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Laboratory studies conducted at 5, 15, 25, and 35 C

measured changes in gilling rates and oxygen consumption of

green sunfish in response to exposure to bentonite clay

suspensions. The tests indicate that gilling rates are not

affected by bentonite clay suspensions below 2125 FTU at

5 C, 1012 FTU at 15 C, and 898 FTU at 25 C. At turbidity

levels exceeding 1012 FTU at 15 C and 898 at 25 C,gilling

rates increased 50-70%. Tests were inconclusive at 35 C.

Oxygen consumption rates were found to be unaffected by

turbid suspensions below 3500 FTU at all four temperatures.

Evidence suggests that increased gilling rates under highly

turbid conditions are a means of compensating for reduced

respiratory efficiency and a strategy for maintaining a

constant oxygen uptake. Evidence indicates that the cost of

increased gilling rates is probably met by a reduction in

activity.
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CHAPTER I

INTRODUCTION

Definition of, and Some Causes of Turbidity

Turbidity is defined as "the optical property of a sus-

pension with reference to the extent to which the penetration

of light is inhibited by the presence of insoluble material"

(U.S. Geological Survey, 1967). This insoluble material may

be either living or non-living, organic or inorganic. Turbid

conditions in lakes and streams may be caused by algal blooms

or by the presence of large populations of zooplankters. The

eventual death and decay of such dense populations may lead

to turbidity resulting from their organic remains. Prominent

among the inorganic materials that cause turbidity in fresh-

waters are minute particles of sand, silt, and clay. These

materials are introduced to aquatic systems primarily by wind

and water erosion. Agricultural practices, highway construction,

mining, and timber harvesting often result in severe local

erosion which increases the turbidity of adjacent waters.

Sludges from industrial and sewage plants are becoming increas-

ingly important sources of both inorganic and organic turbidity-

inducing materials.
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Effects of Turbidity

General effects of high turbidity on aquatic ecosystems

include reduced light transmission, and increased water tem-

perature through heat accumulation by the suspended material.

The effects of rapid blanketing of stream bottoms with silt

and the subsequent destruction of existing benthic fauna are

well known. These combined occurrences have profound effects

on the productivity of aquatic ecosystems. Ellis (1936) demon-

strated that water with large amounts of suspended silt reduced

feeding in clams. Smith (1940) described the effects of

placer mining silt on salmon and trout, and concluded that

large amounts of silt may limit, or entirely prevent, successful

reproduction and may limit food availability. Meyer (1941)

observed that photosynthetic activity in certain species of

algae decreased markedly with increased turbidity in Lake Erie.

Van Oosten (1948) related several aspects of declining fish

productivity in Lake Erie with increasing turbidity and found

that turbidity and plankton abundance were related to the size

of surviving year classes of important commercial fishes. Buck

(1956) noted smaller largemouth bass, white crappie, channel

catfish, and net plankton populations in very turbid Oklahoma

reservoirs. Tsai (1973) related reduction in fish species

diversity to turbidity resulting from the sludge of secondary

sewage treatment plants emptied into streams in Virginia,

Maryland, and Pennsylvannia. In general, the indirect effects

of turbidity on fishes (reduced primary production, resultant
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feeding interference, and spawning inhibition) have been found

to be significant in many systems.

The direct effects of turbidity on fishes have also been

investigated. Heavy loads of finely divided silt have probably

been major selective factors in the evolution of many fish

species. The continual presence of high levels of turbidity

has resulted in reduction in eye size, compensatory increases

in the development of other sense organs, and changes in body

form, contour, fin development, and color (Hubbs, 1940). Work

by Moore (1950) on Great Plains minnows, Macrhybopsis meeki

and M. gelidus,indicates that increased abundance of cutaneous

sense organs is an adaptive response to a silty environment.

Wallen (1951) observed several behavioral reactions including

gulping of air at the water's surface in several species of

fish exposed to turbid suspensions. Physiological effects of

turbidity on fish may include excessive mucus secretion and

interference with the excretory functions of the gills (Ellis,

1937, 1944). Heimstra and Damkot (1969) observed reduced

sunfish and bass activity and disturbances in the normal

social hierarchies of green sunfish under turbid conditions.

It is generally agreed that the natural levels of turbidities

encountered by fish in nature have little direct effect on

their survival (Reid, 1961).

There is great variance in the turbidities encountered in

nature. The U.S. Geological Survey lists turbidity extremes

of 19 ppm-3040 ppm for the Mississippi River at St. Louis, Mo.
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A maximum turbidity of 1230 ppm has been recorded for Little

Elm Creek near Celina, Texas. In New Mexico the Rio Grande

conveyance channel near Bernardo carried a silt load of

47,000 ppm and the Rio Puerco carried loads approaching 230,000

ppm (U.S. Geological Survey, 1967).

Gilling Rates as Stress Indicators in Fish

One experimental method that yields an index to fish

stress resulting from exposure to turbidity is the monitoring

of changes in respiratory patterns or gilling rates of fish.

This method has already been used to determine fish reactions

to other variables in their environments. Belding (1929)

suggested using respiratory movements in fish to detect

diseases and demonstrated its use in the detection of hydrogen

sulfide. Belding determined gilling rates by visual obser-

vation and since his time many workers have devised various

means of monitoring gilling rates in fish. In 1969 Sutterlin

studied the irrigation of gills by means of surgically attached

electrodes. Schaumburg et al. (1967) monitored pressure

changes in the buccal cavity of fish to determine the effects

of DDT and kraft pulp mill effluent on respiratory patterns.

In 1971 Spoor, Neiheisel, and Drummond described the con-

struction of an electrode chamber which, in conjunction with

a physiograph, would yield tracings of the opercular movements

of certain aquatic animals. This chamber allows the test

animal to swim freely and does not necessitate the presence
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of an observer. Cairns and Sparks (1971) recorded the breathing

responses of bluegill sunfish exposed to zinc in a similiar

chamber.

Wallen (1951) noted that green sunfish exhibited a slight

stress response following exposure to turbidities of approxi-

mately 20,000 Jackson Turbidity Units (JTU). His observations

of stress included those behavioral reactions that could be

visibly noted such as gulping of air at the water's surface.

It was hoped that, with the use of the Spoor et al. electrode

chambers, discrete changes in gill movements or gilling rates

could be detected under conditions where visual observation

would be impossible and even undesirable.

Objectives

The objectives of this study were 1) to monitor the

gilling rates of green sunfish and to note any discrete changes

in these rates with exposure to various levels of clay sus-

pensions, 2) to note possible changes in oxygen consumption

with exposure to the clay suspensions, 3) to note the effects

of temperature on the magnitude of possible gilling rate and

oxygen consumption changes in response to turbidity, and

4) to attempt to quantify the mucus secretions from the gills

that have been noted in the literature as a response to

turbid conditions. Changes in any of these parameters could

indicate a stress response to turbid conditions and could

indicate one reaction of green sunfish to sudden exposure to

high concentrations of suspended clay.



CHAPTER II

MATERIALS AND METHODS

Collection and Care of Test Fish

The test fish for this experiment (green sunfish, Lepomis

cyanellus) were collected from the Golf Course Pond on the

campus of North Texas State University and from a small farm

tank located near the Lewisville Fish Hatchery in Lewisville,

Texas. The fish were brought into the laboratory and held in

filtered 50-gal aquaria. Initially water temperature was

maintained at 25 C. A 12-h light and a 12-h dark photoperiod

was maintained and the fish were fed daily with Purina Trout

Chow. All fish were starved 24 h prior to use in the short-

term gilling rate experiments.

Short and Long Term Gilling Rate Tests

The gilling rate tests were carried out at 5, 15, 25, and

35 C. The fish were acclimated to these temperatures for a

minimum of 14 days after their capture. The water was raised

or lowered 5 C per day from the initial 25 C until the

appropriate test temperature was reached. The fish were then

held at these temperatures for 2 wks prior to use in the

experiments, to allow for thermal acclimation.

Electrode chambers similiar to those described by Spoor

et al. (1971) were used to measure the gilling rates of the

6
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fish. A major modification in their construction was the

addition of a cage to insure perpendicular orientation of the

fish to the electrodes and to prevent excessive fish movement

without completely restricting all movement (Figure 1). Air

stones were placed in both ends of the chambers to insure

oxygen saturation and to keep the clay particles in suspension.

The chambers were painted black to prevent the fish from seeing

each other and to prevent fright responses in one fish from

alarming other fish. The chambers were submerged in a cir-

culating water bath and held constant at the proper temperature.

The chambers were used in conjunction with a desk model DMP-4A

Physiograph to record gill movement potentials of 3-20 pv.

Spoor et al. (1971) ascribe the operation of this electrode

chamber to movement of water around the electrodes caused by

the opercular and/or fin movement of the test fish. This

water movement reportedly disturbs the electrochemical equi-

librium at the electrode surfaces and results in electrical

potential changes varying from a few to several hundred micro-

volts. Heath (1972) mentions another possible source of the

electrical potentials measured in Spoor's electrode chamber.

He suggests that the potentials of the respiratory muscles in

the fish may be the true source of the potentials recorded.

The turbid suspension used in the tests were prepared by

mixing commercially available bentonite clay (325 mesh) and

distilled water. Five suspensions were prepared by adding

3, 6, 12, 16, and 24 g of bentonite to 900 ml of distilled
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Figure 1--Electrode chamber used to determine gilling
rate.
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water. Distilled water was also used for the controls. Daily

water and clay suspension changes were made each morning

approximately 8 h before the afternoon recording period. These

changes prevented the accumulation of metabolic wastes in the

chambers and the possible long term binding of clay particles

to waste products and mucus.

Dead space in the chambers allowed for a gradual decrease

in the turbidity level over the 24-h period which elapsed

between changes in suspensions in the chambers. Therefore

the levels of turbidity to which the fish were exposed are

reported as a turbidity range from the highest value observed

(at the time when the suspension was first poured into the

chambers) to the lowest observed value. Turbidity measurements

were made with a Hach Model 2011A Turbidimeter in Formazin

Turbidity Units (FTU) within 10 min after a fresh suspension

was introduced into each chamber and just after the suspensions

were removed 24 h later.

The first gilling rate tests were conducted at 25 C. For

the tests involving the turbidity ranges up to and including

the 898-1800 FTU range, fish were held for 24 h in the electrode

chambers before recording their' gilling rates. Records of

gilling rates were made for 3 days prior to the introduction

of turbidity and for 3 days after the introduction of turbidity.

The recordings were made each day at 1500 h and 2300 h. This

procedure was modified for the tests involving the two highest

turbidity ranges. For these tests fish were held in the
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electrode chambers for 3 days prior to recording the gilling

rates. Records of the gilling rates were made on the day

prior to introduction of the turbidity and on the first and

third days after introduction of the turbidity.

For the short-term gilling rate tests carried out at 5,

15, and 35 C,all groups were held in the chambers 24 h before

gilling rates were monitored. Gilling frequency was measured

at 1500 h and 2300 h for 3 days prior to introduction of

turbidity and for 3 days after the introduction of turbidity.

One long-term test was conducted on fish held at 25 C.

In this experiment the test fish were acclimated to the elec-

trode chambers for 10 days before testing and were fed a

maintenance ration (3% of body wt per day) during this accli-

mation period. Gilling rates were recorded for 7 days prior

to the introduction of the suspension at 0800 h on the tenth

day. The fish were exposed to turbidity for 7 days and

gilling rates were recorded twice each day at 1500 h and

2300 h during this period. The fish were offered food during

this period and the tests were terminated when the gilling

rates of the fish appeared to stabilize.

Another short-term experiment was carried out to preclude

the possibility of some component of the turbid suspensions

other than the clay particles causing the observed changes in

opercular rates. Twelve fish were held in the electrode

chambers at 25 C for 24 h prior to recording their gilling

rates. Their gilling rates were recorded at 1500 h and 2300 h
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for 3 days prior to the introduction of the suspensions. In

this experiment the suspensions were prepared according to

the previous method of mixing 24 g of bentonite with 900 ml

distilled water. However, before the addition of the sus-

pensions to the chambers the suspensions were centrifuged at

10,000 rpm for 15 min. This process removed a large percentage

of the clay particles and left a supernatant of approximately

300 FTU, far below the 3750 FTU that was usually recorded in

such a suspension. This suspension was added to the treatment

group of fish and their gilling rates were compared to controls

for 3 days. A chance occurrence during the long-term test

permitted further comparison of the effects on the killing

rates of fish of a normally high FTU suspension which was

inadvertently allowed to fall to a low FTU value. The con-

centration of several dissolved substances in the water after

the removal of most of the bentonite clay particles was deter-

mined with a Hach Model DR-EL portable water chemistry kit.

The chemical analysis of the bentonite clay was obtained from

the literature (Encyclopedia of Chemical Technology, 1964).

Although the fish were partially constrained by the cage

in the electrode chamber, body movements were possible and

were detectable on the physiograph recording. Body movement

traces sometime completely masked the opercular movement traces.

The duration of these masking movements were calculated and

used as an index of fish activity in the electrode chambers.
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This index gave some insight into the periodicity of fish

activity, time required for acclimation to the electrode

chambers, and reductions in activity as a response to turbid

conditions.

Oxygen Consumption Studies

Oxygen consumption rates during exposure to turbidity

were measured in a closed-system apparatus at 5, 15, 25, and

35 C. Test fish were fed a maintenance ration and held in

1000-ml Erlenmeyer flasks for 8 days prior to exposure to

turbidity. The flasks were equipped with aerators to insure

oxygen saturation and to maintain the turbid suspensions.

Daily changes of suspensions prevented the accumulation of

metabolic wastes in the flasks. During the 8-day period prior

to introduction of turbidity the fish began to feed regularly

(with the exception of fish held at 5 C) and ceased to exhibit

fright responses in the presence of the experimenter. The

flasks were also painted to prevent test fish from seeing each

other. The turbid suspensions were introduced on the morning

of the ninth day, 8 h before the oxygen consumption rate

determination. Exposure to turbid conditions lasted for

another 2 days,with daily changes of the suspensions. As

was the case with the electrode chambers, a gradual decrease

in the intensity of the turbid suspensions was noted over the

24-h period. However, it was not as great as observed in

the chambers. The reason for this was probably the different



13

geometrical shapes of the flasks, which allowed for less dead

space. A range of turbidities to which the fish were exposed

is reported.

Oxygen consumption was determined for each fish for a

1-h period between 1500 h and 1600 h. The Dissolved Oxygen

(DO) concentration of each flask was determined with a YSI

Model 54 oxygen meter and probe. Each flask was then sealed

with a rubber stopper, care being taken to prevent the

formation of air pockets in the flasks. After 1 h the DO

concentration was again determined and the change in DO during

the 1-h period was converted to mg oxygen respired per g fish

body weight.

Statistical Methods

Student's t-tests were used to detect statistical differ-

ences in the opercular and oxygen consumption rates between

the control fish and fish exposed to turbidity. An analysis

of variance was performed to detect possible relationships

between the changes in opercular rates of fish exposed to

turbidity and the temperature at which they were exposed. The

possible influence of sex and weight on the response of fish

to turbid conditions was also examined. In fish exhibiting

higher opercular rates under turbid conditions the percent

increase in first post-treatment day opercular rate over pre-

treatment rate was calculated. Comparisons (t-tests) were

then made between the percent increase in males versus females

and in fish over 9.0 g weight versus fish below 9.0 g.
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Mucus Production

The quantification of total organic secretions from the

head and gill regions of fish exposed to turbidity necessitated

the construction of the apparatus illustrated in Figure 2.

This device effectively isolated the posterior end of the

fish from the gill and immediate head region of the fish, and

allowed only the latter region to be exposed to turbid con-

ditions. Tests were run at 25 C and the turbid suspensions

were comparable to the ones used in the opercular and oxygen

consumption tests. The suspensions were made by adding 1.5,

3, 6, 8, and 12 g of bentonite to 450 ml of distilled water.

The bentonite used to prepare the suspensions was first placed

in a muffle furnace at 600 C for 2 h, cooled in a vacuum

desiccator for 1 h, and weighed on a Mettler balance. The

bentonite was again placed in the furnace for 1 h, desiccated

for 1 h, and reweighed. This procedure was repeated until a

constant weight was observed in the bentonite. The fish,

secured in the described apparatus, were exposed to the 450-ml

suspensions for 12 h. A control fish, also secured in the

apparatus, was placed in 450 ml distilled water for 12 h.

At the end of the 12-h period the suspensions were placed

in an ultra-centrifuge for 30 min at 10,000 rpm. Three g of

bentonite were added to the distilled water that held the

control fish, mixed throughly, and centrifuged. These pro-

cedures produced bentonite clay pellets which contained any

water insoluble organic material trapped in or bound to them.
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Figure 2--Mucus collection apparatus.
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The pellets were oven-drized at 60 C for 24 h, desiccated for

30 min, and weighed. The pellets were then placed in the

oven for 3 h, desiccated, and reweighed. This procedure was

repeated until a constant weight was noted for the pellets.

The pellets were then placed in the furnace for 2 h at 600 C,

allowed to desiccate for 1 h, and weighed. This procedure

was repeated until a constant weight was observed for each

pellet.

The pre-furnace burn weight of each pellet minus the

post-furnace burn weight of the pellet was calculated to be

the weight of total organic secretions of the head and gill

region of the fish in response to exposure to turbidity.

Corrections for organic secretions from the fish resulting

from normal metabolic demands or in response to being restrained

in the apparatus were made by subtracting the weight of any

organic material in the water containing the control fish.



CHAPTER III

RESULTS

Observed Turbidity Ranges

In the electrode chambers used for measuring gilling

frequency and in the flasks used for determining oxygen con-

sumption rates I prepared six turbid suspensions using 3, 6,

12, 16, and 24 g of bentonite per 1000 ml of distilled water.

Turbidity of each suspension was determined with the Hach

turbidimeter, and the range and mean values for each suspension

used in each experiment are reported in Tables 1-5. The

upper value in the range represents the measurement made at

the beginning of each 24-h period. After the suspensions were

added to the fish chambers some of the clay settled out,

either directly or following adherence to fish waste products

or mucus produced by the gills. This settling out produced

varied reductions in turbidity in all of the test chambers.

Settling was to some extent temperature dependent, with the

greatest fallout occurring at the lower temperatures. For

example, at 25 C the most turbid suspension prepared was 3750

FTU and was subsequently maintained' at a mean level of 3563

FTU in the electrode chambers,while at 15 C the same suspension

was maintained at a mean level of 2955 FTU. These differences

can probably be attributed to reduced molecular activity at

17



CO

H -H

0

4-)

rd

0 0

0

-J
-(

0

( -H

0

90
'H

d -

4-)O

'H 3

-- L-)

00

0
O H

0 '

- b

rO H

C

Ho
'0

rHO

rH
ct0

U)

c~0

0 'H

,!- r

C 00

LO)

rH-

U')

0.0
00

t-- 00

00

00

.)

q- O t t' r-H CN
t) N N N -H -H

C) t)
rH

C)

C)

tC)

tC)

C0

00

C)

00

rH-

0

(4-4 O0
0H 4-

O

't
'H 0

~O0

0

0 'H'H C
4-

O

(3)00

H

S

C)

00

00

00
C)
00

-i

rH

C)

r-

C)
C)
LO

00

r-H

C)

Ln

Ln

to

-o

C)

b0vzt

00

P

0
0-

'H

P

V) JN O M rH M

rH

t C) CN L tO

. . .. .H

H rH rH vH r

S 00 M 00 t

.) 000000 .

rH rH

c * C a C) C) 'C) 00 C l \

IC) If)

11t 00

I I

C) C)
tIo 00

00 Ui) --
rH C: t--

00 LO 00
L... \..D

LC) C C
r--- v-H- r--

C:) C:) C)

00 00O(' o- o'
v' v- C\

18

U

00

90

'H

Cd

4H

0-

'H

t0

.

v-H

C)
C)
C)

00



.-4 .NI - (NI

~j' V) M) V)

V) I) 00 \0
t O t-- I--

(1)

44J

4-J

ri
'H

Ic

LO

4-)

-J

0

-H

-)

U) -

.,O

i-H

0(1' H

44

.H 0

"d -r-I
-H 4-

.-4Lf)

0U

4

E- x
0

-O 'H

0 ~

4)

cd b

Cd b

o 'H

0

0 C)
'H c00

44

0 'H F-

4)
E- P

0
0 'H

0

0
u

CD
LI')

CDI I

CCD

iH i-H

c-' ch ~
..- *'N,

C) C)
LO C)
00 00

SiH

00 (N
(N rH
I'D C)

iH iH

C) C)
C=) C:)

bo b-(NI
i- H

C:) C)
C) Lf)
LO t--

C) LO

I I

C:) C)
C) C)

C) 0)
bo bO
\o lltz
C')q C)'-0 oi-

i-H (NI

0

'H

4-)

'H
4

0

b4

i-Hi (N r-4 (N (N

~") i-H rH ,-- ) -

LO N C)

(NI L/'

00 . .

00

C:)
C:)
Co

CD

C)
LO

i-H

C)
LO
tn

r--4

C)

C)

cn

C)
L/)
00

00i--
N-

\1 0 C:)

N- 00 00

C)
C)
i-H

00

i-H

00
C)

(NI

i-H

(N
(N

CD

LO
(N

00
cn

i-H iH
S S

C) C:)

b-O beC)1 C

9

0

OH

4J

'Hr-
-H
(H

19

0O 00 00 00 00 00

"DA r-i I'D t j Ln
cn C C) Li IC)
tV t-l l J C) c

iH (N (N

rH
tn
LO
tn

C:)
LO
t-I
N
V)

i--H
VI'

V)

i-

C)

C)

~r00
- .-

ts IC)

N- Ln-

qt tn Itt to mt 9rt



20

y-- r-4 N LI') C) i-i

S ' t o) C C)

S t L) N

(3) 'H~ci,.c
N N. C)

00 t. 00

a) C

N. 00 00

00

00

00

(3)

4H
rH

-H

-ci

tO

4-H

4-J

H

' -H

OLf)

a)
0

-H '

.H 4-)

E

t U)

c c

U) '

0

i0

C) C)
Ln Lf)
-i- 00

I I
C:) C)
If) C)
i-Hq Lo"

i-H -H

C) C)
C) C)
CF) C)

rd rd

V) '.

c

op

H

'H J
-

O

O00

C)

IN

LO
ENl

(N

0

cr3

0

4-)

0A

C) ) C) iH 'H

rH rH 'H C C

tn 00 LO 00 00

C; c rd NC4 0
C) a) i-H r-q - Co

c d c c c cd c
iH C:) 0) I'D0 i-H -iH

C) 0) a) a) C:) a)

C) LO N LO C) C)
N.- N.- a) C:) C)

ts ts cn tM) N. 'Rf (N LI)

iH (Nt

C) C)
LO LO)
"Z3' 00

I I
C) LO
C) a)
VI) \.0

C) C)
C) C)

a) a)

00 00

oI '.0

C) C) C:)
C:) C) LI)
00 LO N.

N. C) C)
iH iH M)00 C) L )

C) C) C)
C) C:) C)

a)0) a)i-H i-H HbO bO
\D o

p .

u 'H

p p
U U

cr ,.l

\JD \C) LO' .

C) C a ) C)

iH N t1

90

4H
cr

'H

ci)

'H
i-H

V) 'c

N-

U

N- N.

C) C)
C) C)
00 LO
i-H N

I I
C) C)
C:) C:)
C) LI)

C) C)
C:) C)

bo to

iH i-H



qzt ":Zt LO

Cl)

z ) 'H
bti)

N - N -

0 0H 0

00 00 00

-i)00

4-H

i'H

bo

*H

L o0-

4-)

-)

Cr

Vi)

i-H

0

~4-)

C C

) -H

'H 0
r rH
'H 4-

'0

0
0

C

00 - Ni

-H N

C)
L)

00
N

C:) C:) C)
O) C ) C)

00 00 Lt')
-H Ni

S 00 L
I-- IO) (NJ

i)

OU)

0
' P-L

-J

'-H ci

20
'H ct

riU

- H Q)

0

Ud
Q)

PCI-1

0
u

0)
-H

'0

C)
LO
I,-

00
Rto

CH

C)

C)
0)

c

9

0

'H
OH

4-)

0

LO
'HU)

0

U

00
.0

LO

C) C)
zt)

C)
LO

C) C)
LO
41:z

i-H

rC)
C)

bC

C

i-H

C)
C)

00

V)

N-

LO

C-) C)
If) C)
00 00

r-H

C) C:)
LO) C:)
00 00

C) C:)
LO) C:)
00 00

ri-

C)
.

LO

C) C)
LO 11.
C) C

C) L)

Loo

ci ti

C) Li

ILO LO
cq V)o

-H -H iH iH

C )C) C )
C): ) C ) C )

00 00 00 00
b4 b ot

H H

21

\.. 0 No 00 00 00

0

-p

'H

ci

0

'H
-H
iH
'H

02

0

-H t N0

00 00 00

i- iH iH iH
E E E E

0 o co o
00 00 00 00
bO bO bO be

'0 '0

Q~ tlo te ) te t e z



(1)

'H

E C

0

H P

4

SC

" 0

0

rHc-)

04-

4CV

'H GM

-H 02

..

4-O (H0 C

+.i)-P

'H 0

'H v

H

LI' ci)

D *H

Ha e
'H ci)

H 0

-H O
o1CA

C 00 N LI
m 00
V)

C)

L

C) C
C)

(1)
b C

'H cd

F-40

r-4-

00

M 'H

(1) "0

q 9

0 '-H

SH

'H eI-

"0

'H 0

0& '

'H CO

..O b)

0U

S0
U

chN

C) C)
C) LC)

L tv')

I I

C) LO
C) -
U') 00

C) C)

C) C)
C) 0)'O b.0

\0 -

'H Cl

22

C)

ci) 'H

Mci

"Zt T--
4

17t C1 C)

C) ) r :

00 z
' ) - ' 00

U ..

u. t -H 0~r

r- th 00 c- 00
00

i-H

00

0

0
H-

00

C) C)
LO' C)
00 00

i-Hi

I I

C) C)
C) C:)

1 00
' H

to ~o
Clo

c cH

4-

0

4-J

0

C) C
LI.)
i--

C)
C:)

C:)C:)
C) C

C)o

Ln'

-

0

C)
C)
C)

C)
-H

4
crd

"0t
0e

'H

0
U

ri-

CD
C)

C)

4:E

c)

C)



23

low temperatures. Also the reductions in the suspensions were

lower at all concentrations in the oxygen consumption flasks.

This difference was probably due to fewer dead spaces in the

oxygen flasks resulting from their geometrical shape and the

increased turbulence produced by the airstones. Figure 3

illustrates the mean values observed for each level of turbidity

at each of the four temperatures.

Short-Term Gilling Rates at 25 C

The short-term experiments on opercular movements carried

out at 25 C indicated that the initial normal gilling rate for

inactive green sunfish confined in the electrode chambers was

52 movements/min at 1500 h (Figure 4), and was reduced to about

30 movements/min at 2300 h (Figure 5; the 2300 h readings

were taken in a darkened room). This "normal" rate declined

slightly throughout the 3-day acclimation period before

introduction of the turbid suspensions. In the control group

(0 turbidity) the gilling rates continued to decline throughout

the entire 6 days of the experiment. At the end of the experi-

ment their mean gilling frequencies were 22 and 18 movements/

min for the light (1500 h) and dark (2300 h) rates respectively.

Following the introduction of the turbid suspensions to

the electrode chambers on the morning of the third day, the

gilling frequency of the fish held at the three highest tur-

bidities (above 898 FTU) increased significantly. The fish

exposed to the highest level of turbidity, 3375-3750 FTU, had
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Figure 3--Mean turbidities observed in electrode chambers
and oxygen consumption flasks at the four experimental tem-
peratures.
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Figure 4--Mean gilling rates per minute of control fish
and fish exposed to five levels of turbidity during short
term tests at 25 C; rates recorded at 1500 h.
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Figure 5--Mean gilling rates per minute of control fish
and fish exposed to five levels of turbidity during short
term tests at 25 C; rates recorded at 2300 h.
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a gilling rate at 1500 h that was significantly higher than

that of the controls on the day prior to the introduction of

the turbidity (t = 2.984**, P 5 .01). However, after intro-

duction of the turbidity their gilling frequency increased

very significantly from 59 to 87 movements/min at 1500 h

(t = 10.364**). This rate was also significantly different

from their observed rate prior to adding the turbid suspension

(t = 4.538**). The 2300 h rate increased significantly from

34 to 58 movements/min (t = 12.753**). Fish exposed to

turbidities ranging from 1914-2500 FTU showed a highly

significant increase in their gilling rates at 1500 h (32 to

79 movements/min, t = 7.563**). By 2300 h the rates of the

fish in this group had decreased to 33 movements/min, a value

still significantly higher than the control group (t = 3.504**).

Fish exposed to turbidities of 898-1800 FTU increased their

gilling rate from 39 movements/min to 54 movements/minat

1500 h (j = 4.407**). However, by 2300 h their rates were

no longer significantly different from those of the controls.

On the third and last day of exposure to the turbid suspensions,

the 1500-h gilling frequency for fish exposed to the two

highest turbidities continued to be significantly higher than

those of the controls (t = 3.060** and 9.002** respectively;

Figure 4). At 1500 h on the third day the gilling rates of

the group exposed to the 898-1800 FTU range were no longer

different from those of the controls. The 2300 h gilling rates

of fish exposed to the highest turbidity remained significantly
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different from the control group (t = 7.221**), while all

other groups were no longer significantly different from the

controls after the first post-treatment day (Figure 5).

Short-Term Gilling Rates at 15 C

Short-term opercular movement experiments conducted at

15 C indicated that initial normal gilling rates for inactive

fish averaged 29 movements/min at 1500 h (Figure 6), and

decreased to about 15 movements/min at 2300 h (Figure 7).

A slight decline occurred throughout the 3-day acclimation

period before the turbid suspensions were introduced. The

control group (0 turbidity) declined to 18 and 15 movements/min

under light and dark conditions respectively. With the

introduction of the turbid suspensions to the electrode

chambers on the morning of the third day a significant

increase occurred at 1500 h in the gilling frequency of fish

held at the three highest turbidities (above 1012 FTU). Fish

exposed to turbidities of 2359-3750 FTU increased their mean

gilling frequency from 26 to 54 movements/min at 1500 h

(t = 4.077**). Fish exposed to turbidities ranging from

1609-2500 FTU showed a highly significant increase from 34

to 53 movements/min at 1500 h (t = 4.170**). The group

exposed to 1012-1800 FTU significantly increased from 24 to

46 movements/min at 1500 h (t = 2.524*, P 5 .05). No signifi-

cant increases were noted in the other groups. The only group

that showed a significant increase in opercular rate at
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Figure 6--Mean gilling rates per minute of control fish
and fish exposed to five levels of turbidity during short
term tests at 15 C; rates recorded at 1500 h.
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Figure 7--Mean gilling rates per minute of control fish
and fish exposed to five levels of turbidity during short
term tests at 15 C; rates recorded at 2300 h.
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2300 h on any day of the experiment was the 1609-2500 FTU

group. Their increase from 16 to 30 movements/min on the

first day was significant (t = 2.292*). As the experiment

continued the 1609-2500 FTU group showed a significantly

elevated rate at 1500 h on the second day of exposure to

turbidity (t = 2.272*). All other groups were not signifi-

cantly different from the controls after the first day of

turbid conditions.

Short-Term Gilling Rates at 5 C

Short-term experiments on opercular movements at 5C

indicated that initial normal gilling rates averaged 16

movements/min at 1500 h and 10 movements/min at 2300 h

(Figure 8 and 9). The control group fluctuated from 9

movements/min on the first day to 19 movements/min on the

sixth and final day of the experiment at 1500 h. The control

rate at 2300 h also rose from 11 movements/min at the start

of the experiment to 17 movements/min on the last day of the

experiment (Figure 9). Prior to the introduction of the

turbid suspensions the gilling rate of the group exposed to

the 500-850 FTU was significantly higher at 1500 h than that

of the control group on the first day of the experiment (t =

3.974*). This same group's gilling rate at 2300 h on the

third day prior to treatment with turbidity was also signifi-

cantly higher than that of the control group (_t = 2.966*).

The group exposed to 2125-3750 FTU was significantly lower at
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Figure 8--Mean gilling rates per minute of control fish
and fish exposed to five levels of turbidity during short
term tests at 5 C; rates recorded at 1500 h.
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Figure 9--Mean gilling rates per minute of control
fish and fish exposed to five levels of turbidity during
short term tests at 5 C; rates recorded at 2300 h.
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1500 h than the control rate on the third day of the experi-

ment (t = 5.846*).

Following introduction of turbid suspensions to the

electrode chambers on the morning of the third day, a signifi-

cantly lowered gilling frequency (9 movements/min, t = 2.997*)

was recorded at 1500 h for the fish held at the highest tur-

bidity level when compared to the control group. However,

this rate was not significantly different from their pre-

treatment mean rate of 10 movements/min. Fish in this group

again exhibited a significantly lowered rate at 1500 h on

the second day of exposure to turbidity (t = 3.191*). The

rates of this group were never significantly different from

those of the controls at 2300 h. For the group exposed to

1500-2500 FTU the only significantly different gilling

frequency was recorded at 1500 h on the second day of exposure

to turbidity. Their rate of 6 movements/min was significantly

lower than that of the controls (t = 5.901**). Fish exposed

to 1000-1800 FTU showed a significantly lowered rate at 1500 h

on the second day of exposure to turbidity (t = 3.651**).

The group of fish exposed to 500-850 FTU also showed a signifi-

cantly lowered rate at 1500 h on the second day of exposure

to turbid conditions (t = 2.999*).

Short-Term Gilling Rates at 35 C

At 35 C the initial gilling rates averaged 60 movements/

min at 1500 h (Figure 10) and 55 movements/min at 2300 h

(Figure 11). The control group rate declined from 56 to 41
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Figure 10--Mean gilling rates per minute of control
fish and fish exposed to five levels of turbidity during
short term tests at 35 C; rates recorded at 1500 h.
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Figure 11--Mean gilling rates per minute of control
fish and fish exposed to five levels of turbidity during
short term tests at 35 C; rates recorded at 2300 h.
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movements/min at 1500 h and from 48 to 30 movements/min at

2300 h during the 6-day experiment. In this experiment during

the 3 days prior to the introduction of the turbidities some

significant differences were noted among the groups. Rates

of the group to be exposed to 1583-1800 FTUwere significantly

higher than the control at 1500 h on the day prior to exposure

to turbidity (t = 3.384**).

Following introduction of turbid suspensions no signifi-

cantly elevated rates were noted at 1500 h or 2300 h for the

3489-3750 FTU group or the 2250-2500 FTU group throughout

the entire experiment. The fish exposed to the 1583-1800 FTU

suspension showed a significantly lowered gilling rate (18

movements/min) at 1500 h on the third day of exposure to

turbidity (t = 6.669**). The group exposed to 428-450 FTU

showed a significantly lowered rate at 1500 h on the second

day of exposure to turbidity (t = 2.699*).

Long-Term Gilling Rates at 25 'C

Because gilling frequencies in the control groups were

declining throughout most of the short-term experiments (the

exception being the S C tests), I initiated a long-term experi-

ment with fish held at 25 C. In this long-term-test gilling

rates were monitored for 7 days before the introduction of

the prepared suspensions and for an additional 7 days after

the introduction of the turbidity. The control group in this

experiment showed a gradual decline in gilling frequency at

1500 h from an initial 36 movements/min to 22 movements/min
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by the final day of the experiment (Figure 12). At 2300 h

the control group gilling frequency seemed to be relatively

stable at 20-24 movements/min (Figure 13). Following the

introduction of the turbid suspensions on the morning of the

eight day the 1500 h gilling rate of fish exposed to the 3

highest turbidities increased significantly when compared to

the controls. Fish exposed to the 2875-3750 FTU range

increased from a mean rate of 28 movements/min to 99 movements/

min (t = 7.056**). Fish in the 1500-2500 FTU range increased

from 39 to 82 movements/min (t = 11.514**) and the 800-1800

FTU group increased their gilling rate from 36 to 55 movements/

min (t = 3.140*). The gilling frequencies of fish exposed to

the remaining levels of turbidities showed no significant

increases.

The gilling frequencies of the fish exposed to the 2875-

3750 FTU range remained significantly above those of the control

group throughout the experiment except for the precipitous

decline recorded on the eleventh and twleveth days. Comparisons

between the 2875-3750 FTU group gilling rate and the control

rate at 1500 h gave t values of 7.233**, 6.627**, 2.932*, and

3.110* for the second, third, sixth, and seventh post-treat-

ment days respectively. These lowered rates were associated

with a partial failure in the aeration system which reduced

turbulence in the recording chambers and resulted in a

reduction in turbidity to approximately 2200 FTU. The 1500-h

gilling frequencies of fish exposed to the 1500-2500 FTU and
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Figure 12--Mean gilling rates per minute of control
fish and fish exposed to five levels of turbidity during
long term test at 25 C; rates recorded at 1500 h.
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Figure 13--Mean gilling rates per minute of control
fish and fish exposed to five levels of turbidity during
long term test at 25 C; rates recorded at 2300 h.
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the 800-1800 FTU ranges declinded markedly during the first

and second post-treatment days and after the first day were

not significantly different from those of the control group.

On the fifth post-treatment day fish exposed to 400-850 FTU

showed a significantly lowered gilling rate when compared to

the controls (t = 2.905*). A significantly lowered rate was

also observed in the 200-450 FTU group on the third and fifth

post-treatment days at 1500 h (t = 2.980* and 2.621*).

The 2300-h gilling frequencies were always lower than

those recorded at 1500 h both before and after the introduction

of the turbid suspensions (Figure 13). There also appeared

to be much less variability in both the pre- and post-treat-

ment frequencies of the 2300-h readings. The 2300-h gilling

frequencies of fish in the 2875-3750 FTU group increased

significantly following the introduction of the turbid sus-

pensions, declined slightly on days 2-4 post-treatment, and

then increased on days 5, 6, and 7 post-treatment (Figure 13).

However, only the first post-treatment day gilling rates were

significantly different from those of the controls (3.882**).

The 2300-h gilling frequencies of fish in the 1500-2500 FTU

increased on the first day after the turbid suspensions were

introduced and thereafter declined to pre-treatment levels or

lower (Figure 13). However, none of the post-treatment values

of this group were significantly different from those of the

controls. On the second post-treatment day both the 400-850
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and the 200-450 FTU group showed significantly lowered rates

when compared to the controls (t = 9.899* and t = 4.163*).

Oxygen Consumption Rates at 25 C

The pre-treatment oxygen consumption of the experimental

fish held at 25 C varied considerably (0.15-0.22 mg 02/g/h,

Figure 14). However, the between-group variability was

rather low until the turbid suspensions were added. Following

introduction of the turbid suspensions there were no signifi-

cant changes in the oxygen consumption rates of each

experimental group over their own pre-treatment consumption

rates. With the exception of the group exposed to the 1583-

1800 FTU suspension, all of the remaining groups did, however,

consume oxygen at a significantly greater rate than the control

group. Oxygen consumption for the group exposed to 3687-

3750 FTU was .158 mg 02 /g/h (t = 3.387*), while the consumption

rate of the 2250-2500 FTU group was .162 mg 02/g/h (t = 2.425*).

The fish held at 800-850 FTU consumed .159 mg 02/g/h (t =

2.453*), while the 393-450 group's rate of .154 mg 02/g/h had

a t value of 3.190**. On the ninth and tenth days there were

no significant differences between the oxygen consumption of

the experimental and the control groups, with the single

exception of the 800-850 FTU group on the eleventh day (t =

4.915**).
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Figure 14--Mean oxygen consumption in mg 02/g/h of
control fish and fish exposed to five levels of turbidity
at 25 C; rates recorded at 1500-1600 h.
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Oxygen Consumption Rates at 15 C

In the oxygen consumption tests run at 15 C, rates

averaged .130 mg 02 /g/h at the start of the tests and averaged

.090 mg 02 /g/h on the eleventh and final day of the tests. In

this test I noted both between-and within-group variance during

the entire experiment (Figure 15). The between-group variance

was reduced considerably on the day of introduction of the

turbid suspensions. At no point during the experiment were

oxygen consumption rates of the treatment fish significantly

different from the controls. This was confirmed by Student's

t tests.

Oxygen Consumption Rates at 5 C

The oxygen consumption tests at 5 C were inconclusive

because of the high mortality of fish at this temperature.

On the day that the turbid suspensions were to be added only

6 fish were alive and one of these died before the 1500-1600 h

measurement period. Therefore data were gathered on one fish

in 5 of the 6 treatment conditions. On the second post-treat-

ment day all of the fish were dead.

Figure 16 illustrates that I initially observed an average

oxygen consumption of .085 mg 02 /g/h in the fish at the start

of the test. This rate declined to .028 mg 02 /g/h on the

eighth day of the test. Figure 16 also shows the results of

the one oxygen consumption determination made for the fish

which had survived up to ninth day of the test. None of the
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Figure 15--Mean oxygen consumption in mg 02/g/h of
control fish and fish exposed to five levels of turbidity
at 15 C; rates recorded at 1500-1600 h.
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Figure 16--Mean oxygen consumption in mg 02/g/h
observed in fish during inconclusive test at 5 C; oxygen
consumption in mg 02/g/h observed in fish exposed to four
levels of turbidity; rates recorded at 1500-1600 h.
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oxygen consumption rates of fish exposed to the turbid sus-

pensions were significantly greater than the control fish's

rate.

Oxygen Consumption Rates at 35 C

In the 35 C oxygen consumption tests large between- and

within-group variance existed throughout the 11-day period.

Between-group variance was considerably reduced on the day

of the introduction of the turbid suspensions (Figure 17).

Oxygen consumption varied from an average .489 mg 0 2 /g/h on

the first day of the test, to a low of .238 mg 02 /g/h on the

fifth day, and .341 mg 02/g/h on the eleventh and final day.

The fish exposed to 3531-3750 FTU had a significantly higher

oxygen consumption rate than did the control group on the

seventh pre-treatment day of the test (t = 3.491*). On the

second day after treatment with turbidity this group exhibited

a significantly elevated rate (t = 3.472*). The only other

group that showed an elevated oxygen consumption rate was

the 1800-1800 FTU group on the second post-treatment day

(t = 3.966*).

Control Test

The results of the short-term opercular rate test using

as treatment conditions the supernatant of 24-g bentonite

clay suspensions that had been centrifuged prior to use in

the electrode chambers are seen in Figures 18 and 19. The

control group's rate varied from 40 opercular movements on
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Figure 17--Mean oxygen consumption in mg 02/g/h of
control fish and fish exposed to five levels of turbidity
at 35 C; rates recorded at 1500-1600 h.
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Figure 18--Mean gilling rates per minute of control
fish and fish exposed to supernatant of centrifuged
bentonite suspension at 25 C; rates recorded at.1500 h.
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Figure 19--Mean gilling rates per minute of control fish
and fish exposed to supernatant of centrifuged bentonite
suspensions at 25 C; rate recorded at 2300 h.
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the first day at 1500 h to 53 movements/min on the sixth and

last day at 1500 h. Their 2300-h rate went from 34 movements/

min to 46 movements/min. The gilling rate of the treatment

fish fell to 36 movements/min at 1500 h after the addition of

the suspension on the fourth day. This was significantly

lower than that of the control fish (t = 3.385**). The

gilling rate of this group was also significantly lower on

the second day of treatment (t = 5.335**). At 2300 h the

treatment group rate was again significantly lower than that

of the control group on both the first and second treatment

days (t = 2.836* and 3.958**). At no time throughout the

entire test were the gilling rates recorded for the treatment

groups higher than the control group rate. The lowered rates

of the treatment groups reflected a trend noted in the other

short term opercular rate tests. More than half of the

treatment groups were observed to have lowered opercular

rates in comparison with the controls used in the various

tests.

Fish Activity Index

Tables 6-9 contain the results of computing the percentage

of noise noted in the physiograph tracings of the opercular

movements of the test fish for all of the four short-term

gilling rate tests. Several general trends can be seen. First,

there is generally a greater percentage of noise in the

recordings at 1500 h when compared with the 2300-h recordings

during both the combined pre-treatment days and the combined
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post-treatment days for most groups. Second, there is

generally less noise in the combined post-treatment days

when compared with the combined pre-treatment days for all

groups. Third, there is generally less noise in the combined

post-treatment days of treatment groups when compared with

the combined post-treatment noise level in control groups.

In the 25-C group the noise observed at 1500 h fell from 6%

of the total recording time for the combined pre-treatment

days to 3% of the total recording time for the combined post-

treatment days. The 326-450 FTU, 741-850 FTU and the 898-

1800 FTU group averaged 5% noise in the total recording time

for pre-treatment days and 4% for the post-treatment days.

The 1914-2500 FTU and the 3375-3750 FTU groups dropped from

a mean of 29% noise in the total recording time for the pre-

treatment days to no discernible noise for the combined

post-treatment recording period. Similiar reductions were

noted in the 2300 h recordings. The control group dropped

from 6% pre-treatment noise to 5% post-treatment noise. The

326-450, 741-850, and the 898-1800 FTU groups dropped from a

mean of 7% pre-treatment noise for the total recording time

to 4% post-treatment-recording time noise. The two highest

turbidity level groups fell from a mean of 10% total pre-

treatment noise level to less than 1% total post-treatment

noise.

The 1500 h noise level in the 15 C control group remained

fairly constant during both the pre- and post-treatment days.
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The 343-450, 628-850, and 1012-1800 FTU groups dropped from

a mean of 27% total pre-treatment noise to 8% post-treatment

noise. The 1609-2500 and 2359-3750 FTU groups decreased

from a mean of 19% total pre-treatment noise to no discernible

noise during the post-treatment days. At 2300 h the control

group dropped from 15% total pre-treatment noise to 11% post-

treatment noise. The 343-450, 628-850, and the 1012-1800 FTU

groups fell from a mean of 15% pre-treatment noise to less

than 3% post-treatment noise. The two highest FTU groups

dropped from a mean of 16% noise in the combined pre-treatment

recordings to less than 4% total post-treatment noise.

For the 5-C test the control group's noise content in

the combined pre-treatment and the combined post-treatment

recordings remained constant. The 150-450 FTU group's noise

content increased from a 6% pre-treatment total to a 15% total

in the combined post-treatment recordings. All other groups

dropped from noise levels ranging from 4% to 18% pre-treatment

noise to less than 6% total post-treatment noise. In the

2300-h recordings the control group's rate increased from 12%

pre-treatment noise to 19% post-treatment noise. All other

groups showed decreased noise levels from pre-treatment days

to post-treatment days.

A drop in noise levels at 1500 h was noted in all groups

except the 3489-3750 FTU group during the 35-C test. At the

highest turbidity level an increase in noise was noted from

13% noise in the combined pre-treatment recordings to 24%
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post-treatment noise. This same trend held for the 2300 h

recordings, with the 3489-3750 FTU group rising from 11% total

pre-treatment noise to 19% noise in the combined post-treat-

ment recordings. All other treatment groups' noise levels

decreased from pre- to post-treatment days.

Weight of the test fish (within the narrow range of

weight variation used) did not affect gilling rate response

to turbid conditions. No statistical differences could be

detected between two groups of fish weighing 7.3-8.9 g and

9.0-16.4 g which were responding to 12 g bentonite per 900 ml

water at 25 C, two groups of 7.0-8.4 g and 9.0-9.5 g exposed

to 16 g bentonite per 900 ml water at 25 C, or between groups

of 6.7-8.7 g and 9.0-11.2 g exposed to 24 g bentonite per

900 ml water at 25 C. These results applied to both 1500-h

and 2300-h recordings. Weight-related comparisons were not

made for test fish at 15 C because the weight range of fish

was very small (7.3-8.0 g). Weight-related comparisons at

5 and 35 C were not made since there were no gilling rate

responses to turbidity at these temperatures.

The comparison of test groups according to sex at 15 and

25 C revealed only one statistical difference. The female

group exposed to 16 g bentonite per 900 ml water at 25 C was

different from the male group exposed to the same conditions

(t = 3.4332*). In this one instance the female group increased

their gilling rate by a higher percentage on the first post-

treatment day at 2300 h than did the males.
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Table 10 gives the results of the two-way analysis of

variance performed on the results of the short-term gilling

rate tests with gilling rates as the dependent variable and

temperature and turbidity as factors. On the third pre-

treatment day at 1500 h temperature is shown to be a significant

factor in relation to the gilling rates,with an F value of

55.74**. On the first post-treatment day at 1500 h both

temperature and turbidity are seen to be significant factors

in relation to gilling rate, with F values of 30.46** and 5.37**

respectively. On the third post-treatment day the same results

are seen, with significant F values of 8.47** and 4.09** for

temperature and turbidity respectively.

Identical trends are seen for the 2300-h data. Temperature

is significant on the third pre-treatment day (F = 68.89**).

Both temperature and turbidity are significant on the first

post-trestment day (F = 40.52** and 5.20**), while temperature

and turbidity are again significant on the third post-treat-

ment day with respective F values of 19.31** and 3.72**.

Interaction is seen between the two factors of temperature and

turbidity (at least between the row and column arrangement of

test fish) on the pre-treatment day at 1500 h and 2300 h

(F = 1.78* and 1.85*). Significant interaction is again seen

between the two factors of temperature and turbidity on the

first post-treatment day at 1500 h (F = 3.13**). This inter-

action is also seen on the third post-treatment day at both

1500 h and 2300 h (F = 2.00** and 4.17**).
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Table 11 shows the chemical analysis of commercially

available bentonite clays from various parts of the world.

The clays used in this study probably came from either Upton,

Wyoming, or Polkville, Mississippi. Table 12 gives the

results of tests on 900-ml samples of water from which 6 g

of bentonite had been removed, on water from which 24 g of

bentonite had been removed, and on 900 ml distilled water

used in the controls. The oxygen determinations were made

at intervals during the actual tests and were always found

to be at saturation level in both the electrode chambers

and the oxygen consumption flasks.

Mucus Production

Table 13 shows the results of the test involving the

collection of mucus produced by the gills of test fish in

response to turbid conditions at 25 C. Only extremely small

amounts of mucus were collected per g body weight of the

test fish. Although more mucus was collected from test fish

exposed to 12 g bentonite per 450 ml water than was collected

from the controls, this difference was not statisically

significant. No statistical differences were detected between

the controls and any other treatment group.
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Table ll--Chemical analysis of bentonite (Encyclopedia
of Chemical Technology).

Samples, % Composition

Compound laI 2b 3c 4d 5e

SiO2  55.44 50.20 49.78 51.52 67.42

A1203  20.14 16.19 17.12 19.03 15.83

Fe203  3.67 4.13 2.95 1.98 0.88

FeO 0.30

MgO 2.49 4.12 3.71 3.08 1.29

CaO 0.50 2.18 0.90 0.16 2.64

K20 0.60 0.16 0.27 0.36

Na20 2.75 0.17 1.27 1.17 1.09f

Ti02  0.10 0.20 0.66

H20 (110 C) 15.58 15.48 14.55 10 .83g

H20 (900 C) 14 .70g 7.57 7.72 8.21

Total 100.69 100.50 99.86 100.06 99.98

aUpton, Wyoming

bPolkville, Mississippi

cTaourirt, Morocco

dMarnia, Algeria.

ePonza, Italy

fTotal K2 0 + Na2 0

gWater content, temperature
.not stated
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Table 13--Results of mucus collection procedure.

Bentonite Organic Material
Concentration Length Weight Sex per g fish wt

Group I

12 g/450 ml 7.5cm 6.9g M .0349

8 g/450 ml 8.0 7.4 F .0234

6 g/450 ml 7.I1 5.9 F .0054

3 g/450 ml 8.5 6.1 M .0006

1.5 g/450 ml 7.5 5.7 M .0109

0 g/450 ml 8.1 7.7 M .0039

Group II

12 g/450 ml 8.0 7.5 F .0807

8 g/450 ml 8.2 8.3 M .0099

6 g/450 ml 7.6 7.7 Unk Died

3 g/450 ml 8.0 8.0 M Died

1.5 g/450 ml 6.0 5.0 Unk Died

0 g/450 ml 7.0 5.2 F .0143

Group III

12 g/450 ml 9.0 9.0 F .0170

8 g/450 ml 8.0 8.0 F .0082

6 g/450 ml 8.5 8.9 M .0030

3 g/450 ml 8.2 7.8 F .0032

1.5 g/450 ml 8.iL 7.8 F .0007

0 g/450 ml 9.0 9.1 M .0037



CHAPTER IV

DISCUSSION AND CONCLUSIONS

Previous Studies

Wallen (1951) noted that green sunfish exhibited a slight

stress response following exposure to turbidities of approxi-

mately 20,000 JTU (~5600 FTU bentonite suspension) in tests

carried out between 15 and 30 C. His observations of stress

included those behavioral reactions that could be visibly

observed, such as gulping air at the water's surface, and

increased probability of finding the test fish around the

aerators in the experimental tanks. It was hoped that with

the use of the electrode chambers discrete changes in gill

movements or gilling rates could be detected under conditions

where visual observation would be impossible and even

undesirable.

Apparently green sunfish are stressed at turbidity levels

far below those at which Wallen first noted stress signs.

Heimstra and Damkot (1969) noted reduced green sunfish

behavior and disturbances in their normal social hierarchies

in natural silt suspensions of 4-6 JTU and 14-16 JTU (~3 FTU

and 6 FTU bentonite suspension).

65
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An Overview of the Results

I noted stress in fish exposed to turbidity levels below

those with which Wallen worked. This stress was exhibited at

15 and 25 C by increased gilling rates. The apparent lack

of increased oxygen uptake coupled with the increased gilling

rates at these temperatures seems to suggest that the increased

gilling rate is a response to insure a constant rate of

oxygen uptake. The increased viscosity of the clay suspensions

may necessitate the increased gill action to insure adequate

water passage over the gill surface for oxygen exchange.

Increased gilling activity may also be necessary to prevent

clogging of the gills with the suspended clay. Wallen noted

clogged gills in many of his test fish exposed to high tur-

bidity levels.

The results of the long-term test (Figure 12 and 13)

seem to suggest that green sunfish can rapidly become tolerant

of clay turbidity levels below the 2875-3750 FTU range at

25 C. After 3 days exposure to lower levels of turbidity all

fish had returned to pre-exposure gilling rates. The turbidity

range of 2875-3750 FTU appears to represent a tolerance limit

for the fish. The falling and rising of gilling rates

exhibited by the 2875-3750 FTU group between days 10 and 12

can be explained by the fact that during those days the level

of turbidity to which this group was exposed fell into the

1500-2500 FTU range due to a partial failure in the aeration

system and was returned to its proper level on day 13.
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At 1500 h during the short term gilling rate tests at

25 C the fish exposed to the 3 highest turbidity levels

increased their gilling rates by 50-70% (Figure 4). The

groups exposed to the 3375-3750 and 1914-2500 FTU ranges

maintained an elevated gilling rate throughout the post-

treatment days while the 898-1800 FTU group quickly returned

to pre-treatment rates. In the tests run at 15 C, a 50-70%

increase in gilling rate was again noted in the fish exposed

to the highest turbidities at 1500 h, but there was a rapid

return to pre-treatment rates during the remainder of the

experiment (Figure 6). At 2300 h the 25 C fish exposed to

3375-3750 FTU increased nearly 100% and maintained this rate

throughout the test (Figure 5). The 1914-2500 FTU group

exhibited a significantly elevated rate on the first post-

treatment day only. Of the groups run at 15 C only the 1609-

2500 FTU group showed a significant increase in gilling rates

on the second post-treatment day at 2300 h (Figure 7).

No increased gilling rates were noted in any of the

treatment fish compared with control fish at 5 C. Instead,

significantly lowered gilling rates were noted in some of

the treatment groups (Figures 8 and 9). No trends between

pre- and post-treatment rates could be discerned in the gilling

rates of fish held at 35 C. However, the gradient of decline

in the frequency of gilling rates was very pronounced between

the pre-treatment days and the post-treatment days in both

the 1500-h and 2300-h recordings (Figures 10 and 11). One



68

obvious change in the fish used in this test may have biased

the results. As was the case in all of the short-term tests

the fish were starved throughout the course of the experiments.

It is commonly accepted that within certain limits increased

temperature results in increased metabolic rates in fish,and

a standard measure of this increased metabolic rate is

increased oxygen consumption (O'Hara, 1968). It was visually

apparent that extreme protein catabolism had begun in some

of the test fish held at 35 C. Although no pre- and post-

weights were taken on these fish, at the end of the 7-day

tests more than 50% had been reduced to such a degree that

little tissue remained on and around the dorsal region of

the fish and outlines of the skeletal structures could be seen.

Also, Figures 10 and 11 show that on the first 3 pre-treat-

ment days at 1500 h and 2300 h most of the treatment groups

were maintaining a higher gilling rate than the control

group. It is possible that these pre-treatment rates of the

treatment groups were approaching a physiological maximum under

the stressful conditions of confinement in the electrode

chambers and starvation at 35 C. On the first post-treatment

day at 1500 h and 2300 h the mean rates of all the treatment

groups fell rapidly while some increase in rate was noted in

the control group. This decline in the treatment groups may

reflect exhaustion in these groups in response to the multiple

stress factors of confinement, temperature, and turbidity.
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No significant trends of increased oxygen consumption

as a response to increased levels of turbidity were observed

in any of the oxygen consumption tests (Figures 14, 15, 16,

and 17). However, increased oxygen consumption with increased

temperature, reflecting increased metabolic activity, was

observed (Roberts, 1967 and O'Hara, 1968).

Energy Reallocation

It appears that 15-and 25-C fish increased their gilling

frequencies by 50-70% when exposed to bentonite suspensions

above 898 FTU while maintaining a constant oxygen consumption

rate. This could be accomplished only if the increased

oxygen requirements of the opercular musculature were rather

low relative to total body requirements, and if this low

requirement could be obtained by a reduction in oxygen utili-

zation by other tissues in the fish's body. My fish may

have been less active in the turbid suspensions either by

choice or indirectly as a result of reductions in visual

stimuli. I have some indication that there was less activity

in the electrode chambers under the treatment conditions

(Table 6-9). There appears to have been a decline in the

detectable activity at 1500 h in the electrode chambers under

the treatment conditions, and particularly at the higher levels

of turbidity at 5, 15, and 25 C. Similiar reductions in

activity at 2300 h reflect both a photoperiod effect (less

overall activity always seen at 2300 h) and a treatment effect

(treatment groups less active than control groups at 2300 h).
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Lowered opercular rates were noted in nearly all of the

two lowest turbidity treatment groups at 1500 h and 2300 h

when compared with the control groups at all temperatures.

At 5 C all of the treatment groups had lowered rates when

compared with the control groups. These lowered rates also

seemed to suggest decreased activity in these groups.

Sutterlin (1969) related increased ventilation to activity

in Lepomis gibbosus and Ictalurus nebulosus. Saunders (1962)

noted increased ventilation rates with increased activity in

suckers, bullheads, and carps.

The cost of ventilation in fish is related to the density

of the water medium and oxygen concentration. Work by

van Dam (1938) allowed for a 20% ventilation cost in trout.

Saunders (1962) and Holeton and Randall (1967) give estimates

of 10 to 15% for the metabolic cost of the breathing muscles

during rest states in trout, carp, and bullheads. Cameron

and Cech (1970) estimate the energy expenditure of ventilation

muscles at rest to be between 5 and 15% in teleosts. Edwards

(1971) has indicated that the gill musculature of young

plaice requires 12-15% of the total oxygen consumption. Thus

it appears possible for a fish with minimal activity to increase

its ventilatory rate without a concommitant increase in oxygen

consumption up to a certain critical point. Ballintijn (1972)

described how ventilatory demand could be met by adjustment

of the number of active muscles involved to reduce the work

of breathing. Obviously the strength of the opercular stroke
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would be of critical importance in that the cost of a powerful

opercular stroke resulting in the movement of a large volume

of water would most probably cost more than a small opercular

stroke moving a small volume of water. Although I was unable

to observe the size of the opercular strokes of the treat-

ment fish under turbid conditions with increased gilling

rates, I was able to observe the strength or size of the

opercular strokes of test fish immediately after they were

placed in the electrode chambers at the start of the experi-

ments. Many times these frightened fish had gilling rates

which approached or exceeded those recorded by fish responding

to high levels of turbidities, and the physiograph tracings

of their gill movements were similar to the tracings of the

treatment fish. These frightened fish exhibited very rapid

small opercular strokes which appeared to involve only the

outermost part of the opercular flap. Possibly in the

treatment groups which had elevated gilling rates smaller

opercular strokes were used because they were less costly to

maintain than a large opercular stroke involving the entire

opercular flap.

Marvin and Heath (1968) reported an increase in the

ventilation rate of bluegill sunfish (Lepomis macrochirus)

as the percent of oxygen saturation declined. They also

pointed out that as gilling rate increased the efficiency of

oxygen extraction from the water decreased. In this study

the oxygen content of the water was always at saturation for
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the temperature at which the test was being conducted. However,

the increased viscosity of the water medium in my study and

the increased energy required to move this viscous water -across

the gills may have created an environment for my test fish

similiar to one with a reduced oxygen concentration.

It may be that upon exposure to certain critical levels

of bentonite clay suspension, at certain temperatures, the

increased viscosity of the respiratory medium requires adjust-

ment in the ventilatory rate of green sunfish. The viscous

clay suspension initially slows the volume of water passage

across the gill surfaces of the fish and a concomitant decrease

in oxygen diffusion across the gill membrane may occur. The

increased ventilator rate compensates both for the viscosity

of the medium and the reduced 02 diffusion. There also

appeared to be compensation for the increased ventilation

cost by a reduction in other muscle activity. A rapid accli-

mation phenomenon and/or a physiological adjustment also

appeared with continued exposure to some of the turbid con-

ditions, as indicated by an'increased gilling rate initially,

when exposed to turbid conditions, followed by a rapid return

to pre-treatment gilling rates with continual exposure to the

turbid conditions.

Comparable Results in Salmonides

Similiar results were reported by Davis (1973) in his

study of the circulatory and respiratory responses of sockeye

salmon (Oncorhynchus merka) to bleached kraft pulp mill
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effluent. He observed an increased volume flow across the

gills of test fish upon exposure to sublethal doses of kraft

pulp effluent along with an increased 02 uptake. This

increased volumetric response was quickly extinguished as

a result of either acclimation or physiological adjustment.

Although my electrode chambers were unable to monitor volu-

metric changes, I assume that the increased gilling rate I

observed in my test fish resulted in an increased volume

flow across the gills or at least a return to the volumetric

flow occurring before treatment with turbidity to insure

sufficient oxygen uptake. However, I did not observe an

increase in oxygen uptake coupled with increased gilling rates.

Davis reported struggling and restless behavior in his fish,

which may have resulted in increased oxygen consumption. My

data indicate reduced activity under turbid conditions. Davis

also noted a cough response to the pulp effluent, and

Schaumburg, Howard, and Walden (1967) noted this cough

response in salmonids to DDT and kraft pulp mill effluent.

I was unable to detect any cough responses in my fish.

However, the studies of MacLeod and Smith (1966) and Walden

et al. (1970) suggest that the cough response under turbid

conditions may result from the chemical composition of the

turbid water rather than the suspended particulate matter.

Temperature Turbidity Interaction

My tests also indicate a temperature effect on the

response of my fish to turbid conditions. At 5 C I was unable
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to detect the responses to high turbidity levels that I

observed at 15 and 25 C. No increased gilling frequencies

were noted at 1500 h and 2300 h. I observed increased gilling

rates in response to turbid suspensions above 1012 FTU at

1500 h and 2300 h at 15 C with a return to pre-treatment rates

by the third post-treatment day. At 25 C I noted increased

gilling rates in response to turbidities above 898 FTU at

1500 h and 2300 h and the failure of the two highest turbidity

treatment groups to return to pre-treatment rates during the

course of the experiment at 1500 h. The 35-C tests were

inconclusive although there are indications of extreme stress

during these tests. Probably the reduction in metabolic

demand with decreased temperature accounted for the reduced

stress responses at the lower test temperatures. The trend

of decreased oxygen consumption from 35 C to 5 C reflects

this decreased metabolic demand.

The two-way analysis of variance on the third pre-treat-

ment day verifies that temperature affected gilling rates of

the fish prior to exposure to turbidity (Table 10). Increased

pre-treatment gilling rates were noted with increased tempera-

ture. On the first and third post-treatment days both

temperature and turbidity were observed to have an effect on

the gilling rates at 1500 h and 2300 h. One anomaly in my

analysis of variance was the interaction between temperature

and turbidity on the third pre-treatment day, when no turbidity

was present. The F values for interaction at 1500 h and 2300 h
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although small, were nevertheless significant at the .05 level

of confidence. One possible explanation may be individual

variation among my test fish. This variation may have been

distributed throughout the gilling rate values in a manner

which would bring about statistically significant interaction.

It should be noted that the F values for interaction during

the post-treatment days were larger than those for the pre-

treatment days, lending some support to proposing some added

effect of the turbid conditions present on the post-treatment

days. An interaction between temperature and turbidity was

also noted at 1500 h on both the first post-treatment and

third post-treatment days. Such an interaction during the

post-treatment days seems to be partially explained by my

observations that with increased temperature lowered con-

centrations of bentonite suspensions were needed to induce

an increased gilling rate response in the test fish. The

lack of response of the test fish at 5 C may also be reflected

in this interaction. Significant interaction between tem-

perature and turbidity was only noted at 2300 h on the third

and last post-treatment day. Perhaps the reduced metabolic

demands of the test fish due to a nightly shut-down in activity

in some way prevented significant interaction between tem-

perature and turbidity on the first post-treatment days.

I was unable to detect size-or sex-related differences

in the response of my test fish to turbid conditions.
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Mucus Production

Ellis (1935) reported increased mucus production by

the gills of fish exposed to turbid conditions. Walden and

Howard (1968) reported excessive mucus production in response

to exposure to neutralized kraft mill effluent and Davis

observed mucus streaming from the gills of young coho held

in lethal concentrations of pulp. Burton et al. (1972)

related fish death to tissue hypoxia under lethal conditions

which caused excessive mucus secretions from the gills. I,

however, was unable to collect or quantify any significant

amounts of mucus in my test. This failure was probably

related to a procedural error. After I had furnace-heated

the bentonite to be used in the turbid suspensions I had

great difficulty in keeping this bentonite in suspension even

with extreme aeration and agitation. It is probable that the

bentonite suspensions to which test fish were exposed in an

attempt to collect mucus from the gills were not maintained

at a high enough level for an appropriate period of time to

induce excessive mucus production.

Control Tests

Commercially available bentonite clay was used in all of

my tests because of the ease with which high FTU suspensions

could be mechanically maintained for 24-h periods. The

possibility existed that some chemical addition to the water,

leeched from the bentonite clay, may have caused the responses

I noted rather than the particulate matter itself. However,
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there are several reasons to believe that it was indeed the

clay that triggered the responses and not ancillary chemical

additions to the water in the suspensions. Figures 18 and

19 show the results of a control test in which the particulate

matter had been removed from a 24-g-per-900-ml water bentonite

suspension. During this test at 25 C no elevated gilling

rates in the treatment groups were noted when compared with

controls. During the short-term tests at 25 C with the

particulate matter still present in the suspension, I observed

significantly elevated gilling rates. A fortuitous occurrence

during the long-term gilling rate tests also indicated that

increased gilling rates were due to the clay and not to

other changes in water quality. The partial failure of the

aeration system allowed for a decrease in FTU in the 24 g/900 ml

suspension during the long-term test. Lowered gilling rates

of the treatment group reflected the aerator failures. When

the aerators were adjusted and the FTU was raised, increased

gilling rates were again noted.

Finally, a comparison of selected water quality parameters

in the supernatants of a 6 g/900 ml bentonite suspension and

a 24 g/900 ml suspension after centrifugation had removed

the bentonite showed very little difference between the two.

Because elevated gilling rates were often observed in the 24 g

supernatant and never in the 6 g supernatant,it would appear

that water quality did not account for the changes in gilling

rates.
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Summary

Summarizing my results, I found that (1) green sunfish

responded to high FTU suspensions of bentonite clay with

increased gilling rates; (2) temperature had an effect on

the concentration of bentonite needed to bring about an

increased gilling rate response; (3) no increased oxygen

consumption occurred with the increased gilling rate response,

indicating energy reallocation in the test fish; (4) there

were no detectable differences in the gilling rate response

of male versus female fish; and (5) size of fish (within the

narrow range of size variation used) did not have an effect

on gilling rate response.



LITERATURE CITED

Ballintijn, C.M. 1972. Efficiency, mechanics and motor
control of fish respiration. Respir. Physiol. 14:125-
141.

Belding, D.L. 1929. The respiratory movements of fish as
an indicator of a toxic environment. Trans. Amer. Fish.
Soc. 59:238-246.

"Bentonite," Kirk-Othmer Encyclopedia of Chemical Technology,
Vol. 3, 2nd ed. Interscience Pub. John Wiley and Sons,
New York, 1964.

Buck, H.D. 1956. Effects of turbidity on fish and fishing.
Oklahoma Fish. Res. Lab. Rept. 56:1-62.

Burton, D.T., A.H. Jones, and J. Cairns, Jr. 1972. Acute
zinc toxicity to Rainbow trout (Salmo gairdneri):
confirmation of the hypothesis that death is related to
tissue hypozia. J. Fish. Res. Board of Can. 29(10):
1463-1466.

Cairns, J., Jr. and R.E. Sparks. 1971. The use of bluegills
to detect zinc. Water Pollution Research Series, 18050
EDQ 12/71 46 pp.

Cameron, J.N. and J.J. Cech. 1970. Notes on the energy cost
of gill ventilation in teleost. Comp. Biochem. Physiol.
34: 443-455.

Davis, J.C. 1973. Sublethal effects of bleached kraft pulp
mill effluent on respiration and circulation in Sockeye
Salmon (Oncorhyrchus merka). J. Fish. Res. Board Can.
30(3) :369-377.

Edwards, R.R.C. 1971. An assessment of the energy cost of
gill ventilation in the plaice (Pleuronectes platessa L.).
Comp. Biochem. Physiol. 40A:391-398.

Ellis, M.M. 1936. Erosion silt as a factor in aquatic
environments. Ecology 17:29-42.

Ellis, M.M. 1937. Detection and measurement of stream
pollution. Bull. U.S. Bur. Fish. 48:365-437.

79



80

Ellis, M.M. 1944. Water purity standards for fresh water
fishes. Bur. Fish. Special Scientific Report No. 2,
16 pp.

Heath, A.G. 1972. A critical comparison of methods for
measuring fish respiratory movements. Water Res. 6:1-7.

Heimstra, N.W. and D.K. Damkot. 1969. Some effects of silt
turbidity on behavior of juvenile largemouth bass and
green sunfish. Bureau of Sport Fisheries and Wildlife
Technical Paper 20.

Holeton, G.F. and D.J. Randall. 1967. The effect of hypoxia
upon the partial pressure of gases in the blood and
water afferent and efferent to the gills of rainbow
trout. J. Exp. Biol. 46:317-327.

Hubbs, C.L. 1940. Speciation of fishes. Am. Nat. 74:198-211.

MacLeod, J.C. and L.L. Smith. 1966. Effect of pulpwood
fibre on oxygen consumption and swimming endurance of
the fathead minnow. Trans. Amer. Fish. Soc. 95:71-84.

Marvin, D.E. and A.G. Heath. 1968. Cardiac and respiratory
responses to gradual hypoxia in three ecologically
distinct species of fresh-water fish. Comp. Biochem.
Physiol. 27:349-355.

Meyer, B.S. and A.C. Heritage. 1941. Effects of turbidity
and depth of immersion on apparent photosynthesis in
Ceratophyllum demersum. Ecology 22:17-22.

Moore, G.A. 1950. The cutaneous sense organs of barbled
minnows adapted to life in the muddy waters of the
great plains. Trans. Am. Micro. Soc. 69:69-95.

O'Hara, J. 1968. The influence of weight and temperature
on the metabolic rate of sunfish. Ecology 49(l):159-161.

Reid, G.K. 1961. Ecology of inland waters and estuaries.
Reinhold Publishing Corp., New York.

Roberts, J.L. 1967. Metabolic compensations for temperature
in sunfish. In Molecular mechanisms of temperature
adaptation, edited by C.L. Prosser. American Association
for the Advancement of Science. 1967.

Saunders, R.L. 1962. The irrigation of the gills in fishes.
II. Efficiency of oxygen uptake in relation to respiratory
flow, activity and concentrations of oxygen and carbon
dioxide. Can. J. Zool. 40:818-862.



81

Schaumburg, F.D., T.E. Howard, and C.C. Walden. 1967. A
method to evaluate the effects of water pollutants on
fish respiration. Water Research 1:731-737.

Smith, O.R. 1940. Placer mining silt and its relation to
salmon and trout on the Pacific coast. Trans. Amer.
Fish. Soc. 1939:225-230.

Spoor, W.A., T.W. Neiheisel, and R.A. Drummond. 1971. An
electrode chamber for recording respiratory and other
movements of free swimming animals. Trans. Am. Fish.
Soc. 100:22-28.

Sutterlin, A.M. 1969. Effects of exercise on caridac and
ventilation frequency in three species of freshwater
teleosts. Physiol. Zoo. 42:36-52.

Tsai, Chu-fa. 1973. Water quality and fish life before
sewage outfalls. Trans. Am. Fish. Soc. 102(2):281-292.

United States Geological Survey. 1967. Quality of surface
waters of the United States, 1967. Parts 7 and 8. Lower
Mississippi River Basin and Western Gulf of Mexico Basin.
Geological Survey Water Supply Paper 2014. United States
Government Printing Office, Washington, D.C. 1972.

Van Dam, L. 1938. On the utilization of oxygen and
regulation of breathing in some aquatic animals.
Groningen, Dissertation.

Van Oosten, J. 1948. Turbidity as a factor in the decline
of Great Lakes fishes with special reference to Lake
Erie. Trans. Am. Fish. Soc. 75:281-322.

Walden, C.C. and T.E. Howard. 1968. A cooperative research
program on kraft pulp mill effluent quality. Pulp Pap.
Mag. Can. 69:67-71.

Walden, C.C., T.E. Howard, and G.C. Froud. 1970. A quanti-
tative assay of the minimum concentrations of kraft mill
effluents which affect fish respiration. Water Res.
4:61-68.

Wallen, E. 1951. The direct effect of turbidity on fishes.
Bulletin of the Oklahoma Agricultural and Mechanical
College. 48.


