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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 Off:ce)
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 NHotice

Special Emergency Telephone Conference Call Meeting
ENUVIRONMENTAL QUALITY COMMISSION

Monday, May 9, 19954
300 p.om,

The Environmental Buality Commission will hold an emergency mecting by
telephone conference call for the purpose of conzidering adoption of an
emergency rule to temporarily suspend the applicability of Dregon’s water
guality 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:
off'ice of the Director
Department of Enwwironmental Quality OfFfices

811 5. W. b6th Avenue
Portland, Oregon 97204

Contact: Carolyn Young 503-229-6271



-~ 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 thereaftef ending at

midnight on the 7th day. This rule supersedes paragraphs 340-41-205(2)(n),
34'0~{Ll~445(2)(n). 340-41-485(2)(n), 340—41'-525(2)&1). 340—41-565;(2)(n).'

340—4l1—6.05§2)(n) and 340-41-645(2:(n) as these pa£§graphs agp_ﬁ ly to the Cc;lumbia
River. In the Columbia River, the Total Dissolved Gas (TDG) 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 thé
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_—reiated mortality in salmon populations. If

such a_significant increase in mortality is documented, as determined by the

Direétor the Directdr shall make Sﬁch alteration in the maximum allowable TDG -

~ level, until a sétisfactogy" level is achieved.

Statutory Authority: ORS 468.020 and 468B.048



Notice

Special Meeting
ENVIRONMENTAL QUALITY COMMISSION

Monday, May 16, 1994
8:00 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 requlres
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.



ENVIRONMENTAL QUALITY COMMISSION MEETING

10:30 a.m.
11:00 a.m,.
11:30 a.m.

12:00 noon

1:00 p.m. @

2:00 p.m.

Room 3A, DEQ Headguarters
811 SW Sixth Avenue, Portland
May 16, 1594

Agenda

Call to order

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

Present Status of 5p111 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)
MY« bBr. Earl Dawley (NMFS)
Dr. Allan Nebecker (EPA)
MY . B£. Jim Athearn (ACOE)
Dr. Margaret Filardo (Fish Passage Center)

Industry Panel

fq. Dr. Wes Ebel
\/ Dr. Gerald Bouck
Commercial Fishing Industry Panel

{
PL. Robert Heinith (CRITFC)
Mr. Thane Tienson (Save Our Wild Salmon)

Environmental Advocacy Panel

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

Lunch
NMFS Monitoring Program Results (Earl Dawley)
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 gﬁd for 7 consecutive days thereafter ending at
midnight on the 7th day. This rule sugersédes 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 (TDG) 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 outmi'grating salmon
smolts in the mainstem of the Columbia River via increased spill over the
mainstem dams. The responsibie 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 allowabie_TDG

level, until a satisfactory level is achieved.

Statutory Authority: ORS 468.020 and 468B.048
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GASES, TOTAL DISSOLVED

- CRITERION:

fo protect freshwater and marine aquatic life, the total
dissolved gas concentrations in water should not exceed 110
percent of the saturation value for gases at the .existing

atmospheric and hydrostatic pressures.

RATIONALE:

Fish in water containing excessive dissolved gas pressure or

fension‘are killed when disSoived gases in their circulatory

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

the flow of blocd through the caplllary vessels, 1In aquatic

'organlsms this is commonly referred to as "gas bubble disease".

External bubbles (emphysema) also appear.in the fins, on the
opercula, iﬂ'thé skin and in other body tissues. Aquétic
invartebra;es are also.affected by gas bubble'diséase; but
usually at supersaturation levels higher-than.those lethal to

fish.

The standard methed of analyzing for gases in solutions.pas

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

chromatogréphy'also is used for determination. of individual and

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

- developed the saturometer, a device based upon a thinéwall'

silicone rubber tube that is permeable to gases but impermeable
to water. Gases pass from the'watéf_throggh the tube, thus

réising the iﬁtefnal géé-préséure which iS'meésured by a

N

Ny}
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manométgr or @ressufe'gauge'qohnected_fo the tube (NAS, 1974).
This method alone does not separate the total gas pressure into
the separate components, but Winkler oxygen determinations 6§n be
run simultaneously, and gas qohcentrations.can'be calculated.
fotal dissélved gas coﬁcentrations must be determined because
analysis'of.individual gaées may not determine with certaiﬁty

that gas supersaturation exists. For example, water could be

highly supersaturated with oxygen, but if nitrogen were_ét‘iess

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

' sufficiénp]té;create gas- pressures. or tensions greater than the

cfitarfén liﬁits, but one would not know the total gas pressure
or tension, or by how much the criterion was exceeded. The rére
and inert gases such as argon, neon and hélium are not usually
involvéd in causing gas bubble disease as their contribution to
total gas pfessuresris very low. Dissoived nitrogen (Nz);‘which
comprises roughly 80 percent of the earth's atmosphere, is nearly
inert biologically and is the most sigﬁificant cause of gas
bubble disease in aquatic animals. Dissolvedvoxygen,'which;is‘
extremely bioactive, ls consumed by the metabo}.ic':' p'roce-.sses of
the oréénism and is less impdftaht‘in céﬁéihg serious gas bﬁbbiel
disease though it may be iﬁ#olved in initiating emboli formation

in the blpodf(Nebéker et al; 1976a). o

Percent saturation of water containing a given amount of gas

varies with the absolpte-teﬁperatu:e:and with the pressure.

: Becausé of the pressure changes, percent saturation with a given -



‘amount of ‘gas changes ‘with depth of the water. Gas
supersaturatlon decreases by 10 percent per meter of increase “in
 water depth because of hydrostatic pressure; a gas: that ‘is at 130
'perceotreaturationret.the'surfaoe‘would.beAat“ioo‘percent
saturation at 3 meters' depth. Compensation for altitude may be
needed because a reduction in atmospheric pressure.chahges the
,water/gae equilibria,.reSulting in -changes in solubility of
diesoived gesee.— L |

" There are several waye"that total dissolved gas
supersaturation can occur:

‘1..Exce551ve biologlcal aot;VLty-—dlssolved oxygen
conoentratlons often reach supersaturatlon because of excessive
'algal photosynthesis. Renfro (1963) reported gas bubble disease
in fishes result;ngq in part, from:algal blooms. Algal bloons
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 mom'é-Sntum

of the fall carrles the water and entralned gases to great depths

in the—pool, and, under increased hydrostatlc pressure, the

entrained gases are driven into solutlon, causing supersaturationrv

.0f dissolved gases. -

3. Gas bubble disease mey be induced by discharges from

power-generating and other thermal'sourcee'1ﬁerceilorpet al.

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

the condenser oriheat exchanger. WAs the temperature of the water



rises;-perceptfsaturation increases becaose of the reduced
solubility of gases at hiéher temperatures. Thus, the discherged
water becomes supereeturarad withigaees and fiehapr_other
organisms!;iviﬁg in the heated.weter may exhibif gae‘bubble
diéease_(DeMont and‘gilier; 1972;:Me}ouf et al. 1972; Keup,
1975);

+ - B A T

. In recent years, gas quble_disease has been identified as a.
ﬁejor'problem affecting'Valuable'stocke‘of salmon-and trout in

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

is caused by high concentrations of dissolved atmospheric gas

-whlch enter the river! s water durlng heavy spllllnq at

:hydroelectrlc dams. - A report by Ebel et al. (1975) presents

results from fleld and 1aboratory studies on the lethal
sublethal and physiological ‘effects of gas on fish, depth
distribution of fish in the river (£ish can compensate for some

high concentretionslofugas by moving deeper -into the water

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

intermittent exposure of fish to gas concentrations, and

biocoassays of many species of fish exposed to different

cencentrations of gas. .Several conclusions resulting from these

 studies are:

1. When either juvenile or adult salmohids are confined to

- shallow water (lzm, substant1a1 mortallty occurs at and above

115 percent total dlssolved gas saturatlon.-

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

and obtain hydrostatic compensetion'either in the-laboratory_or'

in the field, substantial mortality still occurs when saturetion



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

3. On the basis of survival estimates“che:invthe:Sneke .

River from 1966 to 1975, it is concluded that juvenile . fish -

losses ranging'from 40 to 95 percent do occur.e‘nd a major portion
of this mcrtalit?;cen‘bemettripcted to fiSh;expcsure}tc
scpersaturation by atmospheric gases during years of high flow. .
) _4.-AJuvenile salmonids subjected tcAeubletha;,pericds,of
' ‘expc's.l.lre to supersaturation A_'can _reccv‘er. when'returned to_'-norm:al,l—f
saturated water, but adults dec not recover and generally die from
direct and indirect effects of the exposure.
_5.‘_Some'species.of_salmcn:and troutﬂcan detect and avoid
supersaturated water, others may nct.
8. ﬁigher survival ‘was observed durlng perlods of
intermittent exposure than during ‘continuous. exposure.
..7. In general, in acute biocassays, salmon.and trout were
less tolerant than the nonsalmonids. |

_Dawley and Ebel (1975) found'that"expcsure»cffjuvenilensprinq

chinook salmon, Oncorhynchus tshawytscha, and steelhead trout,

Salmo gairdneri, to 120 percent saturation for 1.5 days resulted

in over 50 percent mortality; 100 percent mortality occurred in
less than 3 days. - They also determined that ‘the threshold level
where smgnlflcant mortalltles begln occurrlng is at 115 percent
rnltrcgen saturatlon (111 percent tctal gas saturatlon in this
- test). '

Rucker (1974), using ju#enile coho salmon, Oncorhynchus

- kisutch, determlned the effect of 1ndiv1dual ratzos of oxygen and

nltrcgen and establlshed that a decrease in lethal effect

‘_occprred_when the nitrogen content fell:belcw_log percent'

_'FZ
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saturation even though total gas saturation remained at 119

percent saturation, indicating the importance of-determining'the

concentration of the individual components (O, and N,) of the

atmospheric supersaturation. Nebeker et al.-(;976a)ﬁ 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 coO,

concentrations.

Research“collected by Bouck et al. (1975) showed that gas

supersaturated water at and above 115 percent total gas

i

saturation is acutely lethal to most spec1es of salmeonids, with

120 percent saturatlon and above rapidly lethal to all salmonids

tested. Ievels as low as 110 percent will produce'emphysema in

most species. Steelhead trout were most sensitive to gas-.

supersaturated water followed by'sookeye salmon, Oncorhyncnus

o i Al e e

nerka. Chinook salmon, Oncorhynchus tshawytscha, were

-intermediate in sensitivity. Coho salmon, OncorhYncnus kisutch,

- were” 51gn1f1cantly the more tolerant of the salmonids though

st111 much more susceptlble than non-salmonlds 1ike bass or carp.

" Dapnnia magna exhlblted a senszt1v1ty to supersaturatlon

51m11ar to that of the salmonlds (Nebeker et al. 197%), w1th.115

percent saturatlon lethal within a few daysf Stoneflies exhibite&

an intermediate sensitivity similar to bass with mortality at-130
percent saturatlon. Crayfish. were very tolerant Wlth 1evels

near 140 percent total gas saturation resultlng in mortallty.



No differences are‘propcsed in the criteria for freshwater
and uariue aquatic life‘as~tbe data availeble indicate that there
probably is 1ittle difference in overall tolerances between
marlne and freshwater spec1es.

The development of gas bubble dlsease in menhaden, Brevcortla

sp., and their tolerance to gas saturatlon in laboratory

bicassays and in the field (Pilgrim Nuclear Power Station

Discharge Canal) are discussed_by‘élay et al. (1975) and Marcello

et al. (1975}. Af 100 percent and 105 percent nitrogen
saturation, no gas bubbles develcped externally er in any of the
lnternal organs of menhaden. At 105 percent nltrcgen saturation,.
however, certaln behav1oral changes became apparent. Fish
sloughed off mucus, swam errat1¢a11y, were more excitable, and
became darker in color. Menhaden behavioral changes observed at
110 percent nitrogen saturation were similar to those noted. at
165 percent. In addition, at 110 percent gas emboli.wererfound
in the intestines, the pyloric caeca, and occasionally the
operculum. fhe behavioral changes described were.also cbserued
at 115 percent, and clearly defined subcutaneous eﬁph?sema was
observed in the fins and occasional 1Y in the eye. At 120 percent
and 130 percent nitrogen saturaticn}rmenhaden developed within a

few hours cla551c symptcms of gas bubble disease. Exterhallyy

emboli were evident in all fins, the operculum and w;thln the

oral cavity. 7
Exophthalmia also occurred and emboli developed in internal
organs. The bulbcus arteriosis and swim bladder were severely

distended and emb011 were found along the length of the glll

arterlcles, resultlng in hemosta51s. At water temperatures of 30_
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S¢, menhaden did not suryive,'régardisss of gas saturation level.
At water-temperaturés‘of 15 ; 22 , and 25 9C 100 percent of the
menhaden died within 24 hours at 120 percent and 136 perCént gas
saturation. Fifty percent died after 96 hours at 115 percent (22
Sc) Menhaden survival after 96 hours at 110 percent niﬁrogen
saturation ranged from 92 percent at 22° and 25° to 83 percent
at 15 ©c. ébservaticns on the relationship betwesn‘tﬁe'mcrfaliﬁy
rate of menhaden and gas saturatlon levels at Pllgrlm Station
during the April 1975, incident suggest that the fish may
tolerate somewhat higher gas saturaticnrievels in nature. -

It has heen'shcwn by Bouck et al. (1975) and Daﬁley et al.

(1975):£hatisurvival'6f'Salaon'and steelhead smolts in seawater -

is not affected by prior exposuré to gas supersaturation while in

fresh water. ©No significant mortality of juvenile cocho and.

sockeye salmon occurred when they were exposed to sublethal

concentratlons of supersaturated water and then transferred to

seawater (Nebeker et al. 1976b)

(QUALITY CRITERIA FOR WATER, JULY 1976} PB-263943
SEE APPENDIX C FOR METHODOLOGY . :

7
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Influenee of Dissolved Atmospheric Gas on Swimming

Performance of Juvenile Chinook Salmon

MicraEL H. ScHIEWE

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

(1009% of atmospheric saturation) before testing.

Supersaturation of atmospheric gas in water
as & result of air being entrained as it cas-
cades from spillways has bheen 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). As nitrogen gas is responsible for
exerting the greatest partial pressure {78.1%)
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 & 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 ameo-

spheric gas to which 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.

2725 Montlake Boulevard East, Seattle, Washington 98112
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ABSTRACT

Juvenile chinock salmen, Oncorkynchus tshawyischa, were exposed to selected levels of dis-
solved atmospheric gas ranging from 100 {control) to 1209 of saturation, and surviving fish
were then tested for maximal swimming performance.

Decreased swimming ecapability 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 te equilibrated water

Maximal swimming performance (Groves
1970) was chosen as an index of sublethal
effects that could increase vulnerability to
predation (Bams 1967), Maximal or absolute
swimming performance reflects a total effort
by the {ish; 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 swimming performance of salmonids
subjected to the stress of supersaturated atmo-
spheric gases.

MATERIALS AND METHODS

Test fish were spring chinook salmon, O,
tshawytscha, from Leavenworth National Fish
Hatchery at Leavenworth, 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, Daw-
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 swimming perfor-
mance test.

Water supersaturated with atmospheric gas
was generated by passing water through a
high pressure pump operated under a back
pressure produced by constriction of the dis-
charge flow. Compressed air was then metered
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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
flowed 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 was from Van Slyke and Neill
(1924) using a manometric blood gas ap-
paratus; and dissolved oxygen was analyzed
using modified winkler procedures {American
Public Health Association 1965), Gas con-
centration at saturation {100%) was taken
from Weiss (1970).

Groups of 30-60 fish were 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 argen concentrations
of 102, 106, 110, 115, 121, 125% of saturation,
The oxygen concentrations for the same re-
spective levels were 94, 98, 98, 102, 106, and
103% of saturation. The total gas pressure
varied less than *=2% of saturation in any
test tank.

A companion study by Dawley and Ebel
presents a more comprehensive account of the
stress phase of this experiment and includes a
complete presentation of mortality data.!

Tests of swimming performance were con-
ducted on surviving fish stressed at a total
gas pressure of 120% of saturation after the
LC10 (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 LC10O (mean value
26.9 hr) point was reached. The other groups
of fish (those stressed at 104, 106, and 112%
of saturation) did not have significant moxr-
tality, and their testing was completed after
35 days of exposure. All performance tests
were repeated except those at the 120%-LC50

1Dawley, 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.h Fish. Serv., Northwest Fish. Center, Seattle,
asii,

TRANS. AMER. FISH. SOC., 1974, NO. 4

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 1 hr.

A study was also made on the swimming
performance of fish that had been stressed by
high concentrations of dissolved atmospheric
gas and then given time to recover before
testing, Omne test group stressed to LCS0 at
the 120% level was held for 2 hr in equili
brated water before testing, and another test
group stressed to LCI10 at 120% was held in
equilibrated water for 15 days before testing.

The apparatus used to measure the maximal
swimming performance was a long (14 m),
narrow (8 em), U-shaped channel wherein
the fish could swim against a fixed flow {1.28
m/sec). Water depth was maintained at 5.5
cm. Dechlorinated tap water was recirculated
through the channel, and water temperature
was maintained at 15.0C (the acclimation
temperature). The channel was marked off
in decimeter units and uniform overhead light-
ing of 10 candle power was maintained with
incandescent Hghts.

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 flow. The change from dark
to light in conjunction with the current gen-
erally stimulated the chinook salmon to swim
strongly into the flow and up the channel.
The total distance the individual fish swam
and the total time spent actively swimming
were recorded and were 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) multipied by the
active swimming time for each performance
of an individual fish. Thaus, the statistic “P”
incorporates both movement and stationary
swimming activities over time. For example,
4 fish in these tests would often move forward
in the performance channel and then maintain
its position for several seconds before either
moving forward again or {falling back, If we
had applied a simple rate formula in this
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TaBLE 1.—Stress history and results of chinook swimming performance tests
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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 which classical parametric methods
of comparison of samples were unsatisfactory.
Hence, a nonparametric, one-sided Kolmogo-
rov-Smirnov test (Conover 1971) was used
to determine whether controls performed
significantly hetter than the expcnmcntaliy
stressed fish. ; ‘ .

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

p=2t=Fe o 100
P.
where P, is the “P” statistic of the-nonstressed
or control fish and P; 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

tests {y* = 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.

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 where test
fish had been stressed at a total gas pressure
of 120% of saturation (both the LC50 -and
LC10 test levels). However, all exposures to
supersaturated water except that at 104% 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 (y* = 5.95, d.f. = 1, P < 0.025)
higher percentage of nonrespondent fish in
stressed groups when compared with control
groups {Table 1). This would indicate that
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Ficure 1.—Perceni difference, D, in swimming
performance bhetween stressed and nonstressed {ish.
Values near har graphs give 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 lo potentially lethal levels
of gas supersaturation had the additional
eflfect of rendering a greater percentage of
fish nonresponsive 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 swimming performance
al the higher saturation levels.

Swimming Performance with a Recovery
Period. Comparison of test and control group
swimming performance after allowing a re-
covery period showed no difference in per-
Tormance levels {Table 1). A recovery period
of as little as 2 hr in equilibrated water after
an exposure to a tolal gas pressure of 120%
of saturation (LC50) was sufficient to allow
recovery of lest fish.

DISCUSSION

Decreased swimming performance resulting
from sublethal exposures to supersaturated
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 be less sensitive te super-
saturated water conditions than salmon and
trout. Bouck (G. R. Bouck, personal com-
munication®} {ound that largemouth bass,
Micropterus salmoides, can survive longer
exposures to supersaturated atmospheric gas
concenirations of 120% of saturation than can
salmon and trout. Thus, the stressed chinook
salmon, with its decreased ability to escape,
could become easier prey.

Another important aspect of the seaward
migration of the chinook salmon that could
be affected by decreased swimming capahil-
ities is passage through and over low head
dams, Avocidance of dangerous areas in tur-
hine penstocks or in stifling basins of spillways
may require a high level of swimming per-
formance. Observations by scuba divers (W.
J. Ebei, personal communication®) ohserving
{ish behavior in turbine intake gatewells where
these fish were diverted by traveling screens
indicated tha! swimming performance was a
vital {actor in determining whether injuries
would or would not cccur. Fish that had the
highest swimming capability did not become
impinged on screens present in the gatewell,
Thus, during periods of high atmospheric gas
concentrations, migrating chinook populations
traveling near the surface would be adversely

affected not only by direct mortality from

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 swimming 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% of saturation.
This rapid reversal phenomenon is also ob-
served in the rapid disappearance of external
gas bubble disease signs (see footnote 1).

*Gerald R. Bouck, Environmental Protection
Ageney, Corvallis, Oregon.

* Wesley J. Ebel, National Marine Fisheries Service,
Seattle, Washington.
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External gas bubbles that have formed over
& short exposure to a high (greater than
190%) 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 supersaluration control
on Columbia and Snake River dams may well
be useful if jmplemented on even a limited
pasis. 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

DonaLp G. STEVENS, ALaN V. NEBEKER, AND Rocky J. BAKER

United States Environimental Protection Agency, Western Fish Toxicology Station
1350 Southeast Goodnight Avenue, Corvallis, Oregon 97330

Abstract

Coho (Oncorhynchus kisutch), sockeye (O. nerka), and chinook (0. tsehawyischa) salmon stnolts,
and rainbow trout (Salmo gairdneri) avoided air-supersaturated water when tested in a shallow
round tank. Steelheads (S. gairdnen) 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%. Terrtorial 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-
plished by either sounding or moving laterally
away from the supersaturated water. Meekin
and Turner (1974) reported that when given
an alternative water source, chinook salmon
(Oncorhynchus tschawytscha} showed a strong
preference for equilibrated over supersaturat-
ed water. Blahm et al. (1976) tested juvenile
chinook salmon and steelhead (Salmo gairdneri)
in a divided trough having 130% N, on one
side and 102% N, on the other side. Two
groups of steelhead apparently did not avoid
nitrogen supersaturatuon, as 50% died in 42.5
and 43 hours and all fish contracted gas bubble
disease. However, no chinook salmon died dur-
ing 192 hours exposure, and only 10% showed
signs of gass bubble disease. No lateral avoid-
ance was observed during these tests because of
turbid water. Dawley et al. (1976} indicated that
chinock salmon and steelheads may detect su-
persaturation and avoid it vertically by sound-
ing in deep tanks. Gray and Haynes (1977)
monitored adult chinook slamon in the Snake
River with pressure-sensitive radio transmit-
ters; fish migrating upstream in supersaturated
water spent about B9% of their ime below the
critical supersaturation zone but swam at shal-
low depths during the following fall and spring
migrations when the river was normally satu-
rated.

The present studies conducted at the West-
ern Fish Toxicology Station (WFTS) tested the
lateral avoidance response of several fish

species to various concentrations of supersatu-
rated water.

- Methods

All tests were done in unchlorinated well
water aerated to near saturation under normal
atmospheric pressure, The alkalinity and hard-
ness were near 27 mg/liter (as CaCQOy) and the
pH was 7.1 during the test period. Supersatu-
rated water was produced and controlled by
metered injection of compressed air into the
water supply under pressure (Nebeker et al.
1976). Saturation levels were verified by five gas
chromatograph determinations during the test
period, and monitored by at least one Winkler
dissolved oxygen determination during each
individual test. Supersaturazed water was deliv-
ered to a rectangular tank divided into four
sections by glass partitions of decreasing height
{Fig. 1), Excess gas was serially stripped from
the water as it cascaded over the partitions.
Water for the three test concentrations, 145%,
125%, and .115%, was taken .from behind the

partitions. and the control water was supplied - -

from a separate head tank.

The avoidance test tank (Fig. 1) was 183 cm
in diameter and 92 cm deep. Water depth was
maintained at 31 cm by a standpipe. The tank
was divided into eight pie-shaped chambers by
opague Plexiglas panels 61 cm long and 36 cm
high which left a central open area {61 cm in
diameter) around the drain, The entrance into
each chamber was 20 cm wide and the rear of
the chamber consisted of a perforated Plexiglas
panel which separated the chamber from the
incoming water. This panel delivered an even
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FicURE | —Diagrams of the delivery system for air-super-
saturated water (upper panel} and of the test lank (lower
panel) used in studies of salmonid avoidance of air-su-
pevsaturaled water.

flow of water into the test area. Water from a
delivery manifold entered a standpipe at about
% litersfminute 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 1o 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 steethead and
coho salmon (Oncorhynchus kisutch) from the
Alsea River, rainbow trout (Salme gairdneri) and
chinook salmon from the Willamette River, and
sockeve salmon (Oncorhynchus nerka) from the

STEVENS ET Al.

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

In each test 10 fish were placed in the tank
for 2 minimum of 12 hours of acclimation in
saturated water. The camnera was started during
the acclimation period and operated through-
out the test period. Visual observations, without
disturhing the fish, were also made to deter-
mine when avoidance behavior was 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 to analysis of variance to determine
if there was a significant relationship between
the changes in observations and the changes in
concentration. The number of observations
during the last hour before a concentration
switch and these of the second hour after a
change were used for the calculations. The dif-
ferences between the number of observations
9 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 minot
limitation for the experiments because it was
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varignce P < 0.05).

Taste 1.—Distribution of salmonid fish in three concentrations of air-supersalurated water and a control. Al species
except steethead showed significantly different distributions among gas concentrations in ene or more tests (analysis of

Mean number of observations per hour
at each gas concentration®

Number Test Inter- Percent
Test? of live duration High mediate Low Control mortality
Fish number fish ¢hours) (145 2 4)° (125 £3)F (115x2)° (98 =2 duringtest

Steelhead 1 10 i4 37 44 47 44 90
: (22) (25) ()] (26)

Rainbow trout 1 1] 44 24 32 45 54 80
(15) {21} 29 {35)

2 2 5 9 12 30 13 0
(13} (1B) {48) @n

Coho salmon 1 10 8 57 71 72 121 0
(i8) (22) (22) (38)

2 10 16 32 39 95 158 0
(1) {12) (29 (49}

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

Sockeye salmon 1 10 7 53 63 93 13H 0
(16) (19) {29) (36)

2 10 4 63 65 98 95 [}
(20} (20} 3h (29)

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

4 10 2 62 40 100 120 0
(19) (13) 30 (37)

Chinook salmon 1 1{1] 8 67 68 72 109 0
21} (21} (23) (35)

2 10 16 45 61 ] a9 20
(15) [¥4)] {(3h {33)

3 B 4 41 652 64 88 [¢]
(16) {24) {25) (35)

* Number in parentheses is percent of total observations.

® Concentrations of air were switched to opposite chambers between successive tests of a species.

© Total-gas percent saturation (mean % SDj}.

the changes in distribution that were moni-
tored.

The steelheads and rainbow trout suffered
greater mortality than the salmon tested (Table
1). The steetheads died sooner than the rain-
bow trout and did not demonsirate any signif-

icant avoidanceé behavior. During the acclirha- -

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 slowly and the survivors eventually

showed a positive avoidance response that was
significant at the 0.05 level. The two surviving
rainbow 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 concéntration 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 water occurred more rapidly
than in other spedies. 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 et 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 fsh
may inhibit an escape from stressful conditions
by others of their species.
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Effects of Hydrostatic Pressure on Steelhead
Survival in Air-Supersaturated Water

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

Corvallis Environmental Research Laboratory, United States Envirenmental Protection Agency
1350 Southeast Goodnight Avenue, Corvallis, Oregon 97330

Abstract

Juvenile steelheads (Salmo gairdner’) 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 10, 50, and 100 cm depth increased with increasing depth at a
given level of supersaturation. When the hydrostatic pressure (7.4 mm Hg per 16 cm of water
depth) was subtracted from the excess gas pressure (relative 1o 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 wotal 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 100 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 containing 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;
Wolke 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 Auids 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
preduce lower mortality than shallow-water ex-
posure {Dawley et al. 1976; Weitkamp 1976).
However, these studies allowed considerable
variability of depth so that exposure levels
could have varied considerably, making quan-
titative analysis of effects difficujt, Fickeisen
and Montgomery (1978) conducted a study
similar to ours, but they used only one level of
supersaturation and did not fully quantitate the
effects of hydrostatic compensation. ‘

The first objective of this study was 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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Tasre }.—Temperature and nominal and measured total
gas concentrations during supersaturation experimenis
with steetheads.

TasLe 2.—Calrulated percentage reduction (compensa-
tion) in air supersaturation based on pressure of the water
column.®

% 1oal gas saturation

Tem-
pera- Measured
ture  Nomi-
Test C nat N Mean® = 5D Range
1 108 140 27 1398+ 04 138.9-1403
2 10.0 140 39 1396 £ 0.9 1355-141.0
3 11.0 135 41 136.4 + 0.7 135.2-1373
4 100 135 27 135102 134.8-135.7
5 116 130 36 130008 129.0-130.8
6 1.7 130 60 130206 128.1-130.9
7 11.0 130 55 130405 120.0-130.5
8 0.0 125 45 124904 124.0-1257
9 g5 125 25 125005 124.0-126.0
10 92 i25 31 124906 124.0-1252
bl 10.2 120 26 1201 £ 6.3 119.8-120.8
12 1.2 120 27  120.0x 04 119.4-120.8
I3 95 120 41 120205 118.8-120.9
4% 140 120 45 1197+ 0.4 118.9-1205
E5* 120 120 54 119804 118.7-1204
16" 136 125 25 1266x0.5 1252-127.0
17" 140 126 42 1265 =06 125.7-120.%
18* 125 130 15 1305+ 04 130.3-1313

* Means of measurements in four tanks per test.
® Variable-depth 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 Mois: Pellet diet but were
not fed during the tests.

Tests were conducted by holding fish in cy-
lindrical cages, 71 cm in diameter and 20 ¢m
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
cach tank at a rate of 14 liters/minute. Nominal
total gas saturations ranged from 120 to 140%
(Table 1),

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 avmospheric
pressures (Nebeker et al. 1976). 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-

Water column Compensation

Water depth pressure (perceneage of

(cm) {mm Hg} atmosphere)

10 7.4 10

20 148 19

30 22.2 2.9

40 29.6 39

50 37.0 4.9

680 44.4 5.8

70 51.8 6.3

80 50.2 . i 7.8

90 66.6 8.8
100 74.0 9.7
110 8t.4 10.7
120 89.8 117
130 96,2 12.7

* % compensation = {Water depth {(cm) % 0.74¢ (mm Hyg/
cm water)]100/760 (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 2 cage and held in shallow ambient well water
as a control, The median survival time (LT50)

for fish in each cage was calculated on the as-

sumption of a log-normal relationship between
mortality and exposure time.

Constant Depth Exposure

The foree 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 10 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

! H,O pressure {(mm Hg)
.. mm H,0 depth X density H,O
density Hg
depth x 1.000 glcm?
13.596 glem®
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HYDROSTATIC COMPENSATION FOR EXCESS DISSOLVED AIR

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 10, 50, and 100 c¢m 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 influ-
ence of an earlier surface exposure and recov-
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 su-
persaturation for several hours, lowered 1o 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, respec-
tively. These periods were previously deter-
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. 1A). Dose-response curves (¥ = aX®,

where Y is median survival time, X is excess

dissolved gas pressure, and @ and b are con-
stants) yielded r* values of 6.99, 0.96, and 0.83
for the 10, 50, and 100 cm depths, respectively.

When the medizan survival times were plotted
against depth-corrected excess gas pressures, a
single curve could be fitted to the data yielding
an 7* value of 0.95. Because the fish could have

selected depths slightly above or below the mid-

cage depths of 10, 50, and 100 em used in the
previous calculations, we atternpted to fit better
curves for other possible exposure depths. Best
fits were obtained when fish in the shallow cage
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moriality (Y) and mm Hg excess total gas pressure (X)
for steelheads held at waler depths of 10 em (circles), 50
cm (iriangles), and 100 em (squares). Curves in A, cal-
culated without allowance for hydrostatic pressure, have
.constanis {a, b} of (1.243, —3.944), (4.468, —3.761),
and (1.892, —3.187) for 10, 50, and 100 cm, respec-
Hvely. The curve in B, caleulated after allowance for
hydrostatic pressure, has constants {a, b) of (4.830,
~3.768).

were assumed to have been near the bottom of
their cage and those in the other two cages near
the top. Figure 1B represents the response of
fish at assurned depths of 17, 46, and 93 cm
and has an 7* value of 0.97. The results support
the concept that depth provides protection
against the lethal effects of supersaturation in
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Ficure 2.—Time (at the water surface) to 50% mortality
Jor steelheads allowed 0, 1, 2, or 3 hours at 3-m depth
between shallow-waler exposures 1o 120, 125, or 130%
air saturation. While portions of histograms represent ini-
tial shallow exposures, crosshatched portions the second
shallow 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,
respectively. Values for 120 and 125% saturation are
means of two tesis.

direct proportion to the reduction in excess gas
pressure provided by the hydrostatic pressure
of the overlving column 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
Lo excess gas pressure.  Conseguently, 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 1, 2, or 3 hours,
the fish were returned to the surface and their
response observed; time 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 1o 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 time of body fluids (Beyer et al.
1976); unknown relationships among degree of
equilbration, internal gas pressure, and onset
and rate of emboli formaton; 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 steetheads first ex-
posed to excess surface gas tensions for non-
lethal periods, the minimum time for full com-
pensation at 2 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 LT5('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 levels
and caused some of the differences noted in
LT50 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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. INTRODUGCTION

Gas bubble disease (GBD) 1in 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 1975, estimates of mortality 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 197&). ' )

| In the early 1970s, extensive efforts were made to reduce spill and to
decrease the 1levels 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 genmeration at dams on the lower Snake and Columbia

Rivers, and installation of flow deflectors on the spillways of several



dams. Supersaturation greater than 130% became infrequent instead of common,
and levels exceeding 1207 [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.5. Army Corps of Engineers
(COE) and the National Marine Fisheriles 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 (REKm 347). Ia 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 bloassay and monitoring program were:
1. To obtain dally dissolved gas concentrations in the forebays of Johmn

Day and The Dalles Dams.



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.

5. To obtain depth distribution information for juvenile salmonids in
the forebay 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 informétioﬁ 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, blological data were collected at

McNary, John Day, and Bonneville Dams.

Dissolved Gas Measurements
Dissolved gas concentrations were measured. in the forebays of McNary,
Joﬁn Day, and The Dalles Dams and .at Warrendaie,. é?égoﬁ,. (doﬁﬁstreénl 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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. 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 octher 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, .wel took advéntége of- the-
unexpected high flow period in late May and early Junme 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 amblent supersaturation on yearling and
subyearling chinook salmon of both river“;un aua hagchery ;tocks, 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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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 dally 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
des;ended with limited breathing. To enhance future_,holdiﬁg tests, an. .
underwater video monitoring system was fabricated which allows diel
observations of vertical distribution in the volitional cages and eliminates

the necessity for observations by SCUBA divers.



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

Yeariing chinook salmon

5/13-18 85-235 152 105-205 140
5/20~25 80-230 152 85-195 142
5/28-6/1 112-232 157 80-177 142

Subyeariing chinook salmon

7/8-12 55-95 80 78-133 103
7/22-26 60-100 87 73-137 108
af
8/12-15 58-103 93 ~a/ —
EJ No data



- 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.,lj under contract to Bonneville Power Administration (Steig and
Johnson 1986). A sophisticated network of transducers and data compllation
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 dist&ncg of

observation.

1/ Reference to trade names does not imply endorsement by the National Marine
Fisheries Service, NOAA.
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Figure 4.——-Twenty-transducer sonic array used near shore 2 km upstream from The Dalles Dam, 1985;
Benmar DR-680 with sequencing transducers (from Marshall 1976).



. 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%Z. Because of the
extensive setup efforts, we continued to evaluate the prevailing Ilow
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 floys during the evaluation were low.
for thls time, ranging from 292 thousand cubic feet per second (kcfs)g/ on 6
May to 64 kefs on 28 July. Highest supersaturation values were cbserved 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 110%
of saturation for about 8 h, and intermediate levels during the interim
(Fig. 5).

A comparison of spill rates at Joha 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 thréugh The ﬁalles‘ reée?voir“ Qaé -16 to' 26 h
(Fig. 5). Spilled water appeared to move through the reservoir as distinect
masses. The durations that high and low supersaturated water passed through
The Dalies Dam corresponded to the duration of high and low volumes of water

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

2/ The English units kcfs are useg in this rgport in place of metric units
because of common local usage (I m” = 35.3 ft~)
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Gas Bubbie 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 1 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 towér& normallsatﬁration -— 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 107 decrease 1in percent of saturation, therefore, f£fish

swimming at 1 m encountered about only 110Z 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,-- Mortality, dissolved gas concentrations, and water temperatures observed

during holding tests in The Dalles Dam forebay, 1985.

Percent mortslity in cages positioned

at the indfcated depth (m)2 plasolved gas conc. Water
Hatchery fish River-run fish N percent of saturation temp.
Date 0-1 1-2 3-4 [ 0-1 12 3-4 0-6.1 Iow__ 1300 h___ high °c
Yearling chinook salmon

5/13 Introduced 1500 h Introduced 1700 h 106 - 111 11,4
5/14 o ] - 0 10 o - o 105 105 118 11.4
5/15 0 0 - o 5 2 - o 106 107 116 11.4
5/16 0 0 - 0 0 e - 0 109 109 113 115
5/17 0 o - Q 0 0 - 2 108 110 1901 12.5
5/18 i} 1 - ] 2 o - 0 119 110 111 12.9

Total 05! 1 - 0 llEf 2 - 2 Weighted avg., 110.1 Avg, }l.9
5/20 Introduced 1500 h Introducea 1700 h 168 - A108 13.5
5/21 0 0 ] 0 e ¢ 0 4 107 107 109 13.7
5/22 0 0 0 ] 8 12 15 0 109 109 109 14.3
5/23 0 0 0 0 2 ] 0 0 109 110 110 14,3
5/24 0 0 a 0 2 0 o o 109 109 112 14.8
5/25 0 ] 0 0 ] ¢ 5 0 106 106 116 14.8

Total 0 0 0 0 4 12 20 4 Waighted avg, 109.0 Avg, 13.9
5/28 Introduced 1500 h Introduced 1600 h 109 - 109 14.9
5/29 0 2 6 2 5 0 3 5 106 106 109 15.0
5/30 0 0 2 2 0 - 0 o 106 106 109 5.1
5/31 0 ] 0 e ¢ - 0 0 106 106 109 15,3
6/01 ¢ 0 ] .0 0 - 0 0 106 106 109 - 15.0
6/02 0 0o 2 0 0 - s 5 jo4 104 108 14.9

Total 0 2 4 4 5 0 10 10 Welghted avg. 108.1  Avg. 15.0

15



Table 2.--continued,

Percent mortality in cages positioned

Disgolved gan conc.h’

at the indtcated depth {m)2 Water
Hatchery fish River-run fish percent of saturation temp.
Da te [ 1-2 3-4 U-6.1 -1 1-2 J-4 0-6,1 Tow  J300 h high °C
Subyearling chinock aannS/

7/08 Introduced 1500 h 99 - 100 20.13
/09 - - - 0 Introduced 1330 h 929 99 99 20.4
1/10 - - - o - - - 16 99 99 99 20.4
711 - - - 0 - - - 0 99 99 100 20.5
/12 - - - 0 - - - 1 99 99 99 20,6

Total ] 17 Weighted avg. 99.1 Avg, 20.4
/22 Introduced 1600 h Introduced 1600.h - - - 21,5
7/23 - - - 1 - - - 0 - - - 21.5
7/24 - - - 3 - - - 0 - - - 1.6
7/25 - - - 0 - - - o - - - 22,1
7/26 - - - 3 - - - - - - - 22.4

Total 7 o Range 99-102%/ Avg. 21.8
B/12 Introduced 0900 k Introduced 090G h - - - -
8/13 - - - o - - - 0 - - - 21.5
B/14 - - - 0 - - - 0 - - - 21.5
8/15 - - - 0 - - - 0 - - - -

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

E! Percent of the number of individuals at the start of testing (about 50).

2! Dlasolved gas concentratfons within the 24~h period; lowest, highest, and at 1300 h {the aproximate

time of the vertical distribution observation).

&/ Stgnes of gas bubble disease were not observed in any held fish. It is doubtful that signa eould
have been observed by SCUBA divers on figh swimming in the cages, If aigns were present in fish on
14 and 15 May, it seems likely that none would have been observable by the end of that test when

fish were examined individualily at the surface.

.y Fish were not held at O-! m, 1~2 m, and 3-4 m because dissolved gas concentrations were not expected

to go sbove 105% of saturation.

&/ Extrapolated from meesurements at John Day Dam.
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Table 2.-—continued,

Percent mortality in cages postt oned /

at the 1nd1cated depth (m)& Diasolved gas cone. Water
Hatchery fish River-run fish percent of saturation temp.
Date 01 1~2 3-4 0-6.1 01 1-2 3~4 O-6,. 1 low 1300 h high °C
Subyearling chinook salmonsf
7/08 Introduced 1500 h 99 - 100 20.3
7/09 - - - 1] Introduced 1$33C h 99 99 99 20.4
7/1¢ - - - 0 - - - 16 .99 99 99 20.4
i1 - - - o - - - 0 99 99 100 20.5
7/12 - - - 0 - - - 1 99 99 99 20.6
" Total 0 17 Weighted avg. 99.1  Avg. 20.4
7/22 Introduced 1600 h Introduced 1600 h - - - 215
7/23 - - - 1 - - - 6 - - . . 21.5 -
7/24 - - - 3 - - - Y - - - 21.6
7/25 - - - 0 - - - 0 - - - 22.1
1126 - - - k] - - - - - - - 22.4
Total 7 0 Range 99-102%/ Avg. 21.8
8/12 Introduced 0900 h Introduced 0900 h - - - -
8/13 - . - 0 - - - 0 - - - 2i.5
B/14 - - - Lt - - - 0 - - - 21.5
8/15 - - - 0 - - - 0 - - - -
Total 0 0 Range 99-102°/ Avg, 21.5

E! Percent of the number of individualu at the start of testing (about 50).

ﬁj Dissolved gas concentrations within the 24=h period; 1oweet, higheat and at 1300 h (the aproximate
time of the vertical distribution observation). - :

E! Signs of gas bubble disease were not observed in sny held fish. It f{s doubtful that signs could
have been cbaerved by SCUBA divers on fish swimming in the cages. If signs were present in fish on

14 May and 15 May, it seems likely that none would have been cbservable by the end of that test when
fish were examined individually at the surface.

Ef Fish were not held at 0-!{ m, 1-2 m, and 34 m becsuse dissolved gas concentrations were not expected
to go above 105X of saturation.

&/ Extrapolated from measurements at John Day Dam.
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examinedj out of water. Gas bubbles disappear relatively quickly at 1low
dissclved 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 l-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 at greater depths, which allowed for greater hydrostatic pressure
compensation (Table 2). On the first day of testing, 10% wmortality of
river-run fish occurred in the 0- to 1l-m cage, but this was before dissolved
gas levels reached 118%X of saturation; GBD signs were not observed in dead
fish from that cage. We assume stress ffom 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%Z or less; at 115%, signs developed and mqrtality_bégan in
‘a few days (Déwiey 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 assoclated mortality. Effects were similar to
those in shallow water tests at 107 lower supersaturation {(Dawley et al.
1976). Previous in situ holding tests, evaluating effects of supersaturation
in reservoirs, showed that test fish which were allowed access to water depths

sufficient to alleviate GBD through hydrostatic pressure compensation,

18



exhibited %ubstantially less mortality than fish confined to surface levels
(Ebel 1971; Weitkamp 1976).

Previous intermittent exposure tests showed that diel 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 subyearling chinook salmon suffered 1little
mortality when subjected to 8 h of high dissolved gas levels (124 and 130%)
and 16 h of low levels (£100%Z). The larger yearling chinook salmon tested at
The Dalles Dam in 1985 are probably less tolerant to supersaturation because
of size (Dawley et ai. 1976); however, the fluctuating supersaturation at
these somewhat lower levels also caused no detrimental effecté.

Dissolved gas concentrations (99 to 1022) during tests of subyearling
fish were not high enough to cause GBD. Therefore, tests were conducted only
in wvolitional céges to examine vertical distribution at amblent 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;”‘
Blaﬁm et al. 1976).. Mortality was subst#ntially 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 yearliné chinook salmon, signs of GBD were not
observed, even in the O- to l-m cages. Thus, we hypothesized that stress to
fish from supersaturation in the volitlonal 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 1in wvertical distribution between
hatchery and river-run fish, the three replicate test series, and daily
observations showed no significant differences (P <0.05); three way ANOVA
(£=0.05 d£f=1,18; £=0.29 df=2,18; f=0.92 4f=2,18),

Vertical distributions of subyearling chinook salmon were
consistent through the three series of tests; mean depths in the wvolitiomal
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=11). EBeLéf
observed that subyearlings, 1in volitional cages at Priest Rapids Dam
reservoilr, congregated at 2.5 to 3.5 m of depth at both high supersaturation
(143%, where mortality was 0Z) 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-control.

Hydroacoustic Observations
Vertical distribution of salmonids 1in front of The Dalles Dam
was assessed by BloSonics, Inc. using hydroacoustic techniques. Fifty percent

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

3/ W. J. Ebel, Biologlst, National Marine Fisheries Service, 2725 Montlake
Blvd. E., Seattle, WA 98112, unpublished data.
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Table 3.--Vertical distributions of yearling and subyeérliﬁg chinook salmon held

in cages in The balles Dam forebay, 1985; percent of fish at depth interval,

Hatchery fish

River-run fish

Depth interval (m) Mean Depth interval (m) Mean

Q- 1e2= 2.4~  3.7= 4.9= depth 1 1o2- 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)
Yearling chinook palmon

5/14 ¢ 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 1% 34 45 5 3.5
507 9 0 & A SL & - R U S A A )
Avg. 1 12 27 36 25 .1 2 7 24 55 i2 3.9
5/21 0 4 38 57 2 3.8 0 25 25 50 ¢ 34
5/22 6 0 27 55 12 3.9 0 0 ] 45 49 4.8
5/23 8 17 o 42 33 4.0 0 0 17 42 42 4.6
s/2 0 6 3L 3L 3L A4l o 5 14 38 4 &
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 o 4.3 4 0 0 75 21 bod
5/31 4 0 B 58 38 4.5 o 8 K} 62 0 3.7
6/0 3 O 13 3 4 A (N A U R A S |
Ag. 2z s 15 59 29 4ol L a6 27 4L lh 346
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Table 3.--continued.

Hatchery fish

River-run fish

Depth interval (m) Mean Depth interval (m) Mean
Q- 1s2-  2.4- 3.7- 4,9- depth 0- 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 chinoock salmon
7/09 6 21 29 34 10 3.3 - - - - - -
7/10 10 il 26 37 15 3.5 0 5 36 36 23 4.0
7/11 0 3 16 40 40 4.5 7 19 19 28 28 3.7
Mz 2 & 3 3 o3 41 200 20 3 03 b
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 4.4
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 t4 3.4
726 6 19 25 25 25 226 T - = = = e
Avg, 8 22 23 23 23 3.4 2 i2 35 28 23 .7
8/13 11 7 25 25 32 3.8 - - - - - -
8/14 12 12 23 27 27 3.6 14 50 29 3 4 2.2
815 0 4 2 o;: 3 43 o 0 M3 Al
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 had
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 (Raémhild 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.
Steigﬂ/).

Daytime observations made by MNMFS from a small boat traversing
the reserveir 50 te 300 m upstream from The Dalles Dam were not very
successful. Only 43 targets weré observe&?;all. yearling fish d1n May.
Combined data from the surveys indlcated 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

4/ T. Steig, BioSonics, Inc., 4520 Union Bay Place, Seattle, WA 98112, pers.
commun. 1986.
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first aﬁd 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 277 of the 64 targets in the upper 3 m at night. These
observatlons, made Iin May and early June, presumably represent yeariing
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 417% of
the flow at Priest Rapids Dam on the Columbia River were spilled (Fig. 6);
total flows averaged 194 and 160 kefs, respectively, at the two dams.
Consequently, dissolved gas levels increased to 21207 through hundreds
of miies 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 Diseése in Migrants

In the 8-day period of evaluation, 1-% June, signs of GBD, predominately
cutaneocus 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 < 115%). 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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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 diseaseél

Subyearling
chinook Yearling chinook Coho Sockeye
Steelhead salmon salmon salmon salmon
McNary John Bonn. McNary John Boun. McNary John Bouon. McNary John Bonn. McNary John Bounn.

Date Day Day Day Day Day
1 June & “2/ - 0 - - 7 - - 3 - - 2 - -
2 3 0 3 0 0 0 3 0 0 0 0 0 0 0 0
3 4 0 14(2) 0 0 0 1 0 0 5 0 0 o 0 0
4 2 0 16(2) o 0 0 <1 0 0 1 0 0 0 0 0
5 2 0 13(1) o 0 0 2 0 0 0 0 1 0 0 0
6 3 0 - 0 0 - p 0 - 0 0 - 0 0 -
7 1 0 - "0 0 - 1 0 - 0 0 - 0 0 -
8 2 0 0] 0 0 0 <1 0 0 0 0 0 0 0 -
9 1 0 0 . 0. 0 0 <1 0 0 0 0 0 0 0 0

3! 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 (-).



Ol m; éssuming 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 dimpacts of supersaturation in the lower
Columbia River (McNary Dam to the estuary)-were minimal.to 5uveniie 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
Heggherget 1985). Lethal conditions may prevail in certain areas at certain
times, soc knowledge of ﬁhe toie;ance limits_for resident and migrant fishes
impacted by supersaturation 1is essential to assess ‘the"ﬁécéésity' for’
counteractive measures.

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

are necessary to éatisfy 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

Kirx T. BEivingEn! anp WEsLEY J. EBEL

Bureau of Commercial Fisheries, 2725 Montlake Bowlevard East,
Seattle, Washington 98102

ABSTRACT

Concentrations of dissolved nitrogen gas were measured in the jower 640 km of the Columbia
River from April to September 1968 to determine the effect of newly-constructed John Day Dam
or nilrogen saturation downstream, Ohservalions were also made of symptoms of gas bubble
disease and mortality in juvenile and adult salmon,

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

The authors recommended that in {uture dam construction one or more turbines should be
aperable before the reservoir is filled. Increasing the flow through the turhines while decreasing
{low over the spillways will reduce concentrations of nitrogen. In addition, every possible effort
should be made to reduce the delay of sahnon passing over dams.

INTRODUCTION

A study of the supersaturation of dissolved
nitrogen in the Columbia River in 1965-67
(Ebel, 1969) showed that water falling over
spillways into deep plunge basins of dams
became supersaturated during heavy spillway
discharges. This supersaturation appeared to
be the direct cause of mortality of juvenile
coho and chinook salmon (Oncorhynchus
kisutch and O. tshawytscha) from gas bubbie
disease and to be linked also with unexplained
mortalities of adult sockeye salmon (Onco-
rlynchus nerka) and steelhead trout (Salmo
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 salmeon
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
Jehn Day Dam. Extremely high concentra-
tions were expected, since the powerhouse was
stili under construction and all river flow was
passed over the spillway. This report describes
the changes brought about by John Day Dam
on concenlrations of dissolved gases and the

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

6064

effect these changes had on migrant salmoen
and steelhead trout near the dam.

. METHQODS
Ebel (1969) described the method for col-

lection and analysis of gas samples. Observa-
tions were limited to the lower 640 km of the
river in 1968. Twenty stations {Figure 1)
were sampled monthly from April to Septem-
ber. The use of a float plane enabled us to
collect and analyze all samples within a 24-
hour period. Additional stations were 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 concenira-
tions were determined for each sample and
expressed in percentage saturation—100% in-
dicated equilibration of dissclved gases at one
atmosphere (760 mm of mercury}. No correc:
tions were made for slight changes in elevation
or barometric pressure. A Van Slyke-Neill
blood gas analyzer, modified for water deter:
minations, was used for the weekly series of
samples. The Van Siyke-Neill apparatus was
used in the calibration of a gas chromatograp
which was used when large numbers of sam®
ples were analyzed. A detailed description ©
the chromatographic technique is given PY¥
Swinnerton, et al. (1962).

BEINING!

WAS
z
< 20
[FH
(5]
(=]
ASTORIA
L&
w
(&)
-4
a i
oR
50 o
| ST S

Ficure 1.—Principa
1958.

CHANGES IM
CAUSED BY

Physical Alu

Constraction of
‘upstream from the
in 1959, The U.S.
which supervised t)
on April 14, 1968,
before the powerh
the fishways would
spring salmon migr.
-carried out on the ¢
fisheries agencies
fish populations in 1
& reservoir was
ladders were in ope
The John Day ir
last free-flowing por
between tidewater o
River, forming ar
Impoundments over

Effect on Nit‘;

! In the preceding
Entire lower river d.
ARl was near equ



sty

of the Columbia
d John Day Dam
as of gas bubble

} supersaturation .
) and steelhead
The Dalles Dams

thines should be
while decreasing
ry possible effort

on migrant salmon

he dam.

)8

the method for col-
s samples. Observa-
ower 640 km of the
stations (Figure 1)
mm Aprii to Septem-
; enabled us to
i within a2 24.
ations were sampled
[he Dalles Dams to
ted to fish passage

were stored in an
1 in gas content that
creases, :

oXygen concentra-
r each sample and
turation—100% in-
ssolved gases at one
srcury) . No corree-,
changes in elevation’
A Van Slyke-Neill
ed for water deter-
1e weekly series of
{eill apparatus was.
gas chromatograph
¢ numbers of sam- .
tiled description of.
nique is given by

OCEAN

WASHINGTON

ASTORiA

BONNEVILLE
PORTLAND DAM

PAGIFIC

QREGON

50 9 25 50

100 150
KILOMETERS

PRIEST RAPIDS DAM

BEININGEN AND EBEL—EFFECT OF DAM ON COLUMBIA RIVER SALMON 665

WANAPLM DAM
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1968,

CHANGES 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
on 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 were in operation by April 20.

The John Day impoundment inundated the
last free-flowing portion of the Columbia River
between tidewater 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 lower river downstream of Priest Rapids
Dam was near equilibration with the atmos-

phere (100%) from late fall to May, when
none of the 11 dams on the main stem of
the river discharged water from the spillway
regularly, Immediately after John Day Dam
was closed on April 20, concentrations of
nitrogen were high (over 125% of satura-
tion) downstream 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 125%, 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—
becausé of the heavy discharge over the spill-
way. In general, tailrace concentrations aver-
aged 20% higher than forebay concentrations,
which ranged from 96 to 123% 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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which showed that the water supersaturated
with dissalved nitrogen usually does not equil-
ibrate completely during transit through =
reservoir {Ebel, 1969). From May to August
1968, nitrogen concentrations decreased an
average of only 4% 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 newlyformed
John Day Reservoir, appeared to differ from
findings in other reserveirs. During the
warmer months (June and July) saturation
at the head of the reservoir, which extends
to the base of McNary Dam, was oaver 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 have 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 pew impoundment. Novotny and Clark
{1967),* who computed a heat budget and
forecast future water temperatures for the new
reservoir, predicted a slight net increase in the
waler temperature over that entering the pool.
Projected changes in temperature of water
discharged at John Day Dam included in-
creases ranging from 0.2C in June to 1.5C
in October.

Water temperatures taken in conjunction
with 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 temperaturé 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). Whereas the free-running river permitted
some equilibration of water temperatures with
air temperatures, especially when water tem-
peratures dropped in the fall, the new im-

? Anthony J. Novotny and Shirley Miller Clark.

1967. Preliminary predictions of water temperatures .

in John Day Reservoir. U.S. Fish Wildl. Serv., Bu~
Commer. Fish, Biol. Lahk,, Seattle, Wash.,, unpud-
lished manuscript. 11 pp. .
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"FOREBAY OF JOHN DAY DAM
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FOREBAY OF THE DALLES DAM
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Ficure 3—Comparison of percentage saturation of dissolved nitrogen in forebay of John Day Dam with
tailrace of John Day Dam and The Dalles Dam forebay, May-September 1968.
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Frcunre 4 —Temperatures {C)} at 10-m depth in the
Columbia River from Priest Rapids Dam, Washing-
ton, to Astoria, Oregon, August—October 1960 (short
dashes), 1967 (long dashes}, and 1968 (solid line).
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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 PAM

Effect on Juvenile Fish

Symptoms of gas bubble disease in juvenile
Pacific salmon and steelhead trout downstream
from Johr Day Dam in May 1968 were the

same a3 in juveniles at Priest Rapids Dam 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. Raymeond,
personal communication). Definite external
symptoms of gas bubble disease were observed
in juvenile coho salmon, chincok salmon, and
steelhead trout (Figure 5). During one week
in late May, 25% of the juvenile steelhead
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Ficune 5.—Cas bubble on head of fingerling coho salmon, a symptom of gas bubble dizease.

trout, 46% of the chinook salmon, and 68%
of the coho salmon inspected had obvious
external symptoms of gas bubble disease.
Despite the relatively low (11.4-15.2C)
water temperatures, compared with the 13.9-
17.8 C range at Priest Rapids forebay in 1967
when mortalities occurred, symptoms of gas
bubble disease and mortalities persisted during
the remainder of the migration through mid-
June. 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,
Washington Department of Fisheries, Federal
Water Quality Administration, Army Corps of
Engineers, and the Bureau of Commercial
Fisheries. Al mortalities were 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 chinoock 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 Dalles Dam,
when a pump providing attraction flows to the
south ladder failed on June 14. The pump |

Ficurg 6.—Vesicles in roof of mouth and distended eyes of adult

south ladder at John Day Dam, 20 July. 1968.

>

Ficure 7.—Large gas bubble in eye tissue and numerous gas hubbles on operculum of adult sockeye salmont
. captured at entrance to south ladder at john Day Dam, 20 july 1968. -

sockeye salmon captured at entrance o °
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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 was substantially 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 carpio), sucker {Catos-
tomus spp.}, northern squawfish (Ptycho-
cheilus oregonensis), and American shad
(Alosa sapidissima)~—were observed near the
south ladder below the dam, but did not enter
the ladder. Improperly adjusted attraction
flows appeared to be the cause of this delay.

Counts of dead salmon floating downstream
were made below 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 were missing between Bonneville
and McNary Dams (Charles O. 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-
thaged; 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 salmon hemor-
thaged as the fish was removed from the
entrance to the counting chamber.

We did not observe symptoms of gas bubble
disease in salmon carcasses, but did not expect
io 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

TRANS. AMER. FISH. SOC, 1970, NO. 4

Bam 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: Two 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 infecled injuries

July 6: Many sockeye with red and protrud-
ing eyes

July 16: Most fish lying at entrance to lad-

der; not moving

Sockeye in poor shape; many with
injuries

Sockeye with red eyes: they seem to
swim blindly

Chinook and sockeye with missing
eyes (or blind)

Steethead, chinook, and sockeye with
red eyes

Four sockeye with protruding eyes
Three chinook, 12 sockeye, and 1
steelhead with red eyes

Two chinook and 3 sockeye with red
and protruding eyes

iy 17:
July 20:
July 23:
July 25:

July 26:
July 28:

July 36:

Daily reports from August 1 to 19 also

noted salinon and’ steelhead trout, gererally '

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 emboli in gill filaments of chinock salmon.

SUMMARY AND CONCLUSIONS

In 1968, death and injuries from gas bubble
disease were observed near John Day Dam
on the Columbia River among juvenile an
adult salmon and steethead trout. The com-
pletion of the dam just before the migration
of spawning and smolting populations con-
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Bureau of Commercial Fisheries studies
have shown that high levels of dissolved
pitrogen 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 steethead 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-
143%) supersaturation of mnitrogen 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 peried. 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,
we observed obvious external symptoms of
gas bubble disease in sockeye salmon and
counted substzntial 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 mitro-
gen supersaturation, caused z 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
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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 tailracé 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 dams.
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EFFECTS OF VARIOUS CONCENTRATIONS OF DISSOLVED ATMOSPHERIC
GAS ON JUVENILE 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, Oncorhynchus tshawytscha, and steelhead trout, Salmo gairdnert,
Significant mortality of both species commenced at 115% saturation of nitrogen and argen (111%
saturation of total dissolved atmospheric gas pressure}. Over 50% mortality of both steelhead and
chinook occurred in less than 1.5 days in water at 120 and 1256% of saturation. Significant differencesin
swimming performance, growth, and blood chemistry were measured in groups of fish tested at
sublethal exposures in various concentrations of dissolved gases, Sublethal stress for 35 days at 110%
dissolved nitrogen (106% total atmospheric gas) decreaged normal swimming ability of chinook. Growth
of both steethead and chinook was affected by sublethal exposures in water saturated with atmospherie
nitrogen and argon at 105, 110, and 115%. Blood chemistry was affected at sublethal 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-
corhynchus 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 iater invasion by disease
organisms (Coutant and Genoway 1968%) or of
increased predation due to reduced performance
capabilities of the fish as the resuit of sublethai
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

Northwest Fisheries Center, National Marine Fisheries Ser-
viee, NOAA, 2725 Montiake Boulevard East, Seattle, WA 98112,

“Bouck, G. R, G. A, Chapman, P. W, Schoeider, Jr., and D. G.
Stevens, 1970. Observations on gas bubble disease in aduit
Columbia River sockeye salmon {Oncorhynchus nerka). Pac.
Northwest Water Lab. {Fed. Water Qual, Adm., Corvalilis, Oreg.],
June 30, 1970. Unpubl. manuser., 19 p.

*Coutant, C. C.,, and R. G. Genoway. 1968. Final report on an
exploratory study of interaction of incressed temperature and
nitrogen supersaturation on mortality of adult salmonids to U.S,
Bur. of Commercial Fisheries, Seattle, Washington. Battelle
%19531’ énst. Pac. Northwest Lab. Richiand, Wash., November 28,

p.

Manscri ted February 197.
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not known. Several investigators have recorded
the lowest level observed during various
experiments where mortalities oceurred from gas
bubbie disease; however, very little attention has
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 eritical range for trout, Shirahata (1966) con-
ducted the most comprehensive study to date on
the effects of various 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 measures
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 resuits of dissolved gas
bioassays with juvenile steelhead trout and spring
chinook salmon, O. tshawytscha, conducted by the
National Marine Fisheries Service during the
spring of 1972. These experiments were designed
to assess lethal and sublethal effects of supersat-
uration of atmospheric gases on test fish at levels
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-em 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 3liters/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 argen
%y vol) hereafter referred to as nitrogen or 18 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/em? (20 psi)
except in a short section of pipe on the discharge
side of the pump where it was increased to 3.2
kg/cm? (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 overa
series of perforated fiberglass plates into an inlet
box with air bubbling through a bottom plate of
porous poiyethylene. 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-
snlved gas 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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(American 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 B and the outlet area of the tank. Due tolarge
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 O, 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 salmen 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, + 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,, and LE,;) were averaged for lots of test fish
heldin 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 (LEq) 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 2
h for 24 h and every 3, 6, or 12 h thereaf.
ter—depending on test concentration—until ter-
mination of the biocassay at 35 days. Observations
of change in degree of external disease signs
among test fish after a recovery period in normaily
saturated (100%) water also were made from
selected groups. . L

Sublethal effects of supersaturation were as-

TABLE 1.—-Comparison of mean weights and lengths of surviving test and control fish heid in 15°C water with
Ny + Ar leveis at 100 to 125% of saturation, February-April 1972,

Tent [avel Duration

Testing N
(% of saturation period! (individuat Test fish Control fish {100% N, + Ar)
of N, + Ar} {mo/day) tosts) Waight (g} Length {mm) Weight (g) Length (mm)
Spring chinook salmon
105 2/8-3/14 35 days 13.8 115 15.5 119
110 3/7-4/11 35 days 17.5 125 17.8 128
115 2/8-3/14 35 days 13.6 115 15.5 118
120 2/8.3/3 £55h 16.2 120 18.0 122
125 2/8-3/1 s38h 16.8 17 18.8 118
Steelhsad trout
105 4/3-5/8 35 days 18.8 130 228 135
110 4/10-5/15 35 days 200 130 220 132
115 4/13-5/13 £35 days 19.8 130 20,9 132
120 4/3-4/18 £53h 208 124 — —_

IRapilcates of tests at 115-125% levels were made at various t{ime intervals throughout the indicated test

period; others lasted the tuli indicated peried.
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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 immedistely
after the LE,, and LE;, 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 inelined 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 electrophysioiogical
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 Morulity,
Exposure Time, and Gas Concentration

Mean exposure times at which 10, 50, and 100%
mortality occurred at 120 and 125% N, + Ar sat-
uration indicate no substantial difference
between susceptibility of jivenile chinook and
steelhead trout (Table 2). However, at 115%
Ng 4 Arsaturation, steelhead appeared to be more
susceptible than chinook; i.e., steelhead reached
the 50% mortality level within 35 days, whereas
LEg, 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 imply en-
dorsement of commercial products by the National Marine
Fisheries Service, NOAA.

‘Newcomb, T. W. 1974, Changes in juvenile steelhead (Salmo
gairdneri) blood chemistry following sublethal exposure to
various leveis of nitrogen supersaturation. Northwest Fisgh.
Cent., Natl. Mar. Fish. Serv,, NOAA, Seattle, Wash. Unpubl.
MANUKCT.
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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 (LEg)
were 26.9 and 33.3 h for chinook and steelhead,
respectively. LEg)'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 ,+ Ar, Test
fish stocks used previously were from different
hatcheries and earlier brood years and were
slightly larger (spring chinook—28 g and 185 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' from 100 to 125% in shallow
tanks (25-cm depth).

Parcent
saturation Parcant Exposure time (h)
(N, + A monality Stesihead Chinook
125 10 10.3 10.6
50 14.2 136
100 23,0 2321
120 10 26.0 19.3
50 ‘83,3 26.9
100 2400 5.0
115 10 1258.0 (7% monrtality in
782 h)
50 2486.0 Not reached
100 Not reached Not reached
110 Mortalily of 5% or less recorded for either
105 steelhead or chinook atter 35 days at these
100 concentrations, Gas bubble disesse was not

apparent cause of deaths,

IParcentage saturation of nitrogen and argon was set ps indi-

- cated in the lable {3 2%}.- Oxygen concentrations. rangad be- -

tween 87 and 98% saturation in tanks set at 100-110% snitrogen
plus argon saturation; in tanks sst 8 115-125% nitrogen satura-
tion, O, levals ranged betwesn 98 and 115%.

Exposure times indicated for test replicates of saction A oniy,
Mortallty in section 8 had not reached indicaled fevel at tarmi-
nation of test,

Effect of Oxygen Concentrations on
Time ro Death Measurements

The role of atmospheric gases other than ni-
trogen (particularly oxygen) in cavsing 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
19805; Doudoroff 1957; Egusa 1959, 1969; Shirahata
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1966; Bouck 19727 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, /0, ). 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,, and LEg, 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 concentra-
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 116% N, + Ar, we found: N, + Ar
saturation (in section B) of 116.0% and 88.2% of O,
saturation {TDG at 110.0% of saturation) caused
no mortality in 35 days for one replicate of 30 fish,
whereas N, + Ar saturation (in section A) of
116.0% and 98.8% Oz (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-

"Bouck, G. R. 1972, Effects of gas supersaturation on salmen in
the Columbia River. West. Fish, Toxicol. Stn., Environ. Prot.
Agency, Corvailis, Oreg. Paper presented at Ecol. Soc. Am. Symp.
Aug, 1972, 29p.

curred within 35 days) of N,+ 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
teat and control groups of juveniie chinook salmon and steelhead
trout after 35 days at saturation leveis of 100% (control), 105%,
110%, 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 of t = 4.938 (P<0.02 at
4 &f). The same statistical test of mean lengths of
control vs. test groups yielded t = 1.36 (P<0.25at 4
df). The lower ¢ 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 115% level, feed-
ing response of the chinook fingerlings became
lethargic. Many of the test fish had spinal flexures,
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 and
behavioral changes were less evident at 110% N,
+ Ar and nonexistant at 105%.

Testing for changes in the condition factor of
juvenile fall chinook and steclhead during long-
term (2-4 mo) holding in water saturated 100 to
127% N,+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 2h
of exposure at 1256%. Subcutaneous gas blisters
between finrays of at least one fin were presenton
each of the test animals before 11.5 h at 125%, and
before 55 h at the 120% level. Several days' ex-
posure were required before these signs occurred

F1GURE 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 hubbies 1arrow) in
lateral line of juvenile ehinook sal-
men.

on fish tested at 115%. After 35 days, 56% of the
fish at 110°¢ had lateral line bubbles but only 4%
had fin bubbles. Exophthalmia or "popeye,”
hyphema. cutaneous blisters of the head and bue-
cal cavity, and spinal flexures 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%
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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 immobiie. After 35 days of exposure at 110%
Ny +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 mertality 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% N,+ Ar until LEg,,
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 stiil
showed gas bubbles after being held 38 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,,
and LE;, were analyzed (Newcomb see footnote
6) using a SMA 12/60, A 5% decrease in serum
calcium was noted in chinook exposed to 115% ni-

trogen plus argon when compared to those exposed o

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 chioride, 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 steethead began to
show mortality was about 115% N+ Ar when O,
saturations were about 95% (111% TDG). These
data agree closely with the findings of Shirahata
(1966), who indicated that the eritical level for 2-
mo-old rainbow trout was about 111.3%, N,+Ar
and 99.7% 0, (109% TDG).

Although mortality from supersaturation did
not occur until fish were exposed beyond 110%
(= 2%) N, + 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, + 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,+ 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 O, 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,+Ar at 132% and O, at 75% of
saturation (TDG 123%), and of eel with N,+ Ar at
124%, O, 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 O, and N, 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. [t 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, , S }

The depth that populations of fish travel mustbe
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 a2 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 Environmental 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 LE,;, as at LE,y (gas
blistersin the fins and lateral lines of most live 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,
ete.} 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 ecm) with dis-
solved nitrogen and argon gas concentrations
ranging from 100 to 125% of saturation were con-
ducted to determine iethal and sublethal effects on
juvenile chinook salmon and steelhead trout.

Juvenile steelhead (130 mm fork length) reached
the LEg level within 356 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
Nz +Ar. No mortality related to supersaturation
oceurred in either juvenile chinook or steelhead
trout exposed to 110 or 105% saturation N, +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)or at the higher levels (120 and 125%) but was
prevalent after long exposure at both 115 and 110%
saturation N, + 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 oceurred between blood
samples taken from test and control chinook and
steeihead after they were exposed to levels of 115%
saturation. Serum calcium, for example, was 10-
17% lower in samples taken from test groups of
steelhead.

‘We concluded from these experiments that:

1. Significant mortality of both juvenile chinook
and steelhead trout commences at about 115% sa-
turation 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
steethead 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 agquatic life, the total
dissolved gas concentrations in water should not exceed 110
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 dissélved gases in their circulatory
system come out of solution to form bubbles (emholi) which block
the flow of blood through the capillary vessels. In aqguatic
brganisms this is commonly referred to as "gas bubble disease".
E#ternai bubbles (emphysemaf alsoc appear in thé fins, on the
opercula, in the skin and in other body tissues. .Aquatic
invertebrates are also affected by gas bubble disease, but
~usually at supersaturationjleﬁelé hiéher‘than thése lethal to
fish. |

The standard method of aﬁalyzing for gases in solutions has
beén the Van Slyke method (Van Slyke et al. 1934); now, gas
chrématography also is used for determination of individual and
total gases. For detarmination 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 impermeable
" to water. Gases pass from thg water through the tube, thus

raising the internal gas pressure which is measured by 2



manometer or pressure 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 supersatu;ation exists. For example, water could be
highly supersaturated with oxygen, but ié nitrogen were at less
than saturatién, 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 pressﬁfes or tensions greater than the
cfiterion 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, necn and helium are not usﬁélly
involved in causing gas bubble disease as .their contribution to
total gas pressures is very low. Dissolved nitrogen (N,), which
comérises roughly 80 percent of the:e§r1iﬂs‘atmbsphere; is neirly

inert biclogically and is the most significant cause of gas

. bubble disease in agquatic 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 blood (Nebeker et al. 1976a).

Percent saturation of water containing a given amount of gas.

varies with the absoclute temperature and with the pressure.

Because of the pressure changes, percent saturation with a given



amount of gas éhanges with depth of the water. Gas
supérsaturation decreases by 10 percent per meter of increase in
water depth because of hydrostatic pressufe: a gas that is at 130
percent saturation at the surface would be at 100 percenf
saturation at 3 meters' depth. Compensation for altitude may be
needed because a reduction in atmospheric pressure changes the
water/gas equilibrijia, resulting in changes in solubility of
dissolved gases. ' -

There are several ways that total dissolved gas
supersaturation can occur:

1. Excessive 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 water spillage at
hydropower dams caused supersaturation. When éxbéssfwatér igl
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 momehtum
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 supersatﬁration
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 fhrough

the condenser or heat exchanger. As the temperature of the watef*



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 Miller, 1972: Malouf et al. 1972: Keup,
1975);

. In recent years, gas bubble disease has been identified as a
‘major problem affecting valuable stocks of salmon and trout in
the Columbia River systen (Rulifson and Abel, 19713. The disease
is caused by high concentrations of dissolved atmospheric gas
which enter the river's water during heavy spilling at
hydrcelectric dams. A report by Ebel et al. {(1975) presents
results from field and laboratory studies on the 1lethal,
sublethal and physiological effects of gas on fisﬁ, depth
distribution of fish in the river (fish.can compensate for some
high concentrations of gas by moving &eeper into the water
column), detection and avoidance of gas concént;ations by fish,
intermittent exposure of fish to gas copqeﬁtratiqns,‘and
bioa;sayé of maﬁy species of fish exposed to different
concentrations of gas. Several conclusions resulting from these
studies are: |

1. When either juvenile or adult salmonids are confined to
shallow water (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 fieid, substantial mortality still occurs when saturation

:«‘k.‘.



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

3. On the basis of survival estimates made in the Snake
River from 31966 to 1975, it is concluded that juvenile fish
loesses ranging from 40 to 95 percent do occur and a major poi-tidn
of this mortality can be attributed to fish exposure to
supersaturation by atmospheric gases during years of high flow.

4. Juvenile salmonids subjected to'sublethal periods of
exposure to supersaturation can recover whén returned to normally
saturated water, but adults do not recover and generally 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 during periods of -
intermittent exposure than during continuous exposure.

7. 1In general, in acute bioassays, salmon and trout were
less tolerant -than the nonsalmeonids. B '

 Dawley and Ebel (1975) found that ‘exposure of jﬁ?eh;le‘sﬁrfng

chinook salmon, Oncorhynchus tshawytscha, ‘and steeihéaa trout,’

Salmo gairdneri, :to 120 percent saturation for 1.5 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 ocburrihg is at ilsvpercent
nitrogen saturation (111 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



gaturation even though total gas saturation remained at 1319
percent saturation, indicating the importance of determining the
coacentration of the indiviﬁual components (0, and N,) of the
atmospheric supersaturgtion. Nebeker et al. (l1976a), using

juvenile sockeye salmon, Oncorhynchus nerka, also showed that

there was a significant increase in fish mortality when the
. nitrogen concentration was increased while hblding the total
percent saturation constant. They also showed that there was no
significant difference in fish mortality at'différentAcoé
concentrations.

Research collected by Boﬁck et al. (1975) showed ?hat gas
supersaturated water at and above 115 percent total gas
saturation is acutely lethal to most species of salmonids, with
120 percenf sattration and above rapidly lethal to all salmonids
tested. Levels as low as 110 percent will produce emphysema in

nost species. Steelhead trout .were most sensitive to gas-

supersatﬁrated water followed by sockeye salmon, Oncorhyncnus

nerka. Chiﬁook salmon, ‘Ooncorhyvynchus <tshawytscha, 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. i975), 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.



No differences.are proposed in the criteria for freshwater
and marine aquatic life as the data available indicate that there
probably is 1little difference in overall tolerances between

marine and freshwater species.

The develbpmenf of gas bubble disease in menhaden, Brevoortia

sp., and their tolerance to gas saturation ?.n laboratory
bicassays and in the field (Pilgrim Nuclear Power Station
Digcharge Canal) are discussed Sy Clay et:al. (19753) and Marcello
et al. (1975). At 100 percent and 105 'ﬁercent.nitrogen
saturation, no gas bubbles developed externally or in any of the
internal organs of menhaden. At 105 percent nitrogen saturation,
howevef, certain behavioral changes became apparent. Fish
sloughed off mucus, swan erratically, weré 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 emﬁoli were found
in the intestines, the pyloric caeca, and occ.:'asiohal_ly the
operculum. The behavioral changes described were also observed .
at 115 percent, and clearly definéd subcutaneous emphyseﬁ:a was
observed in the fins and occasionally in the eye. At 120 percent
and 130 percent nitrogen saturation, menhaden develbped within a
few hours classic symptoms of gas bubble disease. Extérnally,
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 .



©¢c, menhaden did not survive, regardless of gas saturation level.
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
©¢) Menhaden survival after 96 hours at 110 percent nitrogen

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

at 15 °c. oObservations on the relationship betiween the mortality

rate of menhaden and gas saturation levels at P%lgrim Station
during the April 1875, 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 steelhead smolts iﬁ seawater
is not affected by prior'exposure to gas sﬁpersaturation 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 (Nebeker et al. '1976b).

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

i
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. Absoact

Digsoived gas supersaturation is a condition thas resuits from nacural and human-caused pro-
cesses. Supersaturation can resuit in gas bubbie disease which has been described in a wide
-_variety of fishes and invertebrates. [n recent vears disscived gas supersacuradion resulting from
‘dams and thermal discharges has produced mormalities of fish-in several cases. This review
discusses ‘mosc of the available licerature dealing with dissolved gas supersacursdon and the

recorded cases of gas bubbie disease.

Gas bubble disease is a condition thac affects
aquadc animals residing in fresh or marine
waters chat are supersacturated wich atmospher-
ic gases. Supersamrauon. and the gas bubbie
disease that may result in aquadc organisms,
are not recent discoveries nor are they only
caused by human achvides. However, oniy in
recent years has supersaturation become a
problem of sufficient magrnitude to draw wide-
spread attendon and concern.

The majority of research dealing with dis-
solved gas supersaturation has been samuiated
by a problem of considerable magnimude that
was observed in the Columbia River system be-
ginning in the 1960's. More recently, interest

has been further simulated by the discovery of

deleterious effects of supcrsacumnon mulnng
from thermal effluents.
This review is an atempt to provtd.e a greater

disserninadon of the available exisdng knowl-
edge regarding dissolved gas supersaturadion

and the resulting gas bubble disease. The re-

view discusses the causes of supersaturation,.

the organisms affected by supersaturauon fac-
tors affectng suscepun:hr.y of aquatic organ-
isms to gas bubble disease, and various other
related topics. The knowledge of this subject is

- considerable as evidenced by the length of this

review. Many impomnt questions remain 1o be

answered. This is partcularly true regarding

the application of laboratory results to condi-

- tons E'ac:d by aquauc orgnmsms under rmmmi

condidons. Much remains o be learned about
the physiological aspects of gas bubble disease.

In order to understand gas bubbie disease
and its cause, it is necessary o be familiar with
the physical laws governing dissolved gases and
the factors that determine the level of super-
saturation. Bover (1974), Woelke et al. (1974),
and Harvey (1973) discussed the soiubilides of
dissolved guses in water as thev relate o gas
bubble disense.

Harvey (1975) provided an exceilent discus-
sion of this subject for those not familiar with
the physical laws describing the solubilides of
gases in a liquid, The solubilicy of aumospheric

- gases in water is determined by the water’s dis-

solved solids content, characierisdcs of the var-
ious gases. the towl pressure. and the water

- temperature. Although towl dissolved solids

can affect solubility, this is not a significanc vaci-

able in most fresh waters but must be consid-
-ered as a significant variablevin marine waters.

The atmospheric gases of imporance are ni-
trogen, oxygen., and argon. These gases are
presenc in air at pamal pressures of approxi-
mately 78% nitrogen, 21% oxvgen. and 1% ar-

- gon. Nitrogen and argon are normally consid-

ered together because both are biclogicalls

inert gases while oxygen is 1 biologially acuve

The solubility of each gas is determined b
the mass of the individual gas and s parux
-pressure m the azmosphere Ox}:gcn (21%) ha

639 - - - < S
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only one-fourth the pardal pressure of nitrogen

(79%) in the atmosphere, but is twice as soluble

as nicrogen. Therefore, in water, oxygen (35%)
is one-half as plentiful as nitrogen (65%) (Har-
vey 1973).

The major environmental factors that affect
solubility are pressure and temperature. Ac-
cording 10 Henrv's Law, the mass of 2 gas dis-
solved in a hqmd at 2 consant temperature is
proportional to the pressure exerted on the soi-
vent. Thus, as the pressure on a given volume

of water .increases. the capadry of that volume .

of water to hold dissolved gas also increases.
Pressure-is increased in water by hydrosatic
head. Hyvdrosatic pressure increases rapidly
with depth, gready increasing the capadty of
deeper water to hold dissolved gas as compared
to shallow water.

The capadty of water to hold dissolved gas
is inversely related to temperature. As the tem-
perature of a volume of water increases, the
volume of dissolved gas it will hoid at equilib-
rium decreases. Thus, increasing water tem-
peratures will produce supersaturation in water
that is inidally sacurated.

This brief review of the factors affecting sol-
ubility only discusses a few of the major vari-
ables. Those interested in a more detiled re-
view of the subject should refer to Harvey
(1973} or to texts describing the gas laws in de-
tail.

History of Gas Bubble Disease
Early Qbservations

There are several nineteenth century records
of what-appears to have been gas bubble dis-
case. Hoppe-Seyler (1857), Bert (1873), and
Regnard (1884) recorded external signs in fish
that apparendy represent gas bubble disease.
The first complete description of gas bubble
disease and its cause was provided in a series of
papers resulting from an air supersaturagon

probiem at the United States Bureau of Fish-

eries starion at Woods Hole, Massachuserts
(Gorham 1898, 1901; Marsh 1903, 1910; Marsh
and Gorham 1903). This series of initial papers
deait with mortality, signs, and experiments to
determine and correct the cause of the disease
in aquarium fish. .
The first descripton of the outward signs of
gas bubbie disease-was given bv Gorham (1901).
‘Vesicles (gas'bubbles or bl:stcrs) were found in

-the fins-and. o:he- external surfaces of severai

marine fishes. Bubbles freguendy occurred be-
hind the cornea and in the loose connective tis-

~sues of the eve, produding a severe exophthal-

mia or “pop-eve” condition. Bubbles were
found less frequenty in the gills. lining of the
mouth, or along the lateral line of exposed fish.
These bubbles gradually increased in size as the
length of exposure to supersaturation in-
creased. Fish with these signs also showed loss
of equilibrium. The time (0 death varied from
several hours to several weeks following the ap-
pearance of detectabie bubbles.

Marsh and Gornham (1903) further described

internal signs and lesions of the disease. Free | '7

gas bubbles (or emboii) ‘within blood vesseis -
were observed. The amount varied from a few
sauered bubbles to complete ocdusion and
distenton of the vessels. The walls of the au-
ricle and ventricle were often emphysematous.
In some fish. the auricle was filled with gas even .
though it continued to beat. The main vessels
of the gills conuined gas bubbies. Gas in the
gill filaments was described as the most constant
and significanc lesion of gas bubble disease.
Death of the fish was auributed to suasis of the
bloed caused by emboli.

In addidon to observadons of fish, Gorham
(1901) aiso reported signs of the disease in
squid, bivalve mollusks. scallops. hvdroids,
squid egg-sacs. and green algae. No detailed
discussion of the disease in these organisms was
given by Gorham.

Gorham (1901) experimenually produced gas
bubble disease in fish held in closed conaainers
by reducing the pressure. He also was able to
cause the signs to disappear by subjecting fish
to a pressure comparable to that exerted by a
water depth of 4.9 m. He concluded that gas

‘bubble disease was caused by a reduction in the
pressure to which fish normally were subjected.

Marsh and Gorham (1903) later corrected this

‘mistaken conclusion.’

Gorham (1901) reported that wherens fAsh in
shallow aquana developed gas bubble disease.
fish held in ponds 2—¢ m deep with water from
the same source remained free of it. This was
the first indication of the major difference be-
tween ardfically shallow water conditions and
the more natural situations that permit hvdro-
static compensation. -
~ Later. Marsh and Gorham (1905) dxscusu.-d

the solubility -of gases in water and_mp refation- . .
“ship cﬂ'-rcspira:on' processes Lo gas buhbie dis-
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ease. Thev concluded thac the disease was
caused chiefly, if noc solely, by excessive dis-
solved nitrogen gas. This conciusmn was based
on the analysis of bubbles. from dssues and
blood vesseis of animals with gas bubbie disease.
These bubbles contained 92% to 97% nicrogen.
the remainder being oxygen. Bubbles formed
in the supersazurated water had mtrogen and
_oxygen in the same rado as found in air. Marsh
"and Gorham concluded hemogiobin has the ;-
pacity to modify the effect of oxygen by re-
moving it from the dissolved state,

Marsh and Gorham (19035) reported several
instances of naturally occurring supersaturated

. fresh waters. Rainbow trout (Saimo gairdnert) in

- these waters showed the same signs of the dis-
case as the marine fish from Woods Hole. Ex-
perimeneally they determined chat trout and
some cyprinids have nearly equal suscepeibility
to gas bubble disease, whereas goidfish (Caras-
stus auratus) are not affected by the same levels
of supersaturadon.

The prevendon of the disease bv removal of
excess dissolved gases through aeradon was dis-
cussed by Marsh and Gorham (1905). The su-
persaturation condition at Woods Hole was cor-
rected by replacdng an inwake pipe that had
allowed air to be sucked into the water suppiv.
Marsh (1910) later removed excess gases by
wickling warter over stacks of perforated shal-
low pans. -

In chis series of papers. Marsh and Gorham
established the basic knowledge of gas bubbie
disease. Most subsequent investdgadons have
confirmed and expanded on their work. Any-
one seriously interested in the problem would
be well advised o read these early works, in
partcular, Marsh and Gorham (1905).

During the 40 vears following the work by
Marsh and Gorham a few scactered reports of
gas bubble disease appeared in the literature.
Sheiford and Allee (1913) encountered irin ex-

_periments to test the reaction of fish to gradi-
“ents of atmospheric gases. Supersaturation was
produced by mising the temperature of wacer
about 9 C. This study was designed to achieve
other objectives and made no new contributons
to the undersianding of the disease..

Plehn (1924) reported the occurrence of gas
bubble disease due to supersaturation brought
- about by photosynthetc acdvity. Dissolved ai-
- Togen concentrations were not measured but
those of dxssoi\-ed oxygen were three times sate

a0 |

uradon. This sitdacion occurred during winter
cunditions where phomﬂ nthetic activiey oc-
curred under clear ice, praducmg ¢XCESS gus
that could not escape (0 the atmosphere. Wiehe
and McGavock {1932) experimentaily exposed
a variety of fishes (o dissoived oxyvgen concen-
radons two to three times saturadon for pe-
riods of 20 to 50 davs. No signs of the disease
were found in these fish even r.hough ey tdencc
of it was sought.

Mrsic (1983) observed thac fish rmred in @p
water suffered gas bubble disease when oxygen
and nitrogen concencradons were below satu-
radon but carbon dioxide was supersaturaced.
Mrsic reported 75% of fish in water with 138
mg/liter carbon dioxide suffered gas bubbie
disease whereas no fish in water havmg 135 mg/
liter carbon dioxide showed signs of it. Al-
though Mrsic auributed the disease to carbon
dioxide it appears unlikely that a rise of only 3
mgfliter ac those high concentradons would
produce such a high incdence of the disease.

Embody (1934) reported gas bubble disease
in ouc fry at the Comnell Uaiversity hatchery.
The fry were hatched in water that had been
heated 10 raise che temperature 3 C. Unhacched

eggs were apparendy unaffecied whereas the

yolk sacs of newly hawched frv were distended
by gas bubbles., The disease was acuributed w0
excess dissolved nitrogen and was prevented
through aeradon, which was accomplished by
passing the water over a series of baffles.

' Woodbury (1941) described 2 sudden mor-
ealicy of fish showing signs characteristc of gas
bubble disease in 2 Wisconsin lake. Bubbles
were observed in the giils of these dying fish as
well as between fin rays and under scales. The
disease was attributed to dissoived oxygen levels
in excess of 300% saturation. This morwlitv fol-
lowed an extensive aigai bloom dunng a period
of sunny weather.

- Rucker and Turde {1948) noted a hacchery
water supply at Leavenworth. Washingron, was
supersaturated with nitrogen. Fish subjected 0
this water were reported to suffer gas bubbie
disease although few dewils are given. :

In the late 1940’s, the disease was encoun-
tered in larval marine fish at a Swedish hatchery
{Dannevig and Dannevig 1950), Larval herring
(Clupea harmg-u.s) and flatfish developed bub-
bles in the intestine. The flatfish larvae were
able to pass the bubbles thmugh the anus while
the hcrnng were unable o do so and >u:tc-cd
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extensive morwlities. The cause of the super-
saturation was air leaks in the water supply svs-
tem. Henly (1932) described differences be-

tween physoclisious and physostomous fish

larvae wich the disease at this hawchery. She also
noted that ovster larvae suffer great mortality
when subjecxed to supersaturated water. Su-
persaturation in the Swedish hatchery water
supply was corrected by passing the water
through two sand fiters.

Several cases of gas bubble disease were re-
ported in the 1950's, Rucker and Hodgeboom
(1933) descrived the disease in saimonid voik
sa¢ frv reared in a spring water supply which
- had oxygen at 70% of saturadon and nitrogen
at 120% of saturadion. Supersaturation was re-
duced by passing the water through an 18-m-

long agictaton weir.

Maztsue et al. (1953) reponcd the disease in
fishes heid in supersaturated water supplies in
' japan Fish morualities occurred in waters hav-
ing mr.rogen levels from 117% to 158% of sat-
uradon. Fish reportedly could not live in water
with nitrogen levels above 130% of saturadon.
Satomi (1933) indicated chers was no fear of
gas bubble disease in adule trout seared in
spring water that had dissoived nitrogen levels
under 120% of saturadon.

Renfro (1963) auributed the death of nu-
merous marine fishes in Galveston Bay, Texas,

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 concentradons were
250% of sawradon.

These early instances of gas bubble disease
were very minor in size and duradon. In the
Columbia River systemn, the disease has been
recognized as a serious long-term problem af-
fecnng a large area and numerous fish. '

Columbia Rwer System

In the mid- 1960 s, it gradually became evi-

dent that a serious dissolved gas problem exist-
ed in the Columbia River system. Westgard
(1964) observed adult chinook saimon (Onco-

. thynchus ushaustscha) suffering gas bubbie dis-

ease at the McNary Spawning Channel in 1962.
In this case. supersaturadon was caused by the

spawning channel intake, A dissolved mtrogcn '
level of 119% of saturation was measured in an.
_area of the channcl wherc the fish spc'u con- "

srdcrable tlmc

- e — B T

- 1966 and 1967.
_salmon which were examined ac Priest Rapids
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(1964) described the occurrence of the disease
durmg 1963 in juvenile chinook salmon-held in

“aquaria at Rockv Reach Dam on the mid-Co-

lumbia River. These papers do not describe the
source of the aquarium water which probably
was supersaturaied river water.

The first indication that a serious supersat-’
uration problem existed throughout the Co-
lumbia River svstem was provided by Ebel
(1969) and Meekin (1971). Monitoring of dis-
solved gas levels in the Columbia and Snake
rivers during high-flow periods showed that
levels of 120% to 130% sawration occurred in
Migrating juveniie chinook -

Dam on the mid-Columbia River during 1966
showed signs of gas bubbie disease. Consider-
able increases in the migradon dme 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 apparendy were
responsible for the appearance of the disease
in the migradng juveniles. Live-cage studies
with juveniles at Priest Rapids Dam in 1967 aiso
indicated the same problem. Adult salmonids
were also observed for signs at several lower
Columbia River dams in 1967; a small number
of them showed indicadons of the disease.

In 1968, signs of gas bubble disease were
again observed in juvenile saimonids in the fow-
er Columbia River (Beiningen and Ebel 1970).
High mortalities occurred among juveniles held
for inspecton at The Dalles Dam. where, at
tmes, approximately half the fish showed signs
of the disease, In addition, there were several
mortalides of adult salmonids showing similar
signs downstream from the recendy completed
John. Day Dam. At John Day Dam in 1968, all
water passing the dam traveled over the spxli-
way before the turbines were installed. This sit-
uadon produced dissolved nitrogen saturauons
of 123~143% downsream from the dam. Prob-
lems with fish-passage facilities further compli-
cated the situation, cusing delays of migradng
adult salmonids in the highly supersaturated
water. [t was esdmated that aver 20.000 sum-
mer chihwok saimon were 105t in ths area dur-
ing this episode.

Ebel (1971) and R.axmond (1970) resortcd _
mortalities and signs of gas bubble disease in
both juvenile and-adult salmonids i in the Snake
R:vcr durmg 1970. -\ccordmg to Ebel. dis-

vt Tl Tt i s i em o em
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from 120% to 140% of sawuration for well over

a moath. juvenile chinook salmon heid in live-
cages a¢ lce Harbor Dam suffered severe moc-
wiides during this period.

Meekin and Allen (1974¢) estimated thut 6%
o 60% of adult salmonids in the middle region
of the Columbia River died berween 19635 and
1970. Carcisses of adult salmon were found in
the river when N supersaturation .reached
120% or higher. Few carcasses were found
when nitrogen saturadons did not exceed
112%.

A general review of the supersaturadon

problem in the Columbia River svstem through

1970 was presented by the Environmenal Pro- -

tection . Agency (USEPA 1971). Thac brief re-

view was prepared prior to compledon of the

many reports available today.

Dissolved gas levels in the Columbia River
system berween 1965 and 1969 were given by
Beiningen and Ebel (1971). In each of these
years, dissolved gas levels in excess of 120% of
saturation were measured. At dmes, dissolved
nitrogen saturadons exceeded 140%.

May (1973) described morralides due to gas
bubble disease in 1973 below the recendy con-
structed Libby Dam in the upper reaches of the
Columbia River system. All mounwin whitefish
(Prosoptum uatliamsoni) and cucthroat trout (Sad-
mo clarki) held in shallow live-cages were dead
within 4 days at towl dissolved gas saturadons
‘above 130%. When average towl gas levels
dropped below 120%, mormality rates dropped
markedly. Most fish, in an area of the river ex-
ceeding 130% of saturadon, showed signs of
the disexse, whereas fish collected from a down-
streamn area with saturadons of 105-118%
~showed no sign of it.

Raymond (1979) reviewed the history of-

salmon migradons in the Columbia and Snake
rivers between 1984 and 1973. This review in-
cludes descripdons of dissolved gas supersatu-
radon problems during these yvears and im-
~proving dissolved gas conditions by 1975. The

supersituradon problem in the Columbia River

system has since been essenuily eliminated.
Ebel (1979) stated that in the Columbia and
Snake rivers “... fishery agencies believe the
probiem of supersaturation and corresponding
‘losses of fish to gas bubbie disease is solved.™

Other Recent Obsmatmru

an[t and chmgen (19: 1) encountered gas
bubble disease in frout and ‘salmon juveniles at

(FLATe]

a hatche'v on the South Santiam River | inn Or-
egon. As in the Cultus Lake Hatcherv episode
(Harvey and Smich [961), supersaturation was
due to conditions that permited air to be
sucked into the water supply. Apparendy most
of these fish died within hours when subjected
to supersaturation approaching 130%.
Although supersaturadon at hydroelecrric
projects normally results from spilling -water,

- MacDonald and Hyaw (1973) reported super-

saturation was Qused bv air vented into twur-
bines, Adandc salmon (Salmo salar) and Amer-
ican cels (.inguilla rostrata) suffered gas bubble
disease below the Macraquac Dam on the St
John River. New Brunswick. An estimated 200
Adandc salmon were killed in this incident.

‘Nizogen saturadon of 118-125% was mea-

sured downstream of the dam.

Several recent disease incidents have oc-
curred at steam-generating faclides. DeMoat
and Miller (1972) reportad moralites and
signs of zas bubble disease in several species of

" fish ac the Marshal Sceam Sadon on Lake Nor-

man. North Carolina. during 1970-1971. The
disease occurred among fish in the discharge
area during late winter and spring. No dis-
solved gas measurements were taken in this
study, though Adair and Hains (197+4) calculac-
ed chac dissolved gas levels during cthis mormalicy
period reached a high of 144% of saturation in

March. The supersaturadon resulted from
temperature increase in cooling water at this
steam sadon. Miller (1974) also reported signs
of gas bubble disease in fishes at the Marshal
Steam Sudon during 19711972, but the inci-
dence was lower than in the previous vear and
maximum dissolved gas saturaton levels of
131% were recorded.

Marcello and Scrawn (1972) antempted to cul-
ture three fish spedies in the discharge canal of
a steam-electric generating sation at Galveston
Bay, Texas. They attributed high mortalidies of
these fish o gas bubble disease. '

" Marcelio and Fairbanks (1975) discussed a
mass morzwlity of Atlantc menhaden (Brervoor-
tia tyranmus) at the Pilgrim Nudear Power Sta-
tion, Boston. Massachusetts, in April 1973, An
estimated 43.000 Adantic menhaden died in
this brief kill. Fish examined showed tvpical
signs of gas bubble disease. Other fish observed
near the chermal plume by scuba divers showed
no indication of the disease. Towul dissolved zas
levels were not determined; however, oxvgen
levels were as high 351429 o sacuration.
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health of aquatic life than it really is. Several of
these studies also show thac high oxygen parual
pressurcs can reduce the apacity of a given
toral gas pressure to produce the disease. This
effect occurs ouly when the oxygen rises far
above the partial pressures normally experi-
enced in supersaturated waters (160-175%).

Critical Level of Supersaturation
The maximum or crideal level of supersatu-
" radon has been defined or assumed to be the
maximum levet of supersaturadon that can be
. permited to ensure survival and propagadon

. of aquadc bioa. A few early studies indicated
that 110% nitrogen saturation was a2 cridcal

level for young salmonids held in shailow water. -

When supersaturaton was first recognized as
. a problem in the Columbia River system, the
cridcal level of 110% N, was adopeed as a2 water
quality scandard by several northwestern states
and the National Academy of Sdences {Water
Qualicy Criteria 1972). The United Scates En-
vironmenwl Protecdon Agency has since per-
petuated this critical level as 110% TGP. More
recent studies have shown chat this value may
be only the minimum level of supersaturadon
that can be safely tolerated by fish confined to
shallow water. This does not. however. apply 0
most natural sicuadions, _

Bendey et al. (1976), Meekin and Turner
(1974), Weitkamp (1976), and others have
shown thac a variety of fish. given the oppor-
tunity o sound. can survive for extended pe-
riods of dme in deep water that is supersatu-
rated at a level considerably higher than 110%
TGP without a significant incidence of gas bub-
ble disease or death. Fish in most waters that
are likely to be supersaturated assume a depth
discribudon adequate to compensate for super-
saturadon well above 110% TGP. Johnson and
Daw!cv (1974) and Wextknmp (1976) have
shown that an apparent threshoid level exists
. near 120-125% TGP for voung salmon that are
held in water of several meters depth. Refative-
ly small increases in this.range of supersatura-
don produce 1 marked increase in the inci-
dence of gas bubble disease and death. Below
this level. the inddence of the disease is low and
few deaths occur. This is an indication thac the
presenc dissolved gas sandards are far more
restrictive than necessary to procect the F:she-v
resource under natural conditions. -

Ebei et al {1913) havc dcscnbcd how- c:zrh_

mortality estimates for the Cuiumbia River svs-
tem were considerably higner than a more re-
cene estimate based on addidonal informatdon,
Both Ebei (1973) and Bouck (1976) pointed out
the difficulties in appiving experimenuily de-
rived data to the nawral situaton. The differ-
ences between information derived from the
laboratorv and natural sitcuadons should be se-
riously considered in establishing or revising
dissolved gas standards as well as in esdmacding
mortality due to gas bubble disease.

Tolerance to Supersaruration

- In order to prevent or eiiminate gas bubble
_disease. it is desirabie to know whart levels of -

supersaturation can be tolerated bv.fish or oth-
er aquadc organisms. Frequendy the causes of
supersaturadon are of suffident economic, so-
dal. and polidcal value to make their toi re-
moval unaccepuable. Hydroelectric projects and
steam power planes are far too valuable to be
eliminated. It is, therefore, necessarv o deter-
mine how much supersaturagon aquadc organ-
isms ¢an ctolerate under various condidons.
With this informadon more effective manage-
ment and engineering effors cn be made to
reduce supersaturation to accepabie levels in

those sicuations whers it cannot be eliminated.

Factors that can affect an organism's toler-
ance to supersaturation include life suage. size.
species, and depth distribudon. The various
major factors that have been studied are re-
viewed below. '

Saimonids at Near-Surface Pressure

Manv of the studies conducted to date. in
pardcular most laboratory scudies. have ex-
posed fish to supersaturadon in water depths
of 0.3 m or less. Alchough these condidons are
seldom encountered in natural waters theyv are

pertinent to fish h:uchen condidons and pro-
vide a2 pracical means for studying many as-

pects of the problem. I
Meekin and Turner( 1974) e-mosed salmonid

~ eggs and voung saimonids to :upersatumtcd

water in water depths of 20 ¢cm. A 112% TGP,
chinook salmon eggs were not affected while
eved steethead eggs suffered 50% morwlity. No
signs of gas bubble disease in the eggs were
described by Meekin and Turner. Minimal
mortalities of juvenile chinocok salmon. coho

- salmon. and steetheads occurred 1t 103% and -
106% TGP in periods of 30-41) davs. Moruali-_
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ties of 8=100% occurred among several groups
of juvenile chinook salmon at 114% TGP in 6
davs and 64=100% mortlity octurred at 124%
TGP in 5~7 davs. juvenile chinook salmon in
river water of 124% TGP suffered 92-i100%
mortality in 3-7 davs when held within 0.6 m
of the surface.”

Dawley and Ebel (IQTS) and Ebef (1973) ex-
posed Jmemie chinook salmon and steeiheads
to supersaturation in 23 cm of water. At 113%
TGP, 7% of the chinocok salmon and 30% of
the steelheads died after 35 davs’ exposure. At

supersaturations of 120% and 125% TGP. chi-

nook salmon experienced 'a 50% moruality in

97 and 14 hours, respectively, while 50% of the

steelheads died in 33 and 1!4 hours. No gas
. bubble disease mortalities occurred at levels of
"105% and 110% TGP. Dawley et al. (1976) dis-
cussed the long-term effects of supersaturadon
in shallow water. These papers discuss further
results of the experiments discussed above.
Mortalides in fish held at 110% TGP increased
at periods greater than 60 days. At 60 days the
moruality in 110% TGP was 13%. but increased
o 70% after 125 days’ exposure. Disease not
related to gas bubble disease was also involved
in mortalities after the frst 60 days.
Nebeker and Breuw (1976) and Nebeker et al.
- (1979) exposed juvenile sockeve salmon, coho
salmon, and steelheads to 110%, 115%, and
120% TGP in water 0.6 m deep. About 5% of
the steetheads and none of the saimon suffered
morzalides at 110% TGP during the 26—48-day
tests. The steetheads suffered a 30% mortality
in 21 days and in 2 days at 115% and 120%
TGP, respectively. Sockeye salmon suffered a
50% moruality in similar dmes while coho salm-
on had only 3 10% moruality in 26 daysat 1153%
TGP. At 120%, coho salmon reached 50% mor-
ality in 3% days.
Weitkamp ( 1974) cxposed wild chinook salm-
on smolts- to Columbia River water of 100-
110% TGP during a simulated migradon down

the 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 total gas
pressures not exceeding 1 10%. The mortalites

that occurred in this study: were due to second- -

ary fungal infections, following scale loss
' causcd by screening and handling.

In a live-cage study in the Columbia River.
. Weitkamp (1976) heid juvenile chinook salmon. -

within | m of the surfuce for- 10- and O0-dis
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periods. A moruality of 30% was reached in 10
days at towl dissolved gas saturations between
118% and 123%. In a third test, when the su-
persaturation rose to 123% TGP and higher,
50% of the test populadon died within 2 days.
This study showed a dramatic increase in gas
bubble disease monahn as towl gas prcssurc
increased.

Blahm (1974} and Blahm et al. (19786) de-
scribed the exposure of juvenile salmonids and
other fish 1o Columbia River water of ambient
dissolved gas content in tanks | m deep. Towal
gas pressures varied from 110% to 126%. Dur-.

‘ing 33 davs of exposure, the mortalities of chi-

nook silmon, sieelheads. and cutthroac trout
were 80%, 80%. and 42%, respectvely. The
chinook salmon and steslheads suffered about
40% moruwalities within the first 10 davs, with
essendally no deaths occurring during the next
30 days’ exposure. During the lauer 30 days,
the supersaturation remained near 118% TGP.
Morulides of all three species increased consid-
erably dunng the last 5 days of the tests when
supersaturation rose to abour 123% TGP with
a peak of about 127% TGP. This shallow-water
bioassay also provides an indication of a
marked increase in mortality as TGP rises about
120%.

Bouck et al. (1976) exposed juvenile and
aduit chinook, coho, and sackeve salmon, steel-
heads, and rainbow trout to various levels of
supersaturation up t0 130% mean TGP in
water 0.65 m deep. All fish tested tolerated

'110% TGP. At 115% TGP and above. the re-

sults were somewhat variable even within a giv-
en age-group of a single species. Coho salmon
part suffered 50% morualites following expo-
sures of 77 and 44 hours during two separate
tests at a mean TGP of 123%. Above 115%

- TGP, such variation may be related to peaks of
‘dissolved 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 113% TGP, the test fish did not suffer 30%
mortalitv. At 120% TGP there was 30% mor-
tality in 2 w 10 days while at [125% TGP most
test populadons reached 30% morulity within
2 davs in the shallow-water tests.

The above studies indicate that a dramadc.
change occurs in both the number of deaths
and the time to death at approximatety 120-

125% TGP in. shailow water (I m or lessi. At~
‘gas pl‘t.‘\\urc's helow this- 'rcnernl h:\u a icm m-, -
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cidence of gas bubbie disease will hc found in
juvenile 1.1huumds and deachs wiil occur ac
low rate. Above 120-123% TGP, morality due
to gas bubble disease increuases dramadcally.
This apparenc critical level has not been clearly
demonstrated but is indicated by these scudies.
For juvenile salmonids mainwmining a deeper
dxsmbuuon the critical level would be higher.

H ydrosiaLic Campm.sa:wn

Marsh and Gorham (1905} recognized that
hydrostatic pressure exerted on a fish provides
compensacion that limited the effects of super-
saturadon. The towl gas pressure. in percent-
o ‘age of saturadon, éxperienced by a fish may be

“quite different from the level measured and
calculated for a fish subjected 0 near-surface
pressure. Each meter of depth exerts additonal
pressure that increases the solubility of dis-
- solved gases suffidendy to compensate for ap-

proximately 10% of saturation. In the range of
depths and supersaturadons aormally of con-
cern, the rule of 10% compensation per meter
of water depth is a useful approximadon. This
means chac a towl gas pressure of 120% of sat-
uradon at the surface is actuaily only 110% ac

1 m and 100% 2t 2 m. with no change in the

~ volume of gas dissoived or in the pardal pres-
sures. Thus, depth is an important factor in
determining the toierance of fish to supersat-
uraton in natural sicuadons.

Several studies have been conducted in desp
tanks to evaluate the effect of depth compen-
sation for salmonids in supersaturated water.
Ebel (1973) held juvenile chinook salmon in
'2.4-m-deep tanks for 60 days. At 118% TGP,
insignificant morulity occurred in the deep
“tanks compared to 100% moruality in 35 hours
for fish heid in 0.25 m of water. Dawley et al.
(1976) reported further results of the same
study. At 124% and 127% TGP, juvenile chi-
nook salmon suffered 67% and 97% moruali-
tes, respectvely, in the 2.3-m-deep water. In
water 0.25 m deep. mortlities in the same
range occurred at lower supersaturation levels
of 113% and 120% TGP. At 110% TGP in 0.23
m, 15% moruality occurred while oaly 3% mor-
ality occurred in. 2 -L-m-dcep mnks at 1"0‘"
TGP. :

© Several studies have besn conducted with

HAow-through deep tnks and supersaturated

- Columbia River water. Blahm et al. (1973) held

_© juvenile chinook and coho salmon in anks 2.5 -

N7

mand [ mdeep. During the 72-lay test period.
the supersaturadon ranged from 1205 (o
130%. [n the |.0-m-deep water, moruiities
were 98% and 30%, for the two spedes, re--
spectively. Mortalites of 30% were reached in
30 days for chinook salmon and in 57 dnys for
coho salmon in the 2.53.m-deep water.

Blahm (1974) and Blahm et al. (1978) de-
scribed further experiments under the same
conditions. During 30-33-day tests, Jjuvenile
chinook salmon and steeiheads sur’fercd L1%
and 6% mortaliies. respectively, in 2.5-m-deep
tanks compared to 30% rmorualitdes for hoth

_species in l-m-deep anks (120% to 130%

TGP). The.majority of the deaths occurred -
near the end of the test when supersaturartion
rose to between 123% and 127% TGP. Juvenile
cucthroat trout held under the same conditons
showed far less depth compensation, wich a
42% moruality in L m and 2 27% morr.a.ixty in
2.5 m.

A number of studies have a::cmpced to sim-
ulate more natwural condidons by pladng live-
cages in supersaturated river water. [n live-cage
studies at Priest Rapids Dam on the Columbia
River in 1966. Ebel (1969) reported dissolved
aitrogen saturadens ranged from l18% to
143%. Juvenile coho salmon were held at
depths of 0.5-1.5 m, 2.3-3.0 m, 2.5-3.5 m. and
0-6.0 m for pericds of 3-12 days. Fish held
beiow 2.5 m suffered less than 3% morality in
each test. In the 0-6-m cage, 6% and 16% of
the fish died while in the surface cage, morual-
ides were 100 in the first two tests and 20%
in the third test. During the third test (August)
dissolved nitrogen concentradons were lower,
reaching a low of 118%. Complete dissolved
nitrogen data are not given by Ebel. ,

Ebel {1971) conducted similar tests at lce
Harbor Dam on the Snake River in 1970 where

-dissolved gas levels ranged from about [27% to

132% TGP during the 7-day tests. Juvenile chi-
nook salmon held in 2 0—.3-m-de=p =ge suf-
fered 4+5-68% mormlity with most survivors
showing signs of gas bubble disease. All fAsh
heid within | m of the surface died during the
four tests. Fish held below 3 m suffered no

- deaths auributable to gas bubble disease.

Meekin and Tumner (1974) tested juvenile
chinook and coho salmon and sceetheuds in

- live—cages at Weils Dam, suspended at 0-).6-m.

0.9-1.5-m. and 1.5-2.1-in degths in river water
at 123% TGP. Nearly all fish heid at 0=).6 in--
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died within 3 10 7.days during four tests. At

© 0.9-1.3 m. chinook saimon suffered 4-$4%,

- and steetheads 24%. mortality. Atthe [.5-2.1-m
dcpd‘l chinook salmon had 4-16% mortali-
ties while sieelheads had 20% morwlity in 14
days. Chinook salmon and sieslhead juveniles
and northern squawfish held between 2.4 and
3.1 m for 14 days in the 123% TGP river water
suffered no morualities and showed no signs of
gas bubble disease. Coho saimon juveniies held
at Rocky Reach Dam on the Columbia River in
water of 125% TGP for 7 days suffered 100%
mortality in the 0-0.6-m cage. 19% morrality at
0.9-1.3 m and no morwlity at 1.5-2.1 m.

Meekin and Tumer also held juveniles of
chinook and coho salmon and steethead in vo-
lition cages extending from the surface to
0.6-m, 2.1-m, and 3.1-m depths. Volitdon cages
permit the fish to occupy the depth of their
choosing within the confines of the ages. In
this test ac 126-127% TGP, all fish in the sur-
face cage died in 3 days. while only 4% of the
coho salmon and about 60% of the chinook
salmon and sweeitheads died in the 0-2.1-m vo-
lidon cage during the 30-day test. In 0~3.1-m
cages, oniy 3% of the chinook salmon died, and
none of the other two species died, during 21

Weitkamp (1976) held juvenile chinook saim-
on in supersaturated river water for 10 and 20
days at various specific depths and in volition
cages extending from the surface to l-m, 2-m,
3-m, and 4-m depths. Supersaturation ranged
between 118% and 126% TGP. None of these
fish died during the 10-day test. During the 20-
day test, however, mortalides of 17%, 21%, 1%,
and 1%, occurred in populations heid at 0-2
m, 0-3 m, 1-2 m, and 2-3 m, respectively. Most

"of these deaths occurred when the ol gas

pressure remained near 125%. During a 20-day

'livecage bioassay, when total gas pressures re-
mained near or above 125% for the first 11
days, morulity in all cages increased consider-
ably. Chincok salmon held within 2 m of the
surface (0-2-m cage) suffered 30% and 61%
mortalities while fish permitted access to I m
greater dept.h (0-3-m cage) had 1% and 7.3%
mortalities. Juvenile chinook salmon held be-
tween the surface and 4 m experienced no mor-
aality during these three tests. A few of the fish

in.the 0—4-m cage had g few hubbies in th::r"

fins at thc end of the tests, N -
These reparts indicate that “he ::tf'f:t.t c)f hv-
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drostatic compensadon due to dcpth in bo:h
the laboratory and in the field experiments, is
as would be predxcted by theorv. The hydro-
static pressure compensates for about 10% of
supersaturation for each 1 m of water depth.
The livecage studies also indicate that given
the opporwnity, at least under protected con-
ditons. juvenile.salmonids will remain deep
enough to compensaie for towal gas pressures
of approximately 120-123%. It is necessarv to
determine accurately the natural depth diseri-
bution of fish in supersaturated waters in order
to predict their oierance of supersaturadon

-under natural condidons. This is an importanc

factor in auempung 10 esumace or predict loss-
es of fish in various situations. The results of
laboratory and field bioassav experiments must
be interpreted in terms of all discernible natu-
ral conditions if they are to provide accurate
predictions of what will really happen.

Ebet (1973) made an atempt to estimate the
actual gas bubble disease mortalides of juvenile
salmonids in the Snake and Columbia rivers.
His estimate was based on only a pordon of the
informaton now available. but Ebel’s discussion
points out the complexides involved in evalu-.
atng the deleterious effects of supersaturadoen
on naturally migraung populadons when the
available informadon comes from limited lab-
oratory tests. The application of experimentaily
derived informaton is also discussed by Bouck
et al. (1976) who enumerated many of the fac-
tors that must be wken into consideradon.
Many of these factors have not been adequately

considered in the formulation of exising dis-

solved gas standards.

Several recent studies have been conducted
to provide informaton concerning the depch
distribution of the migratng juvenile saimonids
in the Columbia River svstem. The depth dis-
tribution is important to a determination of the
hydrostatic compensation naturally afforded
thc fish, Smith (1974) found 38% of juvenile
chinook salmon and 36% of juvenile steeiheads.
collected with a fixed giil net. were taken in the
upper ¢ m of the water column. In this studv
of a reservoir forebay, Smith also reported 5%
of the chinvok salmdu and 28% of the sieel
heads were collected above 2 m: 19% of the

chinook saimon and 892- of' lhe snceihenqs were

ollccted above | m. _
~In annlher study of depth dlstnbuuun Wey--
knmp 1974 collected small numbers of iuse-
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nile chinook and ¢oho salmon and steelheads
in the Columbia and Snake rivers in drifung
and fixed gill news extending to a depth of 3.3

a. Lass than 3% of the chincok salmon were -

coilected above 2 m in 1974, About 20% of the
coho saimon were collected between che surface
and 2 m. and about 0% of the steelheads were
collected above 2 m. The depth distribution in-
dicated that a major’ porton of the steelheads
were beiow the bouom of the 3.3-m net. These
fish were coilected primariiy in the shallower
upstream portons of reservoirs.

Blahm (1974) and Blahm et al. (1976) used

a depth sounder to determine the depch discri-
bution of migrating juvenile salmonids. An ar-
" ray of 10 wansducers described bv Marshall
.'.'..(19"'6) was placed on the bottom of the Colum-
bia River on a gendy sloping beach. Approxi-
mately 72% of 776 fish detected with this ap-
paracus were between 0.9 and 2.1 m deep. Two
beach seine catches containing 37%% juvenile
chinook saimon in this area “approximately
quantified” the spedes composition. but the
depth distribution of the chinook saimon within
" the total group observed could noc be deter-
mined.

The above studies do not provide all the in-
formadon required to evaluate the effects of
dissolved gas on the various species. Collecton
of fish at a specific depch does notindicae chese
individuals are ac this depth for any significant
period of dme. They may be moving up and
dawn in the water column or they may be re-
maining ac¢ fairly specific depths for long pe-
riods. The volition cage experiments reported
by Meekin and Turner (1974) and Weitkamp
(1976) indicated thac all of the fish spent suf-
fident dme at depth 0 aveid the effects of

- about 120-125% saturadon. This indicates that
fish under field condidons are actually experi-
endng an intermittent exposure [0 supersatu-
ration through changes in depth. Fish collected
near che surface in supersaturated water would
show a high inddence of gas bubble disease and
death if they remained conunuoush near the
surface.

Table 1 is a summary of bicassay experiments
on the tolerance of salmonids to supersatura-
tion. The table includes test depths that are
necessary if these results are o be extrapolated
to natural river conditions. or when these stud-
ies are used to esmbhsh or Jusuf\ dissolved gas
smndards -

[ntermuttont Exgomure

Intermittent exposure mav increase the (evel
of supersmurndun fish are udle (0 tolerate he-
cause it increases the time over which a specific
exposure accumulaces. [t also provides an op-
portunm for recovery to nccur, particularly if
it is accompamcd by depth compensation. [n.’
termittent exposure may occur through either
changes in the concentrations of dissolved gases
or through changes in depth of che fish.

Alternadng exposure to spiiled or heated
waters with periods of litde or no exposure to
supersaturated water provides an opportunicy
for fish to reduce internai suoersaturacion. Al-
though Bever et al. (19760) described evidence
that critical tssues become saturated within 60-
90 minutes, it is uniikaly that the dssues would
also equilibrate to a reduction of supersatura-
don in a similar dume. Desaturadon normally
takes much longer than saturadon, as evi-
denced by decompression tables for saturaton
diving by humans. No good evidence is avail-
able for determining the rate of equilibradon
to reduced supersacuradon for fish.

Fish experiendng intermiuent exposure by
changing their depth will experience very rapid
changes in internal saturadon. The pressure
change will be immediately transmitted 0 all
tissues thus increasing or rcducng internal su-
persaturation according to the changes in
depch. Weitkamp (1976) found juvenile chi-
nook salmon selected depths in 0—m volidon
cages sufficdient to avoid death of supersarura-
gons of approximately 125% TGP. This studv
was not designed to reveal any ability of fish to
detect and avoid supersaturadon. but other
studies have indicated fish do noc do so.

The effects of intermittent exposure have
been examined in experiments with varving
levels of supersaturaton. Meekin ind Turmer
(1974) alternately. exposed juvenile chinook
salmon and steetheads to supersacurated and
equilibrated water. Using short exposures of 4=
16 hours in |7-cm-deep water. they found ju-
veniles can tolerate 1225 TGP for periods of
16 hours if cthey are returned to sawrated water
(100% TGP) for 3-hour periods. Blahm et al.
(1976) alternately exposed fsh for 3 hours n
supersaturated water of 110-130% N, (¢ TGP
and 16 hours in saturated Columbia’ River
water per 24 hours. as well as by the reverse
daily schedule, The time to death of 50% of the
test population was closetv related to the length
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Tasis l—=Susmary of dissolved air
* axygen; Ny rirogen;. TGP: (otal gas pressure: LEJ0: lethal expasure to J0% fish.
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om bioasays of salmowid fishes, compiled from lizeratre sources. Oy

© salmon. stesthead
juveniles.

~ LE30 18 hours

. ) Depch
Species Supersatyration Effea observed {m Reference
Rainbow trout fry Not daermined  “Slowly fatal"—eday (0 weeks;  Owi.2 Marsh and Gorham 1908
gas blisters on head or
MuUcous membranes:
“emphysema of the skin~;
desth with free gas in
heart: emboli in @il
fAlzments
Rainbow trout 200-300% O, No deaths in 14 davs Aquaria Wiebe and McGavock
12-15 em 520-380% O, No dexis. 24-h exposure ' 1932
Brook trowt fry 112% TGP or- "Badly affected wich gas Huchery Embody 1954
: : " greater bubbie discas™ : - roughs o )
" Rainbow troug fry, C115% Ny “Excewmive” mortalicy: Hatchery Rucker ‘and Hodgeboom
Cucthireat trout fry bubbies in fins, under roughs 1953 :
skin, in vascular system, in
gills. and in kidneys
Sockeye salmon
aleving 108=120% TGP  Gas accumuiuted rapidly in Hatchery Harvey and Cooper 1962
. volk sac, 20% moraixy troughs
alevins 106-108% TGP  Some signs of gas bubble
disease, 2% morality
fry 108=120% TGP  Petechial hemorrhuges
necrodc areas on fins,
_ exephthaimia
" Rainbow crout
swimup fry <130% N, No effect Hachery Shirzhaca 1966
15331 686% N, 50% mortality Toughs,
. _ 12cm
" 2426 an <120% N No effect
‘ 148% Ny 50% mortality in 5 days
2.8-29 cm <110% N, No effect
121% XN, 30% mortalixy
Chinook salmon
adukhs 118% Ny Neariy 50% morality within 0.6 Coutant and Genoway
10 days 1963
juveniles . Text times 8=12 davs : Ebel 1969
~140% TG? 100% morualiy 0.5=1.3
5=70% tmortalicy 2.0-3.0
3% mortaliny. 2.5-3.5
- 18% mortalicy 0.0=5.0
-120% TG? 10% morality 0.5=i5 -
3% mortality 2.0-3.0
"~ 0% mortality 2.5-3.5
6% monality 0.0-6.0 _
Chinook saimon 127-134% Ny 7-day tests’ Ebel 1971
juveniles 100% moreality 0-0.75
100% mocainy 0.75=1.0
34-86% mortalicy L5-2.0
2.38% moruality 3.0-4.0
. © 43-68% monality 045
Coho and chinook 125-130% N, 0.2

Ebel et al. 1971
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Supersaturaion

. Effect observed

112% TG?

- {06% TGP

6-30% morality in 6=30
davs -

_Nocffert .

Species Refererics
Chinook saimon 134% Ny © 5-10% wortalicy, 7.3 hours 0.8 Wrae and Beiningen
juveniles 152% Ng 100% morality. 3 hours 1971
Custhroat trout [19-136% Ny 60% mortalitv, 59 davs Lo Blahm et 3l 1973
‘ . 40% morality. 11 davs
T 112-130% N, #0% moreaiicy, 49 davs 1.0
‘ IT% mortality, 49 davs 23
Steethead 112-129% N, 30% mortalicy, 33 davy 1.0
6% mortaiky, 33 davs 2.4
Chinook salmon 112-129% N, 30% mortiity, 53 dans 1.9
‘ 11'% mortalicy, 33 davs 15
Cuathroat trout {30% Nylor (6 30% moraiity, 72 houry
Rainbow trout . hourvday: - 50% mortaity, 16~70 hours
-Chinook saimon [00%% N, for 50% morualizy, (20 hours
.. Cobhio saimon - 8 hours/day 50% mortality nok reached
- 7 ‘ (192 hours)
Custhroat rout 130% Ny for 3 30% moralizy, 103.3 hours
Rainbow troug hourvday; 50% monrtaiity not reached
Chinook saimon §00% N, for (192 hours)
Coho saimoa - 1§ hourxy/day 50% mortaiity noc reached
{all fish juveniies) (192 hours)
0% morlity not reached
(192 hours)
Cunhroat trout 131-139% TG?  100% morrality, 3.3 days 0.5 May 1972
125-131% TGP  100% mortality, 6§ days
50% mortality, 2.2 days
110=127% TGP  50% moraiky. 14 days
113-{22% TGP  No mortalicy, {2 days
102-128% TGP  No momaliy. 12 dany
: 25% signs of gas bubble
disease
Mountin whitefish 1531=-139% TGP 100% morealicy, 1.3 davs
116=i27% TCP  30% mortaiity, 12 davs
113-122% TC?  40% mortaiky, 17 days
107=128% TG? | mormainy. !7 days
. 73% siqnas of gas bubble
disease
Custhroat rout 131={39% TGP  50% momalicy, 17 days 3.0
35% mortality, 24 days
Mounuin whitefish 50% mortaiicy, 18 days
§7% mornaiity, 24 days A
Chinooi saimon 122% TG? 32-{00% mortality in 3-8 0.2 Meskin and Turner 1974
juveniles davs ' )
. 114% TCP - B=100% mortalty in §
2% TG? 8-75% mortalicy in 1357
. ~davrs
106% TGP 0-8% mortalky in [8-57
. days . .
Csho salmon 112% TCP §0=100% mortalicy in 6=13
juveniles days '
106% TGP 0—i% momality in 23-16
days
no signs of yas bubble
. ~ disease - )
- Steethead 122% TGP L00% mortaliey in 3 davs
juveniles
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1109 TGP

. N . : IF J .
Speciey Supersaturaxion Effect observed (m) Reference
Chinocok salmon 123«{25% TGP  92-100% mortaiky in 3-7 0-0.8
juveniles davs
4=40% morwality in 14 0.9=1.3
davs '
4=18% morealicy, 14 1.5-2.1
days
No effect 2.4-3.0
Chinook salmon fry 128% TGP 83% mortalicy ~0.2 Rucker and Rangas 1974
exposure {rom 124% TGP 73% momality
hawhing o 30 120% TGP 58% mortality
" .dawsold 116% TGP 16% mortality
: 112% TGP 12% mortaiicy i
Chinook salmon 1958 Ny LE30 13.6 days 0.08 Dawiey and Ebet 1975
juveniies 120% N, LES0 26.9 days
. 115% Ny LE3%G not reached
- 1109 N, Same a3 conurols
Sieethead 125% N, LES0 14.2 davs
juveniles 120% N, LE30 33.3 daws
115% N, LE30 488 days
110% N, Same 25 conurols
Chinook salmon, 28.day test 2.4
steethead 129% N, 3% mocualicy
juveniles 125% N, 24% mortalicy
100-120% Ny No significant mortainy
" Cunhross trout 112-136% N, 32-50% moralicy 1.0 Blahm « al. 1976
. 37-50% marwlity 2.5 ;
Steethead 112-129% N, 70% mortality 1.0
0% toorrairy 2.5
Chinook saimon 112-129% N 80% mortaiity 1.0
{all juvenile fish) 11% movtainy 2.5
{all correcred for control :
moruality)
Chinook salmon aduk  130% TGP 8.5-10 hours <1.0 Bouck et al. 1976
Rainbow trout
parr 12%% TG? 27-35 hours
vexrting 31 hours
Sockeye saimon parr 40 houry
Colio salmon
parr 12 hours
aduk 19=21 hours
Chinook saimon parr .18 hours -
Rainbow -
parr 120% TGP 31 hours
aduk - ’ * 79-92 hours
Coho saimen adult 4551 hours
. Chinook salmon aduit 31 hours
Chinook saimon Morulity in 50-dav Dawley et al. 1976
3-5em _ exposure” :
' - 120% TGP - TR - 0.28
113% TGP 0% ‘ '
i110% TGP . - 15%
l05% TGP <5% o
127% TGP T30% 25
124% TGP 65% '
- - 120% TGP <5% .. -
- T 113% TGP S LA !
<35
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) Demh
Spacies Superscuraion Effect observed {m) Reference
Steeibead ’ Mortalky in 7-day ==
[6.3=-19.3 an cxpisure :
120% TGP 100% (2 dayx) 0.28
115% TGP 3%
110% TG2? <5%
: :127% TGP 25% 23
120% TGP - 3%
115% TGP <5%
Chinook salmon 119-123% Mocuaiky in [O-day Weitkarop 1976
juvenile €Xpoture
3% 0!
0% 0-2. 3. 4
: 0% 1-2,2-3
120-129% TGP  Mortality in “O-dav )
' exposure )
38-100% 01
17-61% 0-2
21-7.5% 0-3
0 ‘ Ot
1-30% -2
1% 2.3
12-70% I8 hours
at 0=l
8 hours
It
+39% 12 houna
ax Ol
12 houry
a3t
1-7% 3 hours
at Ol
16 hours
3=t

of the exposure to the supersamm:ed water.
Less than 50% of chinook and coho salmon,
steelheads, rainbow trout, mountin whitefish,
and largemouth bass were killed by an 8-hour
exposure per day to supersaturated water
(130% Nai). Most of these fish, however, suf-
fered 50% mormalicy in less than 24 hours dur-
ing continuous exposure to supersa:urauon
(130% Na).

Controlled changes of depth also have been
used to study the effects of intermiuent expo-
sure. Weitkamp (1976) intermittendy exposed
juvenile chinook saimon to Columbia River
water by changing the depth of l-m-deep live-
cages on 8-16-, 12-12-, and 16-8-hour sched-
ules. The live-cages were alternated between
depths of 1-2 m and 3— m for one 10-day test
and between 0-1 m and 3—¢ m for two q0-ciav
tests in an atcemnpt to represent possible diel

] ch:mgcs in mxg'ranng ﬁsh No deaths or s:g‘ns

of gas bubble disease occurred in the 10-day
test with saturadons between 118% and 123%
TGP. At 120-126% TGP, mortalides reached
1%, 4%, and 12% in 20 days of 8-, 12-, and 16-
hour surface exposures, respectvely. During
the second 20-day test, supersaturadon rose 0
near or above 125% TGP for an 11-day period.
During this time, 50% mormwlity was reached in
5 days with the 16-hour surface exposure. In
less than 48 hours during the same period, 30%
mortality occurred for fish given condnucus
exposure at 0-1 m. At this higher level of su-
persaturaton (125% TGP), morulides in the
12- and 8-hour exposure cages were 39% and
7%, respectvely. Dissoived gas levels below
125% during the last 9 days apparently enabled
the surviving fish to lose ail s:gns of gns bubble

disease, -

Thcsc studies indicate that mzcrmmcm ax-

_posurc either bv chnnges in the super’sammnon

- B
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of the ambient water or by changes in hvdro-
static pressure will -allow fish to tolerate super-
saturation for a longer period. This increase in
the exposure time that is tolerated is greater
than the sum of the intermiuent exposures,
which indicales some recovery occurs during
short periods of reduced supersaturation.

Detection and Avoidance
The ability of fish to compensate for super-

saturation mav be increased if the fish are able

to detect and avoid supersaturation. Fish aan
~ avoid supersaturation by either refusing to en-
ter supev-satumtcd water when a choice exists

or by sounding to compensate for supersatu-

radon at surface pressures.

It has been generally accepted that fish are
not able to detect supersaturation and avoid it
Several recent reports indicate thac this theorv
may nog be valid for all conditions. This ques-
tion is of considerable importance as it can
gready affect the extrapolaton of experimental
dau to the condidions faced by fish in natural
waters. Fish in natural waters frequendy have
the opportunity 1o seek hvdrosatic compensa-
ton or to avoid entering supersaturated waters
if they are abie to detect supersaturation.

Ebet (1971) found that juvenile chinook

salmon held in 0—+.5-m volition cages suffered
much higher mortality from gas bubble disease
than fish forced to remain in deeper water (3-
4 m). This suggests that these fish were unable
to detect. or were unwilling to avoid, supersac-
uration. ,

The ability of juvenile chinook and c¢oho
salmon to detect and to0 avoid supersaturation
when permined an alternadve in shallow water
was studied by Meekin and Tumer (1974). A
divided trough with supersaturated water at
110-117% TGP on cone side and equilibrated
water at 1015 TGP on the other side was used
to test the fishes' response. The fish were intro-
- duced to the trough in the lower mixing zone

-of 110-113% TGP. Juvenile chinook salmon
showed a strong preference for the equilibrated
water and avoided the supersaturated water
when the water suppiy was swiiched from one
side of the trough to the other. Coho salmon
showed no preference for either eyuilibrated
or supersaturated water. These results are not
definitive due to temperature differences be-
tween the two water sources used dunng part
" of the tesis. The report does not indicate which

WEITRAMP AND RATZ

fish were tesied with water sources having dif-
ferent temperatures. Differences in the chem-
ical composition of the water also may have in-
fluenced the results of these tests, as the two’
leveis of supcrsaturauon were drawn from dif-
ferent suppiies.

Blahm et al. (1976) reported tests of juvenile
chinook salmon and steelheads in a divided
trough having [30% N: (* TGP) on one side
and 102% N. on the other side. Steeltheads did
not avoid the supersaturation. for they reached
50% morulity in about 43 hours. Chinook
salmon apparendy avoided the supersaturaton

for they suffered no deaths during either of the

8-day tests. The results agree with Meekin and -
Turner’'s (1974) report of avoidance of super-
saturation by juvenile chinook saimon.

Dawley et al. (1976) reported the apparent
detecton and avoidance of supersaturation in
deep (2.4 m) tanks. The vertcal distribution of
juvenile chinook salmon and steetheads was ap-
parendy altered after 3 days’ exposure to var-
ious levels of supersaturadon. For the first davs
of exposure the depth distributions of various
test groups were not significandy different. Af.
ter 3 days, the mean depch of the groups in the
supersaturated water was greater than that of
fish in saturated water, and mean depths in-
creased with increasing levels of supersatura-
don.

Bendey et al, (1976) described the apparent
avoidance of supersaturation by northern
squawfish below Little Goose Dam on the Snake
River. Catches of northern squawfish below the
dam were much lower during the period of
higher supersaturadon than they were before
and after this period. The fish apparendy
either avoided the area of supersaturadon or
assumed a deeper vertcal distribudon during
the high supersaturadon périod. Large num-

bers of northern squawﬁsh were ciptured ina - -

side arm of the reservoir below Lirde Goose
Dam during this time. These fish may have
been avoiding higher dissolved gas concentra-
tons in the main rver, although gas pressures
in the side arm were not measured.

Stickney (1968) reported Atlantic herring
(C.ubm harmg-m harengus) showed a definite
tendency to avoid supersaturation. This avoid-
ance occurred only when the supersaturation
was high enough to produce gas bubhie disease:
[20% N.and 130% O (122% . TGP

"These stuciie:s indicate some fish Hav be xble
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to detect and avoid supersawuradion and others
may be unabie to detect or do noc avoid super-
saguration. Reported morwlites caused by su-
persacuration in thermal discharges at electric
generating saions indicice that wine species
are either noc abie to detect supersaturation or
chat chetr attracdon to heated water overcomes
their aversion 0 supersammuon [t is obvious
that insufficient information is available to draw.
any useful conclusions on this issue.

Life Stage
The tolerance of fish species to dissolved gas
supersaturation is no¢ the same ac all life stages.
As discussed above. eggs show no signs of gas
"bubble disease when held in supersaturated
water, They appear to be tolerant of leveis of
- supersaturadion that affect fish. Marsh and

" Gorham (1905) and other more recent reports

indicate ¢ggs do not develop the disease. Meck-
in and Turner (1974) provide the singie known
report of gas bubble disease in eggs. Stesihead
eggs developed high morulides but chinook
saimon eggs did not when both were hatched
in water having 112% TGP. [t is possible that
something other than supersaturation was re-
sponsible for the sieelhead egg mortlities. No
discussion of the egg pathology is provided.
The majority of evidence indicates fish eggs are
extremely tolerant of supersaturadon.

In general, the tolerance of differenc life
stages appears to follow two consecudve trends.
In very eariy life stages, the tolerance to super-
saturation decreases from very greart tolerance
in the egg to very low tolerance in older juve-
niles. Life stages following the juvenile sage
appear (o0 increase in tolerance to supersatu-
radon, with adults being generaily the most toi-
erant free-swimming life stage.

¥arsh and Gorham, however, reported At-
lantc cod (Gadus morhua) frvy tc be wlerant of
levels of supersaturation that produced gas bub-
bledisease signs in aduit fish; however, they only
held the £ry in chis supersaturated water for 2
days. Egusa (1959) found killifish (Oryzias latipes)
fry to be resistant 1o supersaturadon immediate-
ly after hn:ching. apparendy due to “elasddty
- and tenacity of dssues of the body wall.” Shira-
hata (1966) reportcd rainbow trout frv became
mcreasmglv. less tolerant of supersaturuuon
with i mcre::‘..smg age for the Fzrs: months after
hatching. o
Meekinand Turner (1974) also reported de-

Hﬁ 3

CI'EQM"%’ coler.mce with | lllLI‘CJblﬂg ..lg" inJU'.c )
aile chinook salmon, Moriities of (00
chinook salmon were three to four times great.
er than those of fish under 40 mm. Larger in.
dividuals of coho salinoo and stesthead als
showed a reduced tolerance to supersaturacion.
Rucker (1973) compared smail (38 mm and 46
mm) coho salmon co larger (100 mm) juveniles
in 0.2-m-deep water at [12% TGP. The ime to
50% mortalicy was 2.6 and +.2 days for two
groups of the larger fish. 2.7 days for the 8.
‘mm fish and more than 30 davs for the 38-mm
fish. Dawley et al. (1976) tested several sizes of
juvenile chinook salmon in 0.25-m-deep water
at 112% TGP. They found fish 40 mm long to
be signifianty more taleranc of supersatura--
ton than fish 33 mm and 67 mm long. The
smaller fish suffered less than 10% morrtalicy in
43 days while the larger fish reached over 30%
morrality in-less than 13 days. These studies
indicate a general decrease in tolerance of ju-

_venile salmonids with increasing age and size.

On the other hand. some workers have in-
dicated that oider fish are tmore tolerant of su-
persaturadon than voung fish. Harvey and
Cooper (1962) reported sockeyve salmon alevins
(sac fry) appear to be pardcularly susceptble to

~ supersaturadon. Wood (1968) described the

levels of nitrogen.supersaturadon detrimental
to various life stages of salmonids as 103-104%
for fry. 105-112% for voung juveniles, and
118% for adults. No indiczdon is given by
Wood as to how this informadon was derived.
Bouck et al. (1976) reported the results of a
number of bicassays in ‘|-m-deep water using
several life stages of salmonids and other fishes.
Although there was considerable variation be-
tween individual tests, they found younger fish
were generally less tolerant of supersaturation
than older fish. At 115% TGP. the mean times
to 20% morality for saimonids were 125 hours
for juveniles, 154 hours for smoits, and 309
hours for aduls. :

{ndividual fish at anv pamcuiar life stage-
have shown considerable differences in their
tolerance 10 supersaturation. as indicated by
most of the bioassays discussed above. Becker
(1973) discussed a more direct method of mea-
suring individual tolerances than differences in-
the time to death. The formation of emboli in
arculaung blood was recorded by a telemeter-
ing Aowmeter surgiclly implanted on.the co--

" nus arteriosus of rainbow trout. The results in-
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to detect and avoid supersaturation and others
may be unable to deigct or do not avoid super-
saturation. Reporied mortalites caused by su-
persaturation in thermal discharges at 2lectric
generating stacions indicate cthat some species
are either not able to detect supersaturazion or
that their attraction to heated water ove~comes
their aversion to supersaturation. It is cbvious
that insufficient informarion is available todraw
any useful conclusions on this issue.

Life Stage

The tolerance of fish species to dissolved gas

supersaturation is not the same ac all life stagas.
As discussed above. eggs show no signs of gas
bubble discase when held in supersaturared
water, They appear to be tolerant of 1&vels of
supersaturation thar affect fish, Marsh and
Gorham (1905) and other more recent reports
indicate eggs do not develop the disease. Meck-
in and Turner (1974) provide the single known
report of gas bubble disense in eggs. Stelhead
cggs developed high mortalities bur chinook
salmon eggs did not when both were hutched
in water having.112% TGP. It is possible that
something other than supersaturation wis re-
sponsible for the steelhead egg mortalitics. No
discussion of the egg pathology is provided.
The majority of evidence indicates fish eggs are
extremely tolerant of supersaturation.

In general, the tolerance of different life
stages appeary to follow two consecutive t-¢nds.
In very early life stages, the tolerance to super-
saturation decreases from very great tolerance
in the egg w very low tolerance in colder juve-
niles. Life stages following the juvenile stage
appear to increase in tolerance to supersatu-
ration, with adults being generally the mc st tol-
crant free-swimming lLife stage.

Marsh and Gorham, however, reportud At
lantic cod (Gadus merhua) fry to be tolerant of
levels of supersaturation that produced gas bub-
ble disease signs in adult fish; however, they only
held the fry in this supersaturated water for 2
days. Egusa (1959) found killifish (Oryzias «atipes)
fry to be resistant to supersaturation immediate-
ly after hawching, apparently due to "elzsticity

‘and tevadity of dssues of the body wall.” Shira-
hata (1966) reported rainbow trout fry became
incrensingly less tolerant of supersatu-ation
with incréasing age for the first 2 months after
hatching. ‘

Meekin and Tumner (1974) also reported de-

ereasing tolérunce with increasing age in juve-
nile chinook salmon. Moralides of 100.mm
chinook salmon were three to four times great-
er than those ol fsh under 40 mm. Larger in-
dividuals of coho $almou and stesthead also
showed a reduced tolerance to supersaturacion.
Rucker (1375) compared small (38 mm znd 46
mm} coho salmon to larger (100 mm) juvenilss
in 0.2-m-deep water 2t 112% TGP, The time to
50% morulity was 2.6 and 4.2 days for wwo
groups of the larger fish, 2.7 days for the 46.
mm fsh and more than 30 days for the 38-mm
fish, Dawley et al. (1976) tested-several sizes of
juvenile chinook selmon in 0.25-m-deep water
at 112% TCF. They found fsh 40 mm long w0
be significantly more tolerant of supersarura-
tion than fish 53 mm and 67 mm long. The
smazller fish suffered less than 10% mortality in
45 days while the larger fish reached over 50%
mertality in less than 153 days. These studles
indicate a general decrease in tolerance of ju-
venile salmonids with increasing age and size.
On the other hand. some workers have in-
dicated that older fish are more tolerant of ju-
persaturation than young fish, Harvey and
Cooper (1962) reported sockeye salmon alevins
(3ac fry} appear to be particularly susceptible o
supersaturation. Wood (1968) described the
levels of nitrogen supersaturation detrimental
to various life stages of salmonids a3 103-104%
for fry, 106-112% for young juveniles, and
118% for adults.. No indication is given by
‘Waod as to how thls [nformation was derived.
Bouck et al. (1976) reporied the results of a
number of bioassays in 1-m-deep water using
severai life stages of salmonids and other fishes,
Although there was considerable variation be-
tween individual tests, they found younger fish
were generally less tolerant of supersaturation
than older fish. At 115% TGP, the mean times
to 20% mortality for salmonids were 125 hours
for juveniles, 184 hours for smolts, and 309
hours for adults, R
Individual fish at any pardcular life stage’
have shown considerable differences in-their
tolerance to supersaturation, as indicated by
most of the bicassays discussed above. Becker
(1973) discussed a more direct method of mea-
suring individual tolerances than differencesin
the time to death. The formadon of emboli in
circulating blood was recorded by a telemeter-:
ing Aowmeter surgically implanted oa the co-
nus arterious of rainbow trout, The results in-
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dicated individual fish of this species varied
widely in their tolerance to bubble formation in
water of the same level of supersaturaion.

Heritubility
We have found only one study that addressed

the heritability of tolerance to gas bubble dis-
ease. Cramer and Mclntyre (1975} studied the

wlerance to supersaturation of several stocks of -

chinook salmon from Oregon coastal streams
and from the lower zad upper Columbia River.

Stocks with the longest history of expostire 1o

supersaturation were the most tolerant of su-
persaturation. A comparison of 80 tank families
produced from twenty males and four females
indicated the tolerance is inherited.

Cramer and Mclatyre (1973) made estimates
of increases in survival that ¢could be expected
with each generation experiencing a given mor-
tality due to gas bubble disease. For mortalitics
of 30%, 50%, and 70% in the salmon popula-
tion, incteases in survival of 0.4%, 0.7%, and
1.0% should occur with each succeeding gen-
eration. These increases are not great but do

- indicate an advantage to using tolerant stocks

an waters that may be supersaturated. This

- gudy suggests that experiments on fish from

rarely supersaturated waters may indicate more
serious problems than are actually encountered
by populadons in frequeniy supersaturated

walers.

) Temperature

As water temperature affects many activities
of fish, it is important to determine its reladon-
ship to gas bubble disease. The considération
of temperature effects is particularly important
in the Columbia and Snake rivers whete aver-
age watér temperatures have been raised by
many hydroelectric projects (Beiningen and
Ebel 1970), The effect of temperature on tol-
erance to supersaturation iy also important in
discharges of heated water that may have be-
come supersaturated within thermal power
plant. - )

A number of studies have been conducted to
determine if a synergistic or additive effect ex-
ists between high temperatures and supersat-
uration. Coutant and Ganoway (1968) Found
that chinook salmon acclimated in or tesied in
supersaturaied water (greater than 118% Na
saturation) could not survive a iemperature of
2 C. Fish acclimated and tested in water hav-

A et e 0o o TR T T

ing a lower dissolved gas content (less than

110% N) also died, but at a slower rate. Using

adult sockeye salmon, Bouck et al. (1970) found
temperature increascs in saturated water fol-
lowing exposure to supsrsaturation ¢aused an
increased rate of blind 1css; deaths at higher
temperacures {20 and 22.5 C) were related 1o
pathogenic bagteria.

The relationship betvveen temperuture and
supersaturation for jusenile chinook salmon
was studied by Coutant (1970), but the resuics

were inconclusive. Ebel et al. (1971) reported -

that a stress of 115-120% Ny for 12 hours did
not greatly affect the ternperature 1olerance of
Jjuvenile chinook salmon. When tested in heated
water supersaturated at 125-130% N, the
prior stress significantly decreased the temper-
ature tolerance of these fish. Fish tested at el

evated temperatures in saturated water showed

no effect that could be attributed 10 the prior
stress of supersaturation.

The National Acadery of Sciences/National
Academny of Engineering: (1972) concluded that
supersaturation has no real effect on thermal
tolerance. Becker (1975), however, reported
that higher losses of juvenile salmonids oc-
curred among those that had been subjected w
the stress of supersaturation than among those
that had not. He concluded thar the exposure
of salmonics to the Hanford thermal plume in
the Columbia River was 00 brief to cause mor-
talities.

Fickeisen er al, (1976} siudied the tolerance
of black bullheads (Jatalurus melas) to supersat-
uration at temperatures of 8, 12, 16, and 20 C,
Temperature cffects were very slight within
this range, and not of «cological significance,
The TL50's were 126,7% TGP at 8 C and
124.4% TGP at 20 C.

Bouck et al. (1976) found adult sockeye salm-
on were considerably more tolerant-to 120%
and 125% supersaturation when they were ac-
climated slowly from [0 G upto 18 Cthan when
they were permitted livle or no acclimation.
Young fish showed a variable response; in-
creased temperatures increased tolerance in
one test bur decreased it in two others. The
effect of temperature on tolerance to supersat-
uradon appears 19 be sc slight that it is often
overshadowed by other lactors. In the tesls re-

‘ported by Bouck et al. (1976), the acclimation

temperature and périod of acclimatinn ap-
peared to significantly alfect the test resuits,
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Temperature appears to have linle direct in-
Ruence on the tolerance of fsh to supersacu.
ration but it does produce an indirect effect by
changing the solubilities of dissolved gases. As
water (émperatures increase the solubili.y of
dissolved gases decreases, thus resulirg in
greater levels of supersaturation even though
the dissolved gas concentration remains con-
stant. This has long been recognized in re-

gearch on gas bubble disease. Engethorn (: 943)

used a rise in water témpératute to bring sbhout
supersaturation and produce symptoms of gas
bubble disease. Supersaturasion as a result of
warming hatchery water was reported by Ruck.
er and Hodgeboom (1953). Westgard (1.964)
noted this mechanism was also responsible for
2 minor portien of the supersaturation preblem
at the McNary spawning channel, DeMont and
Miller {1972), Adair and Hains {1974), Miller
(1974), and Marcello and Fairbanks (1978) all
discussed aspects of supersaturation associated
with thermal effuents.

Malouf et al. {1972) described supersztura-
ton produced by heating cold seawat:r in

closed heat exchangers. The supersaturation -

was sufficient to cause gas bubble disease in-
three species of bivalve molluscs. Lightner et al,
(1974) described the disease in shrimp resulting

- from supersaturation produced by heating sea-

water in a closed system. Zirges and Curts
(1975) encountered similar problems after

heating 2 water supply for chincok salmen sac

fry. The various aspects of these reports are
discussed in greater detail in other secticny of
this review, )

Isaacson (1977) questionad the role of gas
bubble disease in heated effluencs, This author
pointed out that pop eye, a sign of chis disease,
can be caused by cold stress which could be: con-
fused with gas bubble diyease in heated ef-
Auents. Although this may be true in some
casey, it is unlikely that cold stress would cause
emboli and other recorded signs that appear to
be specific to the disease.

Saltwater Adaplation

In recent years there hay been considurable’

concern about the ability of juvenile salmonids
to adapt to salt water following exposure to su-
persaturation during their downstream migra-
ton: As gas bubble disease produces various
tissue changes, described above, it has been

theorized that it might also significantly reduce

883

the ability of the juvenile yalmonids w undergo
the physiological changes required to make the
transfer from fresh water to salt water,
Dawley et al. (1976) described an experiment
with chinook salmon and steciheads that had
survived - supersaturation bioassays, Surviving
fish exposed 1o 110%, 115%, and 120% TGP
for 127 days were transferred to 25%0 seawater
and held for 13 days. Most of the 50 chinook
salmon died in this test; only eight of the larger
Ash survived the full test period. The majority
of the fish may not have reached smolting size
and thue did not have the ability to adapt to salt

- water. Survival was higher among the steel-

heads tested; most deaths were of smaller fish.
The authors concluded that prior exposure to
supersaturation seemed not to affect the ability
of steelheads to adapt to salt water and that
their data on chinock salmon were incondusive
with regard to saltwater adapration.

Bouck et al. (1976) also tested the ability of
various salmonids to adapt to salt water follow-
Ing exposure to supersaturadon. Following ex-
posure to 110%, 115%, and 120% TGP, steel-
head and sockeye and chinook salmon juveniles
were transferred to gas-¢quilibrated seawater,
In all tests the transferred fsh either survived
for over § days, at which lime the experiment
way ended, or died from causes unrelared to
supersaturation. Bouck ct al. concluded that no
latent or delayed mortalities ocour due to gas
bubble disease afizr salmonid smolts enter sea-
water,

Nonsalmonids

Although much of the recent research and
publicity on gas bubble diseasc has concentrat-
ed on salmenids because of the Columbia River
problem, there has been considerable rescarch
on other species. Gorham (1901} originally de-
scribed the disease from scup, a marine species.

-Scup were killed by gas bubble disesse when

held in shallow squaria contining water with
135-145% TGP (based on the solubilities used
by Gorham). Marsh and Gorham (1905) re-

- .ported the discase in a variety of other specics,

presumably at similar dissolved gas levels, but
few quantitative details are provided... )
‘Woodbury (1941} observed gas bubble dis-
ease in a variety of freshwater fish 23 the result
of oxygen supersaturation caused by photosyn-
thetic sctivity, Black crappies (Pomoms nigremac-
ulatus), bluegills (Lepomis macrochirus. northern

"l .a.-.;..z..,,.__.‘.‘ . 5
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pike (Evox luctus), and carp (Cyprinws earpio) all
- died at very high oxygen levels (3032 ppm),

Dannevig and Dannevig (1950) and Henly
(1952) discussed ‘gas bubble disease in ariifi-
cially hatched Adantic cod, berring, and plaice
(Pleuronectes micracephalus), but gave no details
about dissolved gus concentrations. Stckney
(1968) produced the disease in herring held in
aguaria at 122% TGP.

Egusa (1959) compared the tolerance of five
species to dissolved gas supersaturation by de-
‘termining the "detrimental nitrogen Hmit”
{signs of gas bubble disease in 50% of test fish
within 2 weeks) and the “lethal nitrogen limit"
(60% mortality within 2 weeks), The detrimen-
tal limits for the fish were 125% for adult gold-
fish and eel (Anguilla japonica). 130% for young
goldfish, young ¢arp, adult killifish, and adult
bitterling (Rhodeus acellatus). The lethal limits
were 120% for adult carp; 125% for adult
goldfish; 130% for eel, young carp, bitierling,
and young goldfish; over 140% for killifish.
Supersaturation values given by Egusa are per-
cent nitrogen saturation, and would be about
. 5% of saturation lower if reported as TGP.

‘  Renfro (1963) reported gas bubble disease
mortality for 3 number of marine fishes in Gal-
veston Bay caused by oxygen saturations ap-
parently over 250%: spotted seatrout (Cynoscion
nebulosus); gulf menhaden (Brevoortia patronus);
bay anchovies {Anehos mitchilli); juvenile Atlan-
tic croakers (Micropogon undulatus); speckled
worm eels (Myrophis punclatus); longnose gar
{Lepisosteus osseus).

Marcello -and Fairbanks (1976) described a
moruality of Atlantic menhaden due to gas bub-
ble disease. Supersaturation resulted from tem-
perature increases in the cooling water dis-
charged from the Boston Edison Company's
Pilgrim Nucdlear Power Station, Dissolved oxy-
gen levels measured during the mortality were
frequently between 130% and 140% of satu-

_ration. Total dissolved gas levels were Jikely in
the same range or higher. Several other species
of fish and invertebrates were observed in the
supersaturated area with no evidence of gas
bubble diseasa. Clay et al. {1976) found Atlantic
menhaden held in shallow tanks showed signs
of the disease at 107% TGP within 96 hours.

DeMont and Miller (1972) and Miller (1974)

" described the occurrence of the disease in 2

* number of specics from Lake Norman, North

Carolina. Signs occurred primarily in white
bass, redbreast sunfish (Lepomis auritus), blue
gills, and threadfin shid (Derosoma petenense),
Signs were also reponecl in a few individuals of

‘ten other species, The:e fish experienced su-

persaturation as high &5 130% TGP that was
produced by the heatirg of lake water at the
Marshal Steam Generating Station.

Fickeisen et al. (1976) studied the olerance
of black bullheads 10 su Jersaturation at saveral

temperatures. The dissclved gas level required -

te produce a 50% mor ality of the test popu-
lation during 96-hour icsts (TL50) was about
125% with slight differences depanding oo the
water lemperature.

Supersaturation bivas;ays were conducted by
Blahm e al, (1976) on i variety of speciey, in-
cluding largemouth bass and mountain white-
fish, which were also tested in comparable in-
termiitent-exposure tests. The largemouth bass

‘were more wlerant of sy persaturation than the

salmonid species while the tolerance of moun-
tain whitehsh was about equal to that of ¢oho
salmon and steclheads, This conclusion was
based on the time to mortality of 50% of the
tast population (LE5D) a: 130% N, for 24-, 16,
and 8-hour/day exposures. Bioassays of smelt,
crappies, and northern squawfish were also
conducied by Blahm et 2l. in river water at am-
bient supersaturation ranging from about
113% to 123% TGP. Although the tests mea-
sured different end points, they did indicate
that the tolerance of smelt was sunilar to that
of siectheads but less than that of most salmo-
nids. The crappies amdd northern squawfish
were more tolerant than the salmonids and suf-
fered no deaths in 20 days and 35 days, re-
spectively.

Bouck et al. (1976} riportcd less than 10%
mortality of largemouth bass exposed for 20
days to about 125% TGP in 0.65 m of water.
The largemouth bass were able to capture and
eat juvenile salmon during this test. Apparent-
ly, supersaturation in the ranges normally ex-
perienced would have lit-le effect on predanon

- by this species. Bouck et al, {1976} reported

shiners (Notropis sp.) and crappies (Pomoxis 3p.}
have a wierance comparable to that of salme-
nids. Bluegills, northern squawfish, and war-
mouth (Lepomis gulosus) -were more tolerant to
supersaturation than shiners and crappies but
were less tolerant than largemouth bass, bull-
heads (Jetalurus sp.), and carp.
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A number of studies have examined the ol
erance of the northern squawfisk, a major
predator. of juvenile salmonids during their
downstream migraton. Meckin and Turner
(1974) found adult northern squawfish to be
more tolerant to 111% TGP than steelhead wnd
chinook saimon juveniles, but the adult squiiw-
fish were of ¢qual or lower tolerance to 122%
TGP when tested in shallow water {20 em). Ju-
venile chinook salmon and steclheads placed in
a3 trough with northern squawfish were vulr.er-
able to predation at 100% TGP but were more
active than the predators, and were ignored by
them, at 111% TGP. This indicates that suhle-
thal supersaturation may produce greater ef-
fects on a principal predator of salmonids than
on the prey.

Bioassays of northern squawfish in consta-uly
supersaturated water were conducted in siale
low tanks (0,25 m) by Bendey ct al. (1978).
Twelve-day mortalities were 100% at 126%
TGP; 60% at 120% TGP; 32% at 117% TGF;
and 0% at 110, 107, and 100% TGP. Ar 126%
TGP, all fish dicd in less than 1 day. All survi-
vors of the 120% and 117% TGP tests, and
most of the fish ¢xposed to 110% TGP, showed
signs of gas bubble disease at the end of the: 12
days. )

Bentley ex al, (1976} also found that norttern
squawfish collected from the Snake River dur-
ing periods of moderate to high supersatara-
don showed less evidence of feeding than the
fish collected during times when little or no su-
persaturation was present in the area, Feeding
way decreased by about 50% at 115% TGF. In
the bioassays, northern squawfish tended to re-
main on the bouom of the test tanks during
exposure to supersaturation. This behavior
may. be responsible for the reduced feeding ob-
served in nature, and may contribute to butter

-survival through depth compensaton,

FParametrix {1974) sampled resident spicies
downstream from Grand Coulee Dam in l.ake
Rufus Woads, where levels of supersazurition
have been as high as 145% TGP in prerious
years, During the time of this pardcular su-~vey,
supersaturation reached 110% TGP for a drief
period. The presence of a variety of adull fish
of several age-classes in Lake Rufus Wood: was
taken as an indication that the populations were
surviving the previous years' high levels of su-

persaturation. Although recruitment of fish

From downstream reservoirs or from tribuiaries
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is not possible in this area it is probable that
recruitment of at least some adult fish occurred
from Lake Roosevelt, which i3 behind Grand
Coulee Dam. Lake Roosevelt had also been su-
persaturated (140% TGP) in the previous year
(Seattle Marine Laboratories 1972b).

The studies discussed above indicate that the
tolerance of different specics w0 supersatura-
tion can vary congiderably. Salmonids are
among the least tolerant fish but others, such
ay Atantic menhaden, may be even less tolers
ant. In natural situations the tojerance of a
species will be affected by behavioral pauerns
such as depth distribution or attraction to heat-
ed waters,

Causes of Supersaturation -

Water may become supersaturated with at-
mospheric gases through any one of several
different processes, either caused by humans
or pature. These processes gither causa an in-
crease in the amount of alr dissolved ar they
reduce the amount of air warer will hold.

Lindroth (1957) discussed four ways by
which water may become supersaturated: (1)
water contains dissolved gas coming from a gas
mixture conraining a higher percentage of that
gas than is normally found in air: (2) water con-
tains gas that was dissolved under a higher-

~ than-atmospheric pressure; (3) water contains

gas dissolved at a Jower-than-ambient temper-
ature; (4) wo bodies of saturated water at dif-
ferent temperatures are mixed.

The fiest mechanism is probably of little im-
portance as it is likely to be encountered only
in experimental situations. The second mech-
anism has been involved in many of the decu-
mented supersaturation problems, indicated in
the following discussions of air injection and
hydroelectric projects. The second mechanism
is also involved in the supersaturation of nat-
ural springs. The third mechanism has caused
supersaturation in the heating of water supplies
for fish culture, the cooling waters of power
generating facilities, and in geothermal heating
of natural waters, The fourth mechanism may
cause supersaturation but is unlikely co produce
levels high enough to cause gas bubble disease
under most circumstances. An additonal
mechanism not mentioned by Lindroth 11957)
is photosynthesis, Photasynthetic activity has
been responsible for several reported cases ot
the disease, '
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Air Injection

Any situation that allows air to be mixed with
water under pressure much greater than one
atmosphers can produce supersaturation if ad-
equate ¥olumes of zir are available. The initial
description of gas bubble disease and its cause
by Marsh and Gorham (1905) resulted from
this mechanism. A leak on the sucton side of
the saltwater supply system for the Woods Hole
aquarium system permitted air to be drawn In
~ with the water,

The supersaturation’ problcm at Flodevigen
marine fish haichery was reported by Dannevig -

and Dannevig (1950). In this instance, air was
sucked into the system at the shaft bearings of
the pump. Harvey and Smith (1961) described
2 Canadian hatchery intake systermn that per-
mitted air to be sucked into the intake under
various condlitions causing supersaturation.
Wyatt and Beiningen (1969, 1971) found a sim-
ilar situation at an Oregon hawchery intake. In
both cases partial occlusign of the intake per-
mitied sufficient air 10 be drawn into the sys-
tems Lo produce supersaturation and gas bub-
ble disease in exposed fish. Hughes (1968)
encountered a2 supersaturation problem result-
ing from air leaks in a lobster hatchery water
supply.

Such air leaks on the low pressure side of a
water supply system can easily cause supersat-
uration in a fish culture facility, This should be
one of the first sources investigated when su-
persaturation problems ar¢ encountered in a
pumped water source.

Johnson (1976) reported a somewhat differ-
ent source of supersaturation. Seawater was
pumped into an unused ling that was flled with
air. The pressure in the line caused the air to
supersaturate the water sufficiently to produce
£33 bubble disease in the blue crabs and several
fish. 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) reporlcd:

dissolved nitrogen supersaturation in New
York and California lakes. In both cases, arti-
ficial aeration caused dissolved nitrogen con.
centrations o reach 140-150% of saturation. -

Hydrodectric Projects

Spillways of hydreelectric projects cause air
and water to be mixed and carried to substan-
_tial depths in a plunge basin. At the depths nor-

mally encountered in plunge basins, the hydro-
static pressure is sufiicient to greatly increase
the solubilities of aunospheric gases. The air

thus passes into solution in sufficient amounts’

1o produce supersatu--ation with respect to sur-
face or aunospheric pressure, These sources of
supersaturation frequently have the capacity 1o
supersaturate large volumes of water and thus
caus¢ a major problein,

- Jarnefelt (1948) re ognized supersaturauon
associated with a - hvdroclectric project and
measured oxygen supersaturation as high as
127% at 2 Swedish project. Touwl dissolved gas
pressures were likaly ar least as high. Lindroth
(1957) also measured supersaturation below a
dam on the Indalealven River, Sweden.

High levels of supersaturation in the Colum-
biz and Snake rivers were first reporied by Ebel
(1969). During the 1966 spill period (July and
August), nitrogen lev¢ls above 120% sacuradon
were measured in the Columbia River, Dis-
solved gas levels remained neat saturation dur-
ing the remainder of 1966. In 1967, Columbia
River saturation levcls were comparable to
those of 1966, Diurnal variations in nitrogen
saturations were measured at The Dalles Dam
during 1966; dissolve«! nitrogen concentrations
were found to vary enly 0.6 mg/licer duting 2
24-hour period of cor stant spill.

The effect of John Day Dam on the dissolved
nitrogen levels in the Columbla River during
1968 was described by Beiningen and Ebel
(1970). The dam was closed in April 1968, be-
fore the generators were operational, so that
the reservolt could be filled and the Rshways
put into operation to sccommodate the spring
salmon migradons. This required total spill of
all water passing John Day Dam and produced
dissolved gas levele from 120% to 145% of sats
uration. Levels in excess of 125% of saturation
were recorded below John Day Dam through
September 1968. Water temperatures also in-
creased due to the warming of water in the

mewly created John Day Reservoir.

Dissolved gas levels and associated variables
for rumerous locations on the Columbia and
Snake rivers are pres:nted by Beiningen and
Ebel (1970) for the years 1965-1969, Ebel
(1971) presented add:tional data for the year
1970. Dissolved gas levels were generally lower

in 1970 thanin previous years for the Columbia

River burt were high in the Snake River due to
the spill at Little' Gooss Dam.
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Roesner and Norton {1971) developed 2
mathematical model to evaluate air engrain-
ment in water passing over spillways. The raod-
el was developed from monitering data collear-
ed at three lower Columbia River dams (Johi
Day, The Dalles, and Bonneville),

Meekin and Allen (1974a) reported dissolve
gas levels associated with controlled-fow seuc-
ies at Chief Joseph Dam on the Columbia River,
Widely varying dissolved gas levels were mez-
sured in the upstream reservoir, as well as
downstream, between individual controllec.
fow tests. The reported variations within short
time periods (2 hours or less) have not been
found in other dissolved-gas monitoring stuc -
ies. Although the reportindicates the variatiors
in supersaturation are probably due to differ-
ent blocks of water, this conclusion does not
appear 10 be supported by the dawa presented
in the report.

Meekin and Allen (1974b) presented the ro-
sults of dissolved gas monitoring in the micl-
Columbia River from 1968 and 1971, Super-
saturation occurred throughout this region of
the Columbia River during high-Aow period.
Grand Coulee Dam produced high levels of sti-
persaturation, and the dams below Grand Cou-
lee in this region increased the levels of supe--
saturation only slightly over these in water
atriving at each dam. Priest Rapids and Rocky
Reach dams actually reduced supersaturaticn.
when the water arriving in their forebays waus
highly supersaturated.

Meekin and Allen (1974b) also monitored the
river upstream of Grand Coules Dam in 1963,
1970, and 1971, During thes¢ years, this water
wis supersaturated to some degree. It exceeded
120% TGP in 1970 and approached this level
in 1971, Seattle Marine Laboratories (19729,
1974 monitored dissolved gas levels above ard
below Grand Coulee Dam in 1972 and 197].
Lake Roosevelt, the reservoir behind Grard

Coulee, contained waler supersaturated 20 over
120% TGP. This supersaturation was prese 1t

- in Columbia River water entering the United

Sates from Canada, Downstream from Grard
Coutee Dam, the Columbia River water excee: -
ed 140% TGP in 1972,

Blahm (1974) and Blahm ¢t al. (1975) de-
scribed dissolved gas monitoring below Bonne-
ville Dam on the lower Columbia River in 1974.
Dissolved gas levels -averaged near or above

" 120% TGP in this lower reach of the river dur- |

689

ing May and June, The reporis also described
changey in dissolved gas concentrations as the
river water traveled 110 km downsrream from
Bonneville Dam. The United States Army .
Corps of Engineers (1975, 1977) provided com-
piete reports for dissolved-gas moritoring data
for the Columbiz and lower Snake rivers in .
1974, 1975, and 1976. Boyer (1974) presented

a detailed analysis of the dams and the various
physical factors involved in the supersaturation
problem in the Columbia River system, a valu-
able resource to anyone dealing with supersat-
uration resulting from dams, .~ -

Seattle Marine Laboratories (1972a) pre-
sented results of dissolved-gas monitoring stud-
ies on the middle and upper recaches of the
Snake River in Idaho. This major wibuary to
the Columbia River contains numerous dams.
Dissolved gas l¢vels in the upper reaches of the
river remained below 110% TGP. Watcr below
a series of three dams in Hells Canyon along
the middle reach of the river exceeded 120%
TGP 2t dmes, Downstream from the lzst dam
in Hells Canyon, dissolved gas levels gradually
decreased to below 110% TGP at the conflu-
ence of the Snake and Salmon rivers. Parame-
trix {1974} again measured high dissolved ni-
trogen concentrations below the Hells Canyon
dams; however, wral dissolved gas levels did
not exceed 110% due to low oxygen concentra-
tions. )

Dissolved gas 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
Abelson (1975). These rivers frequently ex-
ceeded 110% TGP and the Columbia River ex-
ceecded 120% TGP at dmes.

Thermal Increases

In recent years, electrical generating facilities
have beén constructed thac significandy raise
the temperature of large volumes of water.
These temperature increases frequendy have
been sufficient 1o cause supersaturation of the
water. Supersaturation oceurs because the sol-
ubility of a dissolved gasy decreases as the tem-
perature rises while the actual volume of gas
dissolved remains the same, :

Harvey (1967) reported that water in 2 Ca-
nadian lake became naturally supersaturated
during the late spring and summer of 1961.
Solar radiation increased the temperasure of
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the lake sufficiently to produce supersaturation
of 110-120% TGP at the'level of the Ia!..e s ther-
mocline,

DeMont and Miller (1972}, Aci.nr and Hains
(1974), Jensen (1974), and Miller (1974) dis-
cussed various aspects of supersaturation of
cooling waters from three steam generaring sta-
tions in North Carolina. Supersaturation in the
heated efRucnt of the Marshal Sieam Station
exceeded 120% TGP and apparently reached
130% TGP at times. Two associated steam sta-
tions, Allen and Riverbend, also caused super-
saturation of cooling waters but a low incidence
of gas bubble disease. The Marshal Steam Sta-
tion caused greater temperature increases and
produced supersaturation a1 high levels over a
longer period of time than the ather two sta-
tions. The level of supersaturatdon was related
to the depth of discharge outlets and volumes
of Aow.

Marcello and Fairbanks (1976) descnbcd a
similar problem at thé Pilgrim Nudlear Power
Station on Cape Cod. Although only dissoived
oxygen was measured, these measurements do

;dicatc that total dissolved gas levels éxceed
_ -40% at times and were frequently above 120%
TGP. Experience has shown that oxygen levels
normally are egual to or lower than total dis
solved gas levels unless supetsaturation is
caused primarily by photosynthetic aciivity,
The high levels of supersaturation at the Pi-
grim Station were caused by temperature in-
creasgs of 1325 C over ambient temperatures,
Only slight decreases occurred in the volumes
of dissolved gases as indicated by oxygen con«
centrations prescnted in the report.

Supersaturation has been caused in other sit-
uations where water has been heated for cul-
ture purposes, Shelford and Allee (1919) heat-
ed water in a closed system, which caused
supersaturation. The temperature increases of
8-17 C, without loss of dissolved gases, pro-
duced supersaturation sufficient to cause gas
bubble disease. These temperature increases
would have produced supersaturations of 115-
130% TGP if the water had been saturated
prior o heating and no gas was allowed to €3
cape.

Ermbody (1934) heated water in a closed sys-
tem to hatch trout eggy. Temperature increases
aver 3 C caused gas bubble disease in hatching

¢, A wemperature incresse in this range prob-

le caused supersaturadon of 112% TGP as
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the water supply wus appirently near saturs-
tion prior w0 being heated.

Erdman (1961) teporec! the disease in At-
landc salmon fry in stream water heated more
than 2.8 C, The cold wream water was near
saturation prior to the te nperature rise. No
dissolved gas levels wete r:ported for the gas
bubble disease incident. htickney (1968) re-
ported that Gulf of Maine waters were super-
saturated due to photasynthesis and heating.
Niltrogen levels as high as 128% were uppar-
ently duec to temperature increases. Total gas
pressures as high as 120% apparenty caused
no problem in natural wate-s but did cause the
disease in fish when the wav:r was pumped into
the laboratory. _

Lightner et al. {1974). encountered supersat-
uration in z heated seawater supply that caused
gas bubble discase in brown shrimp. This sea-
warer was heated from 22 C to 288 Cin a
closed system. The 7 C in_rease would have
producad a supersaturation of about 112%
TGP if the water were saturated prior o being
heated.

Zirges and Curtis (1975) raised the temper-
ature 4.5 C for the water supply to a chinook
saimon hatching facility. Supersaturation was
high encugh 1o cause gas bubble disease in sac
fry. Dissolved gas levels were reported to be
106% for oxygen and 190% for nitrogen. The
190% nitrogen figure appe:rs to have been a
misprint as the nitrogen level would only have
increased to 110% due 1o the temperaturs rise
if the water had been saturited prior to heats
Ing.

The episodes of supersa uration reported
above indicate that supersatiration should be
tonsidered any 1ime aquatic organisms may be
exposed to heated water. Th s includes cooling
waters of large industrial fucilities or waters
heated for aquatic culture pt rposes.

Natural Causes

Supersaturation is not 2 néw or necessarily a
human-<aused phenomenon. Spring and well
warers are frequendy supersiturated with dis-
solved nitrogen although oxy ¢en levels are fre-
quently low. Marsh and Gorham (1905} dis
cussed such shuations in the well water supplies
at 2 Tennessee and a New Hampshire fsh
hatchery. The aspirating effect of water Aowing

-downward into aquifers carries air with It. The
_air is thuy mixed with waier under considerable
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pressure in the aquifers, Oxygen concentra-
tions may be reduced prior to use of these
waters; however, the Inert dissolved nitrogen
gas remains In solution, causing supersaiura-
tion, problems.

Marsh (1910) described a supersaturated well
supply for a fish culture station along the Po-
romac River where dissolved nitrogen levely ex-
ceeded 140% of saturation. Rucker and Tutde
(1948) described a Washington State hatchery
water supply having 110% TGP (120% nitro-
gen, 80% oxygen). Matsue ct al. (1953) dis-
cussed a variety of artesian wells and springs in.
Japan that produced supersaturated water. Dis-
‘solved nitrogen saturations as high as (50~
160% were reported.

Flowing surfacc waters may also be supersat-
utated by natural causes. Jarmefelt (1948 de-
scribed how rapids can cause air entrainment
and supersaturation just as dam spillways do.
Ebeling (1954) and Héll (1955) both recorded
oxygen supérsaturation of streams, appar:nily
due to falls and rapids. Morimer (1956 de-
seribed how bubbling and viclent agitation, as
in a wurbulent stream Aow, can produce su per.
saturation as well as reduce it. Lindroth (1957)
observed that falls with deep plunge basins pro-
duce supersaturation while those with shallow
basina at their base produce litde or no st per-
saturation. Harvey and Cooper (1962) observed
similar sitvations in a British Columbia coastal
stream. Superyaturation occurred at high rver
flows with high falls having deep plunge basins.

Parametrix (1974) reported the Saimon River
contained dissalved nitrogen leveds as high as

121%: however, total dissolved gas levels sel-
dom exceeded 110%. Even these levals of su.
peraaturation are high when it is considered
thar river Hows were extremely low in 1873, the
year of monitoring. Supersaturation was the
result of both temperature increases and slight
increases in dissolved nitrogen concertradons
as the water moved downatream. The incrrases
in the amount of dissoived nitrogen were the
primary factor producing supersaturanon dur-
ing the higher flow periods. .-

Ay discussed above under the topic of oxygen
as a cause of gas bubble disease, photosynthesis
can lead w high levels of dissolved oxygen in
natural waters, Woodbury (1941}, Alikunii et
al, (1951), Schmassmann (1951), Rukavina and
Varenika (1958), Renfro (1963), and Supplee
and Lightner (1976) all recorded cases of su.
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persaturation ¢aused by photosynthesis, It is
likely temperature also played a role in these
cases as the intense sunlight necessary for high
levels of oxygen production through phatosyn-
thesis would also cause significant increases of
‘the warer temperature. ' T

One case of natural supersaturation caused
by geothermal heating has been reported
(Bouck 1978). Total gas pressures of 107-110%
were measured in streams heated by geother-
mal acrion in Oregon. Although 105% TGP was
suffident to cause hatchery trout fry to develop
"gas-bubble disease, fish in the natural stream
-with 107-110% TGP showed no signs of the
disease. This is a minor but ohvious demon-
stration of the differences between natural and
artificial sitvadons and the difficulty that can be
encountered n assuming the two are equally
susceptible to any perturbation.

Solutions to Supersaturation

Supersaturation of water with dissolved gas
results in an unstable condition that tends to
return to a state of equilibrium. The rate a
which thjs naturally occurs is usually too slow
to prevent the problems discussed in this re-
view. It iy importanc to recognize. that water is
supersaturated only with respect to atmaspher-
ic or surface conditions, Hydrostatic pressure
may greatly reduce or eliminate the tendency
of the large volume of deeper water to equili-
brate with respect to surface pressures. Deeper
waters in reservoirs, rivers, oceans, er cetera,
may actuafly have no tendency to lose dissolved
gases as they are not truly supersaturared, The
hydrostatic pressure that frequently causes the
air to berome dissolved at high concentrations
will also maintain che high concentracions in
subsurface water,

A variety of solutions to supersaturadon in
artificial water supplies have been used overthe
years. Marsh (1910} flowed water through shal-
low troughs with rough bottoms and over stacks
of six perforated pans to reduce supersatura-
tion. Both of thesa systems worked for smalk
water Aows. Embody (1934) was able to remave
supersaturation by passing the water over a se-
rics of baffles placed at the head. of a wough.
Rucker and Tuttle (1948) succeeded in reduc
ing dissolved nitrogen from 140% to near sat-
uration by cascading water through a series o?
slx troughs or shelves about 0.25 m apars. Har-
vey and Cooper (1962) used a splash tower with
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12 sets of baffics to reduce nitrogen from near
120% to near saturation.

Dennison and Marchyshyn (1973) described
a small inexpensive box designed 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 saturations from 118% to
100%. Wold (1973) described the use of a large
aerator facility for removal of excess dissolved
gases at the Dworshak Natonal Fish Hatchery
in Idaho. These large agilators were able to re-
duce dissolved nitrogen leveis from 130% to
less than 105%. .

Removal of excesy dissolved gases in large
bodies of water is considersbly more difficult
due to the siability of the supersaturated gases
under many condirdons, Harvey (1961) found
that solar heating and mixing caused nitrogen
supersaturgtion in lake water to a depth of 6~
15 m. This supersaturated water mass re-
mained fairly siable in volume and gas content
from June through August. Rapidly Aowing
wurbuient streams do not necessarily provide
rapid equilibration of dissolved gases. As Mor-
timer (1956) peointed out, rapidly Howing
streams may even produce supersaturation,
and once supersaturated, water reaches equilib-
rium with the atmosphere slowly.

Ebel {1969) reported that no equifibradon
occurs in the five reservoirs between Chiel jo-
seph apd McNary dams (400 km) on the Co-
lumbia River during the high-flow period. Fail-
ure of the jupersaturated water to equilibrate
was blamed on lack of circulation and warming
of surface water. When water is warmed, the
decrease in the water's capacity to hold dis-
solved gas may compensate for any loss in the
actual dissolved gas comtent and thus a high
leve] of supersaturation will be maintained.

Beiningen and Ebel (1870) also discussed
equilibration of supersaturated Columbia River
water. They found that supersaturated water
equilibrated to a greater degree in John Day
Reservoir than in other previously studied res-
ervairs in 1968. This 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 supersaturated water that emers
from Canada and travels 225 km to Grand
Coulee Dam (Seattle Marine Laberatories

1972b, 1874). Duriry s immer months, the sur-
face water of this reservoir tends to equilibrate
in the downstream portion of the reservoir,
The deeper waters apparently moving through
the reserveir show litth: loss of dissolved gas.
The various mechznical solutions to the
problem of supersaturition were discussed by
Smith (1972). Perforated bulkheads to be
placed in skeleton turbine bays have been built
and tested. These reduced supersaturation but
were detrimental to Ash passing through the
orifices. Long and Ossiznder (1974), Long ¢t al.

(1975), and United Swtes Army Corps of En-

gingers (1979) described tests to evaluate the
effect of perforated bulkheads on juvenile
salmon. Perforated bulkheads have also been
proposed as a devics for reducing the effective
hydraulic head for operational turbines. Res
ducing the cffective hezd would permit the pas-
sage of large volumes of water with minimum
power generation. Thiy procedure may be ef-
fective during the spring high-flow period
when power requiremiints are about one-half
of the maximum ¢apacity of the major dams on
the Columbia River.

Flip lips or spillway deflectors offer the po-
tential of reducing the level of supersaturation
produced by water pussing over a spillway.
These devices are survcrural modifcationy o

the downstream face ¢f a spillway that direct .

the spilled Aow along the surface of the tail-
water rather than allowing it 1o plunge 1o the
bettom of the silling Lasin. Tervooren (1972,
1973) reported the Rrst results of tests per-
formed on spillway -leflectors installed at
Bonneville Dam. Thes: indicated that, under
varying water conditions, deflectors would re-
duce the normal increase of excess dissolved
gas in the spillway tailwater by 30%. These re-
sults were obtained when the forebay gas levels
were between 106% amd 120% saturation. This
means that the installation of spillway deflectors
for ail bays at Bonnevile Dam would resuk in
downstream gas levels of 110% of saturadon if
forebay water did not «xceed 100% of sawra-
tion. . -

Spillway deflectors are effective in reducing
supersaturation without causing increased

mortalities of juvenile almonids. Jornson and

Dawley (1974) reported that the Bonneville de-
fectors reduced supersaturation by 6-12% with
no decrease in the survival of fish passing over
them; Monan and Liscom (1875) actually found
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improved adult survival, Long et al. (1975) also
reported an increased survival of steclhead
smolts passing over deflectors at Lower Mon-
urnental: Dam on the lower Spnake River.

-The recent status of spillway deflectors has
been reviewed by United States Army Corps of
Engineers (1579), Ebel et al. (1975) cstimaied
that the installation of recommended deflect)rs
and turbines by 1980 will eliminate the problsm
of supersaturation in the Columbia and Snuke

-rivers for all practical purposes. Ebel (1979)

concjuded the supersaturation problem In 1he

Columbia system has been solved.

A third proposed solution to the supersawu-
ration in the Columbia River system is the col-
lection and transportation of juvenile salmonids
from upstream damy to the lower river (Ebe! et
al, 1973; Ebel et al, 1975), Although the super-
saturation problem is apparendy being sohed
by other means, this method is sdil being uti-
lized 10 reduce the turbine mortalities that nre
considerably greater than supersaturation mir-
talitics.

Supersaturation problems caused by cooling
waters of power generating facilities have been
less of a problem than hydroclectric projects
and therefore have received far less attention,
Kraback and Marcello (1976) discussad the Fza.
sibility of remaving excess dissolved gases frum
the Pilgrim Nuclear Power Station cooling
water. Heated ssawater would be degassed by
means of an alr bubbler system. Tests ir a
flume installed in the discharge canal indicated
that the system would work.

Lee and Martin (1975) ¢computed the capac-
ities of high- and low-velocity discharges of
cooling to produce supersaturation probleins.
They concluded that high-velocity discharyes
are unlikely 1o cause supersaturation problems
because of rapid dilution. Localized supersat.
umtion problems may occur with low-velocity
discharges.

‘Dissolved Gas Analysis

The measurement of dissolved gas levels is
the one aspect of supersaturation that is least
Familiar to most people who must deal with the
problem of gas bubble disease. Analysis of the
levels of supersaturation js, however, assemial
for the evaluation and soluton of the sup:r.
saruracion problem. Although most people lice-
ly to encounter supersaturation are familiar

with dissolved oxygen analysis. few have had -

any reason to become familiar with the tech-
niques for dissolved nitrogen determination or
of wtal dissolved gas analysis. This section of
the review describes a few of the more recent
reports that discuss useful information dealing
with such analyses. ' ) .

The solubility of the individual atmospheric
gases in water has been described in numerous
recent reports. Elmore and Hayes (19603,
Klots and Benson (1963}, Green and Carritt
(L987), Douglas (1964, 1965), Murray et al.

-(1969), and Tolk e al. (1969) all discussed the

solubilities of oxygen, nitrogen, and argon. The
solubilities most commonly used in recent su-
persaturation research are those provided by
Weiss (1970). - .

There are several different techniques avail-
able for dissolved gas analysis. Swinnerton
(1962) described the use of gas chromatogra-
phy for this purpose. Beiningen {1973).provid-
¢d a complete discussion of the use of the time-
consuming Van Siyke apparatus (QOesting 1934)
for determining the oxygen and nitrogen.plus-
argen concentrations of water samples, Bein-
ingen discussed in easy-to-follow detail the op-
eration of this apparatus as well as the calcu-
lations required for the separate dissolved gas
analy3es. He included sections on the correct
procedures for field sampling, procurement of
the necessary apparatus, and the Winkler:
method of oxygen determinadon. This manual

-Is extremely useful for anyone using the Van

Slyke method 10 determine dissolved gas con-
centrations in water samples.

Post (1970} described a simplified volumetric
method for determining dissolved gas concen-
trations, This method apparenty has reccived
little use and may provide significant errory of
5-7%.

By Ffar the simplest method for determination
of woaal dissolved gas levels is that provided by

* the Weiss saturometer. As far as can be deter-

mined, this apparatus has not been described
in any journal or other widely distributed pub-
lication. Fickeisen et al. (1973) gave 2 brief de-
scription and picture of a Weiss saturometer.
A similar device is produced commercially by
ECO Enterprises, Seattle, Washington, and is
now widely used to measure total dissolved gas
pressure. ' :

D'Acust and Smith (1974) and D'Aouse et al.
{1976) described a modificatdon (tensionome-
ter) of the Weiss saturometer. The temsiona-
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meter provides for sensing of the gas pressure
by means of a solid state elcctronic pressure
transducer rather than the Bourden tube gauge

used in the saturometer. According to D'Aoust
et al., the tensionometer has the achanr.ages of
much smaller size, and a response time of about
8 minutes. This compares with a response time
of 20-30 minutes for the saturometer. The
more rapid response time of the tensionometer
is due to the much smaller dead space permit-
ted with the pressure wansducer, The tension-
ometer also offers the advantage of remote
sensing which is required when dissolved gas
measurements are made at depth. Agitation is
sull required 1o remove bubbles from the silas-
tc tubing when the water ig iruly supersaturat:
ed, such as at surface pressures of about one
avmosphere, This is not a ‘problem ar water
depths over 3 m where the water is not actually
supersaturated due to the increased pressure
of the hydrostatic head. D’Agust et al, {1976)
provided a complete parts list and instructions
for building the tensionomaerer.

The operation of the Weiss sacurometer was
evaluated by Fickeisen et al. (1975). The satu-
romeéter was mechanically agitated at rates of
108, 132, and 168 cycles per minute. At the two
- faster rates, equilibrium was reached in 15-25
minutes, It requires 10-15 minutes longer to
reach equilibrium at the slower rate of agita-
tion. Manual operation produced comparable
results with an experienced operator but lower
readings with a novice operator.

Jenking (1976) attempted to develop a meths
od for unatiended monitoring “in situ” of dis-
solved gas concentrations. An incomplete sys-
tem was designed to pump the water to be
sampled and to strip the dissolved gases from
this watar by a modified spinning disc oxygen-
erator, Major problems remain 1o be solved in

the detection of the gases once they are.

sttipped from the sample water,

The various corrections that have been ap-
plied to dissolved nitrogen partial pressure data
were discussed by Boyer (1974). He concluded
that the sum total of these corrections is less
than the inhe¢rent errors of the sampling and
analysis techniques. Boyer also discussed the

-“true” value of the supersaturation level result-
ing from a dam spillway and described what is
necded to develop an empirical formula thar js
unique for each spillway.

. Cratin et al. (1971) studied the in siw fixadon
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and analysis of dissolvec oxygen samples ar
depth using an underwater habitac (Tekute 1),
In marine waters, they round a decrease of
about 2—6% in the dissolviod oxygen concentras
tion of samples fixed at the surface as compared
to those fixed at depth. This loss of oxygen was
limited to samples whose oxygen concentra-
tions were greater than the surface saturation

value. The loss of dissolved oxygen should not

be a problem with superssuration monitoring

-as the few deep samples collected are normally
fixed immediately- after collection. There is no

indication of how dissolved nitrogen concentra-
tions vary prior to analysis by Van Slyke or gas
chromatograph. The amcunt of dissolved gas
these samples can hold i normally increased
during storage by reducing the temperature of
the samples (o below 4 C. Thus, supersatura-
tion in the samples is reduced or eliminated,
preventing loss of dissolved nitrogen.

Regulation of Supersaturation

Since the idenification of dissolved gas su.
persaturation as a problem in the Columbia
River system in the late 1950's, there have been
criteria and standards promulgated by a variety
of regulatory entities. The Natdonal Academy
of Sciences/Nationzal Academy of Engineering
(1972), using available dat:y, recommended that
aquatic life will be protezed when total dis-
salved gas pressure in water is no greater than
110%. Subsequently the s.ates of Washington,
Idaho, and Oregon promulgated dissolved gas
sandards, inltially for dissolved nitrogen and
later for toial dissolved gas. The regulations
specified human activities should not increase
dissolved gas levels above 110% in Washington
angd Idaho and 105% in Oregon. Other states
have since passed similar 1 egulations.

The water quality stanclards were reviewed
in 1975 by a group of four agency represen-
tatives from the United States Environmencal
Protection Agency, Idaho, Oregon, and Wash.
ingion (Rulifson and Pine 1976), This group
suggested 3 standard of 115% total gas satue
ration for:the Columbla-Srake River system ex-
cept.during particularly high-flow years. Their
recommendation was igncred by the Environ-
mental Protection Agency criterion issued in
1976 (USEPA 1976), which again recommend-
ed a criterion of 110% TGP, Recently, Ebel et
al. (1979) have reviewed t'1e most recent Envi.
ronmental Protection Agency. criterion, and in-
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Abstract.—Trends in abundance of spring and summer chincok salmon Qncorhiynchus tsha-

. wyescha and steelhead Salmo gairdnerr returning to the Snake River and mid-Columbia River
- above Priest Rapids Dam were determined by analyzing the percentage of adults returning from
the smolt out-migrations of 1962=1984. Runs declined as a resuit of hydroelectric development
of the river; the main cause for the decline was the mortality of juveniles migrating downsiream
through as many as nine dams and impoundments en route 10 the ocean. Mid-Columbia River
summer chinook salmon runs experienced thé greatest decline because of higher mortalities incurred
during their migration to sea as subyearlings in July and August. Mojgtality was lowér for remaining
races of fish thai migrate 10 sea as yearlings in the spring during higher river flows, more spill at
dams, and cooler water lemiperatures. Enhancement measures to offset dam-related mortality of
smolts 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 smoits around dams, supple-
menial river flows to minimize delay for smolts passing through reservoirs, and supplemental spill
at dams 1o minimize turbine mortality of smoits 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 10 .
activation of bactenial kidney disease by siresses encountered during downriver migrations, trans-
poriation, or subsequent transition into seawaler, ‘

vy

The Columbia River once supported vast num-
wers of salmon Oncorhynchus spp. and stecthead
saime gairdneri. Tribulary dams, unscreened ir-

rigation diversions, habitat degradation from log-

ging. mining, and grazing, and a host of other fac-
tors climinated or severely degraded many of the
*aiusble spawning and rearing areas used by these
k. I.i“?”." regulated commercial fishing in the
-fener 322 km of the Columbia River between 1860

and 1900 concentrated on and soon severely de-
pleted large runs of spring and summer chinook
salmon O. tshawytscha. Pacific salmon, though,
are resilient creatures. Once adequate regulations
of fisherics were imposed and efforis were made

to restore the habitat, fish runs rebounded and

again provided a viable fishery. In the carly 1930s,
the federal government began a program 10 pro-

duce hydroelectric power. By 1975, the Columbia- .
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FiGurg }.—Locations of dams and hatcheries in the Columbia River basin.

River Power System consisted of 28 dams (19 of
which are shown in Figure }) that produced more
than 13,000 MW of low-cost electricity, provided
vast amounts of water for irtigation, and regulated
natural river flows to provide flood control and
more efficient power generation. Unfortunately for
those stocks of fish spawning above McNary Dam,
the end resuit was a major decline in fish runs
because of the elimination of over 50% of the
spawning habitat, large mortalities of smolts 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 of a program to mitigate harmful effects

.of the hydroelectric development of the Columbia
~Riverand to protect and enhance affected fish and
wildlife. Among the goais of the Northwest Power
Planning Council, which oversees this program, is
documentation of the effects ‘of hydroelectric de-
velopment on the many races of salmon and steel-
head in the Columbia River basin, The council
also desires to document the henefits of measures

‘and augmented river flows, The aim of this paper

intended 1o reduce dam-related mortalities of
salmon and steelhead smolis, e.g., transportation
of smolts around dams, fingerling bypasses, spills,

is to provide documentation for spring and sum-
mer chinook salmon and steelhead returning to
the Snake River and to the Columbia Riverabove
Priest Rapids Dam (hereafter termed mid-Colum-
bia River).

" Methods
Annual estimates of the percentages of down- 2

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 montalities.
This is a much better approach than simply using
counts of returming adults because adult counts are
refated to the numbers of smoits produced as well
as to survival of smolts through the dam complex.
For exampile, 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 smolts that started migrations to sea.~’
Many adult runs thereafter did not show a decline

because losses of smolts at dams were offset by the

" increased smokl production. When adult returns
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are expressed as percentages ol emigrating smolts,
such bias is eliminated.

I assessed smolt migrations from the Snake Riv-
er at dams cach year between 1966 and 1975,
From the positive relation found between rates of
return of adults and survival rates of smolts, it was

apparent that mortality of smoits migrating down-

river through the dam complex was the main cause
ofthe decline in Snake River salmon and steelhead
runs {(Raymond [979). There was no comparable
assessment of smolt migrations in the mid-Colum-

bia River and, therefore, there is no measure of -

survival for that reach of the river. Because we
showed arelation between smolt survival and adult
returns in the Snake River, however, it follows
that the rate of adult return would also provide a
measure of fish passage conditions encountered by
smolts from the mid-Columbia River each year.

Spring and summer chinook salmon and steel-
head were selected for analysis because there are
smolt indices and data available on adult runs to
obtain estimates of adult return percentages. There
are only small ocean harvests of ihese fish 10 bias
estimates of adult returns, except for summer chi-
. nook salmon destined for the Columbia River
* above Priest Rapids Dam (Duke 1983; Johnson
1985). I assumed a constant annual rate of harvest
of mid-Columbia summer chinook salmon in
Alaska and British Columbia, an assumpition based
on data supplied by the Pacific Fishery Manage-
ment Council (1985); from this, [-also assumed
there was no significant bias caused by the ocean
fishery. Fall chinook salmon and sockeye salmon
O. nerkawere not included in my analvses because
needed data, especially smolt indices, were un-
available.

Natural variations in ocean moriality due 1o El
Nino 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 Spnake River runs migrating to
sea through 1975 must have been modest or there
would not have been the positive correlation be-
iween survival rates of smolts and rates of retum
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 of smolts starting seaward migrations.
‘Such data were available and werc used 1o obtain

.-0-‘

these estinuues from the mid-Columbia River
starting in 1962 and {rom the Snake River begin-
ning in 1964, Prior to that time, there were no
dam counts with which to distinguish the Snake
River and mid-Columbia River portions of the

‘upriver adult runs and no means [or obtaining

needed indices of smolt abundance each year.

-7 Trends of ‘abundance of upriver runs {or those

earlier years, therefore, had to be derived from
estimated numbers of adults that entered the Co-
lumbia  River each year and migrated above
Bonaneville Dam (Oregon Department of Fish and
Wildlife and Washington Department of Fisheries
1966). Because all of the summer chinook salmon
and over 60% of the spring chinook salmon and
steelhead passing Bonneville Dam are destined for
the Snake or mid-Colurnbia rivers, [ 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 (1964-1984)

The percentages of adults returning o the Snake
River from the smolt out-migrations of 19641982
were derived from estimated numbers of smolts
passing the first dam encountered by smolis each
year (hereafter termed first dam) and numbers of
adults returning from each year’s smolt migration
afler spending 1-3 vears at sea. Smolt 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;
Delarm et al. 1984). -

I estimated the number of hatchery-produced
and naturally produced (hereafter termed wild)
chinook salmon and steelhead smolts at the first
dam between 1966 and 1975 (Raymond 1979).
The number of hatchery smolts each year was de-

rived from the total numbers released from hatch-

eries and their 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 comparablg
estimates for976-1984, In most years, sufficient
numbers of<.arked fish were recovered for cal-
culations of i plative survival. For the few years in
which there was no marking at hatcheries or re-
coveries were insufficienit for analysis, I used the
average survival rate for the years bracketing the
missing data 10 estimate sutvival.

b
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Numbers ot wild chinook salmon were allocated
to spring and summer components based on redd
counts made by Idaho Fish and Game stafl at
index streams between 1962 and 1982, For cach
cut-migration year, { multiplied the ratio of spring
to summer chinook saimon redds in the year smolts
were produced by the number of smolts.

To calculate numbers of adults returning from
each year's smolt migration, [ first added the counts
of spring and summer chinook salmon and steel-
head at !ce 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 of fish in each return year that
'Had spent I, 2, and 3 years at sea. Returns were
then related to the year of out-migration.

Ages of wild chinook salmon were determined
from body measurements made during spawning-
ground surveys in Idaho. Ages of haichery spring
chinook saimon that retumed were determined
from measurements made at Rapid River Hatch-
ery from 1968 to 1987, Ages of returning steelhead
were delermined from length measurements taken
at haicheries, counting windows, and adult traps
at dams. '

The estimated catches of Snake River fish in
zones -3 of the commercial fishery and the sport
fishery below Benneville Dam and the zone-6
commercial ishery above Bonneville Dam (Figure

I} were calculated differently depending on species.

Upnver 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. [ 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 Dam each year were
obtained frorn Oregon Department of Fish and
Wildlife and Washington Department of Fisheries
(1966, 1987).

All summer-run chinook salmon are destined
for either the Snake or mid-Columbia rivers, Again,
I assumed equal rates of harvest ofieach of these
runs, and estimated the catch of Staxe River fish
from the relative numbers of summer chinocok
salmon passing through .Ice Harbor and Priest
Rapids dams. To assign the catch to the proper
smolt migration year, { assumed that the ages of
spring and summer chinook salmon taken in the

fishery were the same as indicated rom escape-
ment data,

Most steclhicad harvested prior to 1975 were
taken in the lower river sport and commercial fish-
eries. [ assumed that proportions of fish that had
spent | or 2 years al sea (l-occan 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 l-ocean fish, Since 1975, most of the har- .
vest has occurred in zone 6. There has been no
commercial fishery for steelhead 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 majority of the steelhead har-
vested in recent years were the larger 2-ocean fish,
such as those from the Clearwater River in Idaho,
that pass Bonneville Dam after August 25, The
majority of the fish from the Salmon River or mid-
Columbtia River that migrated upniver in July and
early August were smaller l-ocean fish. Those that
delayed their upriver migrations and were exposed
1o the fall fishery usually escaped the nets because
of their smaller size.

The estimated proportions of wild and hatchery
spring chinook salmon in the escapement and fish-
ery each vear was determined {rom the percentages
of 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 Ice Harbor Dam. The difference was
the percentage of wild fish, T assumed that these
proportions were the same in the Columbia River
fishery. .

Proportions of wild and hatchery steelhead were
calculated in a sirnilar manner. Estimated sport
catches of hatchery fish in Idaho and returns to
Dworshak Hatchery and Pahsimeroi River (Ni-

agara Springs Hatchery) each year were obtaineds-

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)

Simiiar methodology was used to estimate the
percentage of adults returning from cach year’s
out-migration of smolts from the mid-Columbia
River between 1962 and 1984, Smolt indices were
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not as rcadily available as they were tor the Snake
River because there was no ongoing indexing of
smolts at dams cxcept at Pricst Rapids Dam be-
tween 1965 and 1967, To compare mid-Columbia
and Snake river smolt cstimates, methods were
developed for estimating the number of hatchery
and wild smoits emigrating each year to the first
dam (either Rock Island, Rocky Reach, or Wells,
depending 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 steethead smolts normally have a higher
survival rate than chinook salmon smolts (Ray-
mond 1979). For chinook salmon, I assumed 80%
survival for veariing spring stocks and 50% for
subyearling summer stocks. The 80% survival rate
is stmilar 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
30% survival rate for subyearlings assumnes 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_75 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
up to a month before actively migrating downriv-
er. During that time, substantial losses could resuit
from predation and disease (Park 1969). In con-
trast, yearling releases are made just upstream from
the first dam in April and arrival is usually within
a few days afier 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 defived from the average number of
smolts per redd between 1965 and 1967. Park
{(1969) estimated the number of smolls passing
Priest Rapids Dam each year from 1965 to 1967.
These estimates were divided by 0.85 to account
for dam-related mornialities for each dam between
the first dam encountercd and Priest Rapids Dam.
For fish migrating {rom 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 migrants would have
passcd three or four dams on their way to Priest

Rapids Dam. Thosc migrating from the Wenatch-
¢e River would pass two dams (Rock Island and
Wanapum) before they reached Pricst Rapids Dam
{Figure 1). 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) represents ithe con-
tribution from the Wenatchee River; 0.70M7/(0.85)
represents the contribution from upper tributaries,
This ¢stimate was obtained for each year 1965-
1967, divided by the redd count Jor the year pro-
ducing the smolts, and averaged (e.g., the esti-
mated number of vearling spring chinook salmon
in 1963 was divided by the number of redds in
index streams in 1963). This yielded multipliers
of 500 for spring and {,000 for summer chinook
salmon. Thus, redd counts that were lagged 2 years
for yearling spring chinook salmon and 1 vear for
subyearling summer chinook salmon were mul-
tiplied by the appropriate number 1o estimate the
total number of wild chinook salmon passing the
first dam during each year of this study.
Estimates of numbers of wild steelhead smoits
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 apnual fluctuations in counts of
adults in the spawning population would translate
into numbers of smolts 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 relcased most haichery-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 ol nat-
urally produccd smolts from the rcmammg mn;
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of hatchery and wild spawners cach ycar-was pro-
" portional to differcnces in escapement,
In summary, then, my overall indices of smolt

abundance for the mid-Cotumbia River cach year .

..arc as follows: (1) steelhead, 0.9 X numbers re-
" leased from hatcheries plus 16.7 X countsofaduits

-that produced that year's emigrating wild smolts; -

ducing that year’s emigrating wild smolts; (3} sum-
mer chinook salmon, 0.6 X numbers released from
the hatchery plus 1,000 X numbers of redds pro-
ducing that year’s emigrating wild smolts.

. Adults. — The number of adults returning from
each year's smolt migration was determined from
counts of fish passing Priest Rapids Dam each year
plus the estimated contribution of mid-Columbia
River fish to the commercial and sport fisheries.
The same methods used for Snake River stocks
were employed 1o estimate the catch in the fish-
eries, except counts at Priest Rapids Dam, instead
of at [ce Harbor Dam, were used to obtain needed
proportions and, as mentioned previously,. the
smaller size and different timing of mid-Columbia
River steethead were taken into consideration,

Returns each vear were then split into proper-
tions that spent 1, 2, and 3 years at sea 1o relate
returns to year of out-migration. Ages of hatchery
spring chinook salmon and steelhead were ob-
tained from length measurements of adult returns
1o hatcheries, Ages of wild spring chinook salmon
were obtained from carcass measurements made
on spawning-ground surveys by Washington De-
partment of Fisheries staff.

Similar data were not available for summer chi-
nook salmon because spawning-ground surveys
were conducted from the air, and no age deter-
minations were made at Wells Hatchery. Gener-
ally, most summer chinook salmon spend 3 years
at sea before returning to spawn. John Easter-
brook, Washington Department of Fisheries, and
J. McGee, Douglas County Public Utility District
(personal communications), agreed that there were
some variations in age of aduits spawning and at
the hatchery, but that 3-ocean fish usually pre-
dominated. I therefore used that figure for relating
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 steethead could not be made because returns
to hatcheries were highly variable or nonexistent.
Many summer chinook salmon and steelhead
nceded for brood siock, including wild fish, are
trapped at dams. In addition, the limited marking

- 1962 and 1973 when runs of these fish were all

donc at hatchertes between 1962 and 1984 wag
insufficient to determine the contribution of
hatchery production to adult runs each year.,

The limited marking and variable retums of|. - .
: .spnng chinook salmon to hatcheries also made it]-

difficult to separate the wild and har.chery contri-

bution to the total adult run of spring chinook :
- (2) spring chinook salmon, 0.8 x numbers relcased salmon each year. Efficiency of collection at Entiat :

from hatcheries plus 500 X numbers of redds pro- -

and Winthrop hatcheries has varied greatly from |
year to year. and there were problems with col-

lection and holding at Leavenworth Hatcheryuntil |- -~

new facilities were completed in 1979 (Muilan

1982). To obtain an estimate of the hatchery con- | -
tribution, I devised an approach that did not re- |
quire hatchery returns. I used counts at Priest Rap- |

ids Dam and redd counis to estimate total numbers
of wild fish in each year’s return of spring chinook
salmon. This estimate was obtained by determin-
ing the average number of adults per redd between

wiid. Redd counts on streams, such as Icicle Creek,
that might have been used later for spawning by
returns of hatchery fish were excluded. The result
was 6.4 adults per redd. This is 2 relative index
number only, not the number of adults using each
redd. The redd count is derived from sampling of
index streams only, and does not represent total
spawning. Redd counts muitiplied by 6.4 each year
berween 1974 and 1987 provided the estimate of
nurnbers of wild spring chinook salmon passing
Priest Rapids Dam in each of these years. The
hatchery proportion, then, was the count at Priest
Rapids Dam minus estimated wild fish each year.
These proportions were then used to estimate
numbers of hatchery and wild fish taken in the
fishery. '

I emphasize that data such as smolt indices are
less precise for. the mid-Columbia reach than for
the Snake River, and the estimated percentages of
adult returns generated may not be as accurate.
Nevertheless, similar methodology was used
throughout the analysis period and should be suf-
ficient for showing trends in abundance of fish runs
with respect to hydroelectric development and ac-
tions taken o offset dam-related mortalities of
smtoits.

Run Trends, Hydreelectric Development,
and Enhancement of Fish Populations

An examination of the upriver runs of spring

and summer chinock salmon and steeihead re-
turning to the Columbia River each year from

oy :

1938 10 1987 provides a gencral overvicw of trends

in their abundance over the lfast 50 years (Figure 7
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2). The diflerence between run size and escape-

ment represent the catch in the river fishery cach
year. There are considerable differences in trends
among these groups of fish. In general, spring chi-
nook salmon runs were initiaily low, nearly dou-
bled in- sizs_by-, 1952, remained 'relalively high
through 1973, declined sharply until 1984, then
increased. Summer chinook 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,
steethead runs remained at a higher level; since
1981, they have been much higher than predam
lzvels.

In the 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 smolts around dams,
g* ' var the years have affected each of these fish
. ..orthis, I have divided the analysis into the
early (1938-1957), middle (1958-1968), and late
{1969-1984) periods of hydroelectric develop-
ment.

Early Period (1938-1957) - -

Spring chinook salmon runs declined to 56,000
fishin 1944, but then increased to a peak 0f 281,000
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 than 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 aduhlt fish
at Grand Coulee Dam on the Columbia River. As
a result, 1,830 lineal kilometers of spawning
grounds were lost indefinitely 10 an estimated
100,000 chinook and sockeye salmon and steel-
head in 1939 (Fish and Hanovan 1948). I also
proonme that smolts migrating to sea in 1939 and
i : hich provided the adult runs between 1941
and 743, would have had difficulty in passing the
partially completed dam. In addition, there were
probably some adverse effects on both juvenile
and adult migrations from the complction of
Bonneville Dam in 1938. Initial cffects on juvenile
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FiGURe 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, compieted
in 1953, appeared minimal., The 1955, 1956, and
1957 runs of spring and summer chinook salmon
that returned from smolt migrations between 953
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 consisted largely of returns from the 1936
and 1937 smolt out-migrations that went 10 sca
prior to the completion of Bonneville and Grand
Coutee dams. The sharp decline down 10 2 run of
56,000 fish by 1944 was at least parually the resuit
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of’ construction of these dams. Harvests by the
river fishery averaged 60% of the total runs be-
tween (938 and 1955, and cscapement in most
years appeared adequate {Figure 2). Therefore, 1
assume a minimal effect from the fishery during
this period. ) : e

. Though summerchinook salmon runs were also
affected by these dams, overharvest in the river

fishery (averaging 88% of the total run) between.
1938 and 1944 (Figure 2) probably caused a great-

er effact. Escapement during this period averaged
11,500 fish—far too few for adequate seeding of
the spawning grounds. The net result was low smolt
producticn 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-
mental 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 steethead at

Rock Island Dam and transporting them to hold-
" ing areas where they matured. The eggs were then

taken to satellite hatcheries at Leavenworth, En-
tiat, and Winthrop, Washington. Fish were reared
to smolting size at these sites and released into the
drainages of the Wenatchee, Entiat, and Methow
rivers; several years® evaluation of this program
indicated conclusive success (Fish and Hanovan
{948; 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 this 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 irrigation diversions
sere screened in the 1950s. By 1961, the run had

,/increased to over 4,000 fish (Netboy 1980). The

tncrease in overall spring chinook salmon runs to
200,000 fish or more cach year between 1951 and
1957 reflected the ability of salmon runs (o re-

bound, given favorable downriver and ocean sur-
vival in combination with cffective enhancement
programs like those just described.

The shortening o 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 67,000
fish. With annual increases in smoit production
each year from greater spawning escapement and
no additional dam development, the run increased
from 58,000 fish in 1948 to 207,000 fish by 1957.

Middle Period (1958-1968)

Runs of spring chinook salmon averaged 232,000
fish between 1951 and 1957, but only 162,000 fish
between 1958 and 1968 (Figure 2). Adult steethead
returns that averaged 269,000 fish between 1938
and 1957 declined 10 an average 209,000 fish be-
tween 1958 and 1968. Summer chinook salmon
runs declined from 207,000 fish in 1957 10 75,000
fish by 1966. Because of depressed runs, the entire
river was closed to harvesting of summer chinook
salmon beginning in 1965,

Causes of decfines.—Declines in fish runs re-
sulted from the completion of The Dailes Dam in
1957, Priest Rapids Dam in 1959, Rocky Reach
Damin 1961, Wanapum Dam in 1963, Wells Dam
in 1967, and John Day Dam in 1968 (Figure 1).
These low-head dams provided passage foradults
but the dams delayed mnigrations and caused mor-
tality of migrating adults (Junge and Camegie
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% for steethead (Oregon Department of Fish
and Wildlife and Washington Department of Fish-
cries 1966, 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,

5:,-.
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respectively. 1 assumed that the total ellect prior
1o 1962 was less because there were fewer dams
and many stretches of [ree-flowing river remained
between dams. Gas supersaturation was not a
problem because the water was able to equilibrate
quickly in the fice-Rowing 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
SIIOWS. : ‘
Percentage returns of salmon and steethead 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 10 0.8% by 1967 (av-
erage, 1.3%), and spring chinook 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%. Steelhead returns
1o the mid-Columbia River declined from 3.8%
in 1964 10 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 steethead 1o the mid-Columbia River

between 1964 and 1968 must have been caused
by increased smolit mortalities at dams, not dif-
ferences in ocean survival. Smoilts from the mid-
Columbia River had 1o pass three dams in 1962,
four dams between 1963 and 1966, and five dams
thereafier. By comparison, there were no low-head
dams on the Snake River until Ice Harbor Dam
was builtin 1962, and there was oniy 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 of return 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 warm water,
their survival was lower than the survival of the
other runs of fish that migrated to sea as yearlings
in April and May when river flows and spills were
generally higher and water temperatures fower. The

:basis for this ¢conclusion was my finding that Sur-

vival of Snake River smolts was much lower in
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FIGURE 3.—Percent return of spring and summer chi-
nook salmon and sieelihead to the Spake and mid-Co-
lumbia rivers from smolt migrations of 19621984,

years of low river flows and spills than in years of
higher river flows and spills (Raymond 1979).
Enhancement activities.—There were no im-
portant hatchery releases of spring and surnmer
chinook salmon or steelhead through 1966, Leav-
enworth Hatchery continued to rear sockeye salm-
en and coho salmon O. kisutch, whereas Entiat
and Winthrop hatcheries changed their production
from spring chinook salmon to coho salmon and:.
rainbow trout (nonanadromous Salmo gairdneri).
Rapid River and Niagara Springs hatcheries were
constructed to compensate for fish runs lost through
the construction of the Brownlee—-Oxbow Dam
compilex 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 stecthead was into the Pahsimeroi Riv-

er near Salmon, Idaho, in 1967. Returns from_
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FiGURE 4.—Percent return of wild and hatchery spring
chinook salmon and steelhead to the Snake and mid-
Columbia rivers from smolt migrations of 1962-1984.

smolts 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 first 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)

Smolt mortality caused by the new dams bullt
on the Snake River afier 1968 and the already
completed dams on the lower Columbia River
dropped the return rates of Snake River spring
and summer chinook salmon and steelhead from
above 4% of smolt emigrations through 1968 1o

averages of less than 1.5% between 1970 and 1974
‘ sure 3). Record low river flows in 1973 and
w77 resulted in retums of less than 0.5% because
95% ormore of the emigrating smolts died in those
years (Simsetal. 1978; Raymond 1979); 1973 and

_the regulated runoff rarely exceeds powerhouse ca-

1977 also were bad years for mid-Columbia smoits,
judged by the low adult return rates {Figure 3).
Summer chincook salmon runs from the mid-Co-~
lumbia were already down to about a % rctum
rate by 1969 and have remained there since, Sub-
stantial increases in numbers of smolts being re-
leased from hatcheries and actions taken since 1975
to minimize mortalities of smoits 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, delays in passage through
reservoirs, and supersaturation of atmospheric
gases caused by accelerated development of the
Columbia and Snake rivers’ hydroelectric system
between 1969 and 1982, In 1968, smolis from the
Snake River, for example, had 1o pass only five
dams with a combined total of 47 turbine units.
By 1975, they had to pass three additional dams
on the Spake River—Lower Monumental (com-
pleted in 1969), 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 1965 {Table 1). The
added turbines have marked!y 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 1973 and 1980. The capacity of
a single turbine is about 370 m?/s of Aver flow.
At a typical river flow of 3,400 m%/s during the
smolt migration, all of the water and fish must
pass through turbines; when there were three tur-
bines, 50% of the water and fish passed by the
safer route through the spillway {Schoeneman et
al. 1961). Storage reservoirs were also being built
in the upper Columbia River to regulate the river
for more efficient power production. By 1973, the
combined storage of Mica, Duncan, Arrow, Al-
beni Falls, Libby, Hungry Horse, and Grand Cou-
lee dams was over 43 x 10 m3 of runoff each
year. This has reduced Columbia River flows by
about 50% during May and June in most years, Y
the time when yearling fish migrate 10 the sea (Fig-
ure 5).

The combination of nearly total impoundment
‘of the Columbia and Snake rivers, regulation of
flows, and increased generating capacity has been
deadly for smolits migrating through the dam com-
plex. During average or below-average runoff'years,

pacity, and there is little or no spillage at dams.
Direct mortality of smolts passing through tur-
bines has been estimated at about |1% (Schoene-
man et al. 1961). Indirect monality, such as in-
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. Tapses .—Number of wurbine units at hydroeiectric dams on the Snake River and Cojumbia River aflectling

- apadromous lish runs, 1935-1985.

Cumutative number of lurbine units in place by year

Dam {935 1940 1945 1950 1955 1960 1965 1970 1975 1980 1935
Mid-Columbia River
Wwells - E _ 10 10 10 1o
Rocky Reach - B 11 Il 13 bl
Ruck lsland 10 10 10 10 10 10 10 10 10 18 - 18
Wanapum 10 1t 10 - 10 10
Pricst Rapids . 10 10 10 10 _ 10 10
Subtotal . : i) 10 i0 10 10 20 38 31 31 59 59
Snake River
tower Granite 3 6 6
Litile.Goase 3 3 & 6
Lower Manumental 3 3 6 6
lce Harbor 3 [ 6 6
Subtotal 9 15 24 24
Lower Columbia River

sMeNary 14 14 i4 14 14 14 14
John Day 16 16 16 16
The Dalles 16 i6 16 22 22 a2
Honneville 10 10 10 10 10 10 10 10 10 ig
Subtotal- . 10 10 10 24 40 40 36 62 62 70
Grand wotal - 10 20 20 20 34 60 81 HE:) 128 145 153

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 dam. Prior to 1970, in
contrast, there was usually substantiai spillage at
dams and much of the migration could pass through
the spillways, where mortality was 3%._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-

Reguiated
Flow

Oischarge or streamflow

L J i ] 1 1 "

1 i i 1
Jan Fen Mar Apr May June July Aug Sept 0ot

Nov Dec

Konih

Freitire 5.~ Typicat effects of regulated flows on runofl
in the Columbia River,

pounded Snake and Columbia rivers (Raymond
1968, 1969; Bentley and Ravmond 1976). Ebel
and Ravmond (1976) calculated that, during low-
flow years, juvenile chinook salmon and steelhead
emigrating from the Salmon River would take 635
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

pass through eight or nine reservoirs and pro- .-
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 1o a mor-
1ality of 45% per project. By contrast, in 1978, a
year of high runoff and about a 35% spill at Snake
River dams, monality per project was only 5% -
(Sims and Ossiander 1981). The 30% additional
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mortality per project resulted from added delay in
puassage through the reservoir and higher direct
and indirect turbine mortality because nearly all
of the lish passed through turbincs. Sims and Os-
siander (198 1) computed a positive correlation be-
tween river flow and survival of smolts (r = 0.87
and 0.95 for chinook salmon and steclhead. re-
spectively). | found (Raymond 1979) that survival
of chinook salmon and steclhead from the forebay
1o 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 with atmospheric gases to

-levels that are lethal to fish. Ebel (1969) showed

that water plunging over spillways is the main cause
of supersaturation. When there were only a few
dams on the river, efiects 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 with 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 Litle Goose Dam to
increase the amount of river fow through turbines
and reduce the amount of spill. Gas supersatura-
uon was reduced, but the slotted bulkheads caused
a 61% monality of juvenile chinook salmon in the

" Snake River that year (Ebel and Raymond 1976;

Raymond 1979).

The similar rates of returns of spring chinogk
salmon and steelhead to the mid-Columbia and
Snake rivers in most years since 1970 (Figure 3)
suggest that smolts from each river encountered

similar passage conditions. The decreasing rates
. of return between 1970 and 1974 1o both reaches

of river reflected declining smolt survival due to
hydroelectric development. Actions taken since
1974 to reduce or compensate for mortalities of
smolts from the dam complex did increase the
return rates of some fish runs.

Enhancement activities.—Supersaturation of
dissoived atmospheric gases (mostly nitrogen) was
reduced by spillway deflectors, which are concrete
sills placed near the base of the spillway to direct
flow horizontally into the stilling basin. Johnsen
and Dawlcy (1974), Long and Ossiander (1974),
and Monan and Liscom (1974, 1985} showed that
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the deltectors substantially reduce gas supersatu-
ration without adverse cflfects-on fish. The ULS.
Army Corps of Engincers installed deflectors at
Lower Granite, Little Goose, and Lower Monu-

mental dams on the Snake River and at McNary © 7 |
"and Bonneville damson the Columbia River. These -
installations. coupled with increased turbine ca’ 7 T i

pacity and regulated river runoff, have substan-
tially reduced dissoived gas supersaturation in the
Snake and lower Columbia rivers. )
There was no simplé way to minimize or offset
losses of smolts migrating through reservoirs and
turbines at dams. Reseaich was conducted into
these problems, but most fishery agencies in the
late 1960s and early 1970s opted for increased
production at hatcheries to mitigate losses at dams.
This enhancement more than doubled the num-
bers of smolts arriving at 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 smolts
between 1964 and 1967 to a mix of over 8.0 mil-
lion wild and hatchery smolis 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 150,000 smolts (Table 4). For the mid-
Columbia reach, spring chinook salmon emigra-
tions changed from 0.2 10 1.1 million wild smolts
annually through 1971 10 a mix of between 2.0
and 3.7 million haftéhery and wild smolts after the
leavenworth Hatchery complex began releasing
smoltsin 1976 (Table 5); summer chinook salmon
emigrations changed from 1.0-2.2 million wild
smolts through 1968 to a mix of over 3.0 million
Wells Hatchery and wild fish by 1978 (Table 6);
and steethead changed from 0.3-0.6 million hatch-
ery and wild smolts through 1974 1o 0.5-0.9, mil-
lion smolts each year since then (Table 7). ™
These hatchery releases, and relatively high sur-
vival of smolts, 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%, and the adult returns from
the smolt cmigrations of 1966-1971 were gener-
ally above 70.000 fish annually. Hatchery plant-
ings. though. were not sufficient to offset the 95%
moriality of smoitls emigrating through the dam
complex -during low river flows in 1973. Only
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Taste 2.—Numbers of adult spring chinook salmon retuming to the Snake River, and their percentiages of the
estimated numbers of smolts passing the first dam they encountered on the Snake River, 1964-1984.

Mitllions of smoits
passing ficst dam?

Thousands of adults retuming

Pereent retem

after 1-3 years at seab

Year of smolt Com-
wigration Hatchery Wild Total Hatchery Wiid Touwal Hatchery Wild bincd
1964 2.0 2, 74 74 3.7 3.7
1965 1.4 1.4 52 52 3.7 3.7
1966 0.22 1.8 2.0 3 70 78 16 3.9 3.9
1967 Q.18 1.3 1.5 8 7% &7 4.4 6.1 5.8
1968 0.4 1.4 t.8 14 50 64 3.5 3.6 3.5
1969 0.3 1.4 1.7 il 74 35 3.7 53 5.0
1970 1.3 2.2 4.0 44 84 128 2.4 3.4 3.2
1973 1.7 1.7 34 36 4y 71 2.1 2.4 2.3
1972 1.6 23 3.9 5 27 32 0.3 1.2 0.8
1973 21 L9 4.0 7 7 14 03 0.4 0.3
1974 L.5 1.5 3.0 9 24 33 0.6 1.6 ki
1975 2.2 1.7 3.9 24 63 87 1.1 3.7 2.2
1976 2.4 1.9 4.3 11 19 30. 0.4 1.0 0.7
1977 1.2 0.6 1.8 I 2 3 0.1 0.3 0.2
1978 2. 0.7 2.7 2 7 9 0.1 1.0 0.3
1979 23 1.3 36 5 16 21 0.2 1.2 0.6
1986 2.4 2.2 4.6 5 10 15 0.2 0.5 0.3
1981 23 0.6 2.9 2 9 1! 0.1 1.5 0.4
1982 L4 0.2 1.7 4 4 8 0.3 2 0.5
1983 1.6 0.3 3.4 19 17 34 0.7 2 t.1
1954 42 0.7 49 26 21 47 0.6 3.0 1.0

* First dam—lce Harbor 19641968, Lower Monumental 1965, Litile Goose £970-1974, Lower Granite 1975-1984.
b Count at Ice Harbor [Dfam plus the estimated catch of Snake River fish in zones 1-6 of the Columbia River fishery.

TazLe 3.—Numbers of adult steelhead returning to the Snake River, and their percentages of the estimated
numbers of smoits passing the first dam they encountered on the Snake River, 1964-1584.

Millions of smoits
passing first dam?

Thousands of adults returning

Percent return

after -3 years at seaP

Year of smolt Com-
migration Hatchery Wwild Total Hatchery Wild Total Hatchery Wild bined
1964 : 1.6 1.6 100 100 6.3 6.3
1965 1.5 1.5 ' 85 85 57 5.7
1966 1.6 L6 102 102 6.4 6.4
1967 0.8 1.8 2.6 6 107 13 0.7 5.9 4.3
1968 1.0 1.8 28 3 Bt 84 0.3 4.5 3.0
1969 0.3 1.3 2.1 6 62 68 0.9 4.8 3.2
1970 2.6 1.6 42 33 54 92 1.5 34 2.2
1971 3.2 1.8 5.0 26 56 82 0.8 3.1 L6y ..
1972 1.4 1.1 2.5 7 21 28 0.5 1.9 13 S
1973 2:5 1.3 3.3 3 9 12 0.1 0.7 0.3
1974 3.6 i.4 5.0 5 18 23 0.1 1.4 .5
1975 2.4 0.8 3.2 43 17 62 Ly 2.1 1.9
1976 1.8 1.4 3.2 28 28 56 L6 20 1.8
1977 0.9 0.5 1.4 7 5 12 0.8 1.0 09
1978 1.2 0.9 2.1 17 ki) 47 1.4 33 22
1979 1.5 Lt 2.6 kY] 37 68 2.1 3.4 2.6
1980 2.6 1.0 3.6 L1 27 82 2.1 2.7 2.3
1981 2.4 b3 3.7 29 15 44 1.2 1.2 1.2
1982 3.3 ) 43 167 ag 207 5.1 4.0 48
1983 2. 0.8 29 67 27 94 3.2 3.4 3.2
1984 3.2 1.0 4.2 151 46 197 4.7 4.6 4.7

7’ First dam—Icc Harbor 19641968, Lower Monumental 1969, Littlc Goose 1970-1974, Lower Granite 1975-1984.
B Counl at jce Harbor Dam plus the estimated catch of Snake River fish in zoncs 1-6 of the Columbia River fishery.
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Tanted. —Numbers ol adult summer chinook salmon
rcturning to the Snake River, and their percentages of
the estimated numbers of smolts passing the first dam
they encountered on the Snake River, 1964-1984.

Thousands
.Millions of of adulis

: smolts relurning :

Year of smiolt passing after {-3 Percent

migration first dam3 vears 3t sea® rclurm
1964 0.9 30.0 3.3
1965 | 0.8 30.0 3.8
1966 1.0 330 3.2
1967 0.7 42.0 6.0
i 1968 0.7 29.0 4.1
0 1969 0.7 340 4.3
1970 1.0 32.0 3.2
1974 0.6 14.0 2.3
1972 0.9 8.8 - LD
1973 1.0 4.0 0.4
1974 0.6 7.5- 1.3
1973 0.5 : 17.0 34
1976 0.6 5.6 0.9
1977 0.2 1.0 0.5
1973 0.3 36 1.t
1979 0.5 . 3.5 1.1
1980 0.6° 4.7 0.8
1981 .4 5.3 1.5
1982 0.4¢ 58 I.4
1983 0.4 6.4 I.4
1984 0.5¢ 8.4 1.7

3 First dam —[ce Harbor 1964-1968, Lower Monumental 1969,
Litile Goose 1970—-1974, Lower Granite 1975-1984,
= "% Count at Ice Harbor Dam plus the estimated catch of Snake
River fish in zones [-§ of the Columbia River fishery.
¢ Includes the estimated contribution from McCall Hatchery.

14,000 adult spring chinook salmon retumed to
the Snake River from that year’s smolt migration
(Table 2). After 1973, regardiess of runoff, returns
of hatchery spring chinoock 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 foilowing recommendations for
maintaining valuable upriver runs of fish: (1) 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 Committee on Fishery Operations (COFO). The
COFQ's assignmenl was 1o oversce management

- of imely releases of water from reservoirs to sup-

plement river flows, thereby reducing migration

detays for smolisand providing spill at dams with-
out fingerling bypasses to minimize turbine mor-
tality. ' :

These recommendations - established the

- . groundwork for the protection of runs not enly 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 Wildiife 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

‘15 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 now been installed by
the Corps of Engineers at Bonneville, John Day,
McNary, Little Goose, and Lower Granite dams.
Plans are in progress o 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 screén 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 ata given dam. Tests at Lower Gran-
ite Dam in 1984 and 1985, for example, showed
that the guiding efficiency for chinook 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 of vertical
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 salmon
(mostly haichery releases) may not be far along in
the parr-to-smolt transformation during some
years, and  migrate deeper in the water column
{Pinder and Eales i969).

Tests at McMNary Dam in 1984 showed that
guiding efficiency for subyearling chinook salmon,

-emigrating in July and August, .was 50% or less.

In 1985, the cfficicncy was less than 25% for sub-
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TanLk 5.—Numbers of adult spring chinook salmon returning to the mid-Columbia River, and their percentages
of the estimated numbers of smolts passing the lirst dams they encountered on the mid-Columbia River, 1962—
1984,

Thousands of smolts . Thousands of adults returning Pervent return
Year of passing first damé z-afler 1-3 years at seaP - : -
smolt : Com-
migration  Hatchery” Wilgd - Totat - Hatchery Wild Totai Hatchery Wild binecd
1962 833 - 833 T 30.3 30.3 3.6 3.6
1963 w00 200 9.5 9.5 4.7 4.7
1964 550 . 350 27.0 278 4.9 4.9
1965 ) 393 395 .7 9.7 2.5 2.5
1966 769 769 19.2 19.2 25 2.5
1967 525 525 I 9.3 9.3 15 2.5
1968 1117 1,117 T 7.8 7.8 0.7 0.7
.. 1969 642 642~ T 12.7 12.7 2. 2.0
1970 690 690 L 27.4 274 4.0 4.0
1971 . 430 430 . 10.8 10.8 . 2.5 2.5
1972 200 425 625 9.1 10.9 200 4.5 26 3.2
1973 467 349 816 2.0 3.5 5.5 0.4 1.0 0.5
1974 334 395 779 1.9° 8.5 16.4 21 X1 2.1
1975 574 833 1,407 16.4 220 334 28 26 2.7
1976 1,637 430 2,087 6.9 3.7 10.6 0.4 0.8 0.5
1977 1308 618 2926 54 L7 7.1 0.2 0.3 0.2
1978 2323 320 1,643 5.4 37 9.1 0.2 i 0.3
1979 2,038 486 2,524 7.4 4.9 2.3 0.4 1.0 0.5
1980 3.031 699 3.730 6.5 4.9 e 0.2 0.7 0.3
1981t 3.175. 164 3,239 4.2 3.5 1.7 0.t R | 0.2
1982 3.056 245 3,301 11.2 5.4 16.6 0.4 2.2 0.5
1983 3.054 29 3273 18.2 6.4 246 0.6 2.9 0.8
1984 2,568 245 3013 19.3 3.8 R Q.7 2.4 0.8

3 First dam—veither Rock Island. Rocky Reach, or Wells, depending on tribustary and hatchery,

b Count a1 Priest Rapids Dam plus the cstimated caich of mid-Columbia fish in zones 16 of the Coluembia River fishery.
€ Numbers released (rom hatcheries x 80% survival 1o first dam.,

4 Redd count 2 vears previously x 300,

yearlings in July at John Day Dam. Measures of  in 1968-1970 (Ebel et al. 1973) and Little Goose
veriical distribution again revealed that many sub- Dam in 1971-1973 (Ebe! 1980). 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 steethead were trans-
erhouse. Recent prototype modifications im- ported in 1973 and 1976, and over 653% 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 River 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 ~ tation of smolts from the mid-Columbia and Snake-%#

trashrack 1o 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 Krema et al. (1980, 1982, 1985), Gessel in 1979, 10% in, 1980 and 25% m 1981 Large
et al. (1985), and Swan et al. (1983). ;
- Transportation of smolts.—The concept of smolt
transportation is to collect smolts diverted out of
turbine intakes at upriver dams, such as Lowerﬁi}
Granite Dam, and to transport them by truck or- By 1982, it was apparcm that transportation was
barge 10 safe release areas below Bonneville Dam, providing greater benefits to steeihead 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 agen-
_both steelhead and chinook saimon smolts were  cies reduced the numbers of spring chinook salmon
realized in early experiments at Ice Harbor Dam * being transported and opted to protect smolts of
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Tapre 6, —Numbers of adult summer chinook satmon
returning to the mid-Columbia River, and their per-
ventages of the numbers of smolts passing the first dam
they encountered on the mid-Columbia River, 1962—
1934.

Thousands
Millions of smolis— ?ciﬁf:ll::sg
H a
Year of passing first dam after 14 Per-
smeit  Haich- : years cent
migration ery®  Wildd  Total at seab returm

1962 1.0 1.0 215 2.7
1963 1.7 1.7 30.1 1.8
1964 1.5 1.5 303 2.0
1965 21 21 8.0 1.3
1966 1.5 t.5 21.5 1.4
1967 3.1 31 225 0.7
1948 2.2 22 26.1 [l
19569 0.3 2.6 29 22.0 0.7
1970 0.3 1.7 2.0 16.9 0.8
197¢ 0.3 3.0 3.3 143 0.4
1972 0.4 25 29 210 0.7
1973 0.5 2.0 2.3 18.0 0.7
1974 0.2 1.8 2.0 19.6 1.0
1875 0.3 1.6 1.9 21.3 1.t
1976 0.3 1.8 2.1 23.6 [
1977 0.3 1] 1.8 18.0 0.9
1978 .3 1.8 3.8 14.0 0.4
1979 1.1 22 3.3 1.5 0.3
1980 1.1 1.7 28 9.2 0.3
%1981 [.4 1.5 32 15.0 0.4
1982 0.7 1.3 2.0 i7.0 0.8
1983 0.8 0.3 1.6 17.0 1.0
1984 0.2 1.6 1.8 13.0 0.7

2 First dam-either Rock Island. Rocky Reach, or Weils, de-
pending on tributary and hatchery,

b Count a1 Priest Rapids Dam plus theestimated number of
mid-Columbia fish in zones [—6 of the Columbia River fishery.

¢ Numbers of antificially reared fish reieascd from Wells Haich-
ervy x 50% survival to first dam.

94 Redd count | year previously x §,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 ‘bassage.-—Losses of up to 15% per dam,
fallback rates up to 35% over the spiliway at
Bonneville Dam, and substantial delays in passage
at dams have resulted in high overall losses of
adulis migrating upstream through the dam com-
plex to spawn (Junge and Camegie 1976; Monan
and Liscom 19835). In high-fow years, adult loss
rates may have been similar 1o those for smoits.
Since 1973, passages of adults past dams has been
markedly enhanced by better-formed spills, better

itraction facilities at ladder and powerhouse col-
~ieclion entrances, and reduced powerhouse gen-
cration next to ladder entrances. In addition, stud-
ies by Damkaer and Dey (1986) revealed that
luerides discharged from an aluminum plant were
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Tane 7.—Numbers of adult steclhead returning 1o
the mid-Columbia River, and their percentages of the
estimated numbers of smolis passing the first dam they
cncountered on the mid-Columbia River, 1962-1984,

Thousands
Thousands of smolts :’cﬁ:f:ll:g
M a

Year of passing first dam after 1-2 Per-
smalt  Hatch- years cent

migration eory®  Wild?  Touwl al scab return
1962 130 i20 250 10.9 4.4

1963 180 140 320 8.0 25"
- 1964 330 140 470 18.0 13
1965 300 130 430 13.6 3.2
1966 250 110 360 {1.7 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
1970 400 150 550 14.1 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 11.7 2.2
1977 390 40 430 0.9 0.2
1978 470 150 620 0.t 1.6
1979 630 160 790 10.0 1.3
1980 540 70 610 9.1 1.5
19381 630 140 70 5.6 0.7
1982 700 140 840 34.1 6.4
1983 760 150 210 34.0 3.7
19384 680 114 790 450 5.7

3 First dam—either Rock island, Rocky Reach, or Wells, de-
pending on 1ributary and hatchery,

® Count at Priest Rapids Dam plus the estimated catch of mid-
Columbia fish in zones 16 of the Columbia River fishery,

¢ Numbers r:icascd from hatcheries x 90% survival 1o first
dam,

¢ Numbers derived from sampling al Priest Rapids Dam in
1965-1967 and 16.7 x adult count at Priest Rapids Dam 2 vears -

" previously for other years.

Channei exit

Submersible
travehng
screen

FiGure §.—Schematic diagram of the systern to by-
pass juvenile migrants around turbings,
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delaying passage of adulis at John Day Dam. When
fluoride concentralions were reduced, passage time
significantly improved. Finally, the added power
generation at dams reduced the spill levels and, in
turn, the adult fallback problem and losses asso-
ciated with dissolved gas supersaturation. As a
result, present losses of adults are much lower than
in earlier years, ‘

Comumilttee on Fishery Operations {COFQ).—
- Augmented river flows and spill were provided,

"wstarting in 1975, to protect smolts migrating down
the river each year. Minimum flow standards de-
veloped by the fishery agencies 1o minimize delay

" in passing through reservoirs were used as guide-
lines for providing flows when needed for fish mi-

»» -grations. The common goal of both the fishery
agencies and water management agencies was 10
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 siorage
reservoirs were provided for fish. The levels, while
not up lo minimum standards, at least provided
some protection for smolts yet had litile effect on
the water management agencies (Columbia River
Water Management Group 1977). The COFQ,
consisting of representatives from fishery agencies,
the Corps of Engineers, the Bonneville Power
Administration, public uility districts, investor-
owned utilities, and the U.S. Bureau of Recla-
mation, oversaw river operations until 1983, when
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 means for en-
hancing survival of Snake River runs; spil], by-
pass, and supplemen:ial river lows were used to
protect mid-Columbia River runs.

Responses to Protection and Enhancement
Spring Chinook Salmon

Spring chinook salmon (combined haichery and
wild fish) returned to the mid-Columbia and Snake
rivers al generally similar rates {rom the smoit
migrations of {970-1984 (except from thatof 1972,
when siotted bulkheads were in place; Figure 3).
Higher rates of return from smoh migrations in
1970 and 1975 10 both reaches of river reflected
vears of more favorable downriver survival, Low
rates of return from migrations in 1973 and 1977
were caused primarily by poor downstream sur-
vival during record low river lows. The low rates

of return to both reaches of river that followed
smolt emigrations every year since 1975 {except
1977) probably reflect fow survival of hatchery
fish shortly afler entry into the ocean more than
mortality al dams.

The health of smolts and their subsequent ocean
survival may be more important (especially during
favorable-flow years) to the viability of spring chi-
noock salmon runs than their downriver survival
through the dam complex. Survival of smolts from
the Snake River to The Dalles Dam in 1970 and
19735, for example, was about 20%—considerably
less than the 34% measured in 1974 (Raymond
1979) orthe 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 downriver survival. The im-
proved downrver survival of soring chinook
salmon smolts but low return of adults implies
that problems 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 consistently poor-—
0.5% or less between 1975 and 1982 —in spite of
mass transportation, avgmented river flows 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 were dis-
unguished {Figure 4; Tables 2, 3), it became ob-
vious that the problem was with hatchery fish.
Their rates of return from the 1976-1982 emigra-
tions were 0.4% or less 1o both reaches of river,
indicating little or no response to enhancement
measures employed to improve downriver sur-
vival. In contrast, wild stocks have responded 1o
enhancement, as indjcated by their improved rate
of return 1o both reaches of river each year since
the 1977 emigration, except those from the 1580

. smolt migratdon. The 1984 emigrants had about

a 3% return to the Spake River, considerably higher
than the 0.5% return {rom the 1977 emigration

when 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 smolts between 1978
and 1984. The recent increases in rate of return
ol wild fish suggest that passage conditions in the
river and conditions in the ocean were Bivorable
for survival. Therefore. the consistenily low rate
of return of hatchery fish must have resulied be-
cause of their mability 10 survive In the veean
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rather than because ocean conditions themsclves
were adverse. .

The return of haichery spring chinook salmon
has not always becn poor. Rates of return of hatch-
ery fish from smolt migrations between 1966 and
1971 and in {973 werc 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 smolt migra-
tions in 1972, 1974, 1975, 1976, and 1977. Be-

tween 1978 and 1982, returns werc a consistently
dismal 0.1-0.3% compared to 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 haichery fish when
downriver survival from the Snake River has im-

‘proved in recent years? [ suspect the major prob-

lem 1s mortality of hatchery fish from bacterial
kidney disease (BKD) either during rmnigrations
through the dam complex or, more likely, shortly
after entry into the ocean. In recent vears, BKD
has been prevalent in hatcheries at least at sub-
clinical levels (Congletor-ctal. 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

sybsequent seawater transition. Once activated, it’

usually takes -3 months to kill fish (Bullock et
al. 1975). Because travel time from Lower Granite
Darm to John Day Dam during the last 10 years
has'averaged 11-14 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, if there is an outbreak of BKD 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-
life Service, personal communication) in combi-
nation with low river flows. With the migration
delayed by low runofl, many of these hatchery fish

died between Priest Rapids and McNary dams. [n”

1982, a similar outbreak occurred but, with higher
river flows. 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 occan 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, Congefton 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 haich-
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-
lv all of the mortalities were associated with BKD
(Matthews et al. 1985; Park et al. 1988).

If upriver spring chinook salmon runs 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 rebuiid, 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 of return of hatchery fish from 1983 and
1984 releases to both reaches of river increased
dramatically from previous years. For the Snake
River, fish numbers were 19,000 and 26,000;-re-
spectively, and rates of return averaged 0.65%. By
comparison, returns averaged only 3,000 fish.and
0.18% for releases between 1978 and 1982 (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 17,000 and 21,000 wild fish returning
10 the Snake River from 1983 and ‘1984 smoit
migrations is most encouraging. The 3% rclurn
from 1984 iseven approaching predam return rates
{Table 2). Rates of return of wild fish 1o the mid-
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Cotumbia River were similar (Table 5), but there
was no significant increase in numbers of wild fish
based on index redd counts between 1985 and
1987. The reasons for the recent high returns are
unknown but could include better quality hatchery
fish migrating d0wnr1ver in 1983 and 1984, more
wild smolts in the Snake R:vcr 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, it contrast to those of spring chinook
salmon, are mostly of wild origin, Both races mi-
grate to sea as yearlings at the same tlime each
spring. From the emigrations of 19691982, 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 1977 refiected lower survival of smoits
migrating to sea through the dam complex (Sims
etal. 1978; Raymond 1979). The higher return of
3.4% from smolt migrationsin 1975 and the lower
one of 0.9% from 1976 probably reflect difierences
in survival afier entry in the ocean, because down-
river survival rates in those 2 years were generally
similar (Sims and Ossiander 1981), The improve-
ment in return rate, to about 1.3%, from smolt
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 1970s. The 1.0 million smolts
that emigrated in 1970 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 enhance
numnbers of smolts, made its first releasesin 1980;
numbers produced, however, have ranged oniv be-

- tween 100,000 and 250,000 each year through

1983 —insufficient to offset the population lost to
dams during this decade. The increase to 1.0 mil-
fion smolts being relcased from McCall Hatchery
starting in 1986 should result in increases in adult

-returns of summmer chinook salmon by 1988,

Rates of return of summer chinook salmon 1o

the mid-Columbia River from small migrations
between 1969 and 1982 have remained a low 0.3~
1.1% (Figure 2; Table 6). This is considerably low-
er than returns to the Snake River in cvery year
except returns from the 1973 and 1977 smolt mi-

‘grations that incurred a2 95% or higher mortality

during their migrations to sea. This consistently
lower rate of return provides further evidence that
fingerlings from the mid-Columbia River, which

- migrate to sea as subyearlings in July and August,

usually incur substantially higher mortalitics than
yearlings from the Snake River, which migrate to

sea in Apnl and May. This higher mortality is -

probably the primary reason why this run has not
improved despite enhancement measures.
turns declined from 26,000 fish from smolt mi-
grations in 1968 to only 14,060 fish from migra-
tionsin 1971, even though 500.000 or more smoits
have been released from Wells Hatchery each year
since 1969 (Table 6). There was some increase in
returns from smolt migrations between 1972 and
1977, averaging 20.000 fish ard about a 1% rate
of return. However, the run has since declined 10
an average of 13,000 adults and a 0.3% return rate.
This 35% decline in numbers of adults is partic-
ularly alarming because i1 occurred in spite of a
33% increase i numbers of smolts starting sea-
ward migrations each vear beginning in 1978. 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 1985). 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 remdined consis-
tently between 1,500 and 2,000 each year between
1973 and 1980, dropped to about 800 in 1982 and

700 in 1983. This indicated that wild fish runs

returning from the 1979 and 1980 smolt migra-
tions were about 50% less numerous. Redd counts
were back up to 1,600 in 1984 and to over 2,000
by 1987, indicating better survival of wild ﬁsh
migrating 1o sea since 1980.

Actions taken since 1975 1o provide flows, spills,
and transportation to enhance survival of smolts
have generally concentrated on spring-migrating
fish. Little or no spill has been provided in summer
months through the mid-Columbia reach. Some
spill for fish has been provided at John Day Dam
in the summer but none specifically for fish at The
Dalles or Bonneville dams. Since 1980, many sub-
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yearlings have been transported from McNary Dam
in July and August. This has provided some pro-
tection for fish reaching that dam but does nothing
to reduce mortalitics of those migrating past mid-
Columbia River dams. Supplemental flows to
minimize delays in migration are probabiy not
needed. Miller and Sims (1984) found no corre-
lation between amount of river flow and travel
time of subyearlings migrating in July and August,

-and concluded this was because the parr were not

ready to migrate. Migration occurs when 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 of smolts are
being produced. In contrast, the rate of retum of
mid-Columbia runs has remained less than 0.4%
mostly because of inadequate protection of smolts
at dams and poor survival of hatchery releases.
Better enhancement 15 required to oflser smolt
mortalities if we wish to improve mid-Columbia
runs. Enhancement should include (1) spilils, fin-
gerling bypasses, or some form of transporation
of smolts at mid-Columbia River dams, (2) in-
creased transporation of smolts from McNary
Dam and spills or fingerling bypasses at The Dalles
and Bonneville dams, and (3) greater contribu-
tions from hatcheries, which possibly shonld alter
the size of fish released or the time of release 10
conform more closely 1o 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, release may improve survival.

Steethead

The rates of return of steélhcad to both the mid-
Columbia and Snake rivers from smolt migrations
between 1969 and 1984 dramatically portray the

effects on these runs both of dams and of enhance- .
“and apparently excellent survival after entry into

ment measures since 1974 (Figure 3; Tables 3, 7).
The similar declines in retumn 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 1977) reflects the improved survival of
steelhead smolts passing through. the dams and
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_reservoirs brought on by enhancement actions tak-

. from the Snake River has been excellent,. Since

en since 1975 1o reduce mortality of smolts.
The response (o mass ransportation of smaolts

1977, between 64 and 79% of the steelhead from
the Snake River cach year have been transported
by truck or barge around the dams 1o release sites
below Bonneville Dam. Data indicate that most
returns to the Snake River, especially in low-flow
years, were {rom transported fish (Park 1985). Sims
etal. (1983) found that survival of nontransported
fish between 1977 and 1980 was low, especially
in 1977, 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
ofreturn from 1977 smolt migrations best portrays
the. benefits of transportation. Rate of return of
fish from the Snake River, most of which were
transported, was about 1% —over three times the -
rate for nontransported fish from the mid-Colum-
bia River (Figure 3}, During higher-flow years, such
as 1978~1981, benefits of transportation were not
as great because nontransported fish survived bet-
ter. Even so, average return rates were 2.1% to the
Snake Riverand 1.3% to the mid-Columbia River.

Returns 1o both reaches of the river in 1981
declined. I believe this resulted from decreased
survival 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 1981 out-migrations
(Gary Fenton, Washington Department of Game,
personal communication).

Returns from the 1982 smolt mlgranons were -
about 5% to the Snake.River and 6% to the mid-
Columbia River,. figures. closely approx;_maﬂng
1962-1966 return rates (Figure 3; Tables 3; 7). The~=~ :
high returns.were probably due to a combination-
of 48%-downriver. survival:'of ‘nontransported
smolts, thc'hzghest since~1968°(Sims et al. 1983),

seawater, as evidenced by much higher returns
from 1982 than 1981 smolt migrations in Puget
Sound streams. Survival was good because there
were high river flows and spills, and measures were
in place 10 control nitrogen supersaturation. Sur-
vival in the mid-Columbia River, although not
measured, was probably similarly enhanced be-
cause spill levels and river flows were much h@ghcr .
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than in the previous 4 years (5,380 mY/s average
river flow and 3420 mY/s average spill in May
1982, comparcd 10 the 1978-1982 May average

‘of 3,960 m¥/s low and only 310 m"/s spill).

The hatchery program is another reason for the
success of steelhead. Prior to 1975, rates of return
af hatchery fish to the Snake River were much
lower than those of wild fish (Figure 4). Returns
[rom the early years of smolt releases from Dwor-
shak and Niagara Springs hatcheries were disap-
peinting. Since then, rates of return of hatchery
steethead 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

‘now being realized with releases of smolts in the

Methow and Wenatchee rivers from Wells and
(Chelan hatcheries.

ecause of large increases in numbers released
from hatcheries and better survival of all sticelhead
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
were also near record-high levels. The turnabout
reflects a positive response of steelhead to both
suppiementation from hatchenies and enhance-
ment of survival through the~dam complex.

Summary

Hydroeleciric development changed the Co-
lumbia and Snake rivers from mostly free-flowing
rivers in 1938 to a series of dams and impound-
ments by 1975, Storage reservoirs built in Canada
1o regulate the river for flood control and for more
<flicient 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 1aken 1o offset dam-related mortalities
have enhanced some but not all runs of fish. Data

"oblained from rates of return of spring and sum-

mer chinolék salmon and steclhead to the Snake

and mid-Columbia rivers demonstrated how hy-
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deoclectric development and activitics (o oflset
smolt mortalitics have affected Tuns of salmon and
stecthead from these rivers. Major findings were
as follows.

(1) Dams buiit between 1938 and 1955 prob- -
ably affected fish runs but overharvest, especially -

af summer chinook salmon, was more detrimen-
1al. Once escapement was zllowed to increase and
cnhancement 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 t0 0.8-2% (depending
on species) by 1968. In contrast, the rate of retumn

of Snake River fish remained a consistent 4-5% ‘

during this period. Mid-Columbia River smolts
suffered greater montalities because they had 1o
pass 2—4 more dams than did Snake River fish.
(3) The rate of retum of summer chinook salm-
on from the mid-Columbia River was lower than
for other fish runs beiween 1962 and 1968. 1 sug-
gest the reason was greater mortality of smolts
migrating 1o sea as subvearlings in July and Au-
gust, when river flows and dam spills were lower
and water temperatures were higher, than was suf-
fered by other smolt races emigraiing as vearlings

. in April and May.

(4) Smolt moralities from new dams built on
the Snake River after 1968, plus the already com-
pieted dams on the lower Columbia River, caused
the rate of return of Snake River salmon and steel-
head 1o drop from about 4% through the 1963
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 lows in 1973 and 1977 equates to a
mortality of 45% at each project (dam plus res-
erveir) as compared to 15% montality 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. - k

(6) Enhancement measures designed to offset
dam-related smolt mortalities began in 1975. These
measures included spillway deflectors to reduce
dissolved gas supersaturation, fingerling bypasses
at dams, transportation of smolts around dams,
supplemental river flows to minimize delay in
passing through reservoirs, and supplemental spills
at dams 10 minimize turbine mortality at dams
without hngerling bypasses.

(7) Adull losses and delays have been signifi-
cantly reduced in recent years by providing better
attraction at ladder entrances, reducing or shaping

o
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" spill at dams to minimizc fallback, and adding
spillway deflectors to reduce dissolved gas super-
saturation.

(8) Enhancement pracuccs improved downriv- -

er survival of spring chinook salmon smolts, but
the rate of return of aduits has remained 0.7% or
Iess since the 1977-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 1973 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 has been mor-
tality of smolts shortly after entry into the ocean.
The activation of bacterial kidney disease by
stresses encountered during downriver migrations,
transpontation, or transition inio seawater is the
most likely cause.

(10) Wildspring chmook 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 3% between the 1977
and 1984 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 retumn rate also suggest that conditions
in the ocean were favorable for survival in those
years.

(in Most summer chinook salmon from the
Snake Riverare wild, and return rates are generally
_ 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 surnmer 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 of steelhead to both lhe
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 1o enhancement measures since 1974,

(14) The response of sieclhead to mass trans-
portation of smolts from the Snake River since
1977 has been significant. Between the {977 and
1981 emigrations, the rates of return 1o the Snake
River, from which most of the fish were trans-
ported, were about double those of nontransported

mid-Columbia smolts. The benefits have been
highest in low-runoll years.

(15) Because of enhancement, runs of steclhead
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 Iess than
1,000 fish to over 54,000 fish.
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0 58 0.0%) 0 12 0.0% 0 361 0.0%
0 13 0.0% 0 2 0.0% 0 30 0.0%
0 99 0.0% 39 3664 1.1%
0 1 0.0% 0 261 0.0%]
0 0 6 0.0%)
0 100 0.0%] 2 1247 0.2%)
o} 81 0.0%) 1 358 0.3%
0 13 0.0% 1 14 7.1%




05/11

0512

05/13

05114

05/15

HCH1
WCH1
CHO
HST
WST
WSO
HCH1
WCHA1
CHO
HST
WST
WSO
HCHA1
WCH1
CHO
HST
WST
WwSsOo
HCH1
WCH1
CHO
HST
WST
WSO
HCH1
WCH1
CHO

HST

WST
WSO

1994 SNAKE RIVER SMP Gr-\o BUBBLE SYMPTOMS

LGR LGS LMN
# OBS |# SAM | % GBS|# OBS |# SAM (% GBS |# OBS |# SAM |% GBS
0 95 0.0%) 0 100 0.0% 0 94 0.0%
0 5 0.0%) 0 17 0.0% 0 38 0.0%
0 0 0 1 0.0%
0 100 0.0%) 0 100 0.0% 0 100 0.0%
0 100 © 0.0% 0 14 0.0% 0 11 0.0%
0 9 0.0% 0 6 0.0% 0 1 0.0%
0 96 0.0% 0 113 0.0%] 0 100 0.0%
0 3 0.0% 0 34 0.0% 0 60 0.0%
0 0 0 . 0.0%
0 100 0.0%) 0 101 0.0% 0 100 0.0%
0 76 0.0% 0 16 0.0% 0 50 0.0%|
0| 21 0.0% 0 3 0.0%) 0 13 0.0%
0 76 0.0% 0 100 0.0% 60 0.0%)
0 0 69 0.0% 53 0.0%)
0 0 3 0.0%
0 100 0.0% 0 100 0.0% 77 0.0%
0 80 0.0% 0 100 0.0% 51 0.0%
0 19 0.0% 0 27 0.0%} 14 0.0%
0 28 0.0% 0 100 0.0% 4 5822 0.1%)
0 1 0.0% 0 18 0.0% 0 590 0.0%)
0 0 | 0 6 0.0%
0 80 0.0% 0 100 0.0% 0 1832 | 0.0%
0 58 0.0% 0 12 0.0%) 0 361 0.0%
0 13 0.0% 0 ) 0.0% 0 30 0.0%
0 99 0.0% 39 3664 1.1%
0 1 0.0% 0 261 0.0%
0 0 6 0.0%|
0 100 0.0%) 2 1247 0.2%
0 81 0.0% 1 358 0.3%
0 13 0.0%) 1 14 7.1%




05/11

05/12

0513

05/14

05/15

CH1
CHO
HST
WST
co
HSO
WSO
CH1
CHO
HST
WST
CcO
HSO
WSO
CH1
CHO
HST
WST
Cco
HSO
wso
CH1
CHO
HST
WST
cO
HSO
Wso
CHi1
CHO
HST
WST
coO
HSO
Ws0

1994 LOWER COLUMBIA SMr GAS BUBBLE SYMPTOMS

MCN JDA BON
# OBS [# SAM | % GBS}# OBS [# SAM 1% GBS |# OBS |# SAM |% GBS
0 1246 0.0% 0 113 0.0% 0 101 0.0%
0 5 0.0% 0 0 103 0.0%
0 346 0.0% 0 139 0.0% 0 103 0.0%
0 68 0.0% 0 103 0.0%) 0 100 0.0%
0 958 0.0%) 0 118 0.0% ) 102 0.0%
0 17 0.0% 0 C g2 0.0%) 0 80 0.0%
0 286 0.0% ) 132 0.0% - 0 -
0 1336 0.0% 0 775 o.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% 0 185 0.0% 0 107 0.0%
0 B86 0.0% 0 3N 0.0% 0 100° 0.0%
0 5 0.0%) 0 6 0.0% 0 100 0.0%
0 182 0.0% 0 147 0:0% 0 -
0 1033 0.0%) 0 121 0.0% 0 104 0.0%)f .
. 0 - o 0 104 L 0.0%
0 204 0.0%] 0 110 0.0% 0 100 0.0%
0 50 0.0% 0 105 0.0%! 1 108 100.0%
0 657 0.0%) 0 104 0.0% ) 100 0.0%
- C 0 11 0.0% 0 13 0.05¢]
0 121 0.0% 0 114 0.0% o 108 0.0%
‘0 BOS 0.0% 0 222 0.0% 0 163 0.0%
- ) 0 0 134 0.0%
0 146 .08 0 120 0.0% 0 113 0.0%
0 48 0.0%) 0 97 0.0% 0 106 0.0%
0 396 0.0% 0 146 0.0%) 0 353 0.0%]
0 0 5 0.0% 0 5 0.0%
0 94 0.0% ) 105 0.0% 0 147 0.0%
0 1188 0.0% 0 103 0.0% 0 175 0.0%
0 16 ooxl . o 1 0.0%) 0 122 0.0%
0 170 0.0% 0 109 0.0% 0 o8 0.0%
0 44 0.0% 0 100 0.0% 1 94 1.1%)
0 323 0.0% ) 134 0.0% 0 426 0.0%
0 3 0.0% 0 15 0.0% 0 12 0.0%
0 &2 0.0%) C 127 0.0% 0 142 0.0%]




05/11

05/12

0513

05/14

0515

CHi
CHG
HST
WST
co
HSO
WSO
CH1
CHO
HST
WST
CC
HSO
WSO
CH1
CHO
HST
WST
co
HSO
WSO
CH?1
CHO
HST
WST
Cco
HSO
WSO
CH1
CHG
HST
WST
Co
HSO
WSO

1994 LOWER COLUMBIA SMP GAS BUBBLE SYMPTOMS

MCN JDA BON
# OBS |# SAM | % GBS)# OBS |# SAM |% GBS {# OBS |# SAM {% GBS
0 1246 0.0% 0 113 0.0% 0 101 0.0%
0 5 0.0%) - o} 0 103 0.0%
0 346 0.0%) 0 139 0.0% 0 103 0.0%)
0 88 0.0%) 0 103 0.0% 0 100 0.0%
) 958 0.0%| 0 118 0.0% 0 102 0.0%
0 17 0.0%] 0 22 0.0% 0 60 0.0%
0 286 0.0% S0 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% o 113 © 0.0%
0 57 0.0% 0 185 0.0% 0 107 0.0%)
0 886 0.0% 0 341 0.0%) 0 100 0.0%
0 5 0.0%) 0 6 0.0% 0 100 0.0%
0 182 0.0% 0 147 oox| = - 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 0.0%
0 50 0.0%) 0 105 0.0% 1 108 100.0%
0 657 0.0% 0 104 0.0% 0 100 0.0%
- 0 0 1 0.0% 0 13 0.0%] -
o 121 0.0% 0 114 0.0% 0 105 0.0%
0 899 0.0% 0 222 0.0% 0 163 0.0%
- 0 - 0 — 0 134 0.0%
0 146 0.03 0 120 . 0.0% 0 113 0.0%
0 48 0.0%) 0 97 0.0% 0 106 0.0%)
0 396 0.0% 0 146 0.0%] 0 353 0.0%|
0 0 5 0.0%) 0 5 0.0%)
0 94 0.0% 0 105 0.0% o 147 0.0%
0 1188 0.0% 0 103 0.0%) 0 175 0.0%
0 16 | 0.0%) 0 1 0.0%) 0 122 0.0%]
0 170 0.0%) 0 109 0.0%) 0 98- 0.0%
0 44 0.0% o 100 0.0% 1 94 | 1.1%
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%)




05/11

0b/12

05/13

05/14

05/15

CH1
CHO
HST
WST
co
HSO
WSO
CH1
CHO
HST
WST
co
HSO
Wso
CH1
CHO
HST
wST
co
HSO
WSO
CH1
CHO
HST
WST
co
HSO
WSO
CH1
CHO'
HST
WST
co
HSO
WSO

1994 LOWER COLUMBIA SMF GAS BUBBLE SYMPTOMS

62

‘ MCN JDA BON

# OBS |# SAM | % GBS]# OBS |# SAM |% GBS {# OBS |# SAM [% GBS |
0 1246 0.0% 0 113 0.0% 0 101 0.0%
0 5 0.0% 0 0 103 0.0%
0 348 0.0% 0 139 0.0%) 0 103 0.0%
0 68 0.0% 0 103 0.0%) 0 100 0.0%
0 858 0.0% 0 118 0.0% "o 102 0.0%
0 17 0.0% 0 22 0.0% 0 60 0.0%)
0 286 0.0% o 132 0.0% 0 -
0 1336 0.0%) 0 775 0.0% 0 100 0.0%)
0 15 0.0% o 1 0.0% 0 100 0.0%
0 261 0.0% 0 347 0.0%) 0 113 0.0%
0 57 0.0% 0 185 0.0% 0 107 0.0%
0 886 0.0% 0 341 0.0% 0 100 0.0%
0 5 0.0% 0 6 0.0% 0 100 0.0%
0 182 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 0.0%)
0 50 0.0%) 0 105 0.0% 1 108 100.0%
0 657 0.0% 0 104 0.0% 0 100 0.0%
0 o 1 0.0% 0 13 0.0%
0 i21 0.0% 0 114 0.0% 0 105 0.0%
0 899 0.0% 0 222 0.0% 0 163 0.0%
0 -] 0 0 134 0.0%
0 146 0.0% 0 120 ,0.0% 0 13 0.0%
0 48 0.0% 0 97 0.0% 0 106 0.0%
0 396 0.0% o 146 0.0% 0 353 0.0%
0 0 5 0.0% 0 5 0.0%
0 94 0.0% 0 105 0.0% 0 147 0.0%
0 1188 0.0%) 0 103 0.0%) 0 175 0.0%
0 16 0.0% 0 1 0.0% 0 122 0.0%
0 170 0.0% 0 109 0.0% 0 98 0.0%
0 44 0.0%) 0 100 0.0% 1 94 1.1%
0 323 0.0% 0 138 | - 00% . - 0 426 |~
0 3 0.0% 0 15 0.0% 0 12 0.0%
ol 0.0% 0 127 0.0%) 0 142 " 0.0%

oo



05/11

05/12

05/13

05/14

05/15

CH1
CHO
HST
WST
Cco
HSOC
Wso
CH1
CHO
HST
WST
co
HSO
WSO
CHA
CHCO
HST
wsT
co
HSO
wsoe
CH1
CHO
HST

CWST

Co
HSO
WSO
CH1
CHO
HST
WST
CO
HSO

WSO

1994 LOWER COLUMBIA SMF GAS BUBBLE SYMPTOMS

MCN JDA BON
# OBS |# SAM.| % GBS|# OBS |# SAM |% GBS j# OBS |# SAM |% GBS
0 1246 0.0% 0 113 0.0% 0 101 0.0%
0 5 0.0% o 0 103 0.0%
0 346 0.0% 0 139 0.0% 0 103 0.0%
0 68 0.0% 0 103 0.0% 0 100 0.0%
0 958 0.0% 0 118 0.0% 0 102 0.0%
0 17 0.0% 0 22 0.0% 0 60 0.0%
0 286 0.0% o 132 0.0% 0 —
0 1336 0.0%) 0 775 0.0% 0 100 0.0%)
o 15 0.0% 0 1 0.0% 0 100 0.0%)
0 261 0.0% 0 347 0.0% 0 13 0.0%
-0 57 0,0% 0 185 0.0% 0 107 0.0%
0 - 886 0.0% 0 341 0.0% 0 100 0.0%
0 5 0.0% 0 6 0.0%] - 0 100 0.0%
0 182 0.0% 0 147 0.0% 0
0 1033 0.0% 0 121 0.0%) ol 104 .0.0%
- 0 0 0 104 0.0%
0 204 0.0% 0 110 0.0% 0 100 0.0%
0 50 0.0% 0 105 0.0% 1 108 100.0%
0 857 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%
0 899 0.0% 0 222 0.0% 0 163 0.0%
0 0 0 134 0.0%
ol 146 0.0% 0 120 , 0.0% 0 113 0.0%
0 48 0.0% 0 97 0.0% 0 106 0.0%
0 396 0.0% 0 146 0.0% 0 353 0.0%
0 0 5 0.0% 0 5
0 94 0.0% 0 105 | - 00w 0 ‘147 [ To.0%
0 1188 0.0% 0 103 0.0% 0 175 0.0%
0 16 0.0% ) 1 0.0% 0 122 0.0%
0 170 0.0% 0 108 0.0% 0 98 0.0%
0 44 0.0% 0 100 0.0% 1 94 1.1%
0 323 0.0% o 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%| -

X



1994 LOWER COLUMBIA SMP’-‘;AS BUBBLE SYMPTOMS

.. MCN _ ~JDA : . BON
# OBS |# SAM | % GBS|# OBS |# SAM |% GBS |# OBS [# SAM |% GBS
05/11 CH1 o 1246 - 0ou| o 113 0.0% .0 101 0.0%
CHO .0 5| - oo%| o~ 0 0 103  0.0%
' HsT 0 ade | 0.0% of -.138}|- o00% 0 103 - 0.0%
- wsT ‘0 68| . 0.0% ol - 10 0.0% 0 " 100 0.0%
: co o] -~os8| - oo% ol . n8] ' oo0% 0 102 0.0%
HSO . .0 17 oo%| T of 22| - 0.0% 0 - 60 0.0%
WSO o 286 0.0% 0 132 0.0% - o]-
05/12 CH{ o[ 1338 0.0% -0 775 0.0% 0 100 0.0%
CHO - ol + 15 0.0% -0 1] - 0.0% 0 100 0.0%
HST. 0 261 0.0% 0 ., 347 “0.0%| 0 113 0.0%]
;. WSsT ol - 87| 00% v o 185 . 0.0% 0 107 - 0.0%
co 0 886 | - 00% , - O ast | 0.0% 0 100 0.0%
HSO . o 8| oou 0 6| o00% 0 100 0.0%
; Wso 0 182 0.0% 0 147 0.0% - ol -
o513 cH1- | : o 1033 0.0% 0 121 0.0% 0 104  o00%
. CHO - o . . o] - 0 104 0.0%
", HST el 204 cox|. .o 110 00% . o 100 0.0%
wsT . 0 50 oo%f 0 105 0.0% 1 108 100.0%
co 1 o|  es7| - ocou] 0 104 |  oo% 0 100 © 0.0%] .
‘wso | -] 0 0 1]  0.0% 0 13 0.0%
wso 0 121 0.0% 0 1M4]  0.0% 0 105 0.0%
05/14 CH1 ) 899 0.0% 0 222 |  0.0% 0 163 1 0.0%
CHO PR T 1 - ol . . =]. o 134 0.0%
HST -0 146 ~ 0.0% "ol 120] ,o0u] . o 113 0.0%
WST _ 0 48| . 0.0% 0 o7} - 00%l . o 106 0.0%
' CO .o 896 | - 0.0% -0 146 ‘a0% L o0 353 . 0.0%
_HSO TR 0 0 : 00% . o 5 0.0%4 °
. "wso Yoo o4 | 00% of ~iws] . ‘oow : .0 147 0.0%
0515 CH1 .- o] [ ues|  00% . o). .03 00% 0 175 " 0.0%
. CHO AN ) 16 0.0% . 0 1 ooxl T 0 122 L 0.0%|
* HST . e 170 00% O 108 0.0% 0 e8| ood . .
 WST e 4 0.0% 0 100 0.0% 1 94| 1%
' co ;0 323 00%f - o 134 © 0.0% .0 426 | . 0.0%
. HSO 0 al . oo% ‘0 15 0.0% 0 .12 0.0%
- WSO 0 62 0.0% 0 127 - 0.0% 0 142 - 0.0%

[
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PROJECT
BON
TDA* %
JDA
MCN#* *
THR**

LGS

LWG**

NMFS REQUEST

68% spill (24 hrs)

40% spill (24 hrs)

33% spill (12 hrs)
48% spill (12 hfs)
25 kcfs (24 hrs)

54% spill (12 hrs)

48% spill (12 hrs)

78

op

spill (12 hrs)

~ May 16, 1994

Spill

Spill

Spill

Spill

CURRENT OPERATION

75 kcfs (day)
120 kcfs(night)

(about 50%). 12 qS?g
40% (24 hrs)

5% (12 hrs)

48% (12 hrs)

25 kcfs (24 hfs)

35% (12 hrs)

30 kcfs (12 hrs),
about 35%

78% (12 hrs)

*% Prdjects spilling NMFS requested levels and dissolved gas in
area downstream of spillway does not exceed 120%.



C‘E‘N'P‘D-PE-WM _ May 11, 1994

-MEMORANDUM FOR THE RECORDS
Aby Botyvong Tanovan )

;S,‘L'__J_B:‘J_E_CT:J'EotaI Dissolved Gas {TDG) Monitoring Needs -

1. Current monitoring installations at Corps lower Snake and lower Columbla
River projects include the following forebay and tailwater locations:’
Project . Forebay Tailwater Location Telemetry
1.DWR: . ® . x
2.LWG x x
3.LWG . x .8 mi right bank (H)
4.1LGS x : x
5.L68S o x .7 mi Right Bank (H)
6 LMN b4 ' X
‘ % -8 mi Left Bank - {H)
x : x
X .8 m;d—channel : (W)
X 3.6 mi Right Bank';‘
_ : : x 7.1 mL HOO( Park x
Louwx c R : : '._WA'jr RURE, x
ke : CoR - . -
S x. 1.4 mi Right Bank . " (H)
: x ' - ' x '
16 TDA x x
'17.BON x . %
18.WRNO - x Warrendale x
15.SKA X Skamania x
20.CWMA x Camas x -
21 .KLAW x Kalama X
22 .WANO x Wauna Mill x
(H) = Hynet Logger -

(T)
(W)

Telemetry with Logger
Wireless deployed on buoy (logger)
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FISH PASSAGE CENTER

2501 5.W, FIRST AVE. » SUITE 230 » PORTLAND, OR 972074752
FHONE (503) 230-4099 * FAX (503} 230.7559

MEM ND

DATE: March 28, 1994

TC: FPAC _ .

FROM: Larry Basham, FPC

RE: Mainstern adult Trapping Facilities - Recording Gas Bubble Trauma sympioms, head ar

other wounds noted on handled fish.

During the 1993 adult fish migration on the Columbia River, fairly high levels of spill were prevalent
a2t a1l mainstem dams in mid to late May, Dissolved gas levels ranged as high as 141 % saturation in the
Snzke River. Head injuries wers recorded by WDW fish counters at the fish counting windows and at
trapping sites. Few injuries of any type were noted at Bonneville Dam, increased injury rates at John
Day Dam, and at Lower Granite Dam head injuries averaged about % of the rotal sample of adult
salmen from mid-May through mid-July.

This year is not shaping Up 28 8 high flow year: howaver. high fiow/spill condirions can somatimes
prevail for short duratiens, as weather is not a controliabie item, The FPAC recommended thal an adult
lish monitoring progrant be Initiated or continued during 1994 at the mainstam trapping sites, and that
recards of fish condition be made available to the Pish Passage Center on a2 weekly basis. A standard
reporifiig format should be used to recovd dara from individual fish. A summary of sampled fish should
he compiled wezkly, and should be mailed or FAX'd to the FRPC. The summary should include the
lollowing: . .

I, Sampling Dates for Week

2, Number of Fish Sampled Per Week

3, Number of Fish Rated Guod 10 Excslient Capdision

4 Number of Fish with Head Burns

3, Number of Fish with Gas Bubble Trauma Symproms

6. Comments on Fish Condition or Adult Passage for the Week

Please observe the caudal. anal, and dorsal fin for presence of air embolisms, |n addition, the roof
of the mouth should be observed 1o assure no bubbles have settled in that area as well,

The auached data sheet can be duplicated and sent tfax preferred) to the FPC on Wednesday or
Thursday of each week. Please call me at the Fish Passage Center, 503/230-4287. if you'have questions
regarding the informarion required for the weskly summary, Additional fish quality infermation ¢an be
sent with that listed ebove, but mainly, we are interested in monitoring aduh fish for Gas Bubble Trauma
symptoms and presence of head burns which may or may not be refated 10 Gos Bubble Trawna
symproms. Some of the informagon may be used for the FPC weekly report.

vo Jeff Frver, CRITFC )
Jerry Harmon. NMFS . ATTACHMENT 4

- _;,3 Ted Bjornn. U of [ Fisheriss Coop Unir
-y

FPHLEON © bE 2D PG, 2T AHW
E1,21'd 63y LS3MHLEON SN bidba s R
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Gas Bubble Trawma Symptom Monitoring
Lateral Line and Gill Filament

I. On an every other day basis - thirty harchery steelhead from the dissolved gas trauma
monitoring sample will be random}y chosen and ucnﬁm:d by over-anesthetizing the fish,

2. These fish will be part of that dzy § sample for dsxsolvcd gas trauma monitoring and will
be included in the sample statistics, [n addition, the thirty (total) flsh will be observed
in-depth for lateral Jine and giif Mament SYmpLoms.,

3. GILLS:
The gills should be examined fiest, Firsr, hold the fish down under water and cut the gill

arch. Gas bubbles may bubble up 28 the blood is released,
Take the fish from the water and ¢lip a sccond gill arch, placing it on a slide. The size that
~ we anticipate these fish to be will require that the indlvidual filaments be removed from the arch |
with 2 scalpel, and then coversiipped with 2 drop or two of water for 3 WEt mount examination.
Examine the filaments under a compound microscope for évidence of gas bubbles in the gill
caplliaries.

This examination is crueial, Don't confuse round bubbles that happetied to be caughe under
the coverslip for bubbles inside the blood vessels of the gills, You must focus up and down with
the fine foeus of the microscope 10 énsure that what you are looking at is truly inside the bleod
vessel. The bubbles actually inside will probably not be round, they will be elongated because
they take oa the shape of the gill capillazies themselves, Perfectly round bubbles should be
discounted, as they are pmbabiy extraneous bubbles just caught under 2 filamem or coverslip.

* This technique will take some practice.

LATERAL, LINE;

This is by direct exam Under the dissecting scops, Look for bubbles alang the indentation
of the lateral line, 1f nont are apparent, pee! back the skin of the fish to look between the skin
and the muscle bundles for bubbles thar may be in the indentaticn where the bundles meet gach
other., Examine both sides of e fish,

This Is also a good opporunity to examine the eyes moré closely under the dissecting scope
for bubbles which may not b apparent to the. unaided eye. _

INTERNAL BXAM: :

The fish can be opened carefully with 2 scalpel. Do pot puncture (oo deeply into the fish
25 you art trylng to preserve the swim bladder intact. As you open the fish, look for gas bubbles
in the intesting, and sez if the swim bladder is abnormally distended. This will take some
practice in identifying. Once noted. the swim bladder can be tugged aside, and the surface of
the Xidney caamined for visible bubbles under the membrane.

*  Each site will be provided with a compound and binocular dissecting microscope 1o use for fish
observation. Fish Passage Center Steff will arrange and provide training 1o Smelt manizoring
Program crews, We request thas 2t Jeast two biologisis from each site be made available for the
training session. .

387.94.mf

ET 114 93N IS3MLIA SAUN WAER:Z2B  Fe. 2T Abkl
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FISH PASSAGE CENTER

2501 §,W. FIRST AYVE. + SUTTE 230 » POKTLAND, OR 972014753
PHONE (503) 2304099 * FAX (503) 230-7559

Aritach =

MEMQRANDUM ;
DATE: May 11, 1554

%mmn& Program Qu Pcrsozei
FROM: Michele DeHan

RE: Additional monitoring 2ssociated with gas bubble trauma

As you are 3l probably aware, additional spill is being provided this year to aid the juvenile
migration. As part of thi¢ program, we have besn asked to add 2o additional monltoring element into
the gas bubble trawma moniwrmg that is now on-going. This element is designed to detect sarly
symptoms of dissolved gas in fish, It will require sacrificing a number of fish, and the close examination
of their gill filament and fateral line. ‘Training and equiptuent will be prowded at each site. The protocol
that will be used for training and implementation Is attached, The implementation of this monitoring on
an alternate day basis will be initiated whean dissolved gas fevels reach 120%. As of this time, we do not
know how the determination of dissolved gas levels will be determined. There are on-going discussions
betwesn NMFS and the operators. Therefore, we cannot tell you when the 2dditional monitoring will
begin. Be assured that we will notify each site thh as rauch lead time as possible. The attached protocol
has been reviewed and approved for implemenation by she Fish Passage Advisory Committee,

We will be providing you with a separate dara sheet and advice as to how the data should be
transmitted o the FPC prior to implementation, If you have any additional questions, piease confact
Margarat Filardo ar 230-4286 or Larry Basham a1 2204287,

ATTACHMENT 3
391-94,mf
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Dissolved Gas Symptoms  Sit _
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Reportigg GBS incldence to Fish Passage Center:

1. The 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 indlvidual sample days for GBS, the data should be sent to the FPC on the Smolt Monitoting
Summaries, The Information should be added 1o the Comment Section and inciude the pumber observed

with symptors and the number examined for each species, negative reports are also peeded. The
information should always be in this format: HCH!: xfy; WCHI x/y; ete,

- 3. ‘The individual tally sheets recording the GBS by species and catégories, and appropriate comments shouid
be mailed o the PPC on Friday of each week, and will be verificd by FPC personnel on 8 weekly basis.

4. During the GBS monitoring sezson, the sites should indicats in the §/36 batch comments that either 1)

there was no GBS monltoring, 2) there were no observations of GBS, or 3) what the GBS observations
Were. ’

¥PC Re ng of :

1. The FPC will report levels of GBS incidenee in the FPC's Weekly Report that is mafled out each Friday
to gbout 300 partles In the Columbia River Basin,

2. The FPC will further request that severe cases of GBS {fin(s) -+ head) at individual projects be
documented by photo.

93 1STHLEON SHN WATB:20  PB. T A
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Protoeol for Sampling Fish for Gas Bubble Symptors
at Al Sampling Sites

" The sample wiil consist of 100 fish per species per day. This sample will be taken 3 days per week.

“Thit sample will be gomposed of the same fish a5 used o determine descaling rates, weights, ete. When
gas bubble sympromz zre poted, then szmpling will be accomplished op a daily basis at all sampling sites
until the dissolved gas levels and associated gas bubble symptoms (GBS) are reduced 1o more normal
lovels. '

When GBS first appear in the sample, a comparative sample will be taken at the sepatrator of the
following dams: Lintle Goose, Lower Monumental, and McNary., A sample of 100 fish of yearling
chinook and steethead will be obtained ¢ach day. Fish should be captured via a sanctuaty dip net and
transferred (o 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 fank or
raceways,

Individual fish will be examined for GBS infon the fins, head, and gyss. Generally, ﬂrs: apptarance of
GBS is in the caudal fin,

The five classificarions of GBS wil] be recorded. These classifications are:

1. No Evidencg = gas bubbles are not present in any fin.

2 < 50% in_one fin = gas bubbles are observed in less than $0% of the surface of one fin,

3, 2_50% in one fin = gas bubbles are observed in greater than 50% of the surface of one fin.

4. Two or more Fins = gas bubbles are present in at Jeast rwo of the fish's fins.

. Fin(s) + Head = g3s bubbles are present in one or more of the fish's fin(s), plus the head area.

The Sequance to follow when Ingpecting a fish is to: 1) Inspect che fin area first, if no evidence is noted
then, procaed to the next fish: 2) If only one fin has gas bubbles present, determnine If 50% of the fin has
bubbles, and record in the < or > 50% column, and procesd 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 ars noted in the
head, record as two or more {Ins and procesd to the next fish. If bubbles were nored in the head area;
and, 4) record as Fin(s) + head, and proceed to next fish.

We 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 finafly in the last stages to the head area on the fish.

Training:

1.

Training of sampling personne! on recagnition of gas bubbie symptoms incidence will be completed prior
to the fish passage season by expertenced/trained personnel.

+
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FISH PASSAGE CENTER

2501 §.W. FIRST AVE. » SUITE 330 « PORTLAND, OK 872014752
PHONE (503) 230-2099 + FAX (5J3) 230-7559

- MEMORANDUM

3

=] L %AA &M

FROM: chhclc D

DATE:  March 30, 1994

TO: Smwolt Monitoring Sires

RE: Ga.s Bubble Sympw;ns (GBS) Monitoring in 1994

Enclosed are the guidelines and the form for monitoring for symptoms of Gas Bubble Trauma. There
are a few changes from last yedr, so please read through the protocol carefully, Starting on April 15,
all sites excluding the traps will begin roonitoring for GBS three days per week. As soon as any
sympioms aré sesn, moajtaring witl be conducted daily until sympioms and dissolved gas levels are
reduced, The Fish Passage Center wil] coordinate teturns to three day sampling afier a period of high
disgolved gas levels,

For each day GBS monitoring i3 conducted, please fill out Dissolved Gas Symptoms data sheets. Use
as many sheets as is necessary, depending on the number of species you sample. Use separate tally
blocks for hatchery and wild of any species where it is possible to make this differentiation. Photocopies
of the GBS data sheets should be mailed to the FPC weskly along with your handlogs.

Additionally, for cach day during the GBS monitoring season (April 15 to June [5), you must indicate
in the commenis of each dally baich either !) there was no GBS monitoring, 2) there weré no
observations of GBS, or 3) what the GBS observations were. If you are reporting GBS observations, vsé
this format:

HCHI: aly; WCHI: x/ys CEO: x/y: HST: xfy: WST: x/y; CO: x/y: HSQ: x/y; WSO: x/y

w‘hcre X is 1he number with GBS sympwms. and y is the number examined, wh:ch may be a
subsample or the emire sample,

{t is important to report the number observed with GBS and the number examined for all species,
regardiess of which are present at the time, or which specles have 2ay GBS. This information should
be in the form af raw numbers, noj percentages. Separate pumbers should be reported for the hatehery
and wild of a species, where that designation is being made. It is not necessary 10 specity the easegory
breakdown of GBS symptoms in the daily batch comments. ’

250.94.12b -

ATTACHMENT 1
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. We have advised the Fish Passape Advisory Committee that she data colleaied through the dissolved
gas symptom monitoring will be used for management decisions in a manner analogous to the present
mode! for descaling, When fish descaling increases at 2 project, the agencies and tribes are presented

- with the data, and al-site actions are prescribed first to remedy the situation. These may include, among
other things, trash raking or screen cyeling. If the descaling remains high, then additional (more
consequential) actions are 1aken until descaling decreases. The FPAC will review dissolved gas symptom
data on a regular basis, and if levels increase, actions will be taken to eliminate symptoms, Since the
spill program in 1994 only includes voluntary spill, the reaction to symptoms ¢an be immediate and
confined to whare symptoms arg observed. We understand that dissalved pas levels will be cansidered
on a daily average basis at several sites.

In summary, we belicve the biological monitoring program is fully coordinated and in place at this
ttme. This program was desetibed and presented to the In-Season Management Team at the May 11,
1994 meeting. Please feel free to conract us regarding this operation if you have any questions.

Sincerely. W

Michele DeHart
Fish Passage Center Manager

395-94.mf
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will convene a group of regional experts to review the. operation
and recommend any changes to the program,

Reporting

Results of monitoring will be provided to the Fish Paséage Center
for inclusion in the weekly FPC report.
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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, 199%4. Spill will be managed in-season on a twice weekly
basis., Decisions to increase or decrease spill levels and
subsequent dissolved gas levels will be made by the Operations
Group with the concurrence of the Natlonal Marine Flsheries
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 B80% «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 Graaite
dams. Spill is capped at The Dalles and Ice Harbor dams.- The
incidence of gas bubble disease in migrant salmonids will
determine whether these spill levels can be maintained through
the remainder of the spring migrations.

Salmonid Monitoring

I. Juveniles \

A. Smeolt Monitoring Program--Little Gobsé, 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 Reservolr (awaiting ESZ pernmit).

3) Cage Studies -- below Priest Rapids, Ice Harbor,
and Bonneville Dams.

C. Extérnal, lateral line, and internal assessment for
signs of gas bubble disease (GBD} to be made.



"
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I1. Adults
A. Trap Observations/Examinations
1) Bonneville Dam
2) TIce Harbor Dam {awaiting ESA permit modification}
3} Lower Granite Dam

B. External assessment for signs of GBD to be made.

Resident Biota Meonitoring

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 lZ-hour period having the
highest levels of dissolved gas for each location.

Actions lLevels

Salmonids

Recommendations 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 exceed the originally requested
amount necessary to achieve 80% 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 NMFS
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FISH PASSAGE CENTER

2501 8.W, FIRST AVE « SUITE 230 « PORTLAND, OR 972014752
PHONE (503) 230-4097 * FAX (503) 230-7559

May 12, 1994

Mr, J. Gary Smith

Acting Regional Director
National Marine Fisheries Service
7600 Sand Point Way NE
Seattle, Washington 98115-0070 .

Dear Gary:

The purposs of this correspondence is 10 advise you that the biologleal monitoring ptogram for
dissolved gas trauma symptoms is in place, The following is a description of the biolegical monitoring
design and protocol hat is currently in placs for the monitoring of gat bubble trauma associated with
increased dissolved gas due to spill. Monitoring has been occurring since the beginning of the fish
passage season at all Smolt Monitoring Program sites including: Lower Granite, Little Goose, Lower
Monumental, M¢Nary, John Day, Bonnevilie and Rock [sland dams, This has included sampling three
titmes per week as described in the attached protocol (Attachment 1). On Monday May 9, all erews were
advised to begin sampling for gas bubble sympioms oa a daily basis. These data are sent directly to the
Fish Passage Center on a daily basis, where they are summarized and stored elecironically. The attached
data shests were developed (Attachment 2) 1o present data to interesied parties on a regular basis. To-
date scveral thousand fish have been observed and no gas bubble symptoms have been detected in the
samples, _

At the request of NMFS we were asked to inglude additional tasks into the gas bubble symptom
monitering program to address the presencs of symptoms not observable in external monitoring. We
consulred with Phyllis Barney, 2 pathologist for the USFWS, to develop 2 protocol for the detection of
Jateral line symptoms and gil) observations, On Phyllis's recommendation we have included a task
requiring the interna) examination of the fish’s organs (swim bladder, kidney and intestines) for
symptoms, This protocol has been reviewed and approved (Attachment 3) by the ageneies and tribes.
The Smok Monitoring Program Crews will be provided with all the necessary equipment, and the trammg
of the crews is scheduled for May 12, 13 and 16.

In addition to the at-site monitoring, the NMFS will be conduciing resarvoir monitoring of both
salmonids and other species below lca Harbor, Prisst Rapids and Boaneville dams, This research has
been coordinated with the FPC in past years and we will continus to be provided with that data jn-season,

Prior to the beginning of the migration season the FPC coordinated with all proposed adult sampling
programs. Currenlly, fish are belng handled and observed at Bonneville and Lower Granite dams, These
data arc being sent to the FPC (Attachment 4). The {ead coordinators of these projects were notified on
Mondzay, May 9, of the imminent implememarion of the splll program and were asked to notify the FPC
immedlately of any symptoms detected in the samples. We also contacted Todd Xleist, WDFW, and
asked him to alert all fish counters to observe adults for any detecmble symptoms us they pass by the
counting stations,

o
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WEEKLY SUMMARY OF ADULT FISH MONITORING
FOR GAS BUBBLE SYMPTOMS AND HEAD BURNS

Week of : ) ;
— L A - ——— — X
Ls_eimp}e Dates # Sarapled # Good Condition | # Head Burns # GBD
S s St ——
= — eSS, e T ey
Total
S =T e B e e e e

1. Cxamine each fish for quality and condition. Total 1o be recorded under # Sampled.

3. Record fish under # Good Cond,, if there are no visible marks or injuries noted on fish.

3, [{ead burns would include all injuries from the top of the head (eys area) to the fleshy portion of the
fish's back, and recorded under # Head Burns. The head wili be scaiped (skin removed) or anached
in some cosas. The head area may be exposed 10 the cartilege,

4. The fins should bs examined for presence of air embolisms, then the head 2rea {gill cover and eyes),
and finally the roof of the mouth, [f bubbles are found. record under # GBD.

FAX or mail weekly stummary 1o}

Fish Passape Center

2501 SW First Ave, Suite 230
Portland, OR 97201-4752.
FAX #: (303) 230-7559

195-94.1h
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 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 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, 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 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 program.

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 throtigh 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.
DéHart 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 deflectors in the mid 1970's, the historical record demonstrates
that better adult returns followed from juveniles which migrated under high flow and high spiil
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 RATIONALE FOR IMPLEMENTING A SPILL PROGRAM DRAFT Page2



10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26

Page

Paul M. Murphy
James L. Buchal
BALL, JANIK & NOVACK
101 8.W. Main Street

Suite 1100
Portland, OR 97204
Telephone: (503) 228-2525

Attorneys for DSIs

IN THE UNITED STATES DISTRICT CQURT
FOR THE DISTRICT OF OREGON

Civil No. 92-973-MA
(Lead Case)
93-1420-MA
93-1603-MA

IDAHO DEPARTMENT
CF FISH AND GAME,

Plaintiff,

V. (Consolidated Cases)

DECLARATION QF
JAMES JAY ANDERSON

NATIONAL MARINE FISHERIES
SERVICE, et al,,

L P S N e A

Defendants.
JAMES JAY ANDERSON declares:
1. I am an Assoclate Professor at the Fisheries Research
Institute and <Center for Quantitative Science 1in Forestry,
Fisheries and Wildlife in the College of Ocean and Fisheries
Science at the University of Washington. A copy of my curriculunm
vitae is attached as Exhibit 1. I am generally familiar with
several computer models used to estimate the effects of the Federal
Columbia River Power System on salmon. I am most familiar with,

and was the architect and principal investigator for the

1 - DECLARATION OF JAMES JAY ANDERSON

BALL, JANIK & NOVACK
Antomnays of Law
FOl 5. W, Main Street
Partiond, %ﬂl S04
Talephone | 29-2338
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development of the CRiSP model used to model juvenile passage
survival. I make this affidavit to demonstrate the effects of a
planned increase in the amount of spill at the eight mainstem dams
along the Columbia and Snake Rivers.

2. The CRiSP model contains parameters which attribute
mortality to each of the three principal means by which juvenile
salmon may pass a dam while migrating downriver: through a
spillway, through a bypass system, or through the electric
turbines. The CRiSP model also contains parameters which model the
effects of transporting juvenile salmon around the dams. The CRiSP
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

2 - DECLARATION OF JAMES JAY ANDERSON

BALL, JANIK & NOVALK
AHormeys at
101 5. W. Moin Street
Port . Qregon 97204
Telephone (503} 228-3523
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is the only model that can provide an estimate of the balance
between advantages to increasing spill and the disadvantage of
increasing gas supersaturation. The model predicts effects from
gas supersaturation based on the work of Dawley et al, (197§),
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 guantity 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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Current Spill Increased 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
Jehn Day none 33% 12 hrs
The Dalles 30% 8 hrs 40% 24 hrs
Bonneville 180 kcfs 8 hrs same

7% kcfs 15 hrs

6. I have run the CRiSP 1.4.5 medel to compare current and
the NMFS 80% FPE spill plans. Total system survival is 50% for
current spill conditions and 37% under the NMFS plan. These
estimates include survival of both fish that are transported to
below Bonneville Dam and fish that migrated through the river
systemn.

7. The survival of fish traveling in river is also adversely
affected in the NMFS spill program. The total passage survival of
in river fish decreased from 34% under current conditions to 17%
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 1level 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.

g, Attached as Exhibit 2 is a very brief report providing

details of these analyses.
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10. These results will tend to underestimate the adverse
effects of the NMFS spill program for at least three reasons.
First, the CRiSP model does not calculate adverse effects to salmon
until the dissolved gas concentrations exceed 114%. Generally
recognized water guality standards call for aveiding 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
levels associated with high average supersaturation rates. Third,
the CRiSP model does not take account of adverse effects on
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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1 12. I declare under penalty of parjury that the foragoing is

2  true and correct.

kxacuted on May 12, 1594
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Curriculum Vitae for James jay Anderson

Appointment
Associate Professor (WOT)
Fisheries Research Instituts and Centsr for Quantitative Sclencs in Foresuwry, Fisheries and Wildlife

Callege of Ocean and Fisheries Sciences
University of Washington. Seattle Washington Y8195

Ehone number
(206) 543-4772, 543-7848

e-mail
Jim@{ish. washington.odu
Social ; l

537-44-4818

Previous gppointments
Oceanographer, Dept. of Occanography, Utiversity of Washington (1969-1979)
Principal Occanographer, Fisheries Rosearch Instinute, UW (1979-80)
Adjunct Assistant Professor, Marine Sciences Research Center, Statc Univ. of New York (1977-1980)
Visiting Scientist, Instituic of Oceanographic Sciences, Wormley Fngiand (1980)
Visiting Sclentist, National Institute of Oceanology, Ambon Indonesia (seven visits borween 1980-1983)
Visiting Sclentist, Dept. of Biophysics, University of Kyoto Japan (1981)
Research Associate, College of Ocean and Fishery Sciences, UW ((1981-1982)
Research Assistant Professor, College of Ocean and Fishery Svicnccs, L'W (1983-87)
Hesearch Assoclate Professor, College of Ocean end Fishery Sciences, UW (1987-91)
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Rlomathematics, ecology, flsherics, oceanogruphy, toxicology, fish protection at power plants, animal
and human behavior, decision processes, ecosystem modeling,

Professional Aclivilieg

; Lactiviti

Assoclate Editor to The North American Journal of Fisheries Management (1988-1989)
Croposal Reviews

HPA Eaviroamental Biclogy Revicw Panel

NSF Blological Oceanography, Physiological Prucesses

U,S. Gealogical Survey

Natural Bnvironmental Rasearch Councll, Great Britain

FPA Cooperative research programs
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Research and Evaluation Associates, Inc,

Ronneville Yower Adminisiration 10 techrical work group

NST Physiological Process section
NOAA Northwest Misheries Centee
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Journal reviews
Journal of Marine Research
Limnology and Occanography
Deep-Sea Research
Continental Sheif Rasearch
American Naturatist
Mahasagar, the quancrly journal in Oceanography
Inicrnational Symposium and Rducational Workshop on Flsh-Marking Techniques
North American Journai of Misherics Management
Transoction of the American Fisherics Soclety
Canadian Journal of Fishcries and Aquatic Sclences
Northwest Environmental Journal (Ilishee)

Consulting Activities
1975 NOAA, report on underway sampling sysiems
1983, 1984 Technical Arts Corporation, mathematical imodeling
1984 Fxxon Company, impact of off shorc drilling
1985 Chelan Public Ulilily, expert witness on fish monalily at hydroeleciric plants
1986 Coastal Climate Corporation, compuler programming
1987, 1988 Bonnicvilic Power Administration, consuitant to technical work groups
1989 Gireat Saltbay Hxperimental Station, {ish behavior litersture review
{989 Envirex, Inc. fish diversion ang protection
1989-1990 Montana Dept. of Fish Wildlife and Parks, ecosystem modeling
1989-199]1 Boancville Power Administration, consuitant to develop fisheries research ngenda
1990 City Council of Kennewick (WA), affects of bridge removl on salmon runs
1991/2 Army Corps, modeling fish behavior a1 dams
1993/4 Harza Northwest Consulting Engincers, Salmon passage modeling
1993/4 Pacific Northwest Project, Salmon passage modeling
1994 Chapman Consuiring, 5almon passage modeling

Professianal berahi
Sigma Xi
Western Socliery of Naturalists
Association of the Study of Avimal Behavior
American Society of Limnology and Occanography
Amcrican Associstion for the Advancement of Sclence
American Fisharies Soclely
Resource Mndeling Associatjon
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Warkshop and conference organizatian acylvities
Session chairperson at the Seanich Inlet workshop, Heb 1983
Coordinsior for Beological Risk Assessment Workshop University of Washington, Jul 1987
Session chairperson at the Conference onJ'ish Protection at Stream and Hydro-Power 1Mants Sponsored
by Elcctric Power Research Institute, Oct 1987

Coordinator of ths Bonneville Power Administration Survival Workshop, Priday Llarbor Laborataries,
Fah 1989

Organization committee for the Bonneville Powcr Administration Fredato:/Prey Workshop, Friday
Harbor I Aboraworics, May 1989

publi ,
Puget Sound water quality planoning committee, ad ho¢ commitice on aulricit studies, Mar 1987
University of Washingion Saturday Alumni Lecrures, Autumn 1989
Associats Editor North American Journal of Pishcrics Management, 1989-1990

Unlversity Tusk Force on Saimon and the Columbia River System - represent the LW in a group of
" faculty from the Unlversity of Idaho, Oregan State University, Washinglon State {niversity and
University of Washington with interests and expertise redaling 10 the Columbia River system.

Ravenna Craek Feastbility Study - joined with representatives of ncighborboods adjacent to Ravenna
Creck and members of the Department of Landscape Architceture 1o consider the possibility of
daylighung the creek from it's source to Portage Bay and possibie restoration of it's salmon run.

'rovide snalysis and advice to the Snake River Endangered Specics Recovery Tzam

Expert witness certified
Hederal Energy Repulatory Cominission Count - certifled as a fisherics cxpert on issuss of flsh migration
and dam passage
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1989 Mocison, R, and J.J. Anderson. Risk assessment-risk management; The need for a synthesis, R.
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1993 Anderson.. ).J. ct al. Columbiza River Salmon Passege Modcl CRiSP.1: Documentation for version
4, Relcase Date March (993

1993 Nemeth R. and J.J. Anderson Response of juvenile salmon to jight. tn Nonh Awcrican Journal of
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University.,
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1985 Scasonal distributions of nutrients and chlocophyil in Puget Scund. University of Washingwa,
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pege 6



__________ PR AR - TR WY ——i g LT SO0
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1987 Risk Assessment: its context, theory and application, Fish {Iabitat Short Course, Colorado State
University. Nov. i8.
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1990 Diesign criteria of behavioral fish guidance systems, Corps of Engineers Iish Passage Development
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1990 Fish behavior considerations {n fish ¢liversion sysiems. Lecture for the U.S. Fish and Wildlie
Service. Short coursc on Fish diversion Systems. Portland OR, October 22

1991 Computer Models and Columbia River Management: An cxcrcisc in Fact or Pantasy? Presented ot
the American Institute of Fishery Rescarch Biologist, Northwest Mecting, January

1991 The llistory and Restoration of Columbia River Salmon: The Problem of an Endangered Specics.
Presentet at Rarth Day ‘91 Workshops, Center House Seattle Center
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anuary
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1993 Softwarc for Sustainability: A Columbia River Example. Lecture in the Institute for Envirnmental
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1983 An underway water sampling system (with A, Copping), American Sacicty of Limnology and
Mecting, San Prancisco.
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Evaluation of NMFS Spill recommendation
prepared May 11, 1994
by James J. Anderson, University of Washington

Introduction

This report describes an analysis of the proposed May/June 1994 spill program
for the Snake River, The analysis uses the CRISP1.4.5 model with the most up to date
calibrations including the NMFS 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 respect the model runs underestimate nitrogen mortality affects.

Results specific to spring chinook are given in tables below which compare a base
case using the current spill schedules, the NMPS proposed spill levels to achieve a 80%
fish passage efficiency (FPE), a spills 0 meet exactly 80 FPE, and spills that limit
nitrogen level to 120%. Table 1 gives total system survival and wansportation
percentages under the four scenarios, Table 2 through Table 5 give in river conditions
including flow at dams, percent instantaneous spill at dams (spill was set at 12 hr per
day except at Ice Harbor which spilled for 24 hr to a maximum of 25 kcfs), percent
nitrogen saturation levels in pools behind dams, FPE at dams, and percent in river
survival of fish to each dam.

The total system survival under transportation (Table 1) assumes transport
survival of 80%. A document is in preparation detsiling the callbration of transportation
survival estimates (Anderson et al. in proparation), System survival is taken as the
percent of fish released at the top of Lower Granite Reservoir that survive to the estuary.

Table 1 System survival and transportation
percents under four plans

rr——
—
Current 50% 49%
NMFS plan 37% 34%
FPE = 80% 33% 16%
Nj < 120% 48% 40%

» EXHIBIT 2
1
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Table 2 Current conditions projected for May 20.

1994, 26-12

A7r41RM RA3IR ~,23I/34

River segment Flow | Spiil % I':I;u'ogen PR In nv_er-]
or project (kcfs) (hr) in pool survival
Estuary - 112 36
Bonneville 232 50 107 70 39
The Dalles 216 30(8) 105 52 42
John Day 212 0 106 72 46
McNary 208 0 107 70 51
Toe. Harbor 61 | 25 114 | s8 | 56
Lower Monumential 61 0 113 65 62
Little Goose 61 30(12) 105 65 70
Lower Granite 61 40(12) 105 67 82
a. 25 Kcfs achieved under 24 hr spill
‘Table 3 Conditions undcr 80% FPB for May 20
River segment Flow | Spill I:lltrogen FPE In riyer
or project (kofs) % in pool survival

Bstuary - 113 17

Bonnevilie 232 50 116 o4 20

The Dalles 216 40 113 74 22
John Day 212 33 110 78 23
McNary 208 43 110 80 26

Ice Harbor 61 25t 139 84 33
Lower Monumental 61 54 125 83 62
Little Goose 61 | 48 12 | 75 72
Lowor Granite 61 78 100 82 B4

a. 25 kel achieved undéer 24 hr spill




FROM 100 FISHERIES TO

S232s5 1288

1394,26-12

'fable 4 Conditions under exactly 80% FPE for May 20

" River segment | Flow | Spill | Nitrogen | o | In iver |
or project (keefs) % in pool survival
Estuary . 113 15
Bonneville 232 90 118 80 16
The Dalles 216 48 113 80 17
John Day 212 36 110 80 19
McNary 208 48 110 80 21
Ice Hearbor 61 40* 140 80 27
Lower Monumental 61 47 129 80 58
Little Goose 61 60 111 80 72
Lower Granite 61 71 100 80 84
8, 40 KciIs achieved under 24 hr spuli

Table 5§ Conditions for keeping nitrogen below 120% and maximizing FI'E

up to 80% for May 20

e

River segment Flow | Spill ]\}itrogen FPE In ri'ver
or projeot (kefs) | % iprool mvd
Bstuary - 113 38
Bonneville 232 90 118 80 40
The Dalles 216 48 113 80 40
John Day 212 36 110 80 44
McNary 208 A8 110 80 52
Ice Harbor Tailrace 121 56
lce Hasbor 61 | 25 120 64 56
Lower Monumental 61 5 120 68 63
Little Goose 61 30 111 69 7
Lower Granite 61 71 100 80 84
~ . &5 kcld dchieved under 24 hi apil
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AFFIDAVIT OF WESLEY J. EBEL

Et__,..
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 15 100%. In‘tﬁeC'qumbi‘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 shc-)wed. 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 (NMFES) and
other parties, will change previously-planned operations to:

(1) spill at The Dalles Dam to 40 percent 24 hours a day;

2) spill 25,000 cubic feet per second (25 kefs) 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
Bonneyville 180 kcfs 8 hrs same

75 kefs 15 hrs



10.  Assuming that current flows in the Columbia and Snake Rivers will remain at
or exceed current levels (approximately 220 kefs in the Columbia and 75 kefs 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. T 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% ati 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 saimon. 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 mdrﬁtoﬁng (.)f' adﬁlt lfhi‘gréﬁts 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. 'Béiniﬁgén 'a;ld 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. 1 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 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 déteétors are a part of ‘the jruv‘eniie éo!}ection ‘systerri.
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. T declare under penalty of perjury that the foregoing is true and correct.

//MJ SLL

Wesley J

*'M

SUBSCRIBED AND SWORN to before me thls _//-—day of May, 1994.
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, \-;‘ } NOTARY PUBLIC - OREGON —
' COMMISRION NO.008205 Notary Public for Oregon , , ,
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WATER QUALITY

468B.050

or proposed hydroelectric project that was
previously certified by the Director of the
Department of Environmental Quality aec-
cording to section 401 (1) of the Federal Wa-
ter Pollutien 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 tules adopted by the Water Resources
Cecrlnmission implementing such standards;
an

(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 accorgmg 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 agsur-
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 ¢.544 §21

4688.048 Standards of quality and pu-
rity; factors to be consigered; 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 in 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;

(f) 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
prt()itection and preservation of public health;
an

(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 p?an, 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
lsiaeg%liléces Commission under ORS 536.220 to

{(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 ogeration 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 effluent
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 in¢rease 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
11 NE Fich Avenue
Pordand, Oregon 97232-4181

May 16, 1994

Fred Hansen, Director

Oregon Department of Environmenta] Quality
811 SW Sixth

Portland, Oregon 97204

Dear Mr. Hansen:

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 dams on the Snake and Columbia 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 10, 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 extraordmary actions to
attempt {o 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 that the biological and physical monitoring program that has been implemented
and the in-season management process will enable us to make modifications to the program
if necessary and prevent impacts to the fish. The attached paper jointly developed by the
Fish and Wiidlife Service and other Federal and State fishery agencies and tribe’s technical
- staffs, describes the scientific rationale for the spill program.

We are wel]l 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
intiver 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.

Sincerel}%z
y &
W <

Acling Regional Director

Attachment
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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, “[tJransportation alone, as presently conceived
and rmplemented, 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
controiled spill has been routinely implemented at Corps projects including Lower
Monumental, Ice Harbor, The Dalles, and Bonneville Dams as an effective management
strategy to 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 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 Qregon 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 spning 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 c¢an be immediately modified based upon the daily results of the

SCIENTIFIC RATIONALE FOR IMPLEMENTING A SPILL PROGRAM Pagel
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monitoring program.

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 mainsterm 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 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 demonsirates
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 10 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 thar occurred in 1993, a
year in which runoff levels late in the spring chinook migration resuited 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 lavels anticipated for 1994) the observed impacts of dissolved gas on fish
were minor (DFOP 1993, Appendix 6).

SCIENTIFIC RATIONALE FOR IMPLEMENTING A SPILL PROGRAM Page2
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IDAHO FISH & GAME
600 South Wannt
PO, Box 25
Hoise, I 837070025

May 16, 1994

Oregon Department of Environmental Quality Commission

811 SW 6th Ave.
Portland, Oregon 97204

Dear Commissioners:

The Idaho Department of Fish and Game (Department) appreciates the opportunity to provide
comment for consideration concerning the pitrogen gas supersaturation standard for the
Columbia River. We believe National Marine Fisheties Service (NMES) mandated] spill
level is within acceptable limits for inriver migrants this year.

Spill during 12 nighttitne hours has been implemented at Ammy Corps of Engineers dams on
the mainstern Snake and Columbia rivers to provide additional protection to outmigrating
juvenile chinook and sockeye salmon. The salmon of the Spake River Basin in Idaho,
northeast Oregon, and southwest Washington are currently listed as threatened and
endangered species pursuant to the federal Endangered Species Act. The adult spring
chinook salmon run returning to the Spake River Basin is the lowest on record. Only 600
wild spring chinook salmon ate expected to pass Lowet Granite Dam o return o 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 Idaho’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 pext year. Providing additional protection for the smolis
outmigrating in 1994 is critical to the future of Snake River salmon.

The spill program at the mainstem Corps dams 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, the Washington Department of Fish and Wildlife, the
Columbia River Inter-Tribal Fish Comnission, 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 bencfits will be achieved for the salmon. '

Ceeil D Andras / Governor
Jerry M. Conley / Director

T A R s i g
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Oregon Environmental Quality Commission
May 16, 1994
Page 2

Our Department requests that the Oregon Environmental Quality Commission continue the
variance from the state of Oregon for the standard in the mainstem Columbia River.

Sincerely,

Jerry M. Conley,
Director

IMC:BB:alb
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UNITED STATES DEPARTMENT OF COMMERCE

).
'% @ ,j’ National Geeanlc and Atmosephsric Administration.

NATIONAL MARINE FISHERIES SERVICE
Northwest Reglon

7600 Sand Point Way, N.E.:
Bin C15700, Bldg. 1
Seattle, Washington 9$8115-0070

F/NW

Mr. William S. Wessinger, Chair
Environmental -Quality Commission
121 S.W. Saimon - Suite 1100
Portland, Oregon 97204 '

Dear Mr. Wessinger:

I understand that the Commission is meeting today to review the
guestion of a variance or modification to water guality 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.

ncerely,
. Gary Smith
Acting Regional Director

Enclosure

¢ci  Emery Castle
Henry Lorenzen
Carol Whipple
Linda McMahan
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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, "[tlransportation 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 Bonneville
Dams as an effective management strategy to 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 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 extensive program for monitoring the signs of gas
supersaturation impacts in both juvenile and adult saimon has been established with trained
biologists at each dam. 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 rat1ona1e 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% (NWPPC 1986; Raymond 1988; Holmes 15952;
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 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.1938)

* 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 197Q0’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 cons;derably less than those that occurred in
1993, a year in which runoff levels late in the spring chinook migration resulted in high spxll
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 RATIONALE FOR IMPLEMENTING A SPILL PROGRAM  Page2
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NM¥FS Spill Request

Backgroﬁnd

The National Marine Fisheries Service is requesting
dmplementation of a spill proposal developed by the technical
staffs of the U.S. Fish and Wildlife Service and the National
Marine Fisgheries Service, in coordination with the State fighery
agencies and tribes, in response to the decline of Snake River
salmon listed under the Endangered Species Act. The revisged
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 f£ish, 600 to

- 800 are expected to pass Lower Granite Dam in the Snake River.

- Thig 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 reguest
for implementation of this spill proposal was outlined in a May
9th letter from Gary Smith of the National Marine Figheries
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 Reqgquesgt

The initial 12-hour spill request is intended to result in 80%
Fish Guidance Efficiency, that is, 80% of the dailly average
passage of juvenile spring/summer chinook salwmon 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: o , )

at Lower Granite Dam

78% of instantaneous flow, from 1800-0600 hrs.

at Little Goose Dam

48% of instantaneous flow, from 1800-0600 hrs.



at Lower Monumental Dam
54% of instantaneous flow, from 1900—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 instantapeéﬁs flow;-frbmli900-0700 hrs.
at The Dalles Dam -
40% of instantaneous flow, 24 hrg. 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 1l2-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



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 bhiological and associated physical monitoring to be
conducted during these spill operations. Bioleogical 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 reviged spill reglme, 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 resgult 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.
: 44
Specifically, recommendations to decrease spill levels —ws 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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7600 Sand Point Way N.E.
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MAY - 9 {954 Seattle, Washingkton 98115

Mr. Randy W. Haxdy, Administrator
Bonneville Powey Administration
P.0O. Box 3623

Portvland, Oregeon $7208

. Majoxr General Brmest J. Harrell
V.8, Arnmy Corps of Engineers:
North Pacific Divisien
2.0. Box 2870
Portland, Oxegon $7208

- Dear Mr. Hardy and Seneral Harrell:

Thig laetter confirms the yequest of the National Marine Figheries
Sexvice (NMFS) during a May 7, 1894, confersnce call, to
implement, at the earliest opportunity, a spill propousal at all
eight damy in the Snake and lower Columbia River to increade the
survival of listed juvenile Spnake River spring/swmer <hinook
salmon thryough June 20, 1834. I believe.ths preposal developed
by the technical sraff of the U.S8. Fish & Wildlife Servige and
NMFE which was ¢oordinated with the State fishexy agencies and
tribes, can be implemented within the flexinility of the inseason
management procedure adopted in the 1954-1398 biological opinien
foy the Fedewxal Cnlmnbia_;g‘;!.’yer Powar System.

buring the conference call, I indicated that we have sought the
best technical advice available to formulate a proposal that
would make more efficient use of available water to ajld the
migration of listed figh vemaining in the river thac are not
transporxted in barges. The technical staff believas that the
survival of fish can bhe increased from 5.2 to 10.5 percent if 380
pexcent of the figh can avoid being pagsed through turbines.

Essentially, d:l.::rc"&&sﬁion' of the .spill piux:oea]. and implementation
request can be eummarized as follows: ‘

1)  Inmediacely implement a 12-hour aighttime spill
protocal at all projeccs, except The Dalles (8Epill 40
percent, 24 hours daily) and Ice Harbor (spill 25 kcfs
for 24 hours daily), that does not excead a maximmum 12-
hour average 120 percent dissolved gas levels. The -
objective of the spill protocol would be to achieve 80
pexcent Kish pasgsage efficienecy (FPE).

Ene(-
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< 2) ~ Convene monitoring experts to establish a biologilcal

monitoring design and protecel that would allew the
‘aontrollaed increase of diesolved gas levels above 120
percent in 2.5 percent increments to achieve the BO
percent FPE. 7The technical staff proposal established

- reviewa every Monday and Thuraday to determine whether
incremental inc¢reases in allowable dissolved gas could
be made and proposed meaguring the digsolved gasg levels
at the next downstream project. These specificatiens
must be reviewed before adoption. In addition, before
any increase in dissolved gas level above 120 percent
iy permitred at any project, comultments for providing
qualifiad biological mopitoring pexsonnal must be made
and training completed to ensure that adeguate
safeguards are provided for detecting gas bubble
disease in both juvenlle and adult €ish. It is also
critical that the effectiveness of the spill proposal
and biological impacts be moriitorsd to datermine 1f any
changes in protocol will be necessgarxy through the in-
Season management procesy. I have asked Dr. Michasel

" 8chiewe, NMFS’ Northwest Fisheries Science Center, to
provide guidance for this taeX.

3) The technical staff gropusal addresses the remainder of
the juvenile Snake River spring/summer chinocok '
migration. T have asked the technical staff to review
the applicanility and biological benefits of extending
the spill proposal to cover the Siuake River fall
chinook migration through July 3i. NMFS will consider
further reccommendations fellowing the review,

4) Concern about managing spill at levels of digsolved gas
above current Scate water quality standards to mesl the
Envirconmental Protection Agency guidelineg of 110
peércent also was discussed. . We have prepared letters
to the Governors of Washington, Oregon, and Idaho
requesting their assistance in cbtain necessary
variances to manage spill above the 110 percent :
dissolved gas levels. Verbal contact with cthe States
indicates this request should not poee any problem.

An imporcans issue that was not included in the May 7 conference

.call was our need to continue discussions on the identification

of potential sources of additional flow augmentation water.
During. the last Fish Operations Executive Committee (FOEC)
meeting, State representatives, other than Montana, were unable
to vommant on the potential for further drafting of resezvoirs

"and the curtailment of irrigation water deliveries as potential

20urcés of augmentation water. This issue ig mentioned in the
levters to the Governoxa. We will followup with the individual

~States in an cffort to expedite our discussions at the next POEC

mae;ing._
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We are fully aware of the burden these additional raquests places
‘on your agencleg and appreciate the efforte you and your setaffs
are nmaking to meat these difficult requests. I 4o not believa
any of us could have forecasted the impact of the contimued
drought condivions and the -shrupt decline of listed Snake Rivey
populations, ' s -

Sincerely,

¢ Garxy ymith )
hccing Régioenal Director

e BOR~T. Reys
FWS-M. Plenert

) TYTAL P.a@e4
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Memorandum

To: Brian Brown Ross NMFS .
From: Howard Schaller} and Paul WIISOH, CBFWA

_— - - - - —

UDate: | May 13,1994 . Ll LT

.~ Subject: Passage survival assessment for 1994 inseason options . -

-

We are providing an assessment of two options for inseason management 6f 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 operdtional 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 1.

The details of FLUSH model structure and underlying relationships é.;e contained in
- previous model documentation that we have supplied to NMFS. However, we can

provide you (upon request) w1th updated draﬂ documentat:on for the sprmg FLUSH
'. model. | . ‘

The first optlon (Option ) was a charactenzatlon 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 runoff forecasts 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 of 225 KCFS for the period May 1
- June 20. A spill program to achieve an 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 of 220 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 values -
" 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 of fish migrating inriver and overa.ll system survival -
are provided for the 3 transport 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



Passage survival assessment for 1994 inseason options - : 05/13/94 Page 2

_Columbia River of 200 KCFS for the period May 1 - June 20: The MOA spill program
was modeled. The resultant spill rates and spill- proportions are contained in Table 1. 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 220 KCFS in the Columbia River. The same

- transport.models and predator mortality reduction level were used for simulations of -

Option2:- The transport survival estimates for this optior; under the variable sumvai '
transport models, were-lewer due to lower water velocitiés in Option 2. - . . —

For comparison, a no transportation optxon (Option 3) was prowded This optxon is
identical to Option 1 except there is no transportation. .

The estimated survival of inriver migrants for Option 2 was approximately one haif of the
" value estimated for Option 1 (Table 2). This is due to the combination of lower spill
proportions, lower flow, and more fish being transported in Option 2. The last factoris
due to a higher percentage of bypassed fish being transported” rather than returned to the
nver

The estimated sumval 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 Optxon 1, with the exception of the
simulations using the most optimistic transport survival assumption ( 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 2). 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 desxgned to look at relative survival responses to dlffenng :
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, CRITFC
Tom Cooney, WDFW
Charlie Petrosky, IDFG
Fred Olney, USFWS



Table 1. Project specific spill rates estimated by FLUSH

Projact

Option 1

Option 2

BON

STFA - 1 FLUSH

- 0.530

Propartion Spill Spilt (KCFS) Proportion Spill Spill {(KCFS)

LGR - 0.546 39.5 0.000 0.0

LGO 0.429 31.1 0.000 0.0

LMO. . 0.429 . 3141 0.000 0.0
IHR " 0.130 . 95 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

0.630 - 142.0 106.0

o ——

-——



Tablo 2. FLUSH Passage Model results for Snake Rlvar SprlngISummer chinouk

. PR —

5-May-94
‘ | " % Intlver % of Inltial : o
.Transport Operation Inrlver Passing Bon.  Population Systam Transport ~ Calculated
Modal 1/ Al 2/ Survival Dam 3/ Barged Survival Survival TRR 4/ . °°
2 Optlen1  10.5% 2.8% . 35.1% 17.7% - . 42.5% 2.55
2 Option2. ~ B.2% 0.1% 47.3% 20.1% . '42.5% 4.92
3 optlon1' 10.5% © 2.8% 35.1% 10.3%  21.2% . 1.27
3 Optlon 2 5.2% 0.1% © 47.3% 9.4% 19.8% 2.29 '
4  Optlon 1 10.5% 2.8% 35.1% 8.2% 15.2% 0.91 '
4 Optlon 2 5.2% ' 0.1% 47.3% ' 6.8% "14.3% 1.66
N/A  Option3  11.0% 11.0%  00%  11.0%  NA . NA-
1/ Trans Model 2 fixed transport survival derived from 1986 TRR of 1.6:1 : o . I

Trans Model 3 varlabla transport survival relative to H20 Travel Time
Trans Model 4 varlabla transport survival ralatlve to H20 Trave! Time

2/ Option 1= SOH volume and flow levels; Spill to achieva BG% FPE at all proiects. transport all bypassed fish
Ave Snake Flow = 72.5 KCFS; Ave Columbla Flow = 225 KCFS LI
Option 2= Flow levels from SSARR for 5/1/94; MOU Spill levels no Spttl at collector pro]ects, transport all bypassed fish a
Ave Snake Flow = 71.2 KCFS; Ava Columbia Flow = 200 KCFS '
"Option 3= Same as Option 1 with no transportation
3/ Percent of the initlal population which m!gr’a_ted-lnr!ver and survived to below Bonnevilla Dam

4/ Calculated TRR = FLUSH Estimated [T_ranspnrt Survival / Inriver survival from Lower Granite Dami ' : .

Predator Mortality Reductlon = 12.5%

* STFA - 1 FLUSH
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William Sobolewski . - g’%“! A,/W/-’Mﬁ-b
Environmental Protection Agency
811 S.W. Sixth. Ave. .
Portland, OR 97204 _ M"'ja“"‘

Niel Mullane M W /‘;“ﬁ W

Oregon -Department of Environmental Quality

811 S.W Sixth Ave. - - _ ﬂﬂ‘? &Mé ﬁmf‘éﬂﬁmf

Portland, OR 97204

Eric Shlorff
Washington Department of Ecology

P.O. Box 47600 | oo 4 W .
Olympia, WA 98504-7600 ‘ 7// 7: Lo
Dear Messrs. Sobolewski, Shlorff and Mullane: ﬂ}cé{

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 respectlve 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 varlance or
modification may be obtained.
K

FEB iT oot

: - - - WATER QUAU‘W DIVISION
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Unfortunately, we are working 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.

Sincerely,

%m ({1 . %/Lw—'

: Jﬂ_.Merritt E. Tuttle
: Division .Chief

Enclosures

cc: Gary Chapman, EPA
Greg McMurray, ODEQ
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PRELIMINARY PROPOSAL (COE) (FY94)
_TITLE: : Evaluation of the Effects of Dissolved Gas
: . Supersaturation on Fish and Invertebrates in
the Mainstem Columbia and Snake Rivers
PROJECT LEADERS: Earl M. Dawley and Margaret A. Toner
' National Marine Fisheries Service
Northwest Fisheries Science Center -
. Point Adams Biological Field Station
P.0O. Box 155
Hammond, Oregon 97121~ 0155
503~861-1853.

ADMIN. OFFICER: Dav1d M. Damkaer

7 R National Marine Fisheries Serv1ce
Northwest Fisheries Science Center
Coastal Zone and Estuarine Studies Division
2725 Montlake Boulevard East
Seattle, Washington 98112-2097
206-860-3270" ' T

PROJECT DURATION: 1 Januvary through 30 September 1994

SUBMISSION DATE: February 1994
PRCJECT SUMMARY

Increased spill to promote safe passage of juvenile
salmonids over dams 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, satﬁration levels of up
to 140% were observed at Lower Monumental Dam when peak spills
occurred becahse river flow on the Snake Rlver es ceeded
powerhouse capac1ty,or demand for power. Laboratory and fleld
vresearch indicate that dissolved gas levels of 130% of saturatlon
or greater are an immediate and serious threat to aquatlc

organisms from gas bubble disease (GBD).
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To assess GBD 1n01dence among the aquatlc biota when Splll
is occurring in the Columbia River Ba51n, weekly surveys and
observations of fish and invertebrates will be conducted. Three
_sampling sites will be selésﬁéd in each of -three rive;'reéqﬁes;f
the lower Snake Rivsr, mid;Columbia, and iower‘Columbia River;

At each site, up to 100 individuals ber species will be examined.
To assisp in evaluating the.threat of.high 1svels of-'r
Qissolved Qas to ths survival sf each spéciés; wé ﬁili gomparels'

survey data to survival rates and GBD incidence of sampled
individuals held-in net pens in each ri&er reach. Ffom each
weekly survey, 100 individuals per species {(nonsalmonid) will be
held for 4 days in ambient river water with sne—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 picduced 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 Marine Fisheries Service (NMFS) have expressed

. conqe:n regarding- the possible detrimental effects of ﬁissolved
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- .gas supersaturation on juvenile and adult anadromous fish and

‘other biota of the Columbie and Snake'Rivers. Spilling water at
dams in the 'Columbia River Basin causes supersaturation of
dissol&ed gas; The volume of spill during theiepfing:haé
increased in recent years and mey continue to increase as a
result of efforts to improve fish-passage efficiency and surviﬁal

' by Splll at dams. | ' _

Presently, the sprlngtlme 1evels of dlssolved gas ln-the
Columbia River Basin often exceed 110% of saturation, the maximum
standard established by EPA, Washington State Depaftment of
'EcOlogy, and Oregon State Department of ﬁnvifonmental Quality.
Occasionally, saturation levels exceed 130%. Based on past
observations of GBD in resident fish (Dell et:al. 1974, Weitkamp '
L 1974), mortelity of caged juvenile salmonids (Ebel 1969, Ebel
1971, Meekin and Turner 1974, WeitkampilQ?G, Blahm et al} 1976,
Dawley 1986), diminished survival of migrating salmonids in the
Columbia River Basin (Beiningen end Ebel 1970, Ebel 1971, Meekin -
and Allen 1874, Ebel et al. 1975, Ebelland Raymond 1976}, and
laboretery studies (Weitkemp and Katz 1975), dissolved gas levels
of 130% of saturation or greater are an imﬁediate and serious
threat to aquatic organiems |

The effects of dlssolved gas supersaturatlon ‘from
present day hydropower operatlon on biota in the Columbla Rlver
Basin should be quanflfled. In 1993, operatlonal procedures‘wefe‘
eetéblished to ﬁoniter migrating juvenile‘and'adult salmenids for

~ signs of GBD at each of the dams on the lower Columbia and Snake
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. Rivers where ﬁigration mbnitoring occurred. Juvenile monitoring
for GBD wes‘conducted by the Fish Passege'Center Smolt Monitoring
Program, while adult monitoring.was coﬁdueted by varieus
fieheriee agencies and the Columbia'River Iﬁter«Tribel‘Fish"
Commission. Inladdition,_dissolved gas levels_ﬁere monitored
throughout the mid- and lewer Columbia and lower Snake Rivers as

part of the COE annual monltorlng program Also in 1993, a pilot

.program was 1mplemented by ‘NMFS to address the blologlcal effects -

of gas supersaturation downstream from Bonneville Dam. Although
signs of GBD were only occasiena;ly observed, at certain times
and locations and for certain species there was a high‘iecidence
of GBD. 1In that reach of river, NMFS developed procedures and
established sampling locations which provided real—time
observations of juvenile salmonids, resident fish, and aguatic

invertebhrates.

1

_Beeause 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‘dissolvee gasfsupersaturatioh on
resident fish such as peamouth chubs, suckers, and sticklebacke,
and on 1nverrcbrates such as crayflsh as well as on juvenlle

©_ salmonids in _the Columbla and lower Snake Rlvers

OBJECTIVES |
The objectives of this stﬁdy are: 1) to assess some omehe.
1mpacts of ambient 1evels of gas supersaturatlon on the aquatlc

blota in ‘the lower Snake and mid- and lower ColUmbla Rivers, and
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- 2) to augment the existind database on the tolerance of resident
nonsalmonid speﬁies to high dissolvéd gas levels; We propose to -
survey reservoir and free-flowing river réaches and conduct in
§g;g bioassays of the effects of dissolved gas using resident
fish species, benthic and epibenthic invertebraées, and .
hatcherymreared salmonids. In the event of low gés
superéaturation levels throughout_the Columbia River Basin during
the proﬁoséd study perigd, laboratory bibéssays_will be'coﬁductéd
with invertebrates.and nonsalmonid fish species. The f;nal
product of-resgarch will be an analysis of the relationship
between levels and duration‘bf exposure to gasfsuperéaturated
conditions and observeﬁ 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 1954, we
propose to'assess the effects of ambient disSdlved gas saturation
levels and prevalence of GBD iﬁ juvenile' salmonids, resident
'fiéh, and-invertebratas in three river reaches and in test
oréaniSms (excluding:migrant and resident salmoﬁids) held fdr
4 days in net ﬁeﬁs under -ambient river conditions. )

The river reaches to be sampled and rationalgs for théir
selection are as follows: 1) Priest Rapi&s Reservoir apd the

Hanford reach-—effects'of dissblved_gas from spill throughout the .
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; mid- Columbla River will be represented here,-and resident- flSh

| species were prevrously sampled for GBD (Dell et al 1974) .

There is also a large re31dent populatlon of juvenlle fall
chinook salmon in this reach that may be severely 1mpacted by gas
supersaturatlon, 2) Ice Harbor Reservoir and tallrace——effects of
dissolved gas from spill from the lower Snake River dams will be
represented in this reach, 3) downstream from Bonnev;lle Dam--in ..
a hlgh flow year, splll 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 rieer reaches will be
sampled once each week from April through June or July. 1If a
high'runoff and flow year is predicted, sampling will begin prior
to any major snill (early April), and continue throughout the
period of spill (orooably tnrough 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 gaq (TDG}rsaturation levels exceed 120%,
and/or if GBD is observed in collectedraqnatio’organisms,"
sampling effort w1ll be lncreased to include addltlonal sites in

the affected river reach to augment observations of GBD.
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‘Sampling Methods

Sampled oréanisms will‘include migrant salmonids and
resi@ent fish from nearshore, and benthic and epibenthic
drganisms cbllécted in water depths of from 0.5 to-3.0 m. Gear
will inciude 50~m beach and 7.5-m 2-person seines, fyke nets, .
hoop ﬁetsr traps, electrofishing equipment (if other methods
prove ineffective}, epibenthic sledé, and Ekman or Pqnarl 7
samplers. ~Sampiiggiwiii odcﬁr'dufiﬁg daylight hbufé; Nighttime
sampling will be conducted if deemed appropriate or 1f dissolved
gas levels in net pens increase substantially at night..

Sampled organisms will be examined visually immediately for
signs Qf'GBD. Species_identification (to the lowest practical
taxon), life-history stége, fork length or total length, and-‘
location will be recorded.  Dissolved gas saturation will be
measured when biological samples are collected. Diésolved gas
levels will also be obtained from the COE dissolved gas

monitoring program.

In gggg Bioassays of Dissolved Gas

Once each week, a éubsample of up to 100 organisms per taxon
of resident.fish (excluding salmonids) and other inve;tebrates
will be placed in net pens or cages located inleach of thg three
river reaches. ﬁviaénce sﬁggeéts that gas leveis are lower
nearshore than offshore in reservéirs'of rivers. Resident fish
and inverfébrates.may'or may not be able to detect and avoid high
gas levels. Thus, test organisms for use in in situ bicassay

testé will be‘colleqtéd'from'an area pear'the'lOQation of the pet:



—"

-

8

ﬁgns. One-half §f the organisms will be held in shallow water
(0.25 m) cages and the other one-half will be held in 1.8- e
2.44~ x 4-m deep net pens to allow freée access to a depth.of 4 m..
‘Once each ‘day during the 4-day holding period, test brgéhismé |
will be brought to>the surface, anesthetized and examined for
Signs.of GBD. Any depth compensation occurring in these
orgapisms-will not be_compromised.because.of the fairly short
time that these organiéms will be at the surface,léiﬁce the
'physiological effects of high levels of gas supersaturation
generally take several days to develop. Tests will terminate and
6rganisms will be reléased a£ the.énd of the 4 days after final
examination and recovery from the anesthetic. When dissolved gas
levels are greater than 120% of saturationm, lGOjfish groups of
hatchery-reared fall chinook salmon will be included as test
organisms. |

The results of these in situ bioassays will not be
extrapoléted to represent river-wide populations of the same
taxon, but will provide comparaiive data relative tb the
occurrence and.duration of supersaturation at the holding
locations. Dissolyed gas levels will be recorded continuously_at_'

the holding locations.

_ Laboratory Bioassays of Dissolved Gas
In_thé event of a low Qater'flowryear with_iittie‘or no
incidence of GBD, we bePéSe to condﬁct.laboratory dissolved gas
bicassays using nonsalﬁonid_aquatic-species collec;ed du:ing

river $aﬁpliﬁg; A mobile wet~laboratory with a supersaturation
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generator.will be locatéd at the NMFS PascorBiological_Field
Station. Tests will utilize 100 organisms per taxon for 4—day
periods held at constant and variable gas concentrations. Since
different specmes thlblt dlfferlng tolerances to hlgh 1evels of
gas supersaturatlon, test condltlons will be selected to bracket
the expected range of tolerances of the collected test orgaﬁisms.
Invertebrate spe01es will be 1ncluded along w1th resmdent flsh |
- due to the paucity of 1nformatlon on their resmstance 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 interwval of speeified precision, whae
effects a certain spill regime with its resulting dissolved gas
saturation level will have on juvenile salmonids and on other
aquatic brganisms in shallow-water habitats. The effects that we
will be analyzing in our model are eXternal.signs of QBD 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 resultlng om evPosu*e to ar“*e-t_le?eis of
dissolved gas saturatlon. We intend toAuse regre551on adalyses
te'correlate observaﬁioas of signs of GBD and mo:tal;ty”of- | |
orgadisms held in net pens at ambient dissolved gas saturation
levels., We will.aeed to,make observations during different flow -

levels with their resultingllevels of -dissolved gas saﬁuration in
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order to obtain arsufficiéht number of observations. To
._illustrate the possible range and patterns of data we could
expect for céi;élation, we developed Figure 1; a simulation_based ‘
on the dissolved gas satﬁration values recorded byithe U.s. Army
Corps of Engineers in 1986, 1993, and 1992 for high, moderaie,

and low floWs, respecti?ely, and GBD~sign_prevaience‘adapted from

obsézvatiohs by Dell et al. (1974) in the mid-Columbia River.

Limitations and Difficulties
Several years of sémpiing énd in situ testing will be
necessary to 6btain the data set ngcéssary 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 céllected 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 Equipmeﬁt '

Three_réfts and net pens. will be'fabriqated for mobile
in-river holdiﬁg ﬁacilitiés. A mobile wetnlébqratory will be
outfitted‘for bioassays of diésolved-gaslsupersaturationﬁ Three
dissolved gas recorders will be provided by the COE; North

Pacific Division, Water Quality Section. -
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Reﬁortihg
Weékly 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

Dissblved gaé monitoring déta will be accessed daily from
the monitoring network_mainﬁained by COE, North Pacific piviéion,
Wafer Qualify;Section. Reseafch activitiés will be coordinated
with Washington Department of Fisheries, Washingtbn Department of
Wildlife, Oregon Depaftment 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.

KEY PERSONNEL

',Mafgaret Toner ' 'Principal Investigator
Earl Dawley Project Manager
Stephen Grabowski Program Manager
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Protocol for Sampling Fish for Gas Bubble Symptoms
at All Sampling Sites

The sample will consist of 100 fish pér 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 symptoms are noted, then sampling will be accomplished on a daily basis at all sampling sues

* until the dissolved gas levels and associated gas bubble symptoms (GBS) are reduced to more normal

[

4‘

1

2

3. > 50% in one fin
- 4

3

levels.

When GBS first appear in the sample, a comparative sample will be taken at the separator of the
following dams: Liule 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 faczhty 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
raceways.

Individual fish will be examined for GBS in/on the fins, head, and eyes. Generally, first appearance of
GBS is in the caudal fin,

The five classifications of GBS will be recorded. These classifications are;

. No Evidence = gas bubbles are not present in any fin,
. < 50% in one fin = gas bubbles are observed in less than 50% of the surface of one {in.

gas bubbles are observed in greater than 50% of the surface of one fin.
. Two or more Fins = gas bubbles are present in at least two of the fish’s fins.
. Fin(s) + Head = gas bubbles are present in one or more of the fish’s fin(s), plus the head area.

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% of the fin has .
bubbles, and record in the < or > 50% 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.

We can look for progression of GBS in the fish by usmg this sequence. Generally the progressxon 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:

1.

Training of sampling personnel on recoerutlon of gas bubble syrnptoms incidence will be completed pnor

to the ﬁsh passage season by experienced/trained personnel.

.
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rting GBS incidence to Fish Passage :Centér )
.'he sample season for GBS will be from April 15 through June 15 unless high flow/spill conditxons exist

prior to, or after, the normal sampling dates. The Fish Passage Center will inform the sampling sites of
any change in this schedulc

On the individual sa.mpie days for GBS, the data should be sent to the FPC on the Smolt Monitoring
Summaries. The information should be added to the Comment Section and include the mimber chserved
- 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; WCHI: x/y; etc.

. The individual tally sheets recording the GBS by species and categories, and appropriate comments should
be maﬂed to the FPC on Fnday of each week and will be verlﬁed by FPC personncl on a weekly bams

. - During the GBS momtormg season, the sites should mdxcate in the 8/36 batch comments that either 1)

there was 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 feport 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 pro_]ects be
.ocumented by photo.



DRAFT
PROPOSAL

ADULT FISH MONITORING PROGRAM - 1994

Introduct!on

Durmg 1993 hlgh ﬂowlhlgh sp:ll conditions were present throughout the ColumblaISnnke Rwer
Basin from mid to late May and into early June. Flows often exceeded the hydranlic capacity of the
projects and uncontrolled spill or spill in excess generation needs occurred during daytime as well as
mghmme hours, As a result of this spill, total dissolved gas (TDG) levels recorded at established
momtormg sites exceeded 120% saturation for a one to two week period. H\gh levels of spill can result
in increased incidence of gas bubble trauma (GBT), passage delays. m_mnes due to fallback over
spillways, scrapes and abrasions from debris, ete, - :
In 1993, head wounds were observed on adult salmon examined at the Lower Gramte Dam
trapping facility beginnirig 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 9.8% 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 heéad 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 led tospeculation 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 Efforts

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/sununer migration (1994 DFOP, Appendix
Table 5; Page 7,8). Extensive monitoring, including “hands an" sampling of salmon for condition factors
such as GBT symptoms would be contingent upon whether high flow/spill was present in the systam.
The extent of the effort associated with the adult monitoring program for dissolved gas traurna symptoms
will be dependent on the in-season total dissolved gas measurements.

When levels of TDG are below 120%, mainstem samphng for fish GBT symptoms wm be
as follows
a. Ongoing samplmg programs at Bonneville Dam und Lower Granit¢ 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 crews at
Lower Granite, and CRITFC crews at Bonnevme Dam. A standardized data collection sheet will be
- provided. :
b, Jce Harbor Dam - Fish counters at the south lndders will observe ﬁsh for symp:oms
one hour a day on a 3-day per week basis, (preferably M-W-F).- The fish counters should report this data
to the WDW fish count supervisor who will fax the results to the FPC. Information should include



-

mamma! wounds, net marks, any injurics to the fish's body, and GBT symptoms. The count supcrvisor
will be pravided with a standardized data collection sheet which the fish counters will use to collect the
data. '

c. Normal TDG monitoring would be continued and upgraded at all established
monitoring sites by the Corps of Engineers (COE), Bureau of Reclamation (BR), Idaho Power Company
(IPC), and Public Uiility Districts (PUD), and potentially new sites established as deemed necessary by
CBFWA members. This informauon wﬂl be available on ;hc CROHMS system on a dally basis.

2 When ﬂowlspm levels increase to where TDG saturation levels exceed 120% and are” - -

anticip_au:d 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 as'sociated with

increased TDG on adulr fish migrating through the Columbia and Snake rivers, '
‘a. The monitoring of TDG levels by the COE, BR, IPC, and PUD should be connnued

.and upgraded as required, and new sites established at locations deemed necessary by CBFWA mam‘bcrs
“This information will be available on the CROHMS system on 2 daily basis. -

Tranume and Sampling Sxtes

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 during
periods when high TDG is present in the river. '

¢. 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 to
NMFS, USFWS, and State fish health labs to necropsy fish for disease, injuries, internal GBT symptoms,
etc. to ascertain 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 GBT symptoms during
regular trapping of fish for radio tracking studies if that program continues in 1994, If no studies ocecur
in 1994, then it is recommended that the Denil Fishway and associated trapping be accomplished 4-hours
per day, three days per week 1o examine fish for GBT symptoms and head wounds., This sampling would
be conducted by NMFS personnel familiar with operation of the trap and adule fish handling procedures.
Al injuries on adult salmon would be documented by video camera. Results would be provided to the -
FPC for dissemination to interested parties.

e. lce Harbor Dam - 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 § p.m.). Samphng should include
only delay within the trapping window, with no "hands-on" sampling required since the observer can
ascertajn fish condition within the confines of the trapping window. All results will be provided to_ FPC
for dispersal to interested parties, =
. : f. Priest Rapxds - If needed, this site could be used to assess GBT symptoms.
Recommended trap operation would be on a 3-day pet week, four hours per day operauon Results will
be provided to FPC for dissemination to interested parues



Fish Counting Sites

a. A fish counting seminar for the fish counters will be held 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 avaslablc for the trammg session,
Counters will be familfarized with data collection reports.

b. Monitoring of adult salmon for gross signs of gas bubbles and hcad 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 counts 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 count supervisor should routinely provide this information to the FPC.
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~;2,, COLUMBIA RIVER INTER-TRIBAL FISH COMMISSION
J 4 729 NLE. Oregon,.§uite 200, Portland, Oregon 97132 : Telephone (503) 238-0667
) i ) 7 : Fax (50_3) 235-4228

¥

October 11, 1993

Bolyvong Tanovan
U.S. Arnmy Corps of Engineers
- North Pacific bivision
" Reservoir Control Center
.. P.O. Box 2870 : A
Portland,. Oregon ,97208

Dear Dr. Tanovan:

The COlumbla Rlver' 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 gquality issues

surrounding Corps hydroprojects as they impact our member tribes
reserved treaty resources.

General Comments

We support efforts by the Corps to provide add1t10nal water
quality monitoring at stations below Corps dans.-
With respect to the issue of total gas pressure and splll 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 dans, without real time assessment of
salmonid condition. : Spill is essentlal to mimimize mortallty 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 inclusive
indication of either chronic of acute symptoms of gas bubble trauma

- {GBT). The synerglstlc comblnatlon of many other variables. such as

‘@'*mnuftmeen?z:}r R - L : - o
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"fish size, stock, physiological condition, exposure time,  depth,
water temperature, turbidity and existing atmospheric pressure are
responsible for the occurrence of GBT. We strongly recommend 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 problens
such as occurreéd in 1993 when the lack of a power market caused a
-.shut down of turbiries at Snake River Projects and .-the resulting
forced spill cause levels of total‘gas pressure to exceed 130%. : We -
request advance planning to be in place with respect to this

serious problem before the onset of the 1994 juvenlle migration
season.

Finally, as a long term mitigétive solution to the problem of
total dissolved gas caused by Corps dams, we,h again request the
Corps to expedite -installation of flip 1lips at John . Day,

Bonneville, and Ice Harbor dams as was recommended in 1975 (Ebel et
al. 19735). .

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 dams
should be used to manage spill at Corps projects.

'We endorse Special Field Studies to be applied at as many
projécts as possible. In addition to monitoring planned below Ice
Harbor, we strongly recommend similar work to be conducted below
The Dalles Dam and Bonneville Dam in 1994, since spill is a chief
passage route for juvenile salmonids at these dams. 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 salmonids to the plume
is essential to ascertain the GBT impacts to salmonlds._ This -
information is also important as a data base to be utilized in a
predictive model (Jensen et al. 1986) o '

We recommend the Corps funded transect studies below Ice

Harbor and other Snake River dams be coordinated with ex15t1ng_ 

transect work being conducted under -the Snake River Water
Temperature Control Project. '
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We recommend installation ~of telemetry’ dissolved 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 monltorlng equlpment

at certain projects so that monitoring will not be interrupted for

" more than a short time period. We recommend that the Corps prov1de
backup equipment for all monltorlng statlons.‘ :

The CRITFC apprec1ates the Corps efforts and ant1c1pates the
Corps will centinue te 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, Y
fgﬁgankr §$¥§wagt:;$*§j

Bob Heinith

Fish Passage Biologist

¢c Tribal bioclogists

Managers

FPAC/MLG

- Soscia

Oregon DEQ
Washington DOE
EPA '
Toole, NMFS

page‘4



REFEREN_CES o ) /

Columbla Basin Fish and Wlldllfe Authorlty 1993. Dissolved gas
review and 1993 summary. Fish Passage Center. Portland,
Oregon. ‘

.

‘ Ebel w.J., H. I. Raymond, G.E. Monan W E. Farr,-and G.K. Tanonaka.
, ,1975. Effect of atmospheric gas supersaturation caused by
dams on salmon and steelhead trout of the Snake and Columbia
Rivers. United States Department of Commerce, National Marlne
Flshermes Service. Seattle, Washington. 111 pages.

Jensen, J.0.T., J. Schnute, and D.F. Alderdice. Assessing juvenile
salmonid response to gas supersaturation using a general
multivariate dose-response model. Canadian Journal of
Fisheries and Aquatic Sciences. Volume 43. Pages 1694-1709,

Raymend, H.L. 1988. Effects of hydroelectric development and

' fisheries enhancement on spring and summer chinook salmon and
steelhead in the Columbia River basin. North American Journal
of Fisheries Management. Volume 8. Pages 1-24. '



Parametﬂx. Inc. I S I L T NCTI R S LT

S oS rrirr el —— S ————n At i el . et ™ v . bt Y

5358 Laxe Hasnirgn Bhvi, N £ Kirkignd 'NA §3033-T350
205-822-5480 + Fdx: 216-889-8¢08

e

USR] -
Y S——ET $egrr e e—

Mr. Bruce Lovelin ‘ May 11, 1994
Columbia River Allance . ‘

825 NE Multnomab, Sime 95_5

Portland, OR 97232 -

FAX 503-238-1554

re: NMES/FWS staff recommendation for spill at Snake River and Jower Cohimbia River
dams,

Dear Bruce:
Spﬂhngmbsunﬁﬂqmmﬂeadmterueuhdmfmnmumuchdayameu
cousiderable biological risk. As noted in the NMFS/FWS announcement you forwarded to
me, any supersaturation above 1209 carries a real risk of gas bubble disease in juvenile
migrants, adult salmon, and resident fish. This risk will be exacerbated by supersamration
" of essentially the entire migratory route from Lower Granita Dam to well-below Bonueville

Dam. Both the duration and degree of supersaturation resulting from the proposed spill
mmmmmmmmdmmmcmwmum ,

Wh&pﬂeﬁﬁmnmﬁﬂywm&mmmmn By
the time gas bubble disease is widely apparent in either the juvenile or adult populations,
it is likely substantial lossas will have occarred. During the serious dissoived gas problems
of ths 196{0’s and 1970, it was umcommion for large numbers of migrants t0 be observed
with gas bubble disease symptoms. By the tima such symptoms become obvious, it is Likely
many fish will be loet. '

- Momnitoring for maximum levels of supersaturation should occur within several miles of e2ch
. dam where water is spilled. As the water moves downstream, it will gradually lose some of
-~ the supersaturation, However, it i3 likely 10 remain sufficiently high to canss gas bubble
disessa if it is originally in the range of 130% or higher. Measuring 120% of saturation at

utnrebqlounmwﬂlmtﬂmatheﬁshwereexposedmmbmmmyhuhulevehmme
: shallawortu‘lrmm

LT T ) o . -
L4r S oien on AecyYEed Mow



If 130% of supersaturation is allowed to occur in any portion of the river for more than a
few hours, it i likely both young and adult saimon will be adversely affecied  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
Jarge block of supersaturated water, it is likely many fish will be exposed to the highest
lmhomnmmwmmmcmmuthmmzybemedm

Supersaturation sbove 1209 carries considerable risk. The attached Table IMprmom
ohavmnmofnlmonkiﬂedbynmammﬂonmthe Cohxmbhlim




Table L 'Rzmtdsofm;:qnnwmﬁdacausedbysqpmmmﬁon .

Merrell, Collins and Gramugb. 1971

location: - Bonueville Dam

dare; . .. 1955

species: d:i:nook—adult

evidence: carcasses observed, estimatad 16.89% of toul run killed
sac unmeasured, mortality associated with high spill
locatlon: - - McNary Spawming Channel

date: 1962

species: chincok—adults

evidence: GBD symptoms, 4% of gdulm

sat 119% (Nz)

Pauley, Fujibara and Nakatani 1966. Pauley and Nakatani, 1567

location: Rocky Reach Dam—aquaria and Priest Rapids Spawning Channel
date: 1965 ,

species: chinook—fuvenile and adults

evidence: GBD gross symptoms and histopathology, aduit morralicies

sat: unreportad . '

Meekin, 1971. Eble. 1969.

locadon: Priast Rapids Dam
date: 19648 _
species: chinook, sockeye—aduits

an 120-130%

locaticn: ‘IthnuDam.ﬁshheldformpem

date:
~ species: -Mmmnmﬁmmm
evidencs: Gﬂﬂmwtomwmmmdm@uheld

-&wmmmmmmmd_
sat 123-143% |



anmnmdSchnudcr 1970.

locaunn.
date:
species:

sat:

Jobn Day Dam, Bommile Dam

1968, 196!:”dul

sockyys—adults

GBD symptams—3 of 7 (1968), 13 of 129 (1969)
11895 and above

Ebel. 1971. Raymnnd. 1970

location:
da:e§
m

avidencs:

sat

Ice Harbor Dam
1970

. chinoak, stecthead—juvenile, adults '
~ GBD symptoms—25-45% chinook, 30-58% steelbead; estimated logs

709% of chinook between Whitebind and Ics Harbor; symptoms in 30%

- of adults,

120-1409%

-~

Meckin and Allen. 1974.

locadon:
date:

species:

evidence:

sac

mid-Columbia River (Wells toanRxpid.:Dm)

1965-1970

chinook, sockeye, steelhead—adults

estimated 6-60% mortality; carcasses observed when ssturarion reached

1209 ar higber
varisbla

GHD= gas bubble diseass
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May 12, 1994

Environmental Quality Commigsion

Mr. William W. Wessinger (Chair)
121 S. W. Salmon, Site 1100
Portland, OR 97204

Dr. Emery N. Castle (Vice-Chair)
Oregon State University

307 Ballard Hall

Corvallis, OR 97331

Mr. Henry Lorenzen
Corey, Byler, Rew
222 S. E. Dorion

P. 0. Box 218
Pendleton, OR 97801

Ms. Carol A. Whipple
21755 Hwy 138W
Elkton, OR

Ms. Linda R. McMahan

The Berry Botanic Garden
11505 SW Summerville Ave
Portland, OR 97219

Re: 8pecial meeting of the Environmental Quality
Commission regarding a request to temporarily
modify Oregon’s water quality standard for

"total dissoclved 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 chincok 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 downstrean,
and adult upstream, migrants. According to a study by Drs.
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 440/5-85-001), Gases,
Total Dissolved. at p. 5 (discussing Dawley, E.M. and W. J. Ebel. 1975.
Effects of various concentrations of dissolved atmospheric gas on juvenile
chincok salmon 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, N.H. 1974. Influence of dissolved atmospheric gas on swimming
performance of juvenile chinook salmon. Transactions American Fisheries
Society 1035:717-721.

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 chinocok salmon were recovered dead in a single
day.

spawley, E.N. and V. J. Ebel. 1975. Effects of various concentrations of

dissolved atmospheric gas on juvenile chinook salmon 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.

s Memorandus from Dr. Al Giorgi to John Stephenson dated 4/30/94 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 Ceolumbia 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 trulyryours,

. =
David E. Piper
Pacific Northwest Generating
Cooperative

bitol & LAl fp

William XK. 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 problerﬁs. I obtained a Ph.D.
in Forestry and Wildlife Management from the University of Idaho in 1977,

General Effects of Gas Supersaturation

2. 1 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 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 thé equivalent of a gas supefsaturationl Eev.el 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 Dalies 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:

(1) spill at The Dalles Dam to 40 percent 24 hours a day;

(2) spill 25,000 cubic feet per second (25 kefs) 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 kefs 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 kefs 8 hrs same

75 kefs 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, T 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% af the néxt
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 bubb}e disease Symptoms,

13. I understand that the program may include m'on'itor'ing of adult m-iéfaﬁts 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
fo mbnitor 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 zportality of ghinook and sockeye was recorded.
The State of Oregon ‘estimated that over 20,000 adult chinook were lost. 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 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 juveﬁiie col'lec-tioﬁ‘sy.ste'in.
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.

Wesley J
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SUBSCRIBED AND SWORN to before me this _//——day of May, 1994.

OFFICIAL SEAL f D DI
H  ELIZABETH A WRIGHT Gl adilcl 2l w72 s
27 NOTARY PUBLIC - OREGON
i COMMISBION NO.00B205 Notary Public for Oregon ) _ .
2O HYRE — o ST
MY COMMIS 0} £2PIRES SEPT, 02, 1085 My Commission Expires: ‘- 4 % &, <744
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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. 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 Sexrvice (NMFS) which is designed to maximize
survival of Jjuvenile chinook and . steelhead while minimizing
impacts to "aquatic species. The program provides for 12-hour
nighttime spill 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 1is 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 qulckly
past the projects and reduce losses to predators.

5. The spill program will also improve survival by reduc1ng 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 transportatlon as a mitigative measure for recovery
- of federally protected Snake River chinook. Because there is
great uncertainty associated transportation, the spill program



will allow more fish to mlgrate in- rivei than in the pést when up
to 90%.of Snake Rlver chlnook and steelhead were transported each
year. -

6. The spill program will provide immediate and significant
improvements in inriver survival of juvenile chinock and
steelhead in the lower Snake and lower <Columbia Rivers. For
example, an ' analysis conducted by ODFW using the spring chinook
FILUSH and transport models used 1in 1994 ESA Section 7
consultation indicates that the inriver survival of Snake River
spring c¢hinook 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 decllne and possible extlrpatlon of
listed Snake River chlnook. ' .

7. It has been stated by the DSIs that the 1level of Splll
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 smolt monitoring sites exhibited signs of gas bubble disease
(GBD) despite dissolved gas levels exceeding 120% up to 12 days
and 125% for 4 days. .

The DSIs have also stated that the low spring chinock Jjack
returns observed this year can be attributed to the high
dissolved 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 symptoms
submitted to NMFS by the Fish Passage Center. With this program,
. spill levels for 80% FPE can be implemented while insuring
1mpacts to juveniles and adults are minimized.

9. In conclu51on, 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.



ot Ll L S e S0 (g LOlLDid Rawolr MLl iance 1 ol 2 [,

CRA-

. Tolumbia River Alliance " For Fish, Commerce and Communities

May 11, 1994

Fred Hansen, Executive Director
Oregon Dept. of Environmental Quality
811 SW 6th Ave

Portland, OR 97204

Dear Mr. Hansen:

Please find enclosed a copy of the letter sent today, May 11, 1994, to the Washington
Department of Ecology.

‘Based on the scientific information 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.

Kindest regards,

Bl Jpolld

Bruce J. Lovelin
Executive Director

Enclosure

825 NE Muknomsh, Suite 955 Porﬂand. Oregon 97232 « (503) 2381540 » £3: {503) 238-1554 _
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rrlumbia River Alliance For Fish, Commerce and Communities

May 11, 1994

Mr. Michael Llewelyn, Progrmn Manager Stats of Oregon
Water Quality DEPARTMENT OF ENVIRONMENTAL QUALITY .

Dept. of Ecology n

© PO Box 47600 - RE@E ' W
300 Desmond Drive . MAY 121994 .
Olympia, WA 98504-7600

Re: Administrative Order No, DE 94WO0-218 OFFICE OF THE DIRECTOR
Dear Mr. Llewelyn:

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 and 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 is 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.

823 NE Muttnemah, Suite 955 » Portland, Oregon 97232 « (503} 2381540 - Fax (503) 238-1554



Michael LIeweiyn
May 11, 1994
Page 2

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 quality
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 173-201A-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 173-201A-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



Michael Llewelyn
May 11, 1994
Page 3

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

. Order, 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 ény further
information, please do not hesitate to contact me.

' Kindest regards, ‘
Bruce J. Loveim '

Executive Director
Enclosure
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Mz, Bruce Lovelin May 11, 1994
Columbia River Alliance

825 NE Multnomah, Suite 955

Portland, OR 97232

FAX 503-238-1554

re: NMFS/FWS staff recommendation for spill at Snake River and lower Columbia River
dams. '

Dear Bmce:

Spilling substantial quantities of water at cach 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 supersaturation
of essentially the entire nugratory route from Lower Granite Dam to well-below Bonmeville
Dam. Both the duration and degree of supersaturation resulting frorm the proposed spill
program are likely to greatly increase the risk of salmon losses due to gas bubble disease.

Monitoring biclogical conditions is unlikely to pravide 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 problerss
of the 1960’s and 19705, it was uncommon for large numbers of migrants to be observed
with gas bubble disease symptoms. By the time such symptoms become obvioas, it is likely
many fish will be Yost.

Monitoring for maximmm levels of supersaturation should occur within several miles of each
dam where water is spilled. As the water moves downstream, it will gradoally lose some of
the supcrsatnraﬁon. However, it is likely to remain sufficiently high to canse gas bubble
disease if it is originally in. the range of 130% or higher. Measuring 1209 of saturation at

a forebay location will indicate the fish were exposed to substantially higher levels in the
shallow or tailrace areas.

Fry
REYS
LAY Qrerag on Ragyelsd Popar
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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 i8 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 supersaturated water, it is likely many fish will be exposed to the highest
levels occurring rather than the lower levels that may be measured downstrean.

Supersaturation above 120% carries considerable tisk. The attached Table 1 lists previous
abservations of salmon killed by supersaturation in the Columbia River.

Sincerely,

Dan Weitkamp, Ph.D.
Frincipal

DW:sr
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Table 1, Records of salmon mortalities caused by supersaturation

Merrel), Collins and Greenough, 1971

location: Bonneville Dam

date: 1955

species: chinook—adult

evidence: carcasses abserved, estimated 16.8% of toral nua killed

sat: unmeasured, mortality associated with high spdl
Westgard, 1964.

location: McNary Spawning Channel

date: 1962

species: chinocok—adults

evidence: - GBD symptoms, 34% of gdults

sat: 11998 (Ny)

Pauley, Fujihara and Nakatani. 1966. Pauley and Nakatani, 1967 -
location: Rocky Reach Dam-~-aquaria and Priest Rapids Spawning Channel

date: 1965

species: chinook—juvenile and adults

evidence: GBD gross symptoms and bistopathology, adult morralities
sat: unreported

Meekin, 1971. Eble. 1969.

location: Priest Rapids Dam
date: 1966 ‘

species: chinaok, sockeye—adults
evidence: mortalities

san 120-130%

Beiningen and Ebel. 1970.

locarion: The Dalles Dary, fish held for inspection

date: 1968

species: chinook, caho, sockeye, steelbead--juveniles and aduits

evidence: GBD symptoms up 0 one-half fish, high mortalities of juveniles held

for inspection; estimated 20,000 adults killed, carcasses obsarved.
sat . 123-143% '
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Bouck, Chapmaz and Schnmdcr 1970.

location: Jobn Day Darm, Bommeville Dam

date: . 1968, 1969

species: sockeye—adnlts

evidence:  GBD symptoms—3 .of 7 (1968), 13 of 129 (1969)
sat 118% and above

Ebel. 1971. Raymond. 1970

location: Jce Harbor Dam

date: . 1970

species: chinaok, steclhead—juvenile, adults

evidence: GBD symptoms—25-45% chinook, 30-58% steelhead; estimated loss

. 70% of chinock between Whitebind and Ice Hacbor; symproms in 30%
_ of adults.

sat; 120-140%

Meeckin and Allen. 1974,

lecation: mid-Columbia River (Wells to Priest Rapids Dams)

date: - 1965-1970

species: chinook, sockeye, steclhead-adults

.evidence: . . estimated 6-60% mortality; carcasses observed when satmrarion reached
1209 or higher '

sar: variable

GBI = gas bubble disease
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FEDERATION OF FLY FISHERS

Conserving — Restonng Educating 1hrough Ky [’zshmg State of Oregon
DEPARTMENT

Steelhead Commillee : : @E
16430 72nd West (42 EW

Edmonds, WA 98026
it MaY 1
1994 | o 3198
Oregon an1ronmentdl Quallty Commission | OFFiCE O lTFiE Dm

811 SW Sixth Avenue
Portland, Oregon

Gentlemen,

4I regret that the %tee]head CommltLee of Lhe Foderatlon of Fly
Fishers is unable to attend this short notice public meeting of the
Oregon Environmental Ouallty Commission.

The Federation supports strongly the increased water released
called for by the U.S. National Marinc Fisheries Service to
increase salmon smolt 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 smolt
migration. During that time, Columbia/Snake River salmon stocks
have crashed. The scientifically based, peer-reviewed Detailed
Fishery Operation Plan speciflies increased flows as the preferred
method of assisting smolt migration.

The Federation believes it is well past time to provide migrating
salmon the water they need and to which they are entitled, as co-
egquals to other users of the hydrc system, under the NW Power Act.
You should not countenance attempts to scuttle the RMFS directed
1994 spills under the smoke screen of increased dissolved nitrogen.,
The Federation notes that predicted mortality from dissolved
nitrogen is significantly lower than known mortality from barging
and turbine passage.

The Federation also notes that dissolved nitrogen poses a serious
obstacle to long-range salmon recovery plans. The 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 prlorlty basis, all Columbia/Snake River dans
to provide for safe, in-river migration for Jjuvenile and adult
salmon. Oregon Environmental Quality CommiSSLOn 1eadersh1p and
act:on in this critlcal arena is over due._ )

The Federation urgeq you to spend your tlme and lntellectual energy
on legitimate recovery actions rather than wasting your time and
jeopardizing threatened salmon posturing for the Columbla River
Alliance and direct services industry representatives.

~Chaifman,".: | —~- r
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Room 5516 " Portland, Oregon 97209
- Washington, D.C. 20230 : ‘
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J. Gary Smith : Idaho Power Company
Acting Director, Northwest Region 1220 Idaho Street
National Marine Fisheries Service Boise, Idaho 83707
7600 Sand Point Way, N.E. .
Bin C15700, Building | , Bert Bowler, FOEC Member
Seattle, WA 98115-0070 _ Idaho Fish & Game ‘
: 600 S. Walnut
Major General Emest J. Harrell : Boise, ID 83707
—Xnited States C}F{f S of Engineers
U.S. Custon rHouse - Joe DosSantos, FOEC Member
220 N.W. 8th Confed. Salish & Kootenai Tribe
Portland, OR 97209-2589 Highway 93 West

Pablo, MT 59855
Randall Hardy, Administrator :
Bonneville Power Administration Doug De Hart, FOEC Member

905 N.E. 11th Avenue U.S. Fish & Wildlife Service
Portland, OR 97208 2501 S.W. First Avenue

Portland, OR 97207
Ted Bottiger, FOEC Chairman

Northwest Power Planning Council Robert Tumer, FOEC Member
925 Plum Street, S.E. Washington Department of Fisheries
Olympia, WA 98504-3166 1111 Washington St.; S.E. '

_ 7 : Olympia, Washmgton 08504-3135
Walt Pollock, FOEC Member : :

Bonneville Power Administration - Rob Lothrop, FOEC Member -
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Portland, Oregon 97208 - , Commission
: : 729 N.E. Oregon Street, Suxte 200
Ken Predde, FOEC Member Portland, OR 97232

Bureau of Reclamation
1150 N. Curtis Road :
Boise, Idaho 83706-1234
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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 98663

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
SO-141

Seattle, Washington 98101

Mr. Fred Hansen

Oregon Department of Environmental
Quality o :

811 S.W. Sixth Avenue

Portland, Oregon 97204

Mr. Mike Llewelyn o
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 unquesnonably reduce survival of
migrating salmon in the Columbia and Snake Rivers by raising gas supersaturanon levels,
1ncludmg Endangered Specms 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 enfire 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 supersaturatior

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 evxdence 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. CWA
§ 101(a)(2), 33 U.S.C. § 1251(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 disapprov_al. CWA § 303(c)(2), 33 U.S.C. § 1313(c)(2).

EPA reviews state water ciuahty standards under 40 C.F.R. § 131.5 and for compliance
with 40 C.F.R. § 131.6. 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(ai(]), (2); 40 C.F.R. § 131.6(c). EPA reguiations 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 unavmlable or
as a corollary to numerical cr1ter1a 40 C.F.R. § 13L.11(b).

Here, the EPA s own criterion guidance developed under § 304(a) of the CWA provides |
that . '

"to protect fresh water and marine aquatic life, the total dissolved gas
concentrations in water should not exceed 110 percent of the saturanon value for
gases- of the existing atmosphere and hydrostatic- pressures.” - EPA, Quahty
Criteria for Water 1986 (EPA 440/5-86-001). .

Where, as here, the change in water quality standard facilitates a spiil 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 ail
- riverine biota and possibly the estuarine biota as well.

Raising the gas supersaturation standard is also coatrary 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 degradatlon of the water quality standard for total dlssclved
gas in the Columbla Rlver

Adoption of the water quality standard did not allow for adequate public participation
under the CWA as required by 40 C.F.R. § 131.20(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 an analysis of Washmgton § action to set aSIde its state water quality standards
as well.
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Finally, the proposed spill plan will also violate the Endangered Species Act by resuiting
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 ma.kmg decisions based
on good science and in compliance with law.

" Sincerely,

31 : '.'--

oz ,;J,,; -l Gl)

Nanci Tester ’
Environmental Manager, DSI Inc.
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Governor Barbara Roberts
Oregon Governor’s Office
State Capitol

Salem, Oregon 97310 -

" Dear Governor Roberts:

i

- Tam 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
NMES 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 that 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 110 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

~ calmot jmagine wiy the -INIVIFS or you wouid agree to such dramatic measures ‘whei much sound

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 -

proceedmgs

OFFiCE O THE nm"m

PNUCC + ONE MAIN'PLACE -_101 SW MAIN STREET, SUITE 810 - PORTLAND, OR 97204-3216 -

(503) 993-9343 - FAX (503) 294-1250

&
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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, _
Al Wright ‘

PNUCC Ezxecutive 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
Rod Ingram, Oregon Department of Fish and Wildlife
Fred Hansen, Oregon Department of Environmental Quality
Ted Kulongoski, Oregon Attorney General

SM103

T
i



Note:

Spill and Nitrogen Supersaturation

Fact Sheet

Spill at dams can cause nitrogen supersaturation. (Lindroff, 1957)

The federal and state EPA standard says that nitrogen supersaturatlon 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 pcrcent 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 acutelv lethal to miost <pec1~s of salmonids, with 120
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 pefcent

even though the total gas saturation (oxygen and nitrogen) was at 119 percent. (Rucker,
1974) ‘ : ,

Citations available upon request.

 PNUCC May11, 199 - o o sMaw
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The Environmental Quality Commission

811 SW Sixth Ave.  Via FAX (503) 229 58500FEICE OF THE DIREGTOR
Portiand, OR 97204 Al

RE: Continuation of Emergency Spillway release program

Dear Commissioners:

On behalf of the NORTHWEST SPORTFISHING INDUSTRY
ASSOCIATION, | would like to express our strong support for the
continuation of the emergency spill over the Columbia River dams
during the outrmgration period of juvenile salmon. NS/A is a frade
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 milfions 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 ysars of high flow and spill
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 saimon 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 ail salmon stocks in the following manner;

DEPARTMENT OF ENVIRONMENTAL QUALITY
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e 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

e emphasizes spill to maximize juvenile salmon survival based on 80% Fish Passage
Efficiency

o 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 with a detaited. 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 doltars in income to this region.  The fish, and-the ™
industries | represent are waiting for the promises made when the dams went in to be
kept.

Sincerely, .

0% ( %m&é}f@?\)
Liz Hamilton
Executive Director

cc:  Defazio, Furse, Wyden, Kopetski, Cantwell, Swift, Unsoeld, Dicks, McDermott,
Kriedler, Hatfield, Packwood, Murray, Gorton, Stevens, Murkowski j Cou %m{;u/. f

Hov. Robonts
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The Environmental Qualify Commission VIA FACSIMILE

811 SW Sixth Ave.
Portland, OR 97204

RE: Emergency spillway release program
Dear Commissioners:

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 regiom.

The future of salmon in the Columbia is of wvital importance to our
membership .and our industry as a whole. Many recent salmon closures have
been the direct result of the destruction of salmon rums 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
avold 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 mere than a self-serving smokescreen
raised by industries far less impacted than our own. The scientifie
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 sinece 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
ionger and warmer. During such low demand periods in the past spills have
been quite common, up to 100%Z 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 325
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 mnecessary specifically for this program would be very minor,
probably on the order of 1% or less, if necessary at 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 industry of
millions of salmon killed by the dams. The dams account for up to 907 of
all human induced mortality. According to Power Planning Council figures
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 on the order of hundreds of millions of dellars!
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 rums, 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
avold 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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Obviously anything that can be done to reconfigure the operation of
the hydropower gsystem so0 as to increase outmigrant smolt survival will
amply repay the regional eccnomy for whatever costs are 1ncurred. 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 the annual costs of barging
and other transportation methods which have proven to be little more than
cogtly boondoggles.

There have been accounts in the press indicating that "industry is
opposed to continuing the spill program.” This is untrue. Only some
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.
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MEMORANDUM
TO: ‘ Environmental'Quality Commission
FROM: "B.M. Bakke

SUBJECT: Temporary rule for TDG in Columbia River .; 1 X

e e e ———————————————— —————————_ T . I " MV (o) o o V" " S T s

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 supersaturatlon that can be justlfled, 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
mortalltles)
° For 118% nitrogen supatéaturation, gas bubbles

collected within 2-6 hours in the lateral line. The
authors noted that this would have an adverse effect on
-surv1val.

] 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, cauSLng breathing stress
in the fish: =,

To Prorwt and Restore Native Fish- mzd their E.:o:wrems ' T



e 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 :

' supersaturatlon 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 chinock be listed as endangered and
the NMFS is reviewing the status of these fish.

- Steelhead have been petltloned for listing. under the
Endangered SPECleS Act.

e 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. :

(] 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 responsmve 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 salmonlds 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 nltrogen and gas bubble dlsease 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 COMMISSICN
BEFORE THE
OREGON ENVIRONMENTAL QUALITY COMMISSION
AND THE

WASHINGTON DEPARTMENT OF ECOLOGY

Summary Statement of Position

The Columbia River Inter-Tribal Fish Commigsion (CRITFC)
appreciates this opportunity to provide comments in strong support
of the ongoing spill program to increase juvenile salmon survival
through the Snake and Columbia river mainstem hydro-system. The
CRITFC alsgo 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 Envirommental Quality Commission
(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 1s 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 immediate actions to reduce total
dissolved gas levels if monitoring shows gignificant increases in
fish mortality.

Introduction
It may seem ironic that traditionally strong advocates of
gtrict adherance to water quality standards are now supporting

"weakening' the standard for total dissclved gas. However, over

1
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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 downsgtream.

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.
Abgent dam removal or dam re-configuration to mimic natural river
flow during selected times,' 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 sgpill as a solution because
gspilled water does not generate electricity. At various times,
gome federal water managers have also cited the need to comply with
state water gquality 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
thoge wishing to maximize power generation, rather than the
interests of the salmon the criteria were intended to protect.?

With the unprecedented decline in threatened adult spring
chinook this year, and substantial wuncertainty 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 ag 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,

! 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 1is 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. BAmong these fish are
the anadromous species originating in the Columbia River and its
tributaries.

The importance to the Commigsion’s member tribes of their
treaty-reserved right to take fish cannot be over-emphasized. The
galmon are the heart of their culture and "not much less necessary
to the existence of the Indians than the atmosphere they
breathed." 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
gince 1964 or spring chinoock since 1877. On these runs, the
tribes’ harvest has been restricted to low levels for ceremonial
and subsistence purposes only.* Despite these efforts and
gsacrifices, 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).

* A similar restriction on a rancher would only permit grazing
cattle that would be consumed by the rancher and his extended
family.



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
scientigts, "[t]lransportation 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
bagin" (Mundy et al. 1994). '

The spill program, developed by the federal, state, and tribal
fishery managers, 1is 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.
1988} .

After installation of spill deflectors, the historical record
demonstrates that better adult returns followed from Fjuveniles
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 levelg 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 spill being implemented in 1894 1is not
"unprecedented" as alleged by some federal project operators and
the Direct Service 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.® Juvenile salmon
were ingpected 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 Dbelieve that
implementing the spill program in 1994 will pose little risgsk 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,
"[hligh levels of gas supersaturation are dangerous to migrating
salmonids, and can cause gas bubble disease [trauma] a potentially
lethal condition where dissclved gases in the blood come out of
gsolution and form bubbles in wvarious external and internal
tissues." See Fish Passage Center, Impacts of Digsolved 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. 1In 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 geek
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 dimportant when water that could be used for power
generation is instead proposed for controlled spill to protect
fish,



condition. Intermittent exposure to high dissolved gas
levels increases the ability of £fish to tolerate
supersaturated conditions, and does not necessarily
result 1in gas bubble disease [traumal 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 wvery  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
supersgaturation 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.® 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 timeg for Jjuvenile fish, which gerve to reduce
exposure time, a critical element in determining whether
a fish will succumb to gas bubble disease.

ee 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

® 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
dams’ 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 damsg, 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 199%92). 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
gystems 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 gpring and summer
chinook, mechanical bypass systems are much less effective.
Mechanical bypass systems guide and collect only 8-35 percent of
gummer 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 1982).

Transportation

Since 1985, over 25 million spring and summer chinook, over
140,000 subyearling chinoock, 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]lransportation 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 chinoock 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 25-2¢6

7 Some fish in the upper Columbia must overcome nine dams.

7



(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 Pagsage 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 Summer Juvenile Salmon Migrations

The Environmental Quality Commission should extend the
temporary rule at least until September 30, 1994. Such an
extension ig consistent with ORS 183.335(6)(a), which allows
temporary 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 1in appendix 1-A of the DFOP ghows 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
gpecifies 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, sgince 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 sghown to disperse predatory fishes in the
tailrace of McNary Dam. Because summer is a period of
heightened predator activity, predator dispersal should
gignificantly 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 wvia 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, 1in his personal opinion, exposure to
increased gas supersgaturation incidental to the proposed spill plan
poses "unacceptable" risks to migrating salmon in the Columbia and
Snake Riverg. We have reviewed Mr. Ebel’s affidavit, and f£ind many
of hisg assertions and conclusions seriously flawed, or patently
misleading. To support his opinions, Mr. Ebel selectively cites
gtudies and scientific 1literature, 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 enviromment. Absent such a showing,
Mr. Ebel’s assertions and conclusions are extremely misgleading.
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 figsh 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 i1is evident from
bicassays (Bouck 1880).

There is no evidence that fish are impacted by 110% dissolved
gas level in the Columbia and Snake Rivers. Researchers have
gshown 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. 1875).

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
galmonids 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
gufficient 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 Im
of the surface. This indicates that fish were able to sound
to obtain hydroacoustic compensation.

Alderice and Jensen (1985) tested juvenile galmon in 3m deep
cages, and found that wvertical 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
gsignificant portion of the water column available to them,
thereby finding protection against gas supersaturation."

Stevens et al. {1980) found that coho, sockeye, and chinook
gsalmon smolts and juvenile rainbow trout actively avoided
gupersaturation levels of 125 and 145%.

Studies also show that 7juvenile 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
gignificantly 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. 1In 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 gpeculates that sgubstantial mortality will
occur before any fish exhibit external symptoms of gas bubble
disease. This dis 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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gupersaturation 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 chinoock. The example hag little relevance. Disgsolved
gag 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 vears jack returns (which is a gegment of the 1993
outmigrant group) are the lowest on record. Ebel’s analysis
and reasoning ig 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 1593).
In fact, most of the fish were transported (82%). Moreover,
1993 was a below average runcff 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 i1s 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
ig significantly beneficial.

Mr, Ebel’g 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 mentiocned
gtudies that do not support his conclusiong). Moreover, when it is
recognized that actual in-river conditions are much different than
laboratory conditions, many of the studieg 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
regolved 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) was developed by the
State and Tribal Fisheries Agencies to estimate mainstem passage
survival under different management proposals. Gas supersaturation

igs addressed in two ways. Firsgt, 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 Fuveniles
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 reservolr mortality function. This function
igs 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 sgurvival under different management proposals 1is
unrealistic for at least two major reasons. First, much of the
gcientific community does not endorse CRiSP's assumption of a
constant transport survival of 80%. Therefore, the tradeoffs
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between gpill 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
regearch 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 1f 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
gpill-mortality function in CRiSP has not been calibrated to
reflect available scientific information.

Analysig 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 walive the application of established Oregon
water quality standards to the Salt Caves hydroelectric project
on the Klamath River.®?! 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 Cavesg, 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 viclation 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.® The

8City of Klamath Falls v. Environmental Quality Commission, 318
Or. 532 (1994).

°Td 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.!® 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." 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.?

The court upheld the EQC’'s determination that the project
violated the temperature standard.?® 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
guch an interpretation of the standard "merely increases the
certainty that the trout . . . will not be harmed and that they
will be protected."™

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 againsgt the gpecific 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

1d at 541-45,
119 at 545-48.
2T4d at 541.

BId at 541 {(interpreting the temperature standard for the
Klamath River, OAR 340-41-965(2) (b) (A)).

“14 at 547.
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authority to promulgate a temporary alternative water quality
standard which will be observed.®

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 dissclved gas standard was promulgated to protect the
salmonid beneficial use.!®* However, in this proceeding, we are
asking that a new temporary standard be adopted so that 1t 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 impxrove the
quality of the waters of the state . . . for the propagation
of . . . figh and aquatic life L

The court went on to characterize the EQC’s rulemaking mandate as
"hbroad." The EQC should exercise its broad discretion, and
extend the temporary rule to give effect to the state’s policy of

SORS 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 £ull
notice and comment procedure.

YHowever, 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}.

"td at 539.
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protecting fish, and further, to protect the existing beneficial
uses of the Columbia and Snake Rivers.!'®

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 Bagin 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 sgituation 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,

Badditionally, 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 qguality policy.
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STATE OF WASHINGTON
DEPARTMENT OF ECOLOQY

P.O. Box 47600 * Clympla, Washington 98504-7600 = (206) 407-6000 * TDD Only {Hearing Impalred) (206) 407-6006

May 10, 1994

I. 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-218. All-questions and correspondence relating to
this document should be directed to Eric Schior{f, Department of Ecology, P.O, Box
47600, Olympia, Washingtun 98504-7600, (206) 407-6478.

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 aliow fish passage
on the Snake and Columbia Rivers. This order will be issued for one week afler
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KO il D vid.do e,

DEPARTMENT OF ECOLOGY

IN THE MATTER OF THE REQUEST BY ) ADMINISTRATIVE
" NATIONAL MARINE FISHERIES SERVICE ) ORDER

FOR TEMPORARY MODIFICATION OF THE STATE ) No. DE94-WQ218

SURFACE WATER QUALITY STANDARDS FOR )

TOTAL DISSOLVED GAS CRITERIA ON THE )

SNAKE AND COLUMBIA RIVERS , )

To: 1. Gary Smith
Acting Regional Director
National Marine Fisherles Service
National Oceanic and Atmospheric Administration
7600 Sand Point Way NE '
Seattle, Washington 98115-0070

National Marine Fisheries Service submitted & request for the U.S. Army Comps of Engineers, hereby
referred 1o as the responsibie party, tu the Department of Ecology (Eculogy) for temporary
modification of the State's surface warter guality stundards for the purpose of exceeding water quality
standurds for total dissolved gas on the Snake and Columbia Rivers.

The responsible party is authorized to perform activities which will exceed waler quality standards for
total dissolved gas; any actions resulting in exceedance of water quality standards for total dissolved
gas shall comply with the conditions listed in this Administrative Order,

The Depa}tment of Ecclogy retains continuing jurisdiction t make modifications hereto through
supplemental Order If it appears necessary o protect the public interest. This includes protection of
wildlife, aquatic, and wetland resources,

This Order is issued under the provisions of Chépwr 90.48 RCW and WAC 173-201A-110.

The responsible party shall comply with the following conditions during all actmttes covered under
this Order:

|1 9 Name of Waterbody; Columbis River and Snake River

2. Locarions: Alt federal dams on Columbia River below Grand Coulee Dam and all federal
dams on the Snake River in Washingion Stme.

3. . A timing restriction is imposed for all activities resulting in exceodance of the water quality -
standards to the following period: [mmediately upon issuance of this Qrder through May 18,
1994,

4, The responslble party shall obtaln advance written approval from Ecology before making

varlauons to this, and .my, amended Order,

3. The responsibie party performing the activities resulting in exceedance of water quality
' standards shall have this- Administrative Order in possession and on site,



-

Page 2

May 10, 1994

R et (SR )

6. " The responsible party shail allow an anthorized representative of the Department of Ecology:

4

. To enter the premises where activity resulting in cxuccdanw of water qualaty

standards is taking place.

To have access 10 and copy .my records that must be kept under the terms of this

<
Order.
“ To 1nspe¢i any monlioring equipment or method of monitoring required in .this Order.
“ To sample.
< To inspect operations,
7. The responsible party shall provide a reasanable estimate of the time and location where these

permitted actlvities will take place and an emergency telephone number where they can be
reached immediately upon the request of Ecology. A message hy voice mail or FAX shail
suffice for this wndmon . :

Contacl Name: Eric Schlorff  Contact Number; (206) 407-6478

8. <

-

Tho responsible party shall be respansible for monitaring. Monitoring shall be in
place for total saturated gas when levels are in excess of 120 percent relative to
atmospheric pressure,

Monitoring shall occur closest to highest total dissolved gas source,

Biclogical monitoring shall be conducted 10 show that total dissolved gas
concentrations do ot cause a significant increase in gas bubble disease re!atod to

mortality in salmon populations.
Total dissolved gas shali not exceed 130 percent relative to atmospheric pressure.

Total dissolved gas shall be measured ai biclogical sumpling sites.

Any fallure 10 comply with this Order may resull 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 be filed with the Pollution Control Hearings Board,

‘2.0, Box 40903, Olympia, Washington 98504-0903 within thirty (30) days of your

recelpt of this Order, At the same time, your appeal must also be sent to the Department of Ecology
cfo The Enforcement Officer, P,O. Box 47600, Olympia, Washington 98504-7600; and tv the Water
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Quality Program, P, O Box 47600, Olympla, WA 98504-7600. Your appeal zlone will not stay the
effectiveness of this Order, Stay requests must be submitted in accordance with RCW 43,21B.320.

These procedures are cons:stenl with Chaptor 43.21B RCW,

DATED this _/ O dayof _a1 4 :/ , 1994, at Olympis, Washington

Midhael T. Lwyn q
rogram Ma
Water Quality Pragram

w:\ssotionhwin\chriz\94-spill ord



May 15, 1994
Mr. William W. Wessinger, Chair
Oregon Environmental Quality Commission -
121 S.W. Salmon , Suite 1100
Portland, OR 97204

Dear Mr. Wessinger:

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, 1
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 oxXygen stress in fish, using nifrogen 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 National 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



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 junsdiction
and related responsibilities are both confusing and weak.

Another consideration is that all beneficial uses of water must be protecied. 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 105%. "
Thus, supersaturation can limit the use of Columbia River waters for aquaculture, a poirit
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 controlied 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
difution from tributary flows.



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
1s 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 1s 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 fo demenstrate. 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 pane! of scientists who have recognized expertise in gas
bubble disease including Dr. Ebel, Mr. Dawley, and miyself (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 of proof 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 10, 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.



A. Wouid 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 m skin or muscle will only cause discomfort.
So if small amounts of air bubbies 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 subletha! 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.



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 modei 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 1s 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. | 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 of hemostasis, 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 concem 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



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 Horn 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,
1 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.

Sincerely,
Gerald R. Bouck, Ph.D.

9691 SW Alsea Dr., Tualatin, OR. 97062. Phone 503 + 692-4907



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. Concems 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 / 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 heavily 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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The following presents specific comments about selected concerns in the FPC Review.
Comments are not presented on every concern.

FPC Introduction:

~ Para 1. There are some confusing terms here that merit clarification. Total
Dissolved Gas (TDQG) 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 sopersaturate (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 shounld 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-controliing factor, rather, it is pressure. For example,
despite the depth in a tarbine bay, there is virtually no hydrostatic or atmospheric



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 ernphysema.

"-pressure acts to keep dissolved gas in solution," should be gases (plural).
"-there is little agreement 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 regarded 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. I. 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 aduit spring chinook below Bonneville prompted studies beginning around
1940, when powerhouse capacity was low and most of the river was spilled ( 12,
13). Tt 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



1970(7?) 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 sity 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% / 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 seagulils were found to be glutted with dead smolts, that
had not been obvious previously.)

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

- ESA-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 n 1971, it is



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.

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" manuscript 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 mortality.” T 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 1arval 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 aresult, the TDGP that a fish might experiences under some
circurnstances 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:



“monitoring 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." 1disagree 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 accumnulate 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 disecased
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. ‘



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 fish 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 hemnostasis 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 so of indirect mortality and inste left to infer that fish

ted b bubble disease may be more susceptible to predation, disease. and
delay.” Relatively little effort has been focused on this concern, both 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. ' C '

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
armmong 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 cutbreaks in Oregon, Nevada, Michigan and Italy (41)



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. Itis
tempting to speculate that gas bubble disease may be involved in predation, but so
far, the issue is unresolved.

Avoidance behavior:

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 O. 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, Nifrogen 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



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)7

In summary, avoidance behavior has never solved a pollution problemn 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: Atleast 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
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similar gas levels. Several explanations are possible, including increased 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 cifrcumstances. 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

10 N ol
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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 kil 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 sapport 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 kiil 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: John Stevenson, PNUCC staff, and interested members

From: ‘Al Giorgi 46’

Subject: Summary of key issues discussed at A¥S, 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 ID 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 truthed at within 10% of actual GS levels.
However, the model is still somewhat coarse in that timesteps are long, 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 2 -
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 1ssue 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.



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 interna! 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 zone 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. B S

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, not just salmon.

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



debilitated organisms will likely 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. John 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 stressed they are concerned about all species, not
just anadromous fish. Matt Mesa (NBS) noted that we have no assessment of the cumnulative
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 effec':t., 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 recommended that 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 exopthalmih

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 P1 did not change much from previous years, an indication of no great GS loss. Dr.
Fidler cautioned that the PI if it is an appropriate survival index reflects all combined sources
of smolt mortality, and GS effects cold have been quite large but were balanced by increased



spill passage survival. The point is it is the net survival through the system that is of
concern. If spill enhances survival at the dam but causes conditions that kill smolts it high
levels in the reservoir what have we accomphshed" 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 siot forebay collector and test it as
soon as is reasonably possible.

BPA funded GS study. Enclosed is a study outlmc for a 1994 mvesnganon to be conducted
jointly by Fidler and Colt.



Workshop Agenda, April 19-20, 1994

GAS SUPERSATURATION RESEARCH NEEDS
. ' -at - '

The Columbia River Room, Coliseym Red Lion, Portland, Oregon
(behind the Cohscum, south off Broadway Blvd)

Sponsored by the Portland Chapter of the American Fisheries Society, the U.S.
Environmental Protection Agency, U.S. Army Corps of Engineers, and the Bonneville
Power Administration, Portiand, Oregon.
Objectivw

1. Review present and probable future supersaturation c:rcmnstanocs on the Colnmbxa
and Snake Rivers.

2. Provide peer rcvicw and comment on existing gas supersaturation xcscarch projects.

3. Have experts on gas supcrsamrauon list and prioritize the additional research needs.

4. Provide a record of the meeting and update the 1980 AFS report on "Atmospheric Gas
Supersaturation: Educational and Research Needs (TAFS 105:769).

April 19,1994

~ 8:152 Welcome and Introductions

8:30a Historical and Current Supersaturation in the Columbia and Snake chm
Dr. Wesley J. Ebel, (retired) NMFS, Scattle, WA,

8:50a Projected Gas Levels for Hydro Operations in the Columbia and Snake Rivers.
_ Dr. Bolyvon Tanovan, US COE, Portland, OR.

9:10a Anadromous and Resident Fish Assemblages in the Columbia and Snake Rivers of
Concern to Supersaturation. Dr. Ray Beamesderfer, ODFW, Oregon City, OR.

0:30a Break



10:00 ‘The Regulatory Frame of Reference: Bill Young, Oregon Department of
Environmental Quality; Bill Sobolewski, EPA, and .TBA, Washington Dept of
“Ecology, Olympia, WA,

10:30a How Does One Set Standards for Ges Supersaturation in Rivers? -
Columbia Basin Management Considerations by -Gary Fredricks, NMFS, Portland,

11:30 Lunch
1230;5 What are the Analytical and Monitoring Needs (Biological and Instruments)?

1'00p ‘What Are the Concerns and Rcscarch Needs for Anadromous Fish Relative to Gas
Sup:rsamrauon?

‘What species are at risk, why, what life stage, and under what circumstances?

- 2:00p What Are the Concerns and Research Needs foz'Residcnt- Fish and Invertebrates
. Relative to Gas Supersaturation?

‘What species are at risk, why, what life stage..and under what circumstances -
3:00p Break |
'. ! l B I 1 ! II I‘. .
- 3:30p Study Plan: Determination of Total Dissolved Gas Effects on Salmon and Other
- Aquatic Species from Spill at Nontransport projects in the Lower Columbia and
Snake Rivers. Jim Athern, and Rudd Turner, Corps of Engineers, Portland, Or.
Discussion and Comments

4:30p Study Plan: Biological Monitoring of Supersaturation in the Colurnbia River. Earl
Dawley, NMFS, Hammond, OR.

5:00p Discussion and Comments
5:30p Adjourn
April 20,1994

8:00a Smo!lt Monitoring for Gas Supersaturation. TBA. Fish Passage Center, Portland,
) OR..



8:30a General Discussion an& Comzn:s.

9:00a Study Plan: Effects of Sup:rsannanon on Predation of Smolts. Matt Mesa, US
onlogu:a] Survcy.Cook, WA,

9‘30a. Genc.ral Discussion and Comments
10:00a Break

10:30a Study Plan: Allowable Levels of Gas Supa'sammnon for Fish Passing Dams.
John Colt, Montgomery Watson Co., Bellevue, WA,

11:00a General Discussion and Review Comnmts
11:30a Lunch . -

y, 12:30p Executive Session to Consolidate and Prioritize Research Needs.

, 3:30p BFO', After Thoughts, and Public Comments (wﬁtt;m comments will be
encouraged).
5 :00p Adjourn



Invited Experts on Gas Supersatuation

Mr. Kirk Beiningen |

Oregon Dept of Fish and Wildlife
17330 SE Evelyn St.

Clackamas, OR 97015

Dr. Thomas Backman

- Intertribal Fish Commission
729 NE Oregon St, Suite 200
Portland, OR

Dr. Gerald R. Bouck
Division of Fish and Wildlife (P7)
Bonnevilie Power Adnnmstauon
P.0. Box 3621

Portland, OR 97208-3621

Dr. Gary Chapman
U.S. Environmental Protection Agency

2111 SE Marine Science Dr,
Newport, OR 97365-5260

Dr. Charles Coutant
Environmental Science Division
Oak Ridge National Laboratory
. P.O. Box 2008

Mail Stop 6036 _
Oakridge, TN 37831-6036

Dr. John Colt
Montgomery Watson
2375 NE 130th , Suite 200
Believoe, WA 98005

M. Ear]l Dawley
NMFS

P.O. Box 155
Hammond, Or 97121

Dr. Wesley 1. Ebel (retired)
107 NW 185th '
Seattle, WA 98117

- 503 /657-2038

503/ 2380667,

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)



Dr.'I..a.n'y Fidler
Aspen Applied Sciences Ltd.

~ P.O.Box 337

Valemount, BC VOE 220

Dr. John Jensen

Department of Fisheries and Oceans-
Pacific Biclogical Station

Nanaimo, BC V9R 5K6

Dr. William Krise - .
NFRFDIL.-National Biolo glcal Survey

RD 4, Box 63
Wellsboro, PA 16901

Mr. Matt Mesa

National Fisheries Research ommr
Willard State Star Route

Cook, WA 98605

. Dr. Robert White

Montana Coop. Fish. Res. Umt.
Dept. of Biology

Montana State University
Bozeman, MT 59717

604/ 566-9931; Fax 566-9824 -

604/ 756-7013; Fax'756-7053.
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Impacts of dissolved gas supersaturation on Cofumbia and Snake river anadromous fish

Introductio-n

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 steethead 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 salmonids, 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 and 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 high flow years, when most of the fish and water pass over spillways at dams
instead of going through the turbines, and travel tirnes 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 maximum 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 salmenid

. 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 tt.xe
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 ériterion 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 EPA cntenon was based on shallow water studies, notably Ebel et al. (1975), Dawley and
Ebel (1975), and an unpublished 1975 version of Bouck ét 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 used in
justifying or supporting a 110% standard. The observed mortalities of juvenile fish under these
conditions in the study were 50% steethead 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 determinations 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
compiicated 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 bubble 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 t.hat
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
-determination 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 m deep. The determination for juverile
.salmonids was based on a literature review and the resuits 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.
o 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 (NMFES) said that-the 110% -
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criterion was only useful for shallow 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 dissoived gas in excess of the 110% standard observed in 1986, "there were 1o reported vxmble
damages to the fish." _
, ~ Several researchers have found that even in shallow water, holding fish at 110% will not cause _
‘mortality. Dawley and Ebel (1975) observed no mortality of juvenile steelhead and chinook held at 110%
nitrogen, 15° C in 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 that field studies investigating the 110% criterion "support the
contention that 115% saturation would be safe for wild salmonids in the Colurnbia 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 that the high density of fish to water and the limited depth of the tanks may have
affected the results, after observing some territorial inferactions 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 steethead mortahty in 7 days at 130% TDG (27% with GBD symptoms)
and no dissolved gas related Juverule spring chinook mortality in 37 days at 133% nitrogen (10% with
GBD symptoms).
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 335 days. They
. also observed greater than 50% mortahty in less than 1.5 days at 120 and 125% mtrogen saturation in
the shallow tanks,



Blahm (1975) noted that deep tank survwal was better than shallow tank survival in field tests ‘
in the Columbia River at Prescatt, Oregon, with prevallmg 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% mortality; 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 sublethal period, a penod of log-linear mortality, and

a perlod of protracted survival. -

Weitkamp (1976) found in live-cage bioassays m 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 saturations 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 of 2 to 17% from May 31 to June 4; 110 fish with GBD were observed out of 2,042 sampled
altogether. At Bonneville Dam, GBD symptoms 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 1-12 were observed with signs of GBD. -Yearling chinook were affected in low
percentages (5% or less for four days), and sockeye and coho were intermediately affected.

Progression of gas bubble disease rélative 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 relanonstup of
external symptoms 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 environments, fish may die before external signs
appear, Meekin and Turner (1974), Weitkamp (1975) and Bouck et al. (1976) found that a small pomon
of mortalities which died in a short time had no external signs of GBD. This was more common in acute
saturations (140%), but also occurred in more chronic situations. External GBD symptoms are most
severe when conditions are marginally lethal, allowing longest survival (Bouck et al., 1976). Mortality
does not necessarily accompany the presence of GBD symptoms, 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 symptoms that do not die
during exposure to high TDG levels will recover if returned 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, exhxbxted no delayed mortality due to pnor
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 finding of note is that after death, external signs of GBD d1sappear in adults after 24 hours (Ebel

et al., 1975).

When migrants were monitored at dams for signs of GBD, GBD symptoms were_observed to -

A

-

coincide with periods of high dissoived 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 symptorms, 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 aduits examined at McNary had signs of GBD. 'He concluded that .

there were minimal impacts of supcrsamranon on migrants during that time.

Sublethal and physiological effects

In addition to direct mortaixty, 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 disease 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 105, 110, and 115%, and that blood chemistry was affected at
115%.

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 chioride, which was observed in steelhead
and chinook at 120% mnitrogen 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 field 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 dissoived gas were less
_able to transition successfully from freshwater to saltwater, and found that survxvmg high TDG saturanons
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 acﬁvely 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 dlssolved gas saturation level.



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 salmen and trout for
avoidance of supersaturated water in a shallow tank. They found that coho, sockeye and chinook salmon
smolts and juvenile rainbow trout actively avoided supersaturated water at levels of 125 and 145% TDG,
but were less consistent in avoiding 115% 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. Sockéye 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 steethead; 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 mortahty 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 comphcated :

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 changed 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. Alderdice 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 pomon of the water column available to them, thereby finding protectzon 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-river 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 fish

Since the effect of dissolved gas supersaturation on 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 steethead, 11% were between O and 2
‘m, 37% were beétween 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 O to 12 feet, and of these, 80% were between O and 6
feet . _



.. 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 (prov1ded
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. Khnittel 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 recover from exposure to TDG supersaturation in the range of 125 and
'130% is 2 to 3 hours, and the minimum time to recover from 120% is 1 to 2 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 110% 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

1t 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 gas 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 ome 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 assessmeant, 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 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.



References

Alderdice, D.F. and J.0.T Jensen. 1985. Assessment of the mﬂuence of gas supersaturation 6n

salmonids in the Nechako River in relation to Kemano completlon Can. Tech. Rep. Fish. Aquat, Sci.
1386 48p :

. Backman, T.H., R.M. Ross and W.F. Krise. 1991. Tolerance of subyearling American Shad to short- _
term exposure to gas supersaturation, N, Am. J. Fish, Manage. 11(1): 67-71.

Beiningen, K.T. and W.J. Ebel. 1970. Effect of John Day Dam on dissolved nitrogen concentrations
and salmon in the Columbia River, 1968. Trans. Am Fish. Soc. 99:664-671. '

Blahm, T.H. et al. 1973. Effect of gas supersaturated Columbia River water on the survxval of juvenile
-salmonids April to June 1972. NMFS, Prescott, OR.

Blahm, T.H., R..T. McConnell, aud G.R. Snyder. 1975. Effect of gas supersaturated Columbia River
water on the survival of juvenile chinook and coho salmon. US Dep. Commer,, NOAA Tech. Rep.
- NMFS-SSRF-688, 22 p.

Bouck, G.R. et al. 1976. Mortahty, saltwater adaptation and reproduction of ﬁsh durmg gas
supersaturatlon EPA, Duluth, MN. ‘

Bouck, G.R. 1980. Etiology of Gas Bubble Disease. Trans. Am. Fish. Soc. 109: 703-707.

Boyer, Peter B. 1974, Lower Columbia and lower Snake rivers nitrogen (gas) supersaturation and
related data: Analysis and interpretation. COE-NPD, Portland, OR.

Crunkiiton, R.C., J.M Czarnezki and L. Trial. 1980. Severe gas bubble disease in a warmwater fishery
in the Midwestern United States. Trans. Am. Fish. Soc, 109: 725-733.

Dawley, E., T. Blaihm, G. Snyder, and W, Ebel. 1975. Studies on effects of supefsaturation of
dissolved gases on fish. NMFS Seattle, WA, :

Dawley, E.M. and W.J. Ebel. 1975, Effects of various concentrations of dissolved atmospheric gas on
juvenile chinook salmon and steelhead trout. Fish. Bull. 73(4):787-796.

Dawley, E.M. 1986. Effects of 1985-86 levels of dissolved gas on salmonids in the Columbia River.
NMFS, Seattle, WA.

Ebel, W.J. 197 1 Dissolved nitrogen concentrations in r.he Columbla and Snake rivers in 1970 and their
effect on chinook salmon and steelhead trout. US Dep. Comrer., NOAA Tech. Rep. NMFES SSRF-646:
1-7. :

Ebel, W.J., H.L. Raylﬁohd, G.E. Monan, W.E. Farr, and GX. Tanonaka, 1975. Effect of
atmonspheric gas supersaturation caused by dams on salmon and steelhead trout of the Snake and
Columbia rivers. U.S. Dept. Commer., NMFS, Seattle, WA. 111 p.

' Environmental Protection Agency. 1976. Quality Criteria for Water. PB-263943.



Gray, R.H. and J.M. Haynes. 1977. Depth distribution of adult chinook salmon (Oncorhynchus
tshawytschay in relation to season and gas-supersaturated water. Trans. of the Am. Fish. Soc. 106(6).

Jensen, J.O.T., J. Schnute and D.F. Alderdice. 1986. Assessing a juvenile salmonid response to gas
supersaturation using a general multivariate dose-response model. Can. J. Fish. Aquat. Sci. 43: 1694-
1709. _ :

- Knittel, M.D., G.A. Chapman and R.R. Garton. 1980. Effects of hydrostatic pressure on steelhead
survival in air-supersaturated water. Trans. Am. Fish. Soc. 109: 755-759.

Meekin, T.K. and B.K. Tumer. 1974. Tolerance of salmonid eggs, juveniles, and squawfish to
supersaturated nitrogen. WDF Tech. Rep. 12.

Nebeker, A.V., D.G. Stevens and R.K. Stroud. 1976 Effects of alr~supersaturated water on adult
sockeye salmon (Onchorynchus nerka). J. Fish. Res. Board Can 33: 2629-2633.

Rulifson, R.L. and G. Abel. 1971, Nitrogen supersaturation in the Columbia and Snake rivers. EPA
Tech. Rep. TS-09-70-208-016.2. Seattle, WA,

Stevens, D.G., A.V. Nebeker and R.J. Baker. 1980. Avoidance responses of salmon and trout to air-
supersaturated water. Trans. Am, Fish. Soc. 109; 751-754.

United States Army Corps of Engineers. 1986, Dissolved gas monitoring for the Columbia and Snake
rivers: summary report and data analysis. Water Management Branch. North Pacific Division, Portland,
QOregon.

United States Army Corps of Engineers. 1991. Bonneville second powerhouse operation decision
document. North Pacific Division, Portland, Oregon. p. A-7.

Weitkamp, Donald E. 1974. Dissolved gas supersaturation in the Columbia River system: Salmonid
bioassay and depth distribution studies. Parametrix, Inc., Seattle, WA.

Weitkamp, D.E. 1976. Dissolved gas supersaturation: live cage bioassays at Rock Island Dam,
Washington. In Fickeisen and Schneider, editors, Gas bubble disease. CONF-741033, Tech. Information
Center, Energy Research and Development Admin., Oak Ridge, TN. pp. 24-36.

Weitkamp, D.E. and M. Katz. 1980. A review of dissolved gas supersaturatlon literature, Trans. Am.
Fish. Soc. 109: 659:702.

November 14, 1989. Letter from J.B. Royce, COE-NPD to W.J. Sobolewski, EPA.

January 16, 1990. Meetmg at EPA Oregon operations office with EPA DEQ, COE NMFS FpC.



1993 Dissolved Gas Supersaturation

Introduction

stsolved 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
Fisherjes 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 -
detriment 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 (CBFWA) to Major General E.J. Harrell of the COE
North Pacific Division (COE-NPD) dated February 5, 1993, the agency and tribal plan to monitor srmolt
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 monitoring 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 Dailes 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 Rocky Reach dams were unavailable for the most of the sprmg
migration.

During the period when the lughest dlssolved gas saturations occurred low incidence of mostly
mild external signs of Gas Bubble Disease (GBD) were observed on juvenile migrants. The largest
propornon 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 stations 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 sampling 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 Lower Granite, Lower Monumental, McNary, John Day and Bonneville dams, refer to the appendix.



DisSolved' gas conditions in the Snake and Columbia rivers in 1993

The levels of dissolved gas supersaturation coming into the system, i.e. daﬂy 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 100% to a high of 127% 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 in 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 110% saturated, and did
not vary much during the season (see figure A-2); therefore dissolved gas supersaturation increases in
the lower 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 104% and 109%, Snake River levels were between 100% and 103 %, and lower
Columbia levels were between 102% and 108%, except for the Warrendale site below Bonneville, which
recorded levels of 110% to 111%. '

Durmg the first two weeks in May, dissolved gas saturation began to increase as flows mcreased

- Priest Rapids in the Columbia, Lower Monumental in the Snake River, and the lower Columbia stations
all recorded levels generally above 110%, and neared 120% saturation.

‘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%
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 Jower Snake dams. At Little Goose,
average saturation ranged from 107% to 120%, with five days greater than 115%. At Lower
Monumental Dam, average saturation reached 133%, and ten days during this period were above 125%
(see figure A-3). In the lower Columbia, most daily averages were greater than 115%, 120% was
exceeded for five to twelve days, and saturations reached a high of 127% for one to two days at all three
dams below McNary (see figures A4,5,6). ,
i 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 110%
and 120%. Dissolved gas saturation in the mid-Columbia during June stayed mostly under 110%. B
ihe end of June, few daily averages above 110% were observed in the river system.

 Reasons for spill

During periods of high flow there were qbrrespo'ndingly high spill volumes. The spill occurred
due to flow in excess of the hydraulic capacity of the projects, or as a result of overgeneration.
Overgeneration spill typically occurs during light load hours (nighttime and weekends) when the
hydrosystem is generating the maxirmmum 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 dams, This caused a limited hydraulic capacity at these projects during most of the



high flow periods, The research units were brought back in service durmg the highest flow and spill -

_period in an effort to decrease dissolved gas concentrations. In addition, at Little Goose Dam 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 spiilbays without flip lips and concentrated the spill volume
into fewer spillbays until the equipment was removed. All of the above condmons contributed to the
high dissolved gas levels in the Columbla 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 Smolt 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
Bonneviile Dam. 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 weil under
5% and mostly in the range of 1 to 2%, with the exception of Lower Monumental Dam, 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 smolt 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 smolt
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 mfecnon. 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. Fxsh with head burns were not observed to have any other evidence
of gas bubble dlsease

Controversy over the use of dxssolved gas standards in 1993

Although the 110% standard for dlssolved gas saturations in the Columbia and Snake rivers set



by the states and described in an EPA criterion has been in place for over twenty years, it is commonly
-exceeded, usualiy 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. CBFWA, in a letter to Major
General E.J. Harrell of the COE-NPD on Fcbruary 5, 1993 recommended that the data on fish condition
collected by the smolt momtormg 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 coming 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 operatioris document refers to a'120% dissolved
gas criterion; while the Fish Passage Plan mentions-110% in the Bonneville section and 120% at thc other
projects (e.g. The Dalles and John Day).

In 1993, criteria for dissolved gas saturation levels were used in an unprecedented fasluon by the

COE to limit 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 to achieve 80/70% FPE. The COE asserted that NMFS, in their
ESA role, had concurred with their action, although there was some confusion about whether NMFEFS
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. The Biological Opinion (May 26, 1993) submitted
by NMFS on the operation of the Federal hydropower systern set "fundamental spill for Ice Harbor Dam
...at 25 kefs 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). Ouly spill in excess of hydraulic
capacity was authorized. The decision was prompted by concern about exceeding EPA limits after
observing some hourly readmgs below Ice Harbor of greater than 130% (conversation between Marggrep
Filardo, FPC and Chris Ross, NMFS, 4/16/93). However, the COE and NMFS had no biolgg_xcal
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 questmns about whether there was even
a remote chance that fish were being endangered.



During that period, flows at Ice Harbor
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in 1992 at Ice Harbor during the spill season.

To rectlfy the situation, the state fishery management agencies and Indian tribes repeatedly
requested that spill be allowed to exceed the 25 kefs 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 kefs cap (Letters from B. Tanovan, COE-NPD to M. DeHart, FPC: May 4, 20 and
June 30).

In 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
Justlﬁcauon 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 Dam 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 have had problems with keeping the gauges in place and free of sand, since they are anchored in
pipes resting on the bottom of the reservoir 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 readmgs 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 sometimes acted to reduce dissolved .
. gas levels in the tailwater. Also, during hours with no spill, differences measured between tailwater and

5



forebay saturations covered a startling range, showing i increases as high as 25% and decreases of up to
5% saturation. The data used by the‘COE in justifying the 25 kefs spill cap show a gcneral 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% saturation. We would expect any analysis of the effect of spill on dissolved
gas levels to take forebay samration 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 from 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 tribat 80/70 spill program for fish passage would resuit 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
Dam 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 deterrmmng the
impacts the high levels will have on fish. :



Appendix

Dissolved gas saturation and Gas Bubble Disease
| in juvenile fish at Smolt Monitoring sites



Rock Island Dam 1993
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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 hlgher around May 21, wnh a peak daily average of 67 kefs on

' -May 17, and levels of about 30 kefs the few days afterward.



Lower Granite Dam 1993
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Figure A-2. Lower Granite Dam
No observations of GBD symptoms.



Lower Monumental Dam 1993
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Figure A-3. Lower Monumental Dam : .
© The highest percentages of the sample with GBD throughout the entir¢ system were observed at Lower Monumental Dam, 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 25. 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 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 of GBD 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 survival study purposes. This caused proportionately more spill to pass through the.
splllbays 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, Splll levels at Little Goose during the period when GBD was observed ranged from a daily average of 10. 810 92.9 kefs, and averaged 61.4 kefs.



McNary Dam 1993
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' Figure A4, 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 t0 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 kefs; 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% of the caudal fin, and the least frequent were observations in the caudal and

-other fins. Symptoms were ‘seen in steethead (highs of 8% and 14% for hatchery and wild, respectively), coho (maximum 7%}, sockeye (maximums of 9%

“and 2% for hatchery and wald respectively) and chinook yearlings (maximom 5% of daily sample).



John Day Dam 1993
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| 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 weré 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 19-21 were 127 %, 127% and 121%, up from daily averages of 108% to 116% the preceding several days. Signs of GBD were most often observed in
steeThead; - the peak daily percentage ‘of 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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.Flgure A-6. Bonneville Dam
- Low ihcidence of GBD symptoms in fish was observed on 19 days during the period beginning May 15 and ending June 8. This comprised the 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 dissolved 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 and 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
' sabycarlmgs Bonneville was the only site that observed GBD symptoms in subyearlings at all.

‘Below Bonneville:
The National Marine Fisheries Servncc 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 s1m11ar proportion of other species sampled were observed to be affected. Two out of 26 coho with bubbles 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
fin 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 out of 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 thie other had bubbles in less than 50% of the candal fin. Three non-salmonids were also observed to have evidence of
‘GBD, out of approximately 1,500 sampled. On June I, one out of 24 sculpin sampled at the Beacon Rock station (RM 142) had bubbles in the eye and 2 out of 12 stickleback ~

ad hubbles on the posterior half of tha body on the side above the lateral line.



Table A-1.

1993 Bonneville Dam Smolt Monitoring Program
- Gas Bubble Disease Incidence
777777 Al | Yearling | Subyeariing | Hatchery Wild Wild
Date Species | Chinook Chinook Steelhea_c_:i Steelhead 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% 10.5%
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% 0.2% 3.0% 0.0% 0.0% 0.0%
6/2 01% |  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
| 658 | o01% 0.0%  0.0% 2.7% '0.0% 0.0% 0.0% |




‘Table A-2.

*Percentages for May 20 are estimates.

1993 John Day Dam Smolt Monitoring Program
Gas Bubble Disease Incidence
Al Yearling Hatchery
Date Species Chinook _ Steelhead Coho
5/15 | 0.0%| 00%| - 0.0% 0.0%
5/16 0.0% 0.0% 0.0% 0.0%
6/17 0.0% 0.0% 0.0% 0.0%
5/18 10.0% 0.0% 10.0% 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% 10.0% 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 /A NA| NA
63 .| 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 NA | NIA
6/8 0.0% 0.0% 0.0% | 0.0%




Table A-3.

1993 McNary Dam Smolt Monitoring Program
Gas Bubble Disease Incidence

_ Al Yearling Wild Hatchery | Wid [ Hatchery |
Date §pecies Chinook | Steelhead | 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%
06/20 1.4% | 0.7% 5.3% 43% | 6.1% 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%
06/27 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%




- Table A4.

L3N

1993 LoWer Monumental Dam Smolt Monitoring Pfogram
Gas Bubble Disease Incidence :
WM
All Yearling Yearling | Hatchery Wild
Date Species Chinoock 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%
0517 |~ 2.6% | 48%|  o0.0%]| - 2.3% 40% | 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%
05122 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 O to 2 fish.




Table A-5.

1993 Rock Isiand Dam Smolt Monitoring Program
Gas Bubble Disease incidence
l———w—-———W
Date* - All Species Chinook 1 Sockeye
| o4/28 0.0% 0.0% 0.0%
04/30 0.0% 0.0% 0.0%
05/03 1.0% 0.0% | - 2.0%
05/05 0.0% | - - 0.0%]- 0.0%
05007 - |  -0.0% - 00%| - 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 inciuded in table.



COLUMBIA RIVER INTER-TRIBAL FISH COMMISSION

729 NL.E. Cregon; Suite 200, Portland, Oregon 97232 Telephone (503) 238-0667
\ o Fax (503) 235-4228

MEMORANDUM

TO: GREG MCMURRY, OREGON DEPARTMENT OF ENVIRONMENTAL QUALITY
FROM: BOB HEINIég?éERITFC, FISH PASSAGE BIOLOGIST

DATE: SEPTEMBER 13, 1993

RE: REVIEW OF MATNSTEM 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 mlgratlon periods on a real
time basis as condltlons warrant.

3. We request the Department of Environmental Quality coordinate
a review and modification of the standard with the CRITFC and other
CBFWA agencies,

Backaround

7 In 1993, management o©f 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
biclogical assessments from the "action agencies", including the
Corps of Engineers. A key part of the Corps bioclogical 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 Jjuvenile fish passage, because such spill:

9 Printad on Recycied Paper
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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 130%. The
dally 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 Jjuvenile 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 gquality 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 systenms
(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 llterature
that hlgh levels of total dissolved gas are
The combination of
“many otRer 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 &BD 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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. FISH PASSAGE CENTER

2501 S.W. FIRST AVE. * SUITE 230 * PORTLAND, OR 97201-4752
PHONE (503) 230-4099 *» FAX (503) 230-7559

MEMORANDUM

DATE: September 10, 1993

TO: FPAC

CBFWA Liaison GrouW o
FROM:W
RE: Dissolved Gas review and 1993 summary

In response to a request from FPAC, 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 gas data at Ice Harbor
Dam 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.

602-93.1ab
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Curriculum Vitae é;l/ /'4657@/5 .

WESLEY J. EBEL

1. Present Address

107 NW 185th

Seattle, WA 98177

Phone 264-542-~297%
2. Edugation

1953 - B.S. degree, University of Nevada

185% - Graduate work in Limnology, University of Minnescta
Biglegical Station

1963 - Completed extension course from Portland $tate
University

1975-76 - Graduate work in statistics, Unl"e531ty of Washington

1878 - PhD, University of Idaho

3. Work Experience

A. Current Position: 1988 to present, Fishery Research
Ceonsultant.

B. Last Full=Time Position: 1977-1988

(1) Division Director
Division of Coastal Zone and Estuarine Studies
Northwest Fisheries Center
Naticonal Marine Fisheries Service
National Oceanic and Atmospheric Administration
2725 Montlake Boulevard East
Seattle, Washington 98112-2097

{(2) Position Classificatlon; Flshery Biologlst
{Research-Administration)

(3) Description of research I was conducting.

As Director of the Coastal Zone and Estuarine Studies
Division, I was respeonsible for providing, threugh
reseaxch, the information necessary for the protection,
enhancement, and optimum utilization ¢of the fisheries
resources of the coastal zonz 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 cf fishery enhancement and stock
identification techniques as areas of increasing
potential and national interest. Research in the
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Columbiz River Basin was conducted to assess the
effects of dams and other water resource developments
on the migration and survival ¢f the anadromous fishes
and on the ecology of the Cclumbia 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.
Research 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
stecks. 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 ¢f their current and
contemplated programs and needs to direct the research
programs of the Division to be responsive to the needs
of these groups.

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 ¢ontrol devices are
maintained, including: collection of fishes,
lamprey and invertebrates, and fishes on
spawning grounds; making routine limnological
observations including temperature, watex
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 othex equipment.
Developed a back-pack shocker for lamprey larvae

P.e2
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1959-1961

1961-1962

1962-1265

1965-1974

FROM 206 546 3122 10 15832958315 P.a

surveys. A report was published in Progressive
Fish Cuylturist in April 19¢€1.

Operated biocassay laboratory used to determine
concentrations of larvicide to be used in
treatment applications. Knowledge of water
chemistry, preparation of standard solutions,
and biocassay procedure necessary. Assisted in
supervision of chemical treatment crews which
involved accdurate analysis of chemical
concentrations with critical adjustments of
chemical feeding equipment.

As chemical control supervisor, scheduled and
supervised setting up of chemical feeders and
analys=is laboratory. Operated bhiocassay
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 (SSR No. 572) by Richard
Torblaa. I developed a dye detector during this
period which I reported in the Great lLakes
Fishery Commission Report No. 4, September 1962.

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 Reserveir in 1863. The purpose of this
project was to determine the physical, chemical,
and biological characteristics of reservoirs and
water impoundment areas, especially in relation
to the distribution and behavior of migrating
gsalmon. This project terminated in 19653,
Results were published in 1969 in Fisheries
Bulletin, Vol, €7, 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.

The Brownlee Ressrvoir studies were terminated
in 1865. I was transferred to Seattle and
assigned as Program Leader of the Transportation
of Juvenile and Adult Salmon Studies, in
addition, I was assigned a nitrogen study. This
preogram made the following progress:

-

K}
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1) Developed an automatic magnetic tag detection
gystem which detects and auvtomatically separates
adult fish tagged with magnetic wire tags.
Published in Fish. Res. Board of Canada, 19689,
Vol. 26:3083-3088. 2) Determined that
transportation of wild and hatchery juvenile
chinook arocund danger areas c¢an 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, 80(2):481-505. 23) Determined
that thermal branding can be used successfully
to evaluate returning adult spring and suvmmer
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 conclusive evidence
for mitigation purposes. NWAFC, Proc. Rep.,
197%, 3% pp.

Nitrogen studies resulted in numerous
investigations and reports which led to
sclutions 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.

Served as Deputy Director of the Cecastal Zone
and Estuarine Studies Division. With the
Director, was primarily concerned with broad
pelicy development for the Division’s research
effort in both the Columbia Basin and the
development of Aquaculture (fisheries
enhancement) ag¢ 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 with
Director the responsibility for analysis of
research needed, anticipating the social and
economic trends; initiation of exploratory
research to access probability of success of
major effort; preparation of research programs
for definition of obijectives, schedules,
manpower, and budget requirements; conduct of

P.o4
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research after review and approval cof Center
Directox, 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 rescurces 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 1is conducted to
assess the effects of dams and other water
resource develcopments on the migraticn and
survival of anadromous fishes and on the ecolegy
of the Columbia and tributazry rivers; to
determine causez of fish losses; to develop
systems to protect fish from hazardous
conditions resulting from water use and
development;: and to evaluate the effectivensss
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 experience in
the theory and application of fishery biclogy,
biometrics, and cceanography. I alsc 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 existing thedry and
methedology.

I was responsible for analysis and reporting of
research results including 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, c¢onducting 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

Determined the physical, chemical, and bioclogicial
characteristics of reservoirs and vater 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 rvesult 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 ¢f both hatchery and wild
juvenile chinocok salmon can be increased by transportation
around danger areas; and that homing of adult naturally
migratiang chinoock 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 salmonids
with a wide range of size variation c¢an 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 transportaticn system.

The nitrogen studies resulted in nuperous investigations and
reports which have lead to soluticns to the problems of
supersaturation of atmospheric air and gas bubble disease, and
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have 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:

(1}

(2}

(4}

(5)

(8)

Completed surveys of nitrogen gas levels from Grand Coulee,
Washington, to Astoria, Oregon. Seascnal cycles of levels
and cause of the supexsaturation were determined.

Studies of nitrogen and effects on fish in the vicinity of
John Day Dam in 1968 revealed that substantial losses to
both juvenile and adult salmen occurred and that gas bubble
disease caused by nitrogen was a major factor.

Other experiments 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.

Studies concerning the effect of supersaturation on a
salmonid’s tolerance to temperature. increase revsaled 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 now in
existence,

Other studies designed fo help find solutions to the
problem .of supersaturation of atmospheric gas led to the
installation of spillway deflectors on key dams, and for
the present, the problem is essentially sclved 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.

Studies on the effect of cocllection and transportation of
juvenile salmonids has led £o the installation and
operation of major collection and transportation systems at
three Cclumbia River dams. The operation of these systems
has been instrumental in restoring wviable runs of chinock
and steelhead in the upper Columbia River drainage.

P.av
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ntific Honors and Awards

1970

1971
1971
1972
1972
1272
1974
1975
"1975

7. Cens

-~ Sp=cial Achievenment Award

- Superior Performance

- Best paper in AFS Transaction for 1870

- Special Achievement Awaxd

- Nominated for Federal Employee of the Year Award
- Special Achievement Award

- Special Achievement Award

- Unit Citation of Research Division

- Outstanding publication in Fish Bulletin for 1973

ultant Services

a)

b)

c)

d)

e)

)

Battelle Northwest Laboratories on analysis techniques for
dissolved nitrogen.

EPA and other state snvironmental tontrol agencles on
establishment of dissolved gas standards.

U.S. Army Corps of Engineers on data needed and the
parameters to include in mathematical model contract for
Water Resources Engineers of California.

State and federal fisheries officials concerning losses of
fish related to nitrogen supersaturation and cther causes.

Bicologists from Washington and Cregon concerning problems
of automatic detection and separation.

U.S. Army Corps of Engineers and state agencies on
requirements for bypass, collection, and transportation
systems for use at dams,

8. 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 (FPDEF)

Statistical Committee for Mid-Columbia River Studiss

" Research Needs Committee for FFPDEP
Ressarch Needs Committee for Columbia Basin Fish apnd Wildlife

Au

thority (CBEFWA)

F.ge
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