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January 1979

Great Lakes Science Advisory Board

International Joint Commission
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Members of the Board:

The Review Committee for the Dissoived Oxygen Objective for the Great
Lakes, as a requirement of its Terms of Reference, takes pieasure in
submitting the foiiowing report on its findings prepared by the members.
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REPORT OF DISSOLVED OXYGEN OBJECTIVE
REVIEW COMMITTEE

We have re examined the basis for the dissolved oxygen criterion for
the Great Lakes (June 1977) and have reviewed new published and
unpublished data (appendices). Our recommendation is that the objective
should be as follows.

In connecting channels and in all the waters of the Great Lakes, the
dissolved oxygen level should not be less than an average of 6.5 mg/liter
nor less than 5.5 mg/liter at any time over 24 hours and across a
temperature scale of 00C - 25°C.

This differs from the existing objective in Annex 1, paragraph 1 (c)
of the Water Quality Agreement in that the level is decreased by 0.5
mg/liter from 6 to 5.5 mg/liter at any time, and that hypolimnetic waters
are included in the objective.

It differs from the June 1977 recomnendation in that we are not
recommending a need for higher concentrations of dissolved oxygen at Tower
temperatures. Our rationale for basing the objective on concentration
rather than percent saturation is presented below in Section 2 -
Concentration verus percent saturation.

It also differs from the June 1977 recommendation in that we believe
objectives should be based on the ideas that the threshold value of
dissolved oxygen should be determined from data on growth and development,
reproduction, and survival rather than on incipient sublethal response.
This idea is argued below in Section 3 - Concentration in relation to
vital functions.

We believe that our objective is a no-effect level in regard to
causing changes in fish communities; that our objective is a level that
will protect salmonids at all life stages; that previous objectives for
temperatures below 40C may be unnecessarily high and that our objective
is as precise as is warranted by existing data. Additional data are
needed on the oxygen requirements for growth, development, reproduction,
and ecological survival before any further refinement of the oxygen
objectives for Great Lakes fishes is warranted.

Dissolved Oxygen Concentration Versus Per Cent Saturation:

The comnittee recomnends that oxygen concentration in water rather
than oxygen pressure be used to establish the dissolved oxygen
requirements for the following reasons: the rate of oxygen transfer
aCross fish gills is by diffusion down a concentration gradient and is
directly dependent upon the mean difference in oxygen partial pressure
across the gill; the minimal tissue oxygen pressure, as reflected by the
oxygen pressure of venous blood necessary for normal metabolic activity in
fishes, has not been established. Hence, oxygen pressure or the percent

saturation of water with oxygen, does not provide a true indication of the
oxygen pressure difference across the gills. Since the solubility of
oxygen varies with changes in temperature and salinity a constant
relationship between oxygen pressure and oxygen content does not exist.

 ,,4444H ___A,,, ,_7 ,7, _ ,
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Fish gills have been shown.to be very efficient at extracting oxygen
from water. This efficiency is due to morphological and physiological
adaptations of the blood vascular system and to the counter flow
arrangement between blood and water. Since most of the oxygen can be
removed from the water presented to the respiratory surface it follows
that the total amount of oxygen delivered to the gills is a more specific
limiting factor than is oxygen pressure per se. Concentration of oxygen
in water rather than percent saturation of water with oxygen is the more
precise indicator of the amount of oxygen available for respiratory
exchange.

Dissolved Oxygen Concentration in Relation to Vital Functions

The decision on the DO concentrations required to support healthy
fish populations was based on threshold levels concerning such vital
functions as growth, development, swimming performance and reproduction of
mixed freshwater populations. Emphasis, however, was placed on the full
life cycle of salmonids, supplemented by recommended hatchery practices
for coho salmon in British Columbia; where a daily mean level of 7.0 ppm
at 10°C is considered desirable for disease and stress prevention.
Other threshold responses (e.g., increased ventilation and cardiac rates
were noted but only used indirectly to support a buffer margin).

The literature examined is outlined in a review by Brett (1979, in
press), giving recent supporting evidence on coho and salmon growth rate;
the review by Davis (1975), and two 1978 publications noted. The increase
in concentration from the growth inflection in Brett (1979), (approx. 5.0
ppm), and from Davis' 1975 B-level for salmonids (6.0 ppm) recognizes: (a)
the generally "pristine" environmental conditions of the laboratory
experiments quoted; (b) the ecological need for metabolic scope above that
necessary for growth, involving attack and escape activities common in
nature; (c) the temporal, particular, circumstances of eggs and larvae,
described in Davis (1975) and Garside (1966); (d) the elevating effect
that many pollutants have on limiting oxygen levels defined or undefined
in the Great Lakes; and, (e) a margin of protection felt necessary to meet
general stress and disease; at present poorly undocumented.
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GREAT LAKES RESEARCH ADVISORY BOARD

REVIEW COMMITTEE FOR THE

DISSOLVED OXYGEN OBJECTIVE FOR THE GREAT LAKES

(Revised May 18, 1978)

1

Dr. John J. Magnuson (Chairman)
Laboratory of Limnology

University of Wisconsin

Madison, Wisconsin 53706

(608) 262 1627 or 262 2840

Dr. Paul O. Fromm

Department of Physiology and Pharmacology
Michigan State University '

East Lansing, Michigan 58823

(517) 355 6475 -

Dr. J. R. Brett

Fisheries Research Board

Pacific Biological Station

Nanaimo, B.C. V9R 5K6
(604) 758 5202

Dr. F. E. J. Fry
10 Riverlea Road

Weston, Ontario M9P 2R9

(416) 244 6368

Secretariat Responsibilities

Dr. A. E. P. Watson

International Joint Commission

Great Lakes Regional Office

100 Ouellette Avenue, 8th Floor

Windsor, Ontario N9A 6T3

(519) 256-7821

(313) 963 9041
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GREAT LAKES RESEARCH ADVISORY BOARD

Reply to:

1
Environmental Research Laboratory ~'~n«

620l Congdon Boulevard
ADP _ -- k .g,

- Duluth, Minnesota 55804 " " 10

 

March 30, l978

  

Subject: Review Committee for Oxygen Criteria
.

To: Attached list of Addressees
V Airm.-»u

E
a I L /. /\./"

The Great Lakes water Quality Board, which is one of the twoiaaavasm Jgjjjmgfuliytl L

under the International Joint Commission assigned to implement the Great............... Elwia)

Lakes Water Quality Agreement between Canada and the United tates, has :7 I L, /

referred the oxygen water quality criterion to the Research A ii§9rx WWR1w'sJ :/

' for action. In short, a water

Board for advice and recommendation
s

ped by a joint Committee for the Great

quality criterion has been develo

Lakes for the protection of aquatic life. The Water Quality Board is

not satisfied that it is the best criterion for the Great Lakes, and

would like an op
rch Advisory Board. I have discussed

the matter with the Board and they have concurred in the selection of

you to serve on a Committee of four to review that objective and make a

recommendation
as to the action that should be taken by the International

Joint Commission.

I would envision that this will involve

probably one meeting, to discuss '

International Joint Commission will pay the travel of non-federal employees

and will also provide secretarial support for the meeting. I know that

each of you is busy at different things, but I also know that it is only

h the best decision.

through experts, such as yourself, that we can reac

'1 hope that you will be willing to help us out with this matter. If so,

please let me know as soon as possible, so that we can establish a

meeting date. If you agree to serve on the committee, I will provide

you with a collection of papers which will give you the background of

the issue in question.

_

I am hoping that you will be willing to meet at

visit our laboratory, and give some of our staff

tual interest.

can be in any

inion from the Resea

not more than two meetings, and

h a decision. The

For selfish reasons,

Duluth so that you can

to meet each of you and talk about matters of mu

up to the group and
a chance

However, the place of the meeting is

location. I will look forward to receiving your reply soon and I hope

that it is positive.

Best regards,

Donald 1 Mount, Ph.D.

U. 8. Chairman .

Research Advisory Board

List of Addressees Attached
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FIRST MEETING OF THE

INTERNATIONAL JOINT COMMISSION

GREAT LAKES RESEARCH ADVISORY BOARD'S

REVIEW COMMITTEE FOR THE DISSOLVED OXYGEN OBJECTIVE

FOR THE GREAT LAKES

AT THE

LABORATORY OF LIMNOLOGY

UNIVERSITY OF WISCONSIN, MADISON

JUNE 26, 1978 8:30A.M. - 3:30 P.M.

A G E N D A

WELCOME AND INTRODUCTIONS

AGENDA

RATIONALE FOR OBJECTIVE REVIEW AND NATURE OF PROBLEM - A. E. P. Whtson

IDENTIFICATION OF THE CHARACTERISTICS OF A WORKSHOP OBJECTIVE

PLANS FOR ADDITIONAL COMMITTEE ACTIVITIES AND INDIVIDUAL ASSIGNMENTS

OTHER BUSINESS

NEXT MEETING

ADJOURNMENT

 



 

MINUTES OF THE FIRST MEETING

OF THE

INTERNATIONAL JOINT COMMISSION

RESEARCH ADVISORY BOARD S

REVIEW COMMITTEE FOR THE DISSOLVED OXYGEN OBJECTIVE

FOR THE GREAT LAKES

HELD AT THE LIBRARY

LIMNOLOGY LABORATORY

UNIVERSITY OF WISCONSIN

MADISON, WISCONSIN

June 26, 1978
8:30 A.M. - 3:30 P.M.

United States Members Present

J. J. Magnuson (Chairman) University of Wisconsin, Madison

P. O. Fromm _ Michigan State University, East Lansing

United States Members Absent

 

None

Canadian Members Present

 

J. R. Brett Pacific Biological Research Station

Fisheries & Environment Canada

Nanaimo, B. C. '

Canadian Members Absent

 

F. E. J. Fry Weston, Ontario

Secretary

A. E. P. Watson IJC Great Lakes Regional Office, Windsor, Ontario

 



  

AGENDA ITEM -'I- ACTION BY

I. WELCOME AND INTRODUCTIONS

 

The Chairman opened the meeting at 8:45 A.M. and welcomed

the attendees. Introductions were made. Regrets for non-
attendance had earlier been expressed by Dr. Fry.

2. AGENDA

The proposed agenda was adopted in principle.

3. RATIONALE FOR OBJECTlVE REVIEW AND NATURE OF PROBLEM

3.| Background

With reference to the Water Quality Board's Report "Great
Lakes Water Quality l976, Appendix A, Water Quality
Objectives* (See excerpt in Appendix I), Dr. Watson
outlined the problem. He stated that the Water Quality

Board, unable to accept or evaluate the dissolved oxygen

(0.0.) objective described in the report, had requested
aid from the Research Advisory Board. The latter stated

the problems as:

o the proposed objective cannot be implemented
neither, however, can the present objective; and

0 such a restrictive objective is unnecessary to protect

aquatic life.

Hence, the Review Committee has been constituted to

resolve these issues.

3.2 Perception of the Problem

A. Dr. Magnuson noted that a sound scientific basis "

would be necessary in order to recommend dissolved

oxygen levels compatible with observed taxonomic

relationships.

Following discussion, specific elements of the problem

were identified as:

I) The validity of the criteria for the partial

pressure of venous blood (i.e. p V0 in mm
Hg) to maintain the required gradient across the

gills.

2) The need for and validity of separate D.O.

levels for different fish species, coupled with

the perceived trophic state of a lake and the

*N.B. Copies of the complete report were distributed during the meeting.
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AGENDA ITEM -2-

selection of an appropriate
strategy.

management

3) Reveiw of the recent (i.e. post-l973) literature,
especially that relating to the D.O.
requirements of fish at low temperatures.

4) Oxygen debt" and accountability in fish during
active and resting periods.

5) Acclimation by fish to iow D.O levels.

8. An analysis was made of the development of dissolved

oxygen criteria described in the report (see
Appendix I - report excerpt, pp. ll-27). Queries
regarding the report included:

- the validity of critical oXygen levels;
- the significance of DO concentrations in venous

blood and their inculsion in the reported data;
and

- the influence of
requirements.

temperature on oxygen

COMMITTEE ACTIVITIES

 

It was agreed that the members' expertise be shared in
developing a rationale and that the oxygen requirements for
this be developed. Moreover, it was decided to note issues
resulting from this meeting and to continue the assignment by

correspondence; holding the next meeting in the Fall of l978.

MEMBERS' PRESENTATIONS

 

The Chairman invited presentation of relevant research material
by the members.

5.! Dr. Brett s Presentation on Metabolic Rates and Dissolved

Oxygen Concentrations

Dr. Brett noted that growth was a valuable sublethal

stress indicator. Data were presented - see Appendix
2A - illustrating relationships between oxygen and: (a)
growth index (fig. l5, Appendix 2Aa); (b) food
conversion efficiency (fig. I6, Appendix 2Ab); growth

rate (fig. I, Appendix 2Ac); and the haematocrit (fig. 2,
Appendix 2Ad); respectively.

ACTION BY

  



 

AGENDA ITEM

5.2

5.3

 

It was concluded that:

- a re appraisal. of earlier work on limiting D.O.

concentrations is necessary since recent research

indicates lower values of 4-5 ppm (i.e. 4-5 mg/L);

- good diurnal growth is observed at relatively

D.O. concentrations, with

excreta present; and

low

(oxygen-demanding)

- evidence for adaptation is demonstrated at these D.O.

concentrations.

0.0. WinterkillDr. Magnuson's Presentation

Conditions

on and

Two publications on this subject co-authored by Dr.

Magnuson, were distributed and are reproduced in

Appendix 28a and 28b; respectively. it was noted that:

- fish behaviour is similar at D.O. concentrations of.l

mg/L and at 4 mg/L, implying the use of an

accessory ventilation mechanism;

- fish seek a preferred temperature (e.g. 00-40C and "

0.7 mg/L 0.0.) to conserve energy;

- bottom standards for the lake D.O. concentration

apply in winter; and -

- few data are available at temperatures of 5°C or

below.

Dr. Fromm's Presentation on Respiratory Mechanisms

Appropriate literature was cited' and recent research on

this topic was described by Dr. Fromm, including studies

of the variation of cardiac output to increase oxygen

transfer and the ventilation effect, involving utilization of

secondary gill lamellae to provide additional oxygen

uptake.

It was concluded that:

- adaptability by organisms to D. 0. concentrations

less than the maximum has largely been ignored in

the report under review;

- oxygen requirements at low temperature (i.e. below

5 C) have been extrapolated from information on gill

activity at 20 C; and

ACTION 8;};

 



AGENDA ITEM

 

_4_

- it is unreasonable to propose such a high value for p
V02, since the saturation of haemoglobin by oxygen

is not compromised by the likely reduction in 02

tension and the CO2 balance must be accounted for.

Dr. Fromm was requested to provide additional information
on the latter topic.

MAJOR CONCERNS OF THE COMMITTEE (See Appendix 3)

 

The Committee itemized its major concerns and the Chairman
agreed to submit these as a report of the Committee to the

Research Advisory Board for its July l978 meeting. The report
is reproduced in Appendix 3.

NEXT MEETING

This will be held in November l978 at a location convenient for

Dr. Fry. The business of the Committee will meantime continue
by means of correspondence involving the Chairman and
Secretary.

ADJOURNMENT

Dr. Magnuson adjourned the meeting at 4:30 P.M.
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APPENDIX 1

Dissolved Oxygen Excerpt from the June 1977 Report

on

Great Lakes Water Quality L976
  

Appendix A, Water Quality Objectives
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DISSOLVED OXYGEN

(
REdeVENDATION

It is recommended that the following revised objective for dissolved

oxygen be adopted to replace the existing objective in Annex 1 of the

Water Quality Agreement:

Dissolved oxygen should not be less than the values specified below

for the protection of aquatic life:

Oxygen Concentration

  

Egter Temperature °C Percent Saturation mo/litre

0 ' 69 ' 10.0

5 . 70 9.0

10 ' ' . 70 7.9

15 a . 71 . I '7.2

20
79 ' - ' 7.2

7.2
25 g 87

2EXISTING OBJECTlVE

The above objective is recommended to replace the existing objective

_in Annex 1 paragraph 1 (c) of the Water Quality Agreement, which states:

"In th; Connecting Channels and in the upper waters of the lakes,

the dissolved oxygenlevel should be not less than 6.0 milligrams

per litre at any time; in hypolimnetic waters, it should be not

less than necessary for support of fishlife, partiCularly cold

water species."
a - ~

RATIONALE

. INTRODUCTION

Dissolved oxygen (D0) is a critical constituent which is essential

for the continued healthy functioning of aquatic systems. Inadequate

dissolved oxygen concentrations in surface waters may contribute to an

_ unfavourable environment for fish and other aquatic life; the absence of

dissolved oxygen may degrade the aesthetic quality of waters by giving

_rise to the malodorous products of anaerobic decomposition. Although

Supersaturated concentrations of D0 which can arise from excessive algal

production may affectone or more beneficial uses of water, the emphasis

of the rationale is on the implications of a deficiency of dissolved

oxgyen.

OXYGEN REGIMES IN THE GREAT LAKES

Table 1 summarizes summertime dissolved oxygen conditions in the hypolimnetic

waters of the Great Lakes, and illustrates the variation in conditions within

that system. In Lakes Superior and Huron, the hypolimnion remains essentially

11

  



 

-TABLE 1.

SUMMARY OF DISSOLVED OXYGEN CONDITIONS IN THE GREAT
AS OBSERVED BY THE CANADA CENTRE FOR INLAND WATERS

(COMPILED BY HUGH F.H. DODSON, APRIL 22, 1977).

LAKES SUMMERTIME HYPOLIMNIA

 

LAKE NUMBER
OF

CRUISES

YEARS OF THE
OBSERVATIONS
CONSIDERED (f0)

APPROXIMATE
TEMPERATURES

_____DLESOLNED

MAXIMUM
VALUES
(MG/L; % SATN)

XYGEN CONDITIONS

 

MINIMUM
VALUES
(MG/L, % SATN)

.MEAN
DEPLETION
RAT

(MO

  

Superior

Huron

Georgian Bay

Centrél Erie

Eastern Erie

Ontario, main baSin

 

17

10

5

6

21

Ontario, outlet.basin 33

 

1968 - 73

1968 7A

1969 74

1970

1970

1972 75

1966 7s,

3.8°

3.9a

A.l°

6O

3.8°

'5 to 12°

 

~

7 to 12°

 

13.8/1072

13.8/108Z

14.5/1142

11. /~lOOZ

~12, /~lOOZ

~l3. /~lOOZ

13.1/1052

 

12.0/93z

11.4/882

11.6/902

0.0/02

5.7/482

lO./8OZ

4.2/39Z

 

0.14

0.24

0.27

3.3

1.2

0.6 I

2.0

 

EL/MONTH)
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dL.letion is generally observed during t
though areas of oxygen depletion do occur. This

szr~rated with oxygen,
he August September period; the

reduction seldom exceeds 10%.

In contrast to the upper lakes, there is a marked seasonal variation

in oxygen conditions in Lakes Erie and Ontario. The existing objective

for dissolved oxygen is frequently violated in both lower lakes. Zero

values of DO commonly occur during the Summer months in the bottom

waters of the central basin of Lake Erie; minimum values of 5.7 mg/l

(A8Z saturation) have been observed in the hypolimnion of the eastern

basin of Lake Erie. Dissolved oxygen values in the central and eastern

basin are depicted in Figure 1.

In Lake Ontario, oxygen conditions are more stable, with a maximum

depletion of 20% from complete saturation. However, significant reductions

occur in the outlet basin of Lake Ontario. Minimum cycles of 39% saturation

have been recorded. The seasonal cycle of D0 in the bottom water of

Prince Edward Bay is presented in Figure 2.

In contrast to the bottom waters, the eplimnetic waters throughout

the Great Lakes are normally saturated with oxygen, and violations of

water quality objectives, would not be expected to occur.

AESTHETIC QUALITIES OF WATER

Maintenance of aesthetic qualities of water requires sufficient

dissolved oxygen to avoid the onset of septic conditions. The absence g

of dissolved oxygen in the water column causes the anaerobic decomposition

of any organic materials present. Such decomposition results in the

formation of gases such as hydrogen sulfide, carbon dioxide and methane

in the sediments.

POTABLE WATER SUPPLIES

DissolVed oxygen in bodies of water used for municipal watey supplies

is desirable as an indicator of generally satisfactory water quality. 7

In addition, dissolved oxygen in the water column prevents the chemical

reduction and subsequent leaching of iron and manganese principally from

the sediments (Environmental Protection Agency, 1973). These metals

cause additional expense in the treatment of water or affect consumers'

Welfare by causing taste problems and staining plumbing fixtures and

other surfaces which contact the water in the presence of oxygen (NAS/NAE,

1974).

Dissolved oxygen also is required for the biochemical oxidation of

ammonia ultimately to nitrate in natural waters. This reduction of

ammonia reduces the chlorine demand of waters and increases the disinfection

efficiency of chlorination (NAS/NAE, 1974).

13
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The disadvantage of substantial quantities of dissolved oxygen in
water used as a source of municipal water supply is the increased rates
of corrosion of metal surfaces in both the water treatment facilities
and in the distribution system (NAS, 1974).

Such corrosion, in addition to the direct damage, can increase the
concentration of iron (and other metals) which may cause taste in the
water, as well as staining.

\

AQUATfIC LIFE REQUIREMENTS

There is a large volume of literature pertaining to the minimum
dissolved oxygen concentration necessary to sustain aquatic life, especially
.fish, and the conCentrations below which fish will be affected by short
term exposures. Comprehensive papers have been prepared by Doudoroff and
Shumway (1967; 1970), NAS/NAE (1974) and Davis (1975). The intent of .
this rationale is not to reiterate the information which has been summarized
in the above review papers. Rather, attention is given to identifying
oxygen responSe thresholds and the effects of low DO levels on aquatic
organisms. Much reliance has been placed on the review of the oxygen
requirements of aquatic life by Davis (1975) in selecting an objective
and developing a rationale.

PHYSICAL CONSIDERATIONS

The solubility of a gas in a liquid is dependent upon the nature of
the gas and of the liquid, and on pressure and temperature. In theory
pressure is the most important factor affecting the solubility of gases.
Henry s Law states: the mass of gas dissolved by a given volume of
solvent, for a constant temperature is propdrtional to the pressure of
the gas with which it is in equilibrium. In a mixture of gases, each
constituent dissolves according to its own partial pressure. With
regard to temperature, the solubility of oxygen in water decreases
rapidly with increasing temperature. In fresh~water environments,
oxygen solubility is more dependent upon temperature than pressure.

The movement of oxygen into aerobic organisms is accomplished by a
process of diffusion which depends upon an internal - external oxygen
pressure gradient. It is the oxygen tension gradient between tissues and
the external medium that is critical to the gas exchange process.

Water which is equilibrated with the atmosphere at sea level will
have an oxygen partial pressure of about 154 - 158 mm Hg. In fish, the
internal oxygen tension usually ranges from 50 110 mm Hg, and oxygen
therefore diffuses across the gills into the blood down an 02 gradient
of 40 ~ 100 mm Hg-(Randall, 1970). A decrease of the external oxygen
partial pressure (P02) reduces the gradient or depresses arterial P02.

I
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As temperature increases, oxygen solubility decreases, but oxygen

partial pressure drops only slightly. In warm water, a fish must pump

1 e water over the gills to provide a given volume of oxygen per unit

time, even though the oxygen partial pressure gradient between water and

blood has changed but little. Metabolic demand for oxygen increases with

elevated temperatures. Therefore, severe respiratory problems can be

associated with a combination of high temperature and reduced oxygen

tension (i.e. water not saturated) as both oxygen availability and the

gradient for oxygen diffusion are reduced. To provide protection for

aquatic life, oxygen objectives must aim to maintain a critical oxygen

content and necessary oxygen tension as well as provide for the effects

of temperature on metabolism.

OXYGEN RiQUIREMENTS OF FISH

The blood oxygen dissociationcurve (relating percent saturation of

the blood to the Po applied) for rainbow trout indicates that the blood

remains nearly 100% saturated until Po drops below 80 mm Hg (Cameron,

1971). The oxygen tension where the blood ceases to be fully oxygen

saturated is indicative of a limiting oxygen condition for fish. Under

these conditions more circulatory and ventilatory work must be done to

meet the oxygen requirement of the tissues. Jones (1971) Suggested that

a P0 of 118 mm Hg was necessary to maintain a proper gradient for

(oxygen uptake. Randall (1970) has calCulated that the internal

external gradient for trout should be 20 mm Hg.

Under conditions of reduced oxygen availability, fish attempt to

maintain oxygen uptake by increasing the rate and amplitude of breathing

and decreasing heart rate (Holeton and Randall 1967 a, b; Carey, 1967).

In addition, the stroke volume output of the heart increaSes to maintain

cardiac output, and the gill transfer factor for oxygen increases. The

responses of fish to hypoxia represent some form of compensation or

adjustment of bodily processes. Fish are able to tolerate reduced

levels of oxygen for short periods. The success of such tolerance

depends upon the species, the oxygen levels, and on environmental factors.

The use of compensation mechanisms requires an expenditure of energy,

and will consequently reduce energy reserves required for swimming,

feeding, avoiding predators and other activities.

Much workhas been conducted in the laboratory to determine oxygen

concentrations which are in some way harmful to fish maintained in .

quiescent conditions. However, Fry (1957) recognized that identification

of oxygen thresholds (where metabolic rate ceases to be dependent upon

available oxygen) should be studied in relation to active metabolism of

the test organism. He states:

"Any reduction of the oxygen content below the level where the

active metabolic rate begins to be restricted is probably unfavour

able to the species concerned. From the ecological point of view

this "incipient limiting level" (the critical level under conditions

of activity) can be taken as the point where oxygen content becomes

unsuitable". -
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Brett (1970) determined the oxygen requirements for fingerling
sockeye salmon during various important activities. His data indicate
that a reduction in oxygen to 50% saturation (at 20°C) would severely
limit energy expenditure for migrating or maximum feeding. Similarly,

, 30 and 432 reductions of maximal swimming speed in rainbow trout resulted

when environmental oxygen fell to 502 of saturation at 21 23°C and 8

10°C, respectively (Jones, 1971). Davis at al. (1963) reported that any
reduction from ambient oxygen at 10 20°C usually reduced maximum sustained

swimming Speed in coho and Chinook salmon. In contrast, Katz et al.
(1959) has reported that the swimming ability in reduced oxygen may be

affected by season and temperature, based upon experiments with large

mOuth bass. '

The ability of fish to avoid hypoxic water has been reported by
Randall (1970). Whitmore et al. (1960) have observed a seasonal variability

in behavioral sensitivity of juvenile Chinook salmon to low dissolved
oxygen. Juvenile fish avoided DO concentrations of 1.5 4.5 mg/l in the
summer, but showed little avoidance of 4.5 mg/l in the fall when temperatures
were lower. Other behavioral responses to hypoxia include a negative

phototaxis in walleye (Scherer, 1971), and violent bursts of activity and

attempts to surface (Shepard, 1955).

Growth rate of fish is dependent upon dissolved oxygen. Growth
rate and food consumption in juvenile largemouth bass and coho salmon

increased as DO concentrations approached air-saturation levels (Stewart

et al., 1967; Herrman, 1958). Herrman (1958) concludes that minimal
oxygen concentrations to which juvenile coho can be exposed for relatively

long periods without markedly affecting growth, feeding, food conversion :
and general activity, lie within the range of 4-6 mg/l. Exposure to

fluctuating DO levels reduced growth of juvenile largemouth bass (Stewart,

et al., 1967), and Whitworth (1968) observed loss of weight in brook
trout to daily oxygen fluctuations. .

The ability to acclimate to low DO would be a useful factor for
populations regularly exposed to such conditions. However, the ability

of fish to acclimate to low DO has not been clearly demonstrated, and

there is a lack of field data to demonstrate that this ability would

markedly improve the survival chances of fish populations. The ability

to acclimate would be useful if the transition to a low DO regime were

Sufficiently slow to enable acclimation to occur without a severe physiological

stress. Acclimation would be of no value if fish encounter a rapid

d0wnward shift of oxygen. -

  

In addition to the direct impact of low oxygen levels in fish,
there is evidence that low oxygen enhances the lethal effect of toxicants

by producing a metabolic stress, thus lowering the resistance of the

animal, and by increasing toxicant uptake as the result of elevated
water flow across the gills. Alderdice and Brett (1957) observed an
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' apparent increase in the toxicity of kraft pulpmill waste to young

sockeye salmon in the presence of low oxygen. Similarly, Lloyd (1961)

reported an increase in the toxicity of a number of chemical species

.monia, lead, copper, zinc, phenols) tc rainbow trout when oxygen

levels fell below 60% saturation at 17.5°C. In tests with rainbow

trout, Downing (1954) demonstrated that at 17°C, any reduction in D0

below 100% saturation (9.74 mg/l) led to a significant enhancement of

the lethal effect of cyanide.

Developing fish eggs and larvae show a number of responses to low

oxygen including respiratory dependence, retarded growth, reduced yolk

sac adsorption, developmental deformities, and mortality. As development

proceeds, the oxygen requirements of both eggs and larvae increase.

Alderdice et al. (1957) observed that eggs at early stages of incubation

required oxygen concentrations of approximately 1 mg/l, while those

about to hatch required about 7 mg/l. It is apparent that hatching eggs

and larval fish represent the most sensitive stage in the life history.

Davis (1975) has calculated the mean threshold of incipient oxygen

response for salmonid larvae to be 8.09 mg/l,

OXYGEN REQUIREMENTS OF AQUATIC INVERTEBRATES

Available data on the responses of freshwater invertebrates to low

dissolved oxygen have been summarized by Davis (1975). Davis indicated

that a great range of tolerance responses and requirements for oxygen

exist amongst aquatic invertebrates, and concluded that insufficient

evidence exists at this time to allow meaningful dissolved oxygen objectives

to be established for aquatic invertebrates. He suggests that any

depression of natural oxygen conditions can result in a change in an

'aquatic invertebrate community. However, as many invertebrates are able

to temporarily withstand periods of low oxygen, it is likely that establishment

of objectives to protect fish will also tnsure the protection of aquatic

invertebrates.

APPROACHES TO THE DEVELOPMENT OF A DISSOLVED OXYGEN OBJECTIVE FOR AQUATIC LIFE

There are currently two philosophies with regard to establishment

of an objective for dissolved oxygen to protect aquatic life. One view

is that any_reduction of DO can reduce the efficiency of oxygen uptake

by aquatic animals and hence reduce their ability to meet the demands of

their environment. This approach espouses the view that there is no DO

concentration or percentage saturation to which the oxygen content of

natural waters can be reduced without causing or risking some adverse

effects on the reproduction, growth and productivity of resident fish

populations. This view has been endorsed by Doudordoff and Shumway

(l970), NAS/NAE (1974) and Davis (1975). Objectives which are based upon

this approach generally are expressed as percent saturation or concentration

minima and are in effect a continuum of values dependent upon temperature.
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DEVELOPMENT OF OXYGEN CRITERIA FOR FISH POPULATIONS

G

The opposing View is that the rcSponse of organisms to DO concentrations

below 1002 saturation simply reflects an acclimation response which has

no negative impact on the c0ntinued survival or productivity of the

aquatic community. Based largely upon field observations of fish populations

which have been found at oxygen concentrations considerably below that

considered suitable for a thriving population, single minimum concentrations

of D0 are believed to adequately protect aquatic populations. This view

has been adopted by the EPA "Quality Criteria for Water (EPA, 1976)

which recommends an objective of 5 mg/l for dissolved oxygen in freshwater.

There are merits to both of these philosophies. However, the

approach which has been adopted for establishment of a DO objective for

the Great Lakes is that any change in the DO regime_is likely to have

some effect on the ecosystem and the magnitude of that effect will

depend on the severity and duration of the change. It is felt that this

approach is justified for the following reasons.

1. The objective provides both the correct oxygen tension gradient

to move oxygen into the blood and sufficient oxygen to fulfill

the requirements of metabolism.

2. The objective recognizes the greater metabolic demand for DO

at elevated temperatures.

3. A reduction of DO levels to below saturation limits active

' metabolism, reduces maximum swimming speed of fish and causes

a physiological, behavioral or other stress induced response.

While the consequences of the chronic occurrence of Such

stress are not well understood, there is a reasonable likelihood

that it is an important factor in the long term survival of

the organism. ,

4. There is a small safety factor included between the objective

and the concentration causing measurable harm to aquatic

biota.. -

In line with the above discussion, the approach propcséh by Davis

(1975) for deriving DO criteria to protect fish has been adopted here.

His approach involved the establishment of mean thresholds of incipient

oxygen response thresholds by averaging data on oxygen levels for various

assemblages of fish where sublethal responses to hypoxia first become

apparent. Using the calculated mean threshold level, three levels of

protection (A, B, and C) were devised as follows:_

1. Level A: This level is one standard deviation abOVe the mean-

average oxygen response level for a fish community (e.g.

freshwater fish, including salmonids). It represents a high

degree of safety for important fish stocks and permits 13~2OZ

depression of oxygen from full saturation.
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LeVel_§: This level is the caluclated mean oxygen response

threshold, and represents the oxygen value where the average

member of a species of a fish community starts to exhibit

symptoms of oxygen distress. Oxygen concentrations are allowed

to be depressed from 35 to 45% below saturation.

Level C: This level is one standard deviation below the mean

oxygen response threshold, and permits a large portion of a

fish population to be affected. Oxygen concentrations may be

jdepressed to 60% below saturation.

The calculated oxygen response thresholds for freshwater fish

pepulations is presented in Table 2 (abridged from Davis, 1975).

V TABLE 2.

INCIPIENT DISSOLVED OXYGEN RESPONSE THRESHOLDS FOR

FRESHWATER ASSEMBLAGES OF FISH

 

PROTECTION P02

GROUP LEVEL 6 02/LITER
MMHG

 

113 7.27

86 5.26

58 3.25

92
73
54

119
90
61

115
120
85

Mixed freshwater fish

population including

salmonids (15 °C)

Mixed freshwater fish

population with no

salmonids (18 °C)

Freshwater salmonids

(including steelheads)

(15 °C)

Salmonid larvae and

mature eggs (9 °C)

0
5
5
3

0
3
1
3
'
-

O
W
S
"

n
u
n
»

     

On the basis of the calculated critical partial oxygen pressures

presented in Table 2, extrapolated objectives over the range of 0 25 °C

were calculated as percent of saturation required to provide a desirable

oxygen partial pressure and content. These values are intended to be

minimum oxygen levels of body of water. Oxygen criteria based upon

percent saturation are provided in Table 3 (abridged from Davis, 1975).

These objectives expressed as percent saturation over a range of

temperatures, are intended to protect fish by providing both the correct

oxygen gradient to move oxygen into the blood and sufficient oxygen to  



 

6

_ . TABLE 3. .

CRITICAL CONCENTRATIONS 0F OXYGEN REQUIRED To MAINTAIN DIFFERING.LEVELS ..

. 0F PROTECTION FOR VARIOUS ASSEMBLACES 0F FRESHWATER FISH

 

p Z SATURATION AT °C
02 REQUIRED TO MAINTAIN

PROTECTION ML 02 MG 02 RQIEQIlQN L VEL

GROUP LEVEL MMHG /LITER /LITER 0° 5 10° 15° 20° 25:

Freshwater mixed A 110 5.08 7.25 69 7O 7O 71 '79 87

fish population B 85 3.68 5.25 54 54 54 54 57 63

including salmonids C 60 . 2.28 3.25 38 38 38 38 39 39

   

95 3 85 5.50 60 6O 6O 6O 6O 66

75 2.80 4.00 47 47 47 47 47 48

55 1 75 2.50 35 35 . 35 35, 35 36
Freshwater mixed fish

population with

no salmonids

<
m
o

120 5.43 {7.75 . 76 76 76 _ 76 85 93
90 4.20 6.00 57 57 57 59 65 72
60 2.98 4.25 ' 38 38 38 42 46 51

Freshwater salmonid

population (including

stcclhead)

<
4
q
u

155 6 83 . 9.75' 98 98 98 98 100 100

120 .. 5.60 8.00 76 76 76 79 87 95

85 4 55 6.50 54 54 57 64 71 78

Salmonid larvae and

mature eggs of

salmonids

<
C
F
Q
D
_
'
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FIgure 3: Oxygen objective expressed as -

11 - mg/litre at various temperatures (interpolated between points)
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Figure 4: Oxygen objective expressed as percent saturation

at various temperatures (interpolated between points)
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fulfill the requirements of metabolism. At the lower temperatures where

v; ;r solubility of oxygen is high, the criteria are based upon the Po,

values (Table 3) to ensure that a percent saturation value consistent

with the required Po gradient was present. At the higher temperatures,

higher percentage sa%uration values were necessary to provide the oxygen

content requirements.

The approach used by Davis (1975) to establish oxygen criteria is

aimed at identification of incipient sublethal response thresholds. At

such thresholds, a physiological, behavioural or other stress induced

response occurs, and the organism must expend energy or make adjustments

to counteract hypoxia. When such a stress is a Chronic occurrence, it

becomes an important factor in the long term survival of the organism.

These thresholds for various assemblages of fish have been calculated

and represent the Davis "B" level of protection. As the "B" level

represents a threshold of effect rather than a safe or no effect concentration,

the "A" level of protection has been recommended, and is illustrated in

Figures 3 and A.

The objective recommended for the Great Lakes is based upon Level A

protection of a freshwater mixed fish population including salmonids.

The maximum protection level was selected as it assures a reasonably

high degree of safety for the very important fish stocks of the Great

Lakes. The,objective is designed to provide a level of protection that

should result in no appreciable damage due to oxygen stress.

The approach adopted here is in effect aimed at establishment of a

"no-effect" level of DO and is intended to protect aquatic organisms and

ensure their long term survival and productivity. While this approach

can be challenged as it ignores the ability of animals to adjust to

altered conditions, any departure from a no eifect level allows a degree

of risk which increases with the severity of hypoxic conditions. This

approach is philosophically consistent with the approach employed previously

to establish objectives for toxic substances. Objectives for heavy

metals which have been recommended are designed to be safe, or-ho effect

concentrations. This philosophy should be similarly endorsed in setting ~

an objective for dissolved oxygen.
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APPENDIX 2 A

Dr. Brett's Presentation

Growth Index (Z) vs. Oxygen (mg/L)
Food Conversion Efficiency (Z) vs. Oxygen

Concentration (ppm)

Growth Rate (Z per day) vs. Oxygen (ppm)
Haematocrit (Z) vs. Oxygen (ppm)
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Fig. 15. Relation of oxygen concentration to growth rate expressed as the per

centage of the "growth index develOped by each author. Limits = i ISD. Data

for Microoterus salmoides (26°C; 2.5 4.5 g - upper curve) from Stewart 35 31.

(1967), for Cyprinus Earnio (22°C; 0.5-3.4 g middle curve) from Chiba (1966),

and for Oncorhvnchus kisutch (20°C; 2-6 g lower curve) from Herman et al.

(1962); circled point was accompanied by significant mortalities. The-Vertical

positioning by species has no relative significance. Lines drawn according to

interpretation presented in text.
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'ig. 1. Specific growth rate (G) of fingerling coho (6-10 g) in relation to oxygen concentration,
it 15°C. The seven values obtained at 5 ppm 02 and above had a mean G of 1.41 i 0.10 (28E). Of
:he three growth rates below 5 ppm 02, one (at 3 ppm 02) was not significantly different;from the

xalues for 5 ppm and above. Lbnits are shown as mean + 28D, + 28E, n = 25. The dotted line is the

grcgression relation of gr0wth rate and oxygen concentrgtion. _The broken line is the interpreted

lielation, using an observed distress re5ponse to a steady reduction in ppm 02~at the termination of

:he 42 day experiment.
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I Fig. 2. Hematocrit level (mean i 28D, h = 10 ) of fingerling coho in relation

to environmental oxygen concentration. The regressed line (Y_ = hematocrit

level; X = ppm 02) has a correlation coefficient of r = 0.65, p < 0.5. Fish

were fed to satiation twice per day. '
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APPENDIX 2 B

Dr. Magnuson's Presentation

(a) "Behavioral Responses of Northern Pike, Yellow Perch
and Bluegill to Oxygen Concentrations Under Simulated

Winterkill Conditions, B. R. Petrosky and J. J. Magnuson,

Copeia, (1973), (1: March 5), 124 133.

(b) "Visual Observation of Fish Beneath the Ice in a Winterkill
Lake," J. J. Magnuson and D. J. Karlen, J. Fish. Res. Ed.

Canada, (1970), 21: 1059 1068.
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Behavioral Responses of Northern Pike, Yellow Porch and Bluegill
to Oxygen Concentrations under Simulath \Vintcrkill Conditions
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Behavioral Responses of Northern Pike, Yellow Perch and

Bluegill to Oxygen Concentrations under Simulated \Vinterkill
Conditions

 

Berna-m1) R. PETROSKY .an Jonx ]. MAGxUsox

Northem pike (Esox Incius), yellow perch (Perm avescens), and bluegill

(Lepomis macroclzirus), were exposed to successively lower oxygen con-
centrations 4.0, 2.0, 1.0, 0.5, and 0.25 rug/liter) each day for five days in
aquaria sealed above with simulated ice. \Vater temperature varied
from 2.5 to 4.0 C and light intensity and photoperiod simulated conditions
in an ice-covered lake.

Gill ventilation rates increased in response to lowered oxygen, doubling
[or bluegill and yellow perch but quadrupling for northern pike. Maxi-
mum ventilation rates occurred at 0.5 mg/liter D.O. for northern pike and
yellow perch and at 1.0 tug/liter D.O. for bluegill. Locomotory activity was
greatest at 0.25 mg/liter DD. for northern pike but at 0.5 zng/liter DD.
for yellow perch and bluegill. Northern pike and yellow perch began to
move toward the ice at 0.5 mg/liter D.O. At 1.0 rug/liter D.O., bluegill
kept sinking to the bottom of the aquaria; they continually made forays
upward only to sink again. Northent pike and yellow perch nosed at the
under surface of the ice at the lowest oxygen concentrations while bluegill
seldom did. The fish never aggregated more than 10 percent of the time
even at the lowest concentrations of dissolved oxygen. Almost all northern
pike and yellow perch were still alive at 0.25 ing/liter D.O. while all blue-
gill were dead.

Evidently northern pike are best adapted for survival in winterkill lakes
and bluegill the least. The upward movement takes the fish to the highest
oxygen available in the immediate vicinity. Detection of an oxygen gra-
dient is not a requirement of this response because in the aquaria the
fish move to the ice at low oxygen concentrations in absence of a gradient.
High free C02 and dissolved 1125 are also not necessary to stimulate or
orient the upward movement. Increased locomoton actiyity, if coupled to

reduced activity when respiratory distress is alleviated. also provides an ef-
fective mechanism for locating higher oxygen. The increases in gill yen-
tilation have obvious sun'ival value.

4

l

I
I.

lJr

I
l'

I

l
l.
I

I,

I

.
1
S
E
E

ISH winterkill is common in shallow comitant with the decrease in dissolved

northern lakes. Respiration of the biotic oxygen are increases in the concentrations

community consumes oxygen that is not re- of toxic respiratory and decomposition prod-

placed by wind mixing or photosynthesis ucts: however, inadequate dissolved oxygen

because ice and snow cover the lake. Con- is considered the principal cause of winter
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TABLE I. MEAN DissOLer Oxvctix (MG/LITER)

IN Six Trsr AQUARIA DURING THREE EXPERI-

MENTAL Ruxs. xzmean; S.D.=standard devi-

 

ation; n : 54 per mean, 18 determinations per

run.

Day 1 2 3 4 5

Nominal

D.O,(mg/1iter) 4.0 2.0 1.0 0.5 0.25

 

Dissolved Oxygen rug/liter

X 3.95 2.08 1.05 0 .54 0.24

SD. 0.2l 0.11 0.33 0.12 0.04

  

fish mortality (Greenbank, 1915; Scidmore,

1957; Johnson, 1965).

\Vinterkill seldom produces complete mor-

tality in a fish population (Moore, 1942;
Greenbank, 19-15; Mooreman, 1957; Bennett,

1962; Johnson, 1965). \\'hile fish species

differ in their tolerance of low oxygen
(Moore, 1942; Cooper and \Vashburn, 1949;

johnson, 1965), survival is not simply a

function of this tolerance. Moore-man (1957)
and Bennett (1962) both concluded that
nonuniform conditions within winterkill

lakes allowed some individuals of less tolerant

species to survive. Survival would be aug-
mented by significant reductions in dissolved
oxygen requirements or the ability to locate
areas of more favorable conditions.

Purposes of the present experiments were

to describe the behavioral responses of fishes

to lowered dissolved oxygen under simulated
winter conditions in the laboratory and to
:larify the functional significance of these

responses to winter survival. Data describing

behavioral responses are presented, compared
with previous reports, and discussed as adapt-
ive responses to winter oxygen depletions.

MATERIAts AND METHODS

Fish held at 2.5 to 4.0 C, were subjected
to successively lower dissolved oxygen con-
centrations on each of five days. Nominal
oxygen levels were 1.0, 2.0, 1.0, 0.50, and
0.25 mgjliter. This scheme provided a
series of oxygen concentrations that was
regularly ordered and had an adequate range
with two concentrations below 1.0 mg/liter.

Mean daily oxygen concentrations are shown
in Table l.

The continuous flow of Trout Lake water

  

   

   

I~uy ' I lucus emu

[SHIch Yul!

turniner
SVIIDhPl

' Fig. 1. Detail of test tank.

to the tanks passed in series through two
nitrogen gas stripping columns for control
of dissolved oxygen. Nitrogen gas bubbled
up from aquarium air diffusers while the
water flowed down through the columns.
For oxygen concentrations of 1.0 mg/liter
or greater only the second column was oper-
ated. The system delivered approximately
four liters of water/min.

Test tanks were molded fiberglass aquaria
with glass faces and inside dimensions of
60x 28 x 25 cm deep. A panel of white,
translucent fiberglass mounted on an epoxy-
covered wooden frame was inserted into the
top of each aquarium to exclude the atmo-
sphere and to simulate ice.

lnlets and drains in the test tanks were
designed to prevent stratification and dead
water areas (Fig. 1). Experiments with dyes
demonstrated that good mixing occun'ed.
\Vater siphoned from 4 depths including
within 2 mm of the ice had average con-
centrations that were all within 0.03 tug/liter
of each other when dissolved oxygen (D.O.)
in a tank was 0.30 mg/litcr. Oxygen con-
centrations were 0.10 to 0.15 mg/liter higher
within 5 mm of the edge of the aquarium at
the ice water interface. These measurements
were with the modified \\'inl;ler technique
described by Broenkow, \\'. \V. and J. D.

Cline, 1969. Flow rate through each aquar-
ium was approximately 600 nil/min. Tanks
were arranged in two banks of three, both

facing a central observation blind. From the

darkened blind the observer viewed the fish

in each tank through a one way mirror set
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at 45" so the fish could not see their'owu
reflections. Black opaque curtains covered
those mirrors not in use to reduce the amount
of light entering the blind. Fish showed
little reaction to the observer's presence.
The experimental room was at the Uni

versity of Wisconsin's Trotrt Lake Biological
Station. It was windowless and a black cur-
tain covered the door. lncandescent bulbs
mounted above each aquarium and con-
trolled by time switches provided light.
I hotOperiod was 10 hours light (0830 1830
hrs), 14 hours dark. Nine hours (0900 1800
hrs.) were at full light intensity. lllumination
at the under-surface of the ice was 0.]
lux at "night," 35 lux during the "twilight"
period and 110 lux at full light intensity.
\Vater temperatures varied from 2.5 to ~l.0 C.
Free carbon dioxide varied from 0.0 to 2.5
mg/Iiter. The higher carbon dioxide con-
centrations occurred at higher oxygen levels
(less nitrogen stripping).
Northern pike (Esox lucius), 19 38 cm total

length; yellow perch (Perm flaz'csccrrs), 14
21 cm T.L.; and bluegill (Lc bomis mac-
rochirus), 14 19 cm T.L. were selected for
these experiments. The fish were collected
from lakes in \'i1as Co., Wisconsin during
September, 1969 and were held in a pond.
Intermittently from 29 December 1969 to
28 February 1970 the fish were recaptured
and transferred to 300 liter holding aquaria.
These aquaria were supplied with flowing
water from Trout Lake at 2 to 3 C with 10
to 13 mg/litcr dissolved oxygen. Large ex-
terior windows in the holding room pro-
vided prevailing late winter photoperiods.
Fish were held in the laboratory for at least
3 weeks and were used in experiments only
once.

Three experiments were conducted be-
tween 27 February and 27 March 1970. In
each, 12 fish were observed.

Northern pike and yellow perch were ob-
served in the first experiment, northern pike
and bluegill in the second. and yellow perch
and bluegill in the third. Fish were assigned
randomly to the six test aquaria with the re
striction that a large and a small fish of the
same species were placed in each of three
aquaria. The size difference facilitated in-
dividual recognition. Fish were introduced
at about 2200 hours on the day preceding an
experiment. At that time the oxygen content
of the incoming water was set to 4.0 mg/liter.
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NOMINAL DISSOLVED OXYGEN (mg/lite!)

Fig. 2. Mean ventilation rates of northern
pike, yellow perch, and bluegill at dissolved oxy-
gen concentrations from 4.0 to 0.25 rng/liter.
Vertical brackets on the right enclose means not
significantly different (pEODS) by Kramer's
(1936} extension of Duncan s multiple range test.

Dissolved oxygen samples were siphoned
from the tanks, and water temperatures were
measured at 0830, 1300 and 1800 hrs. Oxygen
was measured by \Yinkler titration (azide
modification) or with a direct reading oxygen
meter (YSl model 5120) standardized against
Winkler determinations. At 1800 hrs. free
C02 in each tank was meastrred by titration
with sodium carbonate.

Behavior observations were made on all
fish twice daily. Between 0900 and 1300 hrs.
each fish was watched ten rniturtes and its
behavior recorded. Ventilation rates were
also counted over a one minute interval for
each fish. These observations were repeated
between 1-100 and 1800 hrs. At 2100 hrs. the
nitrogen stripping columns were set to the
next day's oxygen level.

Kramer's (1956) extension of Duncan's
multiple range test was used to evaluate the
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Fig. 3. Medians and quartiles of locomotor activity of northern pike, yellow perch, and blue-gill at dissolved oxygen concentration: from 4.0 to 0.25 rug/liter. Medians are for the 10 min ob-servations. The number near each group of medians is the number of 10 min observations in-cluded in the medians. A percent time hover, 0 percent time swim, 0 vertical activity numberof depth stratum changes, V percent time no-swim.

J

1e significance of differences in mean venti- excluded from results. The analysis did not
lation rate at the different oxygen Icy-915 include values for fish after they had
Other behavioral data were described by

Indians and lmr llcs because hc dls ri each tank into three equal depth strata. Oc-butions were not normal. After equilibrium Cupmjon of a stratum was based on the
loss was continuous, observations other than posnion of the fish's eye. \\"C also recorded
ventilation rate and equilibrium loss were contact with either "ice" or bottom.
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Locomotion No-swiin was no fin movement. ~
Hovering was the maintanence of position by
alternate pectoral fin movements and un-
dulations of the median fins. Swim was any
activity producing movement through the
water forward or backward. Vertical activity
was the number of times a fish changed
depth strata in 10 minutes.

Other belmviors. .\'osing was the adoption
of a nose-up posture at or near the "ice."
Grouping was: 1) similar orientation and a
separation of less than we pectoral fin
lengths, or 2) dissimilar orientation (up to
45°) and a separation of less than one pec~
toral {in length, or 3) actual contact at any
orientation. Equilibrium loss was defined
by the apparent inability to stay upright.

RESULTS

Ventilation rale. All three species increased
their ventilation rates as dissolved oxygen
was lowered (Fig. 2). The increase was
greatest for northern pike and least for blue-
gill. Ventilation rates of both northern pike
and yellow perch were maximum at 0.5 mg/
liter dissolved oxygen. Bluegiil ventilation
rates were highest at 1.0 trig/liter oxygen.
The depth oi ventilation movements was not
measured, but increased from almost imper~
ceptible to deep and labored as the oxygen
concentrations decreased.

Locomotor beltavior. The activity of all
three species increased as oxygen was lowered
(Fig. 3). Both vertical activity and the per
cent time swimming were greatest at 0.25
mg/liter for northern pike. 0.5 mgr/liter
for yellow perch and 0.5 mg/liter for bluegill.
The greatest increase in activity occurred
as oxygen fell from 0.5 to 025 mg/liter for
northern pike, 2.0 to 1.0 mg,"liter for yellow
perch, and 1.0 to 0.5 mg/liter for bluegill.
The percent time no-swim" was low at all

oxygen concentrations and the percent time
hovering declined as swimming activity in-
creased (Fig. 3). Northern pike and yellow
perch spent most of their time hovering at
all oxygen concentrations greater than 0.25
mg/liter. Bluegill spent most of their time
hovering at all oxygen concentrations greater
than 0.5 mg/liter.

Depth distribution. . \t higher oxygen levels,
4.0 to 1.0 mg/liter, northern pike spent the

most time in the lower third of the aquaria
(l- ig. 41). At 0.5 mg/liter oxygen, the distri-
bution began to shift upward and at 0.25
rug/liter approximately equal time was spent
in the upper and lower strata. Time at the
ice and on the bottom increased at 0.25

mg liter.
Yellow perch tended to spend more time

in the lower and middle strata at 4.0 and 2.0
mgr/liter dissolved oxygen than at lower
oxygen levels (Fig. 4). At 1.0 mg, liter, a
tendency to move upward became evident,
and at 0.25 mg/liter, most time was in the
upper stratum, primarily at the ice.

Bluegill had some tendency to occupy the
middle depth stratum at 4.0 and 20 mg/liter
dissolved oxygen (Fig. l), but individuals
were seen at all depths. At 1.0 mg/liter
oxygen they spent the most time in the lower
third of the aquaria, making forays toward
the ice and then sinking back down. These
trends were accentuated at 0.5 mg/liter
among the seven (oi l2) bluegill still alive
and upright.

Noring. Northern pike did not nose at
oxygen concentrations above 0.25 mg/liter.
At 0.25 rug/liter, median time nosing in-
creased to 13 percent. Median time nosing
for yellow perch was zero at oxygen concen-
trations above 0.5 mg/litcr, increasing to one
and two percent at 0.5 and 0.25 mg/liter
respectively. Bluegill nosed little at all oxygen
concentrations, but showed a slight increase
at 0.5 mg/liter.

Social behaviors Social responses were not
marked. Although median time spent
grouped never exceeded 10 percent, all
Species spent more time grouped at lower
than at higher oxygen concentrations
(Table 2).

Overt agonistic behavior was seen only
once and involved a threat by a yellow
perch toward its larger tank-mate. Although
[in postures were not regularly recorded,
the larger fish in each pair of yellow perch
and bluegill tended to hold its dorsal fin
more fully erect. At lower oxygen levels the
large and small fish behaved more similarly.
At oxygen concentrations below 1.0 mg/liter
both large and small yellow perch usually
extended their fins. At oxygen concentrations
below 2.0 mg/liter both large and small
bluegill tended to appress their fins.
At -1, 2, and l mg/liter dissolved oxygen

 



                             

l"
concentration reached 0.25 tngg'liter. They
typically spent several hours lying on their

ance in our experiments may be compared
with data from the literature (Table 3). Only
one northern pike and none of yellow perch
died. All bluegill died before the observa-
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I" NOMINAL DISSOLVED OXYGEN (mg/liter)
4.0(DAYll 2.0(DAY 2) l.O(DAY 3) 0.5(DAY4) 0.25lDAY 5)

I l l l j

NORTHERN PlKE
I I I l l l T I l l l T l l T T T I I

ICE N=24 I N=24 > N=24 I N=23 H «I N=23 [CE
UppER -I 1 4 UPPER
M DDLE 1 4 MIDDLE5 t \e xitE {ju LOWER bu » LOWER

» BOTTOM 1 t i t 4 4 BOTTOMI l 2 I l i l 41 I I I I I l t I II

. YELLOW PERCH
1 b I l I I l T l l T l l l l T I l l IICE N=24 ~=24 ~=24 N N=24 ,____,__. ICE

UPPER l --I t
UPPER' MIDDLE *4 g q . HE? MIDDLE

LOWER IL v v t
LOWERI BOTTOM4 I 0 4 M i N=24 BOTTOM'

l I 1 I J l J I I 1 I t l I l I 1 I I I

BLUEGlLL
I I I I I I I I I I I 1 I l l 1- ICE N=24 0 N=23 N=24 ( N=l4 N=O ICE

' UPPER 1 1H ALL UPPERMIDDLE k t XX- DEAD MIDDLEu LOWER r DAOYN5 LOWER
BOTTOM 1 L- <>~ -I 50 4 BOTTOM

J l l l l l 1 l J l l l 1 l l I
0 40 80 O 40 80 0 4O 80 0 4O 80 O 40 80

PERCENT TIME

Fig. 4. Percent times (medians and quartiles) spent at various tlepths by northern pike, yellow. perch, and bluegill at dissolved oxtgen concentrations from 4.0 to 0.25 mg liter. Time in the upperstratum includes time at the ice and time in the lower stratum includes time on the bottom.N=number of 10 min obsen'ations included in each distribution.

I northern pike usually hovered near the tank About half of them died before the obser-bottom, oriented at right angles to one an- vations at 0.5 mg/liter were completed. Our- other, tail to tail, facing the from glass. estimates of low oxygen tolerance are as low
as or lower than the others.-, Equilibrium [wax Only one northern pike

105: equmbriu ? CF mPICLdY- one Yellow TABLE 2. MEDIAx' PERCENT TIME SP£.\T GROL'PED_ perch lost equtltbrium for a brief period. IN THE 10 MIN OBSERVATXONS m- NORTHERN FIRE,J Bluegills all exhibited equilibrium loss before YELLOW pmcu, ,txn BLL szL AT Dissou'ED Ox-} death and all had died by the time oxygen rcrzx CoxcEeruriox FROM 4.0 TO 0.25 MC/LITER.
Number of 10 min observations in median is
23 or 2-} except for bluegill at 0.5 tug/liter where

 

I sides before respiratory movements ceased n=14.» and were negative bOUVIUtt. v , _
Nominal dissolved

Law oxygen tolerance Low oxxgen toler. oxlgm (mg/m") 4 0 2'0 1 0 0'5 0'95

 

Percent Time Grouped

1.8 0.0 0.0 1.8 9.4

0.6 0.0 2.0 8.9 5.9
0.0 0.0 3.8 2.6 Dead

Northern pike

Yellow perch

Bluegill   53
-5

1

(ions at 0.25 mgjliter oxygen were made.

 

\

g..
.

  



ll

5
3
,
;

"
1 

130 COl ElA, 1973, NO. 1

TABLE 3. LUHAL CONCENTRATIONS or Dissotvm Oxvcrs' rmt NORTHERN PIKE, YLLLow PERCH, AND
' BLUEGILL AT th'rra Trauma-wears.

 

Critical Low Dissolved Oxygen
(mg/liter)

Acclimnted

  

Experimental to Low Temper- Northern Yellow
Source Conditions Oxygen ature pike perch Bluegill

Moore (1942), Fish confined in lakes no <4 2.3 32 15 48 0.8 3.6

Cooper and Observations of

\Vashburn (1949) fish kills yes <4? 0.3 0.4 0.3 0.4 0.6

Berg (1115., 1969) Sealed respirometer, no 4 0.38
laboratory, decreasing
oxygen yes 4 0.15

Magnuson and Fish confined in a lake

Karlen (1970) yes 0 ] <0.1

Present Continuous flow aquaria,

experiments laboratory, decreasing

oxygen no 2.5 4.0 < 0.25 < 025 05

 

DISCUSSION

Increased ventilation rate in response to
low oxygen has obvious survival value.
Failure to show further increase in ventilation
rate at the lowest oxygen in which fish sur-
vived may indicate the onset of oxygen de-
pendent gill ventilation. Randall and Smith
(1967) observed a similar effect in Oncorlzyn-
chus nerka at a higher temperature. This
implies that the fish are in the zone of res
piratory dependence as defined by Shepard
(1955) and are probably near the incipient
lethal level. The earlier ventilation rate
peak and subsequent earlier death of the
bluegill support this interpretation.

Because the aquaria were so small, the
locomotor activity of the fish may have been
altered. On many occasions, horizontal
movement was transformed into vertical, but
much vertical activity seemed voluntary and
may correspond to the sounding of northern

pike and perch seen by Magnuson and

Karlen (1970). The lowered activity of
yellow perch below 0.5 mgfliter may be a
result of oxygen limitation.

Increases in swimming activity in response
to lowered oxygen have been described for

various fish species by Shelford and Allee
(1913), Jones (1952), Shepard (1955), Ala-

baster and Robertson (1961), Hoglund (1961)
and Hill (1968). The consensus of these
authors is that increased activity is random

and undirected appetitive behavior. Ap-
parently, fish are unable to sense dissolved

oxygen directly and respond instead to res-
piratory distress, although salamonids and
juvenile flounders avoided low oxygen with-
out apparent signs of respiratory distress
(Whitmore, \Varren and Doudoroff, 1960;
Deubler and Posner, 1963). Increased random
activity provides a simple mechanism by
which fish may locate areas of higher oxygen
content where they alleviate respiratory dis-
tress and reduce activity. None of the above
observations were made at winter tempera-
tures, but Johnson and Moyle (1969) noted
increasing fish activity as conditions deteri-
orated in a winterkill lake.
Movement upward in response to low

oxygen has been reported for a number of
different fishes and is usually associated in
some way with the nosing activity discussed
below (Shelford and Allee, 1913; Shepard,

1955; Hoglund, 1961; Lowe, Hinds and Hal
pern, 1967; Lewis, 1970; Magnuson and

Karlen, 1970; and Schercr, 1971). Evidently

upward movement is a rESponse released by

low oxygen, but oriented by other environ-
mental parameters (such as light, gravity or
pressure). The response is clearly adaptive
because in natural situations of oxygen de-

pletion, upper waters (even in ice covered

lakes) contain more dissolved oxygen. lf

fish are unable to sense dissolved oxygen

directly, this response allows immediate move-

ment toward water with more oxygen without

a slow process of random search.

The absence of vertical gradients may have
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altered laboratory responses compared with
field conditions where these gradients do
occur. If the fish in the aquaria had found
higher oxygen levels near the "ice," they
might have consummated appetitive behavior
or been reinforced in the tendency to move
upward.
iNosing is part of the vertical response de-
ribed above and functions as an adaptation

tsj utilize thin layers of oxygenated water
cecurring at the interface with the atmo-
sphere (Lowe et al., 1967; Dorfman and West-
man, 1970, Lewis, 1970) or ice (Magnuson
and Karlen, 1970). Ability to use these thin
layers effectively is determined in part by
head and mouth morphology (Lowe et al..
1967; Lewis, 1970). The northern pike s long
flat snout is well adapted to this function.
The bluegill, with its small mouth and high
"forehead" is poorly suited for nosing, while
the yellow perch's morphology is interme-
diate. Ilead shape probably was important
in the longer survival of northern pike re-
ported by Magnuson and Karlen (1970). Like
movement to the surface, nosing seems to be
released (but not directed) by low dissolved
oxygen since it occurred in the absence of a
vertical gradient. Some individuals of all
three species occasionally nosed at the edge
of the aquarium and may have obtained
water with oxygen concentrations 0.1 mg/
liter greater than elsewhere beneath the ice.
Only a small portion of the time nosing was
spent at the edge.

Social behavior does not seem to be an
important factor in the winter survival of
these fishes. Large aggregations of fish re-
ported in streams (Cooper and \Vashburn.
1949) or open holes in the ice (Greenbank,
1945) probably result from individual fish
responding independently to the abiotic en-
vironment. Possibly if some individuals had
found more favorable conditions. others
could benefit by approaching them. In the
examples cited, however, the large masses
of fish caused local oxygen depletions.

In bluegill, fin erection has a function in
dominance display (Miller, 1963). Normally
two buegill in a small area exhibit frequent
agonistic behavior. Breder and Nigrelli
(1935) reported schooling of redbreast sun-
fish (Lc-[Jomfs aurilrts) only at low temper-
atures. Perhaps the absence of overt agonistic
behavior in our experiments was a result of
low temperatures. Furthermore, it has been
shown that fish will abandon certain nones.

sential activities when stressed. When placedunder oxygen stress, Atlantic salmon parr
ceased territorial defense (I'Ioglund, 1961)and walleye abandoned their normal negativephototaxis (Scherer, 1971). The changes
we observed in yellow perch and bluegill
fin postures and in northern pike orientation
may represent analogous responses.
Although equilibrium loss represents an

early stage in death, a fish may survive in
this state for a number of hours and even
recover if conditions improve. In a winter-
kill situation, equilibrium loss must be fatal
if a fish becomes negatively buoyant (as the
bluegill did) and sinks into the anoxic bottom
waters. If a fish floats unconscious near the
ice where oxygen concentrations are highest
as the single northern ,pike did, an increase
in dissolved oxygen tnight allow it to recover.
The differences in low oxygen tolerance

seen in Table 3 are largely explicable by dif-
ferent techniques. conditions, and criteria for
critical concentrations. Moore's (1942) higher
estimates probably resulted from his use of
unacclimated fish. In our experiments and
Berg s (1969) experiments with unacclimated
fish, the fish may have acquired partial ac-
climation during their exposure to lowered
oxygen, but they cannot be considered fully
acclimated. Low carbon dioxide concentra-
tions in the aquaria may have contributed
to the low estimates we obtained.

Behavior and sun/ivaI. The results of our
experiments and tlle literature we reveiwed
suggest that fish have two responses to low
oxygen which enable them to locate higher
oxygen concentrations. Although fish ap-
parently can not sense dissolved oxygen di-
rectly they respond to respiratory distress
with upward movement and increased loco-
motor activity. Upward movement takes the
fish to the highest oxygen available in the
immediate vicinity since surface waters usu-
ally contain tnore oxygen. Increased loco-
motor activity when coupled to reduced
activity upon alleviation of respiratory dis<
tress, provides an effective mechanism for
locating higher oxygen without a gradient
response. In addition, increases in gill venti-
lation have obvious survival value in low
oxygen environments.
The observed behavioral responses of

northern pike were most adaptive for sur-
vival under simulated winterkill conditions,
those of yellow perch were intermediate,
and the behavior of bluegill was least adapt~  
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ive. This same ,general conclusion was
reached in preliminary field observations on
the same species (llagnuson and Karlen,
1970) but the behavior of the species dif-
fered somewhat in the laboratory and the
field.

Northern pike, yellow perch and bluegill
respond to lowered dissolved oxygen. under
winter conditions, by modifying their be»
havior. Because these behavioral channg
occur at above-lethal oxygen concentrations.
they provide more sensitive indicators of
low oxygen stress than equilibrium loss or
death. Presumably these behavioral responses
occur above lethal oxygen concentrations be-
cause they have an adaptive function and
because at lower, near-lethal levels, fish ac-
tivity becomes oxygen limited.
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Visual Observation of Fish Beneath the ice in a

Wintcrkill Lake

JOHN J. .\I.-\G.\'USO.\ AND DUANE j. KARLL X

Laboratory of Linmology, Dcparlmenl of Zoology

University of ll isconsin, . lIadison, Wis. 53706, USA

Macxusox, J. 1., AND D. J. KARLEN. 1970. Visual observation of sh beneath the

ice in a winterkill lake. J. Fish. Res. Bd. Canada 27: 1059 1068.

A device is described to directiy observe sh behavior beneath the ice of a shallow

lake. The viewing device, a 1.9-m tall plexiglass tube (140 cm inside diameter) sealed

at the bottom, worked on the principle of a perisc0pc, It was frozen into place in the center

of a net enclosure. A man in a darkened hut lowereda mirror into the tube to observe the

sh in the enclosure.

Vertical distributions and behavior of 5 adult northern pike (Esox lucius), 6 yellow

perch (Pcrca ar-escem). and 13 bluegill (Lepomis macrochims) were compared with the

levels of dissolved oxygen, free carbon dioxide, hydrogen sul de. and water temperature.

Observations in Mystery Lake, \Visconsin, were from December 29, 1968, through January

30, l969,during a period when environmental conditions worsened beneath the ice and

resulted in a winterkill.

Yellow perch were the most active, northern pike the least. Bluegill remained farther

beneath the ice than did the other two species. Northern pike took up residence in domes

that they formed in the undersurface of the ice. Northern pike and yellow perch frequently

sounded into the anoxic layers.
\Ve conclude that differences in sh behavior were signi cant in prolonging survival.

A combination of little locomotory activity and a position immediately beneath the ice

apparently favored the longer survival of northern pike over bluegill and yellow perch.

Received December 16, 1969

INTRODUCTION

THE \vierR ENVIRONMENT of shallow northern lakes can be lethal to shes

because oxygen is depleted during periods of snow cover and is not necessarily

replaced by photosynthetic activity (Greenbank, 19-15). Even with the low

oxygen concentration, some sh usually survive. According to Cooper and

\Vashburn (1949) some survived in a lake containing no more than 0.2 g/

liter dissolved oxygen. In 31 \vinterkills cited by )loorman (1957) largemouth

bass (Alicroplcrus salmoidcs) were eliminated but bluegill (chomis macro-

chirzts) survived; in two other cases the reverse was true. .\loorman and also

Bennett (1962) believed that differential survival was due in part to non-

uniform distributions oi adverse conditions and the presence of some shes

in more favorable areas. \thn conditions became severe, many sh were

observed to move into an inlet that had higher oxygen concentrations than

the lake (Cooper and \Vnshburn, 1949). A position near the ice would also

favor survival in :1 wintcrkill lake because oxygen depletion begins at the lake

bottom and moves up as winter progresses.

1059
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The present paper describes the design of and rst experiences with a
device used to observe shes directly in a lake with severe winter oxygen
depletion. The device was used to observe behavior that may favor winter
survival. \ ertit al distributions of yellow perch (Perm awsceus), northern
pike (me 1110-115), and bluegill are reported in relation to that of dissolved

i oxygen and hydrogen sulfide, tree carbon dioxide, and water temperature.
l Qualitative data are also presented on the locomotor activity, aggregation,

and behavior of the three species beneath the ice.

METHODS

DESCRXFIXOS 0F VIEWING DEVICE, NET ENCLOSURES, AND OBSERVATION HUT

Viewing devices (Fig. 1). working on the principle of a periscope, were inserted through
a hole in the ice and allowed to freeze in place. From a darkened hut, observations were made
of shes enclosed in a net that kept them close enough to be seen.
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FIG. 1. Diagrammatie drawing of facilities used to observe sh beneath the ice in a net enclosure.
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The devices were 1 .9 111 long plexiglass tubes sealed at the bottom (15.2 cm outside diam-

eter and 1 1.0 cm inside diameter). The coef cient of expansion of plexiglass is approximately

the same as that of ice. None of the tubes broke owingto expansion and contraction of the ice,

even when the ice cracked.

To prevent the air tilled tubes from risin: owing to buoyancy, each was weighted with

cement blocks placed on boards through which the upper 10 cm of the tubes protruded. Styrofoam

caps on the tusz kept out snow and insulated the enclost air.

An elliptical mirror at 15° from the vertical was fastened on a frame made from a cutaway

cylinder of plexiglass that fitted into the Observation tube. The mirror was raised, lowered, and

waned by manipulating two strings tied to the frame. A cylindrical light shield pushed into a

tu e duringr observation blocked light coming from the ice and from the space between the ice

and the htit floor. This reduced glare and made it easier for the observer to become dark-adapted.

Cylindrical net enclosures, 3 m in diameter, 1.5 m deep, and open at the top. kept fish close

enough to observe from the central tube. A ring of 1.9-cm diameter black polyethylene pipe

attached to the top of the net froze in the ice and made the enclosure secure. A ring of berglass

weighted the bottom edge of the net and kept it circular. The netting was 1.3-cm bar nylon treated

with tar.

The aluminum observation hut mounted on wooden skis weighed 13 It could be pulled

by one man on clear ice, but three or four men were needed to move it through 20 cm of wet snow.

The walls were insulated and a small propane heater kept the temperature above 0 C. The inner

walls were painted black. Water samples, chemicals, and equipment were stored in the hut.

SETTING UP EXPERIMENI

Mystery Lake, a 7-ha boglike lake in \'ilas County, Wisconsin, served as a field site. This

lake has maximum depth of 1 .6 1n and a history of winierkill. In addition to having sharp vertical

gradients of dissolved gases beneath the ice, the lake has marked horizontal gradients owing to

a small inlet and outlet. Central mudminnow (Umbra 113121"), brook stickleback (Euca/ia inconstans).

northern redbelly dace (Clzrosomus cos), nescale dace (Cisrosomus ncogaeux), and pearl dace (Sc-

motilus margarila) inhabit the lake.

Fish were captured in fyke nets and minnow traps during September and October 1968.

placed in hatchery ponds at Woodru , Wisconsin, and transferred to Mystery Lake in mid-De-

cember. The enclosures were placed under the ice in water 1 .5 m deep in early December; sh

were stocked on December 19 20 and observation tubes were then installed. The number of sh,

lengths of sh, and dates of ooservation are given in Table 1 for those enclosures in which success-

ful observations were made.

METHOD or Ousexvnrox

The observer searched the enclosure by raising, lowering, and turning the mirror. \Vhen

a sh was sighted, its depth and general behavior were noted. Fish depth was measured to the

center of the sh's body. Errors from parallax were minimized by setting the mirror in the frame

at 45°, by making certain the frame hungr plumb in the observation tube, and by providing visual

references for the observer to position his eye vertically above the mirror.

For comparison with the vertical distributiOn of fish, physical and chemical conditions were

measured at 25-cm intervals from the bottom of the ice down to 1.5 n1 below the ice surface.

Dissolved oxygen and temperature were measured within 2.5 m of each observation tube. Dis-

solved oxygen and hydrogen sulfide. free carbon dioxide, and temperature were measured at a

reference station in the center of the array of enclosures. A siphon water sampler and techniques

used to obtain water samples were described by Magnuson and Stuntz (1970). Dissolved oxygen

was determined by the .-\lsterberg modification of the \\'inkler method, dissolved hydrogen sul de

by Bach kit with lead acetate paper, and free carbon dioxide by phenolphtltalein titration. \\'ater

temperature was measured with a Whitney thermometer.

PROBLEMS ENCOUNTERED

Serious problems were created by an early and heavy fall of snow, before

the ice had thickened.  
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TABLE 1. Numbers and total lengths of fish placed in enclosures. number later observed in
the enclosure, and dates of observations. Nets in which no successful observations were made

are not shown.

  

No. in enclosure Dates of successful observation

 

Fish length (cm)
_ - Observ- Dec. 25~ jan. Jan. jan.

Specres Enclosure Median Range Stocked ed jan. 2 11~19 25426 30

Northern pike I 40 36 54 5 3 X X x X

Northern pike II 44 41 53 S 2 'X X None
seen

Bluegill III 16 14-18 10 6 X X "

" IV 16 15--17 10 5 X X ' "

" \r 17 15 17 10 2+ X X

Yellow perch VI 13 9 20 10 2 X X X Dead

" VII 12 10 15 10 1 X None
seen

" VIII 16.5 12~19 10 1 - X -

" I}: 11 9-16 10 2 X - -

 

Early snows resulted in a depletion of dissolved oxygen sooner than had

been anticipated and no observations were obtained prior to the establishment

of sharp vertical gradients of dissolved gases. The early snows insulated the

lake from further freezing, and the top ring of the nets did not freeze securely

into the ice as soon as anticipated. Many sh escaped from the nets before

the seal was complete.

Heavy snow and frozen slush on top of the clear ice reduced light to a

level that made under-ice observations difficult and even impossible. This

was countered by clearing the snow from above each enclosure and in severe

cases, drilling holes part way through the ice. The stained water also hampered

good visibility. It usually tool: at least an hour to obtain six sh depth esti

mates. Although snow removal may have changed the rate of oxygen depletion

beneath the ice, the study area became anoxic by late January. Under the

poorest conditions on January 18, the ice was covered with 13 cm of water,

8 cm of slush, and 7 cm of snow. This ooding lled the observation tubes -

with water. Each tube had to be removed from the ice several times during

the winter, emptied, dried, and reset.

Deposits, algae growths, and gas bubbles formed on the outside of the

observation tubes especially at the boundary between oxygenated and anoxic

water. These obstructions to good viewing were removed by forcing the tubes

up and down in their holes. The deposits were scraped off by the ice.

VERTICAL DISTRIBUTION OF ENVIRONMENTAL CONDITIONS

Vertical distributions of dissolved oxygen, dissolved hydrogen sul de.

free carbon dioxide, and water temperature at the reference station provided

a graphic picture of the changes that Occurred in the study area (Fig. 2).

The environment deteriorated rapidly for fish during mid-UCcember when
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7 rather gross interpolations.

I snow began to accumulate on the ice. The l- and 0.2-ing/liter contours of

5
;
- dissolved oxygen rose as far as 10 cm per day (Fig. 2a). This plus the thickening

of the ice rapidly reduced the water volume suitable for shes. By the end of

December only 46 - em of water just beneath the ice contained more than 0.2

 

 



r

F

r

I

'
1
1
-
!

 

3.
is

I

IV

I" .
.

,

I,

I ,

If

1064 JOURNAL FISHERIES RESEARCH noun) OF CANADA, VOL. 27. x0. 6, 1970

mg/liter dissolved oxygen, and by January 18 the 0.2 mg/liter contour reached
the ice. Partial'recovery of dissolved oxygen concentrations immediately

beneath the ice was observed after a thaw in late January, but by this time

most sh had died.
Concentrations of hydrogen sul de increased at each depth after the

oxygen was depleted (Fig. 21)). Detectable quantities'(>0.1 rug/liter) were

not observed at the ice water interface until February 1, 1969. Maximum

concentrations, 0.4 rug/liter at the ice~water interface and greater than 4.0

ing/liter near the bottom, occurred in late February well after all the oxygen

had been depleted. .

\Vhen oxygen concentrations were low. free carbon dioxide levels were
high (Fig. 2(7) and must have contributed to respiratory problems for sh.
Maximum concentrations of free C02 at the ice water interface, 25 rug/liter,

were in mid January. Maximum concentrations at the bottom exceeded 40

tug/liter.
Early in December, water with temperatures from 0 C to more than 4 C

contained dissolved oxygen. By January 1 only waters from 0 to 3 C contained
more than 0.2 mg/liter dissolved oxygen, and by January 15 all water with

more than 0.2 mg/liter dissolved oxygen was cooler than 1 C.
The reference station provided a general picture of the changes, but

vertical gradients of dissolved gases differed greatly even over short hori-

zontal distances (10 m).

VERTICAL DISTRIBUTION AND BEHAVIOR OF FISH

Data on the vertical distribution of sh were grouped by four date periods
(Table 1). Grouping seemed justi ed because the chemical and physical data

were similar on days within each period.
The vertical distribution of the two northern pike in enclosure I changed

markedly as the severe winter conditions developed (Fig. 3). Although their

median depth remained between 42 and 46 cm beneath the top of the ice.
their median depth beneath the ice water interface decreased from 14 cm

in late December to 0 cm on January 30. The range of depths occupied de-
creased from 22 to 8 cm. By late January they actually occupied shallow

domes in the undersurface of the ice. which will be discussed below. If the ice
and the depth at which 0.3 mg/liter of dissolved oxygen occurred delimited
the inhabitable portion of the water column, then the vertical range of suit-

able livingr space decreased from 44 to 0 cm during January at enclosure 1.
Ice thickened by 11 cm and the anoxic zone thickened by approximately

31 cm.
Conditions at the northern pike s median depth also changed. Dissolved

oxygen in the four successive date periods were 2.0, 0.2, 1.3, and <01

mg/liter (estimated from Fig. 3). \\'ater temperature at the median depth was

also lower as winter progressed - 0.6, 0.4. 0.2. and 0.0 C in the four suc-
cessive periods. Dissolved hydrogen sulfide and free C02 were not measured

at enclosure I. If we assume data from the reference station apply to enclosure
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FIG. 3. Vertical distribution of northern pike, dissolved oxygen, and water temperature at

enclosure l. .\umber of Iran observed at each depth is given on histogram. Dissolved oxygen at

undersurIace oI Ice on January 30 was 0.07 rng/hter.

l, the concentration of hydrogen sulfide was zero at the median depth until

February 1 when 0.1 ntg/liter was present. Whether this contributed to the

death of northern pike on that date is uncertain because by that time the

maximum oxygen level was certainly critically low, <O.1 mg/liter. Free carbon

dioxide at the median depth was estimated to change from 18 rug/liter on

December 30, to 28 mgj'liter on December 18, to 22 mg/liter on February I.

The most adverse levels of free CO 21 arentlv occurred several weeks before2 PP .

the sh died.

The median depth and range of depths occupied also decreased for yellow

perch and bluegill in January (Table 2, Fig. 4). However, neither yellow perch

nor bluegill formed and occupied domes in the ice, even though the yellow

perch often swam with their backs at the undersurlace of the ice.

The bluegill's median depth in any period averaged 3 13 cm deeper than

yellow perchor northern pike (Table 2, Fig. 4 I. Thus, the water they inhabited

was slightly warmer and contained less dissolved oxygen. Perhaps bluegill
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TABLE 2. Numbers of observations (N), median depths. and range of depths of northern pike, bluegill, andyellow perch beneath the ice water interface. (Does not include fish that were sounding.)

  

Dec. 29 Jan. 2 jan. 11 19 jan. 25~26 jan. 30

           

H
H
"

       

Depths (cm) Depths (cm) Depths (cm) Depths (Cm)
Enclo Med- Med Med- Med-Species sure N ian Range N ian Range N ian Range N ian Range

' Northern pike 1 4s 14 22 25 3 6 55 o 10 44 o sH 27 12 22 16 6 2 A
Mean 13 22 2 4 0 10 0 8.- Bluegill III 40 18 28 19 7 12I IV 31 22 34 33 6 13
V 7 8 12 ' 21 12 10

Mean 20 31 7 12 12 10
Yellow perch VI 55 9 30 12 2 3 7 2 7

VII 12 6 ' 9
; VIII 6 6 4

IX 4 5 4 '
Mean 7 l4 4 4 2 7

:- .'~: -~",". A ,ex' v14 v')'4( n dame):4
c Ice-Voter Interfere : ,r _ n. M a -

5
i 8

FIG. 4. Median depth beneath the ice: .0 _ water interface for northern pike (0). yellow3' perch (O), and bluegill (A) during winterw
1968-69 averaged for all enclosures. Data°

from Table 2.
20*

-

l l l lDEC 29 JAN n JAN 25 JAN.3oJAMZ JAN. l2 JAN. 26

I

avoided the coldest water immediately beneath the ice and were unable tosense that this placed them in water with less oxygen. Bluegill have a moresoutherly distribution than yellow perch or northern pike (Trautman, 1957)and in summer prefer warmer temperatures than yellow perch and Esoxsp. (Ferguson, 1953?.
All three species occasionally swam into the deeper, anoxic water thatcontained hydrogen sul de. This behavior was most pronounced in northernpike on the last few days before they died and was least developed in blue-gill. Northern pike swam actively down to depths 30 100 cm beneath thebottom of the ice and remained from a few seconds to several minutes. Sounding

activity was not concentrated at the edge of the enclosure. As many as nine
soundings were observed in 1 hr (-1.5/ sh per hr). Only once did both northernpike in enclosure I sound together. The yellow perch in enclosure \"l behavedthe same way during the last few days they were seen alive. Bluegill often

.-
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swam just above the anoxic water and several times without actually sotmding,

they swtun slowly dtnvn and then up out of urn zone.'Tlds behavior did not

appear analogous to the active sounding. Soundng by northern pike and yellow
perch appeared to be one of duur nalrespousc5\vhen dieseverestress condi~

tions reached the ice-water interface. The possible function of this activity was
not apparent, nor can we be certain that it was not an artifact of con nement.

Marked qualitative differences in the locomotory activity and the ag

gregating behavior were observed among the three species. When conditions

welre severe, yellow perch never stopped swimming, bluegill were relatively

active, and northern pike were relatively motionless for long periods. Yellow
perch always swam rapidly, bluegill slowly. Yellow perch or bluegill were

usually in a group, and a solitary fish was rarely seen, whereas the northern
pike behaved more independently even though two sh often occupied the

dome together.

During their last week, the two northern pike in enclosure I usually

remained in a dome in the undersurface of the ice. \\'hen first noticed on
January 26, the dome was 3 cm high and about 30 cm in diameter. By February
1 the height reached 5 cm. In late January the northern pike rested with head

slightly higher than tail and snout almost touching the ice. Opercular move-
ments and pectoral n movements apparently created a weak but steady
flow of water along the ice that melted the dome. The sh usually remained

at one place near the net, and the dome became increasingly larger. The two
sh in the dome often slowly moved pectorals and caudal n to retain stability.
The dorsal n and the top of the caudal n often touched the ice. Usually
both sh were in the dome with their snouts almost touching at the apex of
the dome and their caudal fins apart their bodies forming a \i. Occasionally,

one sh left and swam along the ice~water interface or sounded. On january 30
two domes were visible, and the sh spent time in each.

From these observations we conclude that differences in behavior were
signi cant in prolonging survival. he northern pike lived longer than either

bluegill or yellow perch. Northern pike took a position immediately beneath
the ice where dissolved oxygen concentrations were the greatest; they were

also the least active. In contrast, yellow perch, also at the ice water interface,

were abvays swinnning'rapidly. BluegiH usua y'swtun 5 15 cni belou the ice,
suffering the double disadvantage when conditions were most severe of being
moderately active in an environment with less oxygen. The combination of

little Iocomomr activity and a position immediately beneath the ice ap-
parently favored the longer survival of northern pike. The aggregational

tendencies of yellow perch and bluegill, if advantageous at low dissolved oxygen

levels, did not outweigh the other behavioral advantages of the northern

pike.
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TO: 'The lnternational Joint Commission

Great Lakes Advisory Board

10M: The Review Committee for the Dissolved Oxygen Objectives

~ for the Great Lakes

SUBJECT: Report of our first meeting on June 26, I978 at the Laboratory

of Limnology, University of Wisconsin-Madison

Attending: J. R. Brett, P.O. Fromm, J.J. Magnuson (Chairman),

A. E. P. Watson (Secretariat Responsibility).

Absent: F. E. J. Fry.

In setting adequate criteria for environmental oxygen, the Committee

wishes to emphasize:

(I) That some account should be taken of evidence-for physiological

compensation by fishes exposed to reduced environmental oxygen,

e.g., recent data on increased hematocrits of coho salmon growing at

oxygen concentrations from lO to 3 ppm 02. i

(2) That little data on oxygen requirements exist for water temperatures

characteristic of the deeper waters of the Great Lakes, but that

populations in smaller lakes persist at levels of dissolved oxygen much

below the recognized incipient limiting levels.

(3) That a re-examination of the literature on critical oxygen levels,

supplemented by new information, indicates that the mean incipient

limiting tension for good growth occurs between 4 and 5 ppm 02.

This applies to normal habitat temperatures, and in the absence of

any recorded or detected interfering excretory products.

(4) That despite reduced environmental 02 the naturally lowered p02 of

venous blood (rarely documented) can help maintain the necessary

gradient (such as 20 mm Hg) for oxygen uptake across the

respiratory surface (AP ), and also that the carrying capacity of

blood is decreased relatively. little from near saturation by a

considerable decrease in environmental oxygen, e.g., a reduction

from 80 to 50 mm Hg pOZenvironmentally, results in a decrease in the

blood oxygen saturation of trout of not more than l5%.

(5) That fish at cooler temperatures have a lower scope for activity and a

lower demand for oxygen and would not be expected to require higher

levels of dissolved oxygen than at warmer temperatures.

The above comments suggest that some reduction in the proposed dissolved

oxygen objectives are justified, especially for those temperatures below l5°C.

Our review committee will document the basis of our views and report back to

the Research Advisory Board by December I, l978. We hope that our December

[978 report will be sent to the committee that deVeloped the dissolved oxygen

criteria and that our report be used at their discretion.

The three committee. members who met regretted the unfortunate absence of

Dr. Fry and will attempt to seek'his views on the above deliberation.
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John J . Magnuson  
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July l9, I978

 

MEMORANDUM

n TO: Members, IJC Great Lakes Research Advisory Board's Review

Committee for the Dissolved Oxygen Objective

FROM: A. E. P. Watson, Secretary

SUBJECT: DR. FRY'S COMMENTS ON THE COMMITTEE'S JUNE l978 REPORT

    

Enclosed, please find a copy of Dr. Fry's comments on the report of the

Committee s first meeting, June l978; made during a telephone conversation of

Julyl4,l978.
a. f Maw .

AEPW2N

Enclosure (1)

As Noted

Addressees: (w/encl.)

J. J. Magnuson

J. R. Brett

P. O. Fromm

s cc: F. E. J. Fry
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Dr. Fry's Telephoned Comments on

Dissolved Oxygen Review Committees

June 1978 Report

I have reviewed the Dissolved Oxygen Criteria and I think

there is a major fallacy which is a very common one in the strict

adherence to the expression of oxygen dissolved in water by partial

pressures. With the counter current exchange in the gill, whereby

a gradient is formed relatively constant throughout the mouth of the

passage, the mass of oxygen presented to the gill is often of

greater significance than the immediate pressure. ln fact Davies,

in his review, makes the difference clear in his comparison in

Figures l6 and I7. You will note that, when mass is used as the

expression of oxygen in Figure I6, there is no correlation between

his index of sensitivity and temperature. In other words, with that

measurement, the index is independent of temperature.

The remarks above are meant to be perfunctory rather than a

dissidentive comment on Magnuson's report. From the point of View

of his report, | see no need to add any specifics at this time in view

of his final promise that we will document our concerns in a report

that hopefully will be sent to the committee that developed the

Dissolved Oxygen Criteria. At that time I would wish to present an

extensive critique of the Dissolved Oxygen section.

Dr. F. E. J. Fry
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Dr. A. E. P. Watson , {9 1 0 U , '-
International Joint Commission 33 , t5; {93 7ny.tf " ' ""f f
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Dear Andy: 9 Q

I was interested to hear the report of the first meeting of the CDOOGL as presented
to the RAB on 18 July 1978.

Without referring to the DOD under review I offer the following for the consideration
of the Committee. There is no need for you or the Committee to respond to this
letter. The Committee emphasized five points.

Point 1. When considering physiological compensation to reduced oxygen, remember
that fish of the Great Lakes will be exposed for long periods of time to the levels
recommended in the objectives. The situation is not similar to streams with their
diel cycles where a debt incurred can be repaid quickly.

a

Point 2. It sure isn't the goal of the Great Lakes Fishery Commission and its
cooperators that fish populations "persist" in the Great Lakes, and I hope it isn't the
goal. of the 13C and its cooperators. We're striving for self-sustaining, thriving popu-
lations.

-
a

t
i
-
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i
-
u
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Point 5. Yes, fish at cooler temperatures have a lower scope for activity, but
remember that most Great Lakes species will be very active at 15 C (mentioned in
the next paragraph) and lower.

After writing this I have the feeling I've carried coal to Newcastle, but please
sent} it on to the members.

I'm glad to know there's such a competent group working to resolve the issue.

Sincerely,

(aim
Carlos M. Fetterolf, 3r.
Executive Secretary
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cc: Don Mount
Al LeFeuvre

Robert White
Andy Robertson
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APPENDIX C. INFORMATION EXCHANGE

DissoIved Oxygen Criterion Proposed for
Mississippi Waters (Watson)

Ontario Guideiines and Criteria for Water Quaiity
Management (Watson)

Summary of Data on Behaviorai Responses of Fishes
to Low 0.0. (iagnuson)

Dissoived Oxygen Objective Comments (Fromm)

"Bioenergetics and Growth, (0.) Oxygen." (Brett)
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September 15, 1978

File No. 3000 5 1/7"

 

MEMORANDUM

TO: Members, Great Lakes Research Advisory Board's Review Committeefor

the Dissolved Oxygen Objective for the Great Lakes

FROM: A. E. P. Watson, Secretary

SUBJECT: D.O. CRITERION PROPOSED FOR MISSISSIPPI WATERS

 

For your information, I have enclosed a copy of the proposed

criterion for Mississippi waters, reported on pages 495 and 495 of the

Environmental Reporter, (1978), 2) (12: July 21). The

Protection Agency, in making this proposal, refers to l ,

swimmable requirement of the U.S. Clean Water Act and the support of a
balanced fish popula

U.S Envi

the "'i"*2.LDLI

gin/.612.-.
AEPW/hk

.

Enclosure (1): As noted

Addressees:

J. J. Magnuson

J. R. Brett we
11 "1 O 8

:1
1'

1
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5" n1 Q

cc: w/encl.
A. R. LeFeuvre

.D. 1. Mount

R. E. White
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Fan: ointed specifically to the group s efforts to in-

flueno, ,zvelopment m the Environmental Protection Agen-

cy's prevention of significant deterioration regmlations and

the Occupational Safety and Health Administration's stan-

dards for workplace cotton dust (June 9, p. 182 ).

ltia our hope that these were only tra'nsitional cases and

th'it all of the group s activities will be confined to the public

comment period in the future, Ranch said.

lie questioned the review group s authority to contact an

agency head after the public comment period has closed,

pointing to the decision of the US. Court of Appeals for the

District of Columbia Circuit in Home 80:: Office, Inc, v.

Federal Communications Commission (April 15, 1977,

p. 1918). .
Est pnrte contacts by Executive Branch officials with no

statutory responsibility for regulations pose many of the

same problems as ex parte contacts from private parties,

Ranch said.

Indeed, the possibility that an ex porte contact from an

Executive Branch will inaterially influence the action ul-

timately taken is substantially more likely than a similar

ea: porte contract from a private party, he said.

We feel that such contacts create special problems par-

ticularly where the purpose of the contact is to influence a

major regulatory decision."

To buttress his argument, Ranch quoted from an August 4,

1977, memorandum from EPA Administrator Douglas M.

Costle to other agency officials regarding Home Box Of.

fice.
"I do not believe that EPA should base or appear to base

its regulatory decision on information or arguments

presented informally that do not appear on the public

record," Costle said in that memorandum.

To resolve "potential problem of ex parte contacts,

Ranch suggested the review group make sure its review of

proposed regulations will be completed by the end of the

public comment period and that no further attempts to in«

lucncc the form or substance of the proposed regulations

will be made after that time.

Ranch suv'r-Jsted also that the group keep vrritt .n records
«:59

-- to he inserted in agency records for public review of

meetings between the gran and the agency. He said such

meetings should be open to the public.

Chemicals

 

EPA REGlOf-JS APPROVE

?CU DlSPOSAL FAClllTlES

' io Environment/:11 Protection Agency July 13 said (48

FR 3033?) it approved facilities in £29.31 egions 1V anal

X or disposal of polychlorinatcd biphenyls (f- Cle.

EPA explained that regional administrators must approve

all disposal facilities for PCBS, in accordance with 3 repulse

tion adopted u. der Section 6 of the Toxic Substances Control

Act.

The rule on disposal and marking of PCBS, adopted

February 17 (Current Developments, February 24, p. 1650).

prohibits disposal of many PCBs, as defined in the regulao

Lion, after April 18, 1978, except at EPA-approved facilities.

Tue list of disposal facilities 'ncludcs n Alabama facility

approved by Region IV, and two facilities, one in Oregon and

one in ldaho, approved by Region X.

Following is a list of the approved facilities:

(1»

 

dards to encourage fish propagation. h «lp

EPA Rooms IV (345 Conni'mrin Erna? NE.

ATI}. . TA. GA. 30308)

1. Facility". Waste Management of Ali:-

_bama, lnc. Facility Address: PO. Box lZOO.

Livingston. Ala. 35470. Facility Telephone

No.: 203-652 9523. Type of Facility A,-

proved: Chemical Waste Landfill. Type of

PCB Waste Handled: Capacitors (smell and

large). Properly drained transformers. Con

taminated soil, dirt. rags. and other dcbzis.

Dredge spoils. Municipal sludges. Properly

drained contaiiiegs (drums). Expiration Date

of Approval: Open-cnded. EPA Regional

Office Contact: Zvir. James Scarbrougli. EPA

Telephone No.: 404-381 3116.

Rom After January 1, 19°C, PCB capaci-

tors and contaminated soil, rags, and other

debris cannot be disposed of in chemical

waste landfills. A special provision does

permit without time limits. the disposal in

chemical waste landfills of corniam'msted

soil and debris resulting from scile or from

old disposal sites that predate the PCB rcg- '

ulations. .

EPA REGION X (1200 Sm Avmmr.

Sunnis, VV ASH., 38101)

1. Facility: Chem-Nuclear Systems. inc.

Facility Address: PD. Box 1269. Portland,

Ores. 07205. Main office (site located in Ar-

lington. Green). Facility Telephone No.: 503-

223 1922. Type of Facility Approved:

Chemical Waste Landfill. Type of PCB

Waste l'lariolled: Capacitors (small and

large). Properly drained trans craters. C ;

temliiated soil. dirt, rags. asphalt. and other

debris. Properly drained containers (drums).

Expiration Date of Approval: January 1.

1980. Ell- 1 Regional Office Contact: Mr.

Roger Fuentes. EPA Telephone No; 286-

442 1255).

2. Facility: Wes-Con. Inc. Facility Address:

PO. Box 564, "nvin Falls. Idaho 83301. Maln

office (site located in Grand View, Idaho).

Facility Telephone No; 208-73431711. Typ

of Facility Approved: Disposal in Missile

Silos. Type of PCB Waste Handled: Capaci-

tors (small and large). Properly drained

transformers. Contaminated soil. dirt. rags,

.ssphalti and other debris. Properly drained

containee; (drums). Expiration Date of Ap-

proval: January 1. 1980. EPA Regional

Office Contact: Mr. Roger Fuentes. EPA.

Telephone No; 206-ié2-1260.

 

EPA said it will continue to publish lists of approved

facilities for dispssal of PCBS on a monthly b3.-is.

Further information on EPA soroval of the f cilities
t'

a

is available from the appropriate agency regional offices.

Water ?: llutlon

 

DlSSOL s- EO OXYGEH CR TERlOf!

f flC'F OCED FDR {wilfitZiSSlPPl v l/ATEilS

The Environmental Prote tion Agency is proposine a dis-
h! o -

l A i. l

solved oxygen criterion for i
L i

Clean Water Act s "fishaole, swimmable requirement.

The rule proposed July 13 (43 FR 30076) by EPA w -uld

amend lilississippi s intrastate, interstate, and coastal water

ualiiy standards (40 CFR 120) to provide for a minisnxuni

dissolved oxygen concentration of live milligrams per liter

in flowing streams and estuarine waters, including Lid-ally

affected portions of streams.

Copyright 6 1978 by The Bureau of National Affairs, inc.
rn- n-uu :1hn(r.r\ en  
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l

The five mg/l dissolved oxygen concentration require
mt would apply also to the epilimnion, orsurfacclayer, of
the ally stratified lakes and impoundments, or five feet
from the surface in water not thermally stratified,
EPA Region IV notified the Mississippi Air and Water

Pollution Control Con'imission in 1975. 1976. and 1977 that its
dissolved oxygen standard was too low and that the state
criterion would not support a balanced fish population.
EPA disapproved the state standard. ,

Mississippi Criterion Rejected

Section 303(c) of the Water Act provides that EPA publish

revised or new water quality standards when necessary to
meet requirements of the Act. \"(ithin 90 days after
publishing the proposed standard, the EPA administrator
must promulgate a new standard unless a state adopts its
ovm revised or new standard consistent with the re-
quirements of the. Act.
EPA explained that Mississippi had. proposed a disol 'e

' a

/

(A
.t v

oxygen criterion of four trig/1 as a minimum dairy avera c
oapplicable at the seven-day, 10-year flow, while EPA llegi .

rrc

3

IV had urged the state to adopt a criterion of five c l
applicable at the seven day, 10 year low flow and all greater
flows.

Mississippi s criterion was too low to ensure protection of
a balanced fish population and was not consistent with
national quality criterion for water, EPA Region 1V told the
state.

I

In proposing the rule to 7 Mississippi criterion, EPA
referred to research indicating that fifissis epi sport fish,

 

including large- and small-mouth bass, striped bass, bream,
and crappie require substantial concentrations -of dissolv
ed oxygen for favorable propagation conditions.
The five mg/l minimum daily criterion would support a

balanced fish population while the Mississippi standard would
not, EPA said. The Mississippi criterion would favor sur-
vival of rough and forage fish rather than sport fish, EPA
said.
The EPA proposed criterion would apply to all Mississippi

waters, EPA said, even though certain waters may not
achieve that criterion. EPA sai it would consider
modifications to the proposed criterion on a case-by-case
basis, with proper justification required for a lower dissolv-
ed oxygen criterion.
EPA said the criterion proposed by Mississippi would

provide for greater waste emissions and consequent water
degradation than would the EPA-proposed standard. Thus,
the proposed criterion reflects the requirements of the Act
that state standards protect fish propaga ion and the
statutory requirement of fishable. s a immable use
designations for all waters by 1933-, EPA said.
EPA tentatively is planting hearings in Jackson and Biloxi,

Miss, on the proposed rule and Wili publish a notice of the
hearings in the Federal Register.
The proposed rule is published in the Full Text section of

this issue.

  

 

Litigation

  

FREQ-VA SEGMENT CHALLENGE":
TEthvllNATED BY COURT flULlf G

The US. District Court for the District of New Jersey June
9 ruled against several environmental and citizens groups in
a suit to halt a two and onecuarter mile freeway extension
involving construction of a bridge over the llaritan River in
New Brunswick, NJ. (Citizens' Committee for En-

ENVIROl JMENT REPORTER

viromnental Protection v. US. Coast Guard, No.
77-1719).
The various plaintiff groups sued both state and federal

govermncnts over the proposed segment of Route 18 which
was designed in 1965 as an improvement to traffic flow in
the city.

The proposed Route 18 project includes construction of a
bridge over the Raritan River and placement of fill in both
the Raritan River and the Delaware and Raritan Canal.

State and Federal Permits Obtained

The New Jersey epartrnent of Transportation obtained a
permit from state authorities to build bridge piers in the
river in 1970.

The U.S. Coast Guard, pursuant to a memorandum of
agreement with the Corps of Engineers, prepared an en
vironnicntal in'ipact statement for the project in acco: dance:
with the Department of Transportation Act, Section éff),
and the National Environmental Policy Act.

In 3.376, the Coast Guard issued the bridge construction

pennit, and in 1977 the Corps of Engineers authorized the
associated fill and iipvrap work in the river and carat
The {.slaintiffs challenged these state and. federal approvals

on several theories.

  

Claims Against State Agency

The environmental plaintiffs contended that the. New
Jersey Department of Transportation violated Sections 9-
and 10 of the Rivers and Harbors Act of 1899.
The court disagreed for three reasons.
Sections 9 and 10 of the Rivers and Harbors Act, the court

said, do not create a private right of action. The Act provides
for assessment of civil and criminal penalties and not the in-
junctive relief sought in this action, the court said.
The suit against state defendants also is barred by the

Eleventh Amendment 2 the US. Constitution. the court
said, unless the state consents to be sued in federal court. The

court found no such waiver of constitutional protection by
New Jersey in this case.
Even if there were a right of action under the Rivers and

Harbors Act not barred by the Eleventh Amendment, the
court said, there has been no factual showing of construction
or fill activities in violation of Sections 9 and 10.
The court also found the plaintiffs attempt to rely on a

breach of the memorandum of agreement betw :sn the Corps
of Engineers and the Coast Guard inappropriate as a basis
for injunction of the freeway extension.
The court said the plaintiffs had neither the privity of con-

tract to enforce the terms of the agreement nor standing:
based on some injury in fact to seek redress for breach of ti:
agreement.

Claims Against Federal Agencies

The plaintiffs contended that the Coast Guard violated the
Department of Transportation Act by not considering feasi-
ble and prudent alternatives to the proposed freeway route,
which involves the taking of some public pail: land.
The court concluded on the basis of the evidence a.

which included exhibits and testimony on the Coast {.1
decisionmaking process, that the agency had
reasonably in considering alternatives to the project and l.
rejecting those proffered by plaintiffs.
The court also rejected the contention that federal at; ~

(ties violated NEPA by preparing an impact statement which
evaluates only a segment of the freeway projectapprt nvcd by
the New Jersey legislature.
The court found that three criteria to determine the proper

length of a segment to be considered in an impact statement
were satisfied:
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INTERNATIONAL JOINT COMMISSION

GREAT LAKES RESEARCH ADVHaaRY BOARD

lOO OUELLETIE AVENUE, 8TH FLOOR

WINDSOR, OXTAth NQA 6T3

 

Windsor (519) 256 7821

Detroit (3l3) 963 9041

October 5, 1978

 

Members, Great Lakes Research Advisory Board's Review Committee for

Dissolved Oxygen Objective for the Great Lakes

 
FROM: A. E. P. Watson, Secretary

SUBJECT: PREPAFATIONS FOR DECEMBER 1 MEFllNG: EXCLAKGH OF INFORMATION

 

During the June 2c, 1978 meeting of the Review Committee, it was decided

that members would archange appropriate information for review and comment prior

to our {all (1978 meeting. In this regard, I would appreciate receiving from

you any such material which will be distributed to the other me eers from the

IJC Regional Office. 1f initiatec, this process will, I am sure, facilitate

the committee s tast 0" vriting its report during the December l meeting and

your early consideration of this would be appreciated.

For your informatiu i n and by the way of an example, I have enclosed exxofpts

(pp. 85 90) of the Onta '
C)

  

February 1973, as repr duced in the Internationél Environment

September 10, Supplement No. 7. In Section 2 Water Qualit*

Protecuion of Fish, Other Aquatic Life and Wildlife, pages

made to Temperattre (1) General; (2) Great Lakes and Connec $ 5' ,

Inland Waters and to Dissolved Oxygen (l) Narm~Water Biota; ( ) v t i t ,

as well as to Free Carbon Dioxide. I have been reassured that, in the proposed

(1979) updet de ' Plite and Criteria, the Ontario Hi i

esees no changes in the current Dissolved Oxvgen levels prescribed.
.1

73ite

Environment f0

   
   

The complete text of Section 2 has been reproduced to inclvoe dare on TOth

Substances ~ especially biocides and miscellaneous surfactants iii inorgénic

ions, p ges 87 98. This infer: tion may be of value in gauging the potr tiel

levels of chemically induced stress likely to be found in the species to 0? D10"

tected by the dissolved oxygen objective under consideratioz.

and
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Physical:
Tcmperamre

55°F lo 83°F

Mlcwbhbulal: (ll

Feral Colzforms (445°C) 103/100 ml 0/101» ml

[nterococm (359C)
20/103 ml O/ TO ml

Tom! ba<l8f73 (2 JQC)
XICCO/ KU ml < 'lODOO/lCO ml

Inoranic Chemic '5:

Al-manunt
70.0 mf/l < 1.0 mg/l

Arsenic
10.0 mg < 10 mg/l

Beryllium
« 1.0 mg/l < 05 rrgl

Boron
0.5 mg/l

Cadm':um
0.05 mg/l <

Chin'lde
150 r.-g/i <

Chlorlde special requirement (or

lzlbecco
70 mg/l < 2

Chromium
20.0 mg/l < 5.0

Coball
100 mg/l < 0.2

Coppm
5.0

< .2

Lead
20.0

< 5.0

Lithium
5.0 . < 5.0

Manganese
20.0 rug/l < 2.0

Molybdenum
0.05 mg/l < 0005

Nidel
20 mg/l < 0.5

pH (range)
4.810 9.0

Residual Scdlum Carliemte
1.25 mg cq/l < 1.75

- (CO;' +HCC), ) (Ca"*+ My")

expressed as mg eq/l

Selenium
0.05 ng/i < 0.05 mg/l

Sodium Adsorpilcn is L < l.

l

txp'CSSéd 23 mg cq/l {

Telal dassolvcd 503363
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10.0 rug/l <

5.0 nag/l <
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SUBJECT: Summary of Data on Behavi pal Responses of Fishes to :L:\3V¢ZV 7
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i F'.\uu- ( "w.._.-Low Dissolved Oxygen

I have summarized my data on behavioral responses of fishes to

low dissolved oxygen at temperatures below HOC. Each of the behaviors

indicated is interpreted to be adaptive to surviving low dissolved con

centrations in winter.

Ventilation rate is the first to respond to lowerec dissolved

oxygen. Seven out of nine I ' Hated faster ventilation rates when

the concentration dropped from u to 2 mg/liter. An early decrease as

concentrations were lowered to H mg/liter cannot be discounted because

observations were not made at higher oxygen concentrations. Regardless,

the increase in ventilation rate was usually the only behavioral change

noted at 2 mg/liter.

ish began moving upward in the water column at concentrations

of 1.0, 0.5, and 0.25 mg/liter. This behavior would also be adaptive as

it would tend to move the fish into water containing more oxygen in most

winter habitats. Approximately half of the species increased their swimming

activity when oxygen was present at 2.0, 1.0, 0.5, or 0.25 mg/liter, and

six of the nine species decreased their swimming activity at concentrations

of 1.0, 0.5, or 0.25 mg/liter. The central mudminnow and finescale dace in"

creased locomotory activity at 2.0 mg/liter and then reduced activity at 0.5

mg/liter. Increased activity would appear to be search behavior for better

habitats and the reduced activity could be conservation of energy or perhaps

even an indication of deterioration of vital functions.

An oxygen concentration of H mg/liter did not result in these

fishes employing their behavioral adaptations for surviving low oxygen

habitats. Many of these species may be more tolerant than some of the

Great Lakes species. Presumably, increases in ventilation rates at l and

2 mg/liter compensate for the change in oxygen. Consequently little in

pairment would be expected to occur to fish at these levels. Ventilation

appears to become oxygen dependent at 0.25 mg/liter or even lower for some

speCies.

These data suggest that a number of fishes can deal with oxygen

levels below u mg/liter and above 2 mg/liter with little difficulty at

temperatures below HOC.

Enclosure

   



 

RESPONSES OF NINE FRESHWATER FISHES

WATER

Oxygen conc

l 0.5, 0.5

(See methods i

-tions were decreeGE"; ra
0.25 in 42 liter aqua ia

n Petrosky and Magnu c.

DECREASES IN

ERATURES BELOW 4°C
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.J...u

.
c w 71".
U LA:-

i

r d with

7

SOLVED OXY r m"; r13f CONan.AnTIONS AT

ve successive days from u-2 mg/liter, 2 l,
ulated ice.

OXYGEN CONCENTRATION WHERE CHANGE FIRST OCCURRE

       

Ventilation Rate Move Up In Locomotory .ctivity

Family Species Increase 'Decrease Water Column Increase ecrease

Umbridae 1

Central mudminnow (Umbra limi) / 1.0 - 0.5 2.0 0.5

Esocidae 2]

Northern pike (Esox lucius) 2.0 0.25 0.5 0.25 Did Not

Cyprinidae 21
Fathead minnow (Pimephales promelas) 2.0 ~ l.0 Did Not l.0

Northern redbelly dace (Phoxinus eos) A] 2.0 0.25 0.25 DiC Not 0.25

Finescale dace (Phoxinus neogaeus) ;/ 2.0 - 0.25 2.0 0.5

Gasterosteidae l

Brook stickleback (Culea inconstans) j 2.0 -- l.0 Did Not 0.5

Centrachidae 2/

Bluegill (Lepomis macrochirus) 2.0 0.5 Did Not 1.0 Did Not

Percidae :1

Iowa darter (Etheostoma exile) I 2.0 0.25 Did Not Did Not l.0
2 .

Yellow perch (Perca flavescens) ~j 1.0 0.25 0.5 0.5 Did Not

Total Range 1.0 2.0 0.25 0.25.1.0 o.25-2.o 254.0

 

EJMagnuson, J.J. (unpublished data).

M Data Source: Petrosky, B.R. and J.J. Magnuson l973. 5

bluegill to oxygen concentrations under simulated winterkill conditions. Cope a (l973):120-133.
Behavioral responses of northern pike ye low perch, and

   



  

Date: October 19, 1978

To: Members of Review Committee for D.O. (CLRAB)

From: Dr. Paul O. Fromm i) (9 quggAsm am/

The committee agrees that the water quality objective for dissolved oxygen    
should provide protection for the aquatic life and in order to do this the objec

tives must aim to maintain a critical oxygen content and necessary oxygen tension

taking into consideration the physical and biological effects of temperature.

With respect to oxygen tension the authors apparently relied heavily on statements

made by Davis (1975) mhere he quoted Jones et al. (1970), not Jones (1971), and

Randall (1970), (see paragraph 2 page 17 of the IJC report). Relying to such

great extent on the oxygen tension of water in setting the dissolved oxygen require

ments at lower environmental temperatures is open to question.

Paragraph 3, page 17 of the IJC report can be amplified as follows:

The transfer factor (T02) of gills is a measure of their capacity to transfer

oxygen from water to blood? T02 can be calculated byhdividing the rotak oxygen

uptake per minute (V02) by the mean difference in oxygen partial pressure across

the gill, APg. APg is determined in large part bylP the partial pressure ofV025

oxygen in venous blood. Oxygen transfer and arterial oxygen tension (Paoz) are

maximized by ensuring maximum blood flow to those portions of the gill receiving

maximum water flow. Thus the transfer factor may be increased by (a) enlarging

the effective surface area of the gills or (b) by reducing the diffusing distance

between blood and water. These may be accomplished by altering the patterns of

blood flow through the gill and water flow across the surface of gills.

The relation between water and blood flow to APg is rather complex. Jith

water oxygen tension and ventilation volume (Vg) constant, change in gill blood

flow(Q) and/or the number of gill capillaries open to blood flow will alter the



  

kicsidence time of blood in gills and raise or lower the partial pressure of

arterial blood leaving the gills. With constant internal perfusion (Q) Changes

in ventilation volume and inhalent water P02 will likewise alter Paoz. The total

oxygen uptake and arterial oxygen saturation can be maintained in the face of a

decrease in environmental oxygen content by (a) an increase in the Ventilation

volume (9g), (b) a reduction in APg, and (c) a decrease in PVOZ.

Randall (1970) did not make the statement that the internaluexternal gradient

for trout should be 20 mm Hg. He did state that direct measurements of the mean

P02 difference across the gill (APOZ) have never been made. And that, In the absence

of measurements, if one assumes that APO2 is 20 mm Hg, then the water shunt in

the trout based on the data of Stevens and.Randall (19678) is 60% of the total

ventilation volume." This is in line with a statement (p.261, Randall, 1970) that

the P02 in water leaving the gills is not in equilibrium with that of venous

blood thus not all of the oxygen that theoretically can be removed from water

is utilized. Critical perusal of two 197] papers by Jones (J. Theor. Biol. 32:

341 459 and J. Exp. Biol. 55:541 551) revealed no.5uggestion that a P02 of 118

nm_Hgis necessary to maintain a proper gradient for oxygen uptake (by fish). How

ever, Jones et al. (1970) did Show theoretically that (when the mean P02 difference

across the gill is 75 mm Hg and venous P02 is 20 mm Hg) trout at 5C maintain 95%

saturation of arterial blood until the P02 of inhalent water falls below 118 mm Hg.

When fish are exposed to an hypoxic environment they can increase their ventilation

volume or reduce the P02 difference across the gill in order to maintain arterial

P02. Holeton and Randall (1967) demonstrated in trout that below an environmental

P0 of 120 mm Hg, APOZ decreases almost linearly. Too, fish can reduce FVOZ

when exposed to hypoxic conditions, i.e., increase ox gen extraction from the

blood by the tissues. The reduced venous oxygen tensiOn facilitates oxygen

 



  

.nsfer across the gills and permits a lowering of gill blood flow.

When fish are subjected to lowered environmental temperatures, their

standard metabolism is decreased. It is theoretically possible that blood

does not need to be fully saturated (95% or above) to provide an adequate amount

of oxygen for delivery to the tissues. Oxygen dissociation curves for rainbow

trout (Cameron, 1971) indicates that at 10C the blood is 75 to 90% saturated

with oxygen at a P02 of 40 mmHg. The lower value Jas determined at abnormally

high P002 levels so that in vivo the Z saturation would probably be nearly 90%.

Even at 203 the Z saturation was found to be around 70 at the same P02 and

normal PCOZ. Currently, we do not know the tissue oxygen tension necessary to

sustain the normal level of metabolic activity in fishes. This value would

set the lower limit for PVOZ. Venous oxygen tensions are variable and thOSe

fish such as carp with a normally low PVOZ have a limited capacity to regulate

oxygen uptake by altering venous oxygentension.

As stated earlier, the above comments suggest that some reduction in the

proposed dissolved oxygen objectives are justifiedj especially for those

temperatures below 15C.
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Airinectes mdculatus lost weight faster in fr

1.

SPeters (1971) and Peters and Boyd (1972) have u ed YUSCYlClwd ratiwns

in experiments on the combined effects of temperature, salinity and food

availability on the growth of young flatfish, Trinectes maculatus. y examining

 

the response at an intermediate temperature (20°C) it is apparent that the

slope of the GR curve increases with increasing salinity such that, from a
x

/

common pivot an increase in salinity
I

induced a higher Can, when on ad libitug feeding.i When starved, at 15°C,

I

point of similar maintenance rations,

esh water than at higher
/

 

salinities;

// I

the reverse was observed at 35°C. 1/
/

/4I

These illustrations serve toIpoint up the cemplexity and diversity, V
. ,/ . ~

of the growth response to salinity,_a circumstance that is likely to require

searching physiological analysis for adequate explanatior.
I

Whatever this

/

est to note that in nature these tfig
/

/

requently at salinities wh

may be, it is of inter 1species of fla

C
1.occur most ere they grow fastest (Peterg 1971).

It can be concluded that
I

/
I a o a

stage in salmonids, eVidence for any substantial increase in growth

, with the possible exception of the smolting

I
/

accompanying isosmotic

been examined).

conditions is lacking (isionic conditions have not

Pronounced decreases in Gnu, with increasing salinity, among
\

freshwater adapted species, appear to be the result of large increases in
. 1'1

Rtaxn1-, As the limit of salinity tolerance is approached and regulation.

becomes progressively inadequate, R35, falls to the level of Rulint blocking

further growth.
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A9- OX GEN

At the time of feeding and for some hours thereafter the metabolic

rate 9: fish is elevated (Chapter 4). Some authors deduced that for maximum

  



.- u

rations the increased demand for 0 ,

\

yen could reach as high as the nekive
)

cLabolic rate (Paloheimo and Dickie, 1966). While this may be true in

)

nature where the daily encounter of predator end prey can involve numerous

  



 

bursts of activity, in the laboratory the maximum metabolic requiremen:
-M

does

bf appear to exceed two or three times the standard rate (about one third

active metabolism). The total daily increase in oxygen censunption is

directly related to the size of the med; like any other activity, as the load

increases the energy expenditure goes up (Chapter Ab). One aspect of the

metabolic process, specific dynamic action, has not always been clearly defined

and measured for fish (Warren, 1971; Beamish, 1974). Despite the sequence of

complex digestion-absorption-transformation steps in food yrocessing,

environmental oxygen can be shown to act as a simple Limiting Factor,

sharply curtailing growth and food conversion efficiency at critical oxygen

leve15,usually well below the air~saturation point; However, oxygen cannot

be confined a priori to this single role,' It is conceivable that reduced.

oygen content could act as a cue (Directive Factor) for reduction of

appetite -; or more likely some associated change accompanying lowered oxygen,

among fish

since the existence of Oa-sensors has yet to be confirmed.

-1. Maximum Growth Rate (C:.,) x Oxyoen

While many studies have been conducted on the effects of oxygen

supply on the growth rate of fish, these are very varied in relation to

duration, size and survival of fish, nature of diet, temperature applied,

and the level and precision of environmental oxygen control, such that

useiul systematic tabulation is difficult if the comparability is to be

\

Preserved (see: Brungs, 1971; Swift, 1963, 1964; Doudorotf and Shumway,

3957, 1970; Warren, 1971; Eheling and Alpert, 1966; Davison St 31., ll59).

The studies involving late embryonic and early larval stages, where first

feeding occurs, are comolicated by the change in developmental state during

the test heriod and the initiating of an adequate feeding response. Further,

 



  

there is a bins introduced vhere on]; the size of the surviving fish can he
.R

u5eo/to detennine growth. Some incruised sensitivity to reduced oxygen is
larval

apparently present at the /stage in comparison with the juvonile stage; the

rlson et l. 1974).
________..)

i)margin, however, is not great (CarlSon and Siefert, 1974; C

From three well-documented studies on juveniles it has been

possible to determine the mean and variance.of the'growth indef'applied in

each case (Chiba, 1966; Stewart 35 3_., 1967; Herrmann_g£ _l.,.l962). This

was done by grouping according to concentration* intervals of 0.5 ppm 03 and

plotting the results as the mean of Cal, against the mean value of the

concentrations within each of the 02 intervals (Fig. 15). Where only two

values occurred in a given interval, the range was used. Despite the

considerable deviation accompanying each mean determination (partly due to

'cxperimental variability in 02 12V 1) it is clear that an oxygen concentration

of close to 5 ppm is critical for growth below which increasing suppression

30f G;Ex is directly proportional to decreasing 02~concentration ~- a drop of

1 ppm causes a 30% reduction in growth rate. The analysis bears further

comment. None of the authors would dispute the 02 dependent segment of the

curves as depicted. However, the balance of the relation might be contested,

here shown as forming a plateau beyond the critical transition zone (depicting
. V 'above 5 ppm

complete independence of Og~concentration4 as in simple limiting cases). In

two of the original sources (Stewart et al., 1967; Herrmann )t 3 ., 1962) and

u'gain in Doudorofi and Shumway (1970) the data for largemouth bass are
. \ R

interpreted by the authors as rising to a peak of growth close to 8 PPm

(lOOZ saturation) and falline off at concentrations far.in excess of this,

e.g., )7 ppm at 20°C (212% saturation). It is known that excessive oxygen

 

" *Sizce fish have a great ability to extract oxygen from water) concentration

1-
1.

6
)

D c
,

(D r
?

r
, O V"
. indicator of available amount than saturation.

.  



 

    

  

   

   

  
  

u.concentrations can even be .ethal (Ht be 1930). However, from the variance

othhe small samples involved above the 5 ppm critical level, there is

insufficient evidence to negate the present interpretation. Support for the

latter can be gained from the fact that oxygen concentration would have to

be reduced to the critical level indicated (approximately 5 ppm) in order to

act as a Limiting Factor to the associated metabolic rate (see Chapter 4b).

'It should be noted that e§perimentallv reduced oxygen concent atiOn is

 

maintained in the complete absence of any change in the rest of the

controlled environment. In nature and in hatcherieg decreased oxygen would

likely be accompanied by an increase in other environmental factors such

as ammonia, urea and nitrites which would act antagonistical1y to growth.

The presence of a definite upper plateauJ supporting the Limiting

Factor concept, is clearly depicted in the conversion efficiency relation'

,in Fig. 16. The values obtained above 5 ppm are in keeping with the high

efficiency that usually accompanies good growth when young fish are fed a

nutritious diet. Tests conducted on a small number of juvenile Northern

pike, Esgi lucius, by Adelman and Smith (1970) follow the same pattern as

the three species illustrated in Fig. 15. Evidence for reduction in food
\

consumption and conversion efficiency for this SPCCiES suggests a critical

level between 3 and 4 ppm 02 (at 19°C). - . a

2. Restricted Rations X Oxveen

 

\

Since ration is the "driving force any restriction obviously

reduces the growth opportunity to a lower.1evel; the CR curve is truncated.

9.
1.As was pointed out, a restr cted ration is also acCompanied b a lowering or the d3il_

. ' , _ I" . .,. -_ - x .
metabolic rate and consequently a reduced demand for oxygen. thus) it mignt

be ekpected that the critical oxygen level would fall. .Fisher (1963)

{2j \ demonstrated this clearly for underyearling coho salmon (Fig. 17)- 0  



  

limited ration, which resulted in apy\oximntely 0.4 C:_,, the critical cgyécn

\
lexal dropped to between 3 and 6 ppm. If the positions of inflection inferred

byFisher (l963) are used, intermediate levels of restricted ration would be

expected to follow the pathgindicated in Fig. 17 (dotted lines .

The general phenomenon witnessed under these circmns ences is the

interrelation of two Limiting Factors food and orygen - acting in series.

Successivq plateaus below C,u are set by the degree of restricted ration.

But as oxygen is reduced,an 02 dependent stage enters to depress the growth
(depicted by the slope of

rate below that previously dictated by the limited ration/line below the plateau, P

This phenomenon can be identified in the response of channel catfish

exposed to three oxygen concentrations and two feeding regimes (Andrews

gt~al:, 1973). At 26.6°C the saturationsimposed convert to the following

concentrations: 100% = 7.9 ppm 02; 60% = 4.7 ppm 02, and 30% i 2.8 ppm 02.

do id "123333 feeding (R:;,) there was a significant reduction in growth rate

between each Uz-level, which would be expected for concentrations below the

critical Og level of 5 ppm (results: G =3.l%wu&m'at 7.9 ppm, 2.7% at 4.7 ppm,

and IrSZ at 2.8 ppm). when fed a fixed ration of 3% wt/day there was no

significant difference between the two higher Og-concentrations (avn. C =

1.8% wt/day); only the growth rate at 2.8 ppm 02 was depressed (G = 1.3% wt/day)-

Thus, the limiting effect of reduced oxygen was shifted to a lower

concentration when on restricted ration.

3. Varying vazen X Growth

Dailv oscillations in oxygen content are not unusual in natureJ

frequently produced through the light cycle on photosynthesis. Stewart SE

-?33 (1957) Subjected largemouth bass to alternately low (2 4 ppm) and higher

(Q'8'Ppml bxygen concentrations and showed that growth was markedly impqired.

.

The reduction was greater than that which would have occurred if kept at the

 



 

medn 02~levcl, showing the detrimentul consequences of the low (ONCOHlIJI

(S
V};on these were below the critical level. When the variation was entixely

.ions

below the critical value (c.3v 1.8 to 3.7 ppm) the growth was only 321 of

that expected for a concentration equivalent to the mean daily 02~lcvcl.

Hhitworth (l968) demonstrated a similar inhibiting effect on the

growth of brook trout, égjlg jlnhi fontinalis. When subjected to fluctuating

oxygen levels (10.6 ppm reduced to either 5.3 or 3.6 ppm) the fish lost

weight and were approximately 75% of the weight achieved by a control group

at 10.6 ppm (for 49 days). Diurnal fluctuations from 3.0 ppm be rising to'

either 9.5 or l8 ppm 02, applied by Fisher (1963) to underyearling coho,

resulted in an almost equally depressed growth rate, similar to that which

would have occurred at fixed levels of 3.5 and 3-9 ppm respectively.

It is apparent from these few but revealing studies on fluctuating

02 that high concentrations above air saturation do not confer any substantial

benefit compensating for the periods of low concentration. Further, an \

exposure to subcritical levels of oxygen for only a portion of the day

(e.g., 8 12 hr) is sufficient to depress the growth rate to that comparable

with the constant low-02 level. And this is despite feeding during the high 02

period. There is obviously not a simple on off effect with0ut a carryover

of serious consequences into the higher 02 period.

E. SlMHARY COHFICURATlONS

\

More information is available on the effects of temperature on

.. a
ther a)growth than any otic fzctor; oxygen is next, with light and salinity

.w
-

0

not at all well docuwented. Within these limitations an attempt has»

been made to present the various pa terns that the CR curves follow for eaCh

environmental factor, and the consequent path of the major parameter C:&1 (SOC Fl - 15

These illustrate the categories of effect (Factors) postulated by Fry (1907)-   
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were fed to satiation twice per day.
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AGENDA ITEM

1.

3.1

3.2

WATSON
-1 ACTION BY

WELCOME AND INTRODUCTIONS

 

The meeting was opened by the chairman at 9:30 a.m. and the
attendees weicomed. The secretary conveyed regrets for
non attendance from Dr. Fry and expiained the arrangements for a
conference teIephone caTT with Dr. Fry Tater in the meeting.

AGENDA

The agenda for the meeting was unanimousTy adopted.

MINUTES OF PREVIOUS MEETING

 

The foiTowing revisions to the minutes of the first meeting were
suggested.

Item 5.1, p. 3. Dr. Brett's presentation on Metaboiic Rates and
DissoTved Oxygen Concentrations. It was conciuded that: (omit
the statement) .... good diurnaT growth, etc."

Item 5.2, p. 3. Dr. Magnuson's presentation on 0.0. and
NinterkiTI Conditions. It was noted that:

fish behaviour is simiIar at 0.0. concentrations of 0.1 mg/L and
at 4 mg/L;

BTuegiTT wiII move toward more preferred temperatures as soon as
the 0.0. faITs beIow 0.7 mg/L at temperatures beIow 40C; and

the eggs of a Targe number of fish species incubate on the
bottom at the subst ate/water interface.

The minutes of the previous meeting were adopted with the
incIusion of the above revision.

RATIONALE FOR OBJECTIVE REVIEN - A. E. P. WATSON

 

Dr. Watson briefIy reviewed the rationaIe earTier articuIated at
the committee's first meeting (see Agenda Item 3, p. T of the
minutes for that meeting) and drew attention to two reIevant
documents, viz.: -

e "NaturaT Convection: A Mechanism for Transporting Oxygen to
Incubating Saimon Eggs, R. N. O'Brien, 5. Visaisouk and R.
Raine, J. Fish. Res. 8d. of Canada, (I978), §§J (IO),
1316 1321; and

 



 

AGENDA ITEM -2- ACTION BY

 

a "Dissolved Oxygen (in raw water sources), U.S. EPA Water

Quality Criteria, 1972; EPA 43 73.033, March 1973.

Both documents, see Appendix 1, were distributed. The problems

of implementation of 0.0. standards for the most sensitive Great

Lakes use were discussed and included references to land use

activities. The committee agreed to establish a sound

scientific basis for the 0.0. objective.

COMPARISON OF DISSOLVED OXYGEN CRITERIA

Comments by Dr. J. C. Davis, Fisheries and Environment Canada,

on the D.0. levels proposed were read by Dr. Brett from a

personal communication, November 1978. The "8" level, ranging

. from 5.3 to 8.1 ppm 02 depending on life stage, was

recommended. Reference was made to two U.S. EPA books on water

quality criteria, viz:

e the "Blue Book," 1972, see Agenda Item 4 (above) Appendix

1; and

e the "Red Book," Quality Criteria for Water," U.S. EPA, July

1976, EPA 440/9-76-023.

The section on Dissolved Gases, pp. 131 139, of the "Blue Book"

was noted, especially the criteria listed on pp. 134 135 (see

Appendix 1). Davis' three threshold levels of protection (A, B,

C from highest to lowest) see the Water Quality Report's

Appendix A, pp. 20 §t_seg., were debated (see Appendix 1).

The following points were listed for discussion:

(1) The incipient sublethal level is the best basis for a

criterion.

(2) Davis level A (one standard deviation above mean level is

necessary to protect aquatic life.

(3) One set of criteria is justified for all the Great Lakes.

(4) The oxygen mass is a better basis than percent saturation.

(5) A threshold which is a function of acclimation.

(6) Base the threshold on:
- growth and development;

 



 

AGENDA ITEM 3 ACTION BY

 

- reproduction, stages in life cycle;

- survival, lethal and ecological;
- swimming performance, decline in scope for activity;

any changes in the percent saturation in arterial and
venous blood;

- detection of avoidance;
- adaptive behavioural responses;
- acclimation response.

Items arising from the discussion of selecting 0.0. thresholds
included:

- no effect level comparisons with other contaminants

for 0.0.;
- scope of activity and the implications of the oxygen

debt incurred; and
chemical interactions (e.g., cyanide) and temperature
effects.

DISCUSSIG 0F REC HHENDED DISSOLVED OXYGEN STANDARDS

Dr. Brett distributed the following documents (see Appendix 2)
for discussion:

a Dr. Brett's graph of Growth Rate (%/day) vs. Oxygen Concn.
(ppm.) at 15 C for Sockeye and Coho Salmon and an excerpt
from Fish Physiology, Vol. VIII, Bioenergetics and Growth,
Eds. Hoar, Randall and Brett, Academic Press, (1979) in
press;

9 "Reactions of Some Great Plains Fishes to Progressive
Hypoxia," J. H. Gee, R. F. Tallman, and Heather J. Smart,
Can. J. Zool., (1978), §§, 1962 1966; and

9 "Effect of Long-Term Reduction and Diel Fluctuation in
Dissolved Oxygen on Spawning of Black Crappie, Promoxis
nigrnmaculatus, A. Carlson and L. J. Herman, Trans.
Amer._Fish. Soc. (1978), £92, (5), 742 746.

The dissolved oxygen requirements presented in the graph were
also supported by the partial pressures for dissolved oxygen in
water (p60?) given in Table l, p. 1963, of the paper by Gee,

et al., Rec. cit., and tended to substantiate the lower values
EitEd by Davis in November 1978, (loc. pita).

 

It was noted that British Columbia salmon hatchery levels are 7
ppm. 0.0. and that, under winder Conditions, Lake Erie displays
a 0.0. range of 7.0 + 0.2 ppm. Also, few data exist for
temperatures below SOC.

 



 

AGENDA ITEM 4~ ACTION BY

The committee agreed to:

(a) a 7 mg/L D.0. concentration, OO-ZSOC, this
recommendation differing from the Water Quality Board's in

that the criteria are not increased at lower temperatures;

and
(b) utilize Davis' 8 level as distinct from the A level.

7. DRAFTING OF COMMITTEE REPORT

The comnittee's report would be submitted in memorandum format,

the earlier material and minutes of both meetings being included

in an Appendix.

Writing assignments during this meeting were apportioned as

follows:

a Section 1, Recomnendation - Dr. Magnuson;

9 Section 2, Concentration versus Percent Saturation -

Dr. Fromm; and

9 Section 3, Dissolved Oxygen Concentration in Relation to

Vital Functions - Dr. Brett.

In reference to Agenda Item 5, above, it was agreed that the

following categories be chosen with thresholds based on:

A. Growth and Development
Reproduction
Survival__(physiological) and (ecological)

8. Swimming Performance
Decline in Scope for Activity "
Any Changes in the Relative Percent Saturation of Arterial

and Venous Blood
Detection of Avoidance
Adaptive Behavioural Responses
Acclimation Responses

Two telephone discussions were held with Dr. Fry re: the

committee's recommendations*.

As a result of the input from Dr. Fry and the questions by the

committee members, the following recommendation resulted:

*Reference was made to the article by E. T. Garside, J. Fish. Res. Bd.

Can., (1966), gs, (8), 1121 1134, concerning dissolved oxygen levels and
trout embryo survival.
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ACTION BY

In connecting channels and in all waters of the Great Lakes,

the dissolved oxygen level should not be less than an average of

6.5 mg/L nor less than 5.5 mg/L at any time over 24 hours and

across a temperature scale of 00 25OC. It was agreed that

the secretary would distribute the draft report to committee
members. The draft report (i.e., Sections 1 3) constitutes

Appendix 3 to these minutes.

ADJOURNMENT

The meeting was adjourned by the chairman at 4:00 p.m.

 



 

APPENDIX 1

e "Naturai Convection: A Mechanism for Transporting
Oxygen to Incubating Salmon Eggs," R.N. O'Brien,
5. Visaisouk, R. Raine, J. Fish. Res. Bd. of Canada,
(1978), gg, (10), 1316 1321;

a "Dissoived Oxygen, U.S. EPA Water Quality Criteria, 1972;

e "Dissoived Gases," igid, pp. 134-135, dissolved oxygen
criteria; and

9 Water Quality Board Annual Report, June 1977,
Appendix A, pp. 20-22.
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DISSOLVED oxygen is provided to the living teleost egg
by two processes: di

Printed in Canada (15180)
Impriiné au Canada (15180)

.

. Natural Convection: A Mechanism for Transporting Oxygen

' to Incubating Salmon Eggs

R. N. O BRIEN, S. VISAISOUK, R. RAMP.

Department of Chemistry, University 0] Victoria, Victoria, B.C. VSW 2Y2

AND D. F. ALDERDICE

Department 0/ Fisheries and the Environment, Fisheries and Marine Service,

Paci c BiologicalStation, Nanaimo, BC. V91? 5K6

O BRIEN, R. N., S. Vrsmsourz, R. RUNS, AND D. F. ALDERDICE. 1978. Natural convection:
a mechanism for transporting oxygen to incubating salmon eggs. 1. Fish. Res.

Board Can. 35: 13164321.

Respiratory exchange at the surface of developing fish eggs is influenced by two
precesses: diffusion and convection. The reSpiring erg acts as an oxygen sink, removing
dissolved oxygen from the dit'iusion layer surrounding the outer surfaces of the egg
capsule. To maintain the oxygen gradient in the difiusion layer, oxygen must be delivered
to it by convection. This paper describes two components of convective transport: that
provided by forced convection the bull; transport of oxygenated \yater to the egg; and

a newly recognized component, natural convection. Salmon normally spawn in gravel
environments. Mass transfer of oxygen to incubating eggs, resulting from forced co:
vcction, is provided by subsurface water m0ving with a velocity related primarily to
properties of the gravel and tr e hydraulic gradient. Egg-induced natural convection is
seen as a component embedded in these relations. Acting as an emergency oxygen trans-
port and metabolite disposal mechanism at low water velocities, natural convection could
maintain perfusion of respiring eggs at some minimum water velocity in the ever: of

diminution or interruption of natural water flow. The relevance of natural convection as a

possible mechanism affecting several other respiring systems is discussed.

Key words: respiration, forced convection, density of water, bulk transport, diffusion,

diffusion layer, oxygen gradient

O BRIEN, R. N., S. Vrssrsoux, R. Ram's, AND D. F. ALDERDICE. 1978. Natural convection:

a mechanism for transporting oxygen to incubating salmon eggs. 1. Fish. Res.

Board Can. 35: 1316-1321.

Dcux processus influent sur lcs echanges respiratoires a la surface d'oeufs dc poisson

en voie de dévcloppernent : la difiusiOn et la convection. l. oeuf qui respire agit comme

un piege a oxygene, enlevant l'oxygene dissout ale la couche de ditiusion qui entoure lcs

surfaces extérieures de la capsule dc l oeuf. Pour que le gradient tl'orty g3ne se maintienne

dans la couche de difiusion, il lui faut recevoir de l oxyg- cne par convection. Nous

dc crivons dans cet article deux composzints du transport convectif : 1:1 convec ion forcr'e

lc transport en masse d eau oxygénée vers l oeui et un composant réccntt tent reconnu, la

convection natural/e. Les saumous fraycnt normalcment sur des substrnts de gravier. Le.

transport en masse dc l o.\'y;.-ne aux oeufs en voic d incubation, resultant de la convection

forcée, est foumi par l eau de la soussurface se deplacaat it une vitesse qui dfpentl surtozit

dcs propriétcs du gravier et du gradient hydraulian Nous considérons la convection

naturellc provoquée par les oeufs comme un composant inherent a ccs relations. La con-

vection natm'elle agit conime un mécanisme l) transport d'urgcnce dc l oxygéne et (le

as .

(n.

rcjct des métabolites 2: (le faibles vitesses de l eau, ct elle pent ainsi mainten'r in perfusion

dcs oeufs qni respirent a une \ itesse minimum de l eau dans le cas (l une diminution ou

d nne interruption du (lébit naturel. Nous examiuons ls. convection t .. -.'.'.'..'ell; comma

mécanismc possible :tt t'ectzint plusieurs ainrcs system-cs qui rcspirent.
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gradient between the interior of the egg

nal microenvironmcnt surrounding the egg.

~oenvironmcnt, metabolic activities of the

en consumption and metabolite excretion ~

entration gradient between the capsule and

ironment, known as the diffusion layer. To

gradient, oxygen must be supplied con

the diffusion layer. This is provided by con-

second process, which is a bulk movement

perfusing the egg. In general, transport of

to diffusion layer depends primarily on con-

wcity and the concentration of oxygen in the

"ater.
ntly, it was assumed that supply of oxygen

Ision layer was dependent entirely on forced

(Daykin 1965) ~ bulk movement of water

c egg in relation to properties of the sur-

avci and the hydraulic gradient. \Ve now

mother component, natural convection, also

ygcn to the diffusion layer. \Ve have ob-

n coho salmon (Oncorliync/zus kisulch) eggs

ng, respiring in air-saturated water. Natural

l results from density differences produced at

face, through removal of dissolved oxygen

excretion of metabolite into the diffusion

of these activities result in an increase in

the water in the macroenvironment. Natural

as well as the causes of the density increase

te it, to our knowledge have been unsus-

heir potential influence on the function of

surfaces. '

convection itself is a well documented phe-

cspecially in the electrochemical behavior of

lectrodes (\Vagncr 1949; Willie et al. 1953;

,_ al. 1963; O Brien and Mukherjee 1964;

72). Convection due to removal of dissolved

less well known; only recently has it bee

at oxygen solutions are less dense than pure

iriCn and Hyslop 1975). They found that

us to a vertical fringe system were produced

,ressure of oxygen was raised over water in an

meter. The perturbed fringes could be tted by

n of Fick s Second Law of Diffusion with the

e boundary c0nditions. That is

C(14) = (C Ca) erfc (x/(2(D;) ,) + C0

0 is the concentratiOn of oxygen (moi-cm")
ICC x (cm) perpendicular to the water surface
5), C0 is the bulk or yero concentration, crfc

r function complement, and D is the diffusion
of oxygen (wig-s ). Both theory and ex-

with frinch perturbed by convection (O Brien

icate that the observed fringe pattern pertur-
ere not caused by convection. Experiments
there is a negative slope for the relation be-

:fractive index and concentration (or pressure)
nd llyslop 1975). This is consistent with the

fa decrease in density would be coupled with

\ O BRlEN r .r AL: OXYGEN TRANSPORT TO SALMON [cos 1317

increased concentration or pressure, as seen in the

Lorentz Lorenz expression

(2) R = M/p((n= ~ n/(u2 + 2))

where R is the molar refraction (cm3) , M is the molecu-

lar weight of the solute (g) , n is the measured refractive

index of the solution, and p is the density (gem 3).

Since R and A! are constants, it follows that if )1 de-

creases with concentration, then so must p.

On the other hand, (Ni-lggCO3 can be assumed to

result from the metabolic products

ZrQHqu) + CONN) "l" :3-

' 9 2NH4+ (ac) + COB (aw.

Experiments have shown that solid (NHQzCOS and its

solutions are heavier than water (unpublished data,

O Brien 1978). We aiso have found carbon dioxide so-

lutions to be heavier than water. We have not conducted

experiments on the density of NH3 solutions; however,

they are listed (Handbook of Chemistry and Physics,

Chemical Rubber Publ. Co., 1958; p. 1963) as being

iL SS dense than water. it is assumed that the CO2 and

Nl'i3 produced during development originate largely

from protein metabolism; apart from water, protein is

the dominant constituent of the salmon egg (Hayes

1949). Since the C/N ratio in protein can be expected

to be at least 10:1, it seems likely that CO2 will be pres-

ent in greater quantity than NHg. That being the case,

the equilibrium in equation 3 will be far to the right,

and no light ammonia solution is likely to be generated

to oppose dowmvard convection. Certainly no visible

effects contrary to this assumption have been detected.

Therefore, both processes would contribute to and be

responsible for the observed convection. Further, it ap-

pears that oxygen uptake by the egg is responsible for

the initial convective propelling force over short ex~

perimental elapsed times (0 5 min), and the excretion

of metabolites is the main continuing convective force.

Under normal conditions the rate of oxygen con-

sumption of salmon eggs increases, as embryonic devel-

opment proceeds, and reaches a maximum just prior to

hatching. As with the eggs of most species of Pacific

salmon, those of the coho hatch after an incubation

period of about 50 d at 10°C (500 degree days). The

coho eggs used in these studies were between 450 and

500 degree-days old, and hatching did occur during ex-

periments in some of the later tests. The rate of oxygen

uptake of salmonid eggs just prior to hatching varies

with temperature, and ranges from about 1.5 X 10 3

to 5.5 x 10 3 mtg/egg per h (llaycs etal.1951;\\ ickett

1953 .\lderdice et al. 1958; Marckmann 1958;1.0.T.

Jen -' Paci c Biological Station, personal communica-

tion ', Rates of oxygen uptake of the coho eggs in the

current tests at IOCC would be expected to be about

3 X 10 3 to 5 X 10 3 mg/egg per h.

This paper demonstrates natural convection. It shows

that the process, embedded in forced convective trans-

port, could provide a substantial portion of the total

  



   

Frc. 1. Interferogram of coho salmon eggs near hatching.
Three eggs, in a row perpendicular to the plane of the
paper, are held in a thin, open-sided holder, which appears
as a dark, curved line on each side of the eggs. The inter~

ferenCe fringes bend at the egg surface, indicative of a
concentration change in that region. There also is a slight
discontinuity in the fringes immediately below the eggs; the
Series of "dips" in the fringes result from downward con-
vective streaming, of water in the diffusion layer at the egg
surface to a point at the bottom of the eggs. There the layer
breaks free and flows vertically away from the eggs.

respiratory requirements of incubating salmon eggs
under circumstances w ere forced convection suffers
either brief interruptions, or reductions due to decreased
bulk water movement over longer periods. The process
also helps to explain differences between bulk trans-
port requirements estimated on the basis of forced
convection mass transfer of oxygen (Dayltin 1965;
\Viclzett 1975), and those presumed lower requirements
sometimes reported in practical incubation situations
(Dams and Simpson 1977).

Materials and Methods

Coho salmon eggs obtained from Rosewall Creek, Van-
couver Island, on November 30, 1976, were fertilized and
incubated at 6°C at the Paci c Biological Station, Nanaimo.
\Vhen the eggs were about 400 degree-days old, and well
eyed, they were transported to the University of Victoria,
Department of Chemistry, and held at ScC until needed.
Two types of experiments were conducted: inter-

ferometry, and measurement of particle movement in the
water containing the eggs in the interferometer. For each
experimental run, three eggs were first washed in tcrramycin
'solution (:70 mg/L for 5 min at 8°C) to remove bacterial
contamination, then rinsed in Water at 8°C. Next, the eggs
were placed in an open-sided aluminum rack inserted length
wi5c into a thermostzrted (lO C) l- abr'y-Pcro! interferometer,
similar in design to that described by O'Brien and llyslop
(1975). The interferometer then was carefully filled with
air~saturated water at lO C.
The rst type of experiment, interferometric measure-

ment, used 9052re ecting optically flat surfaces for the ends
of the interferometer cell and a laser source emitting coher-

ent light at 633.9 nm to produce interference fringes. l er-
turbations to the fringes devel0ping at the egg surfaces (Fig.  

J. FISH. RES. BOARD CAN_, VOL. 35, I978

 

FIG. 2. A, Photograph of coho eggs, as in Fig. 1, r
using clear end windows in the interferometer cell.
paths of six fine particles of plastic suspended in the \
surrounding the eggs are shcwn in composite from seri
photographs taken consecutively. The arrows indicat;
direction of movement. l3, Styrized depiction of to:
motiOn of water surrounding a respiring e2: under t}:

fluence of natural convection in a static enarronmcnt
out substrate or constraining boundaries. The move-arc
lustrated would be altered substantially by the prese ;
forced convection (bull; move . ent of water) and
characteristics of natural substrate gravel) surroundi:

ess- .

l) are related to changes 'n the concentration of soluz:
solved in respiration and metabolite excretion. The s:
type of experiment measured the direction en l yeloci
particle mmement in the rater in the. interferomete
this instance, clear end windows replaced the refl:
surfaces on the ends of the interferometer cell, and
particles of Plexiglas? ((0.1 mm diam) . -.-.-r* 51:5,";
in the air-saturated \tater. Movement of he particus
noting convection, was readily observed and phot
(Fig.2A).

Results

The configuration in Fig. 1 shows a typical int:
ence fringe pattern 5 min after the beginn'..g of a
The bends in the fringes at the egg surface i
presence of a larger concentration 3, adieu: and,
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nded in \szrtcr surrounding coho salmon eggs

rral convection.

    

Time observed Velocity
(s) (cm-s )

9 0.026
7 i ' 0.021

21 , _ 0.019
24 V 0 .014
12 r 0 .015
28 0.017

E 18 0.024
13 0.022

:ighted) 0.020

 

higher convectiVC velocities. In that region
sed gradient, the diffusion layer decreases in
The denser solution in the gradient flows

the surface of the eggs to converge at the
the eggs into a rapidly downllowing stream,
by the dip in the fringes directly beneath

2A shows successive positions of, a series
es photographed within the cylindrical inter-
cell with the eggs placed axially. Figure 213
d interpretation of the toroidal motion that
l'pected in the absence of the cylindrical walls

rerferometer, and without substrate particles
,) surrounding the egg. This con guration, of
uld be greatly modified under natural con-
'pical measured particle velocities (Table 1)
about 0.020 cm-s l (72 cm/h). In a control

I where tetlon balls of the same size replaced
either perturbation to the fringes nor conveco
suspended particles occurred.

Discussion

sion and convection studies, the general form
msport equation for uncharged particles is

Ship pic = ~03 +cl
v ax

s.
nd Jc are the diffusion and convection com-
:spectively, of the total dissolved oxygen flux
n*2-s 1), D is the diffusion coefficient for

n water (cm'~ -s"), c is concentration of dis-
'gen in the bull; fluid (mol -cm 3), x is the
om the surface of the egg capsule (cm), and

All: velocity of the perfusing water (cm -s ).
iguration of our cell necessitates using a factor
he convective term: as approximately half of
n the interferometer cell appears to be rising,
u the basis of particle movement, then the
fmust be sinking.
it acceptable value of the diffusion coefficient
,1 in water is 2.0 X 10 5 cmZ-s 1 at 22°C
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tham et a1. 1970; O Brien and Ilyslop 1975). This
value, converted to IO C by the method of Davis et a1.

(1967), yields D r: 1.4 X 10 5 ch-S . Also, at 10°C
the concentration of oxygen in air-saturated freshwater

is 0.35 pmol -cm 3 (1 1.2 ppm) (Washburn et al. 1928).
\Vith these data we may compare the relative effective-
ness of diffusion and convection as mechanisms for
transfer of oxygen to the respiring eggs.

In assessing the role of natural convection as a
mechanism for oxygen transport, it is necessary to esti-
mate the concentration of oxygen in the nicroenviron-
ment surrounding the capsule of the respiring egg.
Cooper (1965) examined the relation between sur-
vival of sockeye salmon (O. ncrr ca) eggs in a gravel
medium and the bulk velocity (discharge per unit area
of gravel, eggs, and water) of water perfusing the eggs.
\ v iclcett (1975, table 1) applied D.ryl;in s (1965) theory
of mass transfer to Cooper s results. interpolating
\Vicltett s tabled values, we assume that the minimum
oxygen concentration at the egg surface the interior
boundary of the diffusion layer is about 0.334
irrnol-cm 3 (10.7 ppm) at a bulk velocity of
0.020 cm«s x (Table 1), where the concentration of
oxygen in the macroenvironment (Wickett 1975) was
0.39,rmol cm 3 (12.5 ppm). In the resent instance,
using a measured diffusion layer thickness of 0.035 cm,
we calculate 70 to be no more than 6.4 X 10 6
mol-cmf-s i. For convection, with V = 0.020

era-5 1, 10 is calculated to be 3.5 X1013 mol-cmrQ-sr1
of dissolved oxygen. It is seen that 10/11, = 5.5 X 103.
Therefore, convection is estimated to be about 500
times more effective than diffusion in providing oxygen
to the respin'ng egg in our "static" water experiment.
The actual mechanism of increased transnort, of course,

is the reducticn by natural convection of the thickness
of the diffusion layer - - the diffusion distance.

Furthermore, the magnitude of perturbation of the
fringes (Fig. 1) cannot be accounted for solely on the
basis of oxygen depletion in the diffusion layer. We
conclude that the remainder of the refractive. index
(concentration) change is a result of the presence of
metabolites, which also must contribute to convection.
From these considerations, 3 nust be in the range of

34 X 10 3 rand-corms .
Our interferometer cell is designed so that convec-

tion, if present, is optimized. For salmon eggs rCSpiring
in a gravel substrate, the less symmetrical environment
could reduce the coavective mode by an order of mag-
nitude. The overall effect, we believe, is that convection
in a natural situation may result in a rate of oxygen
transport at least one order of magnitude greater than
that associated with di usion. Of course, our results

serve primarin to indicate the potential value of natural
convection. A fuller evaluation of the phenomenon must
await further analyses, particularly for eggs at different
temperatures, stages of embryonic development, and at
various environmental levels of dissolved oxygen.

Natural convection as an oxygen transport mecha-
nism is different from, and would be embedded in, the
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forced convection of mass transfer as treated by Daykin
(1965'). Dams and Simpson (1977), on the basis of
available evidence, suggest that forced transport of
water past incubating eggs under practical conditions
should be about 200 cm/h, with a minimum permissible
limit of 150 cm/h. Nevertheless, these authors mention
that satisfactory results appear to have been obtained
at lbwer bull; velocities in some instances. At these

lower bull: velocities it now appears that natural con-
vection may assume a signi cant role in oxygen trans~
port. However, at this time natural convection alone
should be considered realistically only as an emergency
system, providing oxygen to respiring eggs in the event

, of an interruption or diminution in bulk flow. Natural

convection can oxygenate eggs only within the limited

macroenvironment surrounding the egg that is subject

to convective transport. If oxygen in the maeroenviron-
merit were not replenished either in our inter-
ferometer cell or under natural conditions then

succeeding convective cycles (cg. Fig. 213) would

slowly deplete dissolved oxygen in the limited water

volume presented to the egg, and the egg eventually

would die from lack of oxygen.
In general, natural convection is seen as a mechanism

that could supply a substantial portion of oxygen re-
quirements to stationary \vetted vertical or near-vertical

respiring surfaces. Hence, we conclude that oxygen
absorbing surfaces are likely to be predominantly verti-
cal or inclined in all stationary aquatic organisms.
Natural convection may be involved in the supply of

oxygen to various tissues hitherto thought to depend

primarily on diffusion. These may include the osteocytes

in the cxtravascular canalicules of the Haversian system

of compact bone, tissues such as those surrounding the
uid-filled synovial capsule of diarthroidal joints (e.g.
knee joint), and some types of connective tissues. Pos-

sible applications of natural convection might be found

in methods of manipulating and treating such tissues

following disease orinjury.
Natural convection may also be associated with oxy-

genation of eggs in the interior of egg masses laid on

xed substrate. For example, the Paci c herring (Chipea

pal/(151 ) lay its eggs in irregular masses largely on sub-

merged aquatic marine vegetation. lrregularities in
packing of the eggs in the mass produce discontinuities,

or voids, among the eggs. A linking of voids into chan

nels, if they occur, would provide a means by which

natural convection could supply oxygen to eggs in the
interior of the mass. Further, such COnvection probably

would he more successful for egg masses on vertical

surfaces such as the eelgrass normally used by spawning

herring, compared with survival of eggs in masses laid

on flat thallns-like surfaces of other forms of marine

vegetation that are sometimes used.
Finally, in salmon egg respiration the vertical stream-

ing of water over the surface, and the downward

flow resulting from natural convection, raise certain

questions regarding the eliicicncy of current designs of
salmon egg incubators. Most salmon egg incubation

J. FISH. RES. BOARD CAN., VOL. 35. I978

boxes (Rams and Simpson 1977) and hatchet
trays force water to upwell through the eggs or
gravel mixture. Under such conditions, the vectors
ciated with natural and forced convection are op
and may tend to cancel each other. In a dozvn uvc
system, the two vectors may in part reinforce
other, suggesting a means of increasing the eflir
of oxygen transfer while using lower bull; trui
velocities. If such lower bulk transport rates
proven not to compromise egg and raisin qua?
arti cial incubators, then the reduced water re

ments would lead to lower power and ltration
Alternatively, alternating downwelling and upv

modes of operation of gravel incubation boxes
also assist in maintaining higher permeability n
gravel through removal of accumulating ne pa:
\Ve believe these possibilities deserve further c

nation.
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ndards for cyanide in water have been published by
Jorld Health Organization in International Stand-

{or Drinking water (1963) 3 and the European

ards for Drinking \Vater (1970). ? These standards

.r to be based on the toxicity of cyanide to sh, not
an. Cyanide in reasonable doses (10 mg or less) is
y converted to thiocyanate in the human body and in
inn is much less toxic to man. Usually, lethal toxic

is occur only when the detoxifying mechanism is over-

' ed. The oral toxicity of cyanide for man is shown in
llowing table.
per chlorination with a free chlorine residual under
l or alkaline conditions will reduce the cyanide level
ow the recommended limit. The acute oral toxicity
nogen chloride, the chlorination product of hydrogen
dc, is approximately one-twentieth that of hydrogen
e (Spector 1955). 5
the basis of the toxic limit calculated from the

told limit for air (Stokinger and \ Voodward 1958), 7

»

TABLE )I I Oral Toxicity of Cyanide for .I'tfun

   

0033;. Response Utuatsre actions

2 'H.) nude] .......................... Raninjuricux . Smith 19qu

10 m2, single dam. Nontntutmu: [salinity 2.15 Levy 1923!"

18 mm ID water .................. »....... Calculate: tron the 33!: tttmh- Stcktnigtzndwoedn'zrd1555

old limit lct' air

St'L SO mz.sn:te me ..................... fatal 1M Merck tndu at Chemiczvs

3nd Drugs 1563

 

and assuming a 2 liter daily consumption of water contain-

ing 0.2 mg/l cyanide as a maximum, an appreciable factor
of safety would be provided.

Recommendation

Because of the toxicity of cyanide, it is recoma
mended that a limit of 0.2 mg/l cyanide not be
exceeded in public water supply sources.
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lved oxygen in raw water sources aids in the elimi
n of undesirable constituents, particularly iron and
ncse, by precipitation of the oxidized form. It also
5 the biological oxidation of ammonia to nitrate,
events the anaerobic reduction of dissolved sulfate
drogen sul de. More importantly, dissolved oxygen
w surface water supply serves as an indicator that
'c quantities of oxygen»dcmandir:g wastes are prob-

:1ot present in the water, although there can be sig-
I exceptions to this. Therefore, it is desirable that
in the water he at or near saturation. On the other
Oxygen enhances corrosion of treatment facilities,
ting systems, and household appurtenances in many

ygen depletion in unmixed bodies of water can result
It: presence of natural oxygemdemanding substances
as from organic pollution. Lakes and reservoirs

65

may contain little or no oxygen, yet may be essentially free

of oxygen-demanding wastes. This is because contact with
the air is limited to the upper surface, and because thermal

stratification in some lakes and reservoirs prevents oxy-

genation of lower levels directly from the air. Similar con-
ditions also occur in ground waters.

Conclusion

No recommendation is made, because the pres-

ence of dissolved oxygen in a raw water supply has

both beneficial and detrimental aspects. However,

when the waters contain ammonia or iron and

manganese in their reduced form, the bene ts of

the sustained presence of oxygen at or near satu-

ration for a period of time can be greater than the
disadvantages.   
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lB-i/Saclion III~ Fr(5/ncalcr Aquatic Life and ll'ildlz

TABLE Ill-1-E-\ Om l 0f R950'7'm0'1d"d Millinum It should be stressed that the recommendations
Concentrations of Dissoh'cd Oxygen

are
minimum values for any time during the same season.

   

Emmi : 51h")! " Recommended mixinum (OHCZDBJECRS cl 0: l1 Recommendalions
Intonal minimum Centswnd'm; lempmlwe c l "lam level: at protect-cu

meantime ! unewturaredtmhwta (a) For nearly maximal protection of sh :
unminwalzt Hun] Hizh tlcderala Led . . . . .

Inn-m, other aquatic life, the minimum dissolved oxy;
in any season (de ned previously) should not

3 (.) (a) s u- u u less than the estimated natural seasonal minim

: gigg x'g x ) fl concentration (de ned previously) charscteristh
.0. . .

l amateur) l 1.1 5.: L; that body of water for the same season. In 6.

1; 3 mating natural minima, it is assumed that war
12 ucuém 12 0:5 c1: L; are saturated, unless there is evidence that t

1- ( -73 4 ~ 5 were lower in the absence of man-made in uen:

 

(b) For a high level of protection of sh,
' Included to cover mien List are natural! scmrwhal de cianl in 0:. & actuation value :15 r: 1mi'H t4 . - - _ _ . .

Icund in 1mm sgrings at my $357.! waters Alsaturaa'an value cl 6 mt lwccli apply tn Him 5:: 1:12! (3 2 C= Inlnnnunl d lssoh ed Oxygen conccn tr tlon In 1

Hf) season should not be less than that given by
Hall: Hete rad kind and lave! cl piclec zn n1: givenlizi; :1 water shacld rst be tamed (2mm Lead :4! following form) 1113 in 'hich = [h e estixn

tale). The estimated seasonal tr mum concentraticn cl lzsolvad 01);!!1 under natural ccné dcnx sit-:1 {22:1 >2 .
(etstaiinzdm thabasisalanibbl. 323.2111kutedinlheleltlundcclumn cits: on; In: wmmzei natural seasonal runnmum concentration C}:
[mm :cnucbat on cl oxygen (Jr the 5225.211 is (ten liken trcm [he bole. All ulun are in mi ms :10: w acteristic of that body of :a ter for the sanle seas

ht. Valve: ls: mtml seesaw minim otter L un those listed at: given is; 1.5.: lcrmula and quan ta cm; in be , ,

micaumcmmmdalions as quali ed In (a):

Criterion * =1.41M 0.0476313 1.11

  

Examples (c) For a moderate level of protection of sh,

minimum dissolved oxygen concentration in :
9 It is desired to give moderate protection to trout season Should not be less than is given by
(Salz't lmur :fontmalzf) In a small stream during the following formula with quali cations as in (b);
summer. The maximum summer temperature IS 20 C
(68 F); the salt content of the water is low and has Criterion*=1,0831~0.(;415},12-_0;202
negligible effect on the oxygen saturation value. The
atmospheric pressure is 760 millimeters (mm) Hg. . (d) For a low level of protection of sh,
Oxygen saturation is therefore 92 mg/l. This is as- minimum 0.: in any season should not be less [1

sumed to be the natural seasonal minimum in the given by the followill formula with quali cat;

absence of evidence of lower natural concentrations. . b . b
Interpolating from Table Ill-4A or using the recom as ln(
mended formula, reveals a minimum permissible con- Criteriont':0,674AI_G,0264312+0_577
ccntration of oxygen during: the summer of 6.2 rug/'1. ,
If a high level of protection had been selected, the (e) Anoor ahleOf4n13/1131 9C0lnm 3nd9d CXC
recommendation would have been 7.8 mg/l. A low in those situations where the natural level of I
level of protection, providing little or no protection Solved oxygen is less than 4 1113/], in which case
for trout but some for more tolerant sh, would require further depression is deSirnme' _
a recommendation of 4.5 mg/l. Other recommen-

. . . . F . ' 1' 6 d und so non'd 1. ldations would be calculated in a Similar way [or other (f) 1 or 5pm ma bro 5 Of L 1 rs
scason5_ higher 02 levels are required as given in the foll
0 It is decided to give moderate protection to large- ing formula with quali cations as in (b):
mouth bass (ilu z cropi srus ralmnidrs) during the summer . r « it . D - ' 11*: .l .\ - . 242?" 0.~ 18
Stream temperature reaches a maxunum of 33 C Ctlteno I I I O 0 u
(95 F) during summer, and lowest seasonal saturation (g) In strati ed eutrophic and dystrophic 13
Falueds accordingly 7.1 mg/l. The. recommendation the dissolved oxygen requirmnmus Ina). not a;

fr ilml'gnwl"1 },.33}C§§?ncz?igf jf l jgf mm. to the hypolimnion and such lakes should be C
-~ ~:~ .,,. .,. ,, ..~ it ~ l rrr'astream described above (for largeinouth bass), tne swered 0 a C bc b-l ( 58 JAMS 1 Liar " L

recommendation would be 4.0 mg/l, which is also the lakes, recommendations (9.), (b), (C), {111d ((1) 39',
floor value recommended. and if {he oxygen is below 4 mg/l, reCOi Janndzii

° It 5 dc lrf d 0 Prom . marine { Sh in {UH'S l Cngil (0.) applies. In unstrati ed lakes reeommendati
sea water (3:) parts per thOusand salinity) with a maxi~
mum seasonal temperature of 16 C (61 F). The satu
ration value ol8 tug/l is assumed to he the natural dis-
solved oxygen minimum for the season. For a high level all waters except waters (389211131911 ml- illll'; 71s
of protection, the recommendation is 7.1 tug/l, for 21 ~
moderate level Of protection it is 5.8 mg,- l, and {or a All values are instantaneous, and nal value should be exp:

low level of protection it is 4.3 rug/l. to two signi cant gures.

apply to the entire circulating water mass.
(i) All the foregoing recommendations 3pr- 



ee section on Mixing Zones p. 112). In locations

there supersaturation occurs, the increased levels
oxygen ould conform to the recommendations
the discussion of Total Dissolved Gases, p. 139.

OTAL DISSOLVED GASES (SUPERSATURATlON)

lExCessive total dissolved gas pressure (supersaturation) is

relatively new aspect of water quality. Previously, super
turation was believed to be a problem that was limited to
: water supplies of sh culture facilities (Shelford and
fee 1913). 5 LindrOth (1957) reported that spillways

t hydroelectric dams in Sweden caused supersaturation,
d recently libel (l 962:) : and lieiningen and libel (l 9611f
ablished that spillways at dams caused gas bubble disease

) be a limiting factor for aquatic life in the Columbia and
ake Rivers. Renfro 0963) 3 and others reported that
tessive algal blooms have caused gas bubble disease in

ntic water. Dchfont and hfiller (in rms) and Malous
al. (1972) 7 reported gas bubble disease among sh and
vllusks living in the heated ef uents of steam generating

ations. Therefore, modified dissolved gas pressures as a
-ult of dams, eutrophication, and thermal discharges
sent a widespread potential for adversely affecting fish
aquatic invertebrates. Gas bubble disease has been

udied frequently since Gorham (1898, 9 1899 ) pub-
ed his initial papers, with the result that general knowl
'c of the causes, consequences, and adverse levels are

[equate to evaluate criteria for this water quality char-~
ertstic.

3as bubble disease is caused by excessive total dissolved
.5 pressure but it is 1:0! mused by [/26 dime/red nitrogen gas
' e (Bfarsh and Gorham 19041,123 Shelford and Allce
3} Englehorn 191.3, Harveyct al. l9-f4a, l Doudoroff
7, Harvey and Cooper l962). 3 Englehorn (lg-f3) s

tlyzcd the gases contained in the bubbles that were
ned in fish suffering from gas bubble disease and found
I their gas composition was essentially identical to air.

tis was con rmed by Shirahata (1966).Us

logic Factors

as bubble disease (GBD) results when the uncompen-
(1 total gas pressure is greater in the water than in the
but several important factors in uence the etiology of

JD. These factors include: exposure time and physical
:tors such as hydrostatic pressure; other compensating

s and biological factors such as species or life stage
ance or levels of activity; and any other factors that

luence gas solubility. Of these factOrs perhaps none are
commonly misunderstood than the physical roles of
dissolved gas pressure and hydrostatic pressure. The

lowing discussion is intended to clarify these roles.

n_this Section gas temion will be called gas pressure and total
nsion will be called total dissolved gas pressure (TDGP). This

rcing done as a descriptive aid to readers who are not familiar with
rrninology and yet need to convey these principles to laymen.
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Each component gas in air exerts a measurable pressure,
and the sum of these pressures constitutes atmospheric or
barometric pressure, which is equivalent per unit of surface
area at standard conditions to a pressure exerted by a
column of mercury 760mm high or a column of water
about 10 meters high (at sea level, excluding water vapor
pressure). The pressure of an individual gas in air is called
a partial pram/re, and in water it is called a tent/on; both
terms are an acknowledgement that the pressure ofan indi-
vidual gas is only part of the total atmospheric pressure.
Likewise, each component gas will dissolve in water inde-
pendently of all other gases, and when at equilibrium with
the air, the preSsure (tension) of a specific dissolved gas is
equivalent to its partial pressure in the air. This relationship
is evident in Table III 5 which lists the main constituents
of dry air and their approximate partial pressures at sea
level.

'When supersaturation occurs, the diffusion pressure im
balance between the dissolved gas phase and the atmos-
pheric phase favors a net transfer of gases front the water to
the air. Generally this transfer cannot be accomplished fast
enough by diffusion alone to prevent the formation of gas
bubbles. However, a gas bubble cannot form in the water
unless gas nuclei are present (Evans and \Valder 1969,115
Harvey et al. ISM-lbm) and unless the total dissolved gas
pressure exceeds the sum of the compensating pressures such
as hydrostatic pressure. Additional compensating pressures
include. blood pressure and viscosity, and their bene ts
may be significant. .
Gas nuclei are probably tmavoidablc in surface water

or in animals, because such nuclei are generated by any
factor which decreases gas solubility, and because extreme
measures are required to dissolve gas nuclei (Evans and
\Valder 1969;no Harvey et a]. lfl f fb).122 Therefore, hydro-
static pressure is a major preventive factor in gas bubble
disease.
The effect of hydrostatic pressure is to oppose gas bubble

formation. For example, one cannot blow a bubble out of
a tube immersed in water until the gas pressure in the. tube
slightly exceeds the hydrostatic pressure at the end of the
tube. Likewise a bubble cannot form in water, blood, or

TABLE [IFS Composition of Dry Air and Partial Pressure:
of SeIccrcd Cases at Sea Level

  

Cu Molecular percentage Time: :tmatpharic pteuur: Individual :5 pressure in lit at
in dry 2i! rater ll 3:: level

72.34 x790 mm Hg =553.433 mm H:
29.545 " 155.139 "
0.534 " HIE:
5.031 " £753 "
0.02m ' 0.9135
0.691752 " 01933 "

 

759.5921 mm m
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' The opposing view is that the response of organisms to DO concentrations

below 100% saturation simply reflects an acclimation response which has

no negative impact on the continued survival or productivity of the

aquatic community. Based largely upon field observations of fish populations

which have been found at oxygen concentrations considerably below that

considered suitable for a thriving population, single minimum concentrations

of D0 are believed to adequately protect aquatic populations. This view

has been adopted by the EPA "Quality Criteria for Water" (EPA, 1976)

which recommends an objective of 5 mg/l for dissolved oxygen in freshwater.
l

Tdere are merits to both of these philosophies. However, the

approach which has been adopted for establishment of a DO objective for

the Great Lakes is that any change in the DO regime is likely to have

some effect on the ecosystem and the magnitude.of that effect will

depend on the severity and duration of the change. It is felt that this

approach is justified for the following reasons.

1. The objective provides both the correct oxygen tension gradient

to move oxygen into the blood and sufficient oxygen to fulfill

the requirements of metabolism.

2. The objective recognizes the greater metabolic demand for DO

at elevated temperatures.

3. A reduction of DO levels to below saturation limits active

metabolism, reduces maximum swimming speed of fish and causes

a physiological, behavioral or other stress induced response.

While the consequences of the chronic occurrence of such

stress are not well understood, there is a reasonable likelihood

that it is an important factor in the long term survival of

the organism.

6. There is a small safety factor included between the objective

and the concentration causing measurable harm to aquatic

biota.

DEVELOPMENT OF OXYGEN CRITERIA FOR FISH POPULATIONS _ f

In line with the above discussion, the approach proposed by Davis

(1975) for deriving DO criteria to protect fish has been adopted here.

His approach involved the establishment of mean thresholds of incipient

oxygen response thresholds by averaging data on oxygen levels for various

assemblages of fish where sublethal responses to hypoxia first become

apparent. Using the calculated mean threshold level, three levels of

protection (A, B, and C) were devised as follows:

1. Level A: This level is one standard deviation above the mean

average oxygen response level for a fish community (e.g.

freshwater fish, including salmonids). It represents a high

degree of safety for important fish stocks and permits 13-20%

depression of oxygen from full saturation.

20  



 

2. Level B: This level is the caluclated mean oxygen response

threshold, and represents the oxygen value where the average

member of a species of a fish community starts to exhibit

symptoms of oxygen distress. Oxygen concentrations are allowed

to be depressed from 35 to 45% below saturation.

3. Level C: This level is one standard deviation below the mean

oxygen response threshold, and permits a large portion of a

fish population to be affected. Oxygen concentrations may be

depressed to 60% below saturation.

The calculated oxygen response thresholds for freshwater fish

populations is presented in Table 2 (abridged from Davis, 1975).

TABLE 2.

INCIPIENT DISSOLVED OXYGEN RESPONSE THRESHOLDS FOR

FRESHWATER ASSEMBLAGES'OE FISH

   

PROTECTION P
GROUP LEVEL 02 MG 02/LITER

MMHG
Mixed freshwater fish A 113 7.27

population including B 86 5.26

salmonids (15 °C) C 58 3.25

Mixed freshwater fish A 92 5.63

population with no B 73 3.98

salmonids (18 °C) C 54 2.33

Freshwater salmonids A 119 7.84

(including steelheads) B 90 6.00

(15 °C) C 61 4.16

Salmonid larvae and A 115 9.74

mature eggs (9 °C) B 120 V 8.09 v

- C 85 6.44

     
On the basis of the calculated critical partial oxygen pressures

presented in Table 2, extrapolated objectives over the range of 0 25 °C

were calculated as percent of saturation required to provide a desirable

oxygen partial pressure and content. These values are intended to be

minimum oxygen levels of body of water. Oxygen criteria based upon

percent saturation are provided in Table 3 (abridged from Davis, 1975).

These objectives expressed as percent saturation over a range of

temperatures, are intended to protect fish by providing both the correct

oxygen gradient to move oxygen into the blood and sufficient oxygen to
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TABLE 3.

CRITICAL CONCENTRATIONS 0F OXYGEN REQUIRED To MAINTAIN DIFFERING LEVEts~

OF PROTECTION FOR VARIOUS ASSEMBLAOES 0F FRESHNATER FISH

 

GROUP

PROTECTION
LEVEL

P02

MMHG
ML 02

/LITER

MG 02

ALITER
0°

____..__

Z SATURATION AT °c
REQUIRED TO MAINTAIN
EBQLECILQ

5° 10°
N LEVEL

  

15° 20° 25°

  

Freshwater mixed

fish populati

including salmonids

Freshwater mixed fish

population with

no snlmonids

Freshwater salmonid

population (including

steelhead)

Salm nid larvae and

mature eggs of

salmonids

 

A

B

 

110
85
60

95
75

55

12O
90
60

155

120
85

5.08

3.68
2.28

3.85
2.80

1.75

5.43
4.20
2.98

6.83
5.60
4.55

  

69
54
38

6O
47
35

76

57
38

98
76

54

 

76
57
38

98
76
54

  

70
54

38

6O
47

35

76
57
38

98
76
57

 

71
54

38

60
A7

35

76
59
42

98
79
64

 

79
57
39

100
87
71

 

87
63
39

66
A8
)
J

93
72

100

95
78
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APPENDIX 2

Dr. R. Brett's graphs of Growth Rate (%/day) vs. Oxygen
Concn. (ppm.) at 150C for Sockeye and Coho Salmon and
species comparisons, from Brett (1979) in press;

"Reactions of Some Great Pians Fishes to Progressive Hypoxia,
J. H. Gee, R. F. Taiiman and Heather J. Smart, Can. J. 2001.,
(1978), §§, 1962 1966; and

"Effect of Long-Term Reduction and Die] Fiuctuation in
Dissoived Oxygen on Spawning of Black Crappie, Pomoxis
nigromoculatus," A. R. Carison and L. J. Herman, Trans. Amer.
Fish. Soc., (1978), lQZ, (5), 742 746.
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Reactions ol sorne great plains fishes to progressive hypoxia

JOHNH. Cit-LE, Ross ll . TALLMAN. AND HLAinrart J. SMART

Departure/ii (erur uyy. Ulrir'ersily rrf lttni/ulm, ll irrrript-g, Ala/1., Cunurlu RJTJN.

Received December l4. l977

01712.1. ll.. R. F. TAI.|..\1:\N.ian ll. J. SMARI. 1978. Reactions of some great plains fishes to
progressive hypoxia. Can. J. Zool. 56: moi 1906.

Twenty six species from eight families of great plains tishes were examined in progressive
hypoxia to see if the use ofdissolved 0; in the surface film was common \\ hen subsurface waters

became hyposic. Only the Salntonidae (three specie s) artd S!i;u.\l('rliorr rilrt'rmr did not mme to

the surface and breathe the surface film. The concentration ot'dissolxed (,)_. at w hich this reaction
'occurred was found to be strongly temperature dependent in l r nrt'p/rult x ,rmrrrt'luy, During

progressive hypoxia all tislres exhibited a similar sequence of liehaxioural eyents. Particular

points in this sequence v. ere used to estintate incipient limiting and lethal levels ofdrssolyed 0;.

GEE. J. 11.. R. F. TALLMAV ct H. J. SMART. I978. Reactions of some great plains fishes to
progressive hypoxia. Can. J. Zool. 56: 1963 1966.

Ving: si\ especes (hair fantilles) dc poissons des prairies nord-anrericaines ont eté strr'veillees
en etat d hypoxie progressive. atin de determiner si ces poissons out recours a l'o\ygene de
surface lorsquc les eaux sous la surface devieartent hyposiqtres Setrls les Salnteaidae ttrois
especes) et Stratum/ion ritrt'mn re stertt sous l'eau sans venir respirer it In surface. La concentra-
tion d osyg ene tlissous qui declenche la reaction s'est ave'ree forternent dependante de la tenrpe~
rature en ce qui concerne I r'ure/r/rules [I]'(llll('/tl.\'. Durant I'hyposie progressive. tous les porssons

manifestent la meme sequence de comportementi Certains points partieuliers de cette sequence

ont servi d indice d estimation dtr seuil des concentrations liniitantes et letales d oxygene dis-

 
SOUS.

Introduction

When freshwaters become hypoxic some fishes
respond by breathing air facultatively. Others re-

main aquatic breathcrs. rising to the surface where

they irrigate their gills with the relatively Oz rich
surface film. Use of this 01 source is reported
mainly fortropical species (Carterand Beadle l931:
Odum and Caldwell 1955: Dusart 1963; Lewis 1970:

Gee 1976). althotrgh it has been observed in some
temperate shes (Lewis 1970; Petrosky and Mag
nuson l973: Tramer 1977). However. it is scarcely

mentioned by Doudoroff and Shumway (1970) or
Davis (1975) in their reviews ofthe O2 requirements

offreshwater shes. l,ewis(l970) calculated that at
25°C. within the surface lm an O2 gradient could
exist from O: saturated at the surface declining to
about 55 and 10 TOI I fl Torr = 1.333 X 102 N/mz) at
0.5and 1 mm. respectively, below the surface.even
when there was no detectable O2 in (ice per waters.

He found that this source of O: was exploited to

varying degrees by different species of fish accord-
ing to the extent of morphological adaptations.

Upon encountering a gradual reduction in dis

solved O2 (progressive hypoxia) many shes in

crease the frequency and amplitude of opercular
movements (Marvin and llcath was) and alter ac-

tivity and depth distribution (l etrosky and Magnu-
son 1973) prior to utilizing Olin the surface tilm.

l etmsky and Magnuson (1973) suggested that par-

ticularchanges in the above could indicate, in terms

5.22.. 3-.

[Traduit par lejoumall

of dissolved 0:. the position of the fish relative to
its zone of respiratory dependence. '
The primary objective of this research is to de»

termine if the ability to breathe O2 in the surface
film is common among shes found in the. great
plains region of the Hudson Bay drainage basin.
Here the relathely warm dry summers often con

tribute to temporary hypoxia in streams, rivers.
and ponds. The secondary objective is to analyse

reactions of these fishes to progressive hypoxia for
a common sequence ot events which could approx

imate the point oftransition (in terms ofdissolved
03) between respiratory dependence and indepen-

dence (incipient limiting level) and the zone of to
lerance and resistance tincipient lethal leyel). Such

information is lacking for many fishes of the great
plainsregion.

Materials arid Methods

Fishes were collected from southern Manitoba waters and

held in the laboratory up to~l necks at lh'C ( :3'Cl in a ll h light:

IE h dark photoperiodi They were led Tetramin akes and tro-

zen brine shrimp. To describe their reactions to hypouc skater

they were observed as dissolyed l)3 (l ,()_il declined from nor-

rnosic (Put): <_ . 150 i ort') to lryposic (l ()Z \' 5t) 'l orr! condi-

tions. l elagie species were observed in a lai ge aquarrunr (-15 V 45

X chmr and benthic species in a smaller one (25 X 35 1 Silent)

with a sloping bottom (about 45:) surfaced \yith small pebbles

(2--btnm drameter). This ramp permitted lish access to surface

water while resting on the bottom. Both aquaria were painted

black on three sides and illuminated with a ltttl W light from

above: observations were made from behind a blind to reduce

, J ,NW yp eM-frsj t-fv-vz fT
' \-,;_,,»[.v_~. ; rumor.» l; - '  
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(ilili li'l AL. 1963

TAlSLE1.RC CIlOHS of shes to hynosic water slroxxing estimated incipient lethal levels (A) For shes utilizing,

O, in surface film and estimated incipien' limiting levels (13) that were indicated by a decline in either
opcrcular' mmenrents nclhrty, or both

  

(A) (B)
P OZ [10; (Torr) at start P O,

when 50'}; ofdeclinc in: mean where
breathing - ~ ~ ~ OM and Act.

Fork surface opercular both
length, lm, movements activity occurred,

mm Torr (OM) (ACL) Torr

Salmonidae
l Salnm .gm'rr/Ircri" 104~15O 42 8 42.8 42.8

Sm clr nux r1/[u'u/riM 135~165 48 3 48 . 3 48 . 3
- CnI'rgonux r/rr/mr u'nri.i - ' l 13~1 26 23 .7

l Esocidae
wa [mills 89 1 15 6.3 42. 1 "

Cyprinidac _
(Ir/(710111145 ( 05 44-51 9. 5 20. 6 15 . 8 18 . 2

II'J'Imquil/rm' /r(ml. i)r.\(mi 54 61 1 1 .3 32.2 32 . 2 32. 2
Nortmrir [)r'gur/srlus 64 1 l 2 13.7 20. l 17. 1 18.9

Nulm/uir (Ii/rt'rr'lrorY/t's 51 76 15 . 6 21 . 8 21 . 8 21 . S

Nolmpis mum/rm 33 51 16. 1 23 . 1 23 . 1 23.1
Noun/H s [rm/50m? 63 1 12 17 . 2 ' 19 . 5
Pinter/rules p/ (JHIP/(IX 40 63 13 . 7 ' 13 . 7
R/Iinir/tlr'rrj (Ilt Ul lI/r l. 63 76 15. 1 28.0 19.0 23 .5

Rhilll't/H/{m ( r rlt UCI'L C' 45-73 8.0 16.9 16.9 16.9
Scnml'i/m alronracululm 63 39 14.0 39 .0 32.0 35.5

Seniori/us [Margarita 88 1 15 7 . 9 15 . 1 1 1 .4 13 . 3

Catostomidac
Ctr/05mm : commcrwni 63 1 14 13 .6 23 . 3 l7 . 5 19 . 9

1Ctaluridac
[cm/mm "10105 76 1 15 10. 3 53 . 3 15 . S 34 .1
Nulurus gyrilrus 38 64 3 .4 18 .9

Gastcrosteidae
Cir/(lea innmslum 38 53 18.7 34 .1 34. 1 34 .1

Pmlgr'Iim pungilr'r/x 31 38 49.9 58

Centmrchidae
Ambloplilcx rapes/11.x 26 38 19 . 5 ' 35 . 9

Pcrcidac
Perm atware/rs 50-127 1 1 .7 35. 1 23 .0 29 1

Slimsmlirm r irr'crmr 63 76 7' I 32.8 i 32. 8 32

EI/rcmlonzn (it/"Ir" 31-63 12.2 38.6

[ft/1005(0))": "(grit/11 37 50 16.8 26.5

l r rc ilm mm u/uru" 51 58 S . 3 '

 

'Obtained from Caddy Lake 11::tehery, Manitoba.

'1cstcd at tu'C'.
Obtaincd from Frcshuatcr Institute. Winnipeg. Manitoba,
Tcstcd a: TC

'Itcnth species.
[Not 0 ned t.
'i\'o dL L1iIiL in he
'lnaetrve all the ti .
31) decline in nun-rt) prior in breathing O; in surface lm.

  t lm.  se 02 in sun"

 

visual disturbance. A gently buhhlini: air stone maintained nor-
mo\ie conditions. 1} huhblirrg _\'3 through this arr stone the

[30; could he r'edueed from IE!) to 10 'lorz urthin 120 mint/ U:
measured by a YSI t); meter: model 57 at ltl liem below the

water surface). 1i\per intents \\ ere conducted in a uell~

ventilated room which prevented the accumulation of N: ahm e
the surface \\ ater .
Once accustomed to the test aquarium tat least 181 . at 16.5. :

1°C). 10 individuals of each species \sere observed. Observa-

tions in progressix'e h} poxia continued until there was evidence

of either breathing surface \\ ater' or a loss ol coor dinated move-

;y ofoperurlar movement mior to breathing ()1 in surface lm.

ment and distress. liver) 5 min the iollouing were recorded;
[H.032 nurnherot sh in top. middle. and bottom thirds otthe test

aquarium: number ol tish swimming (activity inde ; and

numl ler olilish breathing the surface lilm. 1:1'CQUCHK} ol opcrcrr

lar movements was recorded for live sh every ltlnxin. 'lhe

position or sh \ Urile breathing the surt'aee lm as Llesci ii ed.

Exceptions to this procedure are noted in Table l.
As hypoxia can occur at any temperature. the el'lect ol tem-

perature on the IMO: at high l rlllt [1}1(l{r .t promo/us coin-

mencedao breathe the surface lm was evnnined at h, 10. 15.5.

It), 34. 27.5. and 311C (3.0.511 Fish \\ ere taken from the field in
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monidae would be classi ed as category 1 fishes.

The remainder are category 2 except (iasteros-

teidae and E. Iueiux which are category 3. Their

pointed heads and somewhat dorsal mouths would

facilitate use of surface waters.

The typical sequence of responses of shes en-

counteringprogressive hypoxia is the following: an

initial increase in frequency of opercular moye-

ments with either sustained or increased activity;

then a decline in frequency of opereular move-

ments and (or) activity: and nally, either breathing

the surface lm or loss ofcoordinated movements.

Particular stages in this sequence could be. used to

estimate the incipient limiting level (Shepard 1955)

or critical level (Hughes 1973) and the incipient

lethal level (Fry 1947). The incipient limiting level

could be approximated by the 1 O2 at which either

the decline in frequency ofopercular mOvement or

activity is initiated (or when both occur. their

mean). Here the declining I .O2 available is just

suf cient to meet the demands of the sh. With a'

further decrease the sh must compensate by re

ducing Oz uptake as it passes from the zone of

respiratory independence into the zone of depen-

dence. To use this estimator we assume that the

initial reduction in opercular movements and (or)

activity signals the start ofa reduction in 03 uptake.

These estimates vary between 13.3 and 58.7 Torr

(Table 1). Their mean of 24 Torr corresponds well

to that of 30 Torr given by Davis (1975) as an

average incipient limiting level for aquatic verte-

brates.
Marvin and Heath (1963) reported that Sal/no

gm'rdncrt' and Impwnis mue/troe/tirus increased 0;

uptake during progressive hypoxia but passed into

the zone of respiratory dependence at about 95 and

120 Torr respectively. much higher incipient limit-

inglevels than those reported here. The differences

could be caused by con ned experimental condi

tions that did not permit swimming. During pro

gressive hypoxia both species swim actively (Table

l: l etrosky and Magnuson 1973). most likely con

tributing to gill irrigation and Oz uptake. Con ne-

ment would restrict O; uptake and raise the inci-

pient limiting level.

The no: at which 50??- of the sh breathe the

surface lm could be used to approximate the inci-

pient lethal level. To Use this estimator. one must

assume that breathing the surface lm is a last re~

sort for survival. This seems likely for species in

category 2 and possibly category 3 which are not

well adapted morphological1y for using surface- lm

O2 and which could be vulnerable to aquatic and

aerial predators while at the surface.

  

r.- aki t ? 411:3.ch3; as: 4.1.1.3 ';uia..i4=:lr~.i

The mean value of l wO2 at which breathing the

surface lm was initiated by species studied by

Lewis (1970) was 11.9 Torr (range: 72 214 Torr).

This corresponds well with the mean Put); at

which 50% of the fish studied here had commenced

to utilize surface lm 02 of 14.2 'l orr (range:

3.4 49.9 Torr. Table l).

Incipient limiting and lethal levels ofl O2 repre-

sent conditions ofextreme O2 stress and should not

be used to establish 0: criteria to safeguard fish

populations. The beginning of 0: stress occurs

when PWO2 reaches the incipient 02 response

threshold (Davis 1975). i.e.. the lCV'ei at ."nieh a

lowered IQO2 rst affects either the physiological.

biochemical. or behavioural processes of the sh.

Such levels of P .O3 for live nonsalmonid species

and four salmonid species averaged 73 and 90 Torr

respectively (Davis 1975).

We conclude that the ability to utilize dissolved

O2 in surface waters during hypoxia is a common

response among shes of the great plains. These

species are not well adapted to use this 02 source

inde nitely. During progressive hypoxia. a se

quence of events common to most species occurs

that could be used to estimate incipient limiting and

lethal levels of dissolved 0:.
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curred during all other treatments.

Diel fluctuations of dissolved oxygen (DO)

concentrations in aquatic hahitats are often

enhanced by organic pollutants. Although a
large literature exists on the. DO require-
ments of freshwater fish. the relationship
hetween diel fluctuations in DD concentra-

tions and fish spawning success is trrrlmown.

Such information is essential for the estah-

lishment of meaningful water-quality crite-
ria. Exposure of fish for short periods of
time to diurnal fluctuations in DO concen-

tration. from relatively high to low levels,

cart cause behavioral aberrations. deformi

ties, and death of larvae (Spoor 1977). im

paired growth of juveniles (Fisher 1963;

Stewart et a1. 1967; \Vhitworth 1963) and

behavioral aherrations and changes in sev-

eral components of the blood in larger frslr
(Bench and Ball 196.3: l muek 1972).

The Ohjeetive of this lahoratory study was

to determine the spawning success of the
black Ct appie, f onrnris Ir[gro/rrncululus. ex

posed to (liel fluctuations of DO eoneentra~
lion after exposure m er winter to one. of four

constant redrreed DO regimes. lllael: crap-

pie spawning success was unaffected by
2-mo exposure to several constant reduced

DO concentrations ranging from 2.5 to 6.6
mg/litcr (Siefert and Herman 19771. al~

though the time of first spawning appeared

to he advanced at the low er eoneentration.

Uttrngs (1971) found that fathead minnow

I I nrcp/ru/es [Home/(rs spawning was inhih
ited at a constant 11-rno exposure to 1 mg
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Effect of Long term Reduction and 1.)iel Fluctuation in

Dissolved Oxyg .ll on Spawning of Black C 'appie,
Pomoxis nigromaerzfutus

Ax'r noxv It. Cmnsox AM) Lawrrrzxcr: J. Hrzaxnvx

U.S. Elrt'ironnre/Ilnf I rnim [ion Agency, L'Izr'r'rmr/m'nlzr/ Research Lnbornlory-Du/uI/r
6301 Currgrlulr HUN/CHIN], Duluth, Minnesota 5330.1

1 ABSTRACT

lature lilaclx e'rappies were exposed over winter in the lalmratory to constant dissolved oxygen
en reentrations near 2.5, 4.0. 5.5. and 7.0 rng iliter. Starting on 26 April during a simulated spring~

lojsumtuer rise in water temperature. some were continued at the original oxygen concentrations

while others Were snhjeeted to mean dirl tluetuations ranging front 0.8 to 1.9 mg ()Jxliter ahove and
below the originrrl concentrations. Controls were maintained at concentrations near air saturation.

No spawning occurred at the lowest fluctuating treatment of 1.8 to 1.1 mg liter. This treatment also

caused ltt'lrin'iulal aherrations as the water temperature reached '20 C. Successful spawning oc~

ngliter and was reduced at 2 mgr/liter; re-

sulting larvae died within 2 5 days after
hatching. Survival of larvae was reduced at

concentrations up to and including 1 rug/1i

ter. To our knowledge no other worl: has
been reported on the effects of experimental
longvterm reductions in D0 concentration

on fish spawning, success.

METHODS

The test apparatus. black crappic culture

and rearing techniques. and chemical char

acteristics of the water supply have heen

described previously tSicfert and Herman

1977).
Black crappies were ohtaincd from the

Mississippi River near Cenoa. \Viseonsin.

and transpm ted to the laboratory in Duluth.
Minnesota, on 30 Septemher and 7 Oetoher

1976 at 13 C. Thereafter they were. provided
with Lake Superior water and were sub-
jeeted to a simulated seasonal decrease in

water temperature to an overwinter temper-

ature of Ll.5~7 C. On 20 April 1977 a simu-
lated spring rise in temperature was initi
ated: at the end of the test on 1 Jul) 1977

the temperature reached 23 C. The natural
light cycle of Duluth, Minnesota was simu
lated.
To ohtain the desired DO cornerentrations

degassed water was mixed with air saturat-

ed water in glass mixing ehanrlvers. This
water was drawn by in-line puurps through

four way valves that were timer-controlled
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mouth bass (View/Horus su/Iuoides ); and
rock bass (:1 77([)/(I/)/fl('3 rupcsllis) t13ouck and
Ball 1965; lioucl: 1972).
Spawning did not occur among four males

and one female in one tank with a mean dicl
uctuation of 2.6 5.6 mg DO, 1iter, but was

apparently uninhibith (15 spawnings) un~
der similar conditions in the duplicate tank
(mean diel fluctuation 2.7 5.7 trig/Titer) eon-
taining three male and two females. No
behavi iral deviations of the fish were seen
in thes treatments.
The .selection of the healthy appearing

and generally larger fish for exposure to the
fluctuating DO treatments should not have
biased the results. At the end of the test,
mature males at the constant treatments
were smaller (mean weight 167.6 g: range
70 265 g} than those at the fluctuating treat~
ments (mean weight 226.5 g: range 156 492
g). However, small and large males were
observed defending nests and spawning.

There was little difference among the av-

erage weights of the mature females. itlean

weights in the Constant and fluctuating

treatments were 181.3 g {range 125 276 g)

and 196.1 g (range 125 447 g). respectively.

We also believe the number of females

(three, ranging from 200 224 g) at the lowest

uctuating DO treatment was adequate for

determining the effects on spawning be-

cause spawning occurred in 12 of 13 tanks

containing from one to four females.

This study indicates that dissolved oxy
gen concentrations near 2.6 mgfliter or

above are sufficient :0 provide the DO re

quirements of mature biaek crappie prior to

(overwinter) and during the spawning peri-

od; and that diel fluctuations below this con-
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centration to about 1.8 ntgy hter during the
spring water temperature rises can cause
hypoxic stress and inhibit reproduction.
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