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The 96-hr LC50 of cyfluthrin in Pimephales promelas at

a temperature of 23*C and a pH of 8 was 1.08 g/L. The

toxicity of cyfluthrin was inversely related to temperature

and pH. A temperature of 10*C and a pH of 6 significantly

decreased the 96-hr LC50 to 0.009 gg/L.

Likewise, sublethal exposures to cyfluthrin

significantly affected the fathead minnow's ability to

tolerate high and low temperatures. Cyfluthrin compromised

the fathead minnow's lower temperature tolerance (CTMin) by

60C and the upper temperature tolerance (CTMax) by 20C.

Although cyfluthrin may not be present in the

environment in large amounts due to its physical and

chemical properties, small concentrations ( g/L) may

adversely affect fish populations.
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CHAPTER I

INTRODUCTION

Modern pyrethroids, synthetic structural derivations of

the natural pyrethrins found in the flower heads of

Chrysanthemum cinerariaefolium, are among the most toxic

insecticides known. They are lethal to insects in

concentrations of parts-per-billion to parts-per-trillion.

The LD50s in tobacco budworm, Heliothis virescens, range

from 4.64 gg/g of phenothrin to 0.016 Ag/g of deltamethrin

(Miller and Salgado 1985). Natural pyrethrins have been

used as insecticides since the mid-nineteenth century;

however, use was limited because of their low photostability

and high biodegradability. About 1950, the first synthetic

pyrethroid, allethrin, was introduced (Smith and Stratton

1986, Haya 1989). Unfortunately allethrin and other first-

generation pyrethroids were not as effective against insects

as natural pyrethrins. With the production of fenvalerate,

permethrin, cypermethrin, and deltamethrin in 1974,

pyrethroids became more toxic, photostable, and less

susceptible to chemical and biological degradation than

natural pyrethrins (Davies 1985).

Most pyrethroids are lipophilic, halogenated, and have

extremely low (1-100 Ag/L) water solubilities (Coats et al.
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1989). They adsorb to plants and sediments but apparently

penetrate only the upper 2 cm of the sediment (Solomon et

al. 1985). Pyrethroids are not highly persistent in the

environment. Typical half-lives in soil and water range

from one to four weeks and from hours to days, respectively.

Important mechanisms to remove pyrethroids include

volatilization, biodegradation, and hydrolysis (Rawn et al.

1982, Maguire et al. 1989). Residues of pyrethroids persist

longer in estuarine systems than in freshwater systems

(Smith and Stratton 1986). In addition to salinity and the

presence of sediments, other abiotic factors which affect

pyrethroid toxicity include temperature, hardness, and

turbidity (Chapman and Cole 1982). Although snails,

stoneflies, and oysters bioaccumulate pyrethroids from the

water and sediments, biomagnification is not expected in the

food chain (Spehar et al. 1983).

Since pyrethroids are not highly toxic to mammals and

birds, they have been utilized for household, agricultural,

and veterinarian purposes (Smith and Stratton 1986, Haya

1989). Proposed uses include in rice paddies (Hill 1985)

and cotton fields (Davies 1985), as a substitute for

rotenone (Hill 1985), and as controls for mosquitoes (Mulla

et. al 1975, Helsen and Surgeones 1986) and spruce budworm

(Smith and Stratton 1986). Although targeted to aquatic and

terrestrial insects, non-target aquatic organisms may be
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adversely affected by pyrethroids. Aquatic organisms are

exposed to pyrethroids either by direct application to the

water or through spray drift and run-off from surrounding

areas.

Although no mutagenic, carcinogenic, or teratogenic

effects from exposure to pyrethroids have been reported for

mammals (Litchfield 1985); fish are one to five orders of

magnitude more sensitive than mammals (Hill 1985, Bradbury

and Coats 1989), and aquatic arthropods are one order of

magnitude more sensitive than fish (Haya 1989). Pyrethroids

are neurotoxins and are thought to adversely affect sodium

channels in nerve membranes (Wouters and van den Bercken

1978). Symptoms of pyrethroid poisoning in fish and insects

include loss of coordination and equilibrium, tremors,

hyperexcitability, convulsions, and eventually death.

Morphological changes in gill tissue of rainbow trout,

Oncorhynchus mykiss, have been reported at sublethal

concentrations of permethrin (Kumaraguru and Beamish 1982).

Pyrethroids affect the survival and swimming ability of fish

and cause deformities in fish larvae (Spehar et. al 1983).

Newly hatched larva and small juveniles appear to be the

most susceptible life stages of fish (Haya 1989).

Several detailed reviews of pyrethroids have been

published since 1982 (Khan 1983, Leahey 1985, Smith and

Stratton 1986, Clark et al. 1989, Haya 1989, Coats et al.
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1989, Bradbury and Coats 1989). The pyrethroid of interest

in my study is cyfluthrin. Although synthesized in 1977,

the only mention of cyfluthrin in any published literature

is a structural drawing and a ranking as one of the most

toxic pyrethroids in Leahey's review (1985). A previous

study at the University of North Texas Field Research

Station for Mobay Chemical Corporation has provided

information on ecosystem level responses to cyfluthrin.

Cyfluthrin possesses physical and chemical characteristics

typical of most pyrethroids, e.g., low water solubilities,

high octanol:water partition coefficients, and high

hydrolysis rates in basic water (Table 1). Also cyfluthrin

is lethal to a variety of non-target EPA test organisms at

concentrations of parts-per-billion to parts-per trillion

(Table 2). The U.S. Fish and Wildlife Service defines a

super toxic chemical as one which has a 96-hr LC50 of 10

pg/L or less in rainbow trout (Cotham and Bidleman 1989).

Cyfluthrin's 96-hr LC50 in rainbow trout is 0.68 gg/L. Thus,

it is a super toxic chemical.

The objectives of my study were two fold. First,

determine the effect of temperature and pH (individually and

in combination) on the toxicity of cyfluthrin to the fathead

minnow, Pimephales promelas. Second, measure the effect of

cyfluthrin on the ability of fathead minnows to tolerate

both low and high temperatures.
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Table 1. Physical and chemical properties of cyfluthrini

Chemical Structure

Chemical Name

Molecular Weight

Specific Gravity at 200C

Density at 200C

Water Solubility at 20 C

Hydrolysis

ci" /s#Q~
CI 0 CN

Cyano(4-fluoro-3-phenoxyphenyl)
methyl 3- (2 ,2-dechloroethenyl) -
2, 2-demethyl-cyclopropanecar-
boylate

434.2

1.27

1.25 g/mL

0.002 zg/mL

Unstable in alkaline media

Corporation, Stilwell, Kansas.Provided by Mobay Chemical

i - IM

r
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Table 2. Summary of cyfluthrin toxicity studies by Mobay.1

Acute Oral Dermal
Organism LC50 LD50 LD50

Bluegill 1.50 ,g/La

Rainbow
trout 0.68 ,g/La

Rat > 5000 mg/kg
Male --- > 590 mg/kg

Female --- > 1189 mg/kg

a96+-hr acute toxicity test
1Provided by Mobay Chemical Corporation, Stilwell,
Kansas.
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Temperature

Most of the available literature on pyrethroids deals

with comparisons of LC5s among different pyrethroids and/or

aquatic organisms. A majority of the remaining studies

examined the effect of temperature on the toxicity of

pyrethroids. Mauck and Olson (1976) found that S-

bioallethrin, dimethrin, RU-11679, and SBP-1382 were more

toxic to bluegill, Lepomis macrochirus, in cool (120C) water

than warm (220C) water. The 96-hr LC50 of permethrin for

1 g rainbow trout, Oncorhynchus mykiss, decreased by an

order of magnitude from 6.43 to 0.62 gg/L as the temperature

was decreased from 20* to 50C (Kumaraguru and Beamish 1981).

Mauck and Olson (1976) reported that pyrethrum was more

toxic at lower temperatures; the 96-hr LC50 of pyrethrum to

bluegill was one-half an order of magnitude lower at 12*C

than at 220C. According to Bradbury and Coats (1989) since

fish metabolism is slower at lower temperatures, "the

pyrethroid effect may be a temperature-dependent interaction

at the site of action."

PH

Several studies have indicated that pH affects the

toxicity of many chemicals (e.g., Huey et al. 1982, Fisher

1990). In the single study found discussing pH and

pyrethroids, Mauck and Olson (1976) determined that natural

pyrethroids (pyrethrin) were more toxic to fish at a pH of
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6.5 than a pH of 9.5 but that the toxicities of synthetic

pyrethroids RU-11679, SBP-1382, S-bioallethrin, demethrin,

or d-trans allethrin were not different at these two pHs.

Also the toxicity of pyrethrin to bluegill was not different

over a pH range of 6.5 to 9.5 (Mauck and Olson 1976). In

contrast, Coats et. al (1989) suggest that environmental

factors such as pH will affect the toxicity of pyrethroids.

Preliminary results of a study (F. Hambleton, personal

communication) indicate that pH does influence cyfluthrin

toxicity to chironomid larvae.

The null hypotheses to be tested here are (1)

temperature does not influence the 96-hr LC50 of cyfluthrin

in the fathead minnow, (2) pH does not influence the 96-hr

LC50 of cyfluthrin in the fathead minnow, and (3)

temperature and pH do not interact synergistically to

influence the 96-hr LC50 on cyfluthrin in the fathead

minnow.

Temperature Tolerance

Two measures of the ability of an animal to withstand

temperature are the critical thermal maximum (CTMax) and

critical thermal minimum (CTMin). Standard recommendations

for CTMax determinations include a linear 0.3*C min-1 rate

of temperature change, the use of uniform-sized fish, and

final loss of equilibrium (a non-lethal state) as the

selected endpoint (Becker and Galloway 1979). Sublethal
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levels of many chemicals have been shown to reduce the

ability of fish to tolerate temperature via CTMax

methodology (see review by Beitinger and McCauley 1990).

This review indicates CTMax methodology is a good bioassay

for detecting the effects of various environmental

stressors.

A literature search revealed little information on

CTMins of fish. The review of Beitinger and McCauley (1990)

cited no studies where CTMin methodology was utilized as a

bioassay for chemical stress. A possible explanation is the

difficulties in meeting CTMin criteria, particularly in

establishing an unambiguous endpoint as test temperatures

approach 00C (Beitinger and McCauley 1990). The null

hypothesis to be tested here is that a sublethal exposure to

cyfluthrin does not influence the temperature tolerance,

either the CTMax or CTMin, of the fathead minnow.



CHAPTER II

METHODS AND MATERIALS

The four hypotheses mentioned in the introduction were

addressed in a series of laboratory experiments with less

than ten day old fathead minnows, Pimephales promelas. This

species was chosen since it is recommended as an EPA test

organism (U.S. EPA 1975). Fish were obtained from the

laboratory culture in the Science Research Building at the

University of North Texas. Culture conditions included a

temperature of 25 C and a pH of 8.34. At the time of

collection, fish were less than 48-hours old.

The fathead minnows were exposured to BaythroidR, an

insecticide produced by Mobay Chemical Corporation. The

active ingredient is a pyrethroid, cyfluthrin, which

constitutes 26.2% of BaythroidR's formulation. Due to

cyfluthrin's extremely low water solubility (0.002 jpg/ml at

20*C), acetone was used as a carrier solvent.

Temperature and pH Effects on
the Toxicity of Cyfluthrin

to the Fathead Minnow

Static temperature and pH experiments followed EPA's

Methods for Acute Toxicity Tests with Fish, Macroinver-

tebrates, and Amphibians (1975). Each of twelve 19.6-liter

all-glass test aquarium contained 8-liters of dechlorinated

10
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and filtered Denton tap water. Table 3 lists major

characteristics of Denton tap water.

Fish were not fed during any of the trials. Test

temperature and/or pH conditions were accomplished over a

72-hour period immediately prior to initiation of the

toxicity tests. Longer holding times were not used, since

the intent of this research was to study the effects of

cyfluthrin on very young life-stages of fathead minnows.

Three replicates of ten fish each were used for controls and

individual dose levels within each acute toxicity test.

Before conducting the baseline acute toxicity test, 30

fish were measured. These fish (n = 30) were 0.39 0.10 mg

and 5.8 0.04 mm (X SD). Also at the end of each 96-

hour test, a subsample of 30 fish from the control tanks was

weighed.

pH

In these trials, water was maintained at either 8 0.5

or 6 0.5 pH units. Since dechlorinated Denton tap water

has a pH of 7.6 to 8.4, no adjustment to achieve a pH of 8

was necessary. Test water was maintained at a pH of 6 by

addition of 60-mL of 1-M KH2PO4 to each tank. Water pH was

monitored daily to 0.01 pH units in control and test tanks

with an Orion SA250 Digital pH meter.
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Table 3. Major chemical characteristics of Denton City tap
water. All units are mg/L unless otherwise specified

Variable Reading

Aluminum (Al) ...................... 0.011

Ammonia (NH3) ............. . . . ...... 0.400

Bicarbonate (as CaCO3)*.............117.4

Calcium (CaCO3)..................... 86.12

Chloride (Cl) ....................... 18.4

Fluoride (Fl) ...................... 0.3

Iron (Fe) ............................ 0.050

Magnesium (Mg) ..................... 3.87

pH (electrometric)..................8.2

Phosphate (P) ........................ 0.004

Potassium (K) ........................ 4.50

Sodium (Na) ......................... 24.1

Sulfate (SO4) ....................... 31.46

Total Alkalinity (as CaCO3)........ .. 96.2

Total Hardness (as CaCO3).......... .104

Total Solids (TS) .................. 210

Specific Conductance (Mmhos/cm)..... 335

1Provided by City of Denton Water Treatment Plant.
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Temperature

Selected test temperatures were 28C and 100C. The

former was maintained by Hacke E-52 circulating

thermoregulators, while the latter was maintained by a Ranco

temperature controller in a Living Stream Frigid Unit. All

water started at 22-23*C and was changed gradually over 48

hours. Water temperatures were monitored daily to 0.5*C

in control and test tanks with a calibrated American Society

for Testing and Materials (ASTM) mercury thermometer.

Temperature and pH Interaction

The interaction of temperature and pH on cyfluthrin

toxicity was examined at pHs of 8 and 6 and temperatures of

280 and 10*C.

Aquaria were checked at 0.0, 0.5, 1.0, 2.0, 4.0, 6.0,

24, 48, 72 and 96 hours during the acute toxicity tests.

Temperature and pH were checked twice daily but recorded

only at 0.0, 24, 48, 72, and 96 hours. In addition to

counting and removing dead fish, general behavior (position

in tank, schooling, and swimming ability) of test

fish was observed and recorded.

Cyfluthrin Effects on the
Temperature Tolerance
of Fathead Minnows

Since previous research indicated that pyrethroid

effects are temperature dependent, experiments were
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conducted to assess the potential effect of cyfluthrin on

temperature tolerance, CTMax and CTMin in particular, of

fathead minnows. According to Cox (1974),

"The critical thermal maximum or minimum
is the arithmetic mean of the collective
thermal point at which locomotory
activity becomes disorganized and the
animal loses its ability to escape from
conditions that will promptly lead to
its death when heated [or cooled] from a
previous acclimation temperature at a
constant rate just fast enough to allow
deep body temperatures to follow
environmental temperatures without a
significant lag time."

Two-hundred forty two-day old fathead minnows were randomly

separated into four groups and placed into 2-L of water at a

pH of 8 and temperature of 22 to 230C. Nominal

concentrations equivalent to 20% and 70% of the 96-hr LC50

of cyfluthrin were added to two of the tanks. The two

remaining tanks served as a control and acetone control.

After 24-hours, fish were removed from all four tanks,

placed two to a beaker in five 50-mL beakers with 40-mL of

fresh water, and exposed to a temperature decrease of

approximately 0.3*C min-1. Temperature decreases were

monitored by a Digitec HT-5810 digital thermometer

( 0.01 C) calibrated with a ASTM mercury thermometer.

CTMins were determined for each fish in three repetitions of

10 fish each. A control group was run first to establish a

base-line CTMin. The selected CTMin endpoint equalled the
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temperature at which a fish lost the ability to respond to

gentle prodding with a glass rod.

Another series of four groups of fish were exposed to a

temperature increase from 23 C at a rate of 0.3 C min1

using a Hacke E-52 thermoregulator. Again 30 individuals

(three replications of ten fish each) were tested from the

control, acetone-control, nominal concentration of 20% of

the 96-hr LC50 of cyfluthrin, and nominal concentration of

70% of the 96-hr LC50 of cyfluthrin groups. A Digitec HT-

5810 digital thermometer was used to monitor the increase in

temperature. The endpoint for CTMax tests was final loss of

equilibrium.

Once the specified endpoints were reached, fish were

removed from the test chamber and placed in water with a pH

of 8 and temperature of 22 to 23*C. According to CTM

methodology, fish should recover when returned to pre-trial

temperatures.

Chemical Analysis

At designated times in the experimental protocol,

1000-mL of water for residue analysis was sampled from each

test tank (Figures 1 and 2). Cyfluthrin was extracted with

5-mL of Optima hexane for 90 minutes and maintained at -20*C

in the dark prior to analysis via gas chromatography. A

Hewlett-Packard 5890 gas chromatograph with a nickel 63

electron capture detector and a 3392A integrator was run
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Figure 1. Experimental protocol for all 96-hr static
toxicity tests

Obtain fish as needed

Place fish in test tanks
t = -24 hr

Record water quality
(pH, temp, DO)

Add cyfluthrin
t= 0hr

Take water sample
t = 0.5 hr

Monitor pH and temperature daily

Record mortalities and
fish behavior at t = 0,
1, 2, 4, 6, and 24 hr
then daily thereafter

Take water sample at

t = 24, 48, and 96 hr

End test at 96-hr

Analyze water samples
on GC

Weigh control fish



Figure 2. Experimental protocol for
tolerance tests

temperature

Place fish in holding
tanks at t = -24 hr

pH = 8, temp = 23*C

Dose tanks with

nominal LC10 and LC35

concentrations of cyfluthrin

Take water samples
at t = 0.5 hr

Remove fish from test tanks
t = 24 hr

Place in 50 mL
beakers with 40 mL

of fresh water

Decrease temperature
at rate of 0.30C/minute

Endpoint reached
return fish to pre-trial

conditions

Place in 250 mL
beakers with 200 mL

of fresh water

Increase temperature

at rate of 0.3*C/minute

Endpoint reached
return fish to pre-trial

conditions

17
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with a Turbochrom 3 computer program. According to Appendum

4 of Standard Operating Procedure 4.12 for Study # MMP1 on

file at the UNT Field Research Station, a valid cyfluthrin

detection limit was 10 ng/L.

Statistical Analyses

Probit analysis in Statistical Analyses System (SAS

Institute Inc. 1985) was used to determine the 96-hr LC50

cyfluthrin values of fathead minnows under various

combinations of constant pH and temperature. The slopes and

elevations of the lines for the LC50 values were compared

using a t test for slopes (Zar 1984). The temperature-pH

interaction data could not be analyzed using any statistical

test due to lack of multiple values in cells. Temperature

tolerance data was analyzed by non-parametric ANOVA and

multiple range tests on ranked data via SAS. The selected

alpha was 0.05 for all statistical analyses.



CHAPTER III

RESULTS

The concentration of cyfluthrin estimated to cause

mortality in 50% of a sample of fathead minnows after 96-

hours of exposure (i.e., 96-h LC50) at a temperature of 230C

and a pH of 8 was determined to be 1.08 gg/L with fiducial

limits of 0.78 and 1.49 gg/L via SAS probit analysis. Other

LC values of interest include an LC10 (concentration at

which 10% of a sample of fathead minnows should die after 96

hours of exposure) of 0.29 gg/L with fidicual limits of 0.12

and 0.44 gg/L and an LC90 (90% mortality) of 4.07 4g/L with

fiducial limits of 2.62 and 9.35 4g/L. Test conditions

included a pH range of 7.48 to 8.31 and a temperature of

23 C (Tables 11-17, Appendix).

Temperature and pH Effects on
the Toxicity of Cyfluthrin

to the Fathead Minnow

Data from trials designed to determine temperature and

pH influences on 96-hr toxicity tests were analyzed by the

probit method in SAS. Under the various temperature and/or

pH conditions 96-hr LC50s varied from 0.009 to 1.19 gg/L

(Table 4). The lack of fiducial limits for the 96-hr LC50

in the 28*8 (temperature*pH) test was the result of high

(greater than 50%) mortality within the 0.93 and 2.14 ,g/L

19
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Table 4. Test conditions and corresponding 96-hr LC5O
values of four day old fathead minnows exposed to

cyfluthrin as determined via probit analysis

Test
Conditions Fiducial Limits

_--- 96-hr LC5O

Temp. * C pH (pg/L) Lower Upper

23 8 1.08a 0.78 1.49

23 8 1.19 1.04 1.34

23 6 0.33 0.29 0.35

28 8 0.87 --- _b ____b

28 6 0.20 0.14 0.32

10 8 0.41 0.24 2.60

10 6 0.009 0.003 0.032

aBaselin e 96-hr LC5O.
bNot calculated by SAS due to high (greater than 50%)
mortality in upper concentrations.
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concentrations (Table 5).

Slopes for the various 96-hr toxicity tests ranged from

4.3878 to 8.9735 probit/loglO(dose) (Table 6). The slopes

from the various LC50 tests were not significantly different

(t test for slopes, p > 0.20 for all statistical

comparisons, Table 7). The elevation of the concentration

response line in the 10*6 combination was significantly

different from the baseline elevation (t test, 0.01 > p >

0.005, Table 8). However, the elevations of the other

toxicity tests were not significantly different from the

elevation of the baseline test (t test, p > 0.05 for all

statistical comparisions).

During the acute toxicity tests, the fathead minnows

exhibited typical symptoms of pyrethroid poisoning:

hyperexcitability, loss of equilibrium, convulsions, and

eventually lethargy and death. In addition to these effects

cyfluthrin exposed fish also lost their tendency to school.

Control fish had a tendency to stay together in a corner

of the tank, while those exposed to cyfluthrin were

scattered throughout the tank usually on the bottom. Also

fish exposed to cyfluthrin did not avoid objects in their

paths. They swam into each other and into the sides of the

aquarium. As soon as contact with an object was made, fish

would recoil and convulse.
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Table 5. Percentage mortality of fathead minnows exposed
to cyfluthrin for 96-hr under various conditions

Test
Condition Measured

Concentration Number Number Percentage
Temp.*C pH (pg/L) Exposed Dead Mortality

23 8
(Baseline)

23

23

28

28

10

8

6

8

0.00
0.35
1.00
3.20

0.00
0.97
1.33
2.17

0.00
0.29
0.35
0.56

0.00
0.59
0.93
2.14

0.00
0.10
0.16
0.38

0.00
0.15
0.27
0.64

0.000
0.002
0.007
0.039

6

8

6

30
30
29
33

30
30
29
30

30
30
30
30

30
30
30
30

30
30
30
30

30
30
30
30

30
30
30
30

0
4

14
28

0
8
19
28

1
8

21
29

0
4

22
27

0
8

13
21

0
9

12
18

0
9

15
20

0.0
13.3
48.8
84.4

0.0
26.6
65.5
93.3

3.3
26.6
70.0
96.7

0.0
13.3
73.3
90.0

0.0
26.6
43.3
70.0

0.0
30.0
40.0
60.0

0.0
30.0
50.0
66.7
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Table 6. Slopes and intercepts for each 96-hr
acute toxicity test

Test

Conditions

Id. Temp.0 CpH

A. 23 8a

B. 23 8

C. 23 6

D. 28 8

E. 28 6

F. 10 8

G. 10 6

Slope
(Probit/

LoglO (dose))

0.7444

0.0322

1.1923

2.0362

0.7428

0.4796

0.2805

Intercept

3.2135

3.5278

1.1783

1.8736

1.9606

1.2417

0.7300

aBaseline LC5O test.

_
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Table 7. Pairwise t test comparisions of 96-hr LC5O
slopes relating probit to loglO(dose)

critical t0 05(2)2= 4.303

Comparison1  t value

A:B 0.5987

A:C 0.7325

A:D 0.3487

A:E 0.7037

A:F 1.2450

A:G 2.3911

B:C 0.5311

D:F 0.2882

E:G 0.0457

1Group identifications are

Probability

p > 0.50

p > 0.50

p > 0.50

p > 0.50

p > 0.50

0.50 > p > 0.20

p > 0.50

p > 0.50

p > 0.50

listed in Table 6.

Conclusion

bA = bB

bA=bc

bA bD

bA = bE

bA = bF

bA = bG

bB =rbe

bD = bF

bE = bG

........... ,



25

Table 8. Pairwise t test comparisions of 96-hr LC50
line elevations, critical t0 05(2)3= 3.182

Comparision1

A:B

A:C

A:D

A:E

A:F

A:G

t value

0.1608

0.5654

0.3673

1.2790

1.8270

11.9200

Probability

p > 0.50

p > 0.50

p > 0.50

0.50 > p > 0.

0.20 > p > 0.

0.002 > p > 0.

20

10

001

Conclusion

elevations =

elevations =

elevations =

elevations =

elevations =

elevations +

Group identifications are listed in Table 6.

.
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Cyfluthrin Effects on the
Temperature Tolerance

of Fathead Minnows

Sublethal cyfluthrin exposure adversely affected the

upper and lower temperature tolerance of fathead minnows.

Since temperature tolerance data did not meet assumptions

necessary for use of parametric statistics, non-parametric

statistics were applied to both CTMax and CTMin data. In

the CTMax data, the groups were not homogeneous (Hartley's

Fi, 0.05 > p > 0.01); and in the CTMin data, the CTMins of

the control group (p = 0.0435) and group exposed to a LC51

concentration of cyfluthrin (p = 0.0089) were not normally

distributed. The non-normality of the CTMin data of the

control group was due to skewness toward lower temperatures

(5-6*C over a range of 3.5-10.5*C) while the group exposed

to a LC51 concentration of cyfluthrin was skewed toward

higher temperatures (11-12*C over a range of 7.5-14 C). The

hetereoscedasticity of the CTMax data was the result of high

variance in the control group and low variance in the group

exposed to a LC38 concentration of cyfluthrin. Descriptive

statistics reported as five number summaries for the CTMax

and CTMin data are given in Table 9.

CTMaxs of fathead minnows exposed to sublethal

cyfluthrin concentrations for 24 hours were significantly

different (Kruskal-Wallis one-way ANOVA, p = 0.0001). The

groups were separated into three statistically distinct

classes: control and acetone-control, LC10, and LC38 (SNK
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Table 9. Descriptive statistics: Five number summaries
(minimum, 25%, median, 75%, and maximum) *C for
fathead minnows exposed to increasing (CTMax

trials) and decreasing (CTMin trials)
temperatures, n = 30

Concentration

Control

Acetone-control

LC1O (0.22 Ag/L)

LC38 (0.81 gg/L)

Concentration

Control

Acetone--control

LC08 (0.17 yg/L)

LC5I (1.11 pg/L)

Minimum

31.4

32.3

31.0

30.0

Minimum

3.4

3.6

7.4

7.6

25%

33.8

33.2

32.0

30.5

25%

5.4

4.8

9.6

9.3

CTMax, *0C

Median

34.4

33.9

32.3

31.1

CTMin, *C

Median

5.9

5.9

11.5

11.1

75%

35.0

34.6

32.7

31.6

75%

7.4

6.8

12.2

12.3

Maximum

35.9

35.8

33.2

32.1

Maximum

9.9

8.9

13.9

12.7

..._.-.. ....... ... .....

.. ,.... ....
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on ranked data, a = 0.05, Table 10). Likewise, CTMins of

fathead minnows exposed to sublethal levels of cyfluthrin

for 24 hours were significantly different (Kruskal-Wallis

one-way ANOVA, p = 0.0001). The four groups were separated

into two statistically distinct groups: the control and

acetone--control and the LC8 and LC51 (SNK on ranked data,

a = 0.05, Table 10).

Chemical Analysis

Measured cyfluthrin concentrations for the acute

toxicity tests and sublethal concentrations for the CTM

tests are reported in the appendix (Table 18). Mean

recoveries throughout the acute toxicity tests are also

reported in the appendix (Tables 19-22).
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Table 10. Multiple range analyses (SNK, a = 0.05) of
the effect of cyfluthrin exposure on ranked

CTMax and ranked CTMin data of fathead
minnows. Underlined groups are not

significantly different

CTMax Test Exposures

Control Acetone-control LC1O LC38

CTMin Test Exposures

Control Acetone-control LCQ8 LC51



CHAPTER IV

DISCUSSION

The 96-hr LC50 for cyfluthrin determined in this study

for fathead minnows (1.08 4g/L) is the first report for this

species. This value falls within the range of LC50s

reported for rainbow trout and bluegill (Table 2).

Although only the low pH and low temperature

combination (pH 6, temperature 10*C) significantly decreased

the 96-hr LC50 value of cyfluthrin, temperature and/or pH

appear to influence cyfluthrin toxicity. A visual

presentation of the LC50 data suggests two major trends

(Figure 3). One, the toxicity of cyfluthrin to fathead

minnows is inversely related to pH. Two, is that a low

temperature increases the toxicity of cyfluthrin. An

apparent interaction of low pH (6) and low temperature

(10*C) appears to reduce the cyfluthrin 96-hr LC50 several

orders of magnitude from parts-per-billion to parts-per-

trillion, i.e., 0.009 gg/L.

According to Khan (1983), "chemical hydrolysis of

pyrethroids may be. .significant in high pH lakes. . .since

they [pyrethroids] are known to be unstable in alkaline

media." In other words, in basic water, the pyrethroids

degrade quickly; while in acidic water, the degradation

process takes longer. This hypothesis is supported by the

30
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Figure 3. 96-hr LC5Os and corresponding fiducial
limits. Labels on abscissa refer to

temperature (0C) and pH
combinations
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mean recovery of cyfluthrin under different pH levels during

my 96-hr toxicity tests (Tables 19-22, Appendix). Mean

recovery of cyfluthrin in the pH 6 test was consistently

higher at each sampling period than the mean recovery in the

pH 8 tests.

Acidic waters cause an increase in mucus production in

fish which interferes with water flow and oxygen uptake in

interlamellar spaces (Ultsch and Gros 1979). With both

acidic water and pyrethroid exposure triggering mucus

production, it could be possible that at a low pH fish

cannot clear the mucus as quickly as it is produced; so,

they suffocate. Moreover, fathead minnows are acid

sensitive. Rahel and Magnuson (1983) reported that at a pH

of 6.6 reproduction ceased and over a pH range of 6.0 to 6.2

death ensued. Low pH, therefore, stresses the fathead

minnow to the extent that a lower concentration (0.33

compared to 1.08 4g/L) of cyfluthrin results in death.

Interestingly, in three acute tests run at a pH of 6, no

deaths occurred in any of the 90 control fish, and only one

of 90 acetone-contol fish died.

Likewise, previous research (Coats, et al. 1989,

Kumaraguru and Beamish 1981, and Mauck and Olson 1976)

indicated that pyrethroids are more toxic at lower

temperatures. One explanation offered by Coats et al.

(1989) is that as metabolism decreases, the pesticide is
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eliminated from the fish more slowly. The internal exposure

time is longer; whether this allows the pyrethroid more time

to act upon the sodium channels or increased mucus

production at the gills compounded with a slower metabolism

makes it even more difficult for the fish to pick up oxygen

and/or eliminate wastes is not known.

However, the pyrethroid itself may remain in the water

longer at cooler temperatures. Mean recoveries of

cyfluthrin from my tests with a temperature of 10*C were

higher throughout the 96 hours than the recoveries from

either the 230 or 28*C tests (Table 19-22, Appendix).

Although cyfluthrin appears to be more toxic at a

temperature of 28 C than at 23 C, that may not be due to the

chemical alone. Table 23 (Appendix) lists the mean weights

of 30 fish after each acute test. An SNK (a = 0.05)

multiple range analysis indicated that mean weight of the

fish in the two 28 C tests were significantly lower from the

weights in the other tests. The mean weights of the 28*C

test fish were 22 to 29% lower than the other means.

Weight-specific metabolism is higher in smaller fish and

generally increases logarithmically with increases in

temperature. Therefore, it is possible that these small

fish had exhausted their internal energy stores and died due

to a combined effect of cyfluthrin and high metabolic rate.

Further support of this interactive effect is that none of

the control fish died at the 28 C temperature.
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Although, the 96-hr LC50s of cyfluthrin to the fathead

minnow varied under different combinations of temperature

and pH, the slopes of the lines relating percent mortality

and log10(dose) are not different. The slope of the base-

line LC50 line (shown in Figure 4) is representative of the

slopes for the other 96-hr tests. Slopes in all the acute

toxicity tests were fairly steep. The steepness of these

slopes indicate that large increases in mortality occurs

with small increases in cyfluthrin concentration. The

observations that slopes are similar throughout the acute

toxicity tests but the LC50 values differ suggests that

various temperature and/or pH conditions cause the toxicity

of cyfluthrin to change.

Cyfluthrin was extremely toxic (parts-per-trillion) in

the low pH and low temperature toxicity test. Several

trials were required before I could find concentrations

where fish would survive. A pilot study indicated that at a

concentration of 0.05 gg/L 20% of the fish would survive.

However, in an acute test with nominal concentrations of

0.05, 0.03, and 0.012 gg/L, all the fish in the two upper

concentrations died within 48 hours and 75% of the fish in

the lowest concentration were dead within 96 hours. Another

acute test with nominal concentrations of 0.012, 0.006, and

0.003 g/L was initiated and those results are reported in

Table 5. However, the two lowest measured concentrations

(0.002 and 0.007 gg/L) are suspect. The smallest standard
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Figure 4. Baseline 96-hr LC50 line relating probit
and log10(dose) [the 96-hr LC50 is 1.08 g/L,

the slope is 4.3878 probit/loglO(dose)]
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the gas chromatograph was able to detect was a concentration

of 9.5 ppt (0.0095 gg/L). The two lowest concentrations

fell below the lowest standard. Yet, a peak in the area

where cyfluthrin was expected to occur was detected and

integrated. The result is an extrapolation of the data

outside the known values. However, even using the nominal

concentrations, the LC50 value was 0.008 gg/L. So even

though I cannot definitely state that the 96-hr LC50 of

cyfluthrin at a pH of 6 and a temperature of 10*C equals

0.009 gg/L, I can say that low pH and low temperature

together greatly increase the toxicity of cyfluthrin to

fathead minnows. This value is several orders of magnitude

lower than the 96-hr LC50s under other combinations of pH

and temperature used in my research.

Sublethal levels of a variety of chemicals can reduce

the CTMax or upper temperature tolerance of fishes

(Beitinger and McCauley 1990). Paladino and Spotila (1978)

reported that arsenic significantly reduced the temperature

tolerance of muskellunge fry, Esox masquinongy. Although

green sunfish, Lepomis cyanellus, exposed to cadmium showed

no reduction in temperature tolerance (Carrier and Beitinger

1988a), red shiners, Cyprinella lutrensis, and fathead

minnows exhibited a reduction in the CTMax due to both

cadmium concentration and exposure time (Carrier and

Beitinger 1988b). Watenpaugh et. al (1985) reported that
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sublethal levels of nitrite adversly affected the upper

temperature tolerance of channel catfish, Ictalurus

punctatus. Likewise, fathead minnows exhibited a 60C drop

in upper temperature tolerance after a 24-hour sublethal

exposure to selenium (Watenpaugh and Beitinger 1985). The

results from a study by Chagnon and Hlohowskyj (1989)

indicated that acute exposure to sublethal levels of phenol

decreased the thermal tolerance of the central stoneroller,

Campostoma anomalum. Not all chemicals decrease the upper

thermal tolerance. Tetracycline hydrochloride had no effect

on the CTMax of the common shiner, Notropis cornutus

(Schubauer et al. 1980), and the herbicide endothal did not

affect the CTMax of the red shiner (Tackle et al. 1983).

Interestingly, in all of the above studies where decreases

in CTMax occurred, chemical concentrations were in the mg/L

(ppm) range; while in my tests, CTMax reductions occurred

with cyfluthrin in the gg/L (ppb) range. In both CTMax and

CTMin tests, the control and acetone-control groups were

similar in their ability to tolerate high and low

temperatures (Table 10). However, 48-hr old fathead minnows

exposed to cyfluthrin exhibited significant changes. In

CTMax trials, the median temperature for the fish exposed to

a concentration of cyfluthrin that would be expected to kill

10% of the fish in 96 hours (LC10) decreased approximately

1.5 C from the control group and approximately 2.7*C from

the control for fish exposed to a LC38 concentration of
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cyfluthrin. All CTMax values for the LC1O group are higher

than the corresponding values of the LC38 group (see Table

9). Although critical thermal maximum temperatures

decreased as cyfluthrin concentration increased, the

variation (range) over which individual fish reached their

CTMax decreased. There was lower variation (2.1C) for the

fish exposed to cyfluthrin than for the control group

(3.50C).

In the CTMin trials, the median temperature for the

fish exposed to LC08 and LC51 concentrations increased by

approximately 6*C, i.e., their ability to tolerate low

temperature was compromised. The CTMin of the cyfluthrin

exposed fish was almost twice that of the control and

acetone-control groups. Surprisingly, there was no

difference in the values of the LCO8 group and the

corresponding values in the LC51 group. Also, the variation

in CTMins of the individual fish in each of the four groups

was 5-6*C.

Watenpaugh and Beitinger (1985) and Carrier and

Beitinger (1988b) reported mean CTMax values for adult

fathead minnows of 35.12 C and 34.830C, respectively.

Pre-test conditions (pH of 8 and temperature of 23*C) of

these two studies and of my CTMax trials (median CTMax of

34.40C) were similar. Although comparing means and medians,

there is only a 0.7 C difference between the CTMax values of

the adult and juvenile fathead minnow. Since a literature
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search revealed no information on CTMins for fathead

minnows, no comparisions are possible.

The endpoints used in my CTMax and CTMins trials were

different. Final loss of equilibrium was used as the

endpoint in the CTMax trials, while non-responsiveness to

prodding with a glass rod was used as the endpoint for the

CTMin trials. Both endpoints have been used in previous

studies (Beitinger and McCauley 1990). Even with the small

size of my fish, it was relatively easy to see when final

loss of equilibrium occurred at high temperatures; however,

it was difficult to observe loss of equilibrium at low

temperatures. The fish began to lay on the bottom of the

beaker as the temperature became colder. When prodded with

a glass rod, they would begin to swim again. When the fish

did not respond to prodding, they were removed, the

corresponding temperature was recorded as the CTMin, and the

fish was returned to pre-test conditions.

A major question is whether these effects from

laboratory exposures to cyfluthrin will be seen in the

environment. CTMax data demonstrate that cyfluthrin

decreases the ability of the fathead minnow to withstand

increasing temperatures. Furthermore, as cyfluthrin

concentration increases, the CTMax decreases. Since during

the summer, temperatures in aquatic systems in the southwest

often reach 38*C (J. Rutledge, personal communication) water

contaminated with cyfluthrin could potentially kill juvenile
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fathead minnows. Likewise, data for the CTMin test

indicates that the ability of fathead minnows to withstand

decreasing temperatures decreases with cyfluthrin exposure.

A threshhold effect was seen in the CTMin trials. CTMins at

a relatively low concentration (0.17 pg/L) and high

concentration (1.11 Ag/L), were both approximately 6*C

higher than controls. The threshhold effect is interesting

but not as biologically important as the 6*C difference 
in

CTMin caused by an exposure to a relatively low

concentration of cyfluthrin.

A proposed use of cyfluthrin is to control spruce

budworm particularly in the northern United States and

Canada where water temperatures can stay below 20 C all year

long. Potentially, cyfluthrin contaminated aquatic systems

in conjunction with low temperatures could stress or even

kill fish in these areas. There are definitely areas where

low temperatures and low pHs exist (see Rahel and Magnuson

1983) or where environmental temperatures approach tolerance

limits for some species.

Since effects are related to exposure, estimation of

the impact of cyfluthrin on non-target species depends on

exposure concentrations achievable in nature. Several

studies (Crossland et al. 1982 and Crossland 1982) have

examined the toxicology of pyrethroids in pond experiments.

In Crossland et al. (1982), cypermethrin was applied to

trial sites in France using methods (mist blowers and
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application of the insecticide around the whole pond

perimeter even if not adjacent to the field) designed to

increase the risk of contamination of nearby water systems.

Only very low concentrations could be detected in the water

(6-23 pg/L) and biological effects were not important.

Likewise, Crossland (1982) reported that only 8 to 16% of

cypermethrin applied to the water surface (100 g/ha) was

found in the subsurface water (0.08-2.6 g/L). Even in

water which was dosed with lethal levels of cypermethrin,

fish (Sardinius erythrophthalmus) survived (Crossland 1982).

This observation was attributed to the pyrethroid's low

water solubility and the adsorption of the pyrethroid to

sediments, plants, and suspended solids.

Studies need to be done in mesocosms or ponds in

environments where cyfluthrin will be used. In a mesocosm

study at the University of North Texas Field Research

Station, no fish mortality due to cyfluthrin exposure was

observed. The dose levels in the ponds for spray drift and

run-off ranged from 0.036 to 1.071 4g/L. The LC50s in my

tests fall within this range. It is possible that

cyfluthrin, like other pyrethroids, will be very toxic to

fish in the laboratory but will not demonstrate that level

of toxicity in field studies.

In summarizing my study, a baseline 96-hr LC50 of

cyfluthrin in the fathead minnow was 1.08 g/L. Toxicity

was affected by changes in temperature and/or pH.
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Cyfluthrin became more toxic at lower temperatures and lower

pHs. At a temperature of 100 C and a pH of 6, the 96-hr LC50

was 0.009 gg/L. This was the lowest 96-hr LC50 measured in

this research. Likewise, sublethal exposures to cyfluthrin

significantly affected the fathead minnow's ability to

tolerate high and low temperatures. Interestingly,

cyfluthrin comprised the fathead minnow's lower temperature

tolerance by 6*C while only affecting the upper end by 2*C.

This is the first reported use of the CTMin as a bioassay

method. Extrapolation of laboratory data to field

situations is always difficult; however given the physical

and chemical properties (particularly low water solubility

and high adsorbing tendency) of cyfluthrin, these

projections are extremely uncertain. However, even though

fish may not be exposed to large amounts of cyfluthrin in

the environment, my results indicate that very small

concentrations of cyfluthrin can adversely affect the

fathead minnow.
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Table 18. Measured cyfluthrin concentrations 30 minutes
after dosing during the 96-hr acute toxicity and

temperature tolerance tests

NOMINAL MEASURED
TEST CONCENTRATION CONCENTRATION

(yhg/L) (yg/L)

Base

23*8

23*6

28*8

0.00
0.75
1.50
3.00

0.00
0.75
1.50
3.00

0.00
0.15
0.30
0.60

0.00
0.65
1.30
2.50

0.00
0.10
0.20
0.40

0.00
0.12
0.25
0.50

0.000
0.003
0.006
0.012

28*6

10*8

10*6

CTMax

CTMin

0.22
0.77

0.22
0.77

0.00
0.35
1.00
3.20

0.00
0.97
1.33
2.17

0.00
0.29
0.35
0.56

0.00
0.59
0.93
2.14

0.00
0.10
0.16
0.38

0.00
0.15
0.27
0.64

0.000
0.002
0.007
0.039

0.22
0.81

0.17
1.11

r
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Table 19. Mean ( 95% confidence limits) recovery
(pg/L) 30 minutes after dosing for the different

(temp*pH) acute toxicity tests

Dose

Test 1 2 3

Baseline 0.35 0.44 3.17
(0.089) (1.306) (0.580)

23*8 0.97 0.72 2.17
(0.316) (1.322) (1.643)

23*6 0.29 0.35 0.43
(0.256) (0.017) (0.971)

28*8 0.59 0.64 2.14
(0.402) (1.287) (0.261)

28*6 0.08 0.16 0.38
(0.074) (0.024) (0.078)

10*8 0.15 0.19 0.64
(0.210) (0.357) (0.433)

10*6 0.0005 0.0047 0.0050
(0.00215) (0.01796) (0.01086)
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Table 20. Mean ( 95% confidence limits) recovery
(yg/L) 24 hours after dosing for the different

(temp*pH) acute toxicity tests

Dose

Test 1 2 3

Baseline 0.77 2.23 2.76
(0.590) (4.346) (2.401)

23*8 0.14 0.49 1.28
(0.225) (0.649) (0.978)

23*6 0.09 0.17 0.34
(0.252) (0.402) (0.647)

28*8 0.09 0.10 0.76
(0.275) (0.428) (0.698)

28*6 0.01 0.10 0.18
(0.056) (0.058) (0.181)

10*8 0.06 0.17 0.25
(0.204) (0.071) (0.448)

10*6 0.00 0.00 0.0254
(0.000) (0.000) (0.05529)
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Table 21. Mean ( 95% confidence limits) recovery
(gg/L) 48 hours after dosing for the different

(temp*pH) acute toxicity tests

Dose

Test 1 2 3

Baseline 7.45 5.96 8.02
(1.234) (9.597) (10.202)

23*8 0.25 0.20 0.88
(0.300) (0.199) (0.781)

23*6 0.06 0.12 0.23
(0.002) (0.273) (0.340)

28*8 0.07 0.20 0.29
(0.150) (0.453) (0.494)

28*6 0.02 0.09 0.13
(0.061) (0.030) (0.093)

10*8 0.04 0.06 0.21
(0.731) (0.184) (0.320)

10*6 0.0000 0.003 0.030
(0.00000) (0.0140) (0.0040)
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Table 22. Mean ( 95% confidence limits) recovery
(gg/L) 96 hours after dosing for the different

(temp*pH) acute toxicity tests

Dose

Test 1 2 3

Baseline 5.91 6.48 8.95
(7.068) (16.721) (10.755)

23*8 0.03 0.03 0.24
(0.075) (0.113) (0.509)

23*6 0.07 0.11 0.19
(0.164) (0.070) (0.263)

28*8 0.01 0.03 0.13
(0.047) (0.126) (0.246)

28*6 0.01 0.01 0.03
(0.057) (0.023) (0.062)

10*8 0.02 0.03 0.06
(0.067) (0.078) (0.029)

10*6 0.0006 0.0000 0.0002
(0.00251) (0.00000) (0.00092)



56

C'
O M d C1

4 o eN M N N

000

W co

"-N 0) 01

o n3N

4 .IC 1 N 'DN N+000 * a o I
OCV(TS NoCO;00 H

100O 0 0

tox -M -4M

H Co..4'K

Zr. P 'K H N C 1

U) C4

Wge0 00 o 10 N
'K4 4 c N N

%-# Co (d0

C (D 44 -o H

:2 H 4 4) 00CI04-r4 O y o

'4 0 U) .0 H

b 0 ' p " "a;g - o I

O H

Nem 0

to 4 Xo N l

H0M1 'K 0
00CC N tO

N4

*4J~&14 cif $y

'H N11ro



BIBLIOGRAPHY

Becker, C.D. and R.G. Genoway. 1979. Evaluation of the
critical thermal maximum for determining thermal
tolerance of freshwater fish. Environ. Biol. Fish 4:
245-256.

Beitinger, T.L. and T.W. McCauley. 1990. Whole-animal
physiological processes for the assessment of stress in
fishes. J. Great Lakes Res. 16: 542-575.

Bradbury, S.P. and J.R. Coats. 1989. Comparative toxicology
of the pyrethroid insecticides. Rev. Environ. Contain.
Toxicol. 108: 133-175.

Carrier, R. and T.L. Beitinger. 1988a. Resistance of
temperature tolerance ability of green sunfish to
cadium exposure. Bull. Environ. Contain. Toxicol. 40:
475-480.

Carrier, R. and T.L. Beitinger. 1988b. Reduction in
thermal tolerance of Notropis lutrensis and Pimephales
promelas exposed to cadmium. Wat. Res. 22: 511- 515.

Chagnon, N. and I. Hlohowskyj. 1989. Effects of phenol
exposure on the thermal tolerance ability of the
central stoneroller minnow. Bull. Environ. Contain.
Toxicol. 42: 614-619.

Chapman, R.A. and C.M. Cole. 1982. Observations on the
influence of water and soil pH on the persistence of
insecticides. J. Environ. Sci. Health B17: 487-504.

Clark, J.R., L.R. Goodman, P.W. Borthwick, J.M. Patrick,
G.M. Cripe, P.M. Moody, J.C. Moore, and E.M. Lores.
1989. Toxicity of pyrethroids to marine invertebrates
and fish: a literature review and test results with
sediment-sorbed chemicals. Environ. Toxicol. Chem.
8: 339-401.

Coats, J.R. and N.L. O'Donnell-Jeffery. 1979. Toxicity of
four synthetic pyrethroid insecticides to rainbow
trout. Bull. Envirom. Contain. Toxicol. 23: 250-255.

Coats J.R., D.M. Symonik, S.P. Bradbury, S.D. Dyer, L.K.
Timson, and G.J. Atchinson. 1989. Toxicology of
synthetic pyrethroids in aquateic organisms: an
overview. Environ. Toxicol. Chem. 8: 671-679.

57



58

Cotham, W.E., Jr., and T.F. Bidleman. 1989. Degradation of
malathion, endosulfan, and fenvalerate in seawater and
seawater/sediment microcosms. J. Agric. Food Chem. 37:
824-828.

Cox, D.K.. 1974. Effects of three heating rated on the
critical thermal maximum of bluegill. pp. 158-163. In
J.W. Gibbons and R.R. Sharitz (eds.) Thermal Ecology,
Conf. 73050, Nat. Tech. Inf. Serv., Springfield, VA.

Crossland, N.O.. 1982. Aquatic toxicology of cypermethrin.
II. Fate and biological effects in pond experiments.
Aquat. Toxicol. 2: 205-222.

Crossland, N.o., S.W. Shires, and D. Bennett. 1982. Aquatic
toxicology of cypermethrin. III. Fate and biological
effects of spray drift deposits in fresh water adjacent
to agricultural land. Aquat. Toxicol. 2: 253-270.

Davies, J.H.. 1985. The pyrethroids: An historical
introduction. pp. 1-43. In: J.P. Leahey (ed.) Te
pyrethroid insecticides. Taylor and Francis.
Philadelphia.

Fisher, S.W.. 1990. The pH dependent accumulation of PCP in
aquatic microcosms with sediments. Aquat. Toxicol. 18:
199-218.

Haya, K.. 1989. Toxicity of pyrethroid insecticides to
fish. Environ. Toxicol. Chem. 8: 381-391.

Helson, B.V. and H.A. Surgeones. 1986. Efficiency of
cypermethrin for the control of mosquito larvae and
pupae and impact on non-target organisms including
fish. J. Amer. Mosq. Control Assoc. 2: 269-275.

Hill, I.R.. 1985. Effects on non-target organisms.
pp. 151-262. In J. P. Leahey (ed.). The Pyrethroid
Insecticides. Taylor and Francis, PhiJLadelphia.

Huey, D.W., M.C. Wooten, L.A. Freeman, and T.L. Beitinger.
1982. Effects of pH and chloride on nitrite-induced
lethality in bluegill (Lepomis macrocirus) . Bull.
Environ. Contain. Toxicol. 28: 3-6.



59

Khan, N.Y.. 1983. An assessment of the hazard of synthetic
pyrethroid insecticides to fish and fish habitat. pp.
437-450. In J. Miyamoto and P.C.Kearney (eds.).
Pesticide Chemistry : Human Welfare Ind the
Environment. Proceedings of the Fifth International
Congress of Pesticide Chemistry, Kyoto, Japan, 1982.
Pergamon Press, Oxford, U.K..

Kumarguru, A.K., F.W.H. Beamish, and H.W. Ferguson. 1982.

Direct and circulatory paths of permethrin (NRDC-143)
causing histopathological changes in the gills of
rainbow trout, Salmo gairdneri Richardson. J. Fish.
Biol. 20: 87-91.

Leahy, J.P. (ed.). 1985. The Pyrethroid Insecticides. Taylor
and Francis. Philadelphia.

Litchfield, M.H.. 1985. Toxicity to mammals. pp. 99-150. In:
J.P. Leahey (ed.) The Pyrethroid Insecticides. Taylor
and Francis. Philadelphia.

Maguire, R.J., J.H. Carey, J.H. Hart, R.J. Tkacz, and H.
Lee. 1989. Persistance and fate of deltamethrin sprayed
on a pond. J. Agric. food Chem. 37: 1153-1159.

Mauck, W.L. and L.E. Olson. 1976. Toxicity of natural
pyrethrins and five pyrethroids to fish. Arch.
Environ. Contam. Toxicol. 4: 18-29.

Miller, T.A. and V.L. Salgado. 1985. The mode of action of
pyrethroids on insects. pp. 43-98. In: J.P. Leahey
(ed.) The Pyrethroid Insecticides. Taylor and Francis.
Philadelphia.

Mulla, M.S., H.A. Darwatch and G. Majori. 1975. Field
efficiency of some promising mosquito larvicides and
their effects on non-target organisms. Mosquito News
35: 179-185.

Paladino, F.V. and J.R. Spotila. 1978. The effect of
arsenic on the thermal tolerance of newly hatched
muskellunge fry (Esox masquinongy). J. Therm. Biol.
3: 223-227.

Paladino, F.V., J.R. Spotila, J.P. Schubauer, and K.T.
Kowalski. 1980. The critical thermal maximum: a
technique used to elucidate physiological stress and
adaptation in fishes. Rev. Can. Biol. 39: 115-122.



60

Rahel, F.J. and J.J. Magnuson. 1983. Low pH and the absence
of fish species in naturally acidic Wisconsin lakes:
inferences for cultural acidification. Can. J. Fish.
Aquat. Sci. 40: 3-9.

Rawn, G.P., G.R.B. Webster, and G.C.G. Muir. 1982. Fate of
permethrin in model outdoor ponds. J. Environ. Sci.
Health B17: 463-486.

SAS Institue Inc. SAS User's Guide: Statistics, Version 5
Edition. Cary, NC: SAS Institute Inc., 1985. 956 pp.

Schubauer, J.P., C.L. Scott, K.T. Kowalski, and J.R.
Spotila. 1980. Effect of tetracycline hydrochloride
treatment on the critical thermal maximum of common
shiners. Prog. Fish-Cult. 42: 48-49.

Smith, T.M. and G.W. Stratton. 1986. Effects of synthetic
pyrethroid insecicides on non-target organisms. Residue
Rev. 97: 93-120.

Solomon, K.R., J.Y. Yoo, D. Lean, N.K. Kaushik, K.E. Day,
and G.L. Stephenson. 1985. Dissipation of permethrin in
limnocorrals. Can. J. Fish. Aquat. Sci. 42: 70-76.

Spehar, R.L., D.K. Tanner, and B.R. Nordling. 1983. Toxicity
of the synthetic pyrethroids, permethrin, and AC222,
705 and their accumulation in early life stages of
fathead minnows and snails. Aquat. Toxicol. 3:
171-182.

Tackle, J.C.C., T.L. Beitinger, and K.L. Dickson. 1983.
Effect of the aquatic herbicide endothal on the
critical thermal maximum of red shiner, Notropis
lutrensis. Bull. Environ. Contain. Toxicol. 31:
512-513.

Ultsch, G.R. and Gros G.. 1979. Mucus as a diffusion barrier
to oxygen: possible role in 02 uptake at low pH in
carp (Cyprinus carpio) gills. Comp. Biochem. Physiol.
62A: 685-689.

United States Environmental Protection Agency. 1975. Methods
for acute toxicity tests with fish, macro-
invertebrates, and amphibians. E.P.A. 660/3-75-009,
Corvallis.

Watenpaugh, D.E. and T.L. Beitinger. 1985. Se exposure and
temperature tolerance of fathead minnows, Pimephales
promelas. J. Therm. Biol. 10: 83-86.



61

Watenpaugh, D.E., T. L . Beitinger and D.W. Huey. 1985.
Temperature tolerance of nitrite-exposed channel
catfish. Trans. Amer. Fish. Soc. 114: 274-278.

Wouters, W. and J. Van den Bercken. 1978. Action of

pyrethroids. Gen. Pharmacol. 9: 387-398.

Zar, J.H.. 1984. Biostatistical Analysis. 2nd Edition.
Prentice-Hall, Inc., Englewood Cliffs, New Jersey.
718 pp.


