas supersaturation were detected through the Smolt 
Monitoring Program until spill levels greatly exceeded those proposed for 1994 . The 
monitoring program showed that in spite of high spill (Which occurred during flows that were 
more than twice the levels anticipated for 1994) the observed impacts of dissolved gas on fish 
were minor (DFOP 1993; Appendix 6). 
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1 Paul M. Murphy 
James L. Buchal 

2 SALL, JANIK & NOVACK 
101 S.W. Main Street 

3 Suite 1100 
Portland, OR 97204 

4 Telephone: ( 503) 228-2525 

5 Attorneys for DSis 

6 

7 

8 

9 IN THE UNITED STATES DISTRICT COURT 

10 FOR THE DISTRICT OF OREGON 

11 IDAHO DEPARTMENT 
OF FISH AND GAME, 

) 
) 
) 
) 
) 
) 
) 
) 
) 
) 
) 

Civil No. 92-973-MA 
(Lead case) 
93-1420-MA 
93-1603-MA 

12 
Plaintiff, 

13 
v. (Consolidated cases) 

14 
NATIONAL MARINE FISHERIES 

15 SERVICE, et al., 
DECLARATION OF 
JAMES JAY ANDERSON 

16 Defendants. 

17 

18 

19 

JAMES JAY ANDERSON declares: 

1. I am an Associate Professor at the Fisheries Research 

Institute and Center for Quantitative Science in Forestry, 

20 Fisheries and Wildlife in the College of Ocean and Fisheries 

21 Science at the University of Washington. A copy of my curriculum 

22 vitae is attached as Exhibit 1. I am generally familiar with 

23 several computer models used to estimate the effects of the Federal 

24 Columbia River Power system on salmon. I am most familiar with, 

25 and was the architect and principal investigator for the 

26 

Page 1 - DECLARATION OF JAMES JAY ANDERSON 

IAU .. JANllC & NOVACK 
AttotMyt of Low 

101 S. W. Main._ ......... .,._.,.... 
T•I.,.,_.. ISOll 221-2521 



1 development of the cRiSP model used to model juvenile passage 

2 survival. I make this affidavit to demonstrate the effects of a 

3 planned increase in the amount of spill at the eight mainstem dams 

4 along the Columbia and Snake Rivers. 

5 2. The CRiSP model contains parameters which attribute 

6 mortality to each of the three principal means by which juvenile 

salmon may pass a dam while migrating downriver: through a 7 

8 spillway, through a bypass system, or through the electric 

9 turbines. The CRiSP model also contains parameters which model the 

10 effects of transporting juvenile salmon around the dams. The CRiSP 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

model is thus capable of predicting the net change in mortality to 

juvenile salmon arising from a change in operations that increases 

the percentage of water passing through spillways and decreases the 

percentage of water passing through turbines. 

3. Although mortality to salmon passing through spillways is 

generally regarded as lower than mortality to salmon passing 

through turbines, increased spill tends to increase the percentage 

of dissolved gases present in water. This phenomenon, called gas 

supersaturation, has long been recognized to be a problem arising 

from the dams, because high levels of gas supersaturation are 

lethal to both juvenile and adult salmon. 

4. The CRiSP model is the only computer model in existence 

which attempts to estimate the adverse effects of gas 

supersaturation caused by increasing spill at the hydroelectric 

projects along the Columbia and snake Rivers. Thus the CRiSP model 

Page 2 - DECLARATION OF JAMES JAY ANDERSON 

BALL, JANllt & NOYACX 
AltOl'ft9¥9 at Low 
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T•I....,_ 1503J 22a.2S2S 



1 is the only model that can provide an estimate of the balance 

2 between advantages to increasing spill and the disadvantage of 

3 increasing gas supersaturation. The model predicts effects from 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

gas supersaturation based on the work of Dawley et al. (1976), 

using the relationships between gas supersaturation and survival 

developed through experiments in deep tanks. 

5. I have been unable to obtain definitive documentation of 

the program to increase spills. It is unusual to have a program of 

this magnitude developed in haste, and implemented without any 

public review or scrutiny. As best I can determine, the U.S. Army 

Corps of Engineers, at the urging of the National Marine Fisheries 

Service (NMFS) and other parties, will change previously-planned 

operations to: 

(a) spill at The Dalles Dam to 40 percent 24 hours a day; 

(b) spill 25,000 cubic feet per second (25 kcfs) of water 
at Ice Harbor Dam 24 hours a day; 

(c) operate the remaining six dams to spill during the 12 
nighttime hours (and 24 hours at Bonneville Dam) at the lesser 
of (1) the quantity of spill needed to meet 80% fish passage 
efficiency and (2) the quantity of spill producing a maximum 
12 hour average dissolved gas concentration of 120% measured 
at the next downstream project; and 

(d) increase spill to meet 80% fish passage efficiency to 
the extent that there are no observed adverse biological 
effects of dissolved gas over and above 120% in increments of 
2.5%. 

I also understand that the Bonneville Power Administration has 

estimated the increase in spill at the eight mainstem projects to 

achieve 80% fish passage efficiency as follows: 
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1 current spill Increased Spill 

2 Lower Granite 40% 12 hrs 78% 12 hrs 
Little Goose 30% 12 hrs 48% 12 hrs 

3 Lower Monumental none 54% 12 hrs 
Ice Harbor 25 kcfs 24 hrs 100% 12 hrs 

4 McNary none 48% 12 hrs 
John Day none 33% 12 hrs 
The Dalles 30% 8 hrs 40% 24 hrs 5 

Bonneville 180 kcfs 8 hrs same 
75 kcfs 15 hrs 6 

7 6. I have run the CRiSP 1.4.5 model to compare current and 

8 the NMFS 80% FPE spill plans. Total system survival is 50% for 

9 current spill conditions and 37% under the NMFS plan. These 

10 estimates include survival of both fish that are transported to 

11 below Bonneville Dam and fish that migrated through the river 

12 system. 

13 7. The survival of fish traveling in river is also adversely 

14 affected in the NMFS spill program. The total passage survival of 

l5 in river fish decreased from 34% under current conditions to 17% 
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under the NMFS plan. This is a decrease in fish survival of 50%. 

8 . The decreases with the NMFS plan are the result of 

decreased transportation and the high level of nitrogen 

supersaturation. In the current plan saturation is below 114% but 

it reaches to 139% under the NMFS plan. The percent of fish 

transported is also decreased under the NMFS plan. current 

transport is 50%. Under the NMFS plan 37% of the fish are 

transported. 

9. Attached as Exhibit 2 is a very brief report providing 

details of these analyses. 
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1 10. These results will tend to underestimate the adverse 

2 effects of the NMFS spill program for at least three reasons. 

3 First, the CRiSP model does not calculate adverse effects to salmon 

4 until the dissolved gas concentrations exceed 114%. Generally 

5 

6 
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8 

9 

recognized water quality standards call for avoiding levels higher 

than 110% to protect fish; some research suggests that significant 

adverse effects begin at even lower levels. second, the cRiSP 

model works with average gas supersaturation levels and does not 

take account of localized areas of much higher gas supersaturation 

10 levels associated with high average supersaturation rates. Third, 

11 the CRiSP model does not take account of adverse effects on 

12 

13 

14 

15 

16 

17 

18 

19 

20 

21 

22 

23 

24 

25 

26 

returning adults, which tend to concentrate below dams where 

localized gas supersaturation levels are highest. The loss of 

returning adult salmon from gas supersaturation may have much 

greater consequences for the population of endangered and 

threatened salmon stocks than the loss of juvenile. 

11. I understand that NMFS bases its rationale for the 

increases in spill at least in part on certain computer modeling 

results provided by the states and tribes. I have not seen these 

results. However, assuming that they are generated with the FLUSH 

model generally used by the states and tribes, they would not show 

the negative effects of gas supersaturation at all because the 

FLUSH model does not take account of the negative effects of gas 

supersaturation. 
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Evaluation of NMFS Spill recom1nendation 
prepared May 11. 1994 

by James J. Anderson, University of Washington 

Introduction 

This report deacribe1 an analysis of the proposed May/June i994 spill program 
for the Snake River. The analysis uses the CRISP! .4.5 model with the most up to date 
calibrations including the NMPS survival study in 1993 and model parameters used in 
the System Operation Review. 

The model runs used flows and temperatures from 1990, a year similar to 
observed and projected flows for 1994. The 1990 flows may be below the 1994 flows 
so in this re.tpect the model runs underestimate nitrogen mortality affects. 

Results specific to spring Chinook are given in tables below which compare a baae 
case using the current spill schedules, the NMPS proposed spill levels to achieve a 80% 
fish passage efficiency (flPE), a spills to meet exactly SO PPB. and spill• that limit 
nitrogen level to 120%. Table I gives total system survival and transportation 
percentages under the four scenarios. Table 2 through Table S sive in river conditiooa 
including flow at dams, percent instantaneous spill at dams (spill was set at 12 hr per 
day except at Ice Hal'bor which spilled for 24 hr to a maximum of 25 kcfs), percent 
nitrogen saturation levels in pools behind dams, PPB at dams, and percent in river 
survival of fish r.o each dam. 

The total system survival under transportation ('Table I) assumes transport 
survival of SO%. A document is in preparation detailin& the calibration oftranaportation 
survival estimates (Anderson et al. in preparation), System survival is taken as the 
percent of fish released at the top of Lower Granite Reservoir that survive to the estuary. 

Tllble 1 System aurviv•l and transportation 
percents under four plw 

Sccnl!'io system pen:enc 
aurvival tranaported 

Current 50CJI, 49% 

NMPSplan 37 .. 34'1. 

PPB•80% 33 .. 169' 

N2 < 120CJI, 489' ~ 

I EXHIBIT 2 
I 
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Table 2 Current conditions projected for May 20. 

River segment Flow Spill% Nlrtogen PPB In river 
or project (kcfs) (hr) in pool survival 

Bstuary . 112 36 
. 

Bonneville 232 50 107 70 39 

The Dalles 216 30 (8) IOS 52 42 

John Day 212 0 106 72 46 

McNary 208 0 107 70 Sl 
-~ .... 

Jee Harbor 61 2s• 114 .SS 56 
-· ... 
Lower Monumental 61 0 113 65 62 

Little Goose 61 30 (12) IOS 65 70 

Lower Granite: 61 40 (12) 105 67 82 
a. 25"1cCfs acnie~ unaer ~" nr s nu p 

'lable 3 Condition• under 80% PPB for May 20 

River segment Plow Spill Nltroaen flPB 
In river 

or projecl (kcfa) 'l'o in pool survival 

Bstuary . 113 17 

Bonneville 232 so 116 64 20 

ThePalles 216 40 113 74 22 

John Day 212 33 110 78 23 

McNary 208 48 110 80 26 

Ice Harbor 61 ~· 139 84 33 

Lower Monumental 61 S4 125 83 62 -
Little Goose 61 48 112 15 72 

Lower Granite 61 78 100 82 84 
a. ~ kc,. acn1evcxi unoer "" ll" 1W 

2 



FROH IUW FISl-ERIES TO 503295105S 

'fable 4 Conditions under exactly 80% PPB for May 20 

Rivel' segment Flow Spill Nitrogen PPB ln river 
or project (kcfs) % in pool 1W'Vlval 

Batuary - 113 15 

BoMeville 232 90 118 80 16 

The Dalles 216 48 113 80 17 

John Day 212 36 llO 80 19 

McNary 208 48 110 80 21 
Ice Harbor 61 ~ 140 80 27 

Lower Monumental 61 47 129 80 58 

L..ittie Ooosc 61 60 111 80 72 

Lower Oranite 61 71 100 80 84 
a. "'" 1<i;,S acn1evco unucr ,,, .. ru s 'Ul p 

Table S Conditions for keeping nitrogen below 120'l& and maximizing PPB 
up to 80% fol' May 20 

River sesment Plow Spill Nitrogen 
PPB Jn river 

or project (kcfa) 'fo in pool survival 

Estuary - 113 38 

Bonneville 232 90 118 80 40 

The Dalles 216 48 113 80 40 

1ohnDay 212 36 110 80 44 

McNll')' 208 48 110 80 .52 

Ice Harbor Tallrace 121 56 

lee Harbor 61 2s• 120 64 56 

Lower Monumental 61 5 120 68 63 

Little Goose 61 30 111 69 71 

Lower Oranite 61 71 100 80 84 
a ... " ....... ..., ... ev ... u ........... lf , ... ap 

3 



STATE OF OREGON 

County of Multnomah 

AFFIDAVIT OF WESLEY J. EBEL 

) 
) SS. 
) 

I, WESLEY J. EBEL, being first duly sworn, depose and say as follows: 

1. I worked as a fishery research biologist for the National Marine Fisheries 

Service and its predecessors for 31 years, retiring in 1988 as Director of the Coastal Zone 

and Estuarine Studies Division formerly the Fish Passage Research Division. Since 1988, I 

have worked as a part-time consultant on fish passage research problems. I obtained a Ph.D. 

in Forestry and Wildlife Management from the University of Idaho in 1977. 

General Effects of Gas Supersaturation 

2. I have conducted a number of studies concerning the effect of gas 

supersaturation on juvenile salmon and other fish. Gas supersaturation arises when excess 

gas is dissolved in water; that is, an amount of gas over what the body of water would hold 

normally. In the Columbia and Snake Rivers, the process of spilling water over dam 

spillways concentrates atmospheric gases in the water in levels that exceed the norm. These 

excess levels are measured by percentages. Normal saturation is 100%. In the Columbi'a 

River, values as high as 148% have been recorded. 

3. Gas supersaturation adversely affects fish in a number of ways. Excess 

nitrogen enters the circulatory system of the fish and diffuses out, causing gas bubbles or 

emboli in the circulatory system and gas bubbles under the skin. These gas bubbles have a 

number of adverse physical effects. Gas bubbles occlude blood flow in the gills, thus 

suffocating the fish. Gas bubbles also occlude the mouth and throat of the fish, and can 

cause blindness in the fish due to hemorrhaging or exopthalmia. The gas bubbles can also 



result in overextension or rupture of the swim bladder, particularly in juveniles under 50 mm 

in length. Collectively, these symptoms are referred to as gas bubble disease. 

4. Sublethal effects of gas bubble disease are not always evident as external 

visible symptoms. For example, Schiewe (1974) and Dawley and Ebel (1976) determined 

that sublethal effects such as decreased swimming performance and growth occurred at gas 

supersaturation levels as low as 106%. Poor swimming performance can result in increased 

predation by predators in the river. 

5. Laboratory research conducted by several researchers showed that the 

threshold levels for supersaturation where mortality begins occurring is about 110 to 115 % 

for juvenile salmonids, depending on size and species. In shallow water, laboratory 

experiments have shown that, for example, at 125% saturation, 50% mortality to chinook 

occurs in 13.6 hours. At 120%, 50% mortality occurs in 26.9 hours for chinook. 

6. The depth of a fish in the water affects the level of gas supersaturation that the 

fish can tolerate. For example, each foot of depth compensates for approximately 3 % excess 

saturation. Thus a fish at 3 feet of depth in water supersaturated at 120% will be subjected 

to the equivalent of a gas supersaturation level of only about 110%. Tests done in deep 

tanks showed that significant mortality still occurred. Dawley et al. (1976) 

7. It does not appear that juvenile salmon ids can detect and avoid supersaturation 

by sounding. Nevertheless, the normal depth distribution of salmon does compensate for 

some excess gas supersaturation. This compensating effect is limited by the fact that a 

significant portion of migrating juveniles travel in the upper 3 feet of the water column. For 

example, Smith (1973) found approximately 30% of juvenile chinook salmon in the upper 

three feet of the water column at Lower Monumental Dam. Dawley (1986) found similar 



distributions of chinook the forebay of the The Dalles Dam. 

8. I have been unable to obtain definitive documentation of the program to 

increase spills. It is unusual to have a program of this magnitude developed in haste, and 

implemented without any public review or scrutiny. As best I can determine, the U.S. Army 

Corps of Engineers, at the urging of the National Marine Fisheries Service (NMFS) and 

other parties, will change previously-planned operations to: 

(I) spill at The Dalles Dam to 40 percent 24 hours a day; 

(2) spill 25,000 cubic feet per second (25 kcfs) of water at Ice Harbor Dam 
24 hours a day; 

(3) operate the remaining six dams to spill during the 12 nighttime hours 
(and 24 hours at Bonneville Dam) at the lesser of (a) the quantity of spill needed to 
meet 80% fish passage efficiency and (b) the quantity of spill producing a maximum 
12 hour average dissolved gas concentration of 120% measured at the next 
downstream project; and 

(4) increase spill to meet 80% fish passage efficiency to the extent that 
there are no observed adverse biological effects of dissolved gas over and above 
120% in increments of 2.5%. 

9. I also understand that the Bonneville Power Administration has estimated the 

increase in spill at the eight mainstem projects required to achieve 80% fish passage 

efficiency as follows: 

Lower Granite 
Little Goose 
Lower Monumental 
Ice Harbor 
McNary 
John Day 
The Dalles 
Bonneville 

Current Spill 

40% 12 hrs 
30% 12 hrs 
none 
25 kcfs 24 hrs 
none 
none 
30% 8 hrs 
180 kcfs 8 hrs 
75 kcfs 15 hrs 

80% FPE Spill 

78% 12 hrs 
48% 12 hrs 
54% 12 hrs 
100% 12 hrs 
48% 12 hrs 
33% 12 hrs 
40% 24 hrs 
same 



10. Assuming that current flows in the Columbia and Snake Rivers will remain at 

or exceed current levels (approximately 220 kcfs in the Columbia and 75 kcfs in the Snake), 

the spill percentages set forth in the preceding paragraphs cannot be achieved consistent with 

maintaining a gas supersaturation level of 120% or less. 

11. I understand that the spill program calls for increasing spills until gas 

supersaturation levels reach 120% as measured at the next downstream project, and thereafter 

increasing the percentage of supersaturation until visible signs of gas bubble disease are 

apparent in migrating salmon. By the time gas supersaturation levels reach 120% at the next /If 
dam down, migrating salmon will have been exposed to that level for 2-3 days. 

Monitoring Gas Bubble Disease 

12. Monitoring for visible signs of gas bubble disease is unlikely to provide 

adequate protection for salmon. By the time gas bubble disease is widely apparent in either 

the juvenile or adult populations, it is likely substantial losses will have occurred. During 

the serious dissolved gas problems in the 1960s and 1970s, it was uncommon for large 

numbers of migrants to be observed with gas bubble disease symptoms. 

13. I understand that the program may include monitoring of adult migrants as 

well as juveniles. There are no facilities for such monitoring except at Bonneville Dam and 

Lower Granite Dam. At Bonneville Dam, one would not expect to see many fish with 

symptoms, because they have just come from the ocean. Any fish that were adversely 

affected by gas bubble disease probably would not make it to Lower Granite Dam (the 

uppermost dam), making it also unsuitable as a monitoring site. It would make most sense 

to monitor adults at Ice Harbor Dam, where spill is proposed to be continuous and adult fish 

with symptoms are most likely to be observed. 



Effects on Adult Salmon 

14. Past research has shown that high spill at dams may lead to confusing tailwater 

currents that make it difficult for adults to find fishway entrances. Generally speaking, adult 

fish passage facilities were engineered on the assumption that a substantial portion of the 

flow would go through turbines. When spillway flows exceeded turbine flows at all the 

Snake River dams in the 1960s and 1970s, adverse tailwater currents and delays of adult 

migrants were observed. Junge (1966); Junge (1971). 

15. If the proposed spill levels set forth in paragraph 9 at Lower Granite, Lower 

Monumental and Ice Harbor are implemented, confusing tailwater currents will occur, with 

accompanying delays of migrating adults. Moreover, spilling at the levels proposed will 

create gas supersaturation in the spillway side of the dam in excess of 130%. Adults 

exposed to these levels for extended periods of time will suffer the usual symptoms of gas 

bubble disease and die. 

16. For example, in 1968, when excess water was spilled at John Day, adults were 

delayed for several days and a substantial mortality of chinook and sockeye was recorded. 

The State of Oregon estimated that over 20,000 aduft chinook were iost. · Beiningen and Ebel° 

(1970). Meekin and Allen (1974) estimated that 6% to 60% of adult salmonids in the middle 

region of the Columbia River died between 1965 and 1970; carcasses of adult salmon were 

found in the river when gas supersaturation reached 120% or higher. 

Other Reasons Increased Spill May Not Benefit Salmon. 

17. I assume that the proposed increases in spill are intended to increase adult 

returns. In 1993, the best flows and spills occurred in more than a decade. The jack returns 

this year of spring chinook from that year's juvenile outmigration are the lowest on record. 



This strongly suggests that a program of increasing flows and spills will have little positive 

effect on returns of adults. 

18. It is also true that a program to increase spill will necessarily reduce the 

fraction of juvenile salmon which are transported. There are no data to support the notion 

that survival of juvenile salmon migrating in the river will exceed the survival of those 

transported. Indeed, the scientific evidence indicates that survival of juvenile salmon in th 

river will be less than those transported. For these reasons, the proposed spill program ma 

reasonably be expected to reduce adult returns. 

19. The proposed spill increase has been characterized as an experiment. It would 

be necessary to modify the proposed spill operation to gain scientifically meaningful data. A 

comparison between survival of fish passing a dam with no spill vs. one with spill could be 

made if spilling were kept at minimal levels at Lower Monumental. Survival could then be 

estimated for fish passing Lower Monumental (no spill) and for Little Goose or Lower 

Granite (spill). Various other scenarios could be developed but additional marked fish would 

be essential to measure the survival under spill conditions because of the low.er recovery rate 

caused by spill at the dams where tag detectors are a part of the juvenile collection system. 

For this reason, researchers currently attempting to measure juvenile survival in the Snake 

River would have to be allowed to mark and recover substantially more fish. 

Conclusion 

20. In light of the foregoing facts, in my opinion the proposed spill program poses 



unacceptable risks to migrating salmon in the Columbia and Snake Rivers and will result in 

lower survival rather than higher survival. 

21. I declare under penalty of perjury that the foregoing is true and correct. 

~,,zaz 
SUBSCRIBED AND SWORN to before me this //----{jay of May, 1994. 

• 

OFFICIAL SEAL 
ELIZABETH A. WRIGHT 

. NOTARY PUBLIC· OREGON i co•.,M!S\110i<J N0.008205 
MY COi~~~~~~~~~RES SEPT. 02, 1995 

--/.' 
, / / -~: ,..:_ 
. -- c,: 

Notary Public for Oregon 
My Commission Expires: . '- 1

1< -f ~.:, · '' •::? :.,· 
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TOTAL DISSOLVED GAS REPORT FOR JOHN DAY 
starting at 0019 13 MAY 1994 

WA 'IM BARO TD GAS GAS N2 02 SPILL TOT NUMB 
DATE TIME DEG F PRES PRES % PRES PRES QS QR GATES 
0513 0100 057.7 0766.0 0855.0 111.6 689.0 174.0 032.1 204.0 +++++ 
0513 0200 057. o· 0766.0 0854.0 111.5 689.0 168.0 032.0 203.8 +++++ 
0513 0300 057.6 0768.0 0855.0 111.3 691.0 167.0 032.1 204.1 +++++ 
0513 0400 057.2 6766.0 0853.0 111.4 689.0 169.0 032.1 203.5 +++++ 
0513 0500 057.6 0769.0 0852.0 110.8 684.0 173.0 032.2 202.7 +++++ 
0513 0600 057.2 0770.0 0852.0 110.6 692.0 166.0 032.1 212.4 +++++ 
0513 0700 057.7 0769.0 0852.0 110.8 689.0 168.0 031.3 216.8 +++++ 
0513 0800 057.6 0769.0 0849.0 110.4 681.0 173.0 001.9 221.6 +++++ 
0513 0900 057.7 0769.0 0851.0 110.7 677.0 178.0 001.8 225.7 +++++ 
0513 1000 057.7 0769.0 0849.0 110.4 681.0 172.0 001.8 226.6 +++++ 
0513 1100 057.9 0766.0 0852.0 111.2 683.0 173.0 001.8 224.3 +++++ 
0513 1200 057.6 0768.0 0851.0 110.8 687.0 169.0 001.8 224.5 +++++ 
0513 1300 057.9 0769.0 0851.0 110.7 681.0 174.0 001.8 226.7 +++++ 
0513 1400 057.7 0768.0 0853.0 111.1 691.0 167.0 001.8 226.9 +++++ 
0513 1500 057.9 0766.0 0852.0 111.2 687.0 169.0 001.8 224.9 +++++ 
0513 1600 057.7 0766.0 0853.0 111.4 684.0 172.0 001.8 226.4 +++++ 
0513 1700 057.9 0765.0 0853.0 111.5 680.0 179.0 001.8 225.2 +++++ 
0513 1800 057.9 0764.0 0854.0 111.8 687.0 173.0 001.8 225.0 +++++ 
0513 1900 058.1 0764.0 0855.0 111.9 691.0 169.0 002.9 225.1 +++++ 
0513 2000 057.9 0764.0 0858.0 112.3 684.0 175.0 033.3 229.0 +++++ 
0513 2100 057.7 0764.0 0855.0 111.9 689.0 172.0 034.0 224.5 +++++ 
0513 2200 057.7 0764.0 0857.0 112.2 687.0 174.0 033.1 226.4 +++++ 
0513 2300 057.6 0765.0 0857.0 112.0 688.0 173.0 033.1 225.5 +++++ 
0514 000 057.7 0763.0 0853.0 111.8 688.0 167.0 033.6 220.0 +++++ 
0514 0100 058.5 0765.0 0855.0 111.8 695.0 164.0 028.1 187.6 +++++ 
0514 0200 057.6 0764.0 0853.0 111.6 686.0 173.0 028.4 190.9 +++++ 
0514 0300 057.7 0760.0 0854.0 112.4 688.0 168.0 038.4 190.6 +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 



TOTAL DISSOLVED GAS REPORT FOR MCNARY (OREGON) 
starting at 0018 13 MAY 1994 

WATM BARO TD GAS GAS N2 02 SPILL TOT NUMB 
DATE TIME DEG F PRES PRES % PRES PRES QS QR GATES 
0513 0100 055.9 0763.0 0880.0 115.3 593.0 295.0 059.7 230.3 020.0 
0513 0200 055.9 0763.0 0877.0 114.9 612.0 285.0 059.7 230.3 020.0 
0513 0300 055.9 0763.0 0876.0 114.8 583.0 275.0 059.7 230.3 020.0 
0513 0400 055.9 0764.0 0875.0 114.5 606.0 290.0 059.7 230.3 020.0 
0513 0500 055.8 0763.0 0875.0 114.7 587.0 268.0 059.7 232.2 012.0 
0513 0600 055.9 0763.0 0875.0 114.7 583.0 286.0 059.7 232.2 020.0 
0513 0700 055.6 0764.0 0873.0 114.3 587.0 286.0 030.5 200.5 020.0 
0513 0800 055.8 0765.0 0875.0 114.4 599.0 258.0 024.7 219.3 020.0 
0513 0900 055.9 0769.0 0876.0 113.9 642.0 242.0 000.0 193.2 020.0 
0513 1000 063.9 0760.0 0775.0 102.Q 625.0 155.0 000.0 193. 8 020.0 
0513 1100 065.5 0763.0 0769.0 100.8 611.0 144.0 000.0 194.9 +++++ 
0513 1200 058.1 0760.0 0894.0 117.6 722.0 177.0 000.0 187.0 +++++ 

. 0513 1300 057.7 0760.0 0892.0 117.4 739.0 157.0 000.0 194.0 +++++ 
0513 1400 058.6 0760.0 0899.0 118.3 827.0 075.0 000.0 186.6 +++++ 
0513 1500 058.8 0759.0 0898.0 118.3 814.0 089.0 000.0 181.4 +++++ 
0513 1600 061.2 0759.0 0916.0 120.7 832.0 090.0 005.1 198.8 +++++ 
0513 1700 062.6 0759.0 0919. 0 121.1 765.0 158.0 022.5 213.4 +++++ 
0513 1800 061.5 0759.0 0919. 0 121.1 764.0 158.0 022.5 212. 7 +++++ 
0513 1900 057.7 0758.0 0874.0 115.3 609.0 207.0 000.0 192.3 +++++ 
0513 2000 060.4 0758.0 0897.0 118.3 746.0 175.0 000.0 195.1 +++++ 
0513 2100 057.2 0758.0 0870.0 114.8 672.0 174.0 000.0 218.8 +++++ 
0513 2200 060.6 0757.0 0891.0 117. 7 815.0 084.0 111.1 239.6 +++++ 
0513 2300 057.0 0758.0 0870.0 114.8 770.0 107.0 111.1 228.8 +++++ 
0514 000 056.5 0758.0 0858.0 113.2 743.0 124.0 111.1 229.1 +++++ 
0514 0100 056.7 0757.0 0858.0 113.3 744.0 122.0 111.1 228.8 +++++ 
0514 0200 056.8 0757.0 0862.0 113.9 770.0 100.0 111.1 228.8 +++++ 
0514 0300 056.7 0757.0 0860.0 113.6 768.0 098.0 111.1 228.8 +++++ 
0514 0400 +++++ ++++++ ++++++ +++++ +++++ +++++ 111.1 228.8 +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 



TOTAL DISSOLVED GAS REPORT FOR MCNARY (WASHINGTON) 
starting at 0018 13 MAY 1994 

WATM BARO TD GAS GAS N2 02 SPILL TOT NUMB 
DATE TIME DEG F PRES PRES % PRES PRES QS QR 

GA"' l 0513 0100 057.2 0763.0 0882.0 11,5. 6 825.0 064.0 059.7 230.3 020.0 
0513 0200 057.0 0763.0 0881.0 115.5 822.0 065.0 059.7 230.3 020.0 
0513 0300 057.2 0764.0 0882.0 115.4 824.0 063.0 059.7 230.3 020.0 
0513 0400 057.2 0764.0 0881.0 115. 3' 824.0 064.0 059.7 230.3 020.0 ' 
0513 0500 057.2 0764.0 0880.0 115.2 822.0 063.0 059.7 232.2 012. 0 l 
0513 0600 057.2 0764.0 0876.0 114.7 821.0 062.0 059.7 232.2 020. 0 J 
0513 0700 056.8 0764.0 0876.0 114.7 820.0 063.0 030.5 200.5 020. o I 
0513 0800 057.0 0765.0 0877.0 114.6 821.0 063.0 024.7 219.3 020. 0 . 
0513 0900 057.0 0765.0 0877.0 114.6 822.0 062.0 000.0 193.2 020.0 
0513 1000 057.2 0765.0 0877.0 114.6 821.0 064.0 000.0 193. 8 020.0 
0513 1100 057.2 0765.0 0877.0 114.6 820.0 064.0 000.0 194.9 +++++ 
0513 1200 057.6 0764.0 0879.0 115.1 821.0 064.0 000.0 187.0 +++++ 
0513 1300 057.2 0763.0 0879.0 115.2 694.0 191.0 000.0 194.0 +++++ 
0513 1400 057.2 0761.0 0879.0 115.5 697.0 188.0 000.0 186.6 +++++ 
0513 1500 057.6 0763.0 0876.0 114. 8 694.0 188.0 000.0 181.4 +++++ 
0513 1600 057.2 0761.0 0875.0 115.0 692.0 189.0 005.1 198.8 +++++ 
0513 1700 057.6 0761. 0 0875. 0 115.0 691.0 190.0 022.5 213.4 +++++ 
0513 1800 057.6 0760.0 0874.0 115.0 691.0 190.0 022.5 212.7 +++++ 
0513 1900 057.7 0759.0 0881.0 116 .·1 693.0 195.0 000.0 192.3 +++++ 
0513 2000 057.7 0759.0 0885.0 116.6 697.0 195.0 000.0 195.1 +++++ 
0513 2100 057.7 0760.0 0882.0 116.1 693.0 196.0 000.0 218.8 +++++ 
0513 2200 057.9 0760.0 0882.0 116.1 693.0 195.0 111.1 239.6 +++++ 
0513 2300 057.7 0758.0 0882.0 116.4 '693.0 195.0 111.1 228.8 +++++ I 
0514 000 058.8 0759.0 0886.0 116.7 697.0 197.0 111.1 229.1 +++++ l 

0514 0100 059.2 0759.0 0887.0 116.9 697.0 197.0 111.1 228.8 +++++ 
0514 0200 058.6 0758.0 0884.0 116.6 695.0 195.0 111.1 228.8 +++++ 
0514 0300 058.6 0758.0 0881.0 116.2 693.0 194.0 111.1 228.8 +++++ 
0514 0400 +++++ ++++++ ++++++ +++++ +++++ +++++ 111.1 228.8 +++++I 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ ++++:!-... 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 
++++ ++++ +++++ ++++++ ++++++ +++++ +++++ +++++ +++++ +++++ +++++ 



WATER QUALITY 468B.050 

or proposed hydroelectric project that was 
previously certified by the Director of the 
Department of Environmental Quality ac­
cording to section 401 (1) of the Federal Wa­
ter Pollution Control Act P.L. 92-500, as 
amended: 

(1) The director shall: 
(a) Solicit and consider the comments of 

all affected state agencies relative to adverse 
impacts on water quality caused by changes 
in the project, according to sections 301, 302, 
303, 306 and 307 of the Federal Water Pol­
lution Control Act, P.L. 92-500, as amended. 

(b) Approve or deny a certification of the 
proposed change after making findings that 
the approval or denial is consistent with: 

(A) Rules adopted by the Environmental 
Quality Commission on water quality; 

(B) Provisions of sections 301, 302, 303, 
306 and 307 of the Federal Water Pollution 
Control Act, P.L. 92-500, as amended; 

(C) Standards established in ORS 543.017 
and rules adopted by the Water Resources 
Commission implementing such standards; 
and 

(D) Standards of other state and local 
agencies that are consistent with the stan­
dards of ORS 543.017 and that the director 
determines are other appropriate require­
ments of state law accordmg to section 401 
of the Federal .Water Pollution Control Act, 
P.L. 92-500, as amended. 

(2) On the basis of the evaluation and 
determination under subsection (1) of this 
section, the director shall notify the appro-
priate federal agency that: . 

(a) The proposed change to the project is 
approved; or 

(b) There is no longer reasonable assur­
ance that the project as changed complies 
with the applicable provisions of the Federal 
Water Pollution Control Act, P.L. 92-500, as 
amended, because of changes in the proposed 
project since the director issued the con­
struction license or permit certification. 
[Formerly 468. 734; 1993 c.544 §21 

468B.048 Standards of quality and pu­
rity; factors to be considered; meeting 
standards. (1) The commission by rule may 
establish standards of quality and purity for 
the waters of the state in accordance with 
the public policy set forth in ORS 468B.015. 
In establishing such standards, the commis­
sion shall consider the following factors: 

(a) The extent, if any, to which floating 
solids may be permitted m the water; 

(b) The extent, if any, to which ·suspended 
solids, settleable solids, colloids or a combi­
nation of solids with other substances sus­
pended in water may be permitted; 

(c) The extent, if any, to which organisms 
of the coliform group, and other 
bacteriological organisms or virus may be 
permitted in the waters; 

(d) The extent of the oxygen demand 
which may be permitted in the receiving wa­
ters; 

(e) The minimum dissolved oxygen con­
tent of the waters that shall be maintained; 

(D The limits of other physical, chemical, 
biological or radiological properties that may 
be necessary for preserving the quality and 
purity of the waters of the state; 

(g) The extent to which any substance 
must be excluded from the waters for the 
protection and preservation of public health; 
and 

(h) The value of stability and the public's 
right to rely upon standards as adopted for 
a reasonable period of time to permit insti­
tutions, municipalities, commerce, industries 
and others to plan, schedule, finance and op­
erate improvements in an orderly and practi­
cal manner. 

(2) Standards established under this sec­
tion shall be consistent with policies and 
programs for the use and control of water 
resources of the state adopted by the Water 
Resources Commission under ORS 536.220 to 
536.540. 

(3) Subject to the approval of the depart­
ment, any person responsible for complying 
with the standards of water quality or purity 
established under this section shall deter­
mine the means, methods, processes, equip­
ment and operation to meet the standards. 
[Formerly 449.086 and then 468.735] 

468B.050 When permit required. (1) 
Except as provided in ORS 468B.215, without 
first obtaining a permit from the director, 
which permit shall specify applicable effiuent 
limitations and shall not exceed five years in 
duration, no person shall: 

(a) Discharge any wastes into the waters 
of the state from any industrial or commer­
cial establishment or activity or any disposal 
system. 

(b) Construct, install, modify or operate 
any disposal system or part thereof or any 
extension or addition thereto. 

(c) Increase in volume or strength any. 
wastes in excess of the permissive discharges 
specified under an existing permit. 

(d) Construct, install, operate or conduct 
any industrial, commercial, confined animal 
feeding operation or other establishment or 
activity or any extension or modification 
thereof or addition thereto, the operation or 
conduct of which would cause an increase in 
the discharge of wastes into the waters of 

1993-36-751 
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United States Department of the Interior 
FISH AND WILDLIFE SERVICE 

Fred Hansen, Director 

911 N E l hh Ave:nuc 
l'ord:ind, Oregon 97232-4181 

Oregon Department of Environmental Quality 
811 SW Sixth 
Portland, Oregon 97204 

Dear Mr. Hansen: 

·--··--··---

May 16, 1994 

The National Marine Fisheries Service and U.S. Fish and Wildlife Service, with input from 
the State fishery agencies and Indian tribes, recently decided to increase spill at eight Corps 
of Engineer's darns on the Snake and Colwnbia rivers. The Corps of Engineers, with the 
concurrence of the Governors of the States of Oregon and Washington began implementing 
the spill program on May I 0, 1994. 

This action was taken because of the near total collapse of the spring chinook run to the 
upper Columbia and Snake rivers and because of the need to take extraordinary actions to 
attempt to increase the survival of the fish. 

While we agree that there are risks associated with increase gas supersaturation, the levels 
that are occurring with the current spill program do not pose a serious risk. We are 
confident 1hat the biological and physical monitoring progran1 that has been implemented 
and the in-season management process will enable us to make modifications to tl1e program 
if necessary and prevent impacts to the fish. The attached paper jointly developed by the 
Fish and Wildlife Service and other Federal and State fishery agencies and tribe's technical 
staffs, describes the scientific rationale for the spill program. 

We are well aware of all of the risks associated with fish migration in the Columbia Basin. 
Turbine passage and the stress associated with fish collection and transport pose major risks 
to the survival of upriver runs. The spill program will create improved conditions for 
inriver migrants and spread the risks associated with turbine passage and transportation. 

We strongly support the spill program and urge your support during this critical time. 

A AIQ Regional Director 

Attachment 



,,, D.E.Q.- OD/PA liiJ 003/004 

05/16/94 16: 11 '5'503 231 2062 Rl FI SHERIE_S_. 

·'' .. ~ 
.•. 

SCIENTIFlC RATIONALE FOR IMPLEMENTING A SPILL PROGRAM TO 
INCREASE JUVENILE SALMON SURVIVAL IN THE SNAKE AND 

COLUMBIA RIVERS 

The following summarizes the scientific basis for implementing a spill program during 
12 nighttime hours at all Corps of Engineers dams on the mainstem Snake and Columbia 
Rivers to increase protection for 1994 spring outmigrating juvenile salmon. As concluded by 
the peer review team of independent scientists, "[t]ransportation alone, as .presently conceived 
and implemented, is unlikely to halt or prevent the continued declined and extirpation of listed 
species of salmon in the Snake River Basin" (Mundy et al. 1994). Spill at transportation and 
collector dams, while continuing to transport those fish collected by the mechanical bypass 
system, addresses the substantial uncertainty associated with the effectivene5s of the juvenile 
transportation program (TRG 1993; Mundy et al. 1994). A management approach when faced 
with uncertainty is to spread the risk between two choices. The spill program is designed to 
improve in-river passage survival and spread the risk by leaving a larger percentage of juvenile 
salmon migrating in-river. For the last several years, substantial spill for juvenile migrants has 
been implemented at all mid-Columbia Public Utility District projects. As well, substantial 
controlled spill has been routinely implemented at Corps projects including Lower 
Monumental, Ice Harbor, The Dalles, and Bonneville Dams as an effective management 
strategy co increase juvenile salmon survival. 

The objective of the spill program is to safely guide 80% ·of the juvenile migrant 
salmon away from the turbines, the most harmful passage route at the dams, and pass them 
through mechanical bypass systems and over the spillways. Spill volume$ will be controlled to 
avoid harmful levels of dissolved atmospheric gas in the river. · 

· The current spill program at the mainstem Corps dams was jointly coordinated and 
devised by fishery scientists from the National Marine Fisheries Service, the United St.ates 
Fish and Wildlife Service, the Oregon Depanment of Fish and Wildlife, the Washington 
Department of Fish and Wildlife, the Idaho Department of Fish and Game, and the Columbia 
River Inter-Tribal Fish Commission. The spill program has been adopted for the remainder 

. of the 1994 spring outmigration. This may be one of the major options, evaluated in the long 
term as part of an adaptive management approach, used to assist in improving juvenile survival 
with respect to recovery. 

Fishery agencies and tribes have chosen a conservative approach to the implementation 
of the spill program. Where possible, based on real time and historical salmon migration 
patterns, spill is generally being confined to nighttime hours. This substantially limits 
economical impacts of spill because power demand is much less at night and river flows are 
lowered at night. An extensive program for monitoring the signs of gas supersaturation 
impacts in both juvenile and adult salmon has been established with trained biologists at each 
dam. The spill program can be immediately modified based upon the daily results of the 

SCIENTIFIC RA TIO NALE FOR IMPLEMENTING A SPILL PROGRAM Page I 
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~onitoring program. 

The following points further describe in detail the scientific rationale for initiating and 
continuing the program: 

1410041004 

" Controlled spill as provided by the program, with the stringent monitoring protocols 
included, provides the best possible means of passage survival for downstream salmon 
migrants. Extensive studies at mainstem dams throughout the basin document that juvenile 
mortality from spill ranges from 0-3% ( NWPPC 1986; Raymond 1988; Holmes 1952; 
Ledgerwood 1990; Iwamoto et al. 1993). · · 

* Other passage ro1.1tes through dams cause higher levels of mortality. Turbine passage causes. 
from 10-203 direct mortality (NWPPC 1986; DFOP 1993). Mechanical bypass systems, not 
installed at all dams, only guide and collect 35-70% of juvenile migrants. Mortality to 
juvenile spring chinook that are guided by mechanical bypass systems ranges from 1-3% 
(Monk et al. 1991; Dawley 199 l; FTOT annual reports; Krcma et al. 1986; and Brege et al. 
1987). 

* Spill disperses predators from the forebay and tailrace areas (Faler et al .1988) 

* There is considerable evidence that juvenile fish can detect and a:yoid high levels of gas 
supersaturation (Dawley et al. 1975). 

* After installation of the spill deflectors in the mid l 970' s, the historical record demonstrates 
chat better adult retums followed from juveniles which migrated under high flow and high spill 
conditions (Fish Passage Center SOR-19 1994). 

* Four of the five best adult return rarios for Snake River spring and summer spring chinook 
from 1974 to 1989 occurred in 1975, 1982, 1983, and 1984. Spill levels during these years 
were substantially higher than those currently being implemented. 

* Wl'\en compared to past years, the levels of spill being implemented in 1994 are 
substantially less than what occurred in the late 1970's and early l980's. These levels are not, 
"unprecedented" as described by the federal operators. 

• Levels of spill proposed for 1994 are considerably less than those that occurred in l 993, a 
year in which runoff levels late in the spring chinook migration resulted in high spill rates. In 
1993, no fish with signs of impacts of gas supersaturation were detected through the Smelt 
Monitoring Program until spill levels greatly exceeded those proposed for 1994 . The 
monitoring program showed that in spite of high spill (which occurred during flows that were 
more than twice the levels anticipated for 1994) the observed impacts of dissolved gas on fish 
were minor (DFOP 1993, Appendix 6). 

SCIENTIFIC RA Tl ON ALE FOR IMPLEMENTING A SPILL PROGRAM Pagel 
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IDAHO FISH & GAME 
600 South Walnut 

P.O. Box25 
Boise, ID 83707-0025 

May 16, 1994 

Oregon Department of Environmental Quality Commission 
811 SW 6th Ave. 
Portland, Oregon 97204 

Dear Commissioners: 

P.2/3 

The Idaho Department of Fish and Game (Department) appreciates the opport1.1nity to provide 
comment for consideration concerning the nitrogen gas supersaturation standard for the 
Columbia River. We believe National Marine Fisheries Service (NMFS) mandated spill 
level is within acceptable limits for inriver migrants this year. 

Spill during 12 nighttime hours has been implemented at Anny Corps of Engineers dams on 
the rnainstem Snake and Columbia rivers to provide additional protection to outrnigrating 
juvenile chinook and sockeye salmon. The salmon of the Snake River Basin in Idaho, 
northeast Oregon, and southwest Washington are currently Hsted as threatened and 
endangered species pursuant to the federal Endangered Species Act. The adult spring 
chinook salmon run returning to the Snake River Basin is the lowest on record. Only 600 
wild spring chinook sahnon are expected to pass Lower Granite Dam to return to the 4,000 
miles of spawning habitat for these fish in the basin. This low runsize places only 1 female 
in each 14 miles of spawning habitat and represents about 2 percent of the spawner 
abundance that could be supported by ldaho 's portion of the Snake Basin. These low 
numbers are of critical concern to our Department. Further concern is heightened by the 
prediction of declines possible next year. Providing additional protection for the smolts 
outmigrating in 1994 is critical to the future of Snake River salmon. 

The spill program at the mainstern Corps darns was jointly coordinated and devised by the 
fishery scientists from the NMFS, the United States Fish and Wildlife Service, the Oregon 
Department of Fish and Wildlife, !he Washington Department of Fish and Wildlife, the 
Columbia River Inter-Tribal Fish Com.mission, and our Department. Controlled spill as 
provided by the program is the best possible means of improving dam passage survival for 
salmon smolts. The stringent monitoring program associated with spill will ensure that the 
desired benefits will be achieved for the salmon. 

Ci;:cil D. Andrus J Governor 
Jerry M- Conley I Director 



MAY 16 '94 03:26PM FISH AND GAME 

Oregon Environmental Quality Commission 
May 16, 1994 
Page 2 

P.3/3 

Our Departntent requests that the Oregon Environmental Quality Commission continue the 
variance from the state of Oregon for the' standard in the mainstem Columbia River. 

JMC:BB:alb 

Sincerely, 

~~ '(}v- Jerry M. Conley, 
Director 
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Mr. William s. Wessinger, Chair 
Environmental Quality Commission 
121 s.w. Salmon - Suite 1100 
Portland, Oregon 97204 

Dear Mr. Wessinger: 

UNITED STATES DEPARTMENT OF COMMERCE 
National Oceanic and Atmospheric Admlnletretlan 
NATIONA~ MARINE FISHERl~S SERVICE 

Northwest Region 
7600 Sand Point Way, N.E. 
Bin Cl5700, Bldg. l 
Seattle, Washington 98115-0070 

F/NW 

I understand that the Commission is meeting today to review the 
question of a variance or modification to water quality standards 
affecting spill at hydroelectric projects operated by the.u.s. 
Army Corps of Engineers on the mainstem Columbia and Snake 
rivers. As you know the National Marine Fisheries Service (NMFS) 
has requested and the dam operators have agreed to provide 
increased spill to improve the survival of downstream migrating 
juvenile salmon. I strongly urge your favorable consideration of 
this operation. 

For your information, I am enclosing a brief review of the 
scientific rationale for this operation that was developed by 
technical staff of NMFS and other fishery agencies and tribes. 
Thank you for your assistance. If I can be of further 
assistance, please do not hesitate to call. 

Enclosure 

cc: E:mery castle 
Henry Lorenzen 
Carol Whipple 
Linda McMahan 

'ncerely,~ 

·0;? 
, Gary Smith 

Acting Regional Director 
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SCIENTIFIC RATIONALE FOR IMPLEMENTING A SPILL PROGRAM TO 
INCREASE JUVENILE SALMON SURVIVAL IN THE SNAKE AND COLUMBIA 

RIVERS 

The following summarizes the scientific basis for implementing a spill program during 
12 nighttime hours at all Corps of Engineers dams on the mainstem Snake and Columbia 
Rivers to increase protection for 1994 spring outmigrating juvenile salmon. As concluded by 
the peer review team of independent scientists, "[t]ransportation alone, as presently 
conceived and implemented, is unlikely to halt or prevent the continued declined and 
extirpation of listed species of salmon in the Snake River Basin" (Mundy et al. 1994). Spill 
at transportation and collector dams, while continuing to transport those fish collected by the 
mechanical bypass system, addresses the substantial uncertainty associated with the 
effectiveness of the juvenile transportation program (TRG 1993; Mundy et al. 1994). A 
management approach when faced with uncertainty is to spread the risk between two choices. 
The spill program is designed to improve in-river passage survival and spread the risk by 
leaving a larger percentage of juvenile salmon migrating in-river, For the last several years, 
substantial spill for juvenile migrants has been implemented at all mid-Columbia Public 
Utility District projects. As well, substantial controlled spill has been routinely implemented 
at Corps projects including Lower Monumental, Ice Harbor, The Dalles, and B.onneville 
Dams as an effective management strategy to increase juvenile salmon survival. 

The obje.ctive of the spill program is to safely guide 80% of the juvenile migrant 
salmon away from the turbines, the most harmful passage route at the dams, and pass them 
through mechanical bypass systems and over the spillways. Spill volumes will be controlled 
to avoid harmful levels of dissolved atmospheric gas in the river. 

The current spill program at the mainstem Corps dams was jointly coordinated and 
devised by fishery scientists from the National Marine Fisheries Service, the United States 
Fish and Wildlife Service, the Oregon Department of Fish and Wildlife, the Washington 
Department of Fish and Wildlife, the Idaho Department of Fish and Game, and the Columbia 
River Inter-Tribal Fish Commission. The spill program has been adopted for the remainder 
of the 1994 spring outmigration. This may be one of the major options, evaluated in the 
long term as part of an adaptive management approach, used to assist in improving juvenile 
survival with respect to recovery. 

Fishery agencies and tribes have chosen a conservative approach to the 
implementation of the spill program. Where possible, based on real time and historical 
salmon migration patterns, spill is generally being confined to nighttime hours. This 
substantially limits economical impacts of spill because power demand is much less at night 
and river flows are lowered at night. An extepsive program for monitoring the signs of gas 
supersaturation impacts in both juvenile and adult salmon has been established with trained 
biologists at each darn. The spill program can be immediately modified based upon the daily 
results of the monitoring program. 

SCIENTIFIC RATIONALE FOR IMPLEMENTING A SPILL PROGRAM Page 1 
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The following points further describe in detail the scientific rationale for initiating and 
continuing the program: 

* Controlled spill as provided by the program, with the stringent monitoring protocols 
included, provides the best possible means of passage survival for downstream salmon 
migrants. Extensive studies at mainstem dams ·throughout the basin document that juvenile 
mortality from spill ranges from 0-3% (NV/PPC 1986; Raymond 1988; Holmes 1952; 
Ledgerwood 1990; Iwamoto et al. 1993). 

* Other passage routes through dams cause higher levels of mortality. Turbine passage . 
causes from 10-2,0% direct mortality (NWPPC 1986; DFOP 1993). Mechanical bypass 
systems, not installed at all dams, only guide and collect 35-70 % of juvenile migrants. 
Mortality to juvenile spring chinook that are guided by mechanical bypass systems ranges 
from 1-3% (Monk et al. 1991; Dawley 1991; FTOT annual reports; Krcma et al. 1986; and 
Brege et al. 1987). 

* Spill disperses predators from the forebay and tailrace areas (Faler et al.1988) 

* There is considerable evidence that juvenile fish can detect and avoid high levels of 
gas supersaturation (Dawley et al. 1975). 

* After installation of the spill deflectors in the mid 1970's, the historical record 
· demonstrates that better adult returns followed from juveniles which migrated under high 

flow and high spill conditions (Fish Passage Center SOR-19 1994). 

* Four of the five best adult return ratios for Snake River spring and summer spring 
chinook from 1974 to 1989 occurred in 1975, 1982, 1983, and 1984. Spill levels during 
these years were substantially higher than those currently being implemented. 

" When compared to past years, the levels of spill being implemented in 1994 are 
substantially less than what occurred in the late 1970's and early 1980's. These levels are 
not, ''unprecedented" as described by the federal operators. 

* Levels of spill proposed for 1994 are considerably less than those that occurred in 
1993, a year in which runoff levels late in the spring chinook migration resulted in high spill 
rates. In 1993, no fish with signs of impacts of gas supersaturation were detected through 
the. Smolt Monitoring Program until spill levels greatly exceeded those proposed for 1994 . 
The monitoring program showed that in spite of high spill (which occurred during flows that 
were more than twice the levels anticipated for 1994) the observed impacts of dissolved gas 
on fish were minor (DFOP 1993, Appendix 6). 

SCIENTIFIC RATIONAbE FOR IMPLEMENTING A SPILL PROGRAM Page 2 



NMFS Spill Request 

Background 

The National Marine Fisheries Service is requesting 
implementation of a spill proposal developed by the technical 
staffs of the U.S. Fish and Wildlife Service and the National 
Marine Fisheries Service, in coordination with the State fishery 
agencies and tribes, in response to the decline of Snake River 
salmon listed under the Endangere~ Species Act. The revised 
estimate of the Columbia River spring chinook salmon run 
indicates that the expected number of adult returns is 19,000, 
down from an earlier estimate of 49,000. Of these fish, 600 to 
800 are expected to pass Lower Granite Dam in the Snake River. 

- This is approximately 10% of the recent -10 year average of annual 
spring chinook salmon counts at Lower Granite Dam; and this is 
the lowest run on record. 1994 jack returns indicate that the 
1995 spring chinook run is also expected to be relatively small. 

It is our expectation that implementation of this spill proposal 
will increase the downstream passage survival of listed juvenile 
Snake River spring/summer chinook salmon. The initial request 
for implementation of this spill proposal was outlined in a May 
9th letter from Gary Smith of the National Marine Fisheries 
Service to Randy Hardy of the Bonneville Power Administration and 
General Ernest Harrell of the Army Corps of Engineers, following 
a May 7th conference call. 

Initial Spill Request 

The initial 12-hour spill request is intended to result in 80% 
Fish Guidance Efficiency, that is, 80% of the daily average 
passage of juvenile spring/summer chinook salmon migrants will 
pass hydroelectric dams via non-turbine routes at Bonneville, 
John Day, McNary, Lower Monumental, Little Goose, and Lower 
Granite dams. Spill is to be capped at 40% of instantaneous flow 
at The Dalles Dam and at 25 kcfs at Ice Harbor Dam. Also, 
daytime spill at Bonneville Dam will continue to be capped at 75 
kcfs. 

Initial spill levels to achieve 80% Fish Guidance Efficiency are 
based on the Fish Passage Center's System Operational Request 
number 94-19, dated April 26, 1994. Specifically, the following 
spill levels should be implemented: 

at Lower Granite Dam 

78% of instantaneous flow, from 1800-0600 hrs. 

at Little Goose Dam 

48% of instantaneous flow, from 1800-0600hrs. 



at Lower Monumental Dam 

54% of instantaneous flow, from 1800-0600 hrs. 

at Ice Harbor Dam 

25 kcfs, 24 hrs. per day 

at McNary Dam 

48% of instantaneous flow, from 1800-0600 hrs. 

at John Day Dam 

33% of instantaneous flow, from 1900-0700 hrs. 

at The Dalles Dam 

40% of instantaneous flow, 24 hrs. per day 

and, at Bonneville Dam 

Through May 31: 

68% of instantaneous flow, from 1/2 hour before 
sunset to 1 hour before sunrise 

and 75 kcfs, from 1 hour before sunrise to 1/2 
hour before sunset 

From June 1 through June 20: 

68% of instantaneous flow, from 1 hour after 
sunset to 1 hour before sunrise 

and 75 kcfs, 1 hour before sunrise to 1 hour after 
sunset 

The initial increased spill levels at these projects will be 
tailored so as not to exceed a maximum 12-hour average total 
dissolved gas level of 120% of saturation, as measured at 
mainstem Columbia and Snake river dam forebay and existing 
tailrace monitoring stations, and at Warrendale, below Bonneville 
Dam. 

In-Season Management 

Spill will be managed in-season on a twice weekly basis. 
Decisions to increase or decrease spill levels, and associated 
dissolved gas levels, will be made by the Operations Group,·with 
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the concurrence of the National Marine Fisheries Service, -at 
regularly scheduled meetings on Monday and Thursday of each week, 
or on an emergency basis if necessary. State fishery agency and 
tribal input will also be considered prior to modification of 
spill levels. Spill modification decisions will be based on the 
results of biological and associated physical monitoring to be _ 
conducted during these spill operations. Biological monitoring 
will include monitoring of adult salmon passage conditions and 
tailrace conditions that migrant juvenile salmon encounter. 
Also, decisions to modify spill regimes to facilitate ongoing dam 
bypass research will be made by National Marine Fisheries Service 
research personnel. 

After 2 weeks of operation under the revised spill regime, the 
National Marine Fisheries Service will convene monitoring experts 
to review the monitoring -design and protocol, and to recommend 
any changes to the program. The complete biological monitoring 
program must be in place prior to implementing spill levels that 
would result in dissolved gas levels in excess of 120% of 
saturation, if such increases are necessary to achieve 80% Fish 
Passage Efficiency. Spill levels would be modified to achieve 
incremental increases in dissolved gas levels of 2.5%. Results 
of biological monitoring would continue to be considered during 
in-season management, and spill levels would be modified in 
response to observed gas bubble disease symptoms. 

Specifically, recommendations to decrease spill levels-~be 
made if gas bubble disease symptom occurrence exceeds 5% in 
sampled juvenile salmonids, and/or 2% in adult salmon at any 
monitoring location. If, at any time, unusual or unexpected 
events occur which would negatively impact survival of migrant 
salmonids, implementation of further increases in spill levels 
may be terminated. In any case, spill will not exceed the amount 
necessary to achieve 80% Fish Passage Efficiency at Bonneville, 
John Day, McNary, Lower monumental, Little Goose, and Lower 
Granite dams, or the upper limits of 40% of instantaneous flow at 
The Dalles Dam and 25 kcfs at Ice Harbor Dam. 
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MAY - 9 1994 

Mr. Randy w. Hardy, Ad.nlinistrator 
Bonneviile Power Administration 
P.O. Box 3~2l 
Portland, Orego~ 9720& 

Ma.j or Gene>:i:-al !:tin.ase ;;:r. Harrell 
u.s. A:rmy Corpo of Engineers 
North Pacit~o nivision 
li'. 0. Box 2·e70 
Fortland, O~cgon 97208 

UNITED 9TATllS DEPARTMIM" 0" CCIMMIACE 
NatlciMI Ccun~ arid AtMUpheric .Adn'11\latrcclon 
NA. "l'IONAI. MAFllNI! FISl-lr:Rtes SERVICE 

Northwest Aagion 
· 1600 sand Point Way N. E: 
BIN ClS?OO Bld~. i 
S~attle, Washin~ton 98ll5 

Dear MJ::. Rardy and ~eneral Rarrell~ 

This letter confirms che request of th.e National Marine Fisheries 
Service {NMFS} during a -Ha~ 7, 1994, conference call, to 
implement, at the earliest opporeunity, a epill proposal at all 
eight darns in che sna~e and lower C~ltlltlbia River to inc~ease the 
su:r"ll'ival o! listed juveni~e Snake R~ver spring/sl.lll!l1ler Chinook 
salmon through June 20, 1994. I believe.the proposal developed 
hy the tech:nical seaff·of the u.s.· Fish & Wildlife Service and 
NMFS which was coordinated with the State fishery agencies and 
triQes, can be implemented ~iehin the flexibility of the inseason 
.n1a~agement procedure adopte~ in the 1994-1998 biological opi~ion 
fo~ the Federal ColU!llbia~~~ver ~o~ar System. 

'"" .... 
Durin~ the eonference call, I iudicated that we have sought the 
best ~echnical adviee available to formulate a proposal th~t 
would make more eff iciene use of available waeer to aid the 
migraeion of li$ted fish remainin~ in the river thil.c are not 
transported in barges. Tbe technical etaff believes that the 
su:i::vival of fish can be increased from S.2 to io.s percent if 80 
pel:'i;ent of the fish c:an a.voia. being passed through turbines. 

. . . . . 

!ssantially, discussion of the spill proposal and implementation 
request:. can be 11~ri2ed as tollows: · 

l) IlM\ediacely implement a i2-ho~r nighttime spill 
_protocol at all projeccs, except 'l'he Dalles (spill 40 
percent:., 2 ... hours daily) · and. Iee Harbor C.s:pill :25 kcts 
for 24 hours daily), that does not exceed a maximu:n ~2-
ho\.!ot" a~erage 120 percent:. di$solve·..i. gas levels: The 
ol:>Jecc:l.ve of t;:he spill protocol would be to achieve eo 
pe~c:•>nt .e:!.sn passage effici.eney (.U>E) .. 

ena,(·~ 
c00 



' 2) 

3) 

4) 

Convene monitoring e)lllerts to establieh a bioloiical 
monitoring design an~ protocol that would allow the 
.eontrolled increase of dissolved gas levels a.cove 120 
percent in 2.5 percenc increments to achieve the so 
pe;i;cene FPE. 'I'he techn.ica.l sta.ff proposal established 
reviews every Monday and Thursday to deeermine vhether 
incremental increases in allowable dis2olved gas could 
be made and ~reposed measuring the dissolved gas levels 
~c the next dowoscream project:. These specifications 
must be reviewed before adoption.·In addition, beto;i;e 
any ino~~ase in dissolved gas level a.Qove 120 percent 
i~ pei:miteed at any project, coimiitments for providing 
qualifiQd biological rnonitor.irig pezsonnel must. :be made 
and training completed to ensurQ tha.t: a(iequat:e . . 
safeguards are provided for detecting gas bubble 
disease in both juvenile and adult fish. lt is also 
critical that the e!fectiveness of the spill proposal 
and biological impacts be moriieored .to determine if any 
changes in protocol will be necessaxy through the in· 
season management process. I have asked Dr. Michael 

· Schie~e, NMFS' Northvest Fisheries Science Center, to 
provide guidanoe !o~ this task. 

The technical staft proposal addresses the ~emai:n.der Of 
t~~ juvenile Snake River spring/summer chinook 
migration. ·1 ha'1e. asked the technical .staff to review 
the appli~ility and biological benefits of extending 
Che spill proposal. to cove·t the Snq.ke Rive:r fall 
chinook migration through July 31. NMFS will consider 
further .recOlM\endations following the revie~. 

Concern a.bout managing spill at levels of dissolved gas 
a.hove current Seate water quality standards co meet the 
Snvironmeneal Protection Agency guidelines of 110 
percent also 1o1as discussed .. We have prepared letters 
to the Governors of Washinston, Oregon, and Idaho 
requesting their assistance in obtain necessary 
variances to manage spill above ehe 110 percent 
dissolved gas levels. Verbal contact with Che Scates 
indicates this :request should not: pose any problem. 

An imporeant issue that was not included in .the May 7 conference 
.call was our need to continue discussions on the idantification 
of potential sources of additional flow augmentation water. 
Duririg. the lase Fish Operat:!.ons Eicecutive Comrni.i;tee (i'OECl · 
meeting, State representatives, ether than Montana, were unable 
to comment.on the potential for· ~urther drafting o! reservoirs 

·and the curtailment Of irrig~tion water deliveries as potential 
sources of ausmentation wacer. This issue is mentioned in the 
ie~~ers to the Governors. We will followup with i;he individual 
Stace• in an effort eo ·expedite·our discussions at the next: POEC 
meeting •. 

£00 
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We are :fu·11y ;i.wa.re of the burden these additional requests places 
on your agencies and appreciate the eftorts you and your etaf fe 
are l\1iil.king to li\$et these difficult·reguests. I do not believe 
any of us could have forecasted the impact of the continued 
draught conditions ~nd the-a.brupt decline of listed Snake River 
population:;1. 

Cc: BOl!.•J. Keys 
FW/i-M. Plenert:. 

-
Di~ector 

TOTAL. P,004 



To: 

Fro mi 

·Date: 

.. - Subject: 

Memorandum 

Brian Brown~ Ross, NMFS - · 

Howard Schalle~ and Paul Wilson, CBFW A 

. May 13, 1994 · .. 
... 

.P.assage survi--Yal a5sessment for 1994. inseason options 

-· 

We are providing an assessment of two options for inseason management of the Federal· 
Columbia River_ Power SyStem during the 1994 spring migration period. The analysis .. 
was performed using the spring chinook FLUSH passage model. The analysis contrasted 
the overall impacts of the two operational options with respect to inriver and overall 
survival. The survival estimates apply only to the population migrating from May 1 
through June 20. The survival for the .portion of the population migrating prior to May 1 
is not included in this estimate. Therefore, these survival estimates are based on the 
assumption that the measures in the options are implemented starting May l. 

The details of FLUSH model structure and underlying relationships are contained in 
· previous model documentation that we have supplied to NMFS. }fowever, we can 
· provide you (upon request) with updated draft documentation for the sprlng FLUSH 
. model. · -- -·----- ·· · · 

The first option (Option l) was a characterization of the all the Fish Passage Center 
System Operation Requests up to May 1, 1994 for the 1994 juvenile migration season. 
The estimated flows were based on the May 1 runoffforeca.Sts and SOR operations. · 
These include operations which provide an estimated average flow in the Snake River of 
72.5 KCFS and an average flow in the Columbia River of225 KCFS for the period May 1 

· - June 20. A spill program to achieve ari 80% Fish Passage Efficiency (FPE) at all 8 · 
projects was modeled. The resultant spill volumes and spill proportions are contained in 
·Table 1. For this option it was assumed that all fish entering the bypass systems in the 
Snake River collector projects were transported. However, because of flow dependent 
(trigger of220 KCFS at McNary Dam) FTOT rules regarding separator efficiencies, 80% 
of the bypassed fish were returned to the river. The resulting proportion of the initial 
population that is transported at all collector projects is in Table 2. This option was 
simulated using three transport model assumptions. A detailed description of these 

. transport model approaches is contained in the State and Tribal Fishery Agencies "1994 
' ESA Section 7 Assessment Snake River Spring/Summer Chinook" .. The survival _v~ue_s 
.·for.transported fish (derived from the 3 transport models) used in the simulations are 

shown in the footnotes of Table 2. The predator mortality reduction was assumed to be 
12.5% for all simulations. Survival offish migrating inriver and overall system survival 
are provided for the 3 transpo!'1 models in Table 2. · -

In Option 2 the estimated flow was derived from the actions and runoff forecasts applied 
in the SSARR model runs of May 1, 1994. These include operations which provide an 
estimated average flow in the Snake River of 71.5 KCFS and an average flow in the 

. ' 
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. Columbia River of200 KCFS for the period May_ I - June 20, The MOA spill program 
was modeled. The resultant spill rates and spill· proportion~ are contained in Table I. For 
this option it was assumed that all fish entering the bypass systems at all collector projects 
were transported. In.this case the lower separator efficiency at McNary Dam was not 
triggered, because flows were below i10 KCFS in the Columbia River. The same 
transport models and predator mortality reduction level were used for simulations of · 
Option-2:- .The transport survival estimates-for tliis optiori;· under the variable sur-Vival . 
transport models, were-!ewer due to lower water velocities in Option 2. ' 

For comparison, a no transportation option (Option 3).was provided. This option is 
identical to Option 1 except there is no transportation. 

The estimated survival of inriver migrants for Option 2 was approximately one half of the 
value estimated for Option 1 (Table 2). This is due to the combination oflower spill 
proportions, lower flow, and more fish being transported in Option 2. The last factor is 
due to a higher percentage of bypassed fish being transported· rather than returned to the 
river. 

The estimated survival of inriver migrants for Option 3 was greater than the value 
estimated for Option 1 (Table 2). The difference· in this comparison can be solely 
attributed to the last factor in the above paragraph. 

The estimated system survivals were higher in Option 1, with the.exception of the 
simulations using the most optimistic transport survival ass1:1mption °( Transport Model 2). 
The system survival estimates are sensitive to assumptions for transport effectiveness. 
The calculated Transport Return Ratio (TRR) simulated in the model for Option 2 and 
Transport Model 2 was 4.92: 1 (Table 2r This TRR value is much higher than transport 
to control ratios estimated from experiments conducted in 1986 and 1989 for spring 
chinook in the Snake River. 

The FLUSH model was designed to look at relative survival responses to differing 
management options. The survival results were intended be used in conjunction with life 
cycle models to put these relative survival changes in context. 

CC: Earl Weber, CRITIC_ 

Tom Cooney, WDFW 

Charlie Petrosky, IDFG 

Fred Olney, USFWS 

• 



Table 1. Project specific spill rates estimated by FLUSH 

Option 1 

, 
<." 

Option 2 

Project Proportion Spill Spill (KCFSl Proportion Spill Spill IKCFSl 

LGR 0.546 39.5 0.000 0.0 
LGO 0.429 31.1 0.000 0.0 
LMO 0.429 31.1 0.000 0.0 
IHR 0.130 9.5 0.300 21,4 

.·MCN 0.333 75.0 0.000 0.0 
JDA 0.286 64.3 0.000 0.0 
TDA 0.328 73.7· 0.100 20.0 
BON 0.630 142.0 . 0.530 106.0 

STFA - 1 FLUSH 

I . 

·' 
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Tablil 2. FLUSH Passa~e Model results for Snake River Spring/Summer chlnook 
5:May-94 

' %.lnrlver :% of Initial 
Transport Operation lnrlver Passing Bon. Population 
Model 1i Alt. 2/ Survival Dam J/. Barued 

2 Option 1 10.5% 2.8% 35.1% 
2 Option 2. 6.2% 0.1% 47.3% 

3 Option 1' 10.5% 2.8% 35.1% 
3 Option 2 5.2% 0.1% .· 47.3% 

... 
4 Option 1 10.5% 2.8% 35.1% 
4 Option 2 5.2% 0.1% 47.3% 

N/A Option 3 11.0% 11.0% 0.0%· 

11 Trans Model 2 fixed transport survival derived from 1986 TRR of.1.6:1 
Trans Model 3 variable transport survival relative to H20 Travel Time 
Trans Model 4 variable transport survival relative to H20 Travel Time 

System 
Survival 

17.7%. 
20.1% 

10.3% 
9.4% 

B.2% 
. 6.8% 

11.0% . 

Transport · Calculated 
Survival TRR 4/ 

42.5% 2.55 
··42.5% 4.92 

21.2% 1.27 
19.8% 2.29 

15.2% 0.91 
; 14.3% 1.66 

NA NA· 

2/ Option 1 = SOR
1 
volume and flow levels; Spill io achieve BO% FPE at all profects; transport all bypassed fish 

.. 

. I 

Ave Snake Flow = 72.5 KCFS; Ave Columbia Flow· i.. 225 KCFS • . 
Option 2.; Flow levels from SSARR for 5/1 /94; MOU Spill levels no Spill at collector projects; transport all bypass.ed fish I · 

Ave Snake Flow = 71.2 KCFS; Ave Columbia Flow = 200 KCFS 
Option 3 = Same as Option 1 with no transportation 

. f . . 
I'. 

I . 

I 

I 
" 

3/ Percent of the Initial population which mlgiated.lnrlver and survived to below Bonneville Dam .. ' 

4/ Calculated TAR = FLUSH Estimated (Transport Survival / lnriver survival from Lower Granite Dami : 

Predator Mortality Reduction = 12.5% I .. .. I :: 
.I.. 

· STFA - 1 FLUSH 

·. 

.... 

. 

.. 



UNITED STATES DEPARTMENT OF COMMERCE 
National Oceanic and Atmospheric Ad~\llistration 
NATIONAL MARINE FISHERIES SERVICE"· 
ENVIRONMENTAL & TECHNICAL SERVICES DIVISION 
911 NE i 11h Avenue· Room 620 
PORTLAND, OREGON 97232 
5031230-5400 FAX 503/230-5435 

IF.EB 1 'l J994 

William Sobolewski 
Environmental Protection Agency 
811 S.W. sixth.Ave. 
Portland, OR 97204 

Niel Mullane 
Oregon Department of Environmental Quality 
811 S.W Sixth Ave. 
Portland, OR 97204 

Eric Shlorff 
Washington Department of Ecology 
P.O. Box 47600 
Olympia, WA 98504-7600 

Dear Messrs. Sobolewski, Shlorff and Mullane: 

F/NW03 

Thank you for attending our January 13, 1994, meeting regarding 
proposed dissolved gas research on the snake and Columbia rivers. 
As a follow up to that meeting, we are providing you with our 
current draft research proposal for your review (see enclosure 
1). As you may recall from this meeting, we are currently 
considering the option of manipulating spill to increase . 
dissolved gas levels above the current standards. Such 
manipulation is not included in the current proposal; however, we 
are considering it because it would allow us more control over 
ambient test conditions. We also intend to combine this research 
with ongoing adult and juvenile salmonid monitoring at several '' 
dams to better estimate and evaluate the biological effects of 
spill/dissolved gas on migrating salmonids. These monitoring 
plans are enclosed (see enclosures 2 and 3}. We would appreciate 
comments you may have on these research and monitoring efforts .. 

We are also hereby requesting that the state agencies provide us 
with detailed guidelines on obtaining a variance or modification 
to exceed your respective gas supersaturation standards (or water 
quality standards in general) for research purposes on the Snake 
and Columbia rivers (per our discussion at the January 13 
meeting). Please include all the necessary steps, review 
periods, important dates, and limitations. We would also 
appreciate some estimation of how soon such a variance or 
modification may be obtained. 

m rm 
FEB~ 7 1994 ~ 

WATE~ QU~l!Tt DIVISION 
om. ENVIRONMENTAL UALIT'f 
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Unfortunately, we are w9rking with a very limited time frame 
since the juvenile migration and the spill season intensifies in 
April and we are trying to complete research and management plans 
within the next few weeks. Please provide your response as soon 
as you can. If you have any questions regarding these enclosures 
or this request, please contact Gary Fredricks of my staff at 
(503) 230-5454. . 

Enclosures 

cc: Gary Chapman, EPA 
Greg McMurray, ODEQ 

Sincerely, 

~(~-~/;~ 
~-..:..Merritt E. Tuttle · 

· f Division.Chief 
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Evaluation of the Effects of Dissolved Gas 
Supers'aturation on Fish and Invertebrates in 
the Mainstem Columbia and Snake Rivers 

Earl M. Dawley and Margaret A. Toner 
National Marine Fisheries Service 
Northwest Fisheries Science Center 
Point Adams Biological Field Station 
P.O. Box 155 
Hanunond, Oregon 97121-0155 
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PROJECT SUMMARY 

Increased spill to promote safe passage of juvenile 

salmonids over da.ms and in natural river flow has produced 

dissolved gas levels in the Columbia River Basin which often 

exceed the established maximum standard of 110% of saturation, 

and occasionally exceed 130%. In 1993, saturation levels of up 

to 140% were observed at Lower Monumental Dam when peak spills 

occurred because river flow on the Snake River exceeded 

powerhouse capacity or demand for power. Labo.ratory and field 

research indicate that dissolved gas levels of 130% of saturation 

or greater are an immediate and serious threat to aquatic 

organisms from gas bubble disease (GBD) . 
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To assess GBD inci_dence among the aquatic biota when spill 

is occurring in the Columbia River Basin, weekly surveys and 

observations of fish and invertebrates will be conducted. Three 

sampling sites will be select~d in each of .three river reaches; 
.. 

the lower Snake River, mid-Columbia, and lower Columbia River. 

At each site, up to 100 individuals per specie~ will be examined. 

To assist in evaluating the threat of high levels of 

dissolved gas to the surv:i.v-al of each species, we will compare 

survey data to survival rates and GBD incidence of sampled 

individuals held in net pens in each river reach. From each 

weekly survey, 100 individuals per species (nonsalmonid}-will be 

held for 4 days in ambient river water with one-half of the 

individuals held in shallow pens and one-half in large deep pens. 

When ambient dissolved gas levels exceed 120% of saturation, 

hatchery-reared fall chinook salmon will be included in the in 

situ holding assessment. 

Data collected will provide a baseline understanding of the 

potential threat to aquatic biota from dissolved gas 

supersaturation produced as a result of spill at dams on the 

mainstem Columbia and Snake Rivers. 

BACKGROUND 

The U.S. Army Corps of Engineers (COE}, Bonneville Power 

Administration (BPA}, U .s, Environmental Protection Agency (EPA}, 

· and National Mar.ine Fisheries Service (NMFS) have expressed 

concern regarding·the possible detrimental ef~ects of dissolved 
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gas supersaturation on j"uv:enile and adult anadromous fish and 

other biota of the Columbia and Snake Rivers. Spilling water at 

dams in the·columbia River Basin causes supersaturation of 

dissolved gas. The volume of spill during the spring has 

"increased in recent years and may continue to increase as a 

result of efforts to improve fish-passage efficiency and survival 

by spill at dams. 

Presently, the springtime levels of· dissolved gas in ·th.e 

Columbia River Basin often exceed 110% of saturation, the maximum 

standard established by EPA, Washington State Department of 
-

Ecology, and Oregon State Department of Environmental Quality. 

Occasionally, saturation levels exceed 130%. Based on past 

observations of GBD in resident fish (Dell et al. 1974, Weitkamp 

1974), mortality of caged juvenile salmonids (Ebel 1969, Ebel 

1971, Meekin and Turrier 1974, Weitkamp 1976, Blahm et al. 1976, 

Dawley 1986), diminished survival of migrating salmonids in the 

Columbia River Basin (Beiningen and Ebel 1970, Ebel 1971, Meekin 

and Allen 1974, Ebel et al. 1975, Ebel and Raymond 1976), and 

laboratory studies (Weitkamp and Katz 1975), dissolved gas levels 

of 130% of saturation or greater are an immediate and serious 

threat to aquatic organisms. 

The effects of dissolved gas supersaturation·from 

present-day hydropower operation on biota in the Columbia River 

Basin should be quantified. In 1993, operational procedures were · 

esfablished to monit~r migrating juvenile and adult salmonids for 

signs of GBD at each of the dams on the lower Columbia and Snake 
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Rivers where migration monitoring occurred. Juvenile monitoring 

for GBD was conducted by the Fish Passage Center Smolt Monitoring 

Program, while adult monitoring was conducted by various 

fisheries agencies and the Columbia River Inter-Tribal· Fish 

Commission. In addition,. dissolved gas levels were monitored 

throughout the mid- and lower. Col.umbia and lower Snake Rivers as 

part of the COE annual monitoring program. Also in 1993, a pilot 
~ 

program was implemented by NMFS to address ·the biological effects 

of gas supersaturation downstream from Bonneville Dam. Although 

signs of GBD were only occasionally observed, at certain times 

and locations and for certain species there was a high. incidence 

of GBD. In that reach of river, NMFS developed procedures and 

established sampling locations which provided real-time 

observations of juvenile salmonids, resident fish, and aquatic 

invertebrates. 

Because of the increased spill levels being requested to 

improve juvenile salmonid fish-passage efficiency through 

mainstem dams, NMFS proposes to assess some of the biological 

effects of ambient levels of dissolved gas supersaturation on 

resident fish such as peamouth chubs, suckers, and sticklebacks, 

and on invertebrates such as crayfish as well as on juvenile 

salmonids in_the Columbia and lower Snake Rivers.-

OBJECTIVES 
. .. 

The objectives of this study are: 1) to assess some of the_. 

impacts of ambient levels of gas supersaturation on the aquatic 

biota in ·the lo_wer _Snake and mid- and lower Col_umbia Rivers'· and 
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2) to augment the existing database on the tolerance of resident 

nonsalmonid species to high dissolved gas levels. We propose to. 

survey reservoir and free-flowing river reaches and conduct in 

·situ bioassays of the effects ·of dissolved gas using resident 

fish species, benthic and epibenthic invertebrates, and 

hatchery-reared salmonids. In the event of low gas 

supersaturation levels throughout the Columbia River Basin during 

the proposed study period, laboratory bioassays will be conducted 

with invertebrates.and nonsalmonid fish species. The final 

product of research will be an analysis of the relationship. 

between levels and duration of exposure to gas-supersaturated 

conditions and observed impacts on free-swimming and captive 

organisms. This study should be repeated annually during the 

spring freshet/juvenile salmonid outmigration to bracket a wide 

range of river flows and gas supersaturation levels. 

METHODS 

We propose a multiple year study. Beginning in 1994, we 

propose to assess the effects of ambient dissolved gas saturation 

levels and prevalence of GBD in juvenile' salmonids, resident 

fish, and invertebrates in three river reaches and in test 

organisms (excluding migrant and resident salmonids). held for 

4 days in net pens under ambient river conditions. 

The river reaches to be sampled and rationales fo.r their 
.· 

selection are as follows: 1) Priest Rapids Reservoir and the 

Hanford reach--ef fects ·of dissolved gas from spill throughout the 
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mid-Columbia River will be represented here, and resident fish 

species were previously sampled for GBD (Dell et al. 1974). 

There is also a large resident population of juvenile .fall 

chinook salmon in this reach that may be severely impacted by gas 

supersaturation; 2) Ice Harbor Reservoir and tailrace--effects of 

dissolved gas from spill from the lower Snake River dams will be 

represented in this reach; 3) downstream from Bonneville Dam--in 
-

·a high flow year, spill volumes are .expected to be high in this 

reach and no other biological sampling is being conducted. 

Within each of the three listed river reaches, three sites will 

be selected and sampled at regular intervals. 

Sampling Intensity 

Three sites within each of the three river reaches will be 

sampled once each week from April through June or July. If a 

high runoff and flow year is predicted, sampling will begin prior 

to any major spill (early April), and continue throughout the 

period of spill (probably through June at sites upstream from 

Bonneville Dam and through July at sites downstream from 

Bonneville Dam) . At each site we will collect and examine for 
.. 

signs of GBD up to 100 individuals of the predominant taxa. 

If total dissolved gas (TDG) saturation levels exceed 120%, 

and/or if GBD is.observed. in collected aquatic organisms, 

sampl.ing effort will be increased to include additional sites in 

the affected river reach to augment observations of GBD. 
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·s~mpling Methods 

Sampled organisms will include migrant salmonids and 

resident fish.from nearshore, and benthic and epibenthic 

organisms collected in water depths of from 0.5 to ·3.0 m. Gear 

will include 50-m beach and 7.5-m 2-person seines, fyke nets,. 

hoop nets,. traps, electrofishing equipment (if other methods 

prove ineffective}, epibenthic sleds, and Ekman or Ponar 

samplers. Sampling will occur during daylight hours. Nighttime 

sampling will be conducted if ~eemed appropriate or if dissolved 

gas levels in net pens increase substantially at night .. 

Sampled organisms will be examined visually immediately for 

signs of GBD. Species identification (to the lowest practical 

taxon}, life-history stage, fork length or total length, and 

location will be recorded. Dissolved gas saturation will be 

measured when biological samples are collected. Dissolved gas 

levels will also be obtained from the COE dissolved gas 

monitoring program. 

In situ Bioassays of Dissolved_ Gas 

Once each week, a subsampl.e of up to 100 organisms per taxon 

of resident fish (excluding salmonids} and other invertebrates 

will be placed in net pens or cages located in each of the three 

river reaches. Evidence suggests that gas levels are lower 

nearshore than offshore in reservoirs or rivers. Resident fish 

and invertebra~es.may or may not be able to detect and avoid high 

gas levels. Thus, test organisms for use in in situ bioassay . ~ 

tests will be collected from an area near the location of the net 
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pens. One-half o·f the o:rganisms will be held in shallow water 

(0.25 m) cages and the other one-half will be held in 1.8- x 

2. 44- . x 4-m 'deep net pens to allow free access to a depth of 4 m .. 

Once each ctay during the 4-day holding period, test organisms 

will be brought to the surface, anesthetized and examined for 

signs. of GBD. Any depth compensation occurring in these 

organisms ·will not be comi:iromised because .of the fairly short 

time that these organisms will be at the surface, since the 

physiological effects of high levels of gas supersaturation. 

generally take several days to develop. Tests will terminate and 

organisms will be released at the end of the 4 days after final 

examination and recovery from the anesthetic. When dissolved gas 

levels are greater than 120% of saturation, 100-fish groups of 

hatchery-reared fall chinook salmon will be included as test 

organisms. 

The results of these in situ bioassays will not be 

extrapolated to represent river-wide populations of the same 

taxon, but will provide comparative data relative to the 

occurrence and duration of supersaturation at the holding 

locations. Dissolved gas levels will be recorded continuously at 

the holding locations. 

Laboratory Bioassays of Dissolved Gas 

In the event of a low water flow year with little or no 

incidence of GBD, we propos·e to conduct. laboratory dissolved gas 

bioassays using nonsalmonid aquatic species collected during 

ri~er sampling .. A mobile wet-laboratory with a supersaturation 
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generator will be locate"d at the NMFS Pasco Biological Field 

Station. Tests will utilize 100 organisms per taxon for 4-day 

periods held. at constant and variable gas concentrations. Since 

different species exhibit differing tolerances to high levels of 

gas supersaturation, test conditions will be selected to bracket 

the expected range of tolerances of the collected test organisms. 

Invertebrate species will be included along with resident fish 

due to the. paucity of information ori their resistance and' 

tolerance to high levels of gas supersaturation. 

Data Analysis and Statistics 

The outcome of this study is a model that can predict, 

within a 95% prediction interval of specified precision, what 

effects a certain spill regime with its resulting dissolved gas 

saturation level will have on juvenile salmonids and on other 

aquatic organisms in shallow-water habitats. The effects that we 

will be analyzin.g in our model are external signs of GBD and 

mortalities in the organisms .held in net pens as well as the 

external signs of GBD observed in organisms sampled from the 

wild. To develop our model, we will determine the percent of 

individuals displaying signs of GBD and percent mortality for 

each species sampled resulting from exposure to C-'T.bient levels of 

dissolved gas saturation. We intend to use regression analyses 

to correlate observations of signs of GBD and mortality of 

organisms held in net pens at ambient dissolved gas saturation 

levels. We will need to make observations durincr different flow - ~ - . 

levels with their resulting levels of dissolved gas saturation in 

" . - . 
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Figure 1.-- Daily average total dissolved gas% saturation during a high, 
moderate and low spill year (based on flows at Ice Harbor in 1986, 
Bonneville in 1993 and \Varrendale in 1992 respectively) and data for 
occurrence of GBD signs in resident fish species contrived to depict . 
what might be observed resulting from the three levels of spill. · 

.. 

.. 
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order to obtain a sufficient number of observations. To 

.illustrate the possible range and patterns of data we could 

expect for correlation, we developed Figure l; a simulation based 

on the dissolved gas satur·ation values re-corded by the U.S. Army 

Corps of Engineers in 1986, 1993, and·l992 for high, moderate, 

and low flows, respectively, and GED.sign prevalence adapted from 

observations by Dell et al. (1974) in the mid-Columbia River. 

Limitations and Difficulties 

Several years of sampling and in situ testing will be . 
necessary to obtain the data set necessary to develop a model of 

the levels of gas supersaturation levels that constitute a threat 

to aquatic biota that could be used to formulate management 

decisions. 

Expected Results and Applicability 

Data collected will provide baseline understanding of 

potential threat to resident fish species and invertebrates from 

dissolved gas supersaturation resulting from spill at dams on.the 

mainstem Columbia and Snake Rivers. 

Facilities and Equipment 

Three raft:s and net pens wiil be.fabricated for mobile 

in~river hold~ng facilities. A mobile wet-laboratory will be 

outfitted for bioassays of dissolved gas supersaturation. Three 

dissolved gas recorders will be provided by the COE, North 

Pacific Division,. Water Quality Section. 
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Reporting 

Weekly summary reports will be,provided to the COE and the 

Fish Passage Center. Data will be analyzed and a report prepared 

during the fall and winter. 

Collaborative Arrangements 

Dissolved gas monitoring data will be accessed daily from 

the _monitoring networ_k maintained by COE, North Pacific Divlsion, 

Water Quality Section. Research activities will be coordinated 

with Washington Department of Fisheries, Washington Department of 

Wildlife, Oregon Department of Fish & Wildlife, COE Walla Walla 

and Portland Districts, Grant County Public Utility District, 

Battelle Northwest Laboratories, U.S. Department of Energy, and 

the Mid-Columbia Coordinating Committee. 

Margaret Toner 
Earl Dawley 
Stephen Grabowski 

KEY PERSONNEL 

Principal Investigator 
Project Manager 
Program Manager 
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Protocol for Sampling Fish for Gas Bubble Symptoms 

at All Sampling Sites · · 

Attaclunent .2 

1. The sample will consist of 100 fish per species per day. This sample will be taken 3 days per week. 
This sample will be composed of the same fish as used to determine descaling rates, weights, etc. When· 
gas bubble sympt.oms are noted, then sampling will be accomplished on a daily. basis at all sampling sites·. 
until the dissolved gas levels and associated gas bubble symptoms (GBS) are reduced to more normal · 
levels. · 

2. When GBS first appear in the sample, a comparative sample will be taken at the separator of the 
following dams: Little Goose, Lower Monumental, and McNary. A sample of 100 fish of yearling 
chinook and steelhead will be obtained each day. Fish should be captured via a sanctuary dip net and 
transferred to the fish facility for examination. Samples should be taken twice during the 24 hour day. 
The purpose of this activity is to determine if GBS .dissipate with time spent in the sample tank or 
race\vays. 

3. individual fish will be examined for GBS inion the fins, head, and eyes. Generally, first appearance of 
GBS is in the caudal fin. · · 

4. The five classifications of GBS will be recorded. These classifications are: 

1. No Evidence = gas bubbles are not present in any fin. 
2. < 50% in one fin = gas bubbles are observed in less than 503 of the surface of one fin. 
3. > 50% in one fin = gas bubbles are observed in greater than 503 of the surface of one fin. 
4. Two or more Fins = gas bubbles are present in at least two of the fish's fins. 
S. Fin(s) + Head = gas bubbles are present in one or more of the fish's fin(s), plus the head area. 

S. The Sequence to follow when inspecting a fish is to: 1) Inspect. the fin area first, if no evidence is noted 
then, proceed to the next fish; 2) If only one fin has gas bubbles present, determine if 50 3 of the fin has , 
bubbles, and record in the < or > 50 3 column, and proceed to next fish; 3) If a fish was noted to have 
gas bubbles in two or more fins, then look at the head for signs of bubbles; if no bubbles are noted in the 
head, record as two or more fins and proceed to the next fish. If bubbles were noted in the head area; 
and, 4) record as Fin(s) + head, and proceed to next fish. 

W~ can look for progression of GBS in the fish by using this sequence. Generally the progression is 
from the caudal fin to the anal or dorsal fin, and finally in the last stages to the head area on the fish. 

Training: 
I. Training of sampling personnel on recognition of gas bubble symptoms incidence will be completed prior 

to the fish passage season by experienced/trained personnel. 

Appendix 4 - 13 
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F rting GBS incidence to Fish Passage Center: 
1. . he sample season for GBS will be from April 15 through June 15 unless high flow/spill conditions exist 

prior to, or after, the normal sampling dates. The Fish Passage Center will inform the sampling sites of 
any change in this schedule. 

2. On the individual sample days for GBS, the data should be sent to the FPC on the Smelt Monitoring 
Sununaries. The information should be added to the Comment Section ilnd include the ntirnber observed 

· with symptoms and the number examined for each species, negative reports are also needed. The 
information should always be in this format: HCHI: x/y; WCHl: x/y; etc. 

3. The individual tally sheets recording the GBS by species and categories·, and appropriate comments should 
be mailed to the FPC on Friday of each week, and will be verified by FPC personnel on a weekly basis. 

4. · During the GBS monit~ring season, the sites should indicate in the S/36 batch comments that either 1) 
there wa.S no GBS monitoring, 2) there were no observations of GBS, or 3) what the GBS observations· 
were. 

FPC Reporting of GBS: 

1. The FPC will report levels of GBS incidence in the FPC's Weekly Report that is mailed out each Friday 
to about 300 parties in the Columbia River Basin. 

The FPC will further request that severe cases of GBS (fin(s) +.head) at individual projects be 
;ocumented by photo. 

!J. ..,...,..,..,,-t;.., -! _ 1 A 
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ADULT FISH MONITORING PROGRAM - 1994 

Introductlon 
. . . 

During 1993, high flow/high spill conditions were present throughout the Co\~mbia/Snake Ri~er 
Basin from mid to late May and into early June. Flows often exceeded the hydraulic capacity of the 
projects and uncontrolled spill or spill in excess generation needs occurred during daytime as well as 
nighttime hours. As a result of this spill, total dissolved gas (TDG) levels recorded at established 
monitoring sites exceeded 120% saturation for a one to two week period. High levels of spill can result 
in increased incidence of gas bubble trauma (GBT), passage delays, injuries due to fallback over 
spillways, scrapes and abrasions from debris, etc. . . . 

Iii 1993, ·head wounds were observed on adult salmon examined at the Lower Granite Dam 
trapping facility begiMirig shortly after the high flow and spill levels began. From May 18 through July 
19, 2,660 chinook salmon were examined for marks, tags, and fish quality, of which 260 or 9.83 of the 
salmon had head bums. These head burns were not noted earlier in the season, i.e., prior to the onset 
of spill, nor had it been apparent during the past few years when little or- no daytime spill occurred at 
Snake River Dams. Although head wounds were present, fish examined in the Lower Granite trap did 
not exhibit noticeable air bubbles in any of the fins (typical GBT symptoms). This Jed to ·speculation that 
head burns might be associated with injuries due to mechanical injuries associated with high flow and spill 
rather than a direct result of dissolved gas. 

As a result of the high TDG levels in the river and the head burns noted at Lower Granite, efforts 
were initiated to routinely document GBT symptoms at fish counting stations, trapping sites, hatcheries, 
and from radio telemetry work. Available information on GBT symptoms. head wounds, and general 
fish condition will be summarized by the Fish Passage Center (FPC) and disseminated to interested 
parties. 

1994 Monitoring Effort's 

The fishery agencies and Indian tribes recommended that monitoring of adult fish be established . 
at various sites in the Columbia Basin during the 1994 spring/summer migration (1994 DFOP, Appendix 
Table 5; Page 7 ,8). Extensive monitoring. including "hands on" sampling of salmon for condition factors 
such as GBT symptoms would be contingent upon whether high flow/spill was present in the system. 
The extent of the effort associated with the adult monitoring program for dissolved gas trauma symptoms 
will be dependent on the in-season total dissolved gas measurements. 

L. When levels of TDG are below 1203, mainstem sampling for fish GBT symptoms will be· 
as follows: · 

. _ a. Ongoing sampling programs at Bonnevme Dal)l arid Lower Granite Dam incorporate 
an additional task to rate quality on those fish examined. A summary of fish quality will be provided to 
the FPC on a bi-weekly basis throughout the spring and summer chinook migrations by NMFS cre\vs at 
Lower Granite, and CR!TFC crews at Bonneville Dam. A standardized data collection sheet will be 
pr.:ivl.je.j. 

b. lee Harbor Dam· Fish counters at th.e south ladders will observe fish for symptoms 
one hour a day on a 3-day per week basis, (preferably M-W-F). The fish counters should report this data 
10 the WDW fish count supervisor who will fax the results to the FPC. Information should include 



mammal '\vound!l 1 net nlarkri, o.ny injuri~3 to the fi3h'~ body, and CDT ;symptom3. The count ~upcl·vi3or 
will be provided with a standardized <;lata collection sheet which the fish counters will use to collect the 
da~. · · 

c. Normal TDG monitoring would be continued and upgraded at all established 
monitoring sites by the Corps of Engineern (COE), Bureau of Reclamation (BR), Idaho Power Company 
(!PC), and Public Utility Districts (PUD), and potentially new sites established as deemed necessary by 
CBFW A members. This information will be available on the CROHMS system on a daily basis. 

1:. When flow/spill levels increase to where TOG saturation levels exceed 120%, and are 
anticipated to continue based on flow forecasts, then the Monitoring program listed below should be 
followed. The monitoring will result in a more comprehensive evaluation for symptoms associated with 
increased TDG on adult fish migrating through the Columbia and Snake rivers. 

a. The monitoring of TDG levels by the COE, BR, IPC, am! PUD should be continued 
.and upgraded as requir~d, and new sites esta.blished at locations deemed necessary by CBFWA members. 
·This information will be available on the CROHMS_ system on a daily basis. 

Trapping and Sampling Sites 

b. Bonneville Dam - "Hands-on" sampling of spring and summer chinook salmon will 
continue under the existing sampling programs. Fish condition will be recorded on each sampled 
chinook. Each chinook with any type of injury 'should be documented with video camera. Reporting of 
fish condition will be on a weekly or bi-weekly basis to the Fish Passage Center, where pertinent 
information would be disseminated to interested parties. Sampling will occur two days per week dµring 
periods when high TDG is present in the river. 

c. Lower Granite Dam - Trapping of adult fish at LWG will allow the examination of fish 
on a daily basis throughout the spring and summer. All trapped chinook will be checked for fish 
condition, which includes head burns and GBT symptoms. Chinook that have injuries will be documented 
with video camera. The information will be provided to the FPC for dissemination to interested parties. 

In addition, 5 to 10 hatchery chinook with the severe head burns will be sacrificed and sent io 
NMFS, USFWS, and State fish health labs to necropsy fish for disease, injuries, internal GBT symptoms, 
etc. to ascectain cause of head burns and sloughing of skin from the infected fish. Results of these 
findings will be provided to FPC for dissemination to interested parties. 

d. John Day Dam-Adult salmon will be evaluated for presence of GET symptoms during 
regular trapping of fish for radio tracking studies if that program continues in 1994. If no studies occur 
in 1994, then it is recommended that the Deni! Fishway and associated trapping be accomplished 4-hou.rs 
per day, three days per week to examine fish for GBT symptoms and head wounds. This sampling would 
be conducted by Nll!FS personnel familiar with operation of the trap and adult fish handling procedures. 
All injuries on adult salmon would be documented by video camera. Results would be provided to the · 
FPC for dissemination to interested pacties. 

e. Ice Harbor Darn - Sampling will occur at the Ice Harbor south shore trap site three 
times per week for an eight hour time period, (preferably 9 a.m. to S p.m.). Sampling should include 
only delay within the trapping window, with no "hands-on" sampling required since the observer can 
ascertain fish condition within the confines of the trapping window .. All results will be provided to FPC 
for dispersal to interested parties. · · · 

f. Priest Rapids - lf needed, this site could be used tc> assess GBT symptoms. 
Recommended trap operation would be on a 3-day per week, four hours per day operatipn. Results will 
be provided to FPC for dissemination to interested parties; · 
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Fish Counting Sites· 

a. A fish counting seminar for the fish counters will be hold prior to the: upstream salmon 
migration season. During this time, fish counters will be given training on recognition of head wounds, 

. gas bubble symptoms, and injuries .. Slides and video footage will be available for the training session. 
Coumers will be familiarized with data collection reports. 

b. Monitoring of adult salmon for gross signs of gas bubbles arid head wounds should 
routinely occur at all mainstem dams. The fish count supervisors may elect to check for signs of GBD 
for 1 to 2 hours per day rather than 16 hours per day. Daily fish coums should include incidence of GBT 
symptoms including those with head burns and made available to the adult fish count supervisor on a 
daily basis. The coum supervisor should routinely provide this information to the FPC. 
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COLUMBIA RIVER INTER-TRIBAL FISH COMMISSION 
729 N.E. Oregon • .;>uite 200, Portland, Oregon 97232 

October 11, 1993 

Bolyvong Tanovan 
U.S. Army Corps of Engineers 
North Pacific Division 
Reservoir Control Center 
.P.O. Box 2870 
Portland, Oregon ,97208 

Dear Dr. .Tanovan: 

Telephone (503) 238-0667 
Fax (503) 235-4228 

The Columbia River Inter-Tribal Fish Commission (CRITFC) 
appreciates the opportunity to comment on the Corps Dissolved Gas 
Monitoring Program Plan of Action for 1994 (Plan). We have 
concerns with all aspects of mainstem water quality issues 
surrounding Corps hydroprojects as they impact our member tribes 
reserved treaty resources. 

General comments 

We support efforts by the Corps to provide additional water 
quality monitoring at stations below Corps dams. 

-
With respect to the issue of total gas pressure and spill for 

Ice Harbor Dam, the 1993 NMFS Biological Opinion for the Federal 
Columbia River Power system issued May 26, 1993 called for the 
Corps and the other action agencies to prepare an analysis of 
dissolved gas levels and fish condition to be completed before May 
31, 1993. To our knowledge, this analysis has not been done. 
Because it is an integral aspect of the 1994 Plan, we request."the 
analysis to be completed and the opportunity to comment on .the 
analysis before the 1994 Plan is finalized. 

we· are very concerned that the Corps, ·as in 1993, will limit 
spill for salmonids solely on total gas pressure readings from 
limited stations below corps da~s, without real time assessment of 
salmonid condition. . Spill is essential to mimimize mortality to 
juvenile fish as they pass through dams (Raymond 1988). It is well 
documented in the scientific literature (CBFWA 1993) that high 
levels of total gas pressure readings are not an inclµsive 
indication of either chronic of acute symptoms of gas bubble trauma 
(GBT). The synergistic combination of many other variables such as 
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·fish size, stock, phys·~~logical condition, exposure time, depth, 
water temperature, turbidity and existing atmospheric pressure are 
responsible for the occurrence of GBT. We strongly recommepd the 
corps consider the effects of all these variables when analyzing 
the impacts of total gas pressure on salmonids. Further, we 
recommend the Corps manage spill on a real-time basis in 

: consultation with the tribes according to fish condition 
information generated by monitoring at Corps projects by the Fish 
Passage Center. · 

In addition, we request the Corps, in close coordination with 
BPA, investigate ways to compensate for load distribution problems 
such as .occurred in 1993 when the lack of. a power market caused a 

. shut down of turbines at Snake River Projects and the resulting 
forced spill caui;;e levels of total· gas pressure ,.to ex.ceed 1·3 0% • : We 
request advance planning to be in place with· respect to this 
serious problem before the onset of the 1994 juvenile migration 
season. 

Finally, as a long term mitigative solution to the problem of 
total dissolved gas caused by Corps dams,- we. again request the 
Corps to expedite ·installation of flip lips at John Day,· 
Bonneville, and Ice Harbor darns as was recommended in 1975 (Ebel et 
al. 1975). 

Specific Comments 

We support timely 'data distribution via the CHROMS network. 
This information, along with other water quality information and 
Fish Passage Center real-time monitoring of fish condition at darns 
should be used to manage spill at corps projects, 

We endorse Special Field studies to be applied at as many 
projects ·as possible. In addition to monitoring planned below Ice 
Harbor, we strongly recommend similar work to be conducted below 
The Dalles Darn and Bonneville barn in 1994, since .spill is a chief 
passage 'route for juvenile salrnonids at these darns. Horizontal and 
vertical mapping of the dissolved gas ·plume in reservoirs .under 
specific 'project operational and environmental conditions and 
concurrent knowledge of exposure of juvenile f;almonids to the plume 
is essential to ascertain the GBT impacts to salrnonids. . Th.is 
information is also important as a data base to be ·utilized in a 
predictive model (Jensen et al. 1986) · · · 

We .recommend the Corps funded transect studies below Ice 
Harbor and other snake River darns· be coordinated with existing 
transect work being conducted under ·the Snake River Water 
Temperature Control Project. 
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We recommend installation ·of telemetry' dissolve~ gas 
monitoring stations below The Dalles and John Day Projects for 
1994, as well as an additional station in the John Day pool. 
Millions of juvenile and adult salmonids pass through this section 
of the river and water quality parameters should be monitored. 

We support the corps maintaining backup monitoring equipment 
at certain projects so that monitoring will not·be interrupted for 
more than a short time period. We recommend. that the Corps provide 
backup equipment for all monitoring stations •. · -

The CRITFC appreciates the corps efforts and anticipates the 
Corps will continue to coordinate all aspects of 1994 dissolved gas 

·monitoring with the tribes to whom the· Corps has. a trust 
responsibility to protect treaty resources. Should you have 
questions regarding these comments, please contact me at 731-1289.· 

Sincerely, .- \t. 
~---'v- ~-._;~ 

Bob Heinith 
Fish Passage Biologist 

cc Tribal biologists 
Managers 
FPAC/MLG 
Soscia 
Oregon DEQ 
Washington DOE 
EPA . 
Toole, NMFS 
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Mr. Bruce I.oftlin 
Col:umbia Rhcr Affiance 
825 NB Mnlfngmeh, Saile 955 
Portland, OR. 97232 . . 
FAX 503-238-155'4 . 

May 11, 1994 

re: NMFS/FWS sd ftl•ommrndation for spill at S~ River and lower Columbia Rfycr 
dams. . . 

Dear Bruce: 

Spillina mbstantia! qmmitiea ol water at each dam for 12. to 24 boun each day carries a 
comiderable biolf>Cic:a! risk. M noted in the NMFS/PWS mmauncement you forwarded to 
me, any supersat11rUio1 above 120% carries a real risk ol pa blibble disease in juvenile 
mipaDtl, adult vhrvm, and r · dmt fish. This risk will be ea.cerb&ted by mpcmnxration 

· of ewntially tbe entire aDpuory IOUte from Lawe Granite Dam to well-br:Iaw Bomi.evilJe 
Dam. Bodl tbe dmatiaa. and dcp'ee al.~ remldng froal the proposed spill 
pi:ognm are likely co grady inaew t.b6 risk ol. salmon loues due to ps bubble disease. 

Mouitori:DI 'biolop coudltiom is vn!t"kefy to pnmdc w!equate protectioG for salmon. By 
the time Pl bubble d!seae ii ~ apparem m either tbe j1lvaile or adult popa1atiom, 
it is likdy subl•11•H1l IOSlll will hi.ft occarred. Dmiz1a dis scriom dissolved ps problems 
of dis 1960'1 ad 197G'I, :Ii ftl 1IDCOlmllOll for large nmnbcn of mi&raJltl to be obsexved 
with pa bubble cff•0 te s,mptcml. By the liim such 1JD1PfOa become obrioas, it ii likely 
lD&af flsll will be Ioli. 

MoaitmU. far ... B!iiii"" 1-eJI of supersaturation lhoald occm widmuev~l miles of each 
. dam where wascr ii 9?W As the water moves dawmu'eam, it will pdaaJ1y lose some of 

the atperSl&llntiol Bowifet, it is likely to rc:mafn 'Uflkient!y bi&b to cnse pa bubble 
disel• if it is mp.illy m. tha nap ol 1309!i or Jrigtw. Mcasmina ~of. illuratiml at 
a fotebq lontion will incbt1 the fish were exposed to SJJbst•nri•lly hi&)w levels in tbe 
shallow or t.unc. ueu. · 



.· 

If 130% al. sapmatmation b allowed to occur in any portion of. the river for more than a 
few houri, it k llkel1 both JOUDi and adult salmon will be &d9c:ncly aficcted. . How many 
.tidi will be lost will depend on both the duration and level of supenaturatioa. . S.inc:e spill 
will be greatest ac night when. moat fish pus the daml am! 6sh will tend to remain with the · 
large bJ.oclr: of su;pc:naturatcd water, it is likdy many &h will be esposed to the higheu 
levels oa:uxrinl nilhei' thm the lower levels that may be meamred dawnrtream. 

Supe.rsamnsion ahems 1209fi carria ctmtidcrable riak. Tbe att1cbri Tablie l lisia pre9ious 
obscrvatiom of nlmon killed by supenaturadOll in the Colnmlrla Jli'ftsr. . 

Don Weitkamp, .Ph.D. 
PriDcipal 

DW:sr 
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Merrell. O>Ilim and qreenaupi. 197L 
location: Bomie<rillo Dam 
date: . . .195$ 
3P11c:ics: c:hto.oak-adult 
mc:tenco: carcasses observed, estimated 16.89' of IOW nm killed 
sac immeasured, mortality . associated with high spill 

Westpid. 1964. 
IOcaUoi:I: . 
date: 

McNuy Spa'lllllin1 OannCI 
1962 
chi:Doolc-adults 
OBD sympcoma, J.4.% of ~ults 
119'KI (Ni) 

Pauley, Fujihara ad f'f•htasi 1966. Pauley and Nabtmi. 1967 
loc:atioa: Rocky Readl Dam-aquuiA and Priest Rapids Spawning oannel 
date: 1965 
specier c:fijnook-jimmilc: md adults 
md""m: GBD area symptoms a.nd bistopatholog)', adllJt mari:alities 
sat: unreported 

Me•kin 197L :Eble. 1969. 
loculon: Pdasc Rapids Dam 
date: 1968 
species- • fthYiQlc, socbye-adults 
eridc::nccr. manalida 
sai: 120-UO. 

Bfioj"l\lll and EbcL i970. 
'ocmiozi: n. t)eDa Dam, fish held tar impocdoa 
date: 1961. 

· spec:Jec •isli•Oc, aXlo, sod 17e, .st~ and adakl 
~ GBD syWpQIWI up 10 one-bal! fisJI. bi&b mona.litia ol jumzilc:s held 

·far i1•P1"C'io11
; .estimated 20,000 adah:s ldD9d. c::arc::a.ises observed.. 

sat: 123-143" . 



~ Qapnn md S<:bnei<Mr. 1970. . 
location: 1olm. J)&y Dam. Bonneville Dam · 
date: 1961. 1969 
species: soc:ay.-adults 
C"ide:aice:. GBD symptmm-3 of 7 (1968), 13 of 129 (1969) 
sat: 1189& and above .. 

EbeL 197L .Raymond 1970. 
lacatlnn• Im Ha:bor Dam 
date: 1970 
.spCu: drinoolc, stcclhc.d.-j11Vemle, "1nlts 
evidm: GBD symptr""'--~S% chiDook. 30.SSIJI steellle=ad: csti'm•tecf loss 

709rt of chinMk between Whitebind md Ta Harbor; sympuxaa in 309& . 
ol •dnlts. 

sat: 120-140,. 

Medda and Al1m. 
Jocariorl: 
dare: 
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May 12, 1994 

Re: Special meeting of the Environmental Quality 
commission regarding a request to temporarily 
modify Oregon's water quality standard for 
total dissolved gas on the.snake and Columbia 
Rivers. 

Dear Ladies and Gentlemen: 

This Commission faces a pressing and serious issue of 
water quality in the Snake and Columbia Rivers, an issue that has 
arisen because the Corps of Engineers, at the request of the 
National Marine Fisheries Service, has begun spilling water in 
the Snake and Columbia Rivers to achieve 80 FPE (fish passage 
efficiency) for the current downstream migration of juvenile 
spring chinook salmon. 

This precipitous action to increase spill is entirely 
voluntary, and not mandated by federal court order. Regrettably, 
these increased levels of spill will cause unacceptably high 
levels of gas supersaturation (water saturated with air at 
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pressures exceeding one atmosphere) harmful both to juvenile and 
adult fish. Now, this Commission is being asked to allow this 
harmful condition to persist--gas saturation levels well above 
the current state standard of 105 percent for depths of two feet 
and 110 percent for depths below two feet, including disastrously 
high levels up to 130 percent for a period of seven days. 

Pacific Northwest Generating Cooperative and Public 
Power Council urge this Commission to decline to continue to 
waive Oregon's water quality standard to permit these 
unacceptably high levels of total dissolved gases in the Columbia 
River. The best scientific data available indicate that, in the 
circumstances, waiving that standard would be clearly more 
harmful than beneficial to the listed spring chinook salmon and 
to other fish in the river, including steelhead currently 
migrating in river. 

Gas supersaturation can kill both juvenile downstream, 
and adult upstream, migrants. According to a study by Ors. 
Dawley and Ebel, exposing juvenile spring chinook salmon and 
steelhead to 120 percent saturation caused 50 percent direct 
mortality in 1.5 days and 100 percent direct mortality in less 
than three days. 

•U.S.E. P.A., Quality Criteria for Mater 1986 (EPA 440/5-86-001), Gases. 
Total Dissolved .. at p. 5 (discussing Dawley, E.M. and M. J. Ebel. 1975. 
Effects of various concentrations of dissolved atmospheric gas on jwenile 
chinoolc. sallDDll and steelhead trout. Fishery Bulletin, 73:787·796 .. ) 

Besides direct mortality to juvenile salmonids from gas 
supersaturation, there are also sublethal effects. Dr. Schiewe 
found that the growth of juveniles was reduced at gas 
supersaturation levels of 106 to ·120 percent, indicating a 
reduction in long term survival of these fish. 

•Schiewe, M.H. 1974. Influence of dissolved atmospheric gas on swim1ing 
perfonaance of juvenile chinook. salmon. Transactions American Fisheries 
Society 103:717-721. 

Not only does gas supersaturation adversely affect 
juvenile migrants, it also kills adult salmonids. For example, 
during the summer of 1968, gas levels at the tailrace of the John 
Day Dam were 123 to 143 percent, a condition that persisted for 
most of the adult upstream migration. Gas supersaturation at 
those levels resulted in significant adult mortality: thirteen 
sockeye and 365 chinook salmon were recovered dead in a single 
day. 

•Dawley, E.M. and W. J. Ebel. 1975. Effects of various concentrations of 
dissolved atmospheric gas on juvenile chinoolc salaion and steelhead trout. 
Fishery Bulletin 73:787-796. 
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Moreover, as recently as April 20, 1994, experts in the 
field of gas supersaturation (including Dr. Wes Ebel) met to 
discuss the risks to salmonids inherent in large volumes of spill 
from gas supersaturation. At this meeting, Dr. Ridler, a noted 
researcher in gas supersaturation from the University of British 
Columbia, stressed that if the gas saturation standards in either 
the United States or Canada were revised based on current 
scientific data, they would be revised downward, not upward. He 
noted that environmental agencies in Canada are very concerned 
that sublethal effects of gas saturation have been ignored, and 
may be more important than acute mortality from gas 
supersaturation. 

•Memorard.a from Dr. Al Giorgi to John Stephenson dated 4/50/94 Re: Gas 
Saturation Workshop. 

Attached is the affidavit of Dr. Wes Ebel, a retired 
biologist with NMFS, who is undisputedly one of the region's 
foremost experts on the effects of gas supersaturation on 
salmonids. As his affidavit indicates, "the proposed spill 
program [owing to gas supersaturation] poses unacceptable risks 
to migrating salmon in the Columbia and Snake Rivers and will 
result in lower survival rather than higher survival." [Ebel 
affidavit, paragraph 19.] 

To further help the Commission fully understand this 
serious issue, we have also attached important studies on the 
adverse effects of gas supersaturation on salmonids, some of 
which were conducted by Dr.Ebel. Dr. Ebel will be available at 
the hearing before this Commission Monday to testify and answer 
any questions the commissioners may have. 

Very truly yours, 
I? ..D~ ~. 12. '~ .a.,, /Z ?£ 

David E. Piper ~ {! 
Pacific Northwest Generating 

Cooperative 

;tltct c tJJ!g~1~ 
William K. Drummond 
Public Power Council 



AFFIDAVIT OF WESLEY J. EBEL 

STATE OF OREGON ) 
) SS. 

County of Multnomah ) 

I, WESLEY J. EBEL, being first duly sworn, depose and say as follows: 

1. I worked as a fishery research biologist for the National Marine Fisheries 

Service and its predecessors for 31 years, retiring in 1988 as Director of the Coastal Zone 

and Estuarine Studies Division formerly the Fish Passage Research Division. Since 1988, I 

have worked as a part-time consultant on fish passage research problems. I obtained a Ph.D. 

in Forestry and Wildlife Management from the University of Idaho in 1977. 

General Effects of Gas Supersaturation 

2. I have conducted a number of studies concerning the effect of gas 

supersaturation on juvenile salmon and other fish. Gas supersaturation arises when excess 

gas is dissolved in water; that is, an amount of gas over what the body of water would hold 

normally. In the Columbia and Snake Rivers, the process of spilling water over dam 

spillways concentrates atmospheric gases in the water in levels that exceed the norm. These 

excess levels are measured by percentages. Normal saturation is 100%. In ihe Columbia 

River, values as high as 148 % have been recorded. 

3. Gas supersaturation adversely affects fish in a number of ways. Excess 

nitrogen enters the circulatory system of the fish and diffuses out, causing gas bubbles or 

emboli in the circulatory system and gas bubbles under the skin. These gas bubbles have a 

number of adverse physical effects. Gas bubbles occlude blood flow in the gills, thus 

suffocating the fish. Gas bubbles also occlude the mouth and throat of the fish, and can 

cause blindness in the fish due to hemorrhaging or exopthalmia. The gas bubbles can also 



result in overextension or rupture of the swim bladder, particularly in juveniles under 50 mm 

in length. Collectively, these symptoms are referred to as gas bubble disease. 

4. Sublethal effects of gas bubble disease are not always evident as external 

visible symptoms. For example, Schiewe (1974) and Dawley and Ebel (1976) determined 

that sublethal effects such as decreased swimming performance and growth occurred at gas 

supersaturation levels as low as 106%. Poor swimming performance can result in increased 

predation by predators in the river. 

5. Laboratory research conducted by several researchers showed that the 

threshold levels for supersaturation where mortality begins occurring is about 110 to 115 % 

for juvenile salmonids, depending on size and species. In shallow water, laboratory 

experiments have shown that, for example, at 125% saturation, 50% mortality to chinook 

occurs in 13.6 hours. At 120%, 50% mortality occurs in 26.9 hours for chinook. 

6. The depth of a fish in the water affects the level of gas supersaturation that the 

fish can tolerate. For example, each foot of depth compensates for approximately 3 % excess 

saturation. Thus a fish at 3 feet of depth in water supersaturated at 120% will be subjected 

to the equivalent of a gas supersaturation level of only about 110%. Tests done In deep 

tanks showed that significant mortality still occurred. Dawley et al. (1976) 

7. It does not appear that juvenile salmonids can detect and avoid supersaturation 

by sounding. Nevertheless, the normal depth distribution of salmon does compensate for 

some excess gas supersaturation. This compensating effect is limited by the fact that a 

significant portion of migrating juveniles travel in the upper 3 feet of the water column. For 

example, Smith (1973) found approximately 30% of juvenile chinook salmon in the upper 

three feet of the water column at Lower Monumental Dam. Dawley (1986) found similar 



distributions of chinook the forebay of the The Dalles Dam. 

8. I have been unable to obtain definitive documentation of the program to 

increase spills. It is unusual to have a program of this magnitude developed in haste, and 

implemented without any public review or scrutiny. As best I can determine, the U.S. Army 

Corps of Engineers, at the urging of the National Marine Fisheries Service (NMFS) and 

other parties, will change previously-planned operations to: 

(l) spill at The Dalles Dam to 40 percent 24 hours a day; 

(2) spill 25,000 cubic feet per second (25 kcfs) of water at Ice Harbor Dam 
24 hours a day; 

(3) operate the remaining six dams to spill during the 12 nighttime hours 
(and 24 hours at Bonneville Dam) at the lesser of (a) the quantity of spill needed to 
meet 80% fish passage efficiency and (b) the quantity of spill producing a maximum 
12 hour average dissolved gas concentration of 120% measured at the next 
downstream project; and 

(4) increase spill to meet 80% fish passage efficiency to the extent that 
there are no observed adverse biological effects of dissolved gas over and above 
120% in increments of 2.5 % . 

9. I also understand that the Bonneville Power Administration has estimated the 

increase in spill at the eight mainstem projects required to achieve 80%. fish passage 

efficiency as follows: 

Current Spill 80% FPE Spill 

Lower Granite 40% 12 hrs 78% 12 hrs 
Little Goose 30% 12 hrs 48% 12 hrs 
Lower Monumental none 54% 12 hrs 
Ice Harbor 25 kcfs 24 hrs 100% 12 hrs 
McNary none 48% 12 hrs 
John Day none 33% 12 hrs 
The Dalles 30% 8 hrs 40% 24 hrs 
Bonneville 180 kcfs 8 hrs same 

75 kcfs 15 hrs 



10. Assuming that current flows in the Columbia and Snake Rivers will remain at 

or exceed current levels (approximately 220 kcfs in the Columbia and 75 kcfs in the Snake), 

the spill percentages set forth in the preceding paragraphs cannot be achieved consistent with 

maintaining a gas supersaturation level of 120% or less. 

11. I understand that the spill program calls for increasing spills until gas 

supersaturation levels reach 120% as measured at the next downstream project, and thereafter 

increasing the percentage of supersaturation until visible signs of gas bubble disease are 

apparent in migrating salmon. By the time gas supersaturation levels reach 120% at the next 

dam down, migrating salmon will have been exposed to that level for 2-3 days. 

Monitoring Gas Bubble Disease 

12. Monitoring for visible signs of gas bubble disease is unlikely to provide 

adequate protection for salmon. By the time gas bubble disease is widely apparent in either 

the juvenile or adult populations, it is likely substantial losses will have occurred. During 

the serious dissolved gas problems in the 1960s and 1970s, it was uncommon for large 

numbers of migrants to be observed with gas bubble disease symptoms. 

13. I understand that the program may include monitoring of adult migrants as 

well as juveniles. There are no facilities for such monitoring except at Bonneville Dam and 

Lower Granite Dam. At Bonneville Dam, one would not expect to see many fish with 

symptoms, because they have just come from the ocean. Any fish that were adversely 

affected by gas bubble disease probably would not make it to Lower Granite Dam (the 

uppermost dam), making it also unsuitable as a monitoring site. It would make most sense 

to monitor adults at Ice Harbor Dam, where spill is proposed to be continuous and adult fish 

with symptoms are most likely to be observed. 



Effects on Adult Salmon 

14. Past research has shown that high spill at dams may lead to confusing tailwater 

currents that make it difficult for adults to find fishway entrances. Generally speaking, adult 

fish passage facilities were engineered on the assumption that a substantial portion of the 

flow would go through turbines. When spillway flows exceeded turbine flows at all the 

Snake River dams in the 1960s and 1970s, adverse tailwater currents and delays of adult 

migrants were observed. Junge (1966); Junge (1971). 

15. If the proposed spill levels set forth in paragraph 9 at Lower Granite, Lower 

Monumental and Ice Harbor are implemented, confusing tailwater currents will occur, with 

accompanying delays of migrating adults. Moreover, spilling at the levels proposed will 

create gas supersaturation in the spillway side of the dam in excess of 130%. Adults 

exposed to these levels for extended periods of time will suffer the usual symptoms of gas 

bubble disease and die. 

16. For example, in 1968, when excess water was spilled at John Day, adults were 

delayed for several days and a substantial mortality of chinook and sockeye was recorded .. 

The State of Oregon estimated that over 20,000 adult chinook were lost. Beiningen and Ebel 

(1970). Meeldn and Allen (1974) estimated that 6% to 60% of adult salmonids in the middle 

region of the Columbia River died between 1965 and 1970; carcasses of adult salmon were 

found in the river when gas supersaturation reached 120% or higher. 

Other Reasons Increased Spill May Not Benefit Salmon. 

17. I assume that the proposed increases in spill are intended to increase adult 

returns. In I 993, the best flows and spills occurred in more than a decade. The jack returns 

this year of spring chinook from that year's juvenile outmigration are the lowest on record. 



This strongly suggests that a program of increasing flows and spills will have little positive 

effect on returns of adults. 

18. It is also true that a program to increase spill will necessarily reduce the 

fraction of juvenile salmon which are transported. There are no data to support the notion 

that survival of juvenile salmon migrating in the river will exceed the survival of those 

transported. Indeed, the scientific evidence indicates that survival of juvenile salmon in the 

river will be less than those transported. For these reasons, the proposed spill program may 

reasonably be expected to reduce adult returns. 

19. The proposed spill increase has been characterized as an experiment. It would 

be necessary to modify the proposed spill operation to gain scientifically meaningful data. A 

comparison between survival of fish passing a dam with no spill vs. one with spill could be 

made if spilling were kept at minimal levels at Lower Monumental. Survival could then be 

estimated for fish passing Lower Monumental (no spill) and for Little Goose or Lower 

Granite (spill). Various other scenarios could be developed but additional marked fish would 

be essential to measure the survival under spill conditions because of the lower recovery rate 

caused by spill at the dams where tag detectors are a part of the juvenile coHectio~ syste~. 

For this reason, researchers currently attempting to measure juvenile survival in the Snake 

River would have to be allowed to mark and recover substantially more fish. 

Conclusion 

20. In light of the foregoing facts, in my opinion the proposed spill program poses 



unacceptable risks to migrating salmon in the Columbia and Snake Rivers and will result in 

lower survival rather than higher survival. 

21. I declare under penalty of perjury that the foregoing is true and correct. 

~tl,,Z/d? 
... .' iJ 

SUBSCRIBED AND SWORN to before me this l.1 
. day of May, 1994. 

• 

OFFICIAL SEAL 
ELIZABETH A. WRIGHT 

NOTARY PUBLIC - OREGON i COMMIS\1101\J N0.008205 
MY COMMl~'.;;},2!,:._~IP.ES SEPT. 02, 1995 

., 
,; , , / I 

Notary Public for Oregon 
-I ~~ 

My Commission Expires: '- I 1' c·· I 

References 

Beiningen, K.T. and W.J. Ebel. Effect of John Day Dam on dissolved nitrogen 
concentrations and salmon in the Columbia River. Trans. Am. Fish. Soc. 99:664-71 (1970). 

Dawley, E.M., Schiewe, M., and B. Monk, 1976. Effects of long-term exposure to 
supersaturation of dissolved atmospheric gases on juvenile chinook salmon and steelhead 
trout in deep and shallow tank tests. In: Gas Bubble Disease. D.H. Fickeisen and M.J. 
Schneider (eds.), pp. 1-10. CONF-741033. Technical Information Center; Oak Ridge, 
Tennessee. 

Dawley, E.M. Effects of 1985-86 Levels of Dissolved Gas on Salmonids in the Columbia 
River. Final Report of Research Financed by U.S. Army Corps of Engineers Contract 
DACW57-85-F-0623 (November 1986). 

Junge, C.O. Indications of Loss and Delay to Adult Salmonids Below Ice Harbor Dam 
(1962-66). Report prepared for Oregon Fish Commission, Portland, 1966. 

Junge, C.0. Effect of Peaking Operation on Passage of Adult Salmonids over Columbia 
River Dams. Report prepared for Oregon Fish Commission, Portland, 1971. 

Meekin, T.A. and Allen (1974) Nitrogen saturation levels in the mid-Columbia River, 1965-
1971, Washington Department of Fisheries Tech. Rep. 12:32-77. 

J. R. Smith, "Distribution of Seaward-Migrating Chinook Salmon and Steelhead Trout in the 
Snake River above Lower Monumental Dam", Marine Fisheries Review, Vol. 36, No. 8, 
August 1974. 



- ; 
f 

TESTIMONY OF THE OREGON DEPARTMENT OF FISH AND WILDLIFE 
BEFORE THE ENVIRONMENTAL QUALITY COMMISSION 

REGARDING IMPLEMENTATION OF SPILL AT CORPS PROJECTS 
. MAY 16, 1994 

1 

1. My name is Ron - Boyce, Columbia River Fish Passage Program 
Leader for the Oregon Department of Fish and Wildlife (ODFW). I 
will be providing comments on the spill program being implemented 
at the eight Corps projects on the lower Snake and lower Columbia 
rivers. 

2. ODFW supports the spill program requested by the National 
Marine Fisheries Service (NMFS) which is designed to maximize 
survival of juvenile chinook and _ steelhead while minimizing 
impacts to -aquatic species. The program - provides for - 12-hour 
nighttime i:;pill at all projects to achieve a 80% fish passage 
efficiency up to 120% dissolved gas levels. This request is for 
all Corps projects on the lower Snake and lower Columbia rivers 
except Ice Harbor (25 kcfs for 24 hrs) and The Dalles (40% spill 
for 24 hrs). 

3. This spill request is made in response to the critical need to 
increase the inriver survival of juvenile Columbia River chinook 
and steelhead. At extreme risk are Snake River spring chinook 
which are returning at historically low levels this year (adults 
and jacks at Lower Granite Dam are 11% and 6%, respectively of 
the 10-year average) with only 600 wild spawners expected to 
escape this year and even fewer next year. The returns .of Mid­
Columbia spring chinook are also at historical lows (19% of the 
10-year average for adults and 3% for jacks at Priest Rapids 
Dam). The projections for escapement of Snake River and Mid­
Columbia summer chinook look equally bleak. We must act now to 
reverse these trends to save these valuable stocks. 

4. The spill program is designed to improve survival by 
increasing the passage of juveniles over spillways which has been 
shown to be the safest route past mainstem hydroelectric 
projects. Numerous studies conducted in the Columbia Basin have 
shown that fish survival is significantly higher for fish passed 
through spill (98%) than turbines (85%). Spilling fish will 
eliminate descaling, injury, and mortality associated with 
passage through screens, gatewells, collection galleries, 
dewatering screens, and transport conduits of mechanical bypass 
systems at 7 of 8 Corps projects and will help fish move quickly 
past the projects and reduce losses to predators. 

5. The spill program will also improve survival by reducing the 
number of fish transported. The Independent Peer Review Team's 
recent report on studies of transportation in the Snake River 
found that there was inconclusive evidence to demonstrate the 
efficacy of t_ransportation as a mitigative measure for recovery 
of federally protected Snake River chinook. Because there _is 
great uncertainty associated transportation, the spill program 
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will allow more fish to migrate in-river than in the past when up 
to 90% of Snake River chinook and steelhead were transported each 
year.· 

6. The spill program will provide immediate and significant 
improvements in inriver survival of juvenile chinook and 
steelhead in the lower Snake and lower Columbia Rivers. For 
example, an analysis conducted by ODFW using the spring chinook 
FLUSH and transport models used in 1994 ESA Section 7 
consultation indicates that the inriver survival of Snake River 
spring chinook would be doubled (5.2 to 10.5%) from 
implementation of the spill program. Although inriver survival . 
would still be unacceptably low, these .higher survivals will 
lower the risk of continued decline and possible extirpation of 
listed Snake River chinook. · · · 

7. It has been stated by the DSis that the level of spill 
requested for this program will result in unacceptably high 
levels of dissolved gas and fish mortality. This statement is 
simply not true. The 1994 spill program is confined to nighttime 
hours and spills and dissolved gas levels will be much lower for 
example than those that occurred in 1993 where only 1-2% of fish 
at smelt monitoring sites exhibited signs of gas bubble disease 
(GBD) despite dissolved gas levels exceeding 120% up to 12 days 
and 125% fa~ 4 days. 

The DSis have also stated that the low spring chinook jack 
returns observed this year can be attributed to the high 
d~ssolved gas levels observed in 1993. This is also not true 
since these high levels of spill and dissolved gas in 1993 
occurred after the main fish migrations had occurred and after a 
majority of fish had been collected and transported. For example 
by the time the high spills and dissolved gas levels had occurred 
in the Snake in mid-May, nearly 90% of the chinook and steelhead 
had migrated and were transported below Bonneville Dam. According 
to ocean upwelling' indices,· the poor fish returns in 1993 are 
probably due to poor ocean conditions. We also believe that the 
low jack returns in 1993 in the Columbia River are in part due to 
the fact that the juveniles were transported rather than spilled 
at projects. 

8. We support the biological monitoring program for GBD 
submitted to NMFS by the Fish Passage Center. With this 
spill levels for 80% FPE can . be implemented while 
impacts to juveniles and adults are minimized. 

symptoms 
program, 
insuring 

9. In conclusion, we recommend that the Commission adopts a 180 
day variance.in the state's dissolved gas criteria to allow the 
spill program to proceed throughout the duration of the spring 
and summer migration periods. 
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'=alumbia Ri11er Alliance 

Fred Hansen, Executive Director 
Oregon Dept. of Environmental Quality 
811 SW 6th Ave 
Portland, OR 97204 

Dear Mr. Hansen: 

'U 

For Fish, Commerce and Communities 

May 11, 1994 

Please find enclosed a copy of the letter sent today, May 11, 1994, to the Washington 
Department of Ecology. 

Based on the scientific infonnation on "fish kill" occurring from gas supersaturation 
levels above 120 percent, we believe it is inappropriate for the state to grant a waiver of its 
own standards and authorize levels up to 130 percent. We request, therefore, that the state 
immediately rescind the waiver. 

Thank you for your consideration. · 

Enclosure 

Kindest regards, 

jS~-~~ 
Bruce J. Lovelin 
Executive Director 

625 NE Multnomah, Suite 955 • Portland, Oregon 97232 • [503) 238-1540 • F•• (503) 238-1554 



- r-ci4= L.-V=iL-
-alu111bia River Alliance 

Mr. Michael Llewelyn, Program Manager 
Water Quality 
Dept. of Ecology 
PO Box 47600 
300 Desmond Drive 
Olympia, WA 98504-7600 

Re: Administrative Order No. DE 94W0-218 

Dear Mr. Llewelyn: 

For Fish, Commerce and Communities 

May 11, 1994 

State of Oregon 
DEPARTMENT OF ENVIROnMENTAL QUALl1Y . 

WJ~@lf nw~Ifil 
~ MAY 1 2 1994 ~" 

OtEICt'. Oil :t'AE DIRECIOR 

I am writing in regards to the above cited Order issued by the Department of Ecology 
on May 10, 1994. The Order authorizes exceeding water quality standards for total dissolved 
gas under certain conditions to allow fish passage in the Columbia and Snake Rivers. 

I have several concerns regarding Ecology's action in this matter which will be 
discussed below. 

First, the water quality standard for total dissolved gas was promulgated for the very 
purpose of protecting aquatic life near dams. There is body of scientific studies clearly 
demonstrating that total gas supersaturation exceeding 120 percent is lethal to fish and other 
aquatic life. In fact, there are numerous cases of "fish kills" at gas supersaturation levels 
levels under 130 percent. (See enclosed memorandum from Dr. Don Weitkamp.) Ecology 
implicitly recognizes the lethal nature of supersaturation as demonstrated by Ecology's 
promulgation of the water quality standard in WAC 173-201A-030 (2) (c) (iii). 

Yet, Ecology, without any public process or opportunity for comment by the scientific 
or public sectors, authorized total gas supersaturation up to 130 percent to "allow fish 
passage" along the Columbia iµid Snake Rivers. At best, it is ironic that Ecology is 

. authorizing lethal levels of total gas supersaturation to help fish migration. At worst, Ecology 
has blindly accepted the National Marine Fisheries Service's (NMFS) representations that this 
proposal i's beneficial and that the situation is an emergency, without full investigation, or 
even any direct discussions with NMFS's biologists at Sand Point to determine what real 
world impacts may be expected. 

Ecology's Order specifically cites WAC 173-201A-110 as providing Ecology with the 
authorization to modify water quality standards. However, WAC 173-201A-110 (2) expressly 
states that: 

In no case will any degradation of water quality be allowed if this 
degradation significantly interferes with or becomes injurious to 
existing water uses or causes long-term harm to the environment. 

825 NE Multnomah. Swee 955 • Portland, Oregon 97232 • (503) 238-1540 • Fax (503) 238-1554 
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Given that the very purpose of the total dissolved gas water quality standard is to 
prevent fish mortality, there is a presumption that exceeding the standard will cause fish 
death. It is unfathomable to understand how Ecology overcame that presumption and 
determined that allowing supersaturation to a level that is known to kill fish would not 
"interfere with or be injurious to" the beneficial use of fish migration. As a matter of law, 
Ecology's Order is contrary to its own regulations. 

The second concern is Ecology proceeding without any public comment or hearing 
process. WAC 173-201A-070 (4) states that: 

Whenever waters are of a higher quality than the criteria assigned 
for such waters, the existing water quality shall be protected and 
pollution of said waters which will reduce the existing q1,1ality 
shall not be allowed, except in those instances where: 

(a) it is clear,,.after satisfactory public participation 
and intergovernmental coordination, that overriding 
considerations of public interest will be served. 

In this case, the existing water quality is of a higher quality than the criteria you are 
now allowing. Degradation of the existing water quality, notwithstanding the applicable 
criteria, can only be authorized after public participation. 

I realize that WAC l 73-201A-070 (5) acknowledges that short-term modifications of 
standards is authorized under WAC 173-201A-110 to respond to emergency situations, to 
accommodate essential activities and to otherwise protect the public interest. However, that 
acknowledgement does not authorize Ecology to circumvent the public hearing process. 
Except in the situation of an emergency, there is no reason why the public process 
requirement of WAC l 73-201A-070 (5) should not be required before degradation of existing 
water quality is allowed. Furthermore, it is important to note that the Order modifies only the 
total dissolved gas standard .. The Order does not modify the antidegradation standard 
established in WAC 173-20-070 .. 

Therefore, unless this is truly an emergency situation (a proposition for which there is 
little, if any, evidence), it appears that Ecology has not complied with its public process 
requirements for issuance of this Order. Even if this particular situation was an emergency, 
the decision on whether a long-term modification should be granted is not an emergency and 
should be subjected to the public process. 

The third concern is that the Administrative Order specifically requires that monitoring 
for total saturated gas "shall occur closest to highest dissolved gas source." Available 
information indicates that this monitoring is not occurring as required by the Administrative 
Order. It is our understanding that the monitoring stations are not located directly 
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downstream at the "highest dissolved gas source" from the dam spillways. Instead, the 
existing monitoring stations are located in the forebay of the dams. ·Furthermore, if the water 
to be used in the bioassay is collected from these incorrect monitoring locations, the 
biomonitoring results will also not be accurate. 

Because this monitoring is essential to determine compliance with the limits imposed 
in the Order, and even more. importantly because the data collected will likely be used by 
Ecology to determine whether a long-term modification of the water quality standards should 
be granted, it is imperative to have accurate data at the proper locations. 

Ecology must insist that the responsible party clearly demonstrate that monitoring is 
being conducted in the proper locations as required in the Order. 

In summary, the bottom line is that this Order will in all likelihood result in fish death. 
The issuance of an Order with such significant consequence deserves more deliberation than a 
unilateral decision by Ecology based on the one-sided representations of the party seeking a 
waiver. Further, even if the Order was properly issued, the responsible party is not meeting 
the monitoring conditions imposed by the Order. 

For these reasons, I urge Ecology to exercise its authority under RCW 90.48.240 to 
· order the responsible party to immediately discontinue the discharges that are causing 
supersaturation of the water until: 

(1) a proper public hearing process has been conducted, and 

(2) the responsible party demonstrates that the monitoring stations are located in the 
areas closest to the highest dissolved gas sources. 

Even if Ecology chooses to allow the discharges to continue under this seven-day 
Oroer, Ecology must provide for a public hearing before deciding on whether a long-term 

. modification of the water quality standard should be granted. As you are aware, .the State of. 
" Oregon is allowing public comment on its emergency rule on this same subject. I urge 

· Ecology to follow Oregon's lead and hold a public hearing on this issue. 

Thank you for your consideration of these .concerns. If I can provide any further 
information, please do not hesitate to contact me. 

Kindest regards, · 

~~~~ 
Executive Director 

Enclosure 
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Mr. B= Lovelin 
Columbia River Alliance 
825 NE Multnomah, Suite 955 
Portland, OR 97232 
FAX 503-238-1554 
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May 11, 1994 

re: NMFS/FWS staff recommendation for spill at Sn¥e River and lower Columbia R~ver 
dams. 

Dear Bruce: 

Spilling substantial quantities of water at each dam for 12 to 24 hours each day carries a 
considerable biological risk. As noted in. the NMFS/FWS announcement you forwarded to 
me, any supersaturation above 120% carries a real risk of gas bubble disease in juvenile 
migrants, adult salmon, and resident fish. This risk will be exacerbated by supeISaturation 
of essentially the entire migratory route from Lower Granite Dam to well-below Bonneville 
Dam. Both the duration and degree of supersaturation resulting from the proposed spill 
program are likely to greatly increase the risk of salmon losses due to gas bubble disease. 

Monitoring biological conditions is unlikely to provide adequate protection for salmon. By 
the time gas bubble disease is widely apparent in either the juvenile or adult populations, 
it is likely substantial- losses will have ~curred. During the serious dissolved gas problems 
of the l960's and 1970's, it was uncommon for large numbers of migrants to be observed 
with gas bubble disease sympto~ By the time such symptolllS become obvious, it is likely 
many fish will be lost. 

Monitoring for maximum. levels of supersaturation should occur within several miles of each 
dam where water is spilled. As the water moves downstream, it will gradually lose some of 
the supersa.tnration. However, it is likely to remain sufficiently high to cause gas bubble 
disease if it is originally in the range of 130% or higher. Measuring 120% of saturation at 
a forebay location will indicate the fish were exposed to substantially higher levels in the 
shallow oo: tailrace areas. 

,"7. ,_,.,. 
,.2. ~;· =r~•;io O(I H~,...;!ttl :>~pttt 
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If 130% of supersaturation is allowed to occur in any portion of the river for more than a 
few hours, it is likely both young and adult salmon will be adversely affected. How many 
fish will be lost will depend on both the duration and level of supersaturation. Since spill 

. will be greatest at night when most fish pass the dams and fish will tend to remain with the 
large block of supenaturatcd water, it is likely many fish will be exposed to the highest 
levels occurring rather than the lower levels that may be measured downstream. 

Supersaturation above 120% carries considerable risk. The attached Table 1 lists previous 
observations of salmon killed by supersaturation in the Columbia River. 

Don Weitkamp, Ph.D. 
Principal 

DW:sr 
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Table 1. Records of salmon mortalities ca.used by supersaturation 

Merrell, Collins anrl Gre=ough. 1971. 
location: Bonneville Dam 
date: 1955 
species: chinook-adult 
evidence: carcasses observed, estimated 16..8% of total run killed 
sat: unmeasured, mortality associated with high spill 

Westgard. 1964. 
location: 
date: 
species: 
evidence: 
sat: 

McNary Spawning Olannel 
1962 
chinook-adults 
GBD symptoms, 34% of i.idults 
119% (N1) 

Pauley, Fujihara and Nakata:ni. 1966. Pauley and Na.katani 1967 
location: Rocky Reach Dam-aquaria and Priest Rapids Spawning Channel 
date: 1965 
species: drinook-juvenile and adults 
evidence: GBD gross symptoms and histopathology, adult morralities 
sat: unreponed 

Meekin. 197 L 
location: 
date: 
species: 
evidence: 
sat: 

Eble. 1969. 
Priest Rapids Dam 
1966 
chi:o.ook, sockeye-adults 
monalities 
120-130% 

Beiningen and Ebel 1970. 
· location: The Dalles Dam, fu;h held for inspection 

date: 1968 
species; chinook, coho, sock.eye, steelhead-juvem1os and adults 
evidence: GBD symptoms up to one-half fish, high mortalities of juveniles held 

for inspection; estimated 20,000 adults killed, carcasses observed. 
sat: .123-143% 
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Bouck, Olapman and Scbneider. 1970. 
location: Jobn. Day Diim, Bonneville Dam 
date: 1968, 1969 
species: sockeye-adults 
evidence: GBD symptoms-3 of 7 (1968), 13 of 129 (1969) 
sat: 118% and above 

Ebel. 1971. Raymond. 1970. 
location: Ice Harbor Da.m 
date: 1970 
species: cbinook, stec!hcad-juveirile, adults 
evidence: GBD symptoms-25-45% cbinook, 30-58% steelhead; estimated loss 

70% of chi.nook between Whitebind and Ice Harbor; symptoms in 30% 
of adult3. 

sat: 120-140% 

Meelcin and Allen. 1974. 
location: mid-<::olwnbia River (Wells to Priest Rapids Daros) 
date: 1965-1970 
species: cbinook, sockcye, steclhead-adulu 
. evide:nce: estimated 6-60% mortality; carcasses observed whe:nsarurarionreached 

120% or higber 
sar: variable 

GBD"" ga.s bubble disease 
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FEDERATION OF FLY FISHERS 
Conserving - Restoring.- Educating Through 1'~1/ Fishing ~te ot Oregoo 

DEPARIMENJ Of EIMRDllllEHTAC QUAIJJY. . 
Steelhoad Commlltee 
16430 72nd West 
Edmonds. WA 98026 

Oregon Environmental Quality Commission 
811 SW Sixth Avenue 
Portland, Oregon 

Gentleroen, 

fbJ[&~!UWJ£1fjl · 
(JI MAY 1 3 1994 ~ 

I regret that· the steel.head Committee of the Pcderation of Fly 
Fishers is unahJ e to attend this short notice public meeting of the 
Oregon Environmental Quality Commission. 

The Feder a ti on supports strongly the increased water released 
called for by the U.S. National Marina Pisheries Service to 
increase salmon smelt survival during this spring's migration 
window. over the years, Bonneville Power Administration and the 
corps of Engineers have refused to provide adequate flows for smelt 
migration. During that time, Columbia/Snake River salmon stocks 
have crashed. The scientifically based, peer-reviewed Detailed 
Fishery Operation Plan specifies increased flows as the preferred 
method of assisting smelt migration. 

The F'ederatjon believes it is well past time to provide migratjng 
salmon the water they need and to which they are entitled, as co­
equaJ s to other users of the hydro system, under the NW Power Act. 
You should not countenance attempts to acuttle the NMFS directed 
1994 spill.sunder the smoke screen or increased dissolved nitrogen. 
The Federation notes that predicted mortality from dissolved 
nitrogen is significantly lower than known mortality fron1 barging 
and turbine passage. 

The Federation also notes that dissolved nitrogen poses a serious 
obstacle to long-range salmon recovery plans. 'l'he per dam .salmon 
mortality from all causes, including dissolved nitrogen, must be 
reduced dramatically and quickly which under-scores the pressing 
need to modify, on a priority basis, all Columbia/Snake River dams 
to provide for safe, in-river migration for juvenile and adult 
salmon. Oregon Environmental Quality Commission leadership. and 
action in this critical arena is over due. 

The Federation urges you to spend your time and intellectual energy 
on legitimate recovery actions rather than wasting your time and 
jeopardizi.ng threatened salmon posturing for the Columbia River 
Alliance and direct services industry representatives. 

7~.-r .. · 
e. el-~ 

Chairman _ - --
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May 13, 1994 

Honorable Ronald H. Brown, 
Secretary of Commerce 
14th Street & Constitution Avenue, N.W. 
Room 5516 
Washington, D.C. 20230 

J. Gary Smith 
Acting Director, Northwest Region 
National Marine Fisheries Service 
7600 Sand Point Way, N.E. 
Bin C 15700, Building 1 
Seattle, WA 98115-0070 

Major General Ernest J. Harrell 
--llnit~~?-tes <;;9FP< of Engineers 

U.S. Cusfi~JIY''House __ _ 
220 N.w-:'8th 
Portland, OR 97209-2589 

Randall Hardy, Administrator 
Bonneville Power Administration 
905 N.E. I Ith Avenue 
Portland, OR 97208 

Ted Bottiger, FOEC Chairman 
Northwest Power Planning Council 
925 Plum Street, S.E. 
Olympia, WA 98504-3166 

Walt Pollock, FOEC Member 
Bonneville Power Administration 
905 N.E. 11th Avenue 
Portland, Oregon 97208 

Ken Predde, FOEC Member 
Bureau of Reclamation 
1150 N. Curtis Road 
Boise, Idaho 83706-1234 

Dave Geiger, FOEC Member 
United States Corps of Engineers 
220 N.W. 8th 
Portland, Oregon 97209 

. Steve Herndon, FOEC Member . 
Idaho Power Company 
1220 Idaho Street 
Boise, Idaho 83707 

Bert Bowler, FOEC Member 
Idaho Fish & Game 
600 S. Walnut 
Boise, ID 83707 

Joe Dossantos, FOEC Member 
Confed. Salish & Kootenai Tribe 
Highway 93 West 
Pablo, MT 59855 . 

Doug De Hart, FOEC Member 
U.S. Fish & Wildlife Service 
2501 S.W. First Avenue 
Portland, OR 97207 

Robert Turner, FOEC Member 
Washington Department of Fisheries 
1111 Washington St.; S.E. 
Olympia, Washington 98504~3135 

Rob Lothrop, FOEC Member · 
Columbia River Inter-Tribal Fish 
Coin mission 
729 N.E. Oregon Street, Suite 200 
Portland, OR. 97232 
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Merritt Tuttle, FOEC Member 
National Marine Fisheries Service 
U.S. Dept. of Commerce-NOAA 
1002 N.E. Holladay, Room 620 
Portland, OR 97232 

Dick Nason, FOEC Member 
. Chelan County PUD · 

327 N. Wenatchee Ave. 
Wenatchee, WA 98807 

Bill Shake, FOEC Member 
U.S. Fish and Wildlife Service 
9317 Highway 99, Suite A 
Vancouver, Washington 98665 

Ms. Carol Browner, Administrator 
U.S. Environmental Protection Agency 
Waterside Mall 
401 M. Street, S. W. 
Washington, D.C. 20460 

Mr. Chuck Clark 
Region 10 Administrator 
1200 Sixth Avenue 
S0-141 
Seattle, Washington 98101 

Mr. Fred Hansen 
Oregon Department of Environmental 
Quality 
811 S.W. Sixth Avenue 
Portland, Oregon 97204 

Mr. Mike Llewelyn 
Washington Department of Ecology 
300 Desmond Drive 
Olympia, Washington 98504-7600 

-. 
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. Dear Sirs and Madam: 

We have obtained a copy of a May 9, 1994 letter from National Marine Fisheries Service 
(NMFS) (copy enclosed) reporting a plan to increase dramatically spills at the eight mainstem 
dams on the Columbia and Snake Rivers. This plan will unquestionably reduce survival of 
migrating salmon in the Columbia and Snake Rivers by raising gas supersaturation levels, 
including Endangered Species Act (ESA) listed Snake River salmon. 

. . . 

We are enclosing herewith an Affidavit of Dr. Wesley J. Ebel, a -well-respected and 
independent scientist who worked for NMFS for 31 ·years and personally conducted a great deal 
of research on the effects of gas supersaturation on migrating fish in the Columbia and Snake 
Rivers.· His conclusion: "the proposed spill plan poses unacceptable risks to migrating salmon 
in the Columbia and Snake Rivers and will result in lower survival rather than higher survival". 

We are also enclosing herewith the Declaration of James J. Anderson, the principal 
architect of the only computer model for assessing the effects of the Federal Columbia River 
Power System on migrating salmon that attempts to address the effects of gas supersaturation 
on salmon -- the Crisp model. His conclusion is that, giving every benefit of the doubt in favor 
of spill, the model shows survival decreasing, not increasing, under the plan. 

Finally, we are also enclosing a scientific paper and letter from Dr. Don E. Weitkamp, 
providing a broad review of the scientific literature concerning the effects of gas supersaturation, 
and reaffirming that the proposed plan is likely to affect adversely migrating salmon in the 
Columbia and Snake Rivers. 

We note that NMFS has purported to justify its decision on the results of the FLUSH 
. model which, in substance, assumes that there are no effects to gas supersaturation and that 
transportation of fish does not work. Reliance upon a model that does not even consider the 
mechanism by which spill may kill fish is obviously arbitrary and capricious . 

. We understand that efforts may be underway to reframe the spill proposal as an 
experiment. This would require significant changes in the proposed operation. Unless there is 
little or no spill at Lower Granite, there will be no control against which to measure the effects 
of gas supersaturation. And without PIT tag detectors at Bonneville, it will be difficult to detect 
most of the spill mortality, which arises from extended exposure to an entire river of 
supersaturated water. The presently contemplated scope of monitoring for adverse effects of gas 
supersaturation is also inadequate to detect such effects. The monitoring of gas supersaturation 
levels is inadequate in geographic scope and the biological monitoring is essentially non-existent 
and seriously flawed. 
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We trust that NMFS and the Corps will consider this information and reconsider their 
decision. In addition to being contrary to the scientific evidence, the proposed action is also· 
proceeding in violation of several federal statutes. · 

. Most significantly, the proposed plan will violate the Clean Water Act (CWA). 
Recognizing that the spill plan would increase dissolved gas levels above the current water 
quality standards -- specifically set to protect Northwest salmon -- NMFS requested that the 
Washington Department of Ecology and the Oregon Environmental Quality Commission amend 
their water quality standards for total dissolved gas. The Washington Department of Ecology 
issued an administrative order which authorized total dissolved gas supersaturation up to 130 
percent. Washington Administrative Order No. DE94-WQ218. The Oregon Environmental 
Quality Commission issued a temporary rule which likewise superseded the state's water quality 
standards to allow total dissolved gas concentration not to exceed 130 percent saturation. 
Oregon Temporary Administrative Rule 340-41-155. 

States are required to adopt water quality standards which are consistent with the CWA. 
CWA § 303, 33 U.S.C. § 1313. One of the purposes of the Clean Water Act is to attain water 
quality which provides for the protection and propagation of fish, shellfish, and wildlife. CW A 
§ 10l(a)(2), 33 U.S.C. § 125l(a)(2). When a state revises or adopts a new standard, that 
standard: 

"[S]hall consist of the designated uses of the navigable waters involved and the 
water quality criteria for such waters based upon such uses. Such standards shall 
be such as to protect public health or welfare, and hence the quality of water and 
serve the purposes of this chapter. Such standards shall be established taking into 
consideration their use and value for public water supplies. propagation of fish 
and wildlife, recreational purposes, and agricultural, industrial, and other 
purposes, and also taking into consideration their use and value for navigation." 
33 U.S.C. § 1313(c)(2)(A). 

States must submit their new or revised water quality standards to the EPA for review and 
approval or disapproval. CWA § 303(c)(2), 33 U.S.C. § 1313(c)(2). 

EPA reviews state water quality standards under 40 C.F.R. § 13L5 and for compliance 
with 40 C.F.R. § 13L6. The water quality standards adopted by Oregon and Washington to. 
allow elevated levels of total dissolved gas are inconsistent with the requirements of the Clean 
Water Act and were not adopted to protect the designated water uses of the Columbia River. 
40 C.F.R. § 131.5(a)(l), (2); 40 C.F.R. § 131.6(c). EPA regulations provide for state 
establishment of water quality criteria by (1) numerical values based on either: (i) EPA's 
criteria guidance developed under§ 304(a) of the CWA; (ii) EPA's criteria guidance modified. 
to reflect site specific conditions, or (iii) other scientifically defensible methods; and (2) narrative 
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criteria or criteria based on biomonitoring methods where numerical criteria are unavailable or 
as a corollary to numerical criteria. 40 C.F.R. § 131.ll(b). 

that 
Here, the EPA's own criterion guidance developed under§ 304(a) of the CWA provides 

"to protect fresh water and marine aquatic life, the total dissolved gas 
concentrations in water should not exceed 110 percent of the saturation value for 
gases of the existing atmosphere and hydrostatic pressures." ·. EPA, Quality 
Criteria for Water 1986 (EPA 440/5-86-001).. · 

Where, as here, the change in water quality standard facilitates a spill plan that will adversely 
affect migrating salmon in the Columbia and Snake Rivers, it cannot be sustained as consistent 
with the CWA. The magnitude and duration of NMFS' spill plan will negatively impact all 

. riverine biota and possibly the estuarine biota as well. 

Raising the gas supersaturation standard is also contrary to the antidegradation policy of 
40 C.F.R. § 131.12. Both Oregon and Washington have adopted state antidegradation policies 
as required by 40 C.F.R. § 131.12. OAR 340-41-026(1); WAC 173-201A-070. Before 
allowing degradation and lowering of water quality, a state must assure that water quality is 
nevertheless adequate to protect existing uses fully. 40 C.F.R. § 131.12. Here, adoption of a 
water quality standard that will kill fish does not protect existing beneficial uses with respect to 
anadromous fish passage, salmonid spawning and salmonid rearing; it has the opposite effect. 

Moreover, where high quality waters constitute an outstanding national resource, water 
quality shall be maintained and protected. 40 C.F.R. § 131.12(a)(3). The Columbia River 
flows through the Columbia Gorge National Scenic Area. Both Bonneville and The Dalles Dams 
are located within the scenic area. States may not lower water quality in waters of such 
exceptional recreational and ecological significance. Oregon and Washington have violated 
40 C.F.R. § 131.12 by allowing the degradation of the water quality standard for total dissolved 
gas in the Columbia River. 

Adoption of the water quality standard did not allow for adequate public participation 
under the CWA as required by 40 C.F.R. § 13 l.20(b) and state policies. To date, the water 
quality standard deviances have been adopted with no public participation. 

We also believe that the National Environmental Policy Act (NEPA) requires an 
environmental impact statement to be prepared for this major federal action. To our knowledge, · 
no such analysis has been conducted. Washington's State Environmental Policy Act (SEPA) 
would require ari analysis of Washington's action to set aside its state water quality standards 
as~. .. . . 
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Finally, the proposed spill plan will also violate the Endangered Species Act by resulting 
in substantial additional unauthorized taking of Snake River salmon in violation of §§ 7 and 9 
of that Act. The proposed action also violates that Act's direction to make ·decisions based on 
the "best scientific and commercial data available". 16 U.S.C. § 1536(a)(2). 

We trust that the information provided will be of assistance in making decisions based 
on good science and in compliance with law. 

Sincerely, 

I~/} • ·• ·-

1 l ' .. i .. ' 
C·-~·.r..: "i-o-·'- .. ,,·_. I -.)' 

J' f"" r i·.,-J~ , 
Nanci Tester 
Environmental Manager, DSI Inc. 

._ . 



PACIFIC NORTHWEST UTILITIES CONFERENCE COMMITTEE 

Governor Barbara Roberts 
Oregon Governor's Office 
State Capitol 
Salem, Oregon 97310 

· Dear Governor Roberts: 

May 12, 1994 

State of Oregon - . 

DEP~~~ffeiONMENTA[ QUALITY 

~~'- OWJt'Jjjl 
_ _ MAY l 2 1994 '-!!J -

OF'i:ICE'. bE trH~ PlREOD 

I am writing this letter in response to the recent news that National Marine Fisheries Service is mandating 
high levels of spill at eight dams in the Snake and Columbia rivers, and your Department of 
Environmental Quality has approved it. PNUCC was shocked and troubled to hear this, not because 
NMFS wants to spill water, but because the amounts of spill they are suggesting will cause excessive and 
unnecessary levels of nitrogen supersaturation that can be deadly to fish. I was personally involved in the 
debates over acceptable nitrogen supersaturation levels in the 70s when the states of Oregon and 
Washington were deciding on the levels they would allow. Thus, I have intimate knowledge of this 
matter. At the time, several studies were done that unequivocally show thai high levels of nitrogen 
supersaturation, caused by too much spill, kill fish. See the attached fact sheet that summarizes some of 
the study conclusions. 

As you know, your current criterion for protecting freshwater and marine aquatic life limits the level of 
nitrogen supersaturation in the river to l!O percent. This standard has been in place for almost two 
decades. We are convinced that these spills and the resulting gas supersaturation levels you are allowing 
will harm and kill both adult and juvenile listed stocks of Snake River salmon if these high levels of 
nitrogen are maintained. 

Both the states of Oregon and Washington have written waivers allowing the Corps of Engineers to 
operate the projects such that gas saturation levels can go as high as 130 percent. For the life of me, I 
carmot imagine why the -i'11ViFS or you ·wuuici agree to ~uch dra.I11atic 1tlea.sure.; ·vlh~il .iluch s0und 
biological information exists proving that high nitrogen saturation levels are lethal. I can only guess that 
your advisors have been overwhelmed with the current hysteria and are overreacting to the dramatically 
low spring chinook returns, low water conditions, and pressure from the pending Judge Marsh -
proceedings. 

PNUCC · ONE MAIN PLACE · _ 101 SW MAIN STREET, SUITE 810 · PORTLAND, OR 97204-3216 · (503) 223·9343 · FAX (503) 294:1250 
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Governor Barbara Roberts 
May 12, 1994 
Page 2 

You must stop this irresponsible action. We cannot afford to knowingly create a condition potentially 
lethal to salmon during this critical time. These actions will only compound the already difficult problem 
of increasing salmon survival. You must not allow gas saturation levels above the established 110 percent 
standard whenever it can be avoided. Your actions must be immediate. By the time we can monitor 
effects and detect harm to the fish, they will already be dead. Thank you for your attention in this matter. 
The fish cannot wait! 

Sincerely,.. / /. j 
~ vtu-,. 
Al Wright 
PNUCC Executive Director 

Attachment 

cc: Governor Mike Lowry, State of Washington 
Governor Cecil Andrus, State of Idaho 
Governor Marc Racicot, State of Montana 
Northwest Power Planning Council Members 

SMI03 

Rod Ingram, Oregon Department of Fish and Wildlife 
Fred Hansen, Oregon Department of Environmental Quality 
Ted Kulongoski, Oregon Attorney General 

.• .-... 



Spill and Nitrogen Supersaturation 

Fact Sheet 

• Spill at dams can cause nitrogen supersaturation. (Lindroff, 1957) 

• The federal and state EPA standard says that nitrogen supersaturation levels should not 
exceed 110 percent. (EPA 440/5-86-001, 1986) 

• Gas bubble disease has been identified as a major problem affecting valuable stocks of 
salmon and trout in the Columbia River system. (Rulifson and Abel, 1971) 

• When either juvenile or adult salmonids are confined to shallow water (1 meter), 
substantial mortality occurs at and above 115 percent total dissolved gas saturation. 
(Ebel, et al., 1975) 

• When either juvenile or adult salmonids are free to sound and obtain hydrostatic 
compensation, substantial mortality still occurs when saturation levels (of total dissolved 
gases) exceed 120 percent saturation. (Ebel, et al. 1975) 

• Exposure at 120 percent saturation for 1.5 days results in over 50 percent mortality for 
spring chinook and steelhead. (Dawley and Ebel, 1975) 

• 115 percent nitrogen saturation is the threshold level where significant mortality began. 
(Dawley and Ebel, 1975) 

• Gas saturation above 115 percent is acutely 11'.tllal to niost specil'!s of salmo1)ids, with J.20 
percent being rapidly lethal to all salmonids tested. (Bouck, et al., 1975) 

• A decrease in lethal effect occurred when the nitrogen content fell below 109 percent 
even though the total gas saturation (oxygen and nitrogen) was at 119 percent. (Rucker, 
1974) . 

Note: Citations available upon request. 

PNUCC May 11, 1994 · SM219 
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DEPARTMENT OF ENVIRONMENTAL QUALITY IJ' MAJ 1 ( 1994 ~ 
The Environmental Quality Commission 
811 SW Sixth Ave. Via FAX (503) 229 585QOF'f1Ctl Pfl trFIE DJffEOllil 
Portland, OR 97204 

RE: Continuation of Emergency Spillway release program 

Dear Commissioners: 

On behalf of the NORTHWEST SPORTFISHING INDUSTRY 
ASSOCIATION, I would like to express our strong support for the 
continuation of the emergency spill over the Columbia River dams 
during the outmigration period of juvenile salmon. NSiA is a trade 
organization representing hundreds of businesses and thousands of 
jobs in the Northwest dependent on and dedicated to healthy fishery 
resources. 

The charters and guides, bait houses, marinas, marine suppliers, 
shopping centers, wholesalers, retailers, distributors, manufacturers, 
manufacturers representatives and "mom & pops" that NSIA 
represents, view the declining salmon and steelhead runs on the 
Columbia River as a driving force in business closures and failures 
in both sportfishing and commercial businesses along the west coast 
from northern California to Alaska. In addition, our businesses inland, 
from manufacturing to retailing accross the United States are severely 
impacted, by the loss of millions of salmon in the Columbia System. 

Fishing closures and restrictions will continue to impact our 
economy with hundreds of millions of lost dollars until the operation of 
the hydro system is substantially altered for fish passage. Years of 
data collected and studied by the fish passage center have shown 
direct and substantial-correlation between years of high flow and spil! 
with increased adult returns. 

According to the Detailed Fishery Operating Plan developed by the 
Columbia Basin Indian Tribes and the State and Federal Fish & 
Wildlife Agencies, there is no uncertainty in the NEED FOR 
INCREASED FLOWS AND REDUCED MORTALITY AT THE DAMS 
FOR JUVENILE PASSAGE AND SURVIVAL. The DFOP represents 
the best hope our industry and the salmon have for recovery based on 
a consensus of technical advisors in state, federal and tribal agencies. 

We are facing an unprecedented crisis requiring measures that go far 
beyond what has been done for fish passage in the past. The DFOP 
emphasizes protection of all salmon stocks in the following manner: 

/" 
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page 2, EQC RE: Dam Spill Program 
May 17, 1994 

• supports flexibility in hydro-system management to optimize migrant protection 
based on real time monitoring of biological, environmental and migratory stock 
conditions for daily in-season management 

• emphasizes spill to maximize juvenile salmon survival based on 80% Fish Passage 
Efficiency 

• Supports flexible dissolved gas supersaturating tolerance depending on biological 
and physical monitoring to optimize passage survival through improvements in 
dissolved gas monitoring systems · 

The spill program is the best recommendation that agencies could assemble to 
optimize survival of juvenile migrants. ODFW and other fishery analysts show that 
spill would double the survival of the juveniles migrating in river. 

While dissolved gas can be a problem, this program is coupled witti a detaiied and 
effective monitoring program to detect and correct any occurrences of gas bubble 
trauma. As has been shown by Jensen, et al (1986) and Alderdice and Jensen (1985) 
GBT is related to other factors in addition to a particular "gas supersaturation 
standard". The factors contributing to GBT can also include: length of time of 
exposure, barometric pressure, compensation water depth, temperature, 
oxygen/nitrogen ratios, species, fish size, conditions and life history stage. 

The current spill program is not expected to produce any dissolved gas levels 
that are not already commonly occurring in routine operations of these dams. 

Perhaps the real issue of concern today, is not the "smokescreen" issue of gas bubble 
trauma. Without a doubt, there has been many time in the past where operation of the 
hydro-system was in violation if EQC standards. The real issue here in the minds of 
the board of directors of NSIA and the businesses that we represent is: How is it that it 
took a federal court case by the states and tribes to get the desperately needed spill for 
fish survival and enhancement? The agencies should have done this long ago. 

This spill program is the first ray of light and hope for an industry that, until recent 
closures, generated a billion dollars in income fo ttm; region. The fish, and the 
industries I represent are waiting for the promises made when the dams went in to be 
kept. 

Sincerely, 

~~mdftJN 
Executive Director 

cc: Defazio, Furse, Wyden, Kopetski, Cantwell, Swift, Unsoeld, Dicks, McDermott, 
Kriedler, Hatfield, Packwood, Murray, Gorton, Stevens, Murkowski 
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DEPARTMENT OF ENVIRONMENTAL QUALITY 
The Environmental Qualify Commission 
811 SW Sixth Ave. 
Portland, OR 97204 

RE: Emergency spillway release program 

Dear Commissioners: 

Eugene, OR 97440-3370 
Tel: (503) 689-2000 
Fa" (S03) 689-2500 

May 16, 1994 
VIA FACSIMILE 

PCFFA is the largest organization of commercial fishermen on the west 
coast, representing thousands of working men and women in the Pacific 
Fleet. We are an industry group representing thousands of jobs and 
hundreds of millions of dollars to this region. 

The future of salmon in the Columbia is of vital importance to our 
membership .and our industry as a whole. Many recent salmon closures have 
been the direct result of the destruction of salmon runs in the Columbia, 
once the most productive salmon river in the world. Columbia River salmon 

·swim far south and far north, and salmon fisheries throughout the coast 
including Alaska have been severely restricted each year in efforts to 
avoid taking threatened and endangered Columbia and Snake River fish, 
costing many tens of millions of dollars in lost opportunities each year. 

We urge you to continue the emergency spills over the Columbia dams to 
increase salmon outmigration survival. While there are concerns with 
nitrogen supersaturation, it is also clear that many of these problems can 
be avoided with appropriate monitoring and timing. To date NMFS and the 
Corp. of Engineers have successfully kept gas saturation levels within 
biologically acceptable ranges, and there is no reason to believe they 
cannot continue to do so. 

Claims of scientific uncertainty in the need for increased flows are 
bunk. These arguments are nothing more than a self-serving smokescreen 
raised by industries far less impacted than our own. The scientific 
literature has clearly established a direct relationship between flow rates 
and smolt survival. This relationship has been well established since the 
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Environmental Quality Comm. 
RE: Dam spill program 
May 16, 1994 

work of Sims and Ossiander (1981) and confirmed in a. number of other 
studies since then. Frankly it should come as no surprise that salmon need 
flowing water for their survival. Claims of "scientific uncertainty" on 
this point are hardly credible. 

Likewise costs attributed to the program are largely mythical. We are 
already entering a period of lower demand for electricity as days get 
longer and warmer. During such low demand periods in the past spills have 
been quite common, up to 100% of inflow at times. Electrical production 
capacity often exceeds demand during such times. When that happens, water 
has to be released and turbines shut down in any event. Cost claims of $25 
million or more are merely hypothetical "lost revenues" which often could 
not be realized in any event in the real world. 

The Columbia River Alliance's grossly inflated estimates of rate 
increases are also utterly baseless -- even costs of $25 million or more 
can be easily absorbed in light of BPA's $3 billion annual sales. Any rate 
increases necessary specifically for this program would be very minor, 
probably on the order of 1% or less, .!i_ necessary~ all. CRA' s "freeze in 
the dark" doom and gloom rhetoric is just so much hot wind. Even modest 
conservation efforts could easily offset any actual power losses which 
might occur. 

Furthermore, consider the costs to the region which have already 
resulted and which result every year from losses to the fishing ind us try of 
millions OT""salmon killed by the dams. The dams account for up to 90% of 
all human induced mortality. According to Power Planning Council figur.es 
and other studies, the hydropower system kills the. equivalent of between 5 
million and 11 million adults each year by its very existence -- fish that 
otherwise would be available for harvest. This means direct losses to the 
regional economy each year ~ the order of hUUdreds of millions .£!. dollars! 
The hatchery stocks intended to replace these lost fish have proven less 
able to survive in the wild and more disease prone each successive 
generation and have largely collapsed. We need the genetic pool of these 
wild stocks to rebuild lost runs, and cannot truly replace them with 
artificial propagation. Restoring even a fraction of these wild runs will 
restore thousands of jobs and hundreds of millions of dollars to this 
region. 

Even greater returns to the regional economy would occur once current 
catch restrictions imposed in the highly productive Alaskan fishery to 
avoid incidental catch .of listed Snake River chinook can be relaxed. 
Alaskan fishermen lose many millions of dollars each year as a result of 
efforts to save these severely depressed wild stocks. Increasing these 
populations can only be accomplished, however, through increased outmigrant 
smolt survival rates. This requires increased flows. All other approaches 
have already been tried and have clearly failed. 
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Environmental Quality Comm. 
RE: Dam spill program 
May 16, 1994 

Obviously anything that can be done to reconfigure the operation of 
the hydropower system so as to increase outmigrant smolt survival will 
amply repay the regional economy for whatever costs are incurred. Even a 
cost of $25 million or more, if understood in its true economic context, is 
relatively minor compared to the economic benefits this investment will 
likely generate. It is also only a fraction of t.he annual costs of barging 
and other transportation methods which have proven to be little more than 
costly boondoggles. 

There have been accounts in the press indicating that '"industry is 
opposed to continuing the spill program.'" This is untrue. Only ~ 
industries, such as the aluminum industies and irrigators, have opposed 
such measures. They have done so mainly to preserve power and water 
subsidies now provided to them at enormous government and taxpayer expense. 
The industry which has been most impacted -- the fishing industry -­
strongly favors increased flow rates and· spill programs such as currently 
are underway. These are investments in the future of the region which will 
be more than repaid in economic benefits over the next few years. 

GHS/lt 
Cc: Congressmembers: 

DeFazio 
Furse 
Wyden 
Kopetski 
Cantwell 
Swift 
Unsoeld 
Dicks 
McDermott 
Kreidler 

Senators: 
Hatfield 
Packwood 
Murray 
Gorton 
Stevens 
Murkowski 
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May 16, 1994. 

MEMORANDUM 

G 0 N 

TO: Environmental Quality Commission 

FROM: B.M. Bakke 

T R 

SUBJECT·: Temporary rule for TDG in Columbia River 

--------------------~-----------------------------

0 u 

Oregon Trout .appreciates the opportunity to comment on the 
matter of the total dissolved gas standard for the Columbia 
River. On May 9, 1994, the Environmental Quality Commission 
adopted a temporary standard on TDG, allowing standard for 
nitrogen to increase from 110% up· to 130%. of saturation. This 
action was taken to allow an emergency spill of water over hydro­
dams to pass juvenile salmon. 

According to National Marine Fisheries Service research 
conducted by Mr. Earl Dawley and Mr. Wes Ebel in 1975 (Studies on 
Effects of Supersaturation of Dissolved Gases on Fish, Final 
Report), 110%'of saturation is probably the greatest amount of 

- nitrogen supersaturation that can be justified, and it was based 
on studies 'like this one that the fish agencies sought adoption 
of the present standard. · 

I would like to share with you some findings from this 
study. 

• The study was conducted by exposing fish to a specific 
level of nitrogen supersaturation for a specific period 
of time or until 50%.of the test fish died. 

• For 110% nitrogen supersaturation, the mortality did 
not reach the 50% level. (This means there were 
mortalities) 

• For 118% nitrogen supersaturation, gas bubbles 
collected within 2-6 hours in the lateral line. The 
authors noted that this would have an adverse effect on 
survival. 

• For 120% nitrogen supersaturation it took .8 days for 
salmon and steelhead to reach the 50% mortality' level. 
The authors note that this level created functional 
blockage of gill capillaries, causing breathing stress 
in the fish. 

...., 
To Protect and-Restore NatiFe Fish-and-tbeir Ecosyste1ns_. '-~ 
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• For 130% nitrogen supersaturation, 50% of the fish died 
in 24 hours. Gas bubbles appeared in the lateral line 
within 2 hours of exposure. At 105% nitrogen 
supersaturation it took 24 days for gas bubbles to 
appear in the lateral line. 

• The research found that steelhead were the most 
sensitive to gas supersaturated water followed by 
sockeye and then chinook. The Snake River sockeye is 
listed as an endangered species and the Snake River 
spring, summer, and fall chinook are listed as a 
threatened species. However, Oregon Trout has 
requested that the chinook be listed as endangered and 
the NME'S is reviewing the status of these fish. 
Steelhead .. have been petitioned for listing. under the 
Endangered Species Act. 

• Social interaction and turbid water caused fish to have 
trouble avoiding nitrogen supersaturated water by 
diving deeper in the water column. 

• Exposure to 120% saturation for 1.5 days resulted in 
over 50% mortality, and 100% mortality occurred in less 
than 3 days. They also documented that the threshold 
level where significant mortalities begin occurring is 
at 115% nitrogen saturation. 

o Bouck et. al. (1975) showed that gas supersaturated 
water at and above 115% total gas saturation is acutely 
lethal to most species of salmonids, with 120% 
saturation and above rapidly lethal to all salmonids. 

RECOMMENDATION: 

While Oregon Trout supports the use of spill as a means to 
improve the survival of juvenile salmon and steelhead at hyrdo 
dams on the Columbia and Snake rivers, excessive levels of 
nitrogen saturation .could impair survival by gas bubble disease 
caused mortality. Also, adult salmon and steelhead do not 
recover from gas bubble disease. A standard for nitrogen 
supersaturation must be responsive to the survival of both 
juvenile and adult salmonids. It is Oregon Trout's recommendation 
that the standard of 110% of saturation for nitrogen be 
reinstated, since that is the threshold where increased mortality 
for salmonids begins. A threshold should be set at the point 
where there is some safety margin rather than at a point where 
·there is measurable mortality. Every effort should be made to 
keep nitrogen below 120% of saturation. By using 110% as the 
threshold, actions should be taken to mediate increases above 
that point. An intensive monitoring program must be in place to 
make sure that excessive nitrogen and gas bubble disease are 
controlled. 



COLUMBIA RIVER INTER-TRIBAL FISH COMMISSION 
729 N.E. Oregon, Suite 200, Portland, Oregon 97232 Telephone (503) 238-0667 

Fax (503) 235-4228 

TESTIMONY OF THE COLUMBIA RIVER INTER-TRIBAL FISH COMMISSION 

BEFORE THE 

OREGON ENVIRONMENTAL QUALITY COMMISSION 

AND THE 

WASHINGTON DEPARTMENT OF ECOLOGY 

Summary Statement of Position 

The Columbia River Inter-Tribal Fish Conunission (CRITFC) 
appreciates this opportunity to provide conunents in strong support 
of the ongoing spill program to increase juvenile salmon survival 
through the Snake and Columbia river mainstem hydro-system. The 
CRITFC also supports temporarily amending or modifying Oregon and 
Washington water quality standards to allow total dissolved gas in 
the Columbia and Snake Rivers to exceed 110% saturation. 

The CRITFC urges the Oregon Environmental Quality Conunission 
(EQC) and the Washington Department of Ecology (WDOE) to either 
adopt temporary rules or issue variances amending their standards 
for total dissolved gas to permit spill of water at Columbia and 
Snake River Corps of Engineers projects to achieve 80 percent fish 
passage efficiency, for the duration of the 1994 juvenile salmon 
migration, at least through September 30, 1994. In achieving this 
80 FPE goal, we support the use of biological monitoring, as 
proposed by the Fish Passage Center, to allow the controlled 
increase of total dissolved gas until the 80 FPE goal is achieved 
or until significant impacts on salmon are observed in accordance 
with the monitoring program; whichever is more protective of the 
salmon beneficial use. We also support requirements that 
hydroelectric project operators, upon the request of federal, state 
and tribal fishery managers, take inunediate actions to reduce total 
dissolved gas levels if monitoring shows significant increases in 
fish mortality. 

Introduction 

It may seem ironic that traditionally strong advocates of 
strict adherance to water quality standards are now supporting 
"weakening" the standard for total dissolved gas. However, over 
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the last 60 years, the Columbia River, once perhaps the most 
productive chinook producer in the world, has become so altered by 
human activities that only remnant runs of salmon remain. Numerous 
large hydroelectric projects have been constructed rendering the 
river so hazardous to salmon that "born again" advocates of total 
dissolved gas standards, such as the Direct Service Industries, 
argue that the best way to save salmon is to remove them from the 
river entirely and barge them downstream. 

Given that the Columbia and Snake rivers have been so heavily 
altered by human activities, it is essential that the EQC and the 
WDOE take a practical approach in identifying and modifying water 
quality standards. The bottom line should be to do what is best to 
fully protect beneficial uses, in this case the salmon resource. 
Absent dam removal or dam re-configuration to mimic natural river 
flow during selected times, 1 the only way juvenile anadromous fish 
can reach the sea is: (1) through dam turbines; (2) through 
mechanical bypass systems and be bypassed to the river or 
transported via truch or barge; or (3) go over the dams via spill. 

Until adult Snake River spring chinook runs crashed this year, 
the federal government's preferred method was to barge as many out­
migrating juvenile salmon as possible. The federal water and power 
managers have avoided the use of spill as a solution because 
spilled water does not generate electricity. At various times, 
some federal water managers have also cited the need to comply with 
state water quality standards for total dissolved gas as 
justification for their refusal to spill water at the request of 
federal, state, and tribal fishery managers. The unfortunate irony 
is that the Columbia River system has been so altered by dams that 
the states' water quality criteria currently serve the interests of 
those wishing to maximize power generation, rather than the 
interests of the salmon the criteria were intended to protect. 2 

With the unprecedented decline in threatened adult spring 
chinook this year, and substantial uncertainty regarding the 
effectiveness of juvenile transportation, the federal government 
has now listened to the requests of Idaho, Oregon, Washington, and 
tribal fishery managers. It has rightfully decided that a 
carefully implemented and monitored spill program must be 
implemented in order to assure the survival of as many listed 
salmon as possible. Although it is likely that this spill program 
may result in violations of Oregon and Washington numeric criteria 

This option is currently under study by the Corps of 
Engineers, in consultation with the federal, state, and tribal fish 
managers. 

2 For example, the Corps of Engineers routinely implements 
"forced spill" to deal with power load distribution problems, 
contrary to the recommendations of salmon managers. 
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for total dissolved gases, this spill program will enable 
significantly more listed salmon to survive, mature to adulthood, 
and spawn. The CRITFC firmly believes that implementation of this 
spill program is the best way to fully protect the salmon 
beneficial use. 

Interest of the Columbia River Inter-Tribal Fish Commission 

The Columbia River Inter-Tribal Fish Commission was created by 
the Confederated Tribes of the Warm Springs Reservation of Oregon, 
the Confederated Tribes of the Umatilla Indian Reservation, the 
Confederated Tribes and Bands of the Yakima Indian Reservation, and 
the Nez Perce Tribe. These four tribes possess rights reserved by 
treaty with the federal government to take fish destined to pass 
their usual and accustomed fishing places. Among these fish are 
the anadromous species originating in the Columbia River and its 
tributaries. 

The importance to the Commission's member tribes of their 
treaty-reserved right to take fish cannot be over-emphasized. The 
salmon are the heart of their culture and "not much less necessary 
to the existence of the Indians than the atmosphere they 
breathed. 113 It is indisputable that the right to take fish is 
meaningless unless there are fish to be taken. On this basis, the 
Commission and its member tribes have put their heart and soul into 
working with the state and federal regulatory system to rebuild 
Columbia basin anadromous fish runs so that the tribes would again 
be able to fully exercise their treaty rights to take fish as they 
once had. The tribes and their scientific experts have worked 
extensively with state and federal agencies to, among other things, 
decrease salmon mortality caused by Columbia and Snake river 
hydroelectric projects and to protect and improve water quality 
throughout the Columbia basin. 

The tribes have not simply pointed fingers at others in order 
to rebuild the runs upon which their treaty rights depend. The 
tribes have not implemented commercial fisheries on summer chinook 
since 1964 or spring chinook since 1977. On these runs, the 
tribes' harvest has been restricted to low levels for ceremonial 
and subsistence purposes only. 4 Despite these efforts and 
sacrifices, the salmon runs have continued to plummet. Clearly, 
harvest restrictions alone will not rescue the salmon from their 
extremely disturbing decline. The tribes' treaty rights to take 
fish can only be restored if the anadromous fish beneficial use 
once again flourishes in the Columbia basin. 

3 United States v. Winans, 198 U.S. 371, 381 (1905). 

4 A similar restriction on a rancher would only permit grazing 
cattle that would be consumed by the rancher and his extended 
family. 
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The Benefits of Spill to the Anadromous Fish Beneficial Use 

Spill is the preferred alternative for dam passage and 
provides the best available protection for the anadromous fish 
beneficial use. As concluded by a peer review team of independent 
scientists, "[t] ransportation alone, as presently conceived and 
implemented, is unlikely to halt or prevent the continued decline 
and extirpation of listed species of salmon in the Snake River 
basin" (Mundy et al. 1994). 

The spill program, developed by the federal, state, and tribal 
fishery managers, is designed to improve survival of salmon. The 
overall objective is to assure that 80 percent of the juvenile 
salmon reaching each dam will be spilled over the dam spillways 
thereby avoiding the extremely high mortalities caused by 
hydroelectric turbines. This is not some untried "experiment. " 
For the last decade, substantial spill for juvenile migrants has 
been implemented at all mid-Columbia PUD projects through 
settlements and stipulations via the FERC re-licensing process. In 
addition, substantial controlled spill has been routinely 
implemented at Corps of Engineers projects, including Ice Harbor, 
The Dalles, and Bonneville dams. 

Controlled spill and stringent monitoring protocols, as 
provided by the federal, state, and tribal fishery managers' 
program, will provide the best possible means of passage survival 
for migrating juvenile salmon. Extensive studies at mainstem dams 
throughout the basin document that juvenile mortality from spill 
ranges from 0-3 percent (Raymond 1988; NWPPC 1986; Holmes 1952; 
Ledgerwood et al. 1990). Spill also disperses predators from the 
forebay and tailrace areas thereby improving the chances of 
survival of salmon which are temporarily disoriented by being 
mechanically bypassed or run through dam turbines (Faler et al. 
19 88) . 

After installation of spill deflectors, the historical record 
demonstrates that better adult returns followed from juveniles 
which migrated under high flow and high spill conditions (Fish 
Passage Center SOR-19, 1994). Four of the five best adult return 
ratios for Snake River spring and summer chinook from 1974 to 1989 
occurred in 1975, 1982, 1983, and 1984. It is noteworthy that 
spill levels during these years were substantially higher than 
those currently being implemented. The spill levels presently 
being implemented will not result in harm to the salmon beneficial 
use due to excessive total dissolved gas. 

Past Spill Has Often Exceeded What Is Currently Proposed 

When compared to past years, the levels of spill being 
implemented in 1994 are substantially less than what occurred in 
the late 1970's and early 1980's, or even the spill that occurred 
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in 1993. The 
"unprecedented" as 
the Direct Service 

spill being implemented in 1994 is not 
alleged by some federal project operators and 
Industries. 

For example, in 1993, high run-off late in the spring chinook 
migrating season forced dam operators to spill at rates 
considerably above those proposed for this year. 5 Juvenile salmon 
were inspected for signs of gas bubble trauma as part of the smolt 
monitoring project. No incidence of gas bubble trauma was observed 
until spill reached levels greatly in excess of those currently 
being implemented (DFOP; Appendix 6 1993). Since 1994 spill levels 
will continue to be far less than those experienced in 1993, and 
thorough biological monitoring is in place, we believe that 
implementing the spill program in 1994 will pose little risk of 
causing gas bubble trauma in adult and juvenile salmon. 

Threat of Gas Bubble Trauma 

As we understand it, the primary purpose of the total 
dissolved gas water quality standard is to protect the salmonid 
beneficial use by preventing mortality from gas bubble disease. As 
noted by a thorough review of the relevant scientific literature, 
"[h]igh levels of gas supersaturation are dangerous to migrating 
salmonids, and can cause gas bubble disease [trauma] a potentially 
lethal condition where dissolved gases in the blood come out of 
solution and form bubbles in various external and internal 
tissues. " See Fish Passage Center, Impacts of Dissolved Gas 
Supersaturation on Columbia and Snake River Anadromous Fish 
(September 1993) at 1 (Hereinafter "FPC, Dissolved Gas Review"). 

It is well documented that spilling water over dams causes 
increases in total dissolved gas supersaturation. Id. How this 
impacts anadromous fish is related to a variety of factors. In its 
literature review, the Fish Passage Center concludes that: 

It is clear from a review of the literature that the 
impacts of dissolved gas [on] anadromous fish depend on 
a combination of factors: the level of supersaturation, 
exposure time, water depth and temperature, and fish 

5 Although total dissolved gas reached levels far above those 
permitted by Oregon and Washington water quality standards, (DFOP; 
Appendix 6 1993), we are not aware of any attempts by either the 
federal water managers or the Direct Service Industries to seek 
variances or temporary rules from the EQC or WDOE. In contrast, 
the federal water managers and the Direct Service Industries appear 
to find compliance with state total dissolved gas standards to be 
extremely important when water that could be used for power 
generation is instead proposed for controlled spill to protect 
fish. 
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condition. Intermittent exposure to high dissolved gas 
levels increases the ability of fish to tolerate 
supersaturated conditions, and does not necessarily 
result in gas bubble disease [trauma] or mortality. 
Adult and juvenile fish have been found to be sensitive 
to dissolved gas levels and will sound to compensate or 
otherwise avoid supersaturated conditions if given the 
opportunity. Except at very high levels of 
supersaturation (equal to or greater than 125% total 
dissolved gas), or when fish are not able to compensate 
by sounding, mortality occurs after exposure times on the 
order of many days to weeks. 

The current debate over how to best protect fish from 
exposure to harmful levels of dissolved gas 
supersaturation must take into account that the Columbia 
river system and the response of fish to dissolved gas 
are complex, and also that the danger from dissolved gas 
is just one of a range of interconnected dam-related 
obstacles to safe fish passage. Management decisions 
regarding decreasing spill to reduce dissolved gas 
saturation levels must include a comparative risk 
assessment, since spill has been shown to be one of the 
safest ways to pass juvenile fish through dams. 6 In 
addition, the length of exposure, and constancy of 
dissolved gas levels must be considered in order to 
assess risk. It is safe to assume that most migratory 
fish will experience high dissolved gas on an 
intermittent basis in the river where their ability to 
sound should rarely be hampered, and should therefore 
have an increased chance of survival. In addition, high 
dissolved gas is associated with high spill, which 
usually is due to high flows. High flows result in rapid 
travel times for juvenile fish, which serve to reduce 
exposure time, a critical element in determining whether 
a fish will succumb to gas bubble disease. 

See FPC, Dissolved Gas Review at 7. 

Turbine and Mechanical By-Pass Mortality 

As noted by the Fish Passage Center, the risk of gas 
supersaturation mortality caused by spill must be compared with the 
threat to the beneficial use posed by the other limited 
alternatives available to juvenile salmon originating in the Snake 

6 United States Army Corps of Engineers. 1991. Bonneville 
scond powerhouse operation decision document. North Pacific 
Division, Portland, Oregon. p. A-7. 
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River who must somehow make their way past eight hydroelectric 
dams7 in order to reach the sea. 

Juvenile salmon that are neither trucked, barged, spilled, or 
mechanically bypassed must go through the turbines. Studies 
indicate that at each of these eight dams, approximately 10-30 
percent of all juvenile salmon passing through the turbines are 
killed (NWPPC 1986; DFOP 1993; Raymond 1988). 

Mechanical bypass systems such as fish screens, which have not 
been installed at all dams, guide and collect approximately 19-75 
percent of all spring migrant juvenile salmon (Ceballos 1992) . Of 
those spring migrant juvenile salmon that are guided and collected, 
approximately 1.5-2.5 percent die (Monk et al. 1991). Juvenile 
salmon not successfully guided and collected by mechanical bypass 
systems must go through the turbines and suffer the turbine 
mortality rate (10-30%) discussed above. 

For summer migrant juvenile salmon, such as fall chinook, 
which are significantly more depressed than spring and summer 
chinook, mechanical bypass systems are much less effective. 
Mechanical bypass systems guide and collect only 8-35 percent of 
summer juvenile migrant salmon (Ceballos 1992) . Mortality of those 
summer migrant that are successfully guided and collected in the 
mechanical bypass systems ranges from 2.4-9 percent (Dawley 1991; 
WDF 1992) . 

Transportation 

Since 1985, over 25 million spring and summer chinook, over 
140, 000 subyearling chinook, and approximately 114, 000 sockeye 
salmon have been transported from the Snake River at Lower Granite 
and Little Goose dams. Since these stocks continue to be on a 
declining trend, continuation of the transportation program should 
not be expected to reverse this trend. This conclusion is 
supported by Mundy et al. 1994: "[t]ransportation alone, as 
presently conceived and implemented, is unlikely to halt or prevent 
the continued decline and extirpation of listed species of salmon 
in the Snake River basin." 

Transportation was thoroughly debated and rejected as the 
means for bypassing smolts around Priest Rapids and Wanapum dams in 
the mid-Columbia. After years of litigation, FERC Administrative 
Law Judge Grossman ruled that transportation would not provide for 
adequate survival of juvenile spring, summer, and fall chinook and 
sockeye salmon and, until adequate mechanical bypass systems could 
be developed and installed, ruled that substantial spill for spring 
and summer migrants must be implemented. Grant County P.U.D. v. 
Washington Department of Fisheries, Initial Decision at 25-26 

7 Some fish in the upper Columbia must overcome nine dams. 
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(March 23, 1992). 

Monitoring Adult and Juvenile Salmon 

The federal, state, and tribal fishery managers are well aware 
of the potential threat to the anadromous fish beneficial use of 
gas bubble disease resulting from high levels of total dissolved 
gas. For this reason, they have directed the Fish Passage Center 
to establish an extensive program for monitoring juvenile and adult 
salmon (including steelhead) for signs of gas bubble trauma. The 
spill program can be immediately modified based upon the results of 
the Fish Passage Center's monitoring program. 

The Temporary Rule and /or Variance Should Extend Through the 
1994 Spring and SW11111er Juvenile Salmon Migrations 

The 
temporary 
extension 
temporary 

Environmental Quality Commission should 
rule at least until September 30, 1994. 

extend the 
Such an 

allows is consistent with ORS 183. 335 ( 6) (a) , which 
rules to be effective for a maximum of 180 days. 

The Detailed Fishery Operating Plan (DFOP) developed by state 
and tribal fishery mangers, including ODFW and CRITFC, depicts the 
observed spring (yearling chinook, sockeye, steelhead) and summer 
(subyearling chinook) juvenile salmon migrations at each of the 
eight Corps of Engineer's dams on the mainstem Snake and Columbia 
rivers. Figure 4 in appendix 1-A of the DFOP shows that 
subyearling chinook are observed actively migrating through mid­
September at Bonneville Dam. Likewise, Figure 2 in appendix 1-D of 
the DFOP shows that subyearling chinook are observed migrating at 
McNary Dam through mid-September. A copy of the DFOP is attached 
for your reference and inclusion in the record. 

In order to protect the subyearling migration ODFW and CRITFC, 
through the DFOP, have recommended that spill be provided to 
achieve 80% FPE for "all migrants." DFOP at 5. Appendix 7 
specifies the spill dates for spring and summer spill programs for 
each of the eight dams. The ending date for the summer spill 
program specified for each dam is August 31, 1994. At a minimum, 
any temporary rule/variance should be effective through August 31. 
However, since subyearling chinook are almost certain to be 
migrating through mid-September, it would be prudent to extend the 
administrative action until September 30. 

The subyearling chinook include Snake River fall chinook, as 
well as summer and fall chinook populations from the mid- and 
lower-Columbia. For a variety of reasons, spill makes sense for 
subyearling chinook. 

Bypass systems (submersible traveling screens) have 
demonstrated relatively poor (8%-35%) guidance efficiencies at 
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these projects. Thus, without spill most subyearling chinook 
will pass through turbines. 

No research has been undertaken to demonstrate the 
effectiveness of transporting the subyearling chinook listed 
under the ESA. 

Transportation of subyearling chinook directly from Lyons 
Ferry hatchery, located on the Snake River, produced 
excessively high stray rates and was discontinued. 

Spill has been shown to disperse predatory fishes in the 
tailrace of McNary Dam. Because summer is a period of 
heightened predator activity, predator dispersal should 
significantly benefit subyearling migrants, including those 
that have passed through turbines. 

Studies at Bonneville second powerhouse using subyearling 
chinook showed that the mortality associated with passage of 
the project via spill was not statistically detectable, 
compared to passage via turbines and bypass. In other words, 
spill is a safe route of passage by the dam. 

Response to Affidavit of Wesley J. Ebel 
Submitted by DSI's 

The Direct Service Industries (DSI's) have submitted an 
affidavit from their consultant, Wesley J. Ebel, in which he 
generally asserts that, in his personal opinion, exposure to 
increased gas supersaturation incidental to the proposed spill plan 
poses "unacceptable" risks to migrating salmon in the Columbia and 
Snake Rivers. We have reviewed Mr. Ebel's affidavit, and find many 
of his assertions and conclusions seriously flawed, or patently 
misleading. To support his opinions, Mr. Ebel selectively cites 
studies and scientific literature, and ignores studies and 
literature contrary to his opinion, which establish that the spill 
proposal will not harm migrating salmon. 

Mr. Ebel also fails to show that the studies he cites to form 
his opinion, conducted under constrained laboratory conditions, 
apply to the actual in-river environment. Absent such a showing, 
Mr. Ebel's assertions and conclusions are extremely misleading. 
The following comments specifically address and refute assertions 
and conclusions Mr. Ebel makes in his affidavit. 

In paragraph 4 of his affidavit, Ebel states that sublethal 
effects, such as poor swimming performance, occur at dissolved 
gas levels as low as 106%. This conclusion is based on an 
experiment where decreased swimming performance was observed 
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only after chinook were held in tanks only 0.25m deep for 35 
days (Dawley and Ebel). The other study cited observed 
decreased swimming performance when fish were held in shallow 
tanks with 120% saturation. 

In paragraph 5, Ebel discusses mortality thresholds for 
juvenile salmonids established in laboratory experiments. 
Thresholds determined under laboratory conditions have limited 
application to in-river migrants, which are exposed to 
radically different conditions. Additional variables such as 
length of exposure, swimming depth, species and fish condition 
are critical in determining the impacts of dissolved gas on 
fish (Ebel et al. 1975; Weitkamp and Katz 1980; Jensen et al. 
1986). The interplay between environmental and behavioral 
variables allows higher tolerance than is evident from 
bioassays (Bouck 1980) . 

There is no evidence that fish are impacted by 110% dissolved 
gas level in the Columbia and Snake Rivers. Researchers have 
shown that even in shallow water, where fish cannot avoid gas 
supersaturation, fish can tolerate 110% total dissolved gas 
supersaturation for as long as 35 days (Dawley and Ebel 1975; 
Meekin and Turner 1974; Bouck et al. 1976; Bouck 1980; FPC 
1993). The U.S. Army Corps of Engineers, in its 1986 Water 
Management Report, observed that although 110% was commonly 
exceeded, "there were no reported visible damages to fish." 

In paragraph 6, Ebel claims that significant mortality was 
observed in "deep tank" tests. This is misleading. Dawley et 
al. (1976) observed 4% mortality in "deep tanks" (2.5m) after 
60 days, 67% mortality after 60 days at 124% saturation, and 
97% mortality after 60 days at 127% saturation. However, when 
spring chinook were held in tanks 9-10 meters deep for 37 days 
at 133% saturation, no gas related mortality was observed 
(Dawley et al. 1975). 

In paragraph 7, Ebel concludes that juvenile salmonids cannot 
detect and avoid supersaturation by sounding. Ebel ignores 
studies that show that juvenile salmonids can detect and avoid 
gas supersaturation by moving both vertically and laterally. 
Dawley et al. (1975) followed vertical movement in juvenile 
salmonids in tanks of various depths, and noted that they 
would sound to avoid supersaturation, but judged that it was 
not sufficient to prevent mortality. Review of their results 
indicates that the ability of fish held at higher densities in 
intermediate depth tanks (2.5m) to sound to sufficient depths 
to prevent mortality was complicated by territorial 
interactions. However, it appears that fish held in reduced 
densities in tanks of 9-10 meters were able to sound to depths 
sufficient to prevent mortality. 
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Bouck et al. (1976) reported that fish could avoid 
supersaturated water (from Meeker and Turner 1975) . 

In tests by Weitkamp (1976), survival of juvenile chinook in 
cages that allowed fish to range from the surface to depths of 
2, 3, and 4m increased substantially over fish held within lm 
of the surface. This indicates that fish were able to sound 
to obtain hydroacoustic compensation. 

Alderice and Jensen (1985) tested juvenile salmon in 3m deep 
cages, and found that vertical distribution decreased as 
dissolved gas saturation increased up to 110-112%. 

Modelling by Jensen et al. (1986) indicated that "for the 
range of depth (0.1 to 1.0 m) modeled, fish appear to use a 
significant portion of the water column available to them, 
thereby finding protection against gas supersaturation." 

Stevens et al. (1980) found that coho, sockeye, and chinook 
salmon smolts and juvenile rainbow trout actively avoided 
supersaturation levels of 125 and 145%. 

Studies also show that juvenile chinook move laterally to 
avoid gas supersaturation. In tests where fish were able to 
move laterally between supersaturated and equilibrated water 
in a shallow trough, chinook avoided the supersaturated water. 
(Dawley et al. (1975). 

Adult spring chinook also avoid supersaturated water. Grey 
and Haynes (1977) used radio tags to follow adult in-river 
swimming depths. They found that the adult spring chinook 
spent 89% of the time below the critical zone (where they 
might be expected to be impacted by the dissolved gas levels) 
in supersaturated water. They also observed that under 
equilibrated conditions in 1976 and 1977, fish swam at 
significantly shallower depths than when supersaturation 
conditions existed. 

In paragraph 12, Ebel states that in years of serious 
dissolved gas problems in the 1960's and 1970's, it was 
"uncommon for large numbers of migrants to be observed with 
gas bubble disease symptoms." This is false. In 1968, 25-68% 
of each species of juvenile migrants were observed with 
"obvious signs of external symptoms of gas bubble disease," 
and large numbers of adults with easily detected symptoms 
(such as distended and bloody eyes) were observed (Beiningen 
and Ebel). Ebel speculates that substantial mortality will 
occur before any fish exhibit external symptoms of gas bubble 
disease. This is highly unlikely. Only acutely lethal 
dissolved gas conditions will cause mortality before any 
external symptoms are exhibited. Given that the river is a 
heterogenous environment, and that the tolerance to gas 
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supersaturation is increased in the river environment due to 
hydrostatic compensation and intermittent exposure, we expect 
that any time an acutely lethal situation exists, a portion of 
the population would encounter less acute conditions, and 
would likely exhibit detectable external symptoms. 

In paragraph 16, Ebel refers to supersaturation conditions and 
observed mortalities at John Day dam in 1968 to support his 
conclusion that implementation of the spill proposal will kill 
adult chinook. The example has little relevance. Dissolved 
gas conditions in 1968 were extreme and will not be repeated 
in 1994. In 1968 all water passed over John Day dam, creating 
dissolved gas levels ranging from 123-143% throughout the 
entire migration period. 

In paragraph 17, Ebel hypothesizes that increased flows and 
spills do not have a positive effect on adult returns. The 
basis for his assertion is that even though 1993 outmigrants 
experienced the "best flows and spills in more than a decade," 
this years jack returns (which is a segment of the 1993 
outmigrant group) are the lowest on record. Ebel's analysis 
and reasoning is flawed. Most of the spring chinook that out­
migrated in 1993 did not experience the high flow and spill 
conditions (which were limited to a week in late May 1993). 
In fact, most of the fish were transported (82%). Moreover, 
1993 was a below average runoff year (83% of the 30 year 
average, the eighth lowest in the last 25 years) (See 
Memorandum from Fred Olney, U.S. Fish and Wildlife Service). 
Ebel also fails to take into account the extremely poor ocean 
conditions which are believed to be the dominating factor 
affecting this year's poor returns. 

In paragraph 18, Ebel generally asserts that transported 
smolts experience greater survival than those migrating in­
river. This assertion is undercut by Ebel's own argument in 
paragraph 17. In 1993, 82% of the outmigrants were 
transported (See FPC 1994 Annual Report). However, as Ebel 
himself has recognized, this year's jack return is the worst 
on record. It does not, in fact, appear that transportation 
is significantly beneficial. 

Mr. Ebel' s conclusions about the possible impacts of gas 
supersaturation on migrating salmon are severely compromised when 
the relevant studies and literature is more fully considered (it 
bears noting that Mr. Ebel co-authored some of the above mentioned 
studies that do not support his conclusions). Moreover, when it is 
recognized that actual in-river conditions are much different than 
laboratory conditions, many of the studies relied upon by Mr. Ebel 
have limited applicability. It appears that the "science" cannot 
empirically show that dissolved gas will or will not impact 
migrating salmon if the spill program is continued. Given this 
uncertainty, it must be determined which viewpoint is best serving 
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the interests of the resource. In this case, any doubts should be 
resolved in favor of the agencies and tribes, which have a legal 
mandate to protect and restore the salmon resource. 

Response to Affidavit of Jim Anderson 
Submitted by DSI's 

Upon review of the Jim Anderson affidavit, we must highlight 
two mischaracterizations that pervade the document. The first is 
the implication that the FLUSH Model doesn't address gas 
supersaturation. The second is the implication that the CRiSP 
model provides a realistic assessment of the effects of gas 
supersaturation. 

The FLUSH Model (Weber et al. 1992 l was developed by the 
State and Tribal Fisheries Agencies to estimate mainstem passage 
survival under different management proposals. Gas supersaturation 
is addressed in two ways. First, from a management perspective, 
spill rates for all projects are calculated that do not exceed the 
models "spill caps." These caps are the maximum rates of spill 
achievable before gas supersaturation exceeds 120%. These spill 
caps are 65 KCFS and 235 KCFS in the Snake and Columbia Projects, 
respectively and were derived from relationships provided by the U. 
s. Army Corps of Engineers (1982). That the 120% level is 
appropriate appears to have been substantiated by the Smolt 
Monitoring Project in 1993, a year in which high runoff late in the 
spring chinook migration season resulted in high spill rates. Only 
when spill rates exceeded the FLUSH spill caps, and dissolved gas 
exceeded 120%, did any of the sampled smolts show external signs of 
Gas Bubble Trauma (GBT) . The largest percentage of juveniles 
affected (18.6% observed with symptoms on one day) was at Lower 
Monumental dam, where dissolved gas concentrations exceeded 130% 
for four consective days, and reached a high of 141% (FPC 1994 
Annual Report) . Observations in 1993 indicate that 120% may be a 
conservative parameter. 

The second way in which FLUSH takes supersaturation into 
account is through its reservoir mortality function. This function 
is based on system survival studies conducted by the National 
Marine Fisheries Service and included survival estimates for years 
when dissolved gas levels were high enough to induce Gas Bubble 
Trauma and increased mortality. Adding a separate spill-mortality 
function would double-count mortality attributable to gas bubble 
disease. 

The assessment conducted by Anderson with the CRiSP Model to 
evaluate survival under different management proposals is 
unrealistic for at least two major reasons. First, much of the 
scientific community does not endorse CRiSP' s assumption of a 
constant transport survival of 80%. Therefore, the tradeoffs 
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between spill and transport presented in Anderson's affidavit 
incorporating this assumed transport survival rate are not well 
founded. In fact, the concern that transport actually has low 
effectiveness has prompted the scientific community to support a 
spread the risk policy. 

The second reason the CRiSP Model produces unrealistic results 
is the way in which spill related mortality appears to be 
calculated. We note that despite participation by all modelers in 
a model comparison process, participants have not been provided 
with a detailed explanation of the CRiSP spill-mortality function. 
However, based on the Affidavit and my familiarity with the 
research on which Anderson's approach is derived, we gather that in 
CRiSP model simulations, fish exposed to dissolved gas levels in 
excess of 114% suffer very high if not total mortality. 
Additionally, it is our understanding that within CRiSP, once fish 
encounter dissolved gas levels in excess of 114%, mortality is 
instantaneous. This ignores important aspects of the research 
studies such as exposure times, and the possibility of avoidance by 
vertical or horizontal migrations. In any event, it is clear from 
side-by-side model comparisons that in CRiSP, spill produces 
reductions in survival that do not appear to be in agreement with 
smolt monitoring studies and research findings. In short, the 
spill-mortality function in CRiSP has not been calibrated to 
reflect available scientific information. 

Analysis of the Applicability of the "Salt Caves" 
Decision to the Present Proceeding. 

A recent Oregon Supreme Court case (Salt Caves) dealt with 
the EQC's refusal to waive the application of established Oregon 
water quality standards to the Salt Caves hydroelectric project 
on the Klamath River. 8 Because the opinion was only very 
recently released, and a superficial similarity of issues between 
the case and NMFS request may exist, we submit a brief analysis 
of the case, and its applicability to NMFS request to extend OTAR 
340-41-155. 

In Salt Caves, the court reviewed EQC's decision to uphold 
the DEQ's determination that a hydroelectric project did not 
comply with state water quality temperature standards. The EQC 
upheld DEQ's determination that raising the water temperature 
above the numeric limit was a violation as a "matter of law," 
even though the DEQ did not find that the temperature increase 
would harm the river's trout population, a beneficial use. 9 The 

8City of Klamath Falls v. Environmental Quality Commission, 318 
Or. 532 (1994). 

9Id at 537. 
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city of Klamath Falls argued that the DEQ must demonstrate that, 
not only was the numeric criterion violated, but also that the 
beneficial use was harmed, in order to find a violation of the 
water quality standard. 10 Alternatively, the City argued that 
the Commission erred in not exercising its discretion to waive 
the application of the standard to the specific project because 
it had not been proven that the beneficial use (trout) would be 
harmed. 11 Both of the city's arguments were based on the premise 
that the numeric standard was in fact established to protect a 
beneficial use, the fish population, so absent an affirmative 
finding by DEQ that the fish population would be impacted by 
exceeding the numeric standard, it would be "absurd" to rigidly 
apply the numeric standard to the project. 12 

The court upheld the EQC's determination that the project 
violated the temperature standard. 13 The court found that a 
rigid application of the numeric standard was consistent with the 
state's express policy of protecting fish, and a separate showing 
of harm to the fish was not necessary. The court stated that 
such an interpretation of the standard "merely increases the 
certainty that the trout . . will not be harmed and that they 
will be protected. 1114 

The current request to extend OTAR 340-41-155 is 
fundamentally different from the city's request in Salt Caves in 
two respects. First, in Salt Caves, the city argued that the 
project complied with established water quality standards. 
Alternatively, the city argued that even if the project did not 
comply with the water quality standards, the standards should not 
be enforced against the specific project. In short, the city 
argued that the project could be legally operated under the 
presently existing water quality standards. Conversely, in the 
present proceeding, operating the Columbia Basin hydroelectric 
projects to maximize salmonid survival will likely cause the 
established standard for dissolved gas to be exceeded. 
Therefore, the region's fishery management entities, including 
the ODFW, is requesting that the EQC exercise its statutory 

10rd at 541-45. 

11 Id at 545-48. 

12Id at 541. 

13Id at 541 (interpreting the temperature standard for the 
Klamath River, OAR 340-41-965(2) (bl (A)). 

14Id at 547. 
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authority to promulgate a temporary alternative water quality 
standard which will be observed. 15 

The second crucial distinction is that in the Salt Caves 
case, the city argued that the numeric water quality standard 
should not apply because it could not be proven that the 
beneficial use that it was designed to protect, the trout 
population, would be harmed. Similarly, the Columbia and Snake 
Rivers dissolved gas standard was promulgated to protect the 
salmonid beneficial use. 16 However, in this proceeding, we are 
asking that a new temporary standard be adopted so that it may 
take affirmative action to benefit the beneficial use, the 
salmonid populations. Both procedurally and substantively, our 
request is wholly consistent with the letter and spirit of 
court's Salt Caves decision and the Clean Water Act. 

Although the legal conclusions made by the court in the Salt 
Caves case have no relevance in acting on the request because of 
its different procedural posture, the case is instructive on how 
the EQC should exercise its authority to adopt water quality 
standards. The court stated that EQC rules should be in 
accordance with the policy of ORS 468B.015, which in part states 
it is the: 

policy of the state [t]o protect, maintain and improve the 
quality of the waters of the state . . . for the propagation 
of . . . fish and aquatic life . . . . 11 17 

The court went on to characterize the EQC's rulemaking mandate as 
"broad." The EQC should exercise its broad discretion, and 
extend the temporary rule to give effect to the state's policy of 

150RS 468B.048(1) grants the EQC the authority to adopt rules 
establishing water quality standards, and ORS 183.335(5) permits 
the EQC to adopt such rules on a temporary basis without full 
notice and comment procedure. 

16However, strong scientific evidence indicates that salmonids 
are not impacted by dissolved gas concentrations at or exceeding 
the current 110 percent standard. See generally Fish Passage 
Memorandum from Michele DeHart, Fish Passage Center Manager, to 
Fish Passage Advisory Committee (Sept. 10, 1993) (Impacts of 
dissolved gas supersaturation on Columbia and Snake River 
anadromous fish) . 

17Id at 539. 
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protecting fish, and further, to protect the existing beneficial 
uses of the Columbia and Snake Rivers . 18 

It is undisputed among the region's state and federal 
fishery management agencies and tribes that spilling water at the 
hydroelectric projects in the Columbia Basin is the most 
effective mechanism to maximize safe passage past those projects. 
An incidental effect of spill, however, is an increase in 
dissolved gases in the river. The fishery management entities 
recognize that exposure to high levels of dissolved gas for 
extended periods may pose a risk to some fish. However, faced 
with the present emergency situation of historic low salmon 
populations, largely caused by hydroelectric development and 
operation, the fishery managers must immediately act to maximize 
salmon survival, and thus, preserve a beneficial use. It is 
necessary to extend OTAR 340-41-155 so that increased spill, a 
proven means to increase passage survival, can be lawfully 
continued. 

Conclusion 

For the forgoing reasons, the CRITFC respectfully requests 
that the EQC and WDOE to either adopt temporary rules or issue 
variances amending their standards for total dissolved gas to 
permit spill of water at Columbia and Snake River Corps of 
Engineers projects to achieve 80 percent fish passage efficiency, 
for the duration of the 1994 juvenile salmon migration, at least 
through September 30, 1994. 

18Additionally, ORS 468B.015{5) directs the EQC to "cooperate 
with other agencies . . and the Federal Government in carrying 
out [the] objectives" of the state's water quality policy. 
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STATE OF WASHINGTON 

DEPARTMENT OF ECOLOGY 
P.O. /lox 416QQ • Olympia, Washlngtc>n 96504·T6QO • (206) 407•6000 • TDO Only <Htorin& lmfMl"'dl (206) 407-6006 

May 10, 1994 

J. Gary Smith 
Acting Regional Director 
National Marine Fisheries Service 
National Oceanic and Atmospheric Administration 
7600 Sand Point Way NE 
Seattle, Washington 98115-0070 

Dear Mr. Smith: 

Enclosed is Order No. DE 94WQ-2 J 8. All·questions and correspondence relating to 
this document should be directed to Eric Schlorff, Department of Ecology, P.O. Box 
47600, Olympi11, Washington 98504-7600, (206) 407-64 78. 

This Order is issued to allow exceedance of the total dissolved gas criteria as shown 
in the surface water quality standards (Chapter 173·201A WAC) to allow fish passage 
on the Snake and Columbia Rivers. This order will be issued for one week after 
which we will reevaluate the.effectiveness of the project. 

welyn 
Program Manager· 
Water Quality Programs 

ML:CM:sl 
Enclosure 

cc: Ernest J. Harrell 
Honorable Mike Lowry 
Honorable Barbara K. Roberts 

WATER QUALITY DIVISION 
DEPT. ENVIRONMENTAL UN.ITY 



DEPARTMENT OF ECOLOGY 

IN THE MA TIER OF THE REQUEST BY 
NATIONAL MARINE FISHERIES SERVICE 
FOR TEMPORARY MODIFICATION OF THE STATE 
SURFACE WATER QUALITY STANDARDS FQR 
TOTAL DISSOLVED OAS CRITERIA ON THE 
SNAKE AND COLUMBIA RIVERS 

To: J. Ciary Smith 
Acting Regional Director 
National Marine Fisheries Service 
N~tional Oceanic and Atmospheric Admini~tration 
7600 Sand Point Way NE 
Seattle, Washington 98115-0070 

) 
) 

) 
) 
) 
) 

ADMINISTRATIVE 
ORDER 
No. DE94·WQ218 

National Marine Fisheries Service submitted a request for th• ll.S. Army Corps of Engineers, hereby 
referred to as the responsible party, tu the Department of Ec11lugy (Ecology) for temporary 
modification of the State's surface water quality srnmlards fvr the purpose of exceeding water quality 
standards fur total dissolved gas on the Snake ond Culumhia Rivers. 

The responsible party is authtirized to perform activities which will exceod water quality standa.rds for 
total dissolved gas; any actions resultin~ in exceedance of water quality standards for total dissolved 
gas shall comply with the conditions listed in this Administratiw Order. 

The Department of Ecology retains continuing juristlktion to make modifications hereto through 
supplemental Order if it appears necessary tu pmtect the puhlic interest. This include. protection of 
wildlife, aquatic, and wetland resources. · 

This Order is issued under the provisions of Chapter 90.48 RCW and WAC 173-201A·l 10. 

The responsible party shall comply with the following conditions during all activities covered under 
this Order: 

I. Name of Waterbody: Columbia River and Snake Riv•r 

2. Locatjons: All federal dams on Columbia River helow Grand Coulee Dam and all federal 
dams on the Snake River in Washinston State. 

3. A timing restriction is impos..J for all activities resultini: in exct:edance of the water quality 
standards to the following period: Immediately upon issuance of this Order through May 18, 
1994. 

4. The respolJslble party shall obtain advance written approval frnm Ec·oiogy hefore making 
variations to this, and any, amended Order. 

:;, The responsible party performin8 the activitie.' re>ulting in exccedance of water quality 
standards shall have this.Administrative Order in possession and on site. 



Page 2 
May JO, 1994 

6. Tue responsible party shall alltiw •n authorized reprosentative of the Deportment of Ecology: 

~ . To enter the premises where a~tivlty resuhing in excecdance of water quality 
$tandards is taking place. 

" To have access to and copy any recwds that inust be kept under the terms of this 
Order. · 

To Inspect any monitoring equipmtlnt ur method of monitoring required in this Order. 

~ To sample. 

" To inspect operations. 

7, The responsible party shall provide a rea~onahle estimate of tho time and location where the.•e 
permined activities will take place and an emergency telephone number where they can be 
reached Immediately upon the request of Ecoltigy. A message by voice mail or FAX shall 
suffice for this condition. 

8. 

Contact Name: Eric Schlorff Contact Numher: (206) 407-6478 

Tho responsible party shall he responsihle for monitoring. Monitoring shall be in 
place for total saturated gas when levels am in excess of 120 percent relative to 
atmospheric pressure. 

1 Monitoring shall occur closest to highest total dissolved gas source. 

1 Biological monitoring shull be conducted to show that total dissolved gas 
concentrations do not cause a significant increase in ,gas bubble disease related to 
monality in salmon populations. 

• Total dissolved gas shall nut exceed 130 percent relative to atmospheric pressure. 

• Total dissolved gas shall be measured at Motogical sxmpling sites. 

Any fallure to comply with this Order may result in the issuance of civil penalties or other action, 
whether administrative or judicial, to enforce the terms of this Order. 

This Order may be appealed. Your appeal must he filed with the Pollution Control Hearings Board, 
·P.O. Box 40903, Olympia, Washington 98504·0903 within thirty (30) days of your 

receipt of this Order. At the same lime, your ~ppeal mus1 also he sent tu the Depanmcnt of Ecology 
c/o The Enforcement Officer, P.O. Box 47600, Olympia. Washington 98504-7600; and to the Water 
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Quality Program, P.O. Box 47600, Olympia, WA 98504-7600. Your _appeal alone will not stay the 
effectiveness of this Order. Stay requests must he suhmin.U in accordance with RCW 43.21B.320. 
These procedures arc consistent with Chaptor 43.21B RCW. 

DATEDthls /0 dnyor MAY , 1994, ut Olympia, Wnshington 

·-:l 

W;\eootion\W1n\chria\94·•pill .. ord 

' ; 
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Mr. William W. Wessinger, Chair 
Oregon Environmental Quality Commission 
121 S.W. Salmon, Suite llOO 
Portland, OR 97204 

Dear Mr. Wessinger: 

May 15, 1994 

Re: May 16, Meeting on Total Dissolved Gas Standards for the Columbia 
and Snake Rivers. 

At the urging of Dr. Don Bevan, Chair, Snake River Salmon Recovery Team, I 
decided to get involved in this issue and am providing you with my concerns regarding 
this subject. I am recently retired and acting solely as a concerned citizen with some 
expertise in this matter. Regrettably, there has been little opportunity to prepare for this 
meeting, and the tentative agenda fails to provide equal time for both sides of the issue, 
hence this letter . 

By way of introduction, my interests in gas bubble disease and gas supersaturation 
date back 35 years, to graduate school, where I earned a Ph.D. from the Department of 
Fisheries and Wildlife at Michigan State University. In my dissertation, I investigated 
physiological responses to low oxygen stress in fish, using nitrogen gas. Beginning in 
1966, I was employed by the Division of Water Supply and Pollution Control of the U.S. 
Public Health Service (which later became EPA) at Corvallis, Oregon. I had the 
assignment of conducting research and other activities to generate water quality criteria 
that would protect Pacific salmon. In addition to researching salmon tolerances to 
various trade wastes and temperature, I also conducted extensive investigations on gas 
supersaturation, both in rivers and in the laboratory. In 1976, I transferred to the U.S. 
Fish and Wildlife Service in Seattle, WA, where I continued to investigate 
supersaturation, both in fresh water and sea water. In 1983 I transferred to the Division of 
Fish and Wildlife at the Bonneville Power Administration, where I retired recently as 
Senior Fisheries Scientist. 

I have investigated gas bubble disease and gas supersaturation at numerous 
locations across the United States, and in Canada, England, Scotland, Norway, and Italy. 
I invented a means to measure total dissolved gas pressure in water, and I co-authored the 
associated analytical procedure that is now listed in the 18th edition of Standard Methods 
for the Examination of Water and Wastewater. In addition to scientific publications on 
gas bubble disease, I drafted the proposed water quality criterion that was later adopted 
by the Natjqnal Academies of Science, and by the EPA I also consulted with Mr. L. B. 
Day, who directed the Oregon Department of Environmental Quality, and he set the total 
dissolved gas (supersaturation) standard for Oregon. 

I strongly believe that Oregon should neither grant a waiver, nor otherwise allow 
a relaxation of its water quality standard on gas supersaturation (total dissolved gas) for 
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several reasons. Rather, Oregon should stringently enforce their existing standard. Here 
is why: 

1. Any temporary increase in the gas supersaturation standard will surely establish 
precedence and invite further proposals to relax other water quality standards. The 
record shows that compliance with the existing supersaturation standard has been poor 
and generally not enforced. Thus the long term ramifications of a relaxation are likely to 
encourage further assaults upon an already difficult area, where federal-state jurisdiction 
and related responsibilities are both confusing and weak. 

Another consideration is that all beneficial uses of water must be protected. In 
this regard, there has been a commercial effort to rear salmon in net pens in Young's Bay, 
to supplement naturally produced salmon and to create a terminal known-stock fishery. 
More of this is likely in the future. Based on my experience in Norway, salmon in net 
pens will be at risk if the gas levels are at or over 110%, and may be at risk at I 05%. · 
Thus, supersaturation can limit the use of Columbia River waters for aquaculture, a point 
already demonstrated by the US Fish and Wildlife Service. 

2. The Columbia/Snake biota should not be put at additional risk. Between its mouth 
and the confluence of the Snake River, the Columbia occupies about 250,000 surface 
acres, which would be made lethal to an uncertain depth and for uncertain period, 
depending on the resulting gas pressures. In this reach, there is an extremely extensive 
assemblage both of native fishes, introduced fishes, amphibians, and invertebrates, whose 
ecology is complex and interrelated. The impacts of gas supersaturation on this biota are 
mostly unknown. Unfortunately, gas supersaturation can be predicted to have the most 
severe impact upon shallow water communities where, at this time of the year, 
reproduction and aquatic productivity is usually highest. 

3. Gas supersaturation levels are difficult to predict and not readily controlled or 
dissipated. Gas supersaturation can occur by natural factors and these have produced a 
few fish kills of record, but typically go undetected. Man induced supersaturation usually 
occurs from spillage at dams or the warming of water, and its fish kills are equally 
difficult to detect. Gas levels from spillage depends on several factors, i.e., tail water 
height, depth of the stilling basin, velocity of the spill, presence of flow deflectors, gas 
level in arriving water, dilution from tributaries, solar heating, and discharges through the 
turbines. The biological effect of supersaturated gases is the same regardless of the 
source, but water laden with nitrogen gas accelerates gas bubble disease. 

Unfortunately, river water that is supersaturated with atmospheric gases, tends to 
retain it. This is because rivers have a low surface to volume ratio, and because the 
diffusion pressure differential for each gas is relatively low. For example, I would expect 
water leaving the Bonneville area with total gases at, say 125 % of barometric pressure, 
to arrive near Astoria in the range of 115-120 %. This is only a small reduction in 
supersaturation from flowing 140+ miles, and much of this reduction can be explained by 
dilution from tributary flows. 

:-...:·~-~-. --
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If lethal levels of supersaturated water fill the reservoirs, there is considerable 
uncertainty that serious damage to adult salmon can be avoided. Further, once a reservoir 
is filled with dangerous gas levels, its effects will continue downstream for a 
considerable distance. But gas levels will likely be worse in the shallow water niches 
and sloughs than in the main stem due to solar heating, photosynthesis, or both. Here the 
impact is likely to fall on the nonsalmonid species and invertebrates. 

4. Gas supersaturation at or over 120 % of barometric pressure is dangerous to 
juvenile and adult salmon, but the danger is difficult to demonstrate. Perhaps no 
subject is more confusing to lay persons and inexperienced scientists alike, than is gas 
bubble disease. This literature dates back to Sir Robert Boyle (Boyle's Law), and 
encompasses at least 200 publications, which range from wonderful to worthless. If an 
inexperienced person only reads this literature, they can find substance to support a wide 
variety of positions. The range of variability and difficulty of showing direct effects In 
rivers is true both for supersaturation and other pollutants. Even a knowledgeable 
scientist with extensive, specific experience in gas bubble disease will have difficulty 
estimating the safe limits, thus a cushion or safety factor is usually applied. In this case, 
it is commonly recognized that a supersaturation of 110% is not safe for shallow water 
organisms, but that it will protect most of the biota. At a supersaturation of 120 %, the 
safety factor is small to zero, hence the safe level becomes highly debatable and 
contingent upon a wide range of assumptions that are equally debatable. Therefore, it is 
extremely important to separate expert opinion, from the opinion of non-experts, no 
matter whether they are scientists, managers, or citizens. 

Recently I organized and conducted a workshop on gas supersaturation, which 
was held here in Portland, April 19-20, 1994. In addition to various agency 
representatives, I invited a panel of scientists who have recognized expertise in gas 
bubble disease including Dr. Ebel, Mr. Dawley, and myself(see attachment 1). In the 
executive session, the panel of experts reached consensus that a gas supersaturation at or 
above 120 % would be a serious problem in the Columbia River. The proceedings of that 
workshop should be available Within a month or so. 

5. The burden ofproof is upon those who would supersaturate. Many arguments for 
higher gas levels were presented in a manuscript from the Fish Passage Center (FPC), 
dated September I 0, 1993, and titled "Impacts of dissolved gas supersaturation on 
Columbia and Snake River anadromous fish" (which was transmitted to you)." I found 
many errors and misconceptions in the FPC manuscript, and I am attaching a copy of my 
comments for your consideration. To their 9 pages, I wrote 16 pages of comments and 
corrections, concluding that, "The FPC review is a rather unsophisticated product, and 
the omission of so much literature should warn the knowledgeable reader that the FPC 
review is heavily biased, ecologically incorrect, and should not be embraced 

Some of the most commonly asked questions about supersaturation are listed 
below with my response. Literature citations can be provided upon request. 
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A. Would monitoring of external signs of gas bubble disease prevent significant 
damage to the salmon and the biota? 

Response: No. Monitoring of gas bubble disease via externally evident lesions 
or signs, has several critical flaws. Any incidence of gas bubble disease among wild fish 
should be considered to be a serious situation for these reasons:. 

1. External signs are slow to form, and rarely occur in all fish. For example, high 
levels of supersaturation (130 %) can kill fish without leaving externally evident signs of 
gas bubble disease. Even in protracted exposures, few if any salmon will develop 
"popeye" and dermal emphysema (bubbles) are rarely found in all species. 

2. Externally evident signs disappear relatively soon if the fish are held in 
degassed water. Unless there has been a recent change in the holding circumstances; the 
smolts being observed for gas bubble disease may have been held in degassed water for 
periods up to 1-2 day prior to examination. This would tend to decrease the incidence of 
gas bubble disease drastically and makes the observations invalid. 

3. Predation biases downward the apparent incidence of gas bubble disease in 
feral smolts. That is, as smolts become seriously disabled, they are rapidly eaten by 
predators and eliminated from the population. Unless the predator population is 
overwhelmed, the incidence of gas bubble disease will always seem low. 

4. The most universal, rapid, and serious impact of gas bubble disease is emboli 
formation in the blood, which is not being monitored. Fish blood becomes saturated with 
gases within 2-4 hours, and emboli can cause hemostasis in the heart or other organs. For 
example, only 50 cc of air injected into a vein will cause hemostasis and cardiac failure 
in humans, while the same amount injected in skin or muscle will only cause discomfort. 
So if small amounts of air bubbles form in the blood of a fish, it can die from hemostasis 
and cardiac failure. None of this is being monitored, because it is technically difficult 
and not practical in the field. 

5. There has been no validation and correlation of the incidence of externally 
evident signs of gas bubble disease in smolt samples, with its ultimate significance to 
survival in feral populations, or via sublethal effects such as immune suppression or parr 
reversion. 

B. If supersaturation did kill fish, how evident would that be? 

Response: Signs of gas bubble disease disappear soon after the death of the fish, 
thus eliminating the apparent cause of mortality. But in a river the size of the Columbia, 
one would not expect to find any dead smolts, and only 2-3 carcasses would show per 
100 dead adults, which would be scattered long hundreds of miles of shoreline. 

~ ...:. . ---- ------. -. 
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Therefore, gas bubble disease rarely produces evidence of a fish kill, unless there is 
massive mortality. 

C. Would intermittent spill, hence intermittent exposures prevent damage? 

Response: Not necessarily. Intermittent spill at all of the dams is likely to result 
in continuous exposure at some point downstream. Perhaps the Gasspill model can 
predict what would happen. On the other hand, intermittent exposure neither increases 
the inherent tolerance of fish to gas bubble disease, nor ensures increased survival. 
Mortality results when body burdens of gas continue to grow and this occurs under some 

. conditions of intermittent exposure. In some of my tests, just as many fish were killed by 
intermittent exposure as continuous exposure, but it took more days of exposure. 

D. Aren't fish protected from gas bubble disease by avoidance behavior? 

Response: No. If that were true, we would not have had major kills of adult 
salmon in the Columbia River from gas bubble disease. While avoidance is theoretically 
possible, its likelihood seems very remote, and we cannot hypothesize how 
supersaturation would prompt avoidance . No one has proposed an stimulus-response 
mechanism that could explain active avoidance of supersaturation per se, and while 
avoidance has been reported, it appears to be related to confinement, and is unreliable. 

Even if salmon seek depth while migrating in the reservoirs, all of the adults and 
most of the smolts must get into shallow water when passing dams. I have seen as high 
as 50 % of the adult sockeye passing Bonneville Dam with signs of gas bubble disease. 

E. Does gas supersaturation cause sublethal effects to salmon? 

Response: Yes. One sublethal effect is that gas supersaturation can block the 
flow of blood to the fish's eye. After an uncertain period ofhemostasis, the eye becomes 
functionally blind. We have no evidence that blind fish continue to migrate or spawn, 
indeed, many of them probably die. 

There are a whole spectrum of possible sublethal effects, some proven, but most 
have not been investigated. One of the most worrisome concerns is whether the stress 
from gas bubble disease suppresses the immune system and increases susceptibility to 
infectious diseases such as BKD (bacterial kidney disease). Another concern is whether 
the cumulative stress induces smolts to revert to nonanadromous parr stages in the fall 
after entering the ocean. 

F. What benefits will result from experimental supersaturation of the Columbia? 

Response: I really doubt that any valid conclusions can be drawn from this 
governmental misadventure, pro or con. The experimental design has little scientific 
merit, and the results are likely to be so variable and protracted that any proposed 
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benefits will be impossible to discern. The main purpose of the "experiment" seems to a 
retrospective excuse for seeking control over river management. Clearly this approach is 
dangerous to the salmon, tremendousiy expensive, and irresponsible. 

Field experimentation with gas supersaturation has been done extensively on the 
Big Hom River of Montana, below Yellow Tail dam. The study revealed that 
recruitment of rainbow trout was seriously depressed in this blue ribbon trout stream by 
supersaturation. If more field experimentation with gas supersaturation seems warranted, 
I recommend doing it on a much smaller stream, with no endangered species, no 
significant side channels and considerable potential for dissipating supersaturation via 
turbulence. If there is no risk in the proposed experimentation, then an ideal location for 
it would be in the Deschutes River, below its first dam. 

I appreciate the opportunity to contribute to this effort and hope that you will give 
my concerns serious consideration. If I can provide further information or clarification, 
please do not hesitate to call me. 

;wff~ 
Gerald R. Bouck, Ph.D. 

9691 SW Alsea Dr., Tualatin, OR. 97062. Phone 503-'- 692-4907 
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January 13, 1994 

Comments on the Fish Passage Center's Review: 

"Impacts of dissolved gas supersaturation on Columbia 
and Snake River anadromous fish" 

by 

Gerald R. Bouck 

General Comments: 

At first glance, the Fish Passage Center's (FPC's) effort appears to be an objective, 
unbiased review of the literature concerning dissolved gas supersaturation and its effects 
on all endemic Columbia River fishes. But the concern of the FPC document is essentially 
limited to salmonid smolts passing through reservoirs and spillways. There is no mention 
of smolts that must pass through the critical conditions in turbines and bypass systems, or 
of the juvenile fall chinook salmon and other species that rear along the edges of the river. 
The FPC report questions whether GBD stress increases susceptibility to infectious 
diseases or predation, because direct evidence is lacking. Concerns for adult salmon are 
dismissed based on avoidance, despite published reports wherein gas supersaturation killed 
feral adult salmon in the Columbia River. Eventually, it becomes evident that the FPC 
review was written in support of water spillage and monoculture policies, with little 
concern expressed for species diversity, or environmental protection for the entire 
Columbia I Snake River aquatic ecosystems. The FPC review's narrow perspective also 
omits concern for resident salmonids and other fishes, native or not, as well as omits 
concern for the myriad of invertebrates that fuel the food web and trophic levels. While 
the review does a credible job of listing some uncertainties in fish/supersaturation 
interactions, the list is by no means new or complete, and the relationships are not as clear 
or as simple as indicated. Certainly fish can stand some exposure to gas supersaturation, 
as can human divers. But there is no clear line to identify what is safe or unsafe, and a 
conservative approach is therefore warranted. Unfortunately, the FPC review exploits 
favorable data and uncertainty: any absence of data or variability is taken as support for 
higher gas levels. Perhaps this is because the review is incomplete and contains barely 25 
viable, albeit older references, compared to 170 references in a more comprehensive 
review by Fidler and Miller (1993). The FPC review is a rather unsophisticated product, 
and the omission of so much literature should warn the knowledgeable reader that the FPC 
review is neavily biased, ecologically incorrect, and should not be embraced. 

No comments were provided for the companion report "1993 Dissolved Gas 
Supersaturation", because a major element of it appeared to be FPC's side of a dispute. 
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Specific Comments on the FPC Review: 

The following presents specific comments about selected concerns in the FPC Review. 
Comments are not presented on every concern. 

FPC Introduction: 

2 

Para 1. There are some confusing terms here that merit clarification. Total 
Dissolved Gas (TDG) levels are either percentages of barometric pressure or some 
other reference pressure, i.e. standard pressure. In this case, the reference pressure 
is not clear but is presumed to be barometric pressure. Readers should recognize 
that until recently, these kinds of data were usually not standardized between 
studies, and this still causes significant confusion. (Standardized methods for this 
are presented in: Standard Methods for the Examination of Water and Waste 
Water, 17th Edition, 1989). 

Strictly speaking, the gases are dissolved in both the blood, the tissues and the 
components thereof (1). Gases are more soluble in fatty tissues, and this variable 
is believed to alter tolerance to supersaturated gases in mammals (2, 32). Gases 
can be seen in the lipid-rich yolk material of supersaturated sac fry (28), but 
solubility in lipids may be less important in adult fish (33). Blood gases come into 
a pressure equilibrium between the environment and the tissues, via the respiratory 
and circulatory processes. Thus in supersaturated water, the pressures of inert 
gases in tissues will approach their environmental level (oxygen and carbon dioxide 
being exceptions), but the body burden of gases (total volume or mass) is expected 
to be greater in fatter animals (than lean ones of similar size) because lipid 
dissolves more gas than water. On this basis, fish rich in lipids such as salmon, 
probably take longer to fully supersaturate (and longer to degas) than lean fish. 
This could explain some individual and species differences in tolerance to gas 
supersaturation (6). 

"-in various external and internal tissues." The biological term for the abnormal 
presence of gases or bubbles in tissues is emphysema. I assume this passage refers 
to emphysema in the skin, fins, etc. It should be noted that gas bubbles in the 
blood ( gas emboli) are believed to be an earlier and more important sign of gas 
bubble disease than emphysema in tissues. Probably all fish have gas emboli in 
their blood soon after they become supersaturated, whereas externally evident 
emphysema require much longer to develop, are non-lethal, and form in some but 
not all individuals or species. In human divers, Behnke (3) believed that "bubbles 
form as soon as a state of supersaturation is initiated and that what appears to be a 
ratio of supersaturation tolerance is in reality an index of the degree of embolism 
that the body can tolerate." 

Para. 2. Depth is not the controlling factor, rather, it is pressure. For example, 
despite the depth in a turbine bay, there is virtually no hydrostatic or atmospheric 
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pressure immediately below the turbine blade (runner). That is important because 
it_ makes a major increase in the relative pressure of undissolved gases emboli, and 
the diffusion pressure differential of dissolved gases within the fish. According to 
the gas laws, these conditions would promote bubble formation and expand the 
size of existing gas emboli or emphysema. 

"-pressure acts to keep dissolved !.las in solution." should be gases (plural). 

3 

"-there is little af,l!eement on a maximum level of TDG that fish can safely tolerate­
- -. " In general, I agree with this statement The lack of precise limits is also true 
for human divers and as one result, diving tables apply liberal safety factors to 
compensate for the uncertainty (4). But the fact is, a great deal is known about the 
tolerances of trout in hatchery circumstances to supersaturation as described in 
three major reviews ( 5, 6, 7). Sockeye salmon fry showed signs of gas bubble 
disease, hemorrhages, necrosis, and mortality at a supersaturation ranging from 
106-108% of barometric pressure (8). Atlantic menhaden all died within 24 hours 
when exposed to TDGP equal to 110% of barometric pressure (9). And 10-19 
day old striped bass larvae experienced significant over-inflation of the swim 
bladder at TDGP as low as 103 % and mortality was increased at 106% ; they 
recommended TDGP levels below 101 % for this life stage (10). Gas levels in the 
range of 103-105 TDGP were associated with episodes of infectious disease at the 
Fort Klamath Trout Hatchery ( 11). As one result, a TDGP of 110 % or lower 
should not be ref.larded as safe for all fishes in hatcheries or shallow water. 

There is a need throughout the FPC review to be more specific, both regarding the 
generic term "fish" and in describing the exposure circumstances. The term "fish" 
includes all endemic species and life stages of fish in the river, not just smolts, and 
in some areas may include invertebrates. Misusing terms causes confusion and 
tends to mislead readers. 

History of EPA criterion and DEQ Standards: 

Para. 1. This would have been a good place to describe the history of gas 
supersaturation studies in the Columbia. For example, the sighting of too many 
dead adult spring chinook below Bonneville prompted studies beginning around 
1940, when powerhouse capacity was low and most of the river was spilled ( 12, 
13). It took over 25 years of hard work by Fishery Agencies just to prove that the 
water was supersaturated and killing the fish (14-27), and this effort culminated in 
the present gas criteria. The lessons contained in these papers should not be 
forgotten. 

The historical development of the gas supersaturation criteria merits expansion. It 
was begun under the 1968 Water Quality Act, which called for the establishment 
of specific water quality criteria. To reduce bias, EPA contracted with the 
National Academy of Sciences (NAS)/ National Research Council (NRC) in 

3 
-- ~~--- ~ . ' 



1970(?) to draft appropriate Water Quality Criteria. NAS's Carlos Fetterolf 
requested a recommended criterion for supersaturation from fishery and 
environmental entities dealing with it in the Columbia Basin. They met in 
Richland, Washington, and recommended a standard of 110% of barometric 
pressure. NAS reviewed, and eventually adopted it. Subsequently, the 110 % of 
barometric pressure criterion was adopted by EPA, and then by several States. 
Currently the same criterion is used widely, and I believe it used in Norway and 
Scotland, and currently this is being considered for adoption by British Columbia. 
This is also the standard that is imposed by the Federal Energy Regulatory 
Commission upon the private hydro project operators. 

The criterion was NOT based on shallow water studies as stated by FPC. As 
noted above, a criterion of 110% of BP couldn't have been justified because it can 
be lethal to some fish in shallow water. Rather, the criterion was based in part on 
the uncertainty, and upon the concern for organisms living in shallow water [such 
as the estimated 120,000 adult summer chinook that were killed by 
supersaturation below John Day Dam in 1968 (13, 24, 27). Thus the 110% 
standard represents a compromise which allows some supersaturation, but avoids 
the previously estimated carnage (12, 16, 24). Clearly, there is no magic "line in 
the sand" either for fishes and invertebrates, or for human divers, hence a safety 
factor must be emphasized. 

There is no reason to debate "an allowable supersaturation mortality" for several 
reasons. Adequate in situ data are lacking for scientific comparison. Even if an 
acceptable level of mortality was set, there would be no way to monitor it in large 
rivers like the Columbia River. Large, dead adult salmon rarely become evident 
(12, 24). The finding of any visible dead smolts in the Columbia River would 
indicate a fish kill of such extreme proportions that it has overwhelmed the 
collective consumption capacity of available birds and fish predators. I speculate 
that a smolt mortality of say 25% I day would go undetected. (Note: the heavy 
mortality of smolts by slotted bulkheads in Lower Snake River Dams was 
discovered indirectly via an investigation of the seagulls' inability to fly in the area. 
Upon investigation, the seagulls were found to be glutted with dead smolts, that 
had not been obvious previously.) 
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Another reasons for keeping the present standard of 110% TDGP is the amount of 
shallow water niches in the Columbia River Ecosystem, which are used in part by 

· BSA-listed fall chinook as rearing habitat. These shallow zones are also 
considered to be important for general aquatic productivity and specifically for 
endemic nonsalmonid fishes, which have been previously shown to exhibit gas 
bubble disease in the Columbia River (28). 

Para. 3. While the publication by Rulifson and Abel (1971) was appropriate 20 
years ago, it is of uncertain value now. Even then, it was a dated distillation of 
published reviews, and while it provided the basis for an agency policy in 1971, it is 
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now nearly 25 years old. As in other cases, published reviews have merit, but the 
original articles must be evaluated, not the reviewer's opinion. 

5 

Para. 5. The FPC review correctly acknowledges that the 110% standard was 
intended to protect shallow water organisms. FPC goes on to conclude that the 
supersaturation standard is too low, based on two points: (1) because the standard 
is commonly violated; and (2) because FPC finds "no discernible impact on fish" 
(meaning unclear). This logic is hard to follow:-- if violating a legal standard 
justifies its liberalization in supersaturation, why not also in robbery? Also, since 
FPC provides no review of investigations on shallow water organisms, how can it 
be alleged that there was no discernible impact? 

I don't think there was a "discrepancy" between the final and draft version of the 
Bouck et al. 1976 report. Rather, there was an expansion of the data when 
additional studies were completed. Anyone who cites a preliminary draft of a · 
"gray literature" mannscript bears the burden of responsibility to ensure its 
appropriate use. 

Para. 6. "Several researchers have found that even in shallow water. holding fish 
at 110% will not cause morta1it,y." I agree that this is true in some cases, but it 
cannot be extended to all cases. Here the term "fish" encompasses all fish species 
and life stages (whether intended or not), and all conditions possible within the 
criterion of 110% of BP. As noted above, the published literature shows that gas 
supersaturations of less than 110% or less can damage or kill larval fishes such as 
striped bass and sockeye salmon (8, 9, 10). Further, I have investigated fish kills at 
levels as low as 105% of barometric pressure, both in the U.S. and Europe. Kills 
at this level are difficult to explain, and demonstrate the problem of assessing the 
risk in supersaturation. I speculate that other undetected gases (possibly intestinal 
gases) may be involved. That is, methane, hydrogen and other gases can be 
produced by bacteria in the gut of fish. In this case, the total gas pressures to 
which the fish are trying to equilibrate is equal to the sum of environmental gases 
plus the pressure of each individual intestinal gas (Dalton's Law of partial 
pressures). As a result, the IDGP that a fish might experiences under some 
circumstances could be higher than the level that was measured in the water. 

Dissolved gas induced mortality 

This section is devoted mostly to listing published times-to-death by various 
salmonids. Some confusing terms are included such as "deep tank survival ---in 
field tests" and "live-cage bioassays in natural river conditions." But the main issue 
here is that times-to-death are variable depending on circumstances, especially 
relative to compensatory hydrostatic pressure. More on this later. 

Progression of gas bubble disease relative to mortality: 

.. -·--=:"" -
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"monitoring migrants for signs of gas bubble disease (GBD) is a potentially 
important management tool for detenuining if dissolved gas levels are having an 
impact on the populations." I disagree with FPC for several reasons. First, 
monitoring smolts will not yield results that can be extrapolated to other lifestages 
or species. Secondly, one cannot predict the impact of gas supersaturation based 
on externally visible emphysema(29), in part because the first fish to die usually do 
not have emphysema (36). One can only report the incidence and location of 
externally evident signs, which unfortunately do not occur uniformly between 
species, within species or between body locations (36). 

Thirdly, it is impossible to determine the prognosis of gas bubble diseased salmon 
via external lesions. Aside from the various technical difficulties, which span a 
wide range of physiological issues, there is no way of predicting future external 
interactions of gas bubble diseased fish with predators, turbines, and other 
potentially lethal factors. For example, if gas bubble disease causes debilitation 
and the debilitation results in the specimen being consumed by a predator, then the 
mortality must be credited to gas bubble disease, but this cannot be predicted in 
advance, nor proven from stomach contents. 

External signs of gas bubble disease are easy to identify, but have potentially little 
value. Emphysema are not equally distributed between species, or gas levels; in 
one experiment, emphysema occurred in 20 % of the sockeye, 60 percent of the 
coho, and 80 % of the steelhead (36). Both dermal emphysema and air emboli, are 
usually pathognomonic (specific indicators of gas bubble disease), but exopthalmos 
(popeye) is infrequent, unreliable and can be caused by several factors (28, 36). 
Unfortunately, one cannot tell what portion of the population has gas bubble 
disease from emphysema or exophthalmus, and neither of these are rapidly 
appearing signs (38). The earliest, most subtle, and yet most threatening lesions 
are gas emboli in the blood(28), which can kill the fish before emphysema can 
form. 

It is widely accepted that emboli grow from micro-bubbles (gas nuclei) in the 
blood. Criteria for their growth have been proposed (34), and in fish, emboli can 
accumulate to sizes that can block blood vessels (hemostasis) either in localized 
areas, or accumulate and block the cardiovascular system (35, 36, 37, 38, 39, 40). 
For example, hemostasis in the opthalmic artery at the optic rete probably accounts 
for the significant incidence of blinded fish observed in some instances of gas 
supersaturation (24, 27, 29). Hemostasis in small vessels probably produces 
localized lack of oxygen and nutrients with attendant cellular damage. Diminished 
blood flows probably accounts for reduced swimming ability in gas bubble diseased 
smolts (30), and resulting changes in blood chemistry (31). Although not proven, I 
speculate that the resulting cardiovascular perturbations and emboli may cause 
predisposition to infectious diseases or other problems, such as so called "head 
burn" of adult chinook. 

6 
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Accurate identification of gas bubble disease in a live population of fish depends 
mainly on the ability to detect emboli within the blood vascular system (28), which 
in turn depends upon equipment not generally available to fishery biologists. Less 
desirable alternatives includes blood gas analyses, examination of gills for gas 
emboli and internal examination of sacrificed specimens. (It may be possible to 
modify and use Doppler blood flow equipment.) 

The occurrence of visible emphysema in feral J;ish is noteworthy, primarily because 
it indicates an ongoing, unpredictable condition. That is, the body burden of 
dissolved hyperbaric gases could suddenly evolve into lethal air emboli and this. 
could produce a massive hemostasis within a given fish. Unfortunately, it still isn't 
possible to predict which otherwise healthy sibling will die and which will survive 
gas bubble disease (personal observation by G.R. Bouck, based on extensive , 
unpublished data). Predicting when and if Bends will happen is still a problem 
among human divers, despite diving tables and justifies liberal safety factors. 

Sublethal and physiological effects: 

This section in the FPC report cites some published sublethal and physiological 
effects of gas bubble disease, but mainly questions whether ·sublethal effects have 
any real significance to salmon. FPC states "no one has been able to directly 
document sources of indirect mortality and instead arn left to infer that fish 
affected by gas bubble disease may be more susce.ptible to predation. disease. and 
delay." Relatively little effort has been focused on this concern, bo.th because the 
difficulties of its study, and because this principle is so widely accept that its 
proposed funding has been neglected.· Therefore, the burden of proof is upon 
FPC to show that this widely held tenant is incorrect, or call for its 
investigation. 

Some sublethal effects of gas supersaturation have been noted. Fungal infections 
are believed to be a direct result of gas bubble disease ( 42). Supersaturation 
induced blindness, has been discussed earlier in this report, and was common 
among adult salmon in the 1960's and 1970's in the Columbia River (24,27) 
Blindness in adult salmon is believed to be essentially equal to death, if not directly 
from septicemia, then from dysfunctional migration /spawning. 

FPC correctly notes that gas bubble disease in smolts seems to be reversible, but 
this is based almost entirely upon short- term survival studies (adults seem to be 
less flexible). For example, tolerance to sea water after gas supersaturation has 
been investigated only in terms of a few days post exposure. A much more critical 
examination would investigate the possibility of induced parr reversion the 
following autumn. Other informal observations support the concerns for sublethal 
effects. In several cases, the elimination of an annual cycle of gas supersaturation 
in a hatchery water supply was associated with the ending of a "follow on" pattern 
of infectious disease outbreaks in Oregon, Nevada, Michigan and Italy (41) 
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Currently the role of gas bubble disease relative to predation is being studied in 
laboratory tests by the National Biological Survey at Cook, and Montgomery 
Watson Co. and Battelle Labs, at Richland, WA. These laboratory results should 
be completed within a year. Predation studies are also underway in the Columbia 
River, but as designed, aren't likely to shed light on possible relationship to gas 
supersaturation. Still, the examination of recently ingested smolts by Nelson and 
coworkers, produced only a few percent with obvious physical injury (43), and 
raises questions why so many apparently healthy appearing prey were eaten. It is 
tempting to speculate that gas bubble disease may be involved in predation, but so 
far, the issue is unresolved. 

Avoidance behavior: 

8 

The question here is whether avoidance behavior truly occurs in gas bubble disease 
of salmonid fishes. Avoidance-like behavior has been reported in some studies of 
supersaturation (16, 23,40,45), and could be protective if: (a) there is an active 
detection-avoidance response; (b) the avoidance response is not subject to stimulus 
exhaustion; and (c) there is opportunity to avoid or move away from 
supersaturation. The "avoidance response" of fish to supersaturation is variable, 
(5,6,44), and it is hard to rule out the possibility that test conditions in conjunction 
with supersaturation and confinement, may be responsible for the resulting 
behavior. Thus, it isn't clear why 0. mykiss would "avoid" gas supersaturation in 
some cases, but not in other cases ( 44,45). Whatever the cause of variability, 
avoidance may not be an option for shallow water organisms such as juvenile fall 
chinook, or for migrating salmon passing the confining conditions of turbines, 
bypass systems, and fish ladders. 

The avoidance stimulus-response mechanism remains unknown for 
supersaturation, but it is not likely to be based directly on the total dissolved gas 
pressure. ·This is because most rivers and experiments have well mixed water, with 
total dissolved gas pressures similar from surface to benthos. In this case, stimulus 
exhaustion would be expected to result from continuous exposure. Alternatively, 
if supersaturation stimulated avoidance by diving, via increased gas pressure in the 
swim bladder, the immediate effect of sounding would be counterproductive and 
raise the gas pressure in the swim bladder. It would take less energy and be more 
directly remedial to relax the pneumatic duct of physostomous fishes and thereby 
decrease both the pressure in the swim bladder and the excess buoyancy. 

Individual gases in supersaturation are also unlikely to stimulate avoidance. 
Carbon dioxide gas is unlikely to exert any gas pressure because it is chemically 
transformed into dissolved bicarbonate and carbonate. Nitrogen and noble gases 
are essentially inert, at least at the low pressures in surface water. There are 
oxygen cells in rainbow trout Oncorhynchus mykiss gills, but hyperbaric oxygen 
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pressure in lakes and raceways is not associated with avoidance behavior such as 
sounding or movement to lower oxygen pressures. 

I speculate that the stimulus-response mechanisms for fish in supersaturated water 
is more likely to be found in some form of internal irritation, or damage (called 
pain in Bends patients), or in organ dysfunction resulting from emboli and 
emphysema. Supersaturation seems more likely to stimulate avoidance by causing 
irritation, dysfunction, or even damage. For example, blood vessels are highly 
innervated and they may be stimulated by the physical passage of emboli, or if the 
emboli stretch the vessel wall. If sufficient emboli form, these can diminish the 
flow of blood and cause hypoxia, hypercapnia, cardiovascular perturbations, 
cellular damage, and irritation or "pain." 

Thus avoidance behavior, while potentially protective, seems uncertain and 
unreliable. For example, why didn't the adult summer chinook avoid the 
supersaturation during the fish kill at John Day Dam in 1968 by sounding, instead 
of being killed by it? Why were adult Atlantic salmon Salmo salar killed by gas 
supersaturation in a Norwegian stream, and in net pens in a fjord, when they could 
have avoided it ( 46)? 

In summary, avoidance behavior has never solved a pollution problem and allows 
damage to the ecosystem. 

Depth distribution of fish: 

Most of the data cited by FPC provide a "snap-shot" of fish migrating through the 
water column, but do not describe the dynamics or the end result. How much time 
do individual adult salmon spend at these depths? In one case, radio tagged adult 
spring chinook reportedly spent 89% of their time below the critical zone for 
bubble formation (47). Yet this may not be adequate to ensure their safety 
because the supersaturation at John Day Dam in 1968 killed an estimated 18,000-
20,000 adult chinook (24). Unfortunately, adult salmon cannot pass over dams 
without getting into the shallow depths of fishways. 

FPC's review reports that GBD was not observed in the fish ladders on Snake 
River Dams last year, during significant periods of supersaturation. Yet when this 
was investigated at Bonneville Dam (27), the following was reported: 

1969: At least 10 % of 129 adult sockeye salmon. 

1972: 49 % of 55 adult sockeye salmon; 40 % of 5 adult steelhead; 
26 % of 35 American shad, and none observed in lampreys. 

GBD was readily apparent in captured adult salmon 20 years ago, but currently it 
seems difficult to find signs of GBD in adults that have traveled further during 

9 

-.... .:=:,,..._, -·- -~ ~ -
' 



10 

similar gas levels. Several explanations are possible, including inc-reased heritable 
resistance to this disease (50), and different operational conditions. But at present, 
adequate data seems lacking to indicate the most likely explanation. 

FPC also believes that most smolts migrate well below the danger zone. On the 
other hand, while smolts were reported to be in the top 3.5 m, most smolts were 
reported to be in the top 1 m ( 48, 49). 

Intermittent exposure: 

"Intermittent exposure increases the ability of fish to tolerate exposures to 
supersaturation conditions." I believe FPC did not mean this as stated; I am 
unaware of any evidence that repeated, intermittent exposure will build up 
physiological resistance to the onset or severity of GBD. To my knowledge, prior 
intermittent exposure to supersaturation has not been reported to increased 
tolerance to higher levels or longer periods of supersaturation. Rather, 
intermittent exposures to supersaturation, can produce extensive mortality 
(23,45,52). 

During intermittent exposure, organisms may still acquire excessive body burdens 
of gases that can come out of solution and cause gas bubble disease (mild) or 
hemostasis (severe) in fish (Bends in human divers). Within certain limits of 
intermittent exposure, a dangerous body burden of gases may not occur, but the 
limits are critical. These limits have not been defined for salmon, but depend on 
the severity of conditions in the intermittent exposure .. As a result, different 
intermittent exposure conditions have different implications. 

In true intermittent exposure, the total dissolved gas pressure intermittently rises 
and falls over selected periods that are repeated, potentially from intermittent 
spillage at dams. In these tests, the hydrostatic pressure compensation, hence 
depth, is held essentially constant and is not allowed to compensate for the 
hyperbaric component of the gases. During the supersaturation phase, the 
organism becomes equilibrated with hyperbaric gas pressures and this may become 
lethal, depending on the circumstances. Gases dissolve in and saturate tissues, 
creating a body burden that may or may not be eliminated before the next exposure 
to hyperbaric gases. During the normal saturation phase, the total dissolved gas 
pressure in the water is lowered to barometric pressure (or lower). When this 
happens, the in vivo gas burden tends to diffuse out of the fish's tissues, into the 
blood, and back into the water. Gases are lost slower than they are gained (6), as 
evidenced by decompression tables, but the limits are not defined for migrating 
salmonids. 

A second type of "intermittent exposure" is intermittently gaining and losing 
hydrostatic pressure compensation, during a relatively constant level of 
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supersaturation. This can be accomplished by intermittently moving up or down in 
the water column, and thereby intermittently suppressing or promoting bubble 
formation. The tolerance of salmon to this should be at least twice the time 
required to saturate the fish with the supersaturated gases, or 2 X 2 hr (or more)= 
4+ hr (53). At or below compensatory depth, no bubbles are possible (similar to a 
corked bottle of champagne). When the fish rises in the water column (such as 
when it reaches a dam), and swims vigorously, the result is analogous to removing 
the cork from the bottle and agitating it. It isn't certain if or when any bubbles will 
form, before the fish dives again and thereby "corks" the bottle via hydrostatic 
pressure. In vivo bubble formation is difficult to predict, impossible to control, and 
depends on numerous physical factors. 

In a river, fish experience a much more complicated circumstance than is presented 
by most studies. Some fish will experience intermittent compensation, and others 
may experience intermittent supersaturation, or some combination of both. 

Conclusions: 

I find most of the FPC's conclusions are at odds with my experience, or do not 
address the entire issue. For example, intermittent exposure to high dissolved gas 
levels can kill fish and will not increase their ability to tolerate supersaturation as 
stated. While some intermittent exposures may not kill, other intermittent 
exposures will kill fish. Adult and juvenile "fish" will not necessarily sound 
volitionally or otherwise avoid supersaturation, as implied, and the published "fish 
kill" reports support this. I agree with FPC that it can take "many days to weeks" 
to kill the 50th percentile at low gas levels, but it does not take very long to kill 20 
% of the smolts in the range of 120-124% TDGP, and time to death seems 
irrelevant for resident aquatic organisms. I also agree with FPC that management 
should apply a comparative risk assessment, but it should be applied to the entire 
aquatic ecosystem. The risk from supersaturation must be compared not only for 
the salmon, but also the nonsalmonids and the myriad other species in the river, 
especially in the shallow, eutrophic zone. 
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MEMORANDUM 
30 April, 1994 

To: 
From: 
Subject: 

John Stevenson, PNUCC staff, and interested members 
. Al Giorgi 46- . 
Summary of key issues discussed at AFS, EPA, COE, and BPA sponsored, 
Gas Saturation Workshop - 19,20 April, 1994. 

In this summary, I try to concentrate on those issues that are of central concern, and provide 
commentary where appropriate. · 

Background: The workshop started by presenting some background information. Dr. Wes 
Ebel gave a history of the gas saturation (GS) problem in the Snake/Columbia Rivers. As 
we are aware high spillage rates in the 1960s increased GS substantially. As more turbines 
came on line and flip lips were installed the problem subsided. Some participants suggested 
that head lesions observed in 1993 were due to GS, i.e. blisters lysing. However, some 
weren't so sure, since other symptoms were not apparent. Bouck speculated that emboli 
could block blood flow to the eyes, temporarily blinding fish, and that the lesions may be a 
result of fish running into objects. More rigorous inspection of adults is required. Ceballos 
noted that the lesions definitely developed during passage from JD to LGR Dam, as 
evidenced by clean fish that were radio-tagged at JD and observed with lesions upstream. 

COE Model: Tanovan from the COE briefly described that agency's GASSPILL model. 
He noted that the model predictions were trothed at within 10% of actual GS levels. 
However, the model is still somewhat coarse in that timesteps are Jong, shortterm changes in 
GS associated with brief spill periods are not well reflected. 

Unmeasured Effects, Physical Environment: A&T representatives suggested that spill 
restricted to peak night passage hours would have less effect on the average daily GS. This 
may be so, however some pointed out that concentrated spill may greatly supersaturate a 
specific cell of H20, which could maintains it's integrity as it moves downstream. If smolts 
remain in this cell as they migrate they may be subjected to high GS for extended periods. 
Monitoring for such dynamics is warranted. This raises the issue as to whether salmonids 

' can sense GS and actively avoid it by actively swimming laterally or vertically(sufficient \ 
depth can compensate GS). Earl Dawley, Ebel note no such behavior in salmonids, nor did 
Dr. Bob White (MSU) observe such for trout. Dr Fidler said he has seen some information 
that may suggest rainbows may detect and move from GS. 
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Species Vulnerability: Dr. Ray Beamesderfer after reviewing the fish community, 
concluded that anadromous salmonids and lamprey were most vulnerable to GS, due to the 
time period they migrate and depth distribution. Dr. Fidler noted that early life stages, 
larvae, were most sensitive to GS effects. With regard to invertebrates, GS effects are 
somewhat different. On the Bighorn R. investigators observed that shallow water benthic 
insects(nymphs and larval stages) formed internal bubbles that buoyed them in the water 
column, and they were swept downstream. This could have implications with regard to 

critical rearing habitat for subyearling chinook foraging in the littoral z.one throughout the 
Columbia system. In the context of ESA, any intentional activity, e.g. voluntary spill, that 
perturbs important features (prey items for Snake R. falls in this case) of critical habitat may 
be deemed inappropriate. It may be advisable to investigate the occurrence of this 
phenomenon in the Snake/Columbia rivers. 

Also, the high sensitivity of fry stages raises the question as to potential effects on 
pre-emergent fry, particularly in the Hanford Reach. It is possible that spillage in the Mid 
Columbia is creating GS levels sufficiently high to cause substantial mortality to this 
productive wild stock. 

EPA GS Standards: The GS standard in US waters is not to exceed 110%. Individual sate 
standards in the NW are; OR, 105% < 2 ft, 110% > 2ft; ID no clear standard with 
regard to dam discharge; WA recognizes EPA standard but there are provisions for 
temporary allowances to exceed it. In 1986 EPA asked the COE to conduct bioassays 
because of the high GS associated with dam. That did not occur. Apparently the existing 
EPA were to be adhered to. The EPA speaker noted that the EPA is regularly violated and 
that if EPA and/or the states do not actively enforce it they are vulnerable· to lawsuits. He 
also noted the standard is to protect all species in the waterways, notjust salinori. 
The participants suggested that perhaps new standards were warranted and queried how this 
might be pursued. No clear procedure was apparent to me. 

British Columbia Standards: Dr. Fidler, a noted researcher on GS, said that the standards 
in BC are similar to US, 110% > .7 m. However, he stressed that if the standards in 
either the US or BC were revised they would certainly be downward, not upward as desired 
by some parties in this region. He noted that there is real concern in their environmental 
agencies that the sublethal effects associated with GS have been ignored, and may be more 
important than observed acute mortality as measured with lab bioassays. Compromised or 

2 



. . .. 

.. 

• •, . 
. ' 

debilitated organisms will like!>' not perform well in a natural setting. For example, due to 
the small pneumatic duct, young juvenile salmonids cannot readily equilibrate their swim 
bladder volume as it rapidly overinflates with high GS. They may rupture resulting in direct 
mortality, or swimming behavior may be altered subjecting them to increased predation. 

Risk Assessment: There was a panel discussion about how to best perform risk assessment 
for anadromous species. Several central issues deserve attention. Jolin McKern noted that. 
existing spill survival estimates do not reflect gas effects since water was only spilled during 
the test periods. Gas effects may offset any spill passage survival benefits. ·this needs to be 
considered in any future evaluations. EPA stre5sed they are concerned about all species, not 
just anadromous fish. Matt Mesa (NBS) noted that we have no assessment of the cumulative 
effects of serial stress conditions experienced during downstream passage. Effects measured 
in the lab with fresh test animals may not reflect the same level of gas-related effects as 
incurred by migrants passing turbines and bypass systems. If the migrants are compromised 
by other passage conditions, GS may have a more pronounced effect. He challenged the 
group to design evaluations that reflect this. A number of the participants stated that 
monitoring obvious external symptoms was inadequate: Bubbles in capillaries are a major 
concern. Also, bubbles forming on the lateral line are common, suspected to interfere with 
sensory processes, and are difficult to detect with casual inspection. With regard to the ESA 
stocks, intentionally exposing them to known stressful conditions may be unacceptable and 
unlawful. The balance between survival advantage associated with spillway passage and 
resultant gas effects is critical to overall stock survival. Both adult and juvenile stages must 
be evaluated. Some suggested we need to develop technological tools to detect the 
formation of bubbles in the blood. Fidler implied this was unnecessary since we already 
know that bubbles form at levels at 118%.saturation. ·He also recomme:ndedthat the Fraser 
River may provide baseline information representing an undeveloped system. 

FPC Monitoring of GS Effects: In the past the SMP has monitored for symptoms in smolts 
and will continue to do so. Fish are inspected for external symptoms such as exopthalmia 
and bubbles in fins. M. Filardo noted that in 1993 they observed that at times the incidence 
of symptoms appeared to subside· at downstream sites, indicating recovery during migration. 
However, some cautioned that the pattern may reflect mortality in route. Margaret noted 
that the Pl did not change much from previous years, an indication of no great GS loss. Dr. 
Fidler cautioned that the Pl if it is an appropriate surviviil index reflects all combined sources 
of smolt mortality, and GS effects cold have been quite large but were balanced by increased 
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spill passage survival. The point is it is the n~t survival through the system that is of 

concern. If spill enhances sllrYival at the dam but causes conditions that kill smolts it high 
levels in the reservoir what have we accomplished'? The FPC will start examining adults this 

·-·-· ... -· . .. . - . 
year at BON, IH, LGR. 

Spill-equivalent survival: Fidler repeatedly stated that the risks associated with · 

intentionally spill large volume of water are real. I would add that the only sensible way to 

provide high spill-equivalent passage survival, without spilling water in volumes that create 
GS problems is to develop a prototype surface/vertical slot forebay collector and test it as 
soon as is reasonably possible. 

BPA funded GS study: Enclosed is a study outline for a 1994 investigation to be conducted 

jointly by Fidler and Colt. 
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Woruhop Agenda, April 19-20, 1994 

GAS SUPERSATURATION RESEARCH NEEDS 
·at 

The Columbia River Room, Coliseum Red Lion, Portland, Oregon 
(behind the Coliseum, south off Broadway Blvd) .. 

Sponsored by the Portland Cuipter of the American Fisheries Society, the U.S. 
Environmental Protcaion Agency, U.S. Army Cotps of Engineers, and the Bormeville 

Power Administration, Portland, Oregon. 

Objectives 

1. Review present and probable future supersaturation circmnstances on the Columbia 
and Snake Rivers. . 

2. Provide peer review and comment on existing gas supcrsatmation research projects. 

3. Have experts on ga5 supersaturation list and Prioritize the additional re=ch needs. 

4. Provide a record of the meeting and update the 1980 AFS report on •Atmospheric Gas 
Supersaturation: Educational and Research Needs (TAFS 109:769). 

AprU 19, 1924 

BacJcground Information; 

8:15a Welcome and Introductions 

8:30a Historical and Current Supersaturation in the Columbia and Snake Rivers. 
Dr. Wesley J. Ebel, (retired) NMFS, Seattle, WA. 

8:50a Projected Gas Levels for Hydro Operations in the Columbia and Snake Rivers. 
Dr. Bolyvon Tanovan, US COE, Penland, OR. 

9:10a Anadromous and Resident Fish Assemblages in the Columbia and Snake Rivers of 
Concern to Supersaturation. Dr. Ray Beamesderfer, ODFW, Oregon Oty, OR. 

9:30a Break 
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10:00 The Regulatory Frame ofRefcrcnec: Bill Young, Oregon Depattment of 

Environmental Quality; Bill Sobolewski, EPA, and .TBA, Washington Dept of 
Ecology, Olympia, WA . 

Gropp Discussion gn rn:neraJ Concerns and Br:;rarclJ Needs; 

10:30a How Does One Set Standards for Gas Supersaturation in Rivers? 
Columbia Basin Management Considerations by-Gazy Fredricks, NMFS, Partland, 

11:30 Lunch 

12:30p What are the Analytical and Monitoring Needs (Biological and Insuumcnts)? 

l:OOp What Axe the Concerns and Research NeedS for Anadromous Fish Relative to Gas 
Supersaturation? 

·What species are at risk, why, what life stage, and Dllder what circumstanceS? 

2:00p What Axe the Concerns and Research Needs for Resident Fish and Invcrtcbntes 
Relative to Gas Supcrsatm'ation? 

What species are at risk, why, what life stage, and under what cirt:wnstances 

3:00p Break 

Review nf Current Research Qt RgJatgd As:t;Yitie:;: 

3:30p Study Plan: ~tion of Total Dissolved Gas Effects on Salmon and Other 
Aquatic Species from Spill at Nonttansport projects in the Lower Colwnbia and 
Snake Rivers. Jim Athcm, and Rudd Turner, Corps of Engineers, Portland, Or. 

Discussion and Comments 

4:30p Study Plan: Biological Monitoring of Supersaturation in the Colwnbia River. Earl 
Dawley, NMFS, Hammond, OR. 

S:OOp Discussion and Comments. 
5:30p Adjourn 

AprU 20. 1994 

8:00a Smolt Monitoring for Gas Supersaturation. TBA Fish Passage Center, Portland, 
OR.. 
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8:30a General Discussion and Comm::nts. 

9:00a Study Plan: Effects of Supcrsituration on Predation of Smolts. Matt Mesa, US 
Biological Survey,c.ook, WA. . 

9:30a. Geru:ral Discussion and Conunents 

lO:OOa Break 

10:30a Study PlMi: Allowable Levels of Gas Supc:rsatmation far Fish Passing Dams. 
John Colt, Montgomery Watson Co., Bellevue~ WA. 

l l:OOa General Discussion and Review Conunents 

11:30a Lunch • 

/ 12:30p Executive Se.uion to Consolidate and Priorithe Research Needs. 

, 3:30p BFO's, After Thoughts, and Public Comments (written conunents will be 
/. encouraged). 

S:OOp Adjourn 
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~vited Experts on Gas Supersatuation 

Mr. Kiri:Beiningen 
Oregon Dept of Fish and Wlldlife 
17330 SE Evelyn St. 
Clackamas, OR 97015 

: 
Dr. Thomas Backman 

· Intc:rtribal Fish Commission 
729 NE Oregon St, Suite 200 
Portland, OR 

Dr. Ge:rald R. Bouck 
; 

pivision of F.LSh and Wildlife (PJ) 
Bonneville Power Administation 
P.O. Box 3621 
Portland, OR 97208-3621 

Dr. Gazy Ciapman . 
U.S. Environmental Prote.ction Agency 
2111 SE Marine Science Dr. 
Newport, OR 97365-5260 

Dr. Charles Coutiint 
Environmental Science Division 
Oak Ridge National Laboratory 
P.O. Box 2008 . . 
Mail Stop 6036 
Oakridge, 'IN 37831-6036 

Dr. John Colt 
Montgomery Watson 
2375 NE !30th, Suite 200 
Bellevue, WA 98005 

Mr. Earl Dawley 
NMFS 
P.O.Boxl55 
Hammond, Or 97121 

Dr. Wesley 1. Ebel (retired) 
107NW l85th 
Seattle, WA 98117 

. 503 / 657-2038 

503/ 238-0667; 

503/ 231-6981; Fax 231-6982 

503/ 867-4027; Fax= 867-4049 

615/ 576-6830; Fax 576-8646. 

· · 206/ 881-1100; Fax 881-8937 . 

503/ 861-1853; Fax 861-2589 

206/542-2978 (home); 
509/ 684-1584 (ranch) 
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Dr. Lany Fidler 
Aspen Applied Sciences Ltd. 
P.O.Box337 
Valemount, BC VOE 2ZO 

Dr.1ohn 1cnsen 
Department of Fisheries ind Oc=ns · 
Pacific Biological Station 
Nanaimo, BC V9R 5K6 

Dr. William Krise 
NFRFDL-National Biological Smvey 
RD4,Box 63 · 
Wellsboro, PA 16901 

Mr. Matt Mesa 
National Fisheries Research center 
Willard State Star Route 
Cook, WA 98605 

Dr. Robert White 
Montana Coop. Fish. Res. Unit. 
Dept. of Biology 
Montana State University 
Bozeman, MT 59717 

.. 

604/ 566-9931; Fax 566-9824 

' . 

~/756-7013; Fax756-7053. 

717/724-3322; Fax 724-2525 

509/ 538-2299, X 237; Fax 538-2843. 

406/ 994-3491; 



Impacts of dissolved gas super.sa_turation on Columbia and Snake river anadromous fi~h 

Introduction 

The development of the Columbia and Snake rivers for hydropower has led to a host of obstacles 
to the safe migration of anadromous salmon and steelhead trout. One problem that fishery managers and 
hydropower operators have long recognized is that of high concentrations of atmospheric gases, primarily 
nitrogen, becoming entrained in water passing over spillways at. dams, causing supersaturation at well 
above the normal range for a free flowing river. Total dissolved gas (TDG) levels routinely exceed 110% 
and can reach 120 to 140 percent over long periods and long stretches of the river during periods of high 
flow and spill. High levels of dissolved gas supersaturation are dangerous to migrating saln:ionids, and 
can cause gas bubble disease (GBD);· a potentially lethal condition where dissolved gases in the blood 
come out of solution-and form bubbles in various external :ind internal tissues (EPA, 1976): Published 
accounts of observed mortality include Ebel (1971), who reported that widespread GBD in Snake River 
adult and juvenile chinook and steelhead due to high spill has caused substantial losses of fish, and 
Beiningen and Ebel (1970), who described high mortality of juveniles and adults due to high spill at John 
Day Dam in 1968. Based on Snake River survival estimates from 1966 to 1975, Ebel et al. (1975) 
concluded that there had been 40 to 95 % mortality of juvenile fish, a major portion of which was. due 
to supersaturation during bigh flow years, when most of the fish and water pass over spillways at dams 
instead of going through the turbines, and travel times are fast. 

The fact that spill directly causes increases in TDG supersaturation or maintenance of high levels 
is well established (Ebel et al., 1975). However, the relationship between the level of gas supersaturation 
in the Columbia and Snake rivers and resulting effects on migrating adult and juvenile salmonids is not 
as well understood, due to the large area and complexity of the river system. How a fish will be affected 
by dissolved gas supersaturation depends on a variety of factors, including the level of supersaturation, 
length of exposure, swimming depth, water temperature, species, fish condition, life stage, and the ratio 
of oxygen to nitrogen partial pressures (Ebel et al. 1975, Weitkamp and Katz 1980, and Jensen et al. · 
1986). Depth is an especially important consideration, since for any given level of supersaturation, fish 
will be affected most at the surface and less at depth, since hydrostatic pressure acts to keep dissolved 
gas in solution. Efforts to protect fish from exposure to high dissolved gas levels have focused on 

. determining a threshold supersaturation level to be applied to all river conditions, species and ages of fish 
that, when exceeded, creates unsafe conditions for migratory fish. This approach was initiated in the 
1970's with the establishment of state and federal dissolved gas water quality standards. Currently, there 
is little agreement on a m:iximum level of TDG that fish can safely tolerate, and it has become clear that 
the debate has important management implications. This review examines the history of the dissolved 
gas standards and provides background on several critical questions and issues that must be considered 
in management decisions regarding the relationship between dissolved gas supersaturation and salmonid 
survival in the Columbia and Snake rivers. 

History of EPA criterion and DEQ standards 

· In an effort to ensure good water quality for migrating salmonids and other aquatic organisms, 
the federal and state governments have set standards for limits on the allowable level of supersaturation. 
In 1972, Washington and Idaho set preliminary water quality standards for maximum permissible levels 
of dissolved nitrogen at 110 percent for the Columbia and Snake rivers; Oregon adopted a 105 percent 
standard. Blahm et al, (1973) commented that "these preliminary standards ·were established without the 
benefit of adequate biological information concerning the effects on fish of dissolved nitrogen in 
combination with other dissolved gases, water temperature, exposure time, and swim depths." In 1976, 



the Environmental Protection Agency published a criterion for TDG concentrations of no more than 110. 
percent for freshwater and marine environments. Oregon Department of Environmental Quality has since 
revised their standard to 105 percent for waters of less than 2 feet in depth, and 110 percent except in 
a 10-year, 7-day average flood (Oregon Administrative Rules, November 1987, Chapter 340, Division 
41, p. 8). 

The EPAcriterion was based on shallow water studies, notably Ebel et al. (1975), Dawley and 
Ebel (1975), and an unpublished· 1975 version of Bouck et al. (1976). There appear to be some 
discrepancies between the published and unpublished versions of the Bouck et al. study, because the EPA 
paper cites a finding by Bouck et al. that "water at and above 115 percent total gas saturation is acutely 
lethal to most species of salmonids, with 120 percent saturation and above rapidly lethal to all salmonids 
tested", whereas the 1976 published version found that "some mortality occurred among sensitive fish 
at dissolved gas levels of 110 to 115 % of barometric pressure when they were restricted to shallow 
water" and noted that ."these ·and higher gas levels may be safe for wild fish if they sound to 

. compensatory depths." Another citation used in the justification for the EPA criterion is the conclusion 
of Dawley and Ebel (1975) that there is a threshold where "significant mortalities" begin occurring at 
115 % nitrogen saturation (111 % TDG) at 15° C in water 0.25 m deep. This .has been widely tiSed in 
justifying or supporting a 110% standard. The observed mortalities of juvenile fish under these 
conditions in the study were 50% steelhead mortality and 7 % chinook mortality after 35 days. This 
illustrates the need to explicitly define a critical time period and what level of mortality would be 
considered "significant". Studies investigating the effect of gas supersaturation on fish survival have 
varied widely in their detenninations of critical periods: from four hours, the time estimated for a fish 
to pass through a plume of highly supersaturated water (Backman et al., 1991), to over two months 
(Blahm et al., 1973). A major problem with the debate about what constitutes a safe level of TDG 
supersaturation is that there is no agreement on what, if any, level of mortality is acceptable. This is 
complicated by the situation in the Columbia River basin, where the level of acceptable impact changes 
as river conditions vary. 

Another EPA report that recommended a 110% nitrogen saturation criterion was a 1971 paper 
by Rulifson and Abel. From a review of the literature, they concluded that nitrogen supersaturation 
above 105 % causes gas bubbie disease in fish, and levels above 120% are lethal. The first conclusion 
was based on two sources (Harvey and Cooper 1962 and Shirahata 1966), who agreed that levels of less 
than 110% lead to GBD. Shirahata found that rainbow trout fry in shallow water need less than 111 % 
nitrogen saturation for survival. Other researchers they cited indicated that GBD occurred at between 
110 and 120% (Rucker and Tuttle 1948, Rucker and Hodgeboom 1953). They all reportedly agreed that 
over 120% dissolved nitrogen is lethal. . 

Alderdice and Jensen (1985), recommended that in order to prevent acute mortality of juvenile 
salmonids and adult sockeye in the Nechako River, TDG levels should be kept below 110%. The 

. determioation for adult sockeye was based on a study by Nebeker et al. (1976), which established a lethal 
threshold for adult sockeye at 114% TDG at 12° C in water 0.6 mdeep. The determination for juvenile 

. salmonids was based on a literature review and the results of modelling based on past research (Jensen 
. et al., 1986), from which they deduced a boundary region between chronic and acute GBD risk of 108 

to 116% TDG. The modelling done by Jensen et al. (1986) had a large area of uncertainty around the 
predicted 50 % mortality curve at TDG saturations less than 125 % , due to the large variation in research 

· results and the large number of factors affecting how fish are affected by dissolved gas supersaturation. 
· The 110 percent TDG standard is generally considered conservative, and was adopted with the 

protection of shallow water organisms in mind. Given that 110 percent TDG is routinely exceeded in 
the Columbia and Snake rivers, with no discernable impacts on fish, it is generally agreed by most 
researchers and agencies that the standard is too low to be useful when applied to migrating salmonids 
in the Columbia river system. At a January 16, 1990 meeting at the EPA Oregon operations office in 
Portland, Oregon, Earl Dawley of the National Marine Fisheries Service (NMFS) said that the 110% 
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criterion was only useful for shaJlow waters. Jim Athearn of the COE commented that there have been· 
no significant TDG related problems during the period 1985 to 1988, although 110% TDG was often 
exceeded. In addition, the 1986 COE Water Management Report indicated that in spite of the high levels 
of dissolved gas in excess of the 110% standard observed in 1986, "there were no reported visible 
damages to the fish." 

Several researchers have found that even in shallow water, holding fish at 110% will not cause 
!llOrtality. Dawley and Ebel (1975) observed no mortality of juvenile steelhead and chinook held at 110% 
nitrogen, 15° C iri tanks 0.25 m deep for 35 days. Meekin and Turner (1974) determined that 112% 
nitrogen is not a harmful level when oxygen is at less than 100% saturation. Bouck et al. (1976) found 
that long term exposure of adult spring chinook salmon to 110% TDG had no adverse impact on 
fertilization and hatching of eggs. Most studies did not test fish at 110% TDG, since insignificant 
mortality usually resulted, especially if fish were allowed to sound, and instead began bioassays at 115% 
and up. Bouck (1980) concluded thaf field studies investigating the 110% criterion "support the 
contention that 115 % saturation would be safe for wild salmonids in the Columbia River." He also noted 
that given information from laboratory research on acute lethality due to dissolved gas, and given that 
dissolved gas supersaturation below Bonneville Dam during the spring runoff season has often been in 
the range of 125 % TDG since Bonneville was built, salmon should have disappeared from the Columbia 
River 25 years ago. He concludes that "obviously, interplay of behavioral and environmental variables 
allows higher tolerance to supersaturation than is evident in laboratory bioassays. • Other researchers 
have suggested that limits could be defensibly set as high as 120% TDG (Weitkamp and Katz, 1980). 

Dissolved gas induced mortality 

There have been a number of laboratory and in situ studies designed to determine the effects of 
various levels of dissolved gas concentrations on salmonids. Most took the approach of measuring time 
to a chosen level of mortality, ·usually 50 percent. Ebel. et al. (1975) reviewed several of these studies 
and concluded that for juveniles and adults, substantial mortality occurs at 115 % TDG after 25 days 
exposure in shallow water, and when allowed to sound and obtain hydrostatic compensation, substantial 
mortality occurs at supersaturation levels greater than 120 % TDG after more than 20 days exposure. 

Blahm et al. (1973) tested juvenile chinook and coho over 72 days in 3 tanks of Columbia River 
water: an equilibrated control, and tanks 1 m and 2.5 m deep. Control mortality was 2.2 % for chinook, 
and 4.1 % for coho, where TDG was between 97 and 106% 85% of time, with a high of 109%. In the 
1 m tank, they observed 98.2% chinook and 80.1 % coho mortality at TDG saturation greater than or 
equal to 120%. In the 2,5 m tank at the same TDG concentrations, they saw 8.7% chinook and 4.2% 
coho mortality. 

Dawley et al. (1975) found that in shallow tanks at 130% nitrogen saturation, all species tested 
reached 50 % mortality in 24 hours and no species reached 50 % mortality at 110 % • They did an initial 

· series of tests in deep tanks where high mortality was observed (100 % chinook mortality at .124 and 
127%), but thought thafthe high density of fish to water and the limited depth of the tanks may have 
affected the results, after observing some territorial interactions when fish were trying to compensate for 
TDG levels with vertical movement. A second round of deep tank tests in tanks 9-10 m deep at reduced 
population densities yielded no steelhead mortality in 7 days at 130% TDG (27% with GED symptoms) 
and no dissolved gas related juvenile spring chinook mortality in 37 days at 133 % nitrogen (10 % with 
GBD syniptoms). 

As mentioned above, Dawley and Ebel (1975) tested fish in shallow tanks (0.25 m) at 15 •c 
and 115% nitrogen (111 % TDG) and saw 50% steelhead and 7% chinook mortality in 35 days. They 
also observed greater than 50 % mortality in less than 1.5 days at 120 and 125 % nitrogen saturation in 
the shallow tanks. 
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. · Blahm (1975) noted that de~p tank survival was better than shallow tank survival in field tests 
in the Columbia River at Prescott, Oregon, with prevailing fluctuating dissolved gas levels. He concluded 
that shallow water tests are "not representative of all river conditions that directly relate to mortality of 
juvenile salmon and trout in the Columbia River." 

· Bouck et al. (1976) tested different developmental stages of fish in shallow water, and measured 
the number of hours to 20% mortality at different dissolved gas levels. At 115% TDG, it took adults 
309, smolts 154 and parr 125 hours to reach 20% mortalicy; at 120% TDG, it took adults 48, smolts 41 
and parr 53 hours to reach 20% mortality; at 125% TDG, it took adults 18, smolts 17 and parr 24 hours 
to reach 20% mortality. They observed that the response curve (mortality vs. time) of fish put into water 
with high dissolved gas levels took the form of a sub lethal period, a period of log-linear mortality, and 
a period of protracted survival. . 

' ' 

Weitkamp (1976) found in live-cage bioassays in natural river conditions in the mid-Columbia 
River that at 120% TDG, significant mortality (53 % mortality in 10 days, 90% of survivors had GBD) 
was seen ·only in fish groups held within 1 meter of surface. Fish allowed to sound up to 4 m did not · 
suffer mortality in any of the tests at TDG ranges of 119 to 128 % . · 

On May 29, 1990, a fire in the powerhouse at John Day Dam resulted in large amounts of spill 
for several days during the high flow period of the spring migration. This had the effect of greatly 
increasing dissolved gas saturation levels below John Day. Daily average TDG saturations at The Dalles 
Dam jumped from below 110 to above 125% for 5 days (May 30-June 3), and slowly declined to 
previous levels over a period of two weeks. Dissolved gas saturation5 at Bonneville Dam and Warrendale 
(below Bonneville) showed a similar trend, although peaks at those sites were a few percentage points 
lower. At The Dalles Dam, smolt monitoring efforts observed percentages of the sample with GBD 
symptoms of2 to 17% from May 31 to June 4; 110 fish with GBD were observed out of2,042 sampled 
altogether. At Bonneville Dam, GBD symptotns were evident in fish from June 1 through June 12. 
Percentages of fish observed with external signs of GBD during that time period ranged from 50 % to less 
than one percent of the total sample. Steelhead were the most affected, and on June 3, 75 % of the 
steelhead sampled had GBD. Subyearling chinook were the least affected- less than 5 fish out of 7 ,024 
fish sampled June 1-i2 were observed with signs of GBD. Yearling chinook were affected in low 
percentages (5 % or less for four days), and sockeye rui.d coho were intermediately affected. 

Progression of gas bubble disease relative to mortality 

Since it is clear that the impact that dissolved gas is having on fish at any given time cannot be 
simply determined from gas saturation measurements, monitoring of migrants for signs of gas bubble 
disease (GBD) is a potentially important management tool for determining if dissolved gas levels are 
having an impact on the populations. Therefore, it becomes important to understand the relationship of 
external symptotns of GBD to mortality and other ill effects of dissolved gas supersaturation. · 

External signs appear to be a good indicator of when dissolved gas levels are impacting fish in 
sublethal laboratory environments. In acutely lethal enviro_nments, fish may die before external signs 
appear. Meekin and Turner (1974), Weitkamp (1975) and Bouck et al. (1976) found that a small portion 
of mortalities which died in a short time had no external signs ofGBD. This was more common in acute 
saturations (140%), but also occurred in more chronic situations. External GBD symptotns are most 
severe when conditions are marginally lethal, allowing longest survival (Bouck et al., 1976). Mortality 
does not necessarily accompany the presence of GBD symptotns, as demonstrated by Dawley (1975) in 
tests where no mortality occurred but 10 to 27 % incidence of GBD was seen in fish held in deep tanks 
at 130 to 133 % TDG over 7 to 37 days. Also, juvenile fish with external symptotns that do not die 
during e7;posure to high TDG levels will recover if retiimed to 100 % saturation (Meekin and Turner 
1974, Blahm 1973, Weitkamp 1974, Knittel et al. 1980). Dawley and Ebel (1975) found that fish 
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returned to 100% saturation after exposure to 125 % nitrogen, exhibited no delayed mortality due to prior 
exposure to high dissolved gas and saw external signs disappear after 15 days. Adults, on the other hand, 
are thought not to be able to recover (Ebel et al., 1975). However, this ·hypothesis has not"been tested 
directly, and appears to be an inference drawn from the fact that high TDG can cause blindness in adults. 
Another fmding of note is that after death, external signs of GBD disappear in adults after 24 hours (Ebel 
et al., 1975). 

When migrants were monitored at dams for signs of GBD, GBD symptoms were.observed to 
coincide with periods of high dissolved gas levels. In 1970, at Ice Harbor Dam, 25 to 45 % of juvenile 
chinook migrants had external symptoms, and mortality for the entire population was estimated to be 
30%. In 1971, 10 to 32% had external symptoms, and the survival for that year was estimated at 50% 
(Ebel et al., 1975). Dawley (1986) reported that in 1986; when dissolved gas levels exceeded 120% in 
late May and early June, GBD symptoms ·were observed in juvenile migrants at McNary Dam (mild 
symptoms 1-7% daily) and at Bonneville Dam (1% mild one day.on coho, 3 days around 15% on· 
steelhead), but not at John Day .. No adults examined at McNary had signs of GBD. He concJUded that. 
there were rninimiiJ impacts· of supersaturation on migrants during that time. 

Sublethal and physiological effects 

In addition to direct mortality, any sublethal effects of exposure to high dissolved gas levels must 
also be considered. There is evidence that swimming performance, growth and blood chemistry are 
affected (Dawley and Ebel, 1975), although no one has been able to directly document sources of indirect 
mortality, and instead are left to infer that fish affected by gas bubble diseas"e may be more susceptible 
to predation, disease and delay. Dawley and Ebel (1975) found that 35 days exposure to 110% nitrogen 
(106% TDG) decreases the swimming ability of juvenile chinook, that growth was affected in steelhead 
and chinook at nitrogen saturations of 1Q5, 110, and 115 % , and that blood chemistry was affected at 
1153. 

Dawley et al. (1975) reported that fish stressed with high levels of dissolved gas had less 
swimming stamina than unstressed fish (an average of 17 minutes swimming time in supersaturated water 
versus 25 minutes in equilibrated conditions). They also did extensive tests of blood chemistry in a 
variety of fish under a variety of conditions, with largely inconclusive results. They did notice 
differences in the way steelhead and chinook respond to stress, and that the one change in blood 
chemistry that was present in most tests was a depression of chloride, which was observed in steelhead 
and chinook at 120% nitrogen saturation. They reported that several blood characteristics (albumin, 
calcium, phosphate and potassium) consistently change in a particular direction in response to nitrogen 
stress, and that their laboratory results were similar to results of fieid experiments. Another result that 
may have implications for fish survival is their observation that gas bubbles in the lateral line can block 
its function. When fish are allowed to recover from GBD, function of the lateral line returns. · 

. Bouck et al. (1976) tested whether juvenile salmonids stressed by high dissolved gas were less 
able to transition successfully from freshwater to saltwater, and found that siirviving high TDG saturations 
did not affect their ability to survive a direct transfer to seawater. 

Avoidance behavior. 

Several researchers have reported that some species of anadromous fish are able to actively avoid 
or compensate for supersaturated conditions. The research falls into two categories: investigations of 
lateral avoidance, and studies of changes in depth distribution as related to dissolved gas saturation level. 
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. In the first category, Dawley et al. (1975) observed that chinook avoided supersaturation, but steelhead 
did not in tests where juvenile fish were able to move laterally between supersaturated and equilibrated 
halves of a shallow trough. Stevens et al. (1980) tested several species of juvenile salmon and trout for 
avoidance of supersaturated water in a shallow tank. They found that coho, sockeye and chinook salmon 
smelts and juvenile rainbow trout actively avoided supersaturated water at levels of 125 and 145 % TDG, 
but :were less consistent in avoiding ll5 % TDG. Steelhead were not able to consistently avoid 
supersaturated water and suffered higher mortality. Territorial interactions displayed by the steelhead 
may have influenced these results. Sockeye were the quickest to avoid supersaturated conditions, perhaps 
aided by schooling behavior, and avoided supersaturated water within two hours. 

Dawley et al. (1975) followed vertical movement in juvenile chinook and steelhead; and noted 
that they would sound to avoid supersaturation, but judged that it was not sufficient to prevent mortality. 
However, from reviewing their results, it seems that fish were able to sound to depths sufficient to 
prevent mortality when tested in very deep tanks (9-10 -m) at reduced population densities, whereas in· 
initial tests in tanks of intermediate depth (2.5 m) at higher densities, territorial interactions complicated· 
the ability of fish to reside at depths sufficient to prevent mortality. They also observed that in turbid . 
conditions, fish stayed in shallower water, and the depth distribution c~anged between day and night, 
even when tanks were lighted at night. Bouck et al. (1976) reported that juvenile chinook could avoid 
supersaturated water, whereas coho, which have a higher tolerance than chinook, showed no preference 
(from Meeker and Turner, 1975). In tests by Weitkamp (1976), survival of juvenile chinook in cages 
that allowed fish to range from the surface to depths of 2, 3 and 4 m, increased substantially over fish 
that were held within 1 m of the surface, indicating that fish were able to sound to obtain hydrostatic 
compensation. However, in 20 day tests at 120% to 128% TDG, mortality in the 0-2 and 0-3 m 
volitional cages was greater than in 1 m deep cages held at 1-2 and 2-3 m depth, indicating that fish did 
swim above compensation depths. ;\lderdice and Jensen (1985) tested juvenile salmon in 3 m deep cages 
and found that the mode of vertical distribution decreased as dissolved gas saturation increased up to 110-
112 % TDG; above those concentrations, the mode was above compensation depth. Modelling by Jensen 
et al. (1986) indicated that "for the range of depth (0.1 to 1.0 m) modelled, fish appear to use a 
significant portion of the water column available to them, thereby finding protection against gas 
supersaturation. • 

Less research has been done on avoidance abilities of adult fish. Grey and Haynes (1977) used 
. radio tags to follow adult in-fiver swimming depths, and found that spring chinook adults spent 89 % of 

the time below the critical zone (where they might be expected to be impacted by the dissolved gas levels) 
in 1976 in supersaturated water. They also observed that under equilibrated conditions in 1976 and 1977, 
fish swam at significantly shallower depths than in supersaturated conditions. 

Depth distribution of fJSh 

. Since. the effect of dissolved gas supersaturation ori fish depends on the depths at which they 
swim, several researchers have done depth distribution studies. It is important to keep in mind that fish 
have been found to be sensitive· to dissolved gas levels, and their depth distribution may change under 
different dissolved gas saturation conditions. Weitkamp (1974) cited a 1974 depth distribution study that 

· found that 88 % of chinook juveniles were between 2 to 4 m; for steelhead, 11 % were between 0 and 2 
.m. 37% were between 2 and 4 m, and 42% were at 4 to 5 m depth; 20% of coho were found at 0 to 2 
m and the remaining 80 % were between 2 and 4 m. Dawley et al. (1975) reported that 58 % of chinook 
juveniles and 36 % of steelhead were at depths of 0 to 12 feet, and of these, 80 % were between 0 and 6 
feet. 
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Intermittent exposure 

Intermittent exposure increases the ability of fish to tolerate exposure to supersaturated conditions. 
Dawley et al. (1975) found that intermittent exposure led to higher survival. Weitkamp (1976) found 
that fish held within 2 m of the surface for 16 hours per day had significant mortality only when TDG 
levels were at or above 125 % , and found that fish survival improved with intermittent exposure (provided 
by raising and lowering the test cages) over constant exposure to surface levels. 

The shape of the response curves of exposure dependent fish mortality measured by Bouck et al. 
(1976), indicate that there is an initial period when no mortality occurs, even at high TDG saturation 
levels. Knittel et al. (1980) found that the tolerance of juvenile steelhead for supersaturated conditions 
increased if they were allowed to remain at a compensatory depth. They longer the steelhead remained 
at depth, the higher their tolerance for surface conditions. They estimated that the minimum time 
necessary at 3 m depth to fully receiver from exposure to TDG supersaturation in the range of 125 and · 
130% is 2 to 3 hmirs, and the minimum time to recover from 120% is 1to2 hours.· In fish held for five 
days in live cages in The Dalles reservoir in 1985 where there was a diurnal pattern of 8 hours of TDG 
near 120%, 8 hours below ll0% and intermediate levels during the remaining time, Dawley (1986) 
observed no mortality attributable to dissolved gas. He noted that spilled water (high dissolved gas) had 
a passage time through the reservoir of 16 to 20 hours and appeared to move as a distinct mass. All of 
these observations support the conclusion that exposure to high levels of dissolved gas supersaturation 
for time periods on the order of hours may not adversely affect fish. · 

Conclusions 

It is clear from a review of the literature that the impacts of dissolved gas anadromous fish depend 
on a combination of factors: the level of supersaturation, exposure time, water depth and temperature, 
and fish condition. Intermittent exposure to high dissolved gas levels increases the ability of fish to 
tolerate supersaturated conditions, and does not necessarily result in gas bubble disease or mortality. 
Adult and juvenile. fish have been found to be sensitive to dissolved ga5 levels and will sound to 
compensate or otherwise avoid supersaturated conditions if given the opportunity. Except at very high 
levels of supersaturation(~ 125 % TDG), or when fish are not able to compensate by sounding, mortality 
occurs after exposure times on the order of many days to weeks. 

The current debate over how to best protect fish from exposure to harmful levels of dissolved gas 
supersaturation must take into account that the Columbia river system and the response of fish to 
dissolved gas are complex, and also that the danger from dissolved gas is just one of a range of 
interconnected dam-related obstacles to safe fish passage. Management decisions regarding decreasing 
spill to reduce dissolved gas saturation levels must include a comparative risk assessment, since spill has 
been shown to be one of the safest ways to pass juvenile fish through dams (COE, 1991). In addition, 
the length of exposure, and constancy of dissolved gas levels must be considered in order to assess risk .. 
It is safe to assume that inost migratory fish will experience high dissolved gas on an intermittent basis 
in the river where their ability to sound should rarely be hampered,· and should therefore have an 
increased chance of survival. In addition, high dissolved gas is 'associ;ited with high spill, which usually 
is due to high flows. High flows re5ult in rapid travel times for juvenile fish, which serve to reduce 
exposure time, a critical element in determining whether a fish will succumb to gas bubble disease. 
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-1993 Dissolved Gas Supersaturation 

Introduction 

_ Dissolved gas supersaturation and its effects on anadromous fish in the Columbia River Basin was 
a critical issue in 1993. High flows in the Snake and.Columbia rivers forced more uncontrolled spill than 
has occurred during the past low flow years and led to high dissolved gas supersaturation levels. In 
addition, with the listing of Snake River chinook and sockeye under the Endangered Species Act, the 
system bore closer scrutiny than in past years, and the new responsibilities of the National Marine 
Fisheries Service (NMFS) with respect to in-season management were in the process of being worked out. 
In past years, the U.S. Army Corps.of Engineers (COE) has used dissolved gas levels and the possible -­
detrinient they inflict on fish-to justify refusal to provide spill for fish passage. The recommendation of 
the regional fishery management agencies and tribes to provide spill sufficient to ensure 80 % spring and 
70% summer fish passage efficiency (FPE) was criticized as potentially causing damage to fish. Partly 
in response to this criticism, a system wide monitoring plan for tracking the effects of dissolved gas on 
migrating juvenile salmon and steelhead trout was implemented in 1993. In a letter from J. Donaldson 
of the Columbia Basin Fish and Wildlife Authority (CBFW A) to Major General E.J. Ham;ll of the COE 
North Pacific Division (COE-NPD) dated February 5, 1993, the agency and tribal plan to monitor smolt 
condition for gas related problems was described. Their goal was to combine biological observations with 
dissolved gas monitoring in order to begin the development of the baseline necessary for dissolved gas 
management in the Columbia and Snake river systems. This in-season management role was not 
recognized by the COE, who on several occasions ignored the advice of the agencies and tribes with 
respect to managing spill to provide the safest migration conditions for fish, particularly at Ice Harbor 
and Bonneville dams. The COE instead relied on agreements made with NMFS in justifying their 
actions. 

The smolt monitoi:ing program observed some impacts on juvenile fish from the high dissolved 
gas levels that occurred during the period of peak flows in the latter part of May. Daily average total 
dissolved gas (TDG) saturations exceeded 120% for one to twelve days at all monitoring stations (where 
data were available) except Lower Granite Dam. The highest levels of daily average dissolved gas 
recorded were at Lower Monumental Dam, where 130% was exceeded for 4 days (May 17-20), and an 
instantaneous high (one hourly reading) of 141 % was observed. Saturations at John Day, The Dalles and 
Bonneville exceeded 125% for one to two days. Unfortunately, reliable dissolved gas data were not 
always available, and several stations, including Ice Harbor, Priest Rapids, McNary North shore and 
Warrendale, were out of'service during the high flows in the last two weeks in May. Dissolved gas 
measurements from Rock Island and Rock:Y Reach dams were unavailable for the most of the spring 
migration. 

During the period when the highest dissolved-gas saturations occurred, low incidence of mostly 
mild external signs of Gas Bubble Disease -(GBD) were observed on juvenile migrants. _The largest 
proportion of juveniles affected was observed at Lower Monumental, where 18.6% of the sample had 
signs of Gas Bubble Disease (GBD) on one day- May 20. With the exception of Lower Granite Dam, 
where no GBD was seen, the rest of the monitoring statio~ recorded low percentages (typically 1-2%) 
of the daily sample affected with mild symptoms of GBD for 2 to 19 days out of the spring migration 
season. Based on smolt monitoring program observations, it is apparent that the impacts of high 
dissolved gas saturation on fish were minor in 1993. The results of sam'pling done downstream of 
Bonneville by the National Marine Fisheries Service also indicated minor impacts. For detailed 
descriptions and plots of GBD monitoring observations along with flow and-dissolved gas _information 
for Low.er Granite, Lower Monumental, McNary, John Day and Bonneville dams, refer to the appendix. 



Dissolved gas conditiqns in the Snake and Columbia rivers in 1993 

The levels of dissolved gas supersaturation coming into the system, i.e. daily average 
measurements from the forebays of Lower Granite and Grand. Coulee dams, varied throughout the spring 
migration season .. · The range was particularly wide at Grand Coulee, where saturation levels fluctuated 
from around 1003 to a high of 1273 total dissolved gas (TDG) saturation. Dissolved gas levels seen· 
in the mid-Columbia reach between Grand Coulee and Wells dams usually did not vary much, and high 
levels were either maintained when spill was occurring iii the mid-Columbia, or sometimes decreased 
from high levels if there was no spill. Saturation at Priest Rapids Dam was usually somewhat higher than 
at the upstream dams. The Snake River at Lower Granite was always less than 1103 saturated, and did 
not vary much during the season (see figure A-2); therefore dissolved gas supersaturation increases in 
the .\ower Snake River were caused solely by spill at the lower Snake dams. . 

At the end of April, when collection of dissolved gas data started, mid-Columbia TDG saturation · 
levels varied between 1043 and 1093, Snake River levels were between 1003 and 1033, and lower 
Columbia levels were between 102 3 and 108 3, except for the Warrendale site below Bonneville, which 
recorded levels of 1103 to 1113. · 

During the first two weeks in May, dissolved gas saturation began to increase as flows increased. 
Priest Rapids in the Columbia, Lower Monumental in the Snake River, and the lower Columbia stations 
all recorded levels generally above 1103, and neared 1203 sariu:ation. 

·In the last two weeks ·of May, flows peaked at levels far above those seen in the past several years . 
of drought. Since the high flows exceeded the hydraulic capacity of the dams, high amounts were spilled, 
and dissolved gas saturation reached the highest levels of the season. In addition, dissolved gas saturation 
of water coming into Grand Coulee was higher than normal, reaching a· daily average high of 127 3 
saturation. This high saturation ·was maintained through the mid-Columbia reach, although the peak 
lasted only a day or two at each site (data were not available for Rocky Reach or Rock Island). In the 
Snake River, high dissolved gas levels were created by spill at the lower Snake darns. At Little Goose, 
average saturation ranged from 107 3 to 120 % , with five days greater than 115 3. At Lower 
Monumental Dam, average saturation reached 133 3, and ten days during this period were above 125 3 
(see figure A-3). In the lower Columbia, most daily averages were greater than 115 3, 1203 was 
exceeded for five to twelve days, and saturations reached a high of 127 % for one to two days at all three 
darns below McNary (see figures A-4,5,6). · · 

. The beginning of June saw a decrease in dissolved gas supersaturation in the Columbia and Snake 
rivers, although for the first week in the Snake and lower Columbia, levels still ranged between 1103 
and 1203. Dissolved gas saturation in the mid-Columbia during June stayed mostly under 110%. By 
the end of June, few daily averages above 1103 were observed in the river system. 

Reasons for spill 

During periods of high flow there ~ere correspondingly hlgh spill volumes. The spill occurred. 
due to flow in excess of the hydraulic capacity of the projects, or 3s a result of overgeneration. 
Overgeneration spill typically occurs during. light load hours (nighttime and weekends) when the 
hydrosystem is generating the maximum amount it can sell. The excess flow is spilled. . 

Spill volumes were exacerbated by project operations during 1993. Some projects had hydraulic 
capacities that were less than usual because of units being out of service. At some projects this was a 
result of mechanical failures, while at others the reduction in hydraulic capacity was due to the conduct 
of research projects. Extended length screens were being tested for their fish guidance efficiency at Little 

· Goose _and McNary dan:is .. 1:hls caused a limited hydraullc capacity at these projects during most of the 
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hig? fl?w periods. The research units were brought back in service during thehighest flow and spill 
period man effort to decrease dissolved gas concentrations. In addition, at Little Goose Darn equipment 
related to a· research project was located in a spillbay equipped· with a flip lip. This caused 
proportionately more spill to pass through the spillbays without flip lips and concentrated the spill volume 
into fewer spillbays until the;: equipment was removed. All of the above conditions contributed to the 
high dissolved gas levels in the Columbia and Snake rivers in 1993. 

Monitoring for Gas Bubble Disease 

In 1993, a systematic program for monitoring migrating fish for signs of Gas Bubble Disease 
(GBD) was implemented at Smelt Monitoring Program sites. Previously, monitoring sites had informally· 
recorded observations of GBD symptoms. In addition, in· 1993 the National Marine Fisheries Service 
sampled salmonids as well as several other species and recorded incidence of GBD at several sites below 
Bonneville Darn. The monitoring program showed that in spite of high spill, the observed ·impacts of 
dissolved gas on fish were minor. Almost all observations of GBD occurred during the last two weeks 
of May, the period of peak flows, when several monitoring sites observed low incidence of GBD. 
Symptoms were generally mild; most observations consisted of bubbles in less than 50 % of the surface 
area of one fin. The daily proportions of the sample visibly affected by GBD were generally well under 
5 3 and mostly in the range of 1 to 2%, with the exception of Lower Monumental Darn, where 
proportions were above 5% on four days and on one day 18.6% of the sample was affected (see appendix 
figures and tables). On a site visit to Lower Monumental Dam on May 18, Larry Basham of the Fish 
Passage Center (FPC) observed five dead steelhead in one of the holding raceways, all with gas bubbles 
in their fins, and concluded that dissolved gas levels were at least high enough to begin causing mortality 
to juvenile fish. Dissolved gas levels reached higher levels at Lower Monumental than any other 
monitoring site, exceeding 130% for three out of the four days when more than 5 % of the sample had 
GBD. These high levels, as discussed above, were a function of project operations at Little Goose. 

When symptoms were seen on juvenile fish at smelt monitoring sites, higher proportions of 
steelhead had visible evidence of GBD as compared to salmon. Below Bonneville, very few steelhead 
were sampled, and symptoms were seen most often on coho, even though chinook ·were sampled in far 
greater numbers than any other salmonid. For detailed descriptions of observations at each smelt 
monitoring site, refer to the graphs and text in the appendix. 

Fish counters at sites noted any observations of adult fish condition that could be related to GBD. 
The Washington Department of Wildlife reported in a July 21 memo that a few fish were observed with 
GBD symptoms at McNary, although in most instances it was unclear whether the injuries observed 
resulted from GBD. They concluded that their observations did not either support or disprove impacts 
of dissolved gas on adult fish. There were no known observations of GBD in adult spring/summer 
chinook trapped at Lower Granite Dam and in the Tucannon River in 1993. However, there were a 
significant number of adult fish seen in 1993 with "head burns•, a condition where a portion of the 
cranial area is missing skin and often harboring a fungal infection. · It is not known whether the head 
burns result from exposure to high dissolved gas levels or from physical impact, but are clearly related 
to high flow and spill conditions. Fish with head burns were no.t observed to have any other evidence 
of gas bubble disease. . · 

Controversy over the use of dissolved gas standards in 1993 

Although the 110% standard for dissolved gas saturations in the Columbia arid Snake rivers set 
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by the states and described in an EPA criterion has been in place for over twenty years, it is commonly 
exceeded, i.isually due to spill caused,by flows in excess of hydraulic capacity of the dams on the river. 
In 1993, there was debate over the appropriateness of using a standard level of dissolved gas 
supersaturation that, when exceeded, would lead to the curtailment of spill. CBFW A, in a letter to Major 
General E.J. Harrell of the COE-NPD on February 5, 1993 recommended that the data on fish condition 
collected by the smolt monitoring program, in conjunction with dissolved gas monitoring, be used to 
guide in-season decisions concerning spill at each project. They pointed out that use of the 110 % criteria 
has been criticized as inappropriate by reviewers (Weitkamp and Katz 1980, Ebel et al. 1975, and COE 
1986), and is also problematic when considering common sense observations such as the fact that 
dissolved gas levels corning into the system have exceeded 110 % , and would therefore require the system 
not to spill at all. In addition, dissolved gas saturation at the Warrendale site, which is used to govern 
Bonneville spill operations, often exceeds 110% with no spill at Bonneville, The letter also pointed out 

. inconsistency in the criteria, noting that the Bonneville operations document refers to a· 120 % dissolved 
gas criterion; while the Fish Passage Plan mentions -110 % in the Bonneville section and 120 % at the other 
projects (e.g. The Dalles and John Day). 

In 1993, criteria for dissolved gas saturation levels were used in an unprecedented fashion by the 
COE to litnit spill for fish passage. The fishery management recommendations made by the agencies and 
tribes in 1993 were designed to provide the safest conditions for migrant fish and took into consideration· 
the benefits for fish passage provided by spill and the possible detriment caused by higher dissolved gas 
levels. During May and June, the COE limited nighttime spill at Bonneville Dam based on concern about 
dissolved gas levels. This limitation was made over the objections of the agencies and tribes, and in spite 
of their requests to spill sufficiently (o achieve 80170% FPE. The COE asserted that NMFS, in their 
ESA role, had concurred with their action, although there was some confusion about whether NMFS 
actually agreed or not. At that time, flows were on the decrease, there was no evidence that dissolved 
gas saturation was particularly high, and biological monitoring below Bonneville did not indicate that a 
major problem existed. The COE did not provide a biological analysis for their action. 

The· other major example of the use of a dissolved gas criterion to limit fisheries spill was the 
debate surrounding spill at Ice Harbor Dam in 1993. Tue Biological Opinion (May 26, 1993) submitted 
by NMFS. on the operation of the Federal hydropower system set "fundamental spill for Ice Harbor Dam 
... at 25 kcfs from 1800-0600 hours, from April 15 until an analysis of dissolved gas levels and fish 
condition can be completed by the BPA, COE and NMFS." This action replaced the measure in the 1993 
COE Fish Passage Plan which specified 60% spill at Ice Harbor during the nighttime hours of the spring 
migration. The required analysis of dissolved gas impacts on fish was directed to be completed before 
May 31, 1993, but this deadline was not met, To this date, no analysis has been circulated. NMFS also 
required that spill be "managed to minimize periods where gas supersaturation levels exceed 110 percent, 
unless otherwise requested by NMFS." 

. , On Friday, April 16 at 1700 hours, the spill program designed to provide the 70 % FPE standard 
agreed to by the· COE and NMFS at Ice Harbor Dam was terminated by a decision coordinated by Jim 
Athearn (COE), Merritt .Tuttle (NMFS), and Gayland Arp (BPA). Only spill in excess of hydraulic 
capacity was authorized. . The decision was prompted .by concern about exceeding EPA limits after 
observing some hourly readings below Ice Harbor of greater than 130% (conversation between Margaret. 
Filardo, FPC and Chris Ross, NMFS, 4/16/93). However, the COE and NMFS had no biological 
evidence that fish were being impacted to justify their decision, and an examination of the conditions 
present in. the system when the decision was made raised serious questions about whether there was even 
a remote cliance that fish were being endangered. -· 
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Ice Harbor Dam 1993 
Nighttime Flow (1800 to 0600 hours) 
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During that period, flows at Ice Harbor 
.were averaging 60-65 kcfs, and at these flows and 
high spill levels in the past, evidence of GBD has 
never been observed at McNary Darn, and had 
not been observed at McNary in 1993 at that 
time. Daily dissolved gas averages were not 
alarming (111.2 % for 4/15), and research has 
shown that it is extremely unlikely that levels of 
110 to 115 % present a danger to migrating 
sairnonids. To address concerns about possible 
impacts on adult fish, Rudy Ringe of the Idaho 
Cooperative Fisheries Unit relayed to Chris Ross, 
NMFS (as conveyed to M. Filardo, FPC by Brian. 
Brown, -NMFS) that he never saw evidence of . . 

GBD in any of the over 500 adult fish he trapped 
in 1992 at Ice Harbor during the spill season. 

To rectify the situation, the state fishery management agencies and Indian tribes repeatedly 
requested that spill be allowed to exceed the 25 kcfs cap to provide 80/70 % FPE when dissolved gas 
conditions were not dangerous for fish as determined by biological observations and saturation data (SORs 
#93-9, 12, 17, 21 and 42). The COE repeatedly refused to honor the requests, citing their agreement 
with NMFS to a 25 kcfs cap (Letters from B. Tanovan, COE-NPD to M. DeHart, FPC: May 4, 20 and 
June 30). 

~n summary, the COE and NMFS made a decision to implement a spill cap at Ice Harbor based 
solely on a few high hourly readings of dissolved gas at a station four miles below the project, with no 
biological evidence demonstrating impacts on fish, that had the negative impact of reducing fish passage 
efficiency at the project. This decision was made over the repeated objections of the agencies and tribes, 
and could not be construed to be in the best interest of the juvenile migration. Although a written 
justification for this action was requested through the Fish Passage Center by the agencies and tribes, 

· none was received. 

Quality of dissolved gas data from stations downstream from Ice Harbor Dam 

The fact that decisions which reduced FPE at Ice Harbor Darn were being made based on data 
from dissolved gas saturation gauges downstream from the project that were not part of the COE's 
standard electronic reporting system prompted the Fish Passage Center to acquire and review the data. 
In an addendum to the 1992 Dissolved Gas Monitoring report, the COE described problems they have 
had with the newly installed downstream monitors. In addition, they commented that "evaluation of the 
data collected in the tailwaters shows these shore-based stations log TDG levels that are not representative 
of those measured in the main channel.• In 1993, Tom Miller (COE-NPW), who was the primary person 
involved in the collection of the downstream data, also relayed concerns about the quality of the data. 
They ha:ve had problems with keeping the gauges in place and free of sand, since they are anchored in 
pipes resting on the bottom of the reservoii: at depths of about 15 feet. They were also concerned about 
groundwater intrusion affecting dissolved gas readings, and about calibration, after observing that 
transects in the region of the downstream gauge yielded different readings than those recorded by the 
gauge during the same period. · 

The 1993 hourly data supplied to us by the COE were highly variable, and seemed problematic. 
· From the downstream shore station data, it would appear that spill sometii:nes acted to reduce dissolved 

gas levels in the tail water. Also, during hours with no spill, differences measured between tail water ru:_d 
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forebay saturations covered a startling range, showing increases as high as 25 3 and decreases of up to 
5 3 saturation. The data used by the:coE fn justifying the 25 kcfs spill cap show a general increase in 
saturation level as spill increases, as expected, but the variation in saturation level for any given amount 
of spill was as much as 25 3 saturation. We would expect any analysis of the effect of spill on dissolved 
gas levels to take forebay saturation into account. 

Conclusions 

Low incidence of gas bubble disease was observed in juvenile anadromous fish during the period 
of highest flow and spill during the spring migration. The impact of dissolved gas supersaturation was 
minimal, as evidenced by monitoring results and supported by .the fact that based on cumulative passage 
distributions, there was no indication fish were being eliminated froin the system in significant numbers. 
The high levels of dissolved gas were not necessarily caused by fishery spill, but rather by a combination 
of overgeneration and excess hydraulic capacity spill. Everything possible was done in the system to 
decrease the spill level, but in spite of these efforts, substantial amounts were spilled at all projects and 
concentrations of dissolved gas increased. We anticipate, based on the 1993 experience, that the 
implementation of the agency and tribal 80/70 spiil program for fish passage would result in insignificant 
impacts from gas bubble disease and would provide for optimal survival of migrating salmonids. 

The application of dissolved gas criteria to limit spill for fish passage as occurred at Ice Harbor 
Darn in 1993 is not appropriate and is not supported by research. Hourly peaks of high dissolved gas 
have not been shown to be significant in impacting fish; the literature indicates that exposure time is a 
critical factor and that fish survival is improved by intermittent exposure as opposed to constant exposure 
to high TDG saturations. The management of spill to control dissolved gas must address the benefits of 
spill for fish passage and the potential for adverse impacts from dissolved gas. Biological monitoring 
along with improved dissolved gas data collection should be used as the basis for determining actions to 
reduce spill and benefits of spill passage. Lastly, fish travel time through a reach must be considered 
because the length of exposure to high levels of dissolved gas is the major factor in determining the 
impacts the. high levels will have on fish. 
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Appendix 

Dissolved gas saturation and Gas Bubble Disease 
·in juvenile fish at Smolt Monitoring sites 
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Rock Island Dam 1993 
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*No Dissolved Gas Information available for Rock Island Dam 

Figure A-1. Rock Island Dam 
Fish were .observed with GBD symptoms on 2 days at Rock Island Dam, on May 3 (2 % of sockeye, or 1 % of the sample) and on May 21 (1.2 % of chinook, 
or 0.4% of the sample) .. No dissolved gas saturation information is available for Rock Island for May. The observations of GBD on May' 3 are not likely a 
result of ambient river conditions, since dissolved gas levels around that time at Wells, Chief Joseph and Grand Coulee dams varied between 103 and 109%, 
and spill at Rocky Reach Dam was low in early May .(6-8 kcfs). Spill at Rocky Reach was higher around May 21, with a peak daily average of 67 kcfs on 

· May 17, and levels of about 30 kcfs the few days afterward. 



Lower Granite Dam 1993 
Total Dissolved Gas saturation 
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Figure A-2. Lower Granite Dam 
No observations of GBD symptoms. 
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Lower Monumental Dam 1993 I 
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Figure A-3. Lower Monumental Dam 
The highest percentages of the sample with GBD throughout the entire system were observed at Lower Monumental barn, with a peak of 18.6% of the sample 
on May 20. Lower Monumental Dam also had some of the highest dissolved gas levels of any of the monitoring sites, exceeding 130% for 4 days beginning 
May 17. GBD symptoms were first seen on May 14, and last seen on May 29. The most frequent category ofGBD symptoms observed were bubbles in less 
than 50% of the caudal fin. The second most common type were observations of bubbles in the caudal and other fins, and the least frequent were observations 

. of bubbles in greater than 50% of the caudal fin. Two wild steelhead sampled on May 16 had severe symptoms ofGBD. Symptoms were seen in steelhead 
(highs of 18% and 19% for hatchery and wild, respectively), chinook yearlings (daily maximums of 15% for hatchery and 12.5% for wild), and a few sockeye. 
Operations limitations at Little Goose Dam during the period of peak flows contributed to the dissolved gas problems .at Lower Monumental Dam. Two units 
were out of service for FGE testing, which reduced the hydraulic capacity of the dam and forced more spill. In addition, one spillbay equipped with a flip lip 
·was unusable because of research equipment installed in it for NMFS survinl study purposes. This caused proportionately more spill to pass through the· 
spillbays without flip lips and concentrated the spill into a smaller area, which likely resulted in higher dissolved gas levels than if all the' spillbays had been 

,' usable.· Spill levels al Little Goose during the period when GBD was observed ranged from a daily average of lOJi to 92.9 kcfs, and averaged 61.4 kcfs. 
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McNary Dam 1993 
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Figure A-4. McNary Dam 
Low incidence of GBD symptomatic fish was seen May 19 through May 31 at McNary Dam. Daily incidence varied from 0.1 % of the sample to 4.6% of the 
sample on May 21. The daily average dissolved gas high during this period was 123% for two days, May 19 and 20. Spill at Ice Harbor during the period 
when fish were affected ranged from around 30 to over 80 kcfs; spill at Priest Rapids Dam was mostly over 80 kcfs during the time when the highest frequencies 
of GBD symptomatic fish were seen. The most frequent category of GBD symptoms observed were bubbles in less than 50 % of the caudal fin. The second 
most common type were observations of bubbles of bubbles in greater than 50 3 of the caudal fin, and the least frequent were observations in the caudal and 
other fins. Symptoms were ·seen in steelhead (highs of 8% and 14% for hatchery and wild, respectively), coho (maximum 7%), sockeye (maximums of 9% 

· and 2 % for hatchery and wild, respectively) and chinook yearlings (maximum 5 % of daily sample). 
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John Day Dam 1993 

40% 140% r 350 

• %GBD Dissolved Gas ••• M.C!'J. Spill 

tn 35% 135% f- 300 
E 
% • 
~ 

30% 130% c: 250 ~ 

• 0 J2 
0 

"" e. CJ ·~ 
ID 25% 125% :i 200 E C!J 1i1 Ill 

·~ 
en 0 

20% 120% 
tn 

150 i!' Ill • C!J Ill 
Ill • z a. .. , .., 0 

~ 15% 115%. ~ 100 
::;;: 
1i1 en • en 

0 • • en =a. • i5 c 10% 110% 50 en 
Ill .... 
Ee! • 
Q) • a. 5% • 105% 

t ~50 0% 100% 
3 5 7 9 11 13 15 17 19 21 23 25 27. 29 31 2 4 6 8 

May Jun 

. Figure A-5. John Day Dam 
Low incidence of GBD symptoms was observed on 5 days at John Day Dam, May 19-21, when several fish were observed with symptoms, and on May 27 
and 31, when one steelhead was seen with signs .of GBD each day. The peak was 2 % of the sample on May 20. Dissolved gas daily average saturations on 
May 19-21were127%, 127% and 121%, up from daily averages of 108% to 116% the preceding several days. Signs ofGBD were most often observed in 
steelhead;the peak daily percentage ·or steelhead with GBD was 3%. GBD was also observed in chinook and coho. (1 % each on May 20). 



Bonneville Dam 1993 
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Figure A-6. Bonneville Dam . 
·Low incidence of GBD symptoms in fish was observed on 19 days during tbe period beginning May 15 and ending June 8. This comprised tbe longest time span over which 
GBD observations were made at any monitoring site. The highest percentage of the daily sample with evidence of GBD was 1.6% on May 26. Daily average dissoived gas 
saturation during the period when most GBD symptoms were seen were above 120%; the high was 127%. GBD was seen mostly in steelhead (daily highs of 8% and 11 % for 

. hatchery aJ)d wild, respectively), sometimes in coho (maximum of 3%), less often in chinook yearlings and sockeye (1 % of sample or less), and almost never in chinook 
· subyearlings. Bonneville was the. only site that observed GBD symptoms in subyearlings at all. · 
·Below Bonneville: 
The National Marine Fisheries Service reported that 24 salmon and steelhead were observed with mild symptoms of GBD below Bonneville Dam out of 1,863 sampled from 
May 6 to June 16. A similar proportion of other species sampled were observed to be affected. Two out of26 coho with hubbies in less than 50% of the caudal fin were sampled 
at the Rooster Rock station (RM 130) on May 19. 11 out of 17 coho sampled at the Rooster Rock station (RM 130) on May 21 had bubbles in the anal fin, and 2 out of the 
17 had bubbles in less than 50% of the caudal and anal fins. Also on May 21, 1 out of 68 chinook and the only coho sampled at the Lemon Island station (RM 111.8) had anal 

·'ti~ bubbles .. 1 out of 102 chinook, the only coho, and 1 out of 35 peamouth sampled at the Puget Island station (RM 46.3) on May 22 had bubbles in their anal fins. On May 
25, at Rooster Rock .• 2 oufof 4 coho and 1 out of 5 steelhead sampled had bubbles in the anal fin. 2 out of 7 coho sampled at the Hump Island station (RM 59.7) on June 9 

·had signs of GBD; one had bubbles in the anal fin and the other had bubbles in less than 50% of the caudal fin. Three non-salmonids were also observed to have evidence of 
GBD, out of approximately 1,500 sampled. On June l, one out of 24 sculpin sampled at the Beacon Rock station (RM 142) !\ad bubbles in the eye and 2 out of 12 stickleback · ' · . 
had bubbles on the posterior half of the body on the side above the lateral line. · · 
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Table A-1. 
' 

1993 Bonneville Dam Smalt Monitoring Program 
. Gas Bubble Disease Incidence 

All Yearling Subyearling Hatchery Wild Wild 
Date Species Chinook Chinook Steel head Steel head Coho Sockeye 

5/15 0.2% 0.0% 0.0% 0.0% 4.8% 0.0% 0.0% 

5/16 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

5/17 0.0%' 0.0% . 0.0% 0.0% 0.6% 0.0% 0.0% 

5/18 0.1% 0.0% 0.0% 0.4% 1.1 % 0.0% 0.0% 

5/19 1.3%' 0.6% 0.0% 2.9% 8.0% 0.4% 0.0% 

5/20 1.3% 0.0% 0.0% 2.9% 6.5% 1.9% 0.0% 

5/21 1.4% 1.1% 0.0% 5.1% 11.1 % 2.0% 0.0% 

5/22 0.8% 1.0% '0.0% 2.0% 4.0% 1.0% 0.0% 

5/23 1.3% 0.4% 0.0% 5.0% 7.1% 1.6% 0.0% 

5/24 0.8% 0.3% 0.0% 2.5% 5.5% 1.3% 0.0% 

5/25 1.4% 0.3% 0.0% 6.9% 7.3% 2.7% 0.0% 

5/26 1.6% 0.4% 0.0% 7.3% 4.3% 1.7% 0.4% 

5/27 0.5% 0.2% 0.0% 1.2% 0.5% 1.9% 0.7% 

5/28 1.0% 0.2% 0.0% 8.2% 2.5% 1.9% 0.6% 

5/29 0.4% 0.0% 0.0% 0.0% 10.2% 0.0% ·0.5% 

5/30 0.1% 0.0% 0.0% 1.5% 0.0% 0.0% 0.0% 

5/31 0.2% 0.0% 0.2% 1.3% 0.0% 0.5% 0.0% 

6/1 0.3% 0.1 "(o 0.2% 3.0% 0.0% 0.0% 0.0% 

612 0.1% 0.0% 0.2% 0.0% 0.0% 0.0% 0.0% 

6/3 0.0% 0.0% 0.0% 0.0% . 0.0% 0.0% . 0.0% 

6/4 0.1% . 0.0% 0.0% 1.7% 0.0% 0.0% 0.0% 

6/5 0.0% 0.0% 0.0% 0.0% 0.0% ·0.0%· - 0.0% 

6/6 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

6/7 N/A N/A N/A N/A N/A N/A N/A 

6/8 0.1% 0.0% 0.0% 2.7% 0.0% 0.0% 0.0% 
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Table A-2. 

1993 John Day Dam Smalt Monitoring Program 
Gas Bubble Disease Incidence 

All Yearling Hatchery 
Date Species Chinook Steelhead Coho 

5/15 0.0% 0.0% 0.0% 0.0% 

5/16 0.0% 0.0% 0.0% 0.0% 

5/17 0.0% 0.0% 0.0% 0.0% 

5/18 0.0% 0.0% ·0.0% 0.0% 
.... 

5/19 ·0.3% '0.0% ' 

'0.-5% 0.0% 

5/20* 2.0% 1.0% 3.0% 1.0% 

5/21 0.8% 0.0% 1.0% 0.0% 

5/22 0.0% 0.0% ·0.0% 0.0% 

5/23 0.0% ·0.0% 0.0% 0.0% 

5/24 0.0% 0.0% 0.0% 0.0% 

5/25 0.0% 0.0% 0.0% 0.0% 

5/26 0.0% 0.0% 0.0% 0.0% 

5/27 0.0% 0.0% 0.1% 0.0% 

5/28 0.0% 0.0% 0.0% 0.0% 

5/29 0.0% 0.0% 0.0% 0.0% 

5/30 ·0.0% 0.0% 0.0% 0.0% 

5/31 0.0% 0.0% 0.2% 0.0% 

6/1 0.0% 0.0% 0.0% 0.0% 

6/2 N/A N/A N/A NIA 

6/3 0.0% 0.0% 0.0% 0.0% 

6/4 N/A N/A N/A N/A 

6/5 0.0% '0.0% 0.0% 0.0% 

6/6 '' 0.0%· 0.0% 0.0% '0.0% 

6/7 N/A N/A N/A N/A 

6/8 0.0% Q.0% 0.0% 0.0% 

*Percentages for May 20 are estimates. 
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Table A-3. 

1993 McNary Dam Smalt Monitoring Program 
Gas Bubble Disease Incidence 

. All Yearling Wild Hatchery Wild Hatchery 
Date Species Chinook Steel head Steelhead Coho Sockeye Sockeye 

05/18 0.0% 0.0% 1.2% 0.0% 1.0% 0.0% 0.0% 

05/19 0.6% 0.6% 1.7% 1.4% 6.9% 0.3% 0.0% 
. 

05/20 1.4% 0.7% 5.3% 4.3% 5.1 % 0.8% 0.0% 

05/21 4.6% 5.1% 9.2% 8.4% 7.2% 2.2% 8.7% 

05/22 1.8% 1.9% 14.3% 1.3% 1.7% ·1.0% 7.7% 

05/23 1.1 % 1.4% 7.5% 2.2% 0.0% 0.5% 0.0% 

05/24 0.4% 0.1 % 5.6% 3.0% 0.0% 0.0% 0.0% 

05/25 0.5% 0.0% 4.7% 2.3% 1.6% 0.2% 0.0% 

05/26 0.4% 0.0% 4.3% 1.8% 1.3% 0.2% 0.0% 

05/27 0.9% 0.2% 7 .. 1% 4.5% 1.3% 0.5% 0.0% 

05/28 0.6% 0.1% 1.1 % 3.1% 0.4% 0.7% 0.0% 

05/29 0.3% 0.0% 0.0% 1.2% 1.2% 0.5% 0.0% 

05/30 0.3% 0.2% 0.0% 1.4% 1.0% 0.0% 0.0% 
. 

05/31 0.1 % 0.0% 0.0% 0.0% 0.0% 0.6% 0.0% 
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Table A-4. 
. 

1993 Lower Monumental Dam Smalt Monitoring Program 
Gas Bubble Disease Incidence 

Hatchery Wild 
All Yearling Yearling Hatchery Wild 

Date Species Chinook Chinook Steelhead Steelhead Sockeye• 

05/14 0.4% 0.0% 0.0% 0.0% 4.8% 0.0% 

05/15. 0.2% 0.0% 0.0% 0.0%. 2.8% 0.0% 

05/16 0.4% 0.0% 0.0% 0.0% 4.9% 0.0% 

05/17 2.6% ·.4.8% 0.0% . 2.3% 4.0% 0.0% 

05/18 6.6% 8.6% 0.0% . 6.9% 4.8% 100.0% 

05/19 10.0% 15.2% 6.8% 8.6% 10.8% 100.0% 

05/20 . 18.6% 18.3% 12.5% 18.4% 23.8% 100.0% 

05/21 4.0% 9.8% 7.1% 2.5% 0.0% 0.0% 

05/22 4.2% 2.2% 0.0% 4.7% 6.8% 0.0% 

05/23 2.4% 1.5% 3.0% 2.3% 4.1% 0.0% 

05/24 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

05/25 6.8% 0.0% 0.0% 8.9% 0.0% 0.0% 

05/26 3.3% 0.0% 0.0% 3.9% 4.7% 0.0% 

05/27 0.0% 0.0% 0.0%· 0.0% 0.0% 0.0% 

05/28 0.0% 0.0% 0.0% 0.0% 0.0% 0.0% 

05/29 0.2% 0.0% 0.0% 0.6% 0.0% 0.0% 

*Sockeye sample sizes were 0 to 2 fish. 
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Table A-5. 

1993 Rock Island Dam Smolt Monitoring Program 
Gas Bubble Disease Incidence 

Yearling 
Date* All Species Chinook Sockeye 

04/28 0.0o/o 0.0% 0.0% 

04/30 O.Oo/o 0.0% 0.0% 

05/03 1 .Oo/o 0.0% 2.0% 

05/05 0.0% 0.0% 0.0% 

05/07 "0.0% 0.0% 0.0% 

05/10 0.0% 0.0% 0.0% 

05/14 0.0% 0.0% 0.0% 

05/17 0.0% 0.0% 0.0% 

05/19 0.0% 0.0% 0.0% 

05/21 0.4% 1.2% 0.0% 

05/24 0.0% 0.0% 0.0% 

05/26 0.0% 0.0% 0.0% 

05/28 0.0% 0.0% 0.0% 

06/02 0.0% 0.0% 0.0% 

06/07 0.0% 0.0% 0.0% 

06/09 0.0% 0.0% 0.0% 
" 

*Days where information was unavailable not included in table. 



COLUMBIA RIVER INTER-TRIBAL FISH COMMISSION 
729 N.E. Oregon; Suite 200, Portland, Oregon 97232 

MEMORANDUM 

Telephone (503) 238-0667 
Fax (503) 235-4228 

TO: GREG MCMURRY, OREGON DEPARTMENT OF ENVIRONMENTAL QUALITY 

FROM: BOB HEINIT~RITFC, FISH PASSAGE BIOLOGIST 

DATE: SEPTEMBER 13, 1993 

RE: REVIEW OF MAINSTEM COLUMBIA RIVER DISSOLVED GAS STANDARD 

Recommendations 

1. The Columbia River Inter-Tribal Fish Commission (CRITFC) 
believes the mainstem Columbia River dissolved gas standard, as set 
by the states of Oregon and Washington, precludes protection of the 
tribes' federally reserved salmon resources. The majority of the 
state and federal agencies of the Columbia Basin Fish and Wildlife 
Authority (CBFWA) also have similar concerns with respect to the 
protection of anadromous fish migrating through the Columbia River 
hydrosystem and the current dissolved gas standard. 

2. The CRITFC and CBFWA recommend the extant dissolved gas 
standard be modified to allow flexibility for fishery management 
purposes during the anadromous fish migration periods on a real 
time basis as conditions warrant. 

3. We request the Department of Environmental Quality coordinate 
a review and modification of the standard with the CRITFC and other 
CBFWA agencies. 

Background 

In 1993, management of Columbia Basin hydrosystem for the 
protection and safe passage of salmon stocks, both listed and not 
listed under the Endangered Species Act, has been directed by the 
1993 _National Marine Fisheries Service Biological Opinion for the 
hydrosystem {BIOP) • In turn the BIOP was formulated from 1993 
biological assessments from the "action agencies", including the 
Corps of Engineers. A key part of the Corps biological assessment 
was based upon the real time operation of the hydrosystem during 
salmon migration periods, which was directed by the Corps 1993 Fish 
Passage Plan. The plan-contained operational constraints to spill 
as a primary mode of juvenile fish passage, because s.uch spill 

~ ;rmted on f\eC:~ieO PaL1er 
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would create in river dissolved gas levels in excess of levels 
already exceeding the EPA standard of 110%. 

In 1993, a majority of the agency and tribal members of the 
Columbia Basin Fish and Wildlife Authority, including the USFWS, 
ODFW, IDFG, and CRITFC, proposed management of spill for juvenile 
passage to be conditioned upon real time monitoring of effects gas 
bubble disease (GBD) on juvenile and adult salmonids at the dams. 
Actual monitoring revealed only very limited, isolated occurrences 
of GBD at a few dams during limited periods of extremely high 
forced spill when the dams experienced load distribution problems. 
At these times, total dissolved gas levels exceeded 13 0%. The 
daily proportion of juvenile migrant GBD occurrence during this 
period ranged from 1-5% at all-Snake River Projects except Lower 
Monumental, where for four days GBD proportions were greater than 
5%. During the rest of the juvenile migration, GBD proportions 
averaged between 1-2%, and adult symptoms averaged less than 1%. 
(CBFWA 1993 Attachment 1; WDW 1993). 

Despite this evidence, the Corps and NMFS rejected the 
fishery agency and tribal recommendation, and instead conditioned 
voluntary spill upon total dissolved gas levels measured by an 
incomplete physical monitoring system ·in the hydrosystem 
reservoirs. In this manner, 1993 voluntary spill levels at dams 
were substantially decreased over 1992 levels despite favorable 
flow, water quality and fish condition. 

It has been well documented in the scientific literature that 
direct spill mortality for juvenile and adult salmon which fall 
back over the dam (0-2%) is much lower as compared to direct 
mortality through the turbines or through mechanical bypass systems 
(10-15%). Thus, any potential increased mortality due to elevated 
total dissolved gas levels remains substantially below mortality 
incurred through passage routes other than spill. 

It has also been well documented in the ·scientific literature 
that high levels of total dissolved gas are ~ 
i 'cation of s of a chron' The combination of 
many o er variables, including fish size, stock, physiological 
condition, exposure time, water temperature, turbidity, and 
existing atmospheric pressure, are responsible for GBD. 

Despite only isolated findings of GBD during high flows in 
1993, the Corps is proposing similar spill management in their 
draft 1994 Fish Passage Plan, solely based upon the EPA and states 
110% standard. 

Attachment 1 
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MEMORANDUM 

DATE: September 10, 1993 

TO: FPAC 

FISH PASSAGE CENTER 
2501 S.W. FIRST AVE. • SUITE 230 • PORTLAND, OR 97201-4752 

PHONE (503) 230-4099 • FAX (503) 230-7559 

CBFWA ~iaison Grou~ 

FROM:~ 
RE: Dissolved Gas review and 1993 summary 

In response to a request from PP AC, we have completed a review of the literature pertaining to 
. dissolved gas standards for the Columbia and Snake rivers, and an assessment of 1993 dissolved gas 

saturation conditions and impacts on fish. The document includes a review of the application of dissolved 
gas standards with respect to spill management in 1993. 

We were also asked to review the specific spill management and dissolved ga8 data at Ice Harbor 
Darn in 1993. We received the data from the Corps of Engineers, and are aware of the verbal 
recommendations they made to NMFS regarding Ice Harbor spill management. However, the COE has 
not provided a written analysis based on the information they collected, which provided the basis for Ice 
Harbor management decisions. We will review and provide comments to you when that written report 
is produced. 

If you have any questions, please contact Lucy Bernard of my staff at (503)230-4291. 

c; 602-93.lab 
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Curriculum Vitae 

WESLEY J. EBEL 

1. Present Address 

107 NW lBSth 
Seattle, WA 98177 · 
fJ~ 2..P4'-5°42.-7.- 97 i 

2. Education 

1953 - B.S. degree, University of Nevada 
1959 - Graduate work in Limnology, University of Minnesota 

Biological Station 
1963 - Completed e~tension course from Portland State 

University 
1975-76 - Graduate work in statistics, University of Washington 
1978 - PhD, University of Idaho 

3. Work Experience 

A. Current. Position: 1988 to present, Fishery Research 
Consultant. 

B. Last Full-Time Position: 1977-1988 

(ll Division Director 
Division of Coastal Zone and Estuarine Studies 
Northwest Fisheries Center 
National Marine Fisheries Service 
National Oceanic and Atmospheric Administration 
2725 Montlake Bouleva~d East 
Seattle, Washington 98112-2097 

(2) Position Classification: Fishery Biologist 
(Research-Administration) 

(3) Description of research I was conducting. 

As Director of the Coastal Zone and Estuarine Studies 
Division, I was responsible for providing, through 
research, the information necessary for the protection, 
enhancement, and optimum utilization of the fisheries 
resources of the coastal zone and estuaries of the 
Pacific Northwest. I was primarily concerned with 
broad policy development for the Division's research 
efforts in the Columbia River Basin, and the 
development of fishery enhancement and stock 
identification techniques as areas of increasing 
potential and national interest. Research in the 
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Columbia River Basin was conducted to assess the 
effects of dams and other water resource developments 
on the migration and survival of the anadromous fishes 
.and on the ecology of the Col.umbia and tributary 
ri·,,.ers; to determine causes of fish losses; to de~·elop 
systems to protect fish from hazardous conditions 
resulting from water use and development; and to 
evaluate the effectiveness of protective actions. 
Researc~ in fisheries enhancement was centered on 
techniques designed to improve current husbandry 
practices to improve survival of hatchery stocks and to 
develop new strategies for enhancement of depleted 
stocks. Research in stock identification was focused 
on improvements in genetic stock identification 
procedures for use in management under the U.S./Canada 
Salmon Treaty. 

The research activities under my supervision were and 
are .of concern to many groups, including international, 
federal, and state agencies, as well as industry, 
recreational fishermen, and the public. I had to be 
familiar with the aims and organization of such groups 
and have sufficient knowledge of their current and 
contemplated programs and needs to direct the research 
programs of the Division to be responsive to the needs 
of these groups. 

C. Earlier Professional Experience 

1957-1958 Ann Arbor, Michigan Laboratory, Bureau of 
Commercial Fisheries. Collected fishery 
biological data and specimens at various sea 
lamprey control installations, at fishing ports, 
and from streams on which control devices are 
maintained, including: collection of f·i·shes, 
lamprey and invertebrates, and fishes on 
spawn.ing grounds; making routine limnological 
observations including temperature, water 
chemistry, and volume. of stream flow. 

1958-1959 Ann Arbor, Michigan Laboratory, Bureau of 
Commercial Fisheries. As assistant area 
supervisor, supervised operation of sea lamprey 
control device on shoreline of western and 
northern Lake Michigan. Analyzed and prepared 
data collected for reports. Recommended, 
planned, and carried out changes in construction 
and design of installations to improve 
efficiency. Conducted stream surveys using 
electrical shockers and other equipment. 
Developed a back-pack shocker for lamprey larvae 

P.02 
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surveys. A report was published in Progressive 
Fish Culturist in April 1961. 

1959-1961 Operated bioassay laboratory used to determine 
concentrations of larvicide to be used in 
treatment applications. Knowledge of water 
chemistry, preparation of standard solutions, 
and bioassay procedure necessary. Assisted in 
supervision of chemical treatment crews which 
involved accurate analysis of chemical 
concentrations with critical adjustments of 
chemical feeding equipment. 

P.03 

1961-1962 As chemical control supervisor, scheduled and 
supervised setting up of chemical feeders and 
analysis laboratory. Operated bioassay 
laboratory, measured stream volumes and 
conducted stream surveys. Compiled and analyzed 
data reports. Prepared cost accounting, and 
began a study to determine effect of chemical 
treatments on benthos organisms which resulted 
in publication in 1968 CSSR No. 572) by Richard 
Torblaa. I developed a dye detector during this 
period which I reported in the Great Lakes 
Fishery Commission Report No. 4, Septe:nber 1962. 

1962-1965 Transferred from·Great Lakes region to West 
Coast to work with team of scientists studying 
the effect of reservoirs on salmon migrations as 
a part of the overall fish.passage program. I 
was assigned to the limnology project at 
Brownlee Reservoir in 1963. The purpose of this 
project was to determine the physical, chemical, 
and biological characteristics of reservoirs and 
water impoundrrient areas, especially in.relation 
to the distribution and behavior of migrating 
salmon. This project terminated in 1965. 
Results were published in 1969 in Fisheries 
Bulletin, Vol. 67, No. 2. This report was used 
extensively by both state and federal agencies 
in making decisions involving the construction 
of High Mountain Sheep Dam. As a result of this 
report and other information, a decision was 
made not to build the dam. 

1965-1974 The Brownlee Reservoir studies were terminated 
in 1965. I was transferred to Seattle and 
assigned as Program Leader of the Transportation 
of Juvenile and Adult Salmon Studies, in 
addition, ! was assigned a nitrogen study. This 
program made the following progress: 
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1) Developed an automatic magnetic tag detection 
system which detects and automatically separates 
adult. fish tagged with magnetic wire tags. 
Published in Fish. Res. Board of Canada, 1969, 
Vol. 26:3083-3088. 2) Determined that 
transportation of wild and hatchery juvenile 
chinook around danger areas can.increase 
survival; and that homing of naturally migrating 
chinook salmon and steelhead was not affected. 
Report published in American Fish. Soc. 
Transactions, 1970 and in NMFS Fish. Bull. 
71(2) :549-563, §_Q_(2J:491-505. 3) Determined 
that thermal branding can be used successfully 
to evaluate returning adult spring and summer 
chinook salmon. Marine Fisheries Review - 1974. 
4) Perfected magnetic tagging process so wild 
salmonids can be tagged successfully. Marine 
Fisheries Review - 1974. 5) Verified losses 
between dams resulting in 
for mitigation purposes. 
1979, 39 pp. 

conclusive evidence 
NWAFC, Proc. Rep., 

Nitrogen studies resulted in numerous 
investigations and reports which led to 
solutions to the problem·of supersaturation of 
atmospheric air and have made fishery scientists 
throughout the west coast cognizant of the 
importance of supersaturation in relation to gas 
bubble disease and fish survival. Reports 
published in Fish. Bull. 5, SSRF, and special 
reports. 

1975-1976 Served as Deputy Director of the Coastal Zone 
and Estuarine Studies Division. With the 
Director, was primarily .concerned wit.h.broad 
policy development for the Division's research 
effort in both the Columbia Basin and the 
development of Aquaculture (fisheries 
enhancement) as an.area of increasing national 
and international potential. Shared with 
Director the responsibility for formulating 
research plans and goals and in critically 
reviewing the results and recommendations 
forthcoming these actions. I shared wfth 
Director the responsibility for analysis of 
research needed, anticipating the· social and 
economic tr.ends; initiation of e;·;ploratory 
research to access probability of success of 
major effort; preparation of research programs 
for definition of objectives, schedules, 
manpower, a·nd budget requirements; conduct of 

P.04 
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research after review and approval of Center 
Director, NMfS Headquarters Washington; and 
reviewed progress to meet all Center service and 
scientific requirements. 

1977-1988 As Director of the Coastal Zone and Estuarine 
Studies Division, I was responsible for 
providing, through research, the information 
necessary for the protection, enhancement, and 
optimum utilization of fishery resources of the 
coastal zone and estuaries of the Pacific 
Northwest. I was primarily concerned with broad 
policy development for the Division's. research 
efforts in the Columbia River Basin and the 
development of fisheries enhancement techniques 
as an area of increasing potential. Research in 
the Columbia River was and still is conducted to 
assess the effects of dams and other water 
resource developments on the migration and 
survival of anadromous fishes and on the ecology 
of the Columbia and tributary rivers; to 
determine causes of fish losses; to develop 
systems to protect fish from hazardous 
conditions resulting from water use and 
development; and to evaluate the effectiveness 
of protective actions. 

Because of the complexities of the program and 
its close relationship with other agencies, I 
was often expected to lead· a coordinated effort 
to maintain or enhance fishery resources. 
Accordingly, I had to exhibit a high degree of 
originality and have training and e:~perience in 
the theory and application of fishery biology, 
biometrics, and oceanography. I also ·had to 
have a working knowledge of engineering as it 
applies to the design, construction, and 
operation of gear to assess, sample, and culture 
fish populations. I also was familiar with 
considerations involved in the construction and 
operation of hydroelectric dams. This required 
significant extension of e:dsting theory and 
methodology. 

I was responsible for analysis and reporting of 
research results incl~ding designing programs to 
anticipate social and economic trends, 
initiation of exploratory research to assess 
probability of success and cost/benefits, 
definition of program objectives, schedules, 
manpower and budget requirements, conducting the 
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research after review and approval of 
Center Director, NMFS Headquarters in 
Washington, and allocation of funds and 
review of progress to meet all NOAA, 
NWAFS, and scientific requirements. 

4. Memberships - Professional Associations 

American Institute of Fishery Research Biologists (AIFRB) 
American Fishery Society 
Pacific Fishery Biologist (PFB) 

5. Significant Research Accomplishments 

P.06 

Determined the physical, chemical, and biological 
characteristics of reservoirs and water impoundment areas, 
especially in relation to the distribution and behavior of 
migrating salmon. This report was used extensively by both 
state and federal agencies in making decisions involving the 
construction of High Mountain Sheep Dam. As a result of this 
report and other information, a decision was made not to 
build the dam. 

Developed an automatic magnetic tag detection system which 
detects and automatically separates adult fish tagged with 
magnetic wire tags. 

Determined that downstream survival of both hatchery and wild 
juvenile chinook salmon can be increased by transportation 
around danger areas; and that homing of adult naturally 
migrating chinook salmon and steelhead are not affected. 

This work has lead to the implementation of a mass transport 
effort on the Snake and Columbia Rivers; adult runs in the 
Snake River are being maintained at this time by a collection 
and transportation system developed as a result of this work. 

Perfected the magnetic tagging process so that wild s~lmonids 
with a wide range of size variation can be successfully tagged. 

Verified losses between dams resulting in conclusive evidence 
for mitigation purposes. 

Determined that stress factors caused by diversion and 
collection of juvenile chinook salmon at Little Goose Dam and 
other dams needs to be eliminated before optimum benefit can 
be achieved by a collection and transportation system. 

The nitrogen studies resulted in nu~erous investigations and 
reports which have lead to solutions to the problems of 
supersaturation of atmospheric air and gas bubble disease, and 
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nave made fishery scientists throughout the U.S. cognizant of 
the importance of supersaturation of nitrogen gas in relation 
to gas bubble disease and fish survival. The studies have 
resulted in the following accomplishments: 

(ll Completed surveys of nitrogen gas levels from Grand Coulee, 
Washington, to Astoria, Oregon. Seasonal cycles of levels 
and cause of the supersaturation were determined. 

(2) Studies of nitrogen and effects on fish in the vicinity of 
John Day Darn in 1968 revealed that substantial losses to 
both juvenile and adult salmon occurred and that gas bubble 
disease caused by nitrogen was a major factor. 

(3) Other e;<periments concerning timing of releases of hatchery 
progeny in the Columbia River revealed that significant 
loss to hatchery populations occurred if releases were made 
during high nitrogen. These experiments have resulted in 

'the acceptance of an entirely new concept for release of 
hatchery progeny in the lower Columbia River and timing of 
releases took into account the levels of nitrogen 
supersaturation. 

(4) Studies concerning the effect of supersaturation on a 
salmonid's tolerance to temperature.increase revealed that 
a salmon's tolerance to temperature increases is lowered 
when a fish has been stressed by gas bubble disease. 
Results of this report have contributed to the decision by 
the authorities to require thermal power plants to provide 
for cooling of discharge water. This· information also was 
used to adjust temperature tolerance standards no~ in 
e:-;istence. 

(5) Other studies designed to help find ~olutions to the 
problem ·Of supersaturation of atmospheric .gas. led .-to. tJ::ie 
installation of spillway deflectors on key dams, and for 
the present, the problem is essentially solved in the 
Columbia River. These studies also provided key 
information ont he establishment of gas standards by EPA 
and the states for the Columbia River. 

(6) Studies on the effect of collection and transportation of 
juvenile salrnonids has led to the installation and 
operation of major collection and transportation systems at 
three Columbia River dams. The operation of these systems 
has been instrumental in restoring viable runs of chinook 
and steelhead in the upper Columbia River drainage. 

P.07 
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6. Scientific Honors and Awards 

1970. - Special Achievement Award 
1971 - Superior Performance 
1971 - Best paper in AFS Transaction for 1970 
1972 - Special Achievement Award 
1972 - Nominated for Federal Employee of the Year Award 
1973 - Special Achievement Award 
1974 - Special Achievement Award 
1975 - Unit Citation of Research Division 

· 1975 - Outstanding publication in Fish Bulletin for 1973 

7. Consultant Services 

B. 

a) Battelle Northwest Laboratories on analysis techniques f·or 
dissolved nitrogen. 

b) EPA and other state environmental control agencies on 
establishment of dissolved gas standards. 

c) U.S. Army Corps of Engineers on data needed and the 
parameters to include in mathematical model contract for 
Water Resources Engineers of California. 

d) State and. federal fisheries officials concerning losses of 
fish related to nitrogen supersaturation and other causes. 

e) Biologists from Washington and Oregon concerning problems 
of automatic detection and separation. 

f) U.S. Army Corps of Engineers and state agencies on 
requirements for bypass, collection, and transportation 
systems for use at dams. 

Task Force Assignments 

Columbia River Fisheries Technical Committee 
Columbia River Thermal Effects Technical Advisory Committee 
Nitrogen Task Force 
Former Chairman, Research Subcommittee of the Fish Passage 

Development and Evaluation Program (FPDEP) 
Statistical Committee for Mid-Columbia River Studies 
Research Needs Committee for FPDEP 
Research Needs Committee for Columbia Basin Fish and Wildlife 

Authority (CBFWA) 

P.08 
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9. Publications 

Braem, R. A., and W. J. Ebel. 
1961. A back~pack shocker for collecting lamprey ammocoetes. 

Progr. Fish-Cult. 23(2):87-91. 

Ebel, w. J. 
1962. A photoelectric amplifier as a dye detector. Great 

Lakes Fish. Comm., Tech. Rep'. 4:19-26. 

Ebel, W. J., and R. w. Pearson. 
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Business 3(11) :l-8, 1968. 
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