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ABSTRACT
Chronic and Acute Toxicity Testing in Fish
Randy Sue Ellis

Both chronic and acute toxicity tests were performed
using several species of fish.

Chronic toxicity tests

concerning lead were performed using mudfish (Fundulus
heteroclitus).

These experiments ran for 30 days.

sults indicate that threshold concentration
this species approaches 0.075 mg/1.

Re¬

of lead for

Even at this concen¬

tration, there is definite uptake of lead at a rate greater
than that exhibited in the control fish, but less than
that exhibited by fish at higher concentrations.
Acute toxicity tests were run using pure oxygen in
an effort to determine this gas* role in the production
of gas bubble disease in fish.

Three fresh-water species,

including the fathead minnow (Pimephales promelas), golden
shiner (Notemigonus crypoleucas), and rainbow perch
(Tilapea mozambique), and one salt-water species, Atlantic
croaker (Micropogon undulatus), were tested.
to produce gas bubble disease were futile.

All efforts
However, the

experiments did produce serious doubt as to the role of
oxygen in the production of gas bubble disease.

Also,

the extreme subjectiveness of the symptoms of gas bubble
disease and the lack of any definitive studies of natural
situations in which gas bubble disease develops (such as phy¬
toplankton blooms) indicate that this disease and its causes
are ill-defined and are in further need of clarification.
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Part I: Chronic Lead Toxicity in
Fundulus heteroclitus

Introduction
The toxicity of heavy metals to organisms is wellestablished.

The modes of toxicity were presented in a

review by Passow eib al (1970).

This paper discusses the

effects of heavy metals on enzyme systems and membrane
permeability in organisms due to their reaction with li¬
gands present in all proteins.
The review by Bryan (1971) discussed the mechanisms by
which any heavy metal might be absorbed, stored, excreted,
and regulated by marine organisms.

Absorption may occur

across the walls of the gut or across the general’body sur¬
face or the gills.

Metals are usually removed from circu¬

lation by excretion across the body surface or gills, into
the gut, or into the urine, or by storage in one particu¬
lar organ.

Bryan also discusses the lethal effects of

heavy metals, and their dependence on the concentration of
heavy metal, the form in which it is present (precipitate,
chelate, etc.), the antagonistic or synergistic effects of
one metal on another, and on the organism and its past
history.
The biochemical effects peculiar to lead have also
been closely studied,

de Bruin (1971) discussed the ef¬

fects of lead on erythropoiesis and hemoglobin synthesis.
These effects are most commonly characterized by reticulocytosis, anemia, coproporphyrinuria, and protoporphyrinemia.
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The main disturbance is in the synthesis of heme with de¬
creased utilization of iron.

Increased amounts of

6-

aminolevulonic acid are detectable in the urine and are
closely correlated with the amount of lead absorbed.
The biochemical effects of lead on fish were more
closely studied by Jackim, Hamlin, and Sonis

(1970).

Studies were conducted on Fundulus heteroclitus which
survived exposure to 96-hour TLm concentrations of lead,
where TLm represents the concentration of a toxic material
in water which kills 501 of the test animals under experi¬
mental conditions during a specified time interval.
vities of five liver enzymes

Acti¬

(acid and alkaline phosphatase,

calylyase, xanthine oxidase, and ribonucléase) were found
to differ markedly from those of control fish.
Prior to the establishment of experiments to determine
the biological effects of lead and long after such experi¬
ments were begun, investigators were interested in determin¬
ing the maximum concentration of lead which fish could
tolerate.

Countless experiments were performed upon a

great variety of species in an effort to determine the
concentration which was the highest permissible one.

In

order to establish this criterion, researchers employed acute
toxicity tests in which the life-or-death response of the
organism was tested.

These tests were generally of short

duration and were concerned with the immediate response of
the organism.

-3-

Carpenter (1925; 1926) showed that lead salts could
be toxic to fish in distilled and soft water at concentra¬
tions between 0.1 and 0.4 mg/1.

Later work (1930) on sev¬

eral species in concentrations ranging from 0,1 to 41.4 g/1
(0.0005 to 0.2 molar) led to the proposal that lead was fatal
due to precipitation of mucous on the gills which led to
subsequent suffocation of the victim.

In inadequate concen¬

trations, or if the time of exposure was very short, recov¬
ery could be achieved with the lead evidently being fixed
in the shed mucous.

However, her work also showed the

greater susceptibility correlated with the higher metabolism
of the young, and variations in susceptibility according to
the season of the year.
A more definitive study was performed by Kariya et al.
(1969).

Rainbow trout killed by acute lead poisoning were

analyzed to determine the areas in which lead concentrated.
Seven parts of the fish were examined for lead.

The gills

showed the highest concentration of lead, with the kidney
having the second highest level, and muscle, the lowest.
However, when the body of a fish killed by 10 mg/1 lead was
washed in water, the lead content of the gills decreased
to 60.21 of the initial value.

This seems to indicate that

the lead located here was bound in a reversible form and
had probably not become complexed within the cells of the
organism.
Many researchers have investigated the effects

of

vari-

-4ous environmental factors on the toxicity of lead.

Jones

(1938) studied the effects of hardness and found the acute
toxicity of lead decreased as calcium content increased.
Brown (1968) included temperature, pH, total hardness,
bicarbonate alkalinity, total dissolved solids concentra¬
tion, and dissolved oxygen concentration as environmental
parameters studied, as well as the effect of mixing various
pollutants such as ammonia, phenol, zinc, copper, cadmium,
lead, nickel, and hydrogen cyanide.

He presented a method

for estimating the toxicity of an industrial water when all
the above factors

are

considered.

The toxicity of the waste-

water was taken to be the sum of the proportions of the acutely toxic concentrations of each poison.

Sprague (1970)

elaborated upon this method, and discussed its application
and limitations.
A very comprehensive set of experiments on the acute
toxicity of precipitates and chelates of heavy metals and
the effect of the quality of the water were performed by
Tabata (1969), Nishikawa and Tabata (1969), and Tabata and
Nishikawa (1969).

Their results indicate that precipitates

of heavy metals were negligibly toxic.

Thus, they concluded

the hydroxyl and carbonate contents of the water were im¬
portant factors affecting the toxicity, since these two
anions are most often responsible for the precipitation of
heavy metals.

The results from the studies on the antag¬

onism of total hardness and heavy metals agree with those

-5reported by other investigators: as total hardness increases,
acute toxicity decreases.

Heavy metal complexes showed de¬

creased toxicity which correlated with the stability of
the heavy metal complexes formed.

One important exception

to this was the toxicity of heavy metal-EDTA, which was
about the same without reference to the toxicity of each
heavy metal ion.

Thus, the toxicity of highly poisonous

heavy metals, such as copper or mercury, decreased sub¬
stantially, but the toxicity of slightly poisonous metals,
such as nickel or cobalt, increased.
A very good review of the literature on lead toxicity
was presented by Doudoroff and Katz (1953) and McKee and
Wolf (1963).

The results presented vary from one researcher

to another, depending on the species tested, its environ¬
mental history, and the environment in which the test was
conducted.

These varied results indicate the impossibility

of establishing one threshold concentration for use as a
water quality criterion. Indeed, the whole concept of
acute toxicity testing has long been under attack.
Acute toxicity tests are designed to measure an allor-none response by a group of organisms.

This response

is death of the test animals, and is recorded at various
intervals of time during the test.

After the results of

these tests are obtained, a value of acute toxicity such
as the 96-hour TLm is multiplied by a "safety factor"
(usually 0.01) and the resultant concentration is set as
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the maximum permissible concentration.

However, studies

have shown that the response of organisms varies with age,
season, sex, and size, and that not all organisms respond
identically to the same pollutant.

Taking these factors

into consideration, the acute toxicity test results lose
their credibility as criteria for anything other than a
laboratory exercise.

Experiments performed by Weir and

Hine (1970) using goldfish (Carassius aurautus) revealed
some of the detrimental effects of sub-lethal concentra¬
tions of heavy metals.

All test ions, arsenic, lead,

mercury, and selenium, resulted in behavioral impairment
at concentrations below the lethal concentration for II
(LC1).

Behavioral modifications due to sub-lethal con¬

centrations of heavy metals could lead to changes in
feeding and breeding habits among many species and result
in their extermination.

The most important aspect of these

results is that they show the feasibility of this type of
testing.
McKim and Benoit (1971) studied the development

of

brook trout (Salvelinus fontinalis) during a 22-month
period at sub-lethal concentrations of copper ranging from
32.5 to 1.9 yg/1.

The highest concentration reduced both

the number of viable eggs produced and their hatchability
and decreased survival and growth in adult fish.

Survival

and growth of juvenile fish were also decreased.
The work of Pringle et al. (1968) showed that molluscs

-7would concentrate lead to levels higher than that in the
surrounding water.

The purpose of the experiment discussed

in this paper was to determine if fish could also concentrate
lead in this same manner.
Long-term toxicity tests were run in order to establish
a concentration at which the fish could survive for 30 days.
Whole-body analyses were run on fish which died during the
test.

Primary plans were to expose fish to these levels of

lead for 30 days during which time they would be randomly
sampled and lead analyses run on separate parts of their
bodies, including skin and muscle, viscera, and the head.
After 30 days of exposure to lead, the remaining fish would
be placed in lead-free water and allowed to remain for an
additional 30 days during which time they would again be
randomly sampled and analyzed in the same manner as during
the lead exposure.

This type of test would establish both

the rate of uptake during exposure to minimum concentrations
of lead and the rate of wash-out after the lead source was
removed and the fish placed in "clean" water.

However,

massive rains in the eastern part of Texas resulted in
extensive freshwater infiltration of the estuaries.

This

infiltration of the brackish water and subsequent dilution
and the advent of the hot summer weather increased the
fragility of the Fundulus species.

The species was stricken

by a Columnaris infection which proved intractable even
with the use of sulfa drugs and tetracycline.

Due to the

8-
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impossibility of getting the fish to survive for an extended
period of time, the differential uptake and wash-out exeriments were not performed.

However, data on whole body

analyses performed during the long-term toxicity test indicate
that even at concentrations that permit survival for ex¬
tended periods of time, significant concentrations of lead
were detectable.

General Materials and Methods

All experiments were performed using Fundulus heteroclitus, a common euryhaline species.

All specimens were

obtained from a bait store in Galveston, Texas.

No exact

specifications were made as to length or weight, and the
fish used ranged in size from 3-12 cm in length and 2-15 g
in weight.
The fish were being kept in brackish water when bought.
Before experiments were fun, they were stored in constant
temperature (27 C), flow-through tanks with a mean flow¬
through time of 60 hours (from Fig. 1, Sprague, 1969).
The fish were acclimated to fresh water for 10-14 days and
fed daily (Doudoroff, 1951); American Society for Testing
and Materials, 1959).

The water was obtained directly from

the tap and filtered through a Sears Activated Carbon Fil¬
ter in order to remove all chlorine.

The concentrations of

pertinent chemical components of this storage water are
presented in Table I.
Although several toxicity tests were run in the water
characterized in Table I, the definitive toxicity tests and
long-term uptake studies were run in a synthetic water
made by adding the following to deionized water:
30 mg/1 CaSO^
30 mg/1 MgS04
48 mg/1 NaHC03

TABLE Iî

CHEMICAL COMPOSITION OF STORGAE WATER

Hardness;
Ca++;

30 mg/1

(as CaK^)

Total ;

4Q mg/1

(as CaC03)

240 mg/1

(as CaC03)

Alkalinity;
pH;

7.5

Chloride:

TABLE II:

40 mg/1

(as Cl*}

CHEMICAL COMPOSITION OF TEST WATER

Hardness:
Ca++:

20 mg/1

(as CaCÛ3)

Total :

40 mg/1

(as CaC03)

Alkalinity: 25 mg/1

(as CaCOj)

pH: 7.6
Chloride: 5 mg/1

(adjusted to 7.0)
(as

cr)

10-
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2 mg/1 KC1
This resulted in water with the chemical composition listed
in Table II.

pH was adjusted to 7.0 by the addition of

concentrated nitric acid.
A comparison of the two waters shows that the calcium
content which directly influences the heavy metal toxicity
(Jones, 1938) is very low and almost identical.
waters would be classified as

H

softn.

Both

The major advantages

of the second water is the low alkalinity or carbonate
content (25 mg/1) which is below the recommended level of
40 mg/1 (ASTM, 1959).
Testing Procedures
All toxicity tests were run in 5 gallon glass carboys
(ASTM, 1959) .

Ten fish were used in each test.

Aeration

of the water was accomplished by an air pump and sparging
stone.

Although no attempt was made to regulate the actual

amount of air delivered to each solution, measurements in¬
dicated that the dissolved oxygen content was well above
the 4 mg/1 minimum level recommended for warm-water species
(Doudoroff, 1951).

Tests were also run to see if any lead

was lost through volatization, and no losses could be de¬
tected.
During the long-term toxicity tests (2 weeks to 30 days!,
the test fish were fed the evening before the test solutions
were changed.

These solutions were changed every 96 hours

in order to maintain approximately constant concentrations

-II-

of lead and prevent fouling of the water and subsequent
bacterial infections.
Test solution concentrations were obtained by adding
the required amount of a stock solution of 1 mg/1 Pb (as
PbNOj) in 0.1% nitric acid and subsequent dilution to the
required test volume.
Treatment of Samples
All samples were placed in a mixture of 10 ml concen¬
trated nitric and 5 ml 70% perchloric acids.

They were

then refluxed 3-6 hours until digestion was complete.

The

pH was then adjusted to the range of 2.2-2.8 with 5M NaOH
and a MIBK extraction was carried out using APDC (Standard
Methods, 1971).

Standards were acidified with 10 ml concen

trated nitric and 5 ml 70% perchloric acids, refluxed and
extracted in the same manner as the samples.
All determinations of lead concentration were made
using a Norelco-Unicam Atomic Absorption Spectrophotometer.
Wavelength was 2833 A0, slit width was 0.07 mm, and an
air/acetylene flame was used.

The lowest concentration of

lead detectable using this method was 0.1 mg/1.
Determination of Lead Solubility
Problems were encountered in precipitation of lead in
the form of PbCOj.

Therefore, a graphical analysis of lead

carbonate solubility versus pH for a system open to the
atmosphere was carried out (Stumm and Morgan, 1970).
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In any system in which CO2 is dissolved, part of the
CO2 exists as I^CO^, a relatively strong acid capable of
ionization.

However, part of the CO2 exits as

where (aq) represents the aqueous CO2 that does not ionize.
The combination of these two extremes present the charac*

teristics of a weak acid,

[H2C03*j

.

Thus,

♦

- [C02Caq)]

The concentration of ^COj

*

[H2COJ]

can be calculated from the

following relationship:
[H2CO3 ]

-

KHP

where KJJ = Henry's Law constant = 10
and P

(1)

CO.

-1.5

-3.5
= partial pressure of CO2 in the atmosphere = 10

Therefore,
[H2CO3*]

= cio"1*5)CIO'3*5) = 10~5*0

(2)

The concentration condition of all species present in the
solution is as follows:

cT - [H2CO3*] + [HCO3"] + [C03=]
Taking into account ionization fractions:
[H2CO3 J =

[HC03]

-

Crpdg

-13ICQ3-]

=

CTa2

where

-1
a,

+

1

*

*1

[H*J

Vz
IH+J2

C3)

-1

♦

ai

J,

+

K

2
[H+J

(4)
-1

+

IH J

a.

2

+

[H J

4*

+
+

1

K

2

and C3) yields :
C

Ta0 “

(5)

K P

H CO,

Combining (1) and (4) :

[HCOZ] =

a

l

K

KhP
H CO,

a2

P

C6)

HPCO,

(7)

K

T

H CO2

[H ]

Combining (1) and (5):

[C03=] = _^2_
ar

KHPca

"

_V2
[H+]2

where
Ki

=

[H ] [HCO3-]
[H2CO3

j

£H*J {CO/]
K,
IHC03M

K

-14Graphical analysis was obtained oy plotting the log of the
concentration of the species in question versus pH.

For

H C0

2

3*>
d log. IH2CO.3 ]
.

0

_

C8")

cf"pH

From equation (7),
log IHC03']

- log

log IHC03’’J

= -pKj

+ log KH + log Pco
- pKH - pPCQ

- log [H+]

+ pH

2
d log IHCO3']

=

x

(9)

—a"pH

From equation (8) ,

log [C03 ]

log Kj. + log K2 + log KH + log Pco
- 2 log [H+]

log [CO3-]

=

-pKj - pK2

K

P

d log [C03=]

H

2

‘Ppco2

+ 2pH

(10)

d pH

It follows from these equations

(8,9, 10) that in a log
*

concentration versus pH diagram, the lines of H2C03 , HCO3 ,
and COj” will have slopes of 0, +1, and +2, and intercepts
of 5, 11.3, and 21.6, respectively.
The solubility of

Pb

2+

versus pH was determined

-15using the solubility product, Kgp, of PbCOg as 10" ‘ .
Thus,
K

SP

=

Ipb2+J IC03=J

log lPb2+J

+

" 10”12*83

log IC03=J

The intersection of the Pb

= -12.83

2 «f*
—
line and the C03~ line

will occur at log [Pb2+J ■ log {C03~].

Therefore, the
■

•‘I •}

O T

intersection of the lines will occur at -—^— or -6.42.
2+
=
The slope of the Pb
line is the negative of the C03
line, i.e. the concentration of Pb

will increase as the

concentration of C03" decreases.
From the graph shown in Fig. I, the concentration of
lead at any pH can be determined.

At pH 7, log [Pb

-5.2, or [Pb2+] = 1 X 10~3,2 moles/1.

2+

] =

Since the atomic

weight of lead is 207, this value is equivalent to 1.26 mg/1
Pb

.

Since this concentration is well above that used in

the long-term toxicity tests and uptake studies, the test
waters were acidified to pH 7.0 to insure dissolution of
the lead.
In order to test the accuracy of the graph and the
atomic absorption technique, two test solutions of 1 mg/1
Pb

were prepared;

the pH of one was acidified to 7.0

while the other remained at 7.2.

Samples of the water were

taken, acidified, and extracted by the APDC/MIBK procedure
(Standard Methods, 1971).

When these were run against

standards, it was found that the sample at pH 7.0 contained

0

1
2
3

4
5

6
7

8
9

10
11

12
13
14

FIGURE Is

GRAPH OF SOLUBILITY OF PbC03

-161 mg/1 Pb2+ (indicating full dissolution of the lead)
while the sample at pH 7.2 contained only 0.6 mg/1 Pb
(indicating formation and precipitation of PbC03),

2+

These

figures agree witb the values obtained from the graph.

Experiments and Results
I.

Static Toxicity Test I

Methods ;

Ten fish were placed in 5-gal, carboys in solu¬

tions containing lead concentrations of 1.0 mg/1, 0.56 mg/1,
0,32 mg/1, 0.24 mg/1, and 0.155 mg/1.
were not changed during the test.

The water solutions

The water was of the

composition listed in Table I; no special precautions were
taken to decrease the alkalinity of the water in order to
insure lead solubility.

Total duration of the test was

168 hours (7 days).
The ten control fish were placed in a carboy in water
to which no lead was added.

Lead analysis of the water

showed that lead was not present in detectable quantities.
Results :

Survival rates are given in Table III.

Less

survival (60-80IJ at lower concentrations (0*155 mg/1 0.32 mg/1) when compared with higher concentrations (1001
survival at 0.56 mg/1) indicated that factors other than
the lead toxicity were at work.

Test
Concentration

Time, In hours
96
120
24
48
72

144

168

Control

100

100

100

100

100

100

100

0.155 mg/1

100

90

90

80

80

80

60

0.24 mg/1

100

100

90

90

90

90

80

0.32 mg/1

100

100

100

90

70

60

60

0.56 mg/1

100

100

100

100

100

100

100

1.00 mg/1

90

80

70

70

60

40

40

TABLE III

STATIC TEST I, % SURVIVING

-18II: Static Toxicity Test II
Methods :

A synthetic water was prepared as explained in

general methods.
Table II.

The chemical composition is presented in

Ten fish were used in each 5^gal. carboy.

The

lead concentrations studied were 1.0 mg/1, 0.56 mg/1,
0.32 mg/1, 0.24 mg/1, and 0.155 mg/1.
test was 288 hours (12 days).

Total duration of the

Test solutions were changed

every 96 hours in order to maintain constant lead concen¬
trations and prevent fouling of the water.
The ten control fish were placed in a carboy in
water to which no lead was added.

Lead analysis on the syn¬

thetic water showed that lead was not present in any
detectable quantities.
Results :

Survival rates are presented in Table IV.

Probit

analysis (Sprague, 1969) of results is presented in Fig.II.
It is of special note that the probit analysis for 0.32 mg/1
and 1.0 mg/1 are remarkably similar, indicating possibly
similar modes of toxicity.

Concentrations below 0.32 mg/1

showed survival rates which increased with decreasing
centrations, as would normally be expected.

con¬

For simplicity

of the graph, results from only three concentrations (0.56 mg/1,
0.32 mg/1, and 1.0 mg/1) are plotted on the probit analysis
graph.

When plotted, data from other concentrations gave

lines which were very similar to that for 0.32 mg/1 and
1.0 mg/1.
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-19III: Chronic Lead Toxicity
Methods :

The synthetic water described in general methods

and Table II was used for the chronic toxicity studies.
Concentrations studied were 0.32 mg/1, 0,24 mg/1, 0.155 mg/1,
Q.135 mg/1, and 0.075 mg/1.
5-gal. carboy.

Ten fish were placed in each

Test and control solutions were changed

every 96 hours to insure a fairly constant lead concentra¬
tion and to prevent fouling of the water.

Test duration

was 720 hours (30 days).
When a fish died during the test, it was removed from
the carboy.

Lead analysis was run on the body as a whole,

using the atomic absorption spectrophotometer.
Results :

Survival rates for the varying lead concentrations

are presented in Table V.

All test fish in 0.32 mg/1, the

highest concentration tested, died by 504 hours (21 days).
All test concentrations below 0.24 mg/1 showed survival
rates very similar to that of the control.
Probit analysis (Sprague, 1969) of the results shows
that when results were plotted for the test concentrations
below 0.24 mg/1, the lines were very similar in location
and slope.

The line plotted from data from 0.135 mg/1

shows the greatest variation in slope.
The following median lethal times were extrapolated
from data plots in this figure:
0.32 mg/1

190 hours

Test

TABLE V: LONG-TERM TESTING?

%

SURVIVING
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0.24 mg/1

420 hours

0,155 mg/1

600 hours **

0.135 mg/1

480 hours

0.075 mg/1

500 hours

The median lethal time

for 0.155 mg/1 is inconsistent with

the other figures obtained.

Data from the other concentra¬

tions show an increasing median survival time that appears
to be approaching an asymptote, as shown in Fig. IV.

This

indicates the threshold concentration for long-term survi¬
val is below 0.075 mg/1.
The results of the lead concentration determinations
are presented in Table VI and Figure

Y.

As can be seen,

the lead concentration of the control fish remained relatively
constant while fish placed in lead solutions showed in¬
creasing lead concentrations in the total body analysis.
This lead content generally increased with increased lead
concentration and increased time of exposure.

Varying

amounts of lead in the body were associated with mortality.

TOXICITY CURVES
FIGURE IV;
o
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Concentration of
Time of death,
lead 1n solution hours
Control

0.075 mg/1

0.135 mg/1

0.155 mg/1

0.240 mg/1

0.320 mg/1

288
432
456
720

0.78 mg/kg
0.83 •
0.85 "

0.86

■

168
456
504
624
720

1.02

"

1.20

■

288
432
480
528
720

1.08

"

336
408
456
528
624
720

1.17 "

96
336
360
384
432
456
648
720
72

120
144
288
384
480
504

TABLE VI;

Concentration of
lead in body

1.16
■
Samples lost
1.15 mg/kg

1.20
1.20

"

M

M

1.23
1.25 *

1.20
1.25
1.30
1.27
1.31

1.20

■

“
*
■
*
“

Samples lost
1.42 mg/kg
1.50 ■
1.48 *
1.50 "
M
1.63
M
1.70
0.87 *
1.00
*

1.10

•

1.40 *
1.51 »
1.74 ■
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■

LEAD CONTENT IN BODIES OF FISH AS RELATED TO TIME
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FIGURE V: LEAD CONCENTRATIONS IN FISH VERSUS TIME (SEE TABLE VI)
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Discussion and Conclusions
X,

The low toxicity of lead at high concentrations

and the increasing toxicity at low concentrations indicated
several factors were influencing the survival of the fish.
The first factor tested was the solubility of lead in the
water being used for testing.

The high carbonate content

(see Table I) suggested that the variable toxicities might
be due to the formation of lead carbonate.

Tabata (1969)

had shown that precipitates of heavy metals were negligibly
toxic.

Since this water was relatively soft (total hard¬

ness = 40 mg/1), the antagonism of calcium and lead (Jones,
1938;

Tabata, 1969;

Pickering and Henderson, 1966) was

not considered as a major factor in determining toxicity.
Graphical analysis of lead carbonate solubility versus
pH was performed (see general methods), and results indi¬
cated that lead carbonate formation was occurring and could
be affecting toxicity.

In order to correct for this, a

synthetic water was prepared (Table II and general methods).
Experiments showed that maximum solubility of lead in this
synthetic water was 1.26 mg/1 at pH 7.

Since this was

above the highest concentration used, a second toxicity
test was set up using the synthetic water with a pH of 7.

22-
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II: The data from the second toxicity test (Table IV)
showed survival rates which closely correlated with the
lead concentration present in the water.

At the end of the

test, the resultant survival ràtes were 301 in 1.0 mg/1,
60S in 0.56 mg/1, 40% in 0.32 mg/1, 40% in 0.24 mg/1, 70%
in 0.155 mg/1, and 90% in controls after a test duration of
288 hours.
When the results from this test were subjected to pro¬
bit analysis, the lines representing the data from 0.32 mg/1
and 1.0 mg/1 were very closely related while that from 0.56
mg/1 was somewhat different (Fig* II).

Although the slopes

of all these lines were similar, their separate groupings
indicate that a similar mode of toxicity is operating at
0.32 mg/1 and 1.0mg/l while a different mode of toxicity is
operating at 0.56 mg/1 (Sprague, 1969).

While an analysis

of this type in valuable for clues as to whether or not
different modes of toxicity are at work, it provides no
clues as to the actual nature of the varying modes of toxicity.
Although not presented in the probit plot, the lines
obtained from data from 0.24 mg/1 and 0.155 mg/1 were
grouped near the lines for 0.32 mg/1 and 1.0 mg/1.

This

indicates that similar modes of toxicity were operating
at these concentrations also.

-23III: The survival rates for the lowest three concen¬
trations tested (0.155 mg/1, 0.135 mg/1, and 0.075 mg/1)
were the same as those for the control, all being equal to
40%,

Sprague 0-969) asserts that it is possible to consider

the threshold concentration as that which allows survival
times equal to the control.

However, this is not always

accurate, and a simple correction can be made by the method
of Tattersfield and Morris 0924)»

The observed percentage

mortality at a given test concentration is corrected by de¬
ducting the percentage dead in the control.

The result is

multiplied by 100, then divided by (100 minus the percentage
dead in the control).

This yields a corrected percentage

mortality at a given concentration.

When this exercise is

performed on these results, it can be seen that the resul¬
tant mortalities are equal to 0%.

Therefore, in this case

at least, it seems accurate to say that the threshold con¬
centration is that which allows survival rates equal to that
of the controls.
To reaffirm this, median lethal times for each concen¬
tration in which survival rates were equal to that of the
control were determined from the probit analysis graph (Fig.
III).

These median lethal times were 600 hours for 0.155 mg/1,

480 hours for 0.135 mg/1, and 500 hours for 0.075 mg/1.
When these times were plotted versus lead concentration
on a log/log

graph along with the median lethal times for the

other concentrations (190 hours for 0.32 mg/1 and 420 hours

-24for 0,24 mg/11 the line connecting these points could be
seen to approach an asymptote around 500 hours.
sence of this asymptote indicates that the lower

The pre¬
concen¬

trations tested are approaching those values of a threshold
concentration for a long-term (30 day) test.
The aberrant value for 0.155 mg/1 (600 hours) may be
indicative of a greater resistance to toxicity at this con¬
centration.

The probit analysis of data from this concen¬

tration also yielded a line wich was higher than the others
(see Fig. III).

Even though there was no change in slope,

this higher positioning of this line indicates a lesser de¬
gree of toxicity at this concentration.

The explanation

for this decreased toxicity if not known.
In referring to the probit analysis results (Fig. Ill),
a definite grouping of lines can be seen.

The line for 0.32

mg/1 falls well outside the grouping of the other lines, and
can be assumed to represent a varying mode of toxicity
(Sprague, 1969).

The larger group of lines is bounded by

that representing survival data from 0.24 mg/1 on the lower
side and the line representing 0.155 mg/1 on the upper side.
The lines falling within these boundaries (0.135 mg/1,
0.075 mg/1, and Control) represent the concentrations at which
identical survival rates were found and include the concen¬
trations which yield median lethal times which approach an
asymptote or threshold value.

These relations existing

among all manipulations of data from these concentrations

-25CO.135 mg/1, (1,075 mg/1, and Control) indicate a common mode
of toxicity.

Since there was no lead present in the controls,

it can be tentatively assumed that mortality was not due
to lead toxicity.
Definite groupings of data lines can again be seen on
referral to the graph depicting the lead content of the fish
bodies.(Dig*

V).

The line representing the lead content

of the controls indicates a relatively constant'amount of
lead present in the bodies of control fish.

Data lines

for 0.075 mg/1, 0.135 mg/1 and 0.155 mg/1 also represent a
definite group.

The positioning and slope of the lines in¬

dicate closely related rates of lead uptake.

When compared

to the data lines in the upper group from 0.24 mg/1 and 0.32
mg/1, the lines in the middle group represent a much slower
and more uniform accumulation of lead.

These differences

of slope between the groups indicate that lead accumulation
occurs more slowly at lower concentrations and ultimately
leads to smaller concentrations of lead, as would be expected.
Results from these experiments indicate that long-term
toxicity tests are useful tools in establishing more definite
threshold concentrations.

Experiments of this type can also

be used to differentiate between varying modes of toxicity
and varying rates of heavy metal accumulation.

However,

the most definite type of study is that performed over sev*
eral generations in the life of a species with reference to
the effects of a pollutant on feeding, breeding, egg-laying,
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migration, etc.

Unfortunately, to this date, these studies

have been too few in number and too limited in scope.

Part II: The Acute Toxicity of
Oxygen at Supersaturattôn
Concentrations

Introduction.

The toxicity of oxygen at concentrations higher than that of air
saturation has long been of interest as a causative agent of gas bub¬
ble disease in fish. The disease characteristically manifests it¬
self as bubbles under the skin, 1n the fins, tail, mouth, behind
the eyeballs, and in the vascular system, causing dizziness, disorient¬
ation and erratic behavior, coma, and eventually death due to gas em¬
bolism.

The symptomology of the disease is very similar to decom¬

pression sickness which occurs in humans after a reduction in atmosperle pressure.

Due to this reduction in pressure, tissues which

were saturated at sea-level pressures become super-saturated and gasses
will tend to come out of sôlution and form bubbles. Gas bubble dis¬
ease in fish differs from decompression sickness In humans 1n that
there does not need to be any defineable reduction 1n pressure In or¬
der for the disease to manifest Itself.
Gases other than oxygen have been considered as the causative
agents 1n gas bubble disease. Mrs1c (1933) found that an excess of
free carbon dioxide (Î38 mg/1) caused 75% mortality 1n the fish he
was studying, presumeably from gas bubble disease.

Reduction of the

carbon dioxide concentration to 135 mg/1 by aeration reduced this
mortality to 5%. However, this work remains unsubstantiated in the
literature and experiments by Rucker (1972) failed to corroborate these
findings.

-28More convincing work has been done in the determinâtiôn of nitro¬
gen as a causative agent. Ebel (1969) and Beininger and Ebel (1970)
did work on salmon in the Columbia River system.

In areas just below

dams, nitrogen concentrations often reached 140% saturation.

It was

found that an increase in temperature of 1-2* C liberated the gas with¬
in the fish and caused death from gas embolism. Marsh and Gorham
(1905) incriminated nitrogen in gas bubble disease.

Supersaturation

values of nitrogen were obtained via a leak in the line through which
water was pumped into the aquaria (the equivalent of a Venturi sys¬
tem).

Although this resulted in supersaturation by both nitrogen and

oxygen, the gas from the heart (the cause of the fatal embolism) was
almost pure nitrogen.

It was therefore surmised that nitrogen was

the cause of the gas bubble disease. Westgard (1964) also reported
supersaturation values obtained via air entering the intake of a
water pump.

These supersaturation values were also presumed to be the

cause of reported gas bubble disease in salmon.
Several Investigators have reported high concentrations of oxy¬
gen as causing gas bubble disease.

Engelhorn (1943) showed that

trout (Salmo trutta) placed In a container pressurized with three at¬
mospheres of oxygen and allowed to remain there for 3 hours would dev¬
elop exophthalamos and gas bubbles along the gills and body when re¬
turned to normal pressures. This particular experiment produced a
gas bubble disease syndrome that would seem tt> be more related to decom¬
pression sickness.

Further experiments by Engelhorn showed that gas

bubble disease could be induced in the tench (Tinea tinea) in an aquar¬
ium containing phytoplankton arid in the sunlight. Oxygen concentrations

-29of 395% of air saturation were recorded and bubbles formed on the body
and in the fins and gills. However* when oxygen was bubbled into
water with ftsK at atmospheric pressure, no gas bubble disease devel¬
oped.
W1ebe and McGavock (1932) reported similar results on high oxy¬
gen concentrations at atmospheric pressure.

Rainbow (Salmo gairdneri)

and brook trout (Salvelinus fontinalis) were maintained at oxygen con¬
centrations ranging from 209-300% of air saturation for 20 days.

No

gas bubble disease was reported.
Most cases of gas bubble disease in fish caused by oxygen have
occurred in instances where an overgrowth of phytoplankton have created
bloom conditions and resulted In elevated oxygen concentrations which
lasted for several days. Woodbury (1941) reported such an incident of
gas bubble disease* accompanying an algae (Chlamydomonas sp.) bloom.
Oxygen concentrations of up to 377% of air saturation caused gas emboli
in gill capillaries and gas bubbles in subcutaneous tissues which led
to a gradual loss of equilibrium and coma or stupor and which culmin¬
ated in the death of the fish.

Species affected included black crap-

pies (Pomoxis nigro-maculatus), bluegills (Lepomis macrochirus) north¬
ern pike (Esox lucius), yellow plkeperch (Stigostedion v. vitreune).
suckers (Catostomus conwersonni1). and occasionally a carp (Cyprinus
carpls).

All fish affected were large, mature adults. Woodbury main¬

tained that the oxygen release intb the tissués was caused by a slight
increase in body^ temperature due to increased activity of the fish.
This caused a decrease in oxygen solubility and bubble formation. A
second alternative proposed was that the water lost oxygen to the at-

-30mosphere due to wind agitation following a calm and an increase in
temperature.

This rendered the fish blood and tissues supersaturated

with respect to the water. Both explanations predicate that the change
occurred so rapidly that the oxygen escaped into the blood or tissues
rather than slowly diffusing into the water.
Renfro (1963) reported a fish kill in Galveston Bay. The cause
indicated was gas bubble disease.

The water was supersaturated with

oxygen due to a dense bloom of a euglenold» Eutreptla marlna» and two
dinoflagellates, Prorocentrum cutellum and Gymnodinlum 'symplex.
Dissolved oxygen concentrations remained near 25055 saturation through¬
out the day* Species affected included spotted sea-trout (Cynosclon
nebulosus), menhaden (Brevoortla patronis). bay anchovies (Anchoa
mitchilll), juvenile Atlantic croakers (Mlcropogon undulatus), small
eels (Mycophls punctatus)* and longnose gar (ILeplsosteus osseus).
Prior to the kill, there were several days of very clear weather which
promoted the bloom. Winds were light, barometric pressure was high,
but decreasing, and the water temperature was low, but Increasing. The
bôdÿ fluids of the fish took on gases in excess of their saturation
values and the surplus came out as bubbles.

Although photographs of

the gills of the affected fish were presented, no analysis of the
gas contained in the fatàl emboli was carried out.
Further outbreaks of this type in Galveston Bay have been reported
as recently as September, 1972 (Seabrook Marine Lab, unpublished data).
The cause of the gas bubble disease in fish was reported as an excess
of oxygen due to a phytoplankton bloom, organisms unspecified. Sub¬
sequent bioassays were performed on Atlantic croakers (Mlcropogon

-31
undulatus). A set-up was established in which the fish were subjected
to a diurnal variation of 8.0 to 22.2 mg/1 oxygen (100-280% saturation).
The test was run for 24 hours and the fish were reported to have gas
bubble disease.

Symptoms included lethargic swimming, loss of equil¬

ibrium and perpendicular swimming, sporadic twitches and general er¬
ratic behavior.
In contrast to these situations in which oxygen supersaturation
values due to photosynthesis were assumed to result In gas bubble dis¬
ease, Wiebe (1934) reported that oxygen concentrations in fish ponds
varied from 152-305% of air saturation (dlurnally) and the fish were
totally dnaffected.
In order to try to establish the absolute effect of oxygen at
supersaturation concentrations, a series of experiments were designed
in which the oxygen concentrations were the only variable.

No phy¬

toplankton blooms were utilized to produce the high oxygen concentra¬
tions in order that the effects of toxins could be ruled out.

In

most experiments, shifts In temperature were avoided in order to negate
the changes in the solubility of oxygen 1n tissue fluids.

Results

from the limited studies indicate that the situation Is much more com¬
plex than can be attributed to the toxicity of oxygen alone.

It would

seem that further studies of naturally occurring blooms and fish kills,
as well as laboratory studies, are needed with more emphasis on the
role of supersaturation with respect to nitrogen and the effect of small
changes in temperature on the solubility of gases in body fluids.

General Material and Methods
Oxygen toxicity experiments were run on both fresh- and salt¬
water species. The fresh-water species used were rainbow perch
(THapea mozamblque), fathead mihnows (Pimephales promelas), and
golden shiners (Notemlgonus crypoleucas). These fish were obtained
from a local flfch hatchery and were acclimated to the test water for
one week prior to testing. The test water was tap-water from which
the chlorine was removed by a Siars Activated Carbon Filter.

The chem¬

ical composition of this water 1s presented 1n Table I, Part I of this
thesis.
The silt water species tested was the Atlantic croaker (Mlcropogon
undulatus).

These fish were obtained by seining 1n Galveston Bay.

They were acclimated for one week prior to testing to a synthetic sea¬
water solution (Instant Ocean).
Before testing, the fish were randomly divided Into control or test
groups and placed in aquaria 1n a constant-temperature room (29* C).
The aquaria contained test water (fresh or salt) equilibrated to room
temperature, and were covered by a plexiglass lid to aid In the main¬
tenance of a high-oxygen atmosphere. The cover had a small hole In 1t
to allow for the passage of the air tubes and to allow supersaturation
with oxygen of the atmosphere above the water without a buildup of atmo¬
spheric pressure. After 24 hours to allow temperature acclimation, the
fish.were tested. Subsequent to each test, the fish were kept 1n the
aquaria at 29* C for a 24-hour observation period*

-33
Atr/oxygen ratios were obtained by mixing the two gases 1n a dualflow regulator. The air stream was obtained from a pressurized-air out¬
let within the lab, and the oxygen was obtained from a pressurized
tank.

Percentage ratios were obtained graphically from standard

curves for the regulators used.
All oxygen determinations were made using a Hach Chemical Com¬
pany Portable Lab. The procedure was a modified Winkler and was ac¬
curate to within 1 mg/1.

Saturation concentrations were obtained from

dissolved oxygen versus temperature tables in Standard Methods (1971).
Per cent saturation values were then calculated.

Experiments and Results
t:

Methods:

Determination of Toxicity of Varying Air/Oxygen
Ratios: Fresh-water Fish
Fish from each of the three fresh-water species tested

(Tilapea mozambique, Pimephales promelas, and Noterniqonus crypoleucas)
were acclimated to 29* C for 24 hours. The water of one aqqarium was
then aerated with an air/oxygen mixture of 3%/97%, which resulted in
400% saturation of the water with oxygen.
represented a concentration of 31 mg/1.

This level of saturation
This level was maintained

for 36 hours. A second aquarium was equilibrated at 430% saturation
(33 mg/1) for 36 hours. This level was achieved by aerating with a
l%/99% air/oxygen mixture.

Ten ffsh of each species were used in each

test.
Ten control fish from each species were acclimated to the temp»
erature tinder the same conditions as the test fish.

During the test

run, controls were kept in an aquarium aerated with air.

This resulted

in 100% saturation of the water, equal to a concentration of 7.8 mg/1.
A1r/oxygen ratios and oxygen concentration measurements were ob¬
tained as explained In the general mthods section.
Results:

During the 36 hours of testing and a subsequent 24 hour ob¬

servation period, no erratic behavior, dizziness, or any other sign of
gas bubble disease were^noted.
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II;

Methods;

Determination of Toxicity of Varying A1r/0xygen
Ratios; Salt-water Fish
Atlantic croakers (Micronogon undulatus) were acclimated to

29* C for 24 hours. They were then divided into two test groups, each
group containing 5 fish. The control group continued to recéive only
air for the duration of the test. This resulted in an oxygen concen»
tration of 100% saturation (7.4 mg/1). The first test group was given
a 5%/95% air/oxygen mixture, which resulted in a 370% saturation of
the water with oxygen (27 mg/1). The second test group received a
l%/99% air/oxygen mixture which resulted In 430% saturation of the
water with oxygen (32 mg/1). This experiment was run for 36 hours.
Atr/oxygen ratios and oxygen concentration measurements were ob¬
tained as explained In the general mèthods section.
Results: The fish were tested for 36 hours and observed for a subse¬
quent 24 hour period after return to normal (100% saturation) oxygen
concentration.

During this time. It was noted that some of the fish

were swimming erratically 1n a perpendicular fashion and were gulping
air at the surface.

However, these actions were noted 1n the control

fish as well as in the two test groups and were therefore not attri¬
buted to any form of gas bubble disease.
test group

were noted.

No symptoms peculiar to the

-36III;

Methods:

Effects on Fish of Rapidly Changing Oxygen
Concentrations: Fresh-water Fish
Test fish from each of the three fresh-water species tested

(Tilapea Mozambique, Piméphales promelas, and Notemigonus crypoleucas)
were acclimated to 29* C for 24 hours at 1002» oxygen saturation (7.8
mg/1) of the water.
In the first experiment, the test fish were subjected to a rapid
decrease in the oxygen concentration.

Subsequent to the first accli¬

mation at 10025 saturation (7.8 mg/1), they were acclimated to 4002»
saturation (31 mg/1) for 24 hours. They were then suddenly removed
from the tank with 40025 saturation and returned to the tank at 100%
saturation.
In the second experiment, the test fish were subjected to a rapid
Increase in the oxygen concentration. After the first 24 hours accli¬
mation to 100% saturation (7.8 mg/1), they were transferred to a tank
in which a 400% saturation (31 mg/1) was being maintained.
A group of control fish were transferred from one tank to another,
both of which were at 100% sautratlon (7.8 mg/1)

at the time of each

test transfer.
The 400% oxygen saturations were obtained by using a 3%/97% air/
oxygen mixture. Air/oxygen mixtures were obtained and oxygen concen¬
tration measurements made as described 1n the general methods section.
Results;

In the transfer from 100% (7.8 mg/1) to 400% (31 mg/1) oxygen

saturation, the fish were totally unaffected. They exhibited no dis¬
orientation or erratic behavior.

-37~
In the transfer from 4005! to 1002 oxygen saturation,
seemed to have mild equilibrium problems.

the fish

However, these were

rectified and within five minutes after transfer, no effects could be
seen.
The fish were maintained In the final saturation concentrations
for 12 hours after transfer. No 111 effects were manifested.
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IVî

Methods;

Determination of Toxicity of Pure Oxygen;
Fresh-water Fish
Fish from each of the three fresh-water species tested

(Tllapea mozamblque» Plmephales promelas, and Noternigonus crypoleucas)
were acfcHmated to 29* C for 24 hours. After this period of actHmation, the aquaMum was aerated with a stream of pure oxygen.

This

resulted in a 47031 saturation of the water with oxygen (37 mg/1).
This concentration was maintained for 24 hours after which the oxygen
Une was removed and the aquarium aerated with air for an additional
observation period of 24 hours.
An additional pure oxygen toxicity test was run using the appara¬
tus shown In Figure I.

In this experiment,

the carboy 1n which the

fish were tested was pressurized to 1.1 atmospheres with pure oxygen.
A peristaltic pump was Installed to continually recirculate the Inter¬
nal atmosphere through the water to Insure full oxygen dissolution.
The U-tube manometer was utilized to monitor pressures. Water samples
were obtained by reversing the flow of the pump and côHeètthg fluid
at the sample tube.

Saturation values of 570% (44 mg/1) were obtained

and maintained for 12 hours. After 12 hours» the pressure was allowed
to return to normal at the rate of 0.7 inches of Hg decrease every
5 minutes.

Fish were closely observed during pressure drop and for

24 hours after experiment termination.
Oxygen measurements and saturation percentages were obtained as
explained in general methods section.

FIGURE I: DIAGRAM OF PRESSURIZED SYSEM TO TEST TOXICITY OF PURE OXYGEN AT GREATER THAN ATMOSPHERIC
PRESSURE
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Results:

The ftsh exhibited no symptoms of distress, no disorientation,

and no erratic behavior at any time during or after the experiment.

V;

Venturt System Study;

Fresh-water Fish

Methods: A Venturi system (Figure II) was constructed in order to
study the effects of supersaturation of oxygen under pressure.
this sytem, water was circulated through the pump.

In

However, the inlet

tube was larger than the outlet tube to the aquaHum, thus creating
a buildup of pressure in the pump.

Pure oxygen was Injected Into the

inlet tube via a syringe. This resulted in supersaturation by oxygen.
Oxygen saturation values of 5503» (43 mg/1} were maintained.
The fresh-water fish (Tilapea motambique, Pfmephhles promelas.
and Noterniqonus crypùleucas} were placed in the aquarium, the system
engaged, and the experiment run for 8 hours.
Results:

Although bubbles of oxygen could be seen coming out of solu¬

tion on the sides of the aquaHum and on the fish themselves, the
fish were unaffected.

No distress was noted.

Discussion and Conclusions

I and IIï

The results from these two experiments indicate that

an increase in the oxygen concentration of water is not the direct
cause of gas bubble disease. This is in accord with- the results of
Engelhom (1943) and Wiebe and McGavock (1932).

In both of these

instances, no gas bubble disease was produced when oxygen was bubbled
through the water at atmospheric pressure. All of these results
Indicate that when gas bubble disease is produced 1n fish during phyto¬
plankton blooms, the high concentration of oxygen cannot solely be
responsible.
The results of the experiment In which the test animal was the
AtUntlc croaker (Mlcropogon unddlatus) were particularly Interesting
when compared with the results obtained from Seabrook Marine Lab
studies (unpublished data).

These studies were done using the same fish

and subjecting them to oxygen concentrations which varied diurnally
from 8.0-22.2 mg/1 (100-280% saturation).

The tests were run for 24

hours and the presence of gas bubble disease was reported.

A few

(2-3) of the test fish died and were described as having "pop-eye"
and bloated bellies. However, no autopsies were performed to deter¬
mine if gas embolism was indeed the cause of death and no analyses of
the gas babbles causing the protruding eyes and swollen bellies were
carried out to determine 1f the gas present was in fact oxygen.

In

addition, other evidence of gas bubble disease was taken to be the
erratic behavior, bubble-blowing, air-gulping, and perpendlcualr swim¬
ming exhibited by the test fish In high concentrations of oxygen.

The
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same type of erratic behavior was noted tn the experiments presented
In this paper.

However, both control and test fish exhibited this

type of behavior, including the perpendicular swimming, bubble¬
blowing, and air-gulping.

It can only be assumed that since the be¬

havior occurred 1n both groups that it is a normal behavior pattern
for this type of fish.
The discrepancies between the two experiments indicate a problem
that is often met when trying to carry out work on gas bubble disease.
Often the papers presented have only subjective proof, such as protru¬
ding eyes and swollen bellies, that gas bubble disease was the cause
of death.

No references to the normal position of the eyes and size

of the belly of the fish being tested are given, and no data as to
the amount of protrusion or swelling Is obtained.

In addition, autop¬

sies to Insure that gas embolism was the cause of death and analyses
to prove that oxygen was the predominant gas In the fatal bubbles, are
rarely, 1f ever, presented.

Ill:

During the periods of a heavy phytoplankton bloom, the

concentration of oxygen can rise rapidly due to photosynthetic activ¬
ity during sunlight hours. Significant drops may also occur after
sunset when the phytoplankton begin to respire and use the oxygen
they have produced. This experiment was designed to test the effects
of these rapid increases and decreases in the oxygen concentrations.
Results obtained Indicate that fish are not visibly affected by
rapidly changing oxygen cocnentratlons.

Transfer from 400% saturation

(31 mg/1 0 29* C) to 100% saturation (7.8 mg/1 0 29* C) did lead to
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some mild equilibrium problems.
fied.

However, these were quickly recti¬

It would seem, therefore, that a rapid change in oxygen con¬

centration is not responsible for gas bubble disease during phyto¬
plankton blooms.

IV:

It was considered as a possibility that oxygen toxicity dur¬

ing phytoplankton blooms might be a direct result of depletion of
the other gases in the water due to their being driven out by the oxy¬
gen excess. When the gases were depleted In the water, the blood of
the fish would no longer be in equilibrium with the water and If they
could not lose the gases quickly enough, the gases would go into sôlut1on in their bloodstream and produce gas emboli.
The experiment performed at atmospheric pressure indicates that
this is not the case.

However, determinations of gases othèr thfcn

oxygen in the water were not done so that it cannot be stated whether
only oxygen was present in the water.
However, Doudoroff and Katz (1950) state that the bubbling of
pure nitrogen or oxygen through the water, which drives one gas out
and substitutes another without changirtg the total gas tension,
evidently will not cause disease.

Presumably, gas bubble disease oc¬

curs when the sum of the partial pressures of the Individual gases is
somewhat greater than atmospheric pressure. The results from the
experiment performed at 1.1 atmosphere pressure indicates that the role
of oxygen in this is doubtful. No gas bubble disease could be produced
at this pressure, and the fish continued to be healthy.

It is highly

possible that the pressures reached were not adequate to produce dis* •
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Engelhorn (1943) was able to produce gas bubble disease after

equilibration to 3 atmospheres pressure of pure oxygen.

However, it

is hard to conceive of pressures such as this being obtained in a nat¬
ural system open to the atmosphere. The greater-than-atmospheric
pressures obtained during phytoplankton blooms would in all probability
be only slightly above 1 atmosphere and would be a very transient
state obtained due to increases in temperature or production of oxy¬
gen at such a rate that the diffusion of oxygen in the water could not
occur fast enough in order to attain equilibrium with the atmosphere.

V:

A Venturi system Is often inadvertently created in a hatch¬

ery or tank, when the water intake line to a pump acquires a leak. The
action of the pump forces air into the water and builds up a concentra¬
tion of gases at supersaturation values. When this occurs, supersaturation of both nitrogen and oxygen are obtained.

Marsh and Gor¬

ham (1905) analyzed gas from a fatal heart embolism of a fish which
died from gas bubble disease produced In a system such as this. The
analysis showed the bubble was almost entirely nitrogen.
The Ventur.f system used in this study was supersaturated with
oxygen only. Although gas bubbles formed on the sides of the aquarium
and on the outside of the fish, absolutely no signs of gas bubble
disease could be detected. These results tend to cast dispersion on
the assumption that oxygen can cause gas bubble disease in this type
of situation.

The experiments presented and discussed within this paper were
not extensive enough to prove that oxygen could never be the cause of
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gas bubble disease in fish* However, the results strongly indicate
that oxygen toxicity cannot solely be responsible for such occurances,
even during times of phytoplankton blooms when oxygen concentrations
are exceptionally high. More extensive research as to the contribution
of other causitive agents In the etiology of gas bubble disease is
needed.

Special attention should be given to the role of algal toxins

and the supersàturatîon of the water by nitrogen.

Comprehensive

studies of algal blooms including measurements of various parameters
prior to, during, and after the actual bloom are needed. Laboratory
studies which involve the reproduction of algal blooms and the produc¬
tion of gas bubble disease would also be helpful. Autopsies and gas
bubble analyses are mandatory In order to establish the role of oxygen
and its true toxicity as well as the contribution afforded by other
agents.
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